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Abstract Regional temperature anomalies in China
during 800-2005 AD in an ensemble simulation with the
atmosphere—ocean general circulation model ECHAMS/
MPIOM subject to anthropogenic and natural forcings
are compared to reconstructions. In a mutual assessment
of three reconstructed data sets and two ensemble
simulations with different solar forcings, a reconstructed
data set and a simulated ensemble for weak solar variability
are selected for further comparison. Temperature variability
in the selected simulated and reconstructed data shows a
continuous power spectrum with weak long-term memory.
The simulation reveals weak long-term anomaly periods
known as the Medieval Warm Period (MWP), the Little Ice
Age (LIA), and the Modern Warming (MW) in the three
considered regions: Northeast, Southeast, and West China.
The ensemble spread yields an uncertainty of +0.5°C in
all regions. The simulated temperature varies nearly
synchronously in all three regions, whereas reconstructed
data hint to increased decadal variability in the West and
centennial variability in the Northeast. Cold periods are
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found in 1200-1300 and in 1600-1900 AD in all regions.
The coldest anomalies which are caused by volcanic
eruptions in the beginnings of the thirteenth and the
nineteenth centuries are only partly consistent with recon-
structed data. After 1800, the annual cycle reduces in the
Northeast and on the Tibetan plateau, whereas the eastern
Pacific shows an enhanced summer—winter contrast.

1 Introduction

Information on the climate during the last millennium is
known from reconstructions using proxy data and simu-
lations with earth system models (ESMs). The variability
of the Northern Hemispheric climate during the last
millennium is commonly characterized by multi-century
episodes with distinct temperature and humidity anomalies:
the “Medieval Warm Period” (MWP, 900-1300 AD), the
“Little Ice Age” (LIA, 1300-1850 AD), and the “Modern
Warming” (MW, beginning in the nineteenth century). Due
to substantial regional deviations, these climatic periods are
not uniquely defined and describe a simplified view of past
climate in the Northern Hemisphere (see Jones and Mann
2004 for a review and Jungclaus 2009 for a meeting
summary).

These main climatic episodes are confirmed by temper-
ature reconstructions for China (Wang et al. 1991, 2007;
Yang et al. 2002, 2009; Ge et al. 2006; Qian et al. 2008).
Regional reconstructions are available for Eastern China
(Liu et al. 2005; Peng et al. 2009), the Huang He (Yellow
River) and the Yangtze catchments (Ge et al. 2003; Zhang
et al. 2008), West China (Holmes et al. 2009), and Tibet
(Yang et al. 2003). Using proxy data in ten regions in
China, Wang et al. (2007) claimed that the mean temper-
ature in China varied in a range of about 1°C during the last
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1,000 years. After 1400 AD, temperature decreased, with
mean temperatures 0.6—0.9°C below present-day (Ge et al.
2003). Climate oscillations are found by Wang et al. (1991)
in the annual mean temperature with periods of 200, 80, 30,
and 22 years, which can be identified with the solar deVries
(200y), Gleissberg (80y), and Hale cycles (22y); for an
overview, see Tsiropoula (2003).

Several ESMs used for millennium simulations include a
simplified atmosphere, for example simple energy balance
models (Crowley et al. 2003), models without explicit
atmospheric dynamics (CLIMBER; Bauer et al. 2003), or a
quasigeostrophic atmosphere (ECBILT-CLIO-VECODE;
Goosse et al. 2005). Complex ESMs simulate a coarse
resolution dynamic atmosphere, the majority in T31
(~3.75°), for example CCSM2.01 (National Center for
Atmospheric Research; Peng et al. 2009; Ammann et al.
2007), Goddard Institute for Space Studies-ER (Mann et al.
2009), and ECHO-G (ECHAM4/HOPE-G, May-Planck
Institute for Meteorology; Zorita et al. 2004; Liu et al. 2005).

The advantages of complex ESMs are complete and
dynamically consistent atmospheric and oceanic data sets
and the assessment of the impact of different natural and
anthropogenic forcings. The differences between millen-
nium simulations are traced back to climate sensitivity,
spin-up, and internal decadal variability by Goosse et al.
(2005). Discrepancies between global reconstructions and
two model simulations for the MWP-LIA difference were
interpreted in terms of teleconnection patterns by Mann et
al. (2009).

The comparison of simulated data obtained by dynamical
ESMs with reconstructed data is necessary for the following
reasons:

(a) Boundary conditions. Simulated climate variability
depends to a large degree on the quality of recon-
structed boundary conditions used in the model. One
of the most important forcings is the solar irradiance
for which the recent reconstruction by Krivova et al.
(2007) assumes a smaller magnitude of variations than
previous reconstructions (for example, Bard et al.
2000). The model output can be used to validate the
reconstructed forcings.

(b) Reconstruction deficits. Reconstructed data suffer
from several shortcomings: They depend to a large
degree on statistical approaches and are possibly not
dynamically consistent, the spatial coverage and the
information are incomplete, and the uncertainty is
poorly known. Model data can be useful to benchmark
contradicting reconstructions.

Thus, the mutual assessment of dynamical earth system
models and reconstructions is useful for the understanding
of climate variability and the development of reliable
models.
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The aim of this publication is to derive the temperature
anomalies in China during the last millennium on a regional
basis. The approach begins with a mutual assessment of
three reconstructed and two simulated temperature anomaly
data sets in China. The simulated data are given by two
full-forcing ensemble simulations for 8002005 AD using
the complex atmosphere—ocean general circulation model
ECHAMS/MPIOM (Roeckner et al. 2003; Jungclaus and
the COMSIMM Team 2009; Jungclaus et al. 2010). The
two ensemble simulations are calculated using the state-of-
the-art solar forcing reconstruction by Krivova et al. (2007)
and a forcing reconstruction with higher variability (Bard et
al. 2000). The uncertainty of the simulations is estimated by
the ensemble spread which is a measure of the internal
variability. In a first step, a reconstructed data set and the
simulated ensemble for weak solar variability are selected
for further analysis. The paper is organized as follows: In
Section 2, a brief overview of reconstructed temperature in
China during the last 1,200 years is given, and in Section 3,
the model simulations and the experimental design are
described. Section 4 includes the mutual assessment and the
comparison of the simulated data with reconstructions in
terms of the regional climate anomalies and centennial
climate anomaly patterns. Section 5 concludes with a
summary and a discussion.

2 Temperature reconstructions

The dominant climate variability observed in the Northern
Hemisphere is confirmed by temperature reconstruction in
China (see for example Yang et al. 2001, 2002; Wang et al.
2007). Data in the western part of China and on the Tibetan
plateau are documented by Ge et al. (2006), Holmes et al.
(2009), and Zhang et al. (2009). Ge et al. (2003) and Zhang
et al. (2008) derived the winter temperature in eastern
China with emphasis on the Huang He (Yellow River) and
the Yangtze catchments. An outstanding deviation from the
mean temperature in China is the absence of a distinct
warming during the MWP in West China (Ge et al. 2006);
instead, Xinjiang and the Qinghai-Tibet Plateau experi-
enced a cold phase during the eleventh century (Wang et al.
2007). The temperature reconstructions in China during the
last two millennia (Ge et al. 2010) reveal high consistency
after 1500 ADp for the five regions assessed (Northeast,
Northwest, Southeast, Central East, and Tibet), whereas
prior to 1500, large inconsistencies are found. In this
publication, we focus on the data published by Wang et al.
(2007) who present a detailed regional temperature recon-
struction for the last 1,000 years (Northeast, North, East,
South China, Taiwan, Central, Southwest, Northwest
China, Xinjiang, and Qinghai—Tibet Plateau). This is based
on a variety of proxy data (ice core, tree rings, stalagmites,
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peat, lake sediments, pollen, and historical records validated
with instrumental observations made in the last 120 years). In
Table 1, the reconstructed temperature anomalies during the
last 1,200 years in the three regions, West, Northeast, and
Southeast China, are summarized (Fig. 2); In 800—1000 AD,
data of Ge et al. (2003) and Yang et al. (2002) are used; after
1000 AD, this follows Wang et al. (2007). The table shows
three classes for the absolute anomalies: weak (<0.2°C),
moderate (0.2-0.5°C), and large amplitudes (>0.5°C). The
chronology is given by centennial means during three major
climatic epochs, the MWP (900-1300 AD), the LIA (1300—
1850 AD), and the MW (after 1850 AD). The temperature
during the twentieth century was comparable to that in the
MWP in East China.

3 Millennium simulation

The present analysis is based on the millennium experiments
using the COSMOS-Atmosphere—Surface (Land)-Ocean-
Biogeochemistry (ASOB) earth system model (“millennium
run,” Jungclaus 2009; Jungclaus and the COMSIMM Team
2009). The model includes the atmospheric model ECHAMS
(Roeckner et al. 2003), the ocean model MPIOM (Marsland
et al. 2003), and modules for land vegetation (JSBACH;
Raddatz et al. 2007) and ocean biogeochemistry (HAMOCC;
Wetzel et al. 2006), which are coupled via the OASIS3
coupler. The carbon cycle is interactively simulated.
ECHAMS is run at T31 resolution (~3.75°) with 19 vertical

Table 1 Summary of reconstructed centennial regional temperature
anomalies in China in 800-2000 AD

Years China Northeast Southeast West
800-900 3 1 1/-2 1
MWP 900-1000 2 2 2/-1 1
1000-1100 -1 2 1 -2
1100-1200 1 2 1 -1
1200-1300 1 3 1 -1
LIA 1300-1400 -1 3 1 -2
1400-1500 -1 -1 -1 -1
1500-1600 -1 -2 -1 -1
1600-1700 -2 -2 -1 -2
1700-1800 -1 -2 -1 1
MW 1800-1900 -1 -1 -2 2
1900-2000 2 1 2

The anomalies are based on historical documents and proxy data from
Wang et al. (2007) for 1000-2000 AD and Yang et al. (2002, 2003) and
Ge et al. (2003) for 800—1000 AD. The classes are defined as —3 (<0.5°C),
-2 (-0.5...-0.2), -1 (-0.2...0), 1 (0...0.2), 2 (0.2...0.5), and 3 (>0.5);
ambiguous proxies before 1000 AD by (/)

MWP Medieval Warm Period, LI4 Little Ice Age, MW Modern
Warming

levels and MPIOM at a horizontal grid spacing of about
3° with 40 unevenly spaced vertical levels.

The model is forced by reconstructions of (1) total solar
irradiance (TSI), (2) volcanic forcing considering aerosol
optical depth (AOD) and effective radius distribution, (3)
land use change, and (4) anthropogenic greenhouse gases
and aerosols. The TSI is based on data reconstructed by
Krivova et al. (2007). It combines sun-spot observations
starting back in the seventeenth century and variations of
atmospheric C14 concentrations derived from tree rings.
The TSI time series exhibits low long-term variability of
about 0.1% of the standard TSI value of 1367 Wm ™ (given
by the difference between present-day and Maunder
minimum).

The volcanic effects are taken into account in a data set
of AOD and effective radius for 10-day time steps and split
into four equal area segments (30-90° N, 0-30° N, 30-0° S,
90-30° S). Growth and decay time for each eruption is
calibrated and fitted to recent observations. The data set
includes information about mean particle radius evolution
vs. time, a feature particularly important for large eruptions
(for details, see Crowley et al. 2008). Timmreck et al.
(2009) have shown for the 1258 eruption that a shift of the
volcanic aerosol size distribution toward larger particles
reduces the cooling effect and improves the consistency
with temperature reconstructions.

Anthropogenic land use change prior to 1700 is
reconstructed by Pongratz et al. (2008) and after 1700 by
Foley et al. (2003). In China where crop areas were already
large at 800 AD, natural vegetation is almost completely
replaced by agricultural land use after 1700 in Southeast
China.

The analysis uses two ensemble experiments, a first with
five members forced by weak (0.1%) and a second with
three members forced by intense solar forcing variability
(0.25%); the remaining natural and anthropogenic forcings
are identical and cover the period from 800 to 2005 AD
(Bard et al. 2000; Jungclaus et al. 2010). The different
initial conditions for the ensemble members are derived
from a 3,000-year control integration forced by constant
conditions for 1860. If not indicated otherwise, the
ensemble mean is analyzed in this publication.

The comparison of the impact of different forcing
mechanisms in the millennium experiments (Jungclaus et
al. 2010) yields that the variability is dominated by volcanic
eruptions decreasing the net short wave radiation at the top
of the atmosphere (Fig. la, incoming solar radiation
reduced by cloud and aerosol reflection for the weak solar
irradiance variability of 0.1%). The most severe eruption
occurred in 1258 (Stothers 1984), presumably in the lower
latitudes, and the second most severe was the Tambora
eruption in 1815. The Maunder minimum of solar activity
(1645-1715) is barely detectable, while the Dalton minimum
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(1790-1830) comprises a series of volcanic eruptions (Cole-
Dai et al. 2009).

The ensemble mean of the Northern Hemispheric mean
surface temperature (Fig. 1b) shows distinct long-term
climate anomalies. Decadal cooling periods are found after
volcanic eruptions in 1258 (unknown volcano) and 1815
(Tambora), respectively; the latter period coincides with the
Dalton minimum (1790-1830). A warm period in 1100—
1200 may be associated with the MWP, and an intermittent
cool period during 1400-1700 corresponds to the LIA.
After 1900, the modern warming commenced. The cooling
of —0.1°C during the LIA in the Northern Hemisphere is
much less pronounced than the reconstructed range,
between —0.6°C and —0.3°C (Mann et al. 2008). Volcanic
eruptions are the most efficient impacts on surface
temperature during the pre-industrial era.

4 Simulated temperature

The first aim is to compare three reconstructed near surface
temperature data sets with two simulations obtained for
different solar forcing reconstructions in order to select a
reconstruction and a simulated data set which agree within
an uncertainty given by the internal climate variability. This
mutual assessment, which is based on the mean temperature
in China, includes a spectral analysis to validate the data
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using information on low-frequency variability detected in
previous analyses. The main part of the analysis is a
comparison of regional climate anomalies in China in the
selected reconstructed and simulated data sets.

(a) Mutual assessment of solar irradiance forcings and
different reconstructions

An ensemble simulation with increased solar irradiance
variability (see Section 3) is included and both simulations
are compared with three reconstructed data sets (Ge et al.
2003; Yang et al. 2002; Wang et al. 2007). The comparison
which includes a spectral analysis yields considerable
differences between reconstructed data and gives some hint
to the assessment of the forcing.

(b) Regional temperature and ensemble spread

For a comparison with reconstructions, China is divided
into three regions (Fig. 2): Northeast, Southeast, and West
China. The uncertainty of the ensemble experiments is
derived by the spread of temperature extremes on decadal
timescales. The time series are compared with reconstructed
data.

(c) Centennial temperature anomaly patterns and annual
cycle

For a detailed geographical comparison, the time span of
the model simulation is split into bicentennial time bins
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Fig. 2 Regions in China marked by grid points in the ECHAMS5 T31 model simulation (/ Northeast China, 2 Southeast China, 3 West China)

beginning with the ninth century up to the present day.
Particular periods are assessed for a comparison with the
climatology merged by Wang et al. (2007). The model
results are used to retrieve the change of the annual cycle
during the past 1,200 years.

4.1 Mutual assessment of solar irradiance forcings
and different reconstructions

Three reconstructions of the mean temperature in China are
compared with the ensemble means in simulations which
differ with respect to the variability of the solar forcing
(Fig. 3; see Section 3). The reconstructed temperature
anomalies by Yang et al. (2002) (decadal means in China)
and Ge et al. (2003) (30-year winter means in East China
with decadal means in 960-1100 and after 1500) show
large centennial variability of the order of 1°C, which are
far beyond the reconstructions by Wang et al. (2007)
(decadal means, after 1000 AD) as well as the model
uncertainty. For example, in Yang et al. (2002), the mean
temperature in 800-900 is 0.6°C and shows —0.6°C in
1400-1700. In Ge et al. (2003), the temperature anomaly
reaches more than +1°C for decades in the thirteenth
century and falls below —0.6°C in 1800—1900. The mutual
comparison of the simulated and the reconstructed data
indicates that the reconstructions by Wang et al. (2007) are
reconcilable with the simulations (see Section 4.2).

The variability of these data (standard deviation 0.27°C),
however, is too large to provide an assessment of both
simulations. The 0.25% variability simulation reveals larger
anomalies and in particular a warmer MWP (0.1°C) and a
cooler LIA (—0.07°C) compared to the 0.1% variability
experiments. Compared to the 1960-1990 mean, the
Maunder minimum (1645-1715) is —0.34°C (—0.35°C)
colder in the 0.1% (0.25%) variability simulations. There-
fore, based on the data by Wang et al. (2007), we cannot
decide whether the solar forcing with higher solar variability
(0.25%) 1is preferable to the forcing with weak variability
(0.1%).

Since reconstructed and simulated data indicate consid-
erable differences in low-frequency variability (Fig. 3), the
comparison is complemented by spectral analysis. In the
last years, several investigations could show that interannual
temperature variability is dominated by power laws,
S(f)~f7P, in wide ranges of timescales (Fraedrich
and Blender 2003; Huybers and Curry 2006). Thus,
climate variability is present on all timescales with a
continuous background superimposed with oscillations or
cycles. For positive exponents, >0, this long-term
memory is explained by the thermal inertia of subsystems,
mainly the ocean. Long-term memory is also found in a
long-term simulation of the hydrological cycle with the
coupled model ECHAMS/MPIOM in China (Blender and
Fraedrich 2006).
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Fig. 3 Temperature anomalies 15 T
in China: two simulations with
0.1% (blackisolid) and 0.25%
(blue/solid) solar irradiance var-
iability amplitude, respectively,
and reconstructions by Wang et
al. (2007) (dotted/red), Yang et
al. (2002) (dashed/yellow), and
Ge et al. (2003) (dashed/green).
The ensemble spread (from the
0.1% amplitude simulation) is
indicated by the 11-year running
means of simulated minimum
and maximum anomalies in the
ensemble (shaded)
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The simulated temperature (with annual resolution)
shows a nearly continuous power spectrum with an
exponent (3=0.5, which is valid in the whole accessible
frequency range from annual to several centuries (Fig. 4a).
The single deflection is an increase in power within the
frequency range corresponding to 3—4 years, which can be
attributed to ENSO. Further periodic or quasi-periodic
variability contributions are not simulated (see for example
Wang et al. (1991)). The ensemble with the increased solar
irradiance variability (0.25%, not shown) reveals a power
spectrum with the same scaling and exponent. The
exponent 3 is determined by detrended fluctuation analysis
(Hurst exponent o = 0.75; Fraedrich and Blender 2003).
Note that in instrumental records and long-term simula-
tions, smaller values of 3~0.2...0.4 are found on land on
timescales up to centuries (Fraedrich and Blender 2003). In

Fig. 4 Power spectra of the
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Year
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climate simulations, long-term memory is caused by
dynamic ocean models which show a variety of spectra
(Zhu et al. 2000).

The power spectrum of the reconstructed decadal mean
temperature (Wang et al. 2007) shows scaling with the
same exponent 3=0.5 (Fig. 4b). Thus, the simulated and the
reconstructed temperature time series indicate the same type
of long-term memory. The power spectra of the recon-
structed temperature time series proposed by Yang et al.
(2002) and Ge et al. (2003) in Fig. 4c confirm the high low-
frequency variability observed (Fig. 3). Both spectra
increase steeply for low frequencies with a spectrum that
can be roughly estimated as S(f) ~ 1/f%; hence, 3~ 2. This
result provides further evidence that the reconstruction by
Wang et al. (2007) is in agreement with the model
simulation.
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In summary, we conclude that given that the reconstruc-
tion of the solar irradiance with 0.1% variability is considered
as a state-of-the-art (see Krivova et al. 2007), there is no need
to deviate from this suggestion and that this forcing intensity
is appropriate for millennium simulations.

4.2 Regional temperature and ensemble spread

Temperature time series for China and three regional
averages (Northeast, Southeast, and West) are compared
with the reconstruction by Wang et al. (2007). The
uncertainty of the simulation is estimated by the minima and
maxima in the five-member ensemble. The mean temperature
in China (Fig. 5a) is above normal in 900-1200 and
below average during 1200-1300 and 1800-1900 AD.
An anomalously cold and persistent LIA is hardly
distinguishable. This is comparable to the simulation by
Peng et al. (2009). The cool periods during the thirteenth
and nineteenth centuries are associated with sequences of
the most intense volcanic eruptions in 1258 and in 1815
(Tambora). After that, the cold temperature anomalies
recover on decadal timescale, which is attributed to the
ocean heat uptake in a coupled ensemble experiment
(Stenchikov et al. 2009). According to Cole-Dai et al.
(2009), 1810-1819 was the coldest period during the last
500 years. A short cooling period appears at the end of the
nineteenth century, which is most dominant in the Northeast

(Fig. 5b). A possible reason for this cooling is a sequence of
volcanic eruptions (Krakatau in 1883, Santa Maria and
Mount Pelée in 1902, and Novarupta in 1912). The Maunder
minimum in 1645-1715 is related to a centennial period
with a weak cooling, while the Dalton minimum in 1790—
1830 is marked by a strong cooling for roughly two
decades. The dominant temperature change occurs during
the MW in the twentieth century.

Regional averages of temperature in Northeast, Southeast,
and West China reveal major consistent long-term anomalies
determined with respect to the total simulation period
(Fig. Sb—d). All regional temperature anomalies vary within
a corridor of +£0.5°C. The differences between regional
temperatures, however, are much weaker than between
reconstructed anomalies. The most remarkable differences
are in the Northeast with a distinct reconstructed warming
in 1000—1400 AD and a cooling from 1400-1800 AD; but
much weaker anomalies are found in the Southeast. The
reconstructed temperature anomalies in the Northeast are
characterized by centennial variability, whereas decadal
variability dominates in the West.

4.3 Centennial temperature anomaly patterns and annual
cycle

In this section, the simulated ensemble mean is first
compared with the reconstructed temperature anomalies

Fig. 5 Temperature anomalies
in China (a), Northeast (b),
Southeast (c), and West (d).
Simulations: ensemble means
(bold) and spread as 11-year
running means of minimum
and maximum (shaded).

Reconstruction (dotted) by
Wang et al. (2007). Simulated
(reconstructed) anomalies are
with respect to the 800-2005
(1000-2000) mean

Temperature Anomaly [C]

800 1000

1200 1400 1600 1800 2000
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patterns for periods given by Wang et al. (2007), which is
complemented by a bicentennial decomposition of temper-
ature anomalies during 800—2000 AD.

4.3.1 Comparison with centennial temperature
reconstructions

Wang et al. (2007) present a geographic overview of
climate anomalies for the last millennium considering
distinct periods: (a) 1041-1140, (b) 1171-1270, (c)
1601-1700, and (d) 1781-1880 and the shorter periods
(e) 1951-2000 and (f) 1991-2000. This summary of
long-term mean temperatures is an apt compilation for
the assessment of the simulation. For ease of comparison,
the anomalies of  the near surface temperature are
determined for the corresponding periods (all anomalies
are relative to the mean in the total range 800-2005). The
main findings are summarized as follows (Fig. 6, com-
pare Fig. 5 in Wang et al. 2007 and Fig. 2 in Mann et al.
2009):

(a) 1041-1140: The model shows a moderate warming of
the order of 0.1°C for East Asia, whereas in the
reconstructions, the western part is colder than average
and the East is distinctly warmer, up to 0.4°C warmer
in the Northeast (Table 1 and Wang et al. 2007,
compare Mann et al. 2009).

(b) 1171-1270: The simulations reveal a negative
anomaly in West China which agrees with recon-
structions by Wang et al. (2007). The reconstructed
warming in the Northeast is not found in the
simulation.

(c) 1601-1700: This century is the coldest period during
the LIA (for the Northern Hemisphere, see Mann et al.
2009) which is captured as well in the reconstruction
by Wang et al. (2007). The simulated temperature
anomaly pattern agrees with the reconstructions; in the
Southeast where a negligible anomaly is reconstructed,
the simulated cooling is not significant.

(d) 1781-1880: The simulation reveals a persistent LIA
with even lower temperature anomalies than during
1601-1700. This century includes the Dalton mini-
mum and in particular the extreme cold decade 1810-
1819 (Cole-Dai et al. 2009). The simulated cold
century deviates from the reconstructions by Wang et
al. (2007), mainly in the West.

(e) 1951-2000 and (f) 1991-2000: These periods show
the highest temperature during the last millennium (up
to 0.9°C, significant in almost all regions).

In summary, a distinct medieval warming in China is found
in the simulation until 1140 AD; this is terminated by a
cooling during 1170-1270 (in the reconstructions by Wang
et al. 2007, the medieval warming persists until 1270). The
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LIA persists until the nineteenth century. Before 1900, the
absolute values of the simulated temperature anomalies are
lower than in the reconstructions (£0.2°C compared to
+0.4°C).

4.3.2 Bicentennial temperature patterns

The simulated temperature anomalies are assessed by
means for adjacent bicentennial periods (800—1000, 1000—
1200, etc.) to obtain a complete overview of the climate
evolution in China (Fig. 7).

(a) 800-1200: During this period, which is considered as
the warmest during the last two millennia in the
Northern Hemisphere (Mann et al. 2008), moderate
warming prevailed in China (up to +0.1°C). Devia-
tions from this are weak and limited to a few regions.
In 800-1200, significance is restricted to the North-
east, in 1000-1200 also in the northwest. Recent
reconstructions of Mann et al. (2009) find a warming
up to +0.5°C in Southeast Asia.

(b) 1200-1800: A complete cooling is the most distinct
feature of these centuries (significant in the West
and in the Southeast China). In 1200-1400 and
1600-1800, the cold anomalies below —0.08°C are
significant. The simulated LIA cooling is interrup-
ted during 1400-1600 in Tibet and the Northeast
when the LIA prevailed in the Northern Hemi-
sphere (Mann et al. 2008). A warming is recon-
structed by Mann et al. (2009) for 1400-1700 in
Southeast Asia.

(c) 1800-2000: The model shows a cold northeast and a
warm southeast China. In the northeast, the cold
anomalies at the beginning of the nineteenth century
(Fig. 6d) compensate for the warming in the twentieth
century in the North (Fig. 71).

4.3.3 Annual cycle

The climate evolution is accompanied by a considerable
change of the annual cycle (Fig. 8, note that this figure
shows anomalies of summer minus winter temperatures
with respect to the total simulated period). During 800—
1200 (MWP) until the advent of the LIA, the annual cycle
shows a pronounced land—sea contrast with largest differ-
ences on the Tibetan plateau. Within 1200-1400, the annual
cycle begins to weaken and the anomalies reverse in
Central China. During the cold period in 1400-1800, the
annual cycle reduces further (except in the Northwest) and
reverses on the Tibetan plateau. After 1800, a severe
reduction of the annual cycle in the North and on the
Tibetan plateau is found, whereas the eastern Pacific shows
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an enhanced summer—winter contrast. Thus, the annual 5 Summary and discussion
cycles during the modern and the medieval warming differ

considerably. The most probable reason is the anthropo-  The near surface temperature data in a 1,200-year climate
genic aerosol load which increased during the twentieth  simulation (millennium run) are compared to reconstructed
century. regional temperature records in China. The millennium run
a 1041-1140 b 1171-1270

0.027

50N 1 50N 1

45N 1 45N
40N 4ON{ 7
3N ]
30N 30N

25N 25N 1~

2o ] ! ' Ly N

| i £ o0 N8
; ; ; ; ; ; Ji 70.1'24" l : ,_,‘{--;'70.06 ' i ;
80E 90E 100E 110E 120E 130E 80E 90E 100E 110E 120E 130E
c 1601-1700 d 1781-1880

20N A

50N+
45N
40N
35N "o
30N .

25N 20

20N 7

T BOE 9F 100E 1108 120€ 130E
e 1951-2000 f

50N 1
45N
40N 1 40N
35N 1 3N P
30N 1 30N
25N

20N 1

80E 90E 100E 110E 120E 130E 80F 90E 100E 110E 120E 130E

Fig. 6 Simulated temperature anomalies during the periods as indicated (with respect to the overall mean in 800-2005, compare with Fig. 5 of
Wang et al. (2007)); areas with 95% significance are shaded
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Fig. 7 Simulated temperature anomalies as bicentennial means (with respect to the overall mean in 800-2005); areas with 95% significance are
shaded

is designed as an ensemble of simulations with the  radius distribution), land use change, and anthropogenic
atmosphere ocean general circulation model ECHAMS/  greenhouse gases and aerosols.

MPIOM including modules for land vegetation and ocean A mutual comparison of simulated and three recon-
biogeochemistry. The model is forced by reconstructed TSI,  structed data sets indicates that the reconstructions by Wang
volcanic forcing (by aerosol optical depth and effective et al. (2007) are reconcilable with the simulations obtained
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Fig. 8 Simulated annual cycle (defined as summer minus winter temperature) as bicentennial means. The mean annual cycle in 800-2005 is

subtracted and areas with 95% significance are shaded

with the solar irradiance by Krivova et al. (2007) with a
variability amplitude of 0.1%. The long-term anomalies of
other reconstructions are beyond the uncertainty given by
the simulations. The low-frequency variability of the
simulated mean temperature in China reveals a power law
scaling in the power spectrum, S(f) ~ f# with 3=0.5,

indicating stationary long-term memory (obtained for
both the 0.1% and the 0.25% forcing amplitudes). This
agrees with the variability of the reconstructed mean
temperature in China by Wang et al. (2007), whereas
other reconstructions reveal non-stationary power spectra
with f=2.
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The simulated Northern Hemispheric means show long-
term warming and cooling periods corresponding to the
MWP in 900-1300, the LIA in 1300-1850, and the MW
after 1850. Volcanic eruptions are the most efficient
external forcing (Jungclaus and the COMSIMM Team
2009). The spread within the ensemble simulations yields
the uncertainty +0.5°C of the dynamic reconstruction.

The model simulations are compared to regional
temperature reconstruction with decadal and centennial
temporal resolution (Wang et al. 2007). Deviations from
the reconstructions are: During the eleventh century, the
model shows a moderate warming in China, whereas
reconstructions indicate a zonal temperature contrast with
a cooler western and a warmer eastern part. A further
discrepancy is found in the thirteenth century when
simulations are too cool in the West and the Northeast
(in the Southeast, the simulations agree with reconstruc-
tions). During the LIA, the simulated temperature anomaly
agrees with reconstructions in the West and the Northeast.
The annual cycle during the MWP was stronger on land
but weaker on the East Pacific compared to the last two
centuries.

The present analysis reveals the following results: (1)
The comparison of the temperature anomalies in China
obtained in the model simulation with reconstructed data
demonstrates that the simulation with weak 0.1% solar
irradiance variability is reconcilable with the reconstruc-
tions by Wang et al. (2007). (2) Simulated regional
temperature anomalies show high interannual variability
on decadal timescales with volcanic eruptions as the
dominant signature. (3) The uncertainty of the simulated
mean temperature is of the order of +0.5°C. (4) The power
spectra of the simulated and reconstructed mean tempera-
ture in China agree and indicate stationary long-term
memory, while periodicities apart from ENSO (3—4 years)
are not simulated. (5) The land—sea contrast of the annual
cycle changed sign during the last millennium.
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