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We present the first millennial-length gridded field reconstruction of annual temperature for China, and analyze the reconstruc-
tion for spatiotemporal changes and associated uncertainties, based on a network of 415 well-distributed and accurately dated
climatic proxy series. The new reconstruction method is a modified form of the point-by-point regression (PPR) approach. The
main difference is the incorporation of the “composite plus scale” (CPS) and “Regularized errors-in-variables” (EIV) algo-
rithms to allow for the assimilation of various types of the proxy data. Furthermore, the search radius is restricted to a grid size;
this restriction helps effectively exclude proxy data possibly correlated with temperature but belonging to a different climate
region. The results indicate that: 1) the past temperature record in China is spatially heterogenic, with variable correlations
between cells in time; 2) the late 20th century warming in China probably exceeds mean temperature levels at any period of the
past 1000 years, but the temperature anomalies of some grids in eastern China during the Medieval climate anomaly period are
warmer than during the modern warming; 3) the climatic variability in the eastern and western regions of China was not syn-
chronous during much of the last millennium, probably due to the influence of the Tibetan Plateau. Our temperature recon-
struction may serve as a reference to test simulation results over the past millennium, and help to finely analyze the spatial
characteristics and the driving mechanism of the past temperature variability. However, the lower reconstruction skill scores
for some grid points underline that the present set of available proxy data series is not yet sufficient to accurately reconstruct
the heterogeneous climate of China in all regions, and that there is the need for more highly resolved temperature proxies, par-
ticularly in the Tibetan Plateau.
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Recent progress in the application of climate proxy data has
demonstrated the possibility of reconstructing temporal cli-
matic patterns for the past few centuries at the regional,
continental [1-5] and global scale [6, 7]. Regional recon-
structions have been made for Europe [8—12], North Amer-
ica [13], and South America [14, 15]. The information on
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spatial patterns of temperature variation over China availa-
ble from the global reconstruction [6] is of limited use, be-
cause few proxy data are used in China: reconstructed grid
points for China rely largely on interpolation from proxy
data outside China. Moreover, currently there are only three
temperature reconstructions using multi-proxy data for
China and all these studies used a relatively small set of
proxy records. Wang et al. [16] calculated a temperature
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series over the past millennium for China by averaging ten
regional multi-proxy series, Yang et al. [17] assembled nine
proxy records to reconstruct temperature variation of the
past 2000 years in China, and Ge et al. [18] also just used
23 proxy records.

Integrative regional temperature reconstruction series at
sub-continental scale are available from many reliable cli-
mate archives in China [16-22]. A notable example is a
tree-ring reconstruction of temperature and precipitation for
the Tibetan Plateau over the past millennium [20, 23-26].
However, even though many well resolved proxy climate
series exist, no gridded temperature field reconstruction has
been produced for China so far.

The reconstruction of spatial large-scale temperature
pattern for China is hindered by two obstacles. First, the
complex spatial and temporal correlation structure of the
climate system in China is hard to capture with traditional
multi-proxy reconstruction methods (e.g., principal compo-
nent analysis, PCA). The fundamental assumption of most
field reconstruction methods is that the spatial modes of
temperature variation for the long-term proxy record (e.g.,
the past 1000 years) follow those of the much shorter period
covered by instrumental temperature. This implicit assump-
tion of stationarity may not be satisfied because climate
spatial mode can be affected by changes in the atmospheric
circulation, solar activity, human activities, and other events,
such as volcanic eruptions [27]. The second obstacle is that
available climatic proxies in China are rare, unevenly dis-
tributed in space, and differ in length and sensitivity to
temperature.

To address the first obstacle, we adopt a reconstruction
approach that applies two reconstruction techniques, namely
composite plus scale (CPS) and Regularized errors-in-
variables (EIV), using a small search radius, such that each
point is independently reconstructed. Such a locally-based
approach to regional reconstruction is the essence of
point-by-point regression (PPR) to allow for a “local con-
trol” of the reconstruction at each point [28]. A notable re-
cent application of PPR is the development of the Monsoon
Asia Drought Atlas (MADA) [29]. In this paper, we restrict
the “search radius” for CPS and EIV to only one grid square
to exclude proxy data that may be statistically correlated
with temperature signal but belong to a different local cli-
mate region. This restriction is important because China has
various climate regions associated with different features of
atmospheric circulations (Westerlies, East Asian monsoon,
and South Asian monsoon) and a complex climatology
associated with the topographic influence of the Tibetan
Plateau [30]. The application of both CPS and EIV allow
the use of different proxy types, and thus to extend the ap-
plication of the point-by-point regression approach. To ad-
dress the second obstacle mentioned above, the scarcity and
heterogeneity of proxy records, we use the largest set of
proxy records from China used in a study so far. We assem-
ble and screen the dataset, and only use records with a tem-
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poral resolution of finer than 30 years.

In this paper, we introduce a modified version of the PPR
reconstruction method and apply it to a network of proxy
data in China to generate a gridded reconstruction of annual
temperature for the last 1000 years. We assess the recon-
struction skills and describe the spatial temperature varia-
tions in China decadal to century timescales.

1 Data and methods
1.1 Instrumental data

We used the CRUTEM3v 5°%x5° gridded instrumental sur-
face-air temperature data set for the period 1850-2006
(Climatic Research Unit, Norwich, UK; www.cru.uea.ac.uk/
cru/data/temperature) in China [31]. The CRUTEM3v
dataset is highly correlated with the China Homogenized
Historic Temperature dataset (CHHT; http://cdc.cma.gov.

cn/home.do) [32] from 730 stations and with the average
temperature series from ten regions in China [16] over the
past 50 years (see Figure S1 in Appendix.
http://earth.scichina.com; http://springerlink.com). There-
fore, we use the CRUTEM3v dataset in this study as it is
continuous (no gaps) and has the best spatial coverage of all
available reanalysis datasets. However, the period
1850-1920 was not used in this study because before AD
1921 there are no instrumental data available for most of
China (e.g., the Tibetan Plateau, Northwest, and Southwest)
and the quality of the dataset cannot be assessed.

1.2 Climatic proxy data

We assembled 415 published proxy data series from China
(see Figure 1(a)), following two essential criteria: the proxy
data are used to reconstruct temperature in the peer-re-
viewed literature and have a time resolution of finer than 30
years. With the exception of tree rings, all proxy series used
in this study have been previously used to reconstruct tem-
perature or were validated as temperature records. For the
tree ring records, the situation is more complex, as in some
regions, tree rings have been shown to be sensitive to sever-
al climatic influences at different frequencies. Tree-ring
chronologies from northern and western China are sensitive
to drought [29], precipitation [33] or temperature [20, 34].
For example, the northwest China is classified as “arid and
semiarid lands”, which are reported to follow a “warm-wet”
and “cold-dry” pattern in long-term climate trend [20, 35].
Accordingly, the low frequency variations of some tree-ring
chronologies may reflect temperature variability at the large
spatial scale [35]. At the large spatial resolution of our grid
(5°%5°), it is very probably to interpret the low frequency
variations in these chronologies as a temperature signal. In
this reconstruction process, any proxy series was accepted
only if it exhibited a roughly significant (p<0.13) correla-
tion with instrumental surface temperature for either of the
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two nearest grid points over the AD 1951-1996 calibration
period. All tree-ring chronologies also had to cover at least
the interval 1800 to 1970 and being built up from at least
five samples in every year. Although the tree-ring series
might represent different seasonal signals, some responding
to summer temperature and some to annual temperature,
they were all used to reconstruct mean annual temperature.
Data having a temporal resolution between 1 and 30
years were linearly interpolated to annual time steps [6, 29].
Such interpolation introduces significant bias by adding red-
noise at the expense of high-frequency components of the
spectrum, and thus to lower verification skill due to higher
autocorrelation. Therefore, we limit our interpretation of the
temperature reconstruction to decadal and longer timescales.
The problem with the tree-ring series is that the
low-frequency (i.e., beyond the age of the tree) climate sig-
nal is not well conserved or, if present, needs to be statisti-
cally extracted from the raw data [36]. The regional curve
standardization (RCS) is the better method to preserve the
low-frequency signal from the raw data [36] than the tradi-
tional standard (STD) method and is used whenever possi-
ble in this study. However, most tree-ring series in the In-
ternational Tree-Ring Data Bank (ITRDB) did not contain
the “pith offset” information that is required to calculate
RCS. In these cases, the STD chronologies were used in this
study. Table S1 lists the proxy data and their characteristics
(Table S1 in Appendix. http://earth.scichina.com;
http://springerlink.com). The dataset includes 373 tree-ring
chronologies, 15 historical documentary series, 6 speleo

60°N . L 1 L L 1 L
i @ o ®°°
L]
40°N- e =
E [
1 B Treering 373 (89.9%) ,df
. %
200N O Z ¥ L
W Spelepthem 6 (1.5%) ..0 . /. ARl T
P Histerical records 15 (3.6%) e VRl _,—_;;s"'
Du T T T .u.l :“"‘“ll T =
80°E 120°E

I 415 proxy data

0 200 400 600 800 1000 1200 1400 1600 1800
Starting year (AD)

Figure 1 (a) Map showing the study area and geographical locations of
temperature proxy records used in this study. The dashed grid shows the 5°
cells used for the reconstruction. (b) The frequency of starting years back
in time binned by century.
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thems series, 10 ice core series, and 11 temperature compo-
site chronologies (local temperature reconstructions and
multi-proxy data regional composite chronologies). All ref-
erences of 415 proxies come from 43 papers [3, 17, 18, 20,
21, 25, 26, 37-71]. Our dataset includes the proxy records
in China used for the hemispheric and global temperature
reconstruction by Mann et al. [49], but we used the updated
version of the Dasuopu, Dunde, and Guliya ice core records
[55]. The following records were not used in this study as
their temperature signal is questionable: the Dongge stal-
agmite record [72], the centennial-scale dry-wet variations
from instrumental and documentary data of Qian et al. [73],
and the isotimic lines record of first and last frosts, A.D.
1400-1900 in the Yellow River region [74]. Finally, we
corrected the geographical positions of the historical docu-
mentary data [69]. Figure 1(b) shows the frequency of
starting years back in time binned by century.

1.3 Reconstruction method

The method of temperature reconstruction used in this study
is a modified form of “point-by-point regression, PPR”.
PPR is a straightforward principal components regression
method that has been successfully applied to produce
high-quality reconstructions of droughts over North Ameri-
ca [75], and to generate drought atlases for North America
[13] and Asia [29].

PPR is based on the hypothesis that only proxy record
close to the grid point to reconstruct can be good predictor
at that location—a premise that is important in a region with
a spatially heterogenic climate such as China. The original
PPR approach optimizes the two variables “search radius”
and “screening probability”. The search radius defines the
maximum distance used to find potential proxy data series
and the screening probability defines the correlation thresh-
old for retaining proxy series to be used to reconstruct tem-
perature in that grid point [28].

All methods for reconstructing climate variability with
proxy data can be expressed by:

T, = BP+e,, (1)

where 7, is the climatic data (e.g., temperature) at grid
point k. P is the proxy records, B is the regression coeffi-
cients, and ¢, is the regression model errors [28]. In the PPR
method, which was specifically developed for the analysis
of tree-ring series, P is the orthogonal tree-ring series prin-
cipal component scores as

P=P,F, 2)
where P, is the matrix of standardized tree-ring chronolo-
gies used as predictors and F' is the orthonormal matrix of
column eigenvectors calculated from the correlation matrix
of P, [28]. Our approach differs from the original PPR in

the specifications of search radius, screening probability,
and in the incorporation of two different regression tech-
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niques: composite plus scaling (CPS) and regularized
errors-in variables (EIV) to allow for the assimilation of
non-tree ring data. The steps are described in more detail
below.

Step 1: Processing of proxy data. We interpolated records
with coarse resolution to annual resolution by cubic spline
interpolation. Then, as the end years of some proxy data did
not arrive at AD 1996, we extrapolated them to AD 1996
with the regularized expectation-maximization (RegEM)
algorithm, based on the mutual covariance with the other
available proxy data over the 1800-1996 interval [76]. Fi-
nally, to avoid bias due to some multi-proxy data with
coarse resolution, all records were filtered to retain frequen-
cies f<0.1 cycle per year to prepare the reconstruction.

Step 2: Screening of proxy data. A proxy series was ac-
cepted only if it exhibited a significant (p<0.13) correlation
with instrumental surface temperature for either of the two
nearest grid points over the AD 1951-1996 calibration pe-
riod. The dense proxy network allowed a search radius of
only one grid square. For example, the distance between the
neighboring grid point 32.5°N/102.5°E and 32.5°N/110°E,
and therefore the search radius is 703 km. This small search
radius ensures that proxy data contributing to a grid point
belong to the climate regime of the grid point, and that all
grid cells are reconstructed using either the proxy data
within the cell or from an adjacent cell.

Step 3: Splitting of proxy and instrumental data. Follow-
ing the procedure described by Mann et al. [49], the
screened proxy and instrumental data were separated into
high-frequency/low-frequency bands with a Butterworth IIR
filter with a 1/10 cycle per year cutoff frequency. The
screened proxy data were separated into high and low fre-
quency bands, and only low frequency band was preserved
to reconstruct past temperature. This frequency split facili-
tates the assimilation of proxy data with differing temporal
resolution.

Step 4: Regressing of proxy data. We use the multi-proxy
reconstruction methods composite plus scaling (CPS) [49],
and regularized errors-in-variables (EIV) [49], within the
PPR framework to reconstruct past temperatures in the low
frequency band. These techniques are described in detail
elsewhere [0, 12, 49, 76-80]. With the small search radius,
the approach used here shares reconstruction principles with
the PPR method [28]. The main difference in this study is
the use of CPS and EIV instead of principal components
regression. Principal components regression underestimates
the climate variability [78, 81].

For the CPS method, we use the variance matching ap-
proach [82, 83] to determine the transfer function, as:

r M) Sy )

cal
P

cal

where T, represents the instrumental temperature during

the calibration period, P, represents the proxy data dur-
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ing the calibration period, M is the average of the data, and
S is the standard deviation of the data. We combined mul-
ti-proxy data sets into one proxy data set P with the same
temporal resolution by low-pass filtering the data series to
retain frequencies f<0.1 cycle per year. The advantage of
this method is that it reduces the influence of large standard
deviation in the proxy series.

In the EIV method, the RegEM algorithm [78, 80] was
used to determine the regression coefficients B and regres-
sion model errors e, as:

I,=P+({,-F,)B+e,. )

As a further safeguard against potentially non-robust results,
a minimum of three predictors was required in implement-
ing the Errors-in-Variables procedure[49].

Step 5: Validation of reconstruction. The accuracy and
skill of grid-point reconstructions were summarized using a
split-period approach [29, 49]. Reconstruction models were
calibrated in the period 1951-1996 and validated on the
period 1921-1950. Reconstruction skills were measured by
the square of Pearson product-moment correlation coeffi-
cient (%), the reduction of error (RE) and the coefficient of
efficiency (CE) statistics [29].

To account for the uncertainty introduced by the linear
interpolation of the lower resolution proxy series, we only
reconstructed temperatures in the low-frequency band. The
reconstructed decadal average temperature anomalies for
China over the past millennium were calculated as an aver-
age of all gridded reconstructions considering the land area
weighting. Indeed, some grid points at the periphery of the
study and over the sea area cover only a small proportion of
land compared to grid points at the center of the research
area. Furthermore, the reconstructed temperatures in each
grid point were weighted with the cosine of their latitude.
The average temperature anomalies for the eastern and
western regions were calculated for all grid points East and
West of 105°E considering the same area weighting.

2 Results and discussion

Reconstruction accuracy as measured by the squared
correlation (rz) varies greatly over the 58 grids, with a
maximum of 0.84 and a median of 0.26 for the CPS results.
Listed in Table S2 are the reduction of error (RE) with a
maximum of 0.88 and median of 0.26 and coefficient of
efficiency (CE) with a maximum of 0.58 and mean of —1.59
for CPS results (Table S2 in Appendix, http://earth.scichina.
com, http:// springerlink.com). The results for EIV are sim-
ilar with squared correlation (%) of 0.95 (median: 0.33), a
maximum RE of 0.89 (median: —0.32) and a maximum CE
of 0.68 (mean: —3.00). Overall, the RE values are high and
36(21) of 58 CPS (EIV) results pass the RE validation.
These results show that our reconstruction has good skills.
However, the CE values are generally relatively low, espe-
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cially over the Tibetan Plateau and Tarim Basin. The rea-
sons for these low values are unclear, but may be related to
a limited amount of long instrumental and proxy records in
these regions. We also test a sub-dataset excluding the tree
ring data which were used to reconstruct MADA [29]. The
spatial pattern coincided with the current results.

Figure 2(a) shows the reconstructed temperature anoma-
lies (with respect to AD 1961-1990) over the last 1000
years in China using the CPS and EIV methods. The results
are consistent with the reconstructions derived only from
36(21) of 58 CPS (EIV) gridpoint data which passed the RE
validation. The grid points shown in Figure 2(a) cover the
AD 1000-1996 period. The underlying shape of the recon-
structed temperature averaged over China is an asymmet-
rical long wave that decreases gradually from a peak near
AD 1040 to a low near AD 1500 and then increases more
steeply to a maximum towards AD 1996 (Figure 2(a)). Al-
most the entire record is cooler than the AD 1961-1990
period used to calculate temperature anomalies. Cool excur-
sions from the underlying wave are reconstructed in AD
1400-1460 and AD 1620-1640. A Little Ice Age (LIA) type
event can be recognized in AD 1400-1700. The first warm
period of the record (AD 1030-1280) is likely to be a re-

gional expression of the Medieval Climate Anomaly (MCA).

The second warmer period is AD 1540-1580 during the
LIA. The third warm period in the mid-18th century with
strong warming from AD 1700 to 1720 have been described
previously [16]. The last decades of the record (AD
1924-1996) are warmer than any period of the past 1000
years.

Figure 2(b) shows the averaged EIV reconstructions over
the eastern (105°-135°E) and western (70°-105°E) regions
of China. The aforementioned long wave is also evident in
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the temperature series averaged over eastern and western
gridpoints, although the amplitude is visibly larger in the
West than in the East. However, the amplitude of the
low-pass filtered instrumental temperature anomalies in the
East after 1950 is higher (Figure S2 in Appendix.
http://earth.scichina.com; http://springerlink.com). The East
is much warmer than the West during the interval AD
1000-1100.

Figure 3 shows that our reconstruction is very similar to
the results from other studies covering the past millennium
[16, 17, 49], and that the transition periods from warm to
cold conditions are identified during the same periods. Fig-
ure 4 shows the spatial temperature average anomalies pat-
terns for the 11th to the 20th century with respect to AD
1961-1990. Maps of reconstructed temperature averaged
over the centuries indicate that during the warm period of
the 11th century, the temperature anomalies for entire China
are positive, with the highest values in central and eastern
China. The warming during the 12th to 13th centuries was
also likely most pronounced in the central and eastern re-
gions, whereas other regions of China, especially Xinjiang
and the region northwest of the Tibetan Plateau, remained
relatively colder (Figure 4). The 15th and relatively colder
16th centuries show a transition to somewhat cooler condi-
tions, especially in the Northeast. Most regions of China
were relatively cold during the 17th century. During the
18th century, temperatures in China raised again, most no-
tably in the central and eastern regions. In the 19th century,
temperature continue to raise over China. Finally, in the
20th century, temperatures raise throughout China, with
more pronounced changes in the eastern and southern re-
gions than in the northern and western regions.
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Figure 2 Reconstructed temperature anomalies (with respect to AD 1961-1990) over the last 1000 years in China. (a) CPS (red line) and EIV (black line).
Gray lines mark the uncertainty of the EIV reconstruction. (b) EIV Reconstructions averaged over eastern and western regions of China.
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To illustrate the spatial structure of temperature variabil-
ity at a finer time resolution, we present maps for six se-
lected anomaly periods (Figure 5(a)—(f)): the first cold sixty
consecutive years (AD 1400-1460) and the cold period AD
1620-1640, three warm periods (AD 1030-1080,
1230-1280 and 1700-1720), the documented extreme
drought event of AD 1922-1932. The Little Ice Age type
event of AD 1400-1460 and AD 1620-1640 were charac-
terized by cold conditions in eastern China and relatively
warmer conditions in southwest of the Tibetan Plateau
(Figure 5(a) and (b)). This East-West contrast in tempera-
ture anomaly is also evident in the time series plots of Fig-
ure 5(c) and (d). As shown in Figure 4, the spatial structure
of the warm period in the 13th century was similar with
11th century. The early-18th century warming is most
prominent in the West, whereas the early 11th century
warming is most apparent in the East.

The AD 1920s drought event [46] is clearly visible in
Figure 5(f). This event affected the whole country, but es-
pecially the central and southwest regions. In some parts of
the central China, the temperature anomalies were even
higher than during the period AD 1980-1999 (see Figure
4(f)).

The instrumental data also illustrate the strong spatial
and temporal variability between the gridded regions. As
further evidence for the spatial variability, correlation coef-
ficients between the grid point in the northeast Tibetan
Plateau (102.5°E, 32.5°N), and the three grid points in the
central Tibetan Plateau (92.5°E, 32.5°N; 87.5°E, 32.5°N;
82.5°E, 32.5°N) are all lower than 0.28. These low correla-
tions probably reflect the varied topography of the Tibetan
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Plateau and its effect on climate.

Figure 6 shows the empirical orthogonal function (EOF)
analysis of the averaged temperature anomalies of the EIV
reconstruction for the years AD 1000-1996 and for the in-
strumental data in the period AD 1951-1996. The first EOF
mode (EOF1) of the reconstruction explained 25.9% and the
EOF1 of the instrumental data 63.8% of the total variance.
The most likely reason for this large difference is that the
proxy data cannot cover the entire spectrum of the tempera-
ture variability [27]. The first three EOF modes of recon-
struction and observation are different. Most significantly,
the first three EOF modes of the reconstruction data show
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Figure 3 Comparison of the EIV reconstruction for China of this study
with three independent temperature reconstructions series for the past

millennium. All temperature values are standardized to a mean of zero and
a variance of one.
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a very similar pattern for eastern China over the last millen-
nium. The pattern of the first three EOF modes of the ob-
served data are however different. Therefore, the EOF
analysis supports the idea that the spatial patterns of tem-
perature variability in China changed over time.

The spatial variability of temperature anomalies-even
between neighboring cells-highlights the risk of creating
large errors in the climate reconstruction when using proxy
data from a different grid cell. Accordingly, the correlation
coefficients between the proxy data and the instrumental
data are on average lower than for other palaeoclimatic field
reconstructions [28], and many grid cells show low skill as
measured by validation statistics (Table S2 in Appendix).
The reason for these low skill values is the sparse distribu-
tion of proxy records. The sparse instrumental data in some
regions may also be a part of the problem as the “target
temperature” curve during the calibration period may some-
times not be adequate. Clearly, more proxy records and bet-
ter instrumental data are needed to improve the skills of
temperature reconstructions in China.

3 Conclusions

We have applied a point-by-point regression (PPR) frame-
work combined with CPS and EIV approaches to generate
the first spatially resolved temperature field reconstructions
for China. Reconstructions were analyzed for spatial coher-
ence of temperature anomalies on centennial and decadal
time scales, and for variations in regional average tempera-
ture. The reconstruction using 415 paleo-temperature proxy

records, shows that: 1) the late 20th century warming
likely exceeds temperature levels at any period of the past
1000 years in China, 2) spatial heterogeneity is characteri-
stic of the past temperature record in China, with be-
tween-cell correlation relatively highly variable in time,
and 3) the climatic changes in the eastern and western re-
gions of China over the past millennium are not synchro-
nous during much of the last millennium. Our reconstruc-
tions may help provide a reference to test general circula-
tion models simulating temperature variations over the
past millennium.

The current limitations of our spatial temperature recon-
struction are illustrated by the low reconstruction skill in
some grid points, specifically, only 36 of 58 CPS grid points
pass the RE validation. The major limiting factor is the low
resolution and regional representation of the proxy data.
Our results highlight the need for additional high-quality
and long paleoclimate proxy records to reconstruct season-
ally and annually resolved temperature fields in China.
However, the limitations of the current reconstruction do
not affect the main conclusion that the spatial mode of
temperature has dramatically changed over time. Moreover,
in the proxy data regression process, it is important to
consider not only the significance of correlation between
instrumental and proxy data, but also the geographical
proximity of proxy data to grid points. A restricted search
range, as we used it in this study, is likely to yield recon-
structions less prone to distortion from nonstationarity of
spatial temperature modes, and to yield reconstructions that
more realistically reflect the temperature patterns of the past
millennium.
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