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[1] We present reconstructions of Northem and Southemn
Hemisphere mean surface temperature over the past two
millenmia hased on high-resoluton “proxy” temperature
data which retain millenmal-scale vanability. These
reconstructions mdicate that late 20th century warmth 1s
unprecedented for at least roughly the past two mllenma
for the Morthern Hemsphere. Conclusions for the
Southern Hemisphere and global mean temperature are
hmated by the sparseness of available proxy data mn the
Southern Hermsphere at present. INDEX TERMS: 1620
Global Change: Climate dynamica (3309 3309 Macorobogy
and Atmospheric Dymamics: Climalology (16207, 3344
Mcicorology and Atmospheric Dyvnamics: Palecoclimatobogy;
4221 Oeccanography: Gencral: Dendrochronology; 4215
Occanography: General: Climaic and  inlcrannual  vanability
(3309). Chatlon: Mann, M. E. and P D Jomes, Global
surface wmperatures over the past two millemnia, Creophys.
Res, Leid, 30(15), 1820, doi: 10 10292003GLOITRLY, 2003.

I. Intreduoction

[z] It 15 important to place modem chmate warming m a
longer-term context. A number of previous studies have thus
focused on climate change of the past few cenbunes to
millenmium, based both on modelne expenments employmg
estimated chmate forcngs [eg., Crowley, 2000, (rerber et
al., 2003] and empincal reconstruchons based on climate
proxy data. The requirements for the latter such reconstruc-
tions are (a) high (annual © decadal) resolution and exact
dating, so that proxy records may be cahbrated agamst
mstrumental data, (b) rehabahity of the low-frequency mifor-
maton so that millenmal-scale vanabihity can be fmthfully
reconstructed, and (c) adequate spatial distnbution of data so
that the regionally-vanable nature of past climate vanabihity
|e.g., Bradley and Jones, 1993] 15 appropnately taken mio
account m reconstructing a larpe-scale (eg., hemmsphenc)
mean. It s also important to keep m mimd the scasonality of
proxy indicators in forming a chmate reconstruchon |sce
Jones et al., 199%; 2001; Mann, 2002; Mann et al., 2003).

|3] Several recent studies emphasize spatial reconstruc-
tion of chmalte ficlds, typically based on multivanate climate
ficld reconstruchon (CFR) techmques |eg., Mann et al,
199%; 1999; Luterbacher et al., 2002; Evans et al, 2002].
Such spatial reconstructions. of past surface temperature can
be averaged to yield hermsphenc mcan temperature cstimates
| Mann et al., 1998; Briffa et al_, 2001 |. Other hemisphenc
mean temperature reconstructions have employed 2 more

Copyright 2003 by the American Geophysical nion.
O B2 TEOR 0 SGLA] TRT 4505, 00

CLM

clementary approach, m which vanous temperature proxy
records are composited (perhaps after applymg some weight-
mg factor) and then simply scaled agamst the available
overlapping instrumental record to yvield a hermsphenc
reconstruction |Bradiey and Jones, 1993; (verpeck et al.,
1997; Jones ef al., 1998; Crowley and Lowery, 2000). The
similanty of these latter reconstructons to those determimed
bascd on more claborate approaches |epg., Folland er al
2001; Mann, 2002) sugrests that the more clementary
approach can yield a rehable reconstruction. Previous work
has emphasized the Morthem Hemisphere, and the past 1000
years for which adequate proxy data have been available for
hemisphenic mean temperature reconstructons. Prelminary
reconstructions of Southern Hemisphere temperatures i past
centunes have also been attempled |Jomnes ef al., 1998; 2001 ;
Mann et al_, 2000)].

[4] Dunng the past few years, a number of addibonal
long, mph-resolubon (anmual or decadal) temperatore proxy
reconstructions {or extensions of previous, shorter records)
with rchable mllenmial-scale vanabihty have been pro-
duced. These new records allow an extenswon of proxy-based
hemisphenc mean temperature reconstructions for both
hemispheres. Such extensions are the focus of this study.

2. Data

[s] For the Mortherm Hemsphere (NH), we make use of
temperature reconstrections from ¥ distimet remons (based
on 23 mdividual proxy records). Each employs either
mchicators -fc_g., sodimenis and ice cores) with no known
hmitations i resolving mllenmal-scale vanabihity, or tree-
nng records m whach vanous “conservabive” standardezation
methods have been used, which, though not all idenbical,
share the common aim of secking o preserve ijJ-::nnial-
scale temperature vanability. Smee some of the proxy
mchcators may contam non-temperature miluences, the var-
wble rehabibity of the temperature sipnal m diifferent proxy
estimates 1 dealt with m our methodology (section 3). The
available dataset, though modest in s, samples a range of
seasons, tropical through polar lafitndes, both major con-
timents, and manne as well as temestnal environments m the
Morthern Hermsphere (Figure 1) The data set includes:

l&] (1) muloproxy composite reconstrocton of anmual
mean emperatures over castern Asia back to 1 AL based on
a composite of 11 historical, lake sediment, tree-ning, and
ICC Core proxy reconds me[h:na,lnpan the Tibetan
Plateau, and Tarwan | ¥ane et al, 2002).

[7] (2) conservatively mndsrdjmd tree-ning temperature
reconstruction from Mongoha (annual mean temperatures
back to AL 264 [ Arrigo et al., 2001]).
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Figure 1. Locatons of temperature proxy records used m

this study. Comrelabons (decadal timescale over 1901 —-80)
with local mstrumental temperature pnid-box data are
mihcated m parentheses next to the associated symbolfs.

[#] (3) northermn Eorasia tree-rning temperatune reconstruc-
on (warm-scason temperature back to AD [Briffa and
Oshaorn, 19999]; the record 15 a composite of 3 nng-width
chronolomes processed wsme Regonal Curve Standardiza-
on (RCS) [see Briffa ef al_, 2001, and references therem|
spannimg the Eurasian trechne, and includes the two
longest sencs used by Esper et al, 2002 m ther recon-
struction of extratropical Northem Hemisphere summer
temperatune ).

|#] (4) western North Amencan tree-ring  temperaturce
reconstruction, (warm scason temperature [Mane ef al,
1999]; we employ an extension of the first primcipal
component of the western North Amencan tree-ming data
based on 6 ultra-long hived, temperaturc-sensitive Westem
Morth Amencan tree mng records avanlable back to AD
200—the resultng senes s virtually mdistmgumshable from
the comespondmg Pnincipal Component (PC) sernes used by
Mann et al, |1999] based on 27 avalable chronologies
duning the AD 1000— 1950 overlap micrval).

[w] (5) A decadal-resolution reconstructon of coastal
eastern North Amencan (sprimg) temperatures back to
200 BC based on Mg/Ca paleothermometry from fossil
shells i the Chesapeake Bay |Cronin ef al., 2003,

[11] (6) Stacked e core oxypeen sotope record from west
Greenland back to AD 553 [putafive anmual temperature;
Fizher et al, 1996].

[12] Fimally, thourh they provide more lhmoted (mulb-
decadal) temporal resolobon for cahibrabon agamst the
mstrumental record, we also perform analyses which adds-
bonally mclude ce borchole (annual) temperature recon-
structons [Dahkil-Jensen ef al, 1998 from:

[13] (7) Southern Greenland {Iye3).

[14] (%) Central Greenland (GRIP).

[15] Fewer long senes are available for the Southem
Hemisphere (SH), where we make use of temperature
reconstructons from 5 distimect regions. As for the Northemn
Hemusphere, the proxy data set spans tropical, subtropical,
and polar regions of the Southern Hemisphere. The data
melude:

[18] (1) conservatively standardized (RCS) tree-ning
warm-season temperature reconstructions for Tasmania
back to 1600 BC [Cook et al., 2000];

[17] (2) southem South America tree-ning reconstrection
back to AL} 869 (warm scason; |[Lara and Fillalha, 1993
conservatively re-standardized based on 500 year spline by
P. Jones, unpublished).
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1] (3) ‘ROS -hased tree-ning iemperature reconstrection
| warm-scason; Cook et al., 2002) for southerm New Zealand
back to AL 900,

[19] (4) e core oxygen sotope temperature eshmales for
Law Dome, Antarctica, back to 100 BC (pufative anmual
temperature [T. Yan Ommen et al, m prep|)L

|20] (5) ice core oxygen temperature estimates for
Quelccaya, Peru back to AD 470 { putative annual temper-
ature: | Fhompson, 1992]).

3. Methods

[21] Composites were performed separately for both
hemaspheres, based on the avmlable regional temperature
records (8 for the MNH, 5 for the SH). Each regional
temperature record was standardied by removal of the
long-term mean and division by the standard deviation afier
decadal smoothing (lowpass filtermye at /= 0.1 cycle/year).
The latter step emphasizes the timescales (decadal and
longer) on whach the reconstructhions are most rehable, sven
the possible uncertambies i annual datimg for certam proxy
data used (NH records #5, 7, & and SH record #4 and 5).

|zz2] A flawed recent study [Soon and Balivnas, 2003,
hereafter refermred o as “SB03°) compels us to stress two
pomis which maght secem patently obvious: (1) It 15 essential
to assess cach proxy senes for sensitvity to past tempera-
ture vanahility and not, as m SB03, to equate hyvdrologmcal
mfluences with temperature mfluences; (2) 1t 15 also essen-
hal {e.g., by compositing reconds) to :I15I:mgu.15h between
regonal anomahes, which often cancel i a hemisphenc
mean, and not, as m SB03, o equate (e.¢., the existence of
aﬁjmhmrmv-mnamnm]im m different remons with a
hemsphenc mean warm anomaly).

|23] Composite senes were formed from weighted com-
bmattons of the mdividual standardized proxy senes,
employing weights on the mdividual records that account
for the size of the region sampled, and the estimated
rehabihity of the emperature signal as determmed by
companson with the mmstrumental surface temperature
record [Jfomes ef al, 1999)]. Local (decadal) comelabons
were caloulated between each proxy record and the mstm-
mental pnd-box surface temperature records for the remons
they represent over the penod 1901 1980 (see Figure 1).
Proxy records exhibibing negative or approximately zero
local correlations (SH record #2 and #3) were chimmated
from further consideration m the study. Altermatvely,
rehahbty was determimed from the comelation of the proxy
seres agamst the target (SH or NH) mstrumental decadal
hermsphenic mean senes. For reference, an area-weighied
averagre of the mstrumental data over the remons sampled
by the proxy network (3 regons for NH and 3 for NH) yield
extremely hirh decadal comelations with the associated full
hemispheric mean instrumental series [¢° = (.73 (0L60) for
the NH {SH) during the 1901 — 1980 period).

|z4] The hemmsphenc and global composiles were stan-
dardized to have the same mean and (decadal) standard
deviation as the target mstrumental hemisphenc mean senes
over the penod of common overlap (1856—1980). Whle
our “standard” reconstructon myvolved area and local-corre-
lation weighted composites, the sensitivity o the wmghl:mg
scheme was also exammed. Cabbrabon resolved vanance

(‘B") [sce c.g., Mann et al, 1998] was conservabively
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estimated from the detrended decadal data vanance resolved
m the mstrumental record. These yvield values 3 = 037
(B = 0.29) for the NH (5H). Rough uncertainty eshmates m
the hemisphenc reconstructions were determined from the
magnitude of the unresolved vanance durmg the cahbration
penod, taking mto account enhancement of uncertanty at
centenmial tbmescales [Mann er al, 1999

|25] Unhke annually-cahbrated reconstructhons for which
the 20th century mstrumental record can be used for calibra-
on, while independent 19th century data 15 wathheld for
cross-vahdation |e.g., Mann et al |, 1998], decadal-resoluton
reconstructions reguire the use of the extended (1856— 1930)
mstrumental record for an approprately constrained scalimg,
leaving no hemisphenc-scale mstrumental record avmlable
for cross-vahdation. However, previous, more hghly (annu-
ally) resolved hermsphenc emperature reconstruchons avail-
able back to ALY 1000 which have already been successfully
cross-vahdated agamst the mstrumental record [e.g., Mann et
al_, 199 provide a means for longer-term cross-vahdation.
We use for cross-vahdabon, n the case of the NH, a simple
composite of three previous mallenmal temperature recon-
struchions [Jones eral , 1998; Mann et al | 1999, Crowley and
Lowery, 20000] and for the SH case, a more tentative
composite of the Mann er al. [2000] and Jones et al
[1998] SH reconstructions, which s avalable back to
1700. This gives a cross-validation of B = 0.77 (r’ = 0.57)
for the NH for the penod AD 1600-1855 (3 = 016 for
the full penod from AD 1000, hkely due to expanded
uncertambes m the reconstructions contnbutimg o the com-
posite [eg., Mann ef al, 1999]). As a cross-check, an NH
extratropical warm-scason temperature reconstruchon based
on entirely mdependent (tree nng density) data | Briffa e al,
20001, yiclded a highly significant correlation #* = 0.3 with
the NH reconstruction dunng the overlap mierval {1402 —
1960). For the SH, the venfication statstics (available for the
miterval 1700—1855) are lower (¥ = 0.16), probably duc to
greater uncertamty 1 both senes bemg compared.

4. Results and DMscossion

|26] The proxy data used here reflect temperature vana-
ons over a range of seasons, and, broadly speakmng, are
best mitcrpreted in terms of annoal condibons (though there
may be some residual scasonal emphasis). The reconstruc-
I:lmbamprr"i:ntcdml-'lglml The MH reconstruction
(Figure 2a) s ohserved to be larpely msensitive to the
chmmation of the shorter proxy records, or o the precise
nature of the weighting of records, sugpesting that the result
shown back to AD 200 15 farly robust. Unly when indica-
tors. are not arcally weighted {(m which case the Greenland
borehole data carry considerably preater weaght) 15 a notably
different result obtaned, and even then, pimanly pnor o
Al B The rcconstruction 15 consistent with previous
reconstructions (and model stmulations [e.g., Marn, 2002 ()
of NH mean temperatures over the past millenmum within
estimated uncertambies The amphitude of vanabity 1s
notably less than that tmphed m some reconstruchons
emphasizing only the mid-lattude continental regions and
the summer scason [Esper ef al, 2002], undersconng the
mmportance of taking mto account scasonal and spatial
samphng in compansons of allemative reconstruchons. In
the nearly two millenmum context afforded by the NH
reconstruction presented here, the broad penod from
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Figure 2. Hemsphenc temperature reconstructions (“stan-
dard reconstructions” based on area and local comelabion
weighting, shown as thick blue). All senes are anomalies
bascd on 19611990 mstrumental reference penod (mean
shown by dashed line), and smoothed with a 40 year
lowpass fhlter. Smoothed mstrumental senes are shown by
thick red curve (the constramt employed by the filter
preserves the late 20th century trend). 95% confidence
micrvals for the standard reconstructions are shown by
yellow shading. (a) MH reconstruction based on & mdicators
available back to ALY 200. Also shown are NH reconstruc-
tons based on arcal and hemasphenc comelabon weghting
{green), arcal weighting only (magenia), localcomelation
welghting only (cyan) [blue dotted curve shows standard
reconstruction based on all 8 mdicators avmlable back o
Al 553]. Shown for companson = millenmal composite of
previous shorter reconstrechions  discussed o text (thick
black). (b) SH reconstruction based om 2 mdicators back o
AD 200 (thick blue) and 3 indicators back to ADD 470 {bluc
dotted). Other weighting schemes shown using color
convention of (a). Shown for companson 15 mulb-century
composite of previous reconstructions discussed o text
{thick black). (c) global mean (averape of MNH and SH)
surface temperature reconstructon, and (d) interhemsphenc
temperature contrast (Morthern mimus Southem Hemsphere
mean ).

approximately AL S00— 144 15 observed to be moderately
warmer than mult-century penods both precedmmg and
following 1L This warmth 15, however, dwarfed by late
20th century warmth which 15 observed to be unprecedented
at least as far back as AD 200. The coldest penods are the
Gth, 15th, 17th, and 19th centunies.



