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Theresponse of the global water cycle to changes in global surface
temperature remains an outstanding question in future climate projections
and in past climate reconstructions. The stable hydrogen and oxygen

isotope compositions of precipitation (&

precip), Mmeteoric water (6y,y) and

seawater (O, ) integrate processes from microphysical to global scales and
thus are uniquely positioned to track global hydroclimate variations. Here
we evaluate global hydroclimate during the past 2,000 years using a globally
distributed compilation of proxies for 8,cci,, Suw and Ssy. We show that
global mean surface temperature exerted a coherent influence on global

6

precip

and &y, throughout the past two millennia, driven by global ocean

evaporation and condensation processes, with lower values during the Little
Ice Age (1450-1850) and higher values after the onset of anthropogenic
warming (-1850). The Pacific Walker Circulation is a predominant source of
regional variability, particularly since 1850. Our results demonstrate rapid
adjustmentsin global precipitation and atmospheric circulation patterns—
within decades—as the planet warms and cools.

Recent global syntheses of palaeoclimate ‘proxy’ data have constrained
global mean surface temperature (GMST) changes during the past
2,000 years (that is, the Common Era, CE), providing critical context
for anthropogenic warming'?. Yet despite the importance of water
resources to society, contemporaneous variationsin the global water
cycle—including precipitation, evapotranspiration, atmospheric cir-
culationand modes of climate variability that affect these processes—
remain underconstrained™*.

Stable hydrogen and oxygenisotope ratios (6H and §'®0) in envi-
ronmental waters are well positioned to provide a global picture of

hydroclimate. Evaporation, condensation, freezing and other phase
changes in the water cycle differentially impact (fractionate) heavy
versus lightisotopes, causing the §?Hand §'0 of precipitation (8 ..i,),
precipitation-derived meteoric waters such as lake and soil water (S,
and seawater (8g,) to integrate and record hydrological processes on
timescales from minutes to millions of years®2. Variations in 6 yecip Syw
and &gy, are subsequently incorporated into diverse geologic materials
including speleothem and coral carbonate, glacial ice and tree cellu-
lose. By synthesizing such datafromavariety of sources, it is therefore
possible toinfer changesin a powerful suite of hydroclimatic variables:
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Fig.1| Global composite oxygen isotope anomalies. a-c, 30-year binned proxy
A0 (black line, ensemble median; dark shading, 25th-75th percentiles; light
shading, 2.5th-97.5th percentiles) for each group of Iso2k records”, anomalies
relative to 2,000-year mean. Grey shading depicts ensemble 2.5th-97.5th
percentile GMST anomaly relative to 1961-1990 mean'. Note y axis in ¢ is reversed

Terrestrial archives
< Glacier or A Speleothem
ground ice o Wood

O Lake sediment
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to orient values upwards for warmer periods. d-f, Records contributing to

each composite. Symbol shape, archive type; size, record duration; shading,
correlation between that record and the corresponding composite; bold outline,
P<0.05.Correlations are Pearson’s r, two-sided, with no adjustment for multiple
correlation. Maps created in R, using coastlines from Natural Earth.

8precip» Which reflects atmospheric factors such as condensation tem-
perature, precipitationamount, rainout history and moisture source'?;
Suw fromlake, soiland groundwaters, whichreflects variationsin 8,5,
and surface water evaporation; and &y, whichreflects §,,..;,, seawater
evaporation and mixing**.

We analysed proxies for 8,cip, Syw and Sy from the recently
published Past Global Changes (PAGES) Iso2k database, which contains
759 globally distributed palaeoclimate records from coral, tree, ice,
speleothem, lake and marine sites”. The database includes extensive
metadata designed to facilitate cross-archive comparison, including
interpretations from the original publications and supplemented with
information from a team of over 50 archive experts (ref. 15 provides
details on database design). Metadata fields include original climatic
interpretations, proxy system transformations and the multiple envi-
ronmental drivers of the isotopic composition of the measured material
ineachrecord (hereafter ‘isotope interpretation’). Each record is fur-
ther classified into one of three primary isotope interpretation groups:
(1) Sprecips (2) effective moisture (EM), that s, the balance between pre-
cipitation and evaporation, with higher EM reflecting higher precipi-
tation relative to evaporation; or (3) the in situ temperature of the

environmental medium during the formation of the proxy sensor or
archive” (we note most records in the temperature category are marine
carbonates whose 80 primarily reflects seawater temperature, with
only minor influence of 8, (ref.16)). Regional and global analyses were
performed onthese threeisotope interpretation groups to distinguish
patterns in different reservoirs of the water cycle (precipitation, sur-
face water, seawater), without a priori assumptions about the climatic
drivers of each record’s variability (for example, upstream monsoon
intensity, regional air temperature), which are more subject to change
asrecords are re-interpreted over time (Methods).

Foreachgroup, we created composite records of global 80 anom-
alies relative to the 0-2000 CE mean (A™0), including 8*H records
scaled to 8"®0-equivalent variance, using a dynamic compositing
method that was previously employed to reconstruct palaeotem-
peratureinamanner that robustly handles proxy time series of differ-
ent lengths, resolutions and coverage periods (ref. 17 and Methods).
In addition to calculating composites, we performed principal
component analysis (PCA) on a subset of higher-resolution (that is,
<30-year bins) individual proxy records with >85% temporal data cov-
erage during the last millennium (LM; 850-1850) to reveal dominant
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spatio-temporal modes of variability (Methods). We compared these
results to an ensemble of three full-forcing LM experiments with the
water isotope-enabled Community Earth System Model (iCESM)™*%°,

The three A0 composites (Fig. 1) display similar patterns, with
notable differences in the magnitude of centennial-scale variability.
During the first millennium, composite A'®0 of 8,,..,-driven records
(hereafter, composite A®*Og,,.;,) Was relatively stable, whereas compos-
ite A0 of EM-and temperature-driven records (composite A¥0y,,and
A®O,.p) increased and decreased, respectively. During the LM, all three
composites show amonotonic trend from~800 to-1700 and areversal
of that trend since the nineteenth century. These patterns broadly
echothe temporal evolution of GMST during the LM' but with different
magnitudes depending on the primary environmental interpretation
of 0. From 1000 t0 1850, a global cooling of 0.25 ( + ¥ 0.1) °C (ref. 1)
corresponds to a change of -0.27 (£ 0.00021), +0.02 (£ 0.00019)
and +0.09%. (£ 0.0002) in composite A®Ogecip, A*Ogy and A0,
respectively (Fig.1a-c). Subsequent warming of 0.65 (+ 0.06) °C from
1850 t0 2000 corresponds to a change of +0.56 ( + 0.00012), +0.62
(£0.00017) and -0.16%. (= 0.00023), respectively. Uncertainties in
these estimates are based on differences between the respective time
periods across the full ensemble (Methods).

Composite A0y, displays pronounced centennial-scale vari-
ability, with distinct positive excursions from 300-500, 700-900
and 1800-2000. Variability in composite A0y, is at least twice the
magnitude of composite A®O e, OF A®Og ey (Fig. 1), probably due to
thestronginfluence of surface water evaporation on lake and seawater
8'*0, which amplifies the §,,..;, signal relative to noise'".

The first principal component (PC1) of each category of records
is dominated by a monotonic trend over the LM, with smaller
centennial-scale fluctuations (Fig. 2a). Similar to the composites, the
gross trend in each PC1 corresponds to a decrease in GMST. Site load-
ings on each PC1, however, differ by region and by the primary envi-
ronmental driver of "0 (Fig. 2b-d). For example, positive trends and
negative PClloadings are evidentin 6®0,,,, at almost all extra-tropical
locations (Fig.2d), consistent with theimpact of ocean cooling on the
580 of marine carbonates. Contrastingly, trends are insignificant in
the Indo-Pacific Warm Pool where §'0,,, influence probably confounds
the temperature signal®.

Influence of temperature on the oxygenisotopic
composition of global meteoric waters

Together, the A0 composites and PC1 suggest that GMST exerts
afirst-order control on temporal changes in global &, during the
CE. The relationship of composite A'®Og..;, With temperature is
0.68 +0.20%0 °C™* for the full CEand 0.78 + 0.19%, °C™' from 850-2000
based on regression of the 30-year binned values (Methods) (Fig. 1a).
Apositiverelationship between GMST and 6,,,;, may be expected from
high-latitude ice cores'***, but positive relationships in composite
A™®Opprecip Persist even when such records are excluded (Extended Data
Fig.1) and also occur at mid and low latitudes, especially after 1850
(Extended DataFig.2).Inaddition to the composites, the positive rela-
tionship between 6,,..;,and GMST is evident in PC1 of the 8,5, records
spanning the entire CE (Extended Data Fig.3a,b) and iniCESM simula-
tions (Fig. 3a,d; Extended Data Fig. 4). IniCESM, the regression slope
between GMST and global, 30-year smoothed, mean annual "0,
from 850-2000 is 0.25%0 °C™ and 0.48%. °C ™' when calculated using

Fig. 2| First principal components and trends in Iso2k records over the LM.
a, PC1of30-year binned Iso2k" records (850 to 1840), by interpretation group
(coloured lines), compared to GMST anomaly (grey shading) asin Fig. 1.

b-d, Spatial loadings on PC1 (symbol shading) for each group. Correlations

are Pearson’s r, two-sided, with no adjustment for multiple correlation. Inner
symbols, archive type; outer symbol shape, slope of significant (P < 0.05) linear
trend inthe 80 of each individual record; labels, variance explained by PCland
number of records used. Maps created in R using coastlines from Natural Earth.

Iso2kssite locations (which, for §,.;, records, excludes nearly all ocean
grid cellsand regions where site-level regression slopes are close to O;
Extended DataFig.4). The iCESM slopes are shallower thanin the Iso2k
data, but the global slopeis consistent with earlier general circulation
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model (GCM) estimates of 0.3%. °C™" during the last deglaciation®
and simplified model estimates of zonal-mean temporal slopes of
~0.1-0.4%o. °C ™' for most latitudes®. The discrepancy between the Iso2k
and iCESM temporal slopes may reflect model biases in extra-tropical
moisture transport and positive §'0,,..;, biases at the high latitudes'.
However, the global temporal slope between GMST and §'°0,,,,;, has
not been quantified observationally—unlike spatially derived slopes
betweensite-level air temperature and "0 ., ***~because modern
8"0,,.ip Measurements in most regions are either absent or too short
and discontinuous (mostrecords <10 years) to do so beyond the scale
of afew years®®?”. Despite differences in magnitude, both iCESM and
Iso2k data demonstrate that a positive relationship between GMST
and &, is a persistent feature of the global water cycle for the CE. The
30-year binned Iso2k temporal slope of 0.68 + 0.20 %o °C™* should be
considered abenchmark to be tested as longer observations and rea-
nalyses become available.

Ice core and marine sediment studies have long recognized the
importance of air temperature in driving high-latitude §,,,,and of global
ice volume in driving global &, on glacial-interglacial timescales
and across the Cenozoic'>*. However, the nature of this relationship
has remained uncertain on the shorter (decadal to centennial) time-
scales most relevant for understanding modern climate change and its
impacts on water resources. Our results provide the first observational
evidence that GMST drives temporal changes in §,,, and &, and there-
fore changesin the hydrological cycle on such timescales. Mechanisms
other than globalice volume, which has not changed substantially dur-
ing the CE, are therefore required to explain this relationship.

Although theIso2k analyses are the first to document it, stable iso-
topetheoryand experimental studies provide ample foundation fora
positive imprint of GMST on global ,,,, which our spatially distributed
(albeit not spatially continuous) proxy network approximates. At the
global scale, arelationship between &,,,, and GMST will integrate all
processes that relate local-scale &, with GMST while balancing out
regional distributions of heavy vs light isotopologues throughout
the water cycle. Variations in global 8, therefore reflect variations
in the isotopic composition of the global oceanic and atmospheric
reservoirs. Atmospheric 8,,,,, is ultimately governed by the isotopic
composition of water evaporated from the oceans. Equilibrium frac-
tionationis greater atlower temperatures'>*®, soina cooler world, the
liquid-to-vapour difference in 80 is higher than in warmer condi-
tions (thatis, lower 6,,,,, in the saturated atmosphericlayer above the
ocean surface). Kinetic fractionation further decreases atmospheric
Syapour as Nnewly evaporated vapour diffuses and mixes into the under-
saturated free atmosphere, with stronger fractionation when the lower
troposphere s less humid®*°. A globally cooler and drier troposphere
should therefore decrease 8,,,,,, to a greater extent than a warmer
and more humid troposphere. Global 6, ,,,,,, is further modified by
temperature-dependent fractionation as precipitation forms and con-
densation preferentially removes '*0 and decreases 8,,,,,, With greater
isotopic discrimination at colder condensation temperatures'>*,

iCESM simulations indicate multiple mechanisms play a
role (Fig. 3). Higher GMST is associated with higher §™®0 of water
vapour flux from evaporating seawater into the saturated boundary
layer (0.14%. °C™), following the Craig-Gordon model™, slightly
higher relative humidity with respect to sea surface temperature
(0.77% °C™) (Methods) and ultimately, higher atmospheric 80, ,our
(0.30%. °C™). Global 8., therefore reflects not only the 8,,,,,, deter-
mined during ocean evaporation and mixinginto the free atmosphere
but also the subsequent depletion of **0 in atmospheric vapour in
the atmosphere through condensation, which via equilibrium frac-
tionationis strongerina cooler climate. Stronger depletion of heavy
isotopesin precipitation also occurs with more vigorous circulation
and shorter residence time of atmospheric moisture®?. For precipita-
tionintegrated over the timescales of most proxy systems (weeks to
months), §,,.;, could become even lower when global precipitation
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Fig. 3| Global hydroclimate and isotopic anomalies iniCESM'*?°, a, Ensemble
mean, amount-weighted mean annual A**0,,..;, anomaly relative to 1961t0 1990
mean (thingrey line) and 30-year running mean (thick black line) for all grid cells
and for only grid cells containing Iso2k site locations (blue lines). Note, right y
axisinaisscaled 2x that of the left. b—f, As in a, but for global column-averaged
A0, (b), A0 of evaporative flux from the global oceans (c), GMST (d),
relative humidity over the low- and mid-latitude oceans (60° N-60° S) with
respect to saturation vapour pressure at sea surface temperature (RHgsr)**>*° (€)
and global precipitation rate (P) (f).

rates are high relative to the amount of precipitable water in the
atmosphere and higher when atmospheric humidity increases to a
greater extent than precipitation rate, as in the twentieth century
(Fig.3; ref. 33).

Theory and simplified model experiments suggest that a cooler
global atmosphere could also favour stronger latitudinal gradients
in 8., (ref.12), as lower temperatures increase distillation along
the water’s path from the subtropics to the poles?**. A cooler atmos-
phere may also shift evaporative source regions equatorward, driving a
greater fraction of high-latitude precipitation to be sourced remotely®,
whichstrongly affects 8., at those latitudes™. The latitudinal gradient
inlso2k 8., records between 40° and 70° N and S is approximately
-0.48%. per degree latitude, in agreement with observed modern
slopes of about —0.3%. to —0.6%. per degree latitude (refs. 22,34).
However, we observe no difference in this gradient between the Little
Ice Age and the twentieth century—the globally coldest and warmest
intervals of the CE, respectively'*® (Extended DataFig. 5). Hence, either
equator-to-pole Rayleigh distillation is counterbalanced by changesin
spatial patterns of global evaporative recharge and moisture transport
relative to precipitation®? or the spread in 1502k 8 ,,..;, records is too
large to resolve changing gradients during the LM when temperature
changes are relatively small. As spatial gradients are averaged out at
theglobal scale, further experiments with both simplified models and
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experiments (1850 to 2005)"*%°, using grid cells of 1so2k" EM sites (symbols).
¢, Asinb, but for 30-year binned data from 850 to 1850. d-f, Time series of PC1
(blackline) and ASLP (grey line) corresponding to panels a-c. Maps created in
MATLAB using m_map for coastlines.

isotope-enabled GCMs are needed to quantitatively decompose the
relative importance of ocean evaporation, condensation and global
precipitationand evaporation patterns on the global-scale GMST-8,,c;,
relationship.

Patterns of regional variability

Despite its influence on global mean §,,,,, GMST explains neither the
spatial patterns nor the shorter-term variability in 8,y and &y, (Fig. 2
and Extended DataFig. 6). Instead, site-level PC1loadings, LM trends
and centennial anomalies in the §'0 of §,,,-driven records and
EM-driven records (hereafter, Oy, and 8°Ogy, respectively) are
spatially heterogeneous (Figs. 1 and 2 and Extended Data Figs. 7-9).
Although non-climatic processes and noise probably contribute to this
variability, this result alsoindicates that regional water balance, atmos-
phericcirculation and precipitation characteristics dominate regional

Suwnotjustinthelate twentieth/early twenty-first centuries?*” but also
onmulti-decadal to millennium-long timescales. Inthe Arcticand the
tropical Andes, negative trends in the §'°0 of §,,..;,-sensitive records
(hereafter, 8 0g,..,) and positive PC1loadings agree with documented
Little Ice Age climate changes: high-latitude cooling, which lowered
8precipin the Arctic”, and intensification of the South American summer
monsoon, which lowered 8., in the Andes™®. In eastern China and
the maritime continent, positive PC1loadings and negative trends in
8" Ogprecip and 8'0gy over the LM indicate increasing effective moisture,
with depletion of heavy isotopes at some sites enhanced by intensi-
fying convection and moisture transport within the East Asian and
Australasian summer monsoons®**°, In northwestern North America
and Central America, negative PClloadings and positive trends in
8" 05precip and 60y indicate increasing §'®0yy and declining EM over
the LM, while southwestern North Americashows the opposite pattern,
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consistent with other LM proxy reconstructions**2. §'Qg,, from lakes
exhibit the clearest trendsin western North America, probably because
S,recip in the western North American interior is especially sensitive
to changes in water balance” and enhanced evaporation during dry
periods then amplifies increases in lake water §0. This explains why
coherent patterns emerge in western North American isotopic proxy
records despite substantial heterogeneity in compilations that blend
isotopic and non-isotopic records*.

Opposing precipitation anomalies between southwestern North
America and Central Asia versus the Maritime Continent and South
Asia during the LM have previously been attributed to variability in
the EI Nifio/Southern Oscillation*’, the interannual component of
the east-west atmospheric overturning circulation over the tropical
Pacificknown as the Pacific Walker Circulation (PWC)**. Anunderlying
influence of the PWC may also explain some of the regional coherency
in Iso2k &y, (ref. 45). In modern precipitation, strengthening and
weakening of the PWC drives opposing precipitation and 80,
anomalies in Asia and the Americas due to changes in precipitation
amount, moisture source and transport pathways®. For example,
rerouting of the jet stream during EI Nifio events alters Pacific Ocean
moisturetrajectories towards southwestern rather than northwestern
North America***. To the extent that these relationships persist beyond
interannual timescales, changes in moisture transportand EM provide
aplausible mechanism for multi-decadal to centennial patternsin Asian
and western North American §'%0gy,.

Evidence for the PWC’s influence on Iso2k records is stronger on
sub-decadal timescales during the historical period (1850-2005), when
instrumental observations are available for direct comparison. We
correlated PC1 of three-year binned Iso2k EM records with observed
sea-level pressure (SLP) and found that the associated pattern mimics
the observed global expression of the PWC (Fig.4a). Similarly, in iCESM
experiments, PC1of soil water 80 (6%0,,;) at Iso2k EM sites displays
an SLP pattern that resembles iCESM’s PWC (Fig. 4b). There is vigor-
ous debate surrounding the extent to which the PWC fluctuates on
multi-decadal and longer timescales, either due to internal variability
in the climate system or to external forcing*>**=°, Our results suggest
that the PWC was the predominant influence on interannual 80,
not only from 1982 to 2015%, but at least since 1850, and probably on
multi-decadal timescales before 1850.

Our results reveal aremarkably consistent relationship between
GMST and &,,, throughout the CE, despite relatively constant ice—
ocean boundary conditions. Between 1850 and 2000, global 8 ,,.;,
increased by at least 0.56%., indicative of a warmer, more humid
troposphere. Global 8,y and regional &,, appear to adjust to chang-
ing temperature and atmospheric circulation patterns, respectively,
within decades—similar to the timescale of the forcing itself. Expan-
sion of 8,,, observational networks will be critical for detecting and
attributing shifts in rainfall, drought and circulation as the planet
continues towarm.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
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Methods

Disaggregation of analyses by isotope interpretation

All global analyses presented in this paper were disaggregated by
isotope interpretation rather than by the original authors’ climatic
interpretation. Thisapproach avoidsbuildinginto our synthesisapriori
assumptions about the specific climatic variable driving §"*0 and 6°H
variability in each record, the basis for which is not always explainedin
the original publications. In addition, many records contain multiple
climatic interpretations (for example, speleothem 80 being driven
mainly by monsoonal rainfall amount but amplified by the ratio of
summer vs winter moisture source changes®**), and the relative impor-
tance of each variable wasimpossible to objectively evaluate for every
timescale, region and proxy system in the database. Finally, climatic
interpretations of isotope-based proxy records are continually evolv-
ing as new information emerges from environmental monitoring and
modelling studies (for example, moisture source and transport char-
acteristics driving Greenland ice core §'°0 variability>>>**¢; seawater
80 driving coral §'80 in some regions®). The isotope interpretation
groupings are less subject to interpretation because they chiefly rep-
resent isotope systematics and the physical pools of environmental
waters that each proxy sensor imbibes.

We separated §,,..;,and EMrecords because EM proxies integrate
information about evaporation that is not expected from pure 8,
proxies, which are mainly driven by factorsinfluencing condensation
(for example, air temperature, degree of rainout, import of moisture
from different sources)™".

Calculation of composites

All records were extracted from the PAGES Iso2k Database v 1.0.0
(refs.15,57). The database contains metadata on the principal determi-
nants of isotopic compositionin the measured material (forexample,
the §'%0 of precipitation that forms glacial ice or cave dripwaters) and
the record’s climatic interpretation (for example, atmospheric tem-
perature at condensation level, rainout due to monsoon intensity), as
interpreted by the original studies’ authors and our team of archive
experts®. For each isotope interpretation group, we calculated an
ensemble of 100 composite §®0 time series for the CE. Before cal-
culation, we filtered the database to only include the ‘primary’ time
series for each site and then grouped records according to the pri-
mary driver of isotopic variability, that is, EM, temperature or 8.,
(refs.15,57) (entitled ‘EffectiveMoisture’, “Temperature’ and ‘P_isotope’
in the ‘isotopelnterpretationl_variableGroup’ metadata field of the
Iso2k database).

For records with isotope interpretation ‘P_isotope’, we also cal-
culated separate composites for (1) glacier ice only and (2) excluding
glacier ice (Extended Data Fig. 1). This separation was performed to
assess whether composite A®Og,,..;, is Overprinted by the large num-
berofice corerecords from high latitudes and high elevations, where
temperature-driven isotopic fractionation may disproportionately
affect &,y (ref. 2). An especially strong temperature-35y,,, relation-
ship may be unsurprising in the glacier ice 8'®0 system. Glacier ice
reflects 8., more directly than other proxy sensors, which reflect
pools of meteoric water (for example, soil water and lake water) that
are influenced by precipitation and other secondary processes such
asevaporation or aquifer mixing. Glaciericeis found at high latitudes
and altitudes, where cold temperatures drive stronger stable isotope
fractionation due to Rayleigh distillation and global patterns of pre-
cipitation vs evaporative recharge'*'*?>**253555 Most of the glacierice
recordsincludedinthelso2k database are consistently interpreted as
temperature indicators and were included in the PAGES 2k (refs. 1,2)
temperature database used for GMST calculations.

Despite these considerations, the observed global §,,,~tempera-
ture relationship persists even when glacier ice records are removed
from the §,,.;, composite (Extended Data Fig. 1) and in low- and

mid-latitudes where local temperature effects on &,,.;, are small*

(Fig.2). The overall patternsin PClare also similar regardless of whether
glaciericerecordsareincluded or excluded (Extended Data Figs. 3 and
8). Therefore, theinclusion or exclusion of glacierice records does not
substantially affect the composites or PCA, supporting that the strong
temperature-3,,, relationship in our datais due to the overall influence
oftemperature on the global pool of meteoric water and not due to the
strong effect of air temperature on high-latitude ice cores.

Records with ten or fewer data values within the CE were excluded
from the analysis. §’H records (1 = 45 in composite A" O, 1 =121
composite A*®0y,,) were divided by eight to scale the magnitude of their
variance with that of §'®0 in global meteoric waters®, This was done to
avoid erroneously highapparent climate variability at 5?H sites simply
from the eight-times-higher variability in 5°H relative to 60, which
arises from relative differences in equilibrium fractionation factors
between liquid and vapour for these isotope ratios™. Local slopes
were not available for the12 records from evaporative water bodiesin
composite A0y, so the global scaling of 8 was used.

Records in the Iso2k database have a wide variety of temporal
resolution, length and coverage over the CE”. To align records to a
common interval and resolution, the data were averaged into equal
bins of 30 years spanning the CE, which approximates the average res-
olution of the lower resolution archive types in the database (marine
and lake sediments). Records contributing to each bin were mean
centred but not scaled by variance, as described below. To minimize
aliasing, the data were binned following a modified nearest-neighbour
annualinterpolation procedure”. This approach accounts for the fact
that for the non-annually resolved data, the age of asample atagiven
depthtypically represents more than one year of accumulation (and
up toseveral years or decades or even longer for some low-resolution
sedimentary records) and may therefore contain climate information
that is relevant to more than one bin. The duration of each sample
is not consistently recorded in the Iso2k database (or the primary
references), so to estimate sample coverage we calculated the dis-
tribution of gaps between adjacent observationsin each time series,
and used nearest-neighbour interpolation to estimate sample val-
ues spanning the intervals that are less than the 75th quantile of the
distribution of all gaps between adjacent observations (consistent
with Kaufman et al.”’). Consequently, samples with resolution <30
years can potentially contribute to the weighted §®0 calculation
for up to two bins, though with less weight given to samples further
from their published age. In the case of records with resolution >30
years, this data-spreading step allows observations to impact the
composites across multiple bins, consistent with their interpretation
as multi-decadal averages.

Record lengths also vary widely in the database, so there is no
universal time period of common overlap within the CE. We therefore
aligned the records using the Dynamic Compositing approach”, which
usesrandomly selected portions of each time series to adjust the §'°0
variance, then iteratively adjusts the mean §'0 of each time series so
that the mean of each record is minimally offset fromall other records
inthe composite. This process was repeated for each of 100 ensemble
members. Because the mean value of the records is adjusted during
compositing, the composite values are now in relative A0 (in %o),
rather than in their original §'®0 (or pre-scaled 8°H) values on the
VSMOW-SLAP scale (that is, in 1,000 x § notation where 0% refers to
standard mean ocean water). Therefore, for convenience, composite
A®Owasslightly shifted such that the mean of the ensemble median is
0%o. The final composite A0 values (Fig. 1) are therefore in units of %o
anomalies relative to the 2,000-year mean. Dynamic compositing was
usedinref.17 to produce calibrated reconstructions of palaeotempera-
ture. Unlike surface air temperature observations, longand complete
time series of globally distributed 8,,;,, Suw and 8y, observations are
insufficient (forexample, for 8,,..;,, large spatial coverage gaps and few
recordslonger thanten years*), and so calibrated reconstructions are
not possible until these observational networks are improved.
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PCA of Iso2k data

We used PCA to calculate empirical orthogonal functions (EOFs) from
asubset of records in the Iso2k database that met requirements for
temporal coverage (described below; Fig. 2). Before calculating the
EOFs, we filtered the database as described for the A0 composites
and binned the raw data. PCA was performed using records in each of
the three ‘isotope interpretation’ categories; for ‘P_isotope’ records,
we performed separate PCA for (1) glacier ice and (2) ‘not glacier ice’
(thatis, all P_isotoperecords that are not fromglacierice). PCA was per-
formed onthree temporal subsets: 0-1980 CE (30-year bins), 850-1840
(30-year bins) and 1850-2005 (three-year bins). Here we describe the
methodology for the 850-1840 PCA thatis shownin the main text, then
outline any adaptations that were made for the other two intervals.

Before PCA, all records were truncated to a fixed time interval
of 850-1840. Other time windows were explored and are presented
in Extended Data Figs. 3 and 8. The 850-1840 interval was chosen
to focus on pre-industrial variability, to avoid issues with records
or chronologies not extending fully to either the present day or the
start of the CE and to provide comparison with LM model experi-
ments from 850-1850. (Note a 990-year interval was used because
itis divisible by the 30-year bin size). Results of PCA on the 0-1980
interval (with 30-year bins) and 1850-2005 (with three-year bins) are
shown in Extended Data Figs. 3 and 8. All data processing for these
intervals was as below.

Recordsincludedinthe PCAhad tomeetstricter time coverage and
completeness requirements thanrecordsincludedin the composites.
Binned records with <85% temporal coverage during the 850-1840
interval were excluded. EOF analysis was carried out on the matrix of
remaining, screened time series using the Data Interpolation Empirical
Orthogonal Function (DINEOF) method, which accounts for records
with asmall number of missing data points***°. DINEOF performs best
when missing values are scattered randomly throughout theinput data
time series. In the case of Iso2k records, missing data are generally
concentrated at the ends of records, and hence records with a large
proportion of missing data have a large impact on the PC loadings
(though less impact on the overall PC time series). To check for obvi-
ous artefacts induced by the data processing, we visually compared
the binned and interpolated records with their raw data equivalents.
We performed the PCA on the binned and interpolated data matrix
using the rda() function of the ‘vegan’ package in R®. We scaled the
interpolated records to unit variance because they are from different
proxy systems and hence the raw data have widely ranging variance.

To test whether variability explained by the principal compo-
nents could be explained stochastically, we tested the magnitude of
the eigenvalues against a stochastic null hypothesis, using a block
bootstrap method that accounts for decadal persistence (Extended
Data Fig. 9). For the 850-1840 analysis, we split all raw data records
that contributed to the EOF into ten-year blocks; we chose ten years
because this separates interannual variance from interdecadal per-
sistence. For each time series, we randomly selected an initial block,
identified all blocks with similar means and randomly sampled one
block from these. The next selected block was the successor to that
randomly sampled block. Blocks with similar means were identified
using nearest-neighbour-based ranking. For blocks with no successor
(thatis, wherethereisagapinthe timeseries), the successor block was
randomly selected fromall other blocks. The process wasthenrepeated
1,000 times to produce an ensemble of time series. This method of
re-sampling preserves the effects of (1) irregular time spacing, (2) the
autocorrelation function (to lags >30 years) and (3) the time series
processing steps (for example, binning) on the correlation structure
of the raw (unprocessed) time series. We followed exactly the same
steps for the 0-1980 PCA, using a30-year bin size.

The 1850-2004 PCA was performed using three-year bins, on
records with 80% coverage. Block bootstrap was performed using
three-year blocks because 10-year blocks were too coarse for this short

time period. Aswith the above, records were binned and standardized
butnotdetrended.

PCA withiCESM experiments

To compare theiCESM with Iso2k results, we performed PCA of 30-year
binned iCESM surface soil water 60 (6'0,,;), that is, the model vari-
able most comparable to evaporation-sensitive systems such as lakes.
We used data from Iso2k EM site locations, spanning 850-1850 and
then regressed the ensemble mean first PC against model SLP. The
binned 60, was calculated for gridpoint time series correspond-
ing to the ‘effective moisture’ sites, taken from each isotope-enabled
Last Millennium Ensemble full-forcing ensemble member from the
upper 0-10 cm of the soil profileiniCLM, then averaged to produce an
ensemble mean. The upper 10 cm were chosen because in the model,
isotopic fractionationis clearest at this level whereas 80, of deeper
soil layers rapidly approaches 8'°0,,.;, (refs. 18,62). EOF analysis was
performed using §'°0,,; because the ‘lake’ land cover type iniCLM4 is
non-fractionating'®*and hence no model variable is available for direct
comparisonwith the large number of lake-based Is02k §'O,, proxies.
Yet to first order, "0 is similarly controlled by both 60, and
surface evaporation,and 8®0,; is also anadequate comparison to tree
cellulose and speleothemrecords in the Iso2k EM category.

Correlations with sea-level pressure and calculation

of PWCindex

Observed SLP and ASLP for the correlations against Iso2k HP PC1
(Fig. 4) were taken from the HadSLP2r dataset®. Following the treat-
ment of the Iso2k data, the HadSLP dataset was binned to three years
butnot detrended or deseasonalized (Fig. 4).

The index for the trans-Pacific SLP gradient (ASLP) is defined as
anomalies (from the monthly climatology) in the difference between
area-mean SLP over the central-eastern Pacific Ocean (160° W-180° W,
5°S-5°N) and the western Pacific and eastern Indian oceans
(80° E-160°E, 5°S-5° N) (ref. 50). Positive ASLP values represent an
increased zonal pressure gradient and hence stronger PWC (and vice
versa). ASLP was calculated using HadSLP2r for comparisons with
Iso2k (Fig. 4).

Magnitudes of change in Iso2k composites and in GMST

To estimate the magnitude of change in the three composite A0
time series, we subtracted the composite A’®0 value at 1000 CE from
the composite A'®0 value at 1850 CE for all 100 composite ensemble
members. We likewise calculated the difference between 2000 CE
and 1850 CE. Similarly for estimating the change in GMST during this
interval, we subtracted the temperature anomaly at 1000 (1850) from
the same at 1850 (2000) for all 7,000 ensemble members. In all cases,
we report the mean and standard deviation of the distributions of
magnitudes of change.

Calculation of isotope-temperature relationships in Iso2k
dataand iCESM experiments

We calculated the relationship between composite A®* O, (that is, an
approximation of anomalies in the global mean 60 of precipitation,
giventhespatial distribution of 305§ ,..;,-sensitive proxy records) and
GMST between 850 and 2000. We binned all ensemble members from
the most recent reconstruction of CE GMST' to match the A®* Oy eip
composite. We then calculated linear regressions for 10,000 unique
combinations of composite A*®Opgeqip €Nsemble members (n=100)
on GMST ensemble member (n=7,000) for the two time intervals. We
report the mean and standard deviation of the distribution of regres-
sion coefficients for the two time intervals.

For iCESM, isotope/temperature relationships were calculated
for 850-2000 (the period of overlap with Iso2k composites) using
area-weighted, globally averaged, mean annual surface temperature
and area-weighted, amount-weighted, mean annual global average
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8"0,,,cip from the ensemble mean of three isotope-enabled Last Mil-
lennium Ensemble full-forcing simulations. Before determining the
regression slopes, we calculated 30-year running means for both sur-
face temperature and 8'°0,,..;, (Fig. 3). Regression slopes in the main
text are reported for GMST vs two time series: global mean §'°0,,cq,
(using all grid cells) and mean &'°0,,..;, calculated only for grid cells
containing locations of Iso2k primary time series data contributing
to the composites between 850 and 2000 CE.

Similarly, to estimate the amount of variance in individual Iso2k
primary time series explained by proxy estimates of global temperature
(Extended Data Fig. 6), we calculated R? for the 30-year binned data
across the interval 1-2,000, ignoring bins that contained no observa-
tions. Correlations were calculated only if at least six bins overlapped
the bins from the GMST reconstruction.

Calculation of relative humidity normalized to SST

Relative humidity was calculated from iCESM experiments for all grid
points over the oceans from 60° N-60° S, that is, the portion of the
lower troposphere receiving the majority of evaporated water from the
surface oceans. RHgg; in Fig. 3 was calculated as the relative humidity
ofthe surface-most model layer, normalized to the saturation vapour
pressure at the temperature of the surface ocean rather than the air,
following the physical principles of the Craig-Gordon model for an
evaporating water body***°, All global mean time series in Fig. 3 are
areaweighted.

Calculation of trends

Trends (Fig. 2) were calculated as the slope of the linear regression
from 850 to 1840 for a subset of Iso2k records meeting the following
criteria: (1) designated ‘primary time series’, (2) containing at least
one data pointin the first and last 50 years of the time interval and (3)
containing at least 20 data points over the full time interval (that is,
>50-year average resolution). ForiCESM data, trends were calculated
as the slope of the linear regression for monthly data covering the
850-1850 and 1850-2005 time intervals.

200-year standardized anomalies

Wecreatedstandardized anomaly (‘zscore’) mapstoaidinterpretation of
temporal variability in the composite time series (Extended Data Fig. 7).
Similarly to the analyses described above, we filtered the database to
include only the ‘primary’ isotope (6'%0 or §°H) time series for eachsite
andthengroupedrecords accordingto the primary driver of isotopic
variability. We then filtered this subset of datasets to include only
records spanning >600 years within the CE. We averaged those records
into200-year bins and then calculated zscores for each bin by subtract-
ing the mean of all data points within the CE from the bin average and
then dividing by the standard deviation of all data points within the
CE. We performed this analysis using both ‘odd’ (100, 300, 500 and
soon)and ‘even’ (200,400, 600) centuries as bin centres and showed
only the time periods relevant to the main text in Extended Data Fig. 7.

Data availability

The Iso2k Database® is available for download at https://doi.
org/10.25921/57j8-vs18 and is accessible via the NOAA/WDS Paleo
Datalanding page at https://www.ncdc.noaa.gov/paleo/study/29593.
Composites and principal component datasets generated for this
paper are available through GitHub at https://github.com/nickmckay/
iso2kNatureGeoscience2023 and archived via Zenodo (https://doi.org/
10.5281/zenodo0.8327339).

Code availability

Codes to reproduce the main results from this paper are available
through GitHub at https://github.com/nickmckay/iso2kNatureGe-
oscience2023 and archived via Zenodo (https://doi.org/10.5281/
zenodo.8327339).
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Extended DataFig. 1| Composite A®*0g,,..;, calculated with and without each bin are mean-centered but not scaled according to that record’s variance
glaciericerecords. As per Fig. 1, the black line with coloured shading shows the (see Methods). Anomalies are in %o relative to the 2000-year mean. Gray shading
30-year binned proxy 80 anomaly from Iso2k records® (black line, ensemble depicts the ensemble 2.5and 97.5 percentile of the 31-year Butterworth-filtered
median; dark shading, first and third quantiles; light shading, 2.5th/97.5th Global Mean Surface Temperature (GMST) anomaly relative to the 1961-1990
percentiles). (a) Composite of A0y, records fromall archives other than mean'.

glacierice. (b) Composite of only glacier ice records. Records contributing to
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Extended Data Fig. 2| See next page for caption.
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Extended DataFig. 2| Composite A®0;,,.q;, calculated using Iso2k records”
falling within 30-degree latitudinal bins. a, 60-90°N (n = 76); b, 30-60°N
(n=86);¢,0-30°N (n=27);d, 0-30°S (n=39); e,60-90°S (n = 77). As per Fig. 1,
black line with coloured shading shows the 30-year binned proxy §'®0 anomaly
(blackline, ensemble median; dark shading, first and third quantiles; light
shading, 2.5th/97.5th percentiles) and gray shading depicts the ensemble 2.5

and 97.5 percentile of the 31-year Butterworth-filtered GMST anomaly relative

to the 1961-1990 mean'. Black text denotes mean regression slope (+1standard
deviation) of regional composite A'®*0 vs. GMST from 850-2000. Regional
composite for 30-60°S not calculated due to insufficient number of records from
those latitudes (n=2).
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Extended DataFig. 3 | First Principal Component (PC1) of Iso2k"” records
during the full Common Era. Panels a-d, asin Fig. 2a-d but for the interval
0-1980 (30-year bins), and without trends depicted (that is, constant shape for
outer symbols). 8,..;, PC1 explains 19% of the total variance (n = 44). Effective
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the 1-99% confidence intervals of the stochastic null hypothesis (n =1000).
Eigenvalues above the 99% confidence interval are significant at the 1% level (one-
sided test) and therefore are unlikely to have arisen stochastically, and unlikely to
be an artifact of the data processing steps (that is, binning and interpolation).

(b) asin (a) but for 0-1980. (c) as in (a) but for 1850-2000 and with a10-year bin
width and tolerance of up to 10% missing data (90% coverage).
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