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Accurate modelling and prediction of the local to continental-scale
hydroclimate response to global warming is essential given the
strong impact of hydroclimate on ecosystem functioning, crop yields,
water resources, and economic security1‘4. However, uncertainty
in hydroclimate projections remains large>~’, in part due to the
short length of instrumental measurements available with which
to assess climate models. Here we present a spatial reconstruction
of hydroclimate variability over the past twelve centuries across
the Northern Hemisphere derived from a network of 196 at least
millennium-long proxy records. We use this reconstruction to
place recent hydrological changes®® and future precipitation
scenarios”!®!! in a long-term context of spatially resolved and
temporally persistent hydroclimate patterns. We find a larger
percentage of land area with relatively wetter conditions in the ninth
to eleventh and the twentieth centuries, whereas drier conditions are
more widespread between the twelfth and nineteenth centuries. Our
reconstruction reveals that prominent seesaw patterns of alternating
moisture regimes observed in instrumental data'>~'* across the
Mediterranean, western USA, and China have operated consistently
over the past twelve centuries. Using an updated compilation of 128
temperature proxy records'’, we assess the relationship between the
reconstructed centennial-scale Northern Hemisphere hydroclimate
and temperature variability. Even though dry and wet conditions
occurred over extensive areas under both warm and cold climate
regimes, a statistically significant co-variability of hydroclimate
and temperature is evident for particular regions. We compare the
reconstructed hydroclimate anomalies with coupled atmosphere-
ocean general circulation model simulations and find reasonable
agreement during pre-industrial times. However, the intensification
of the twentieth-century-mean hydroclimate anomalies in the
simulations, as compared to previous centuries, is not supported
by our new multi-proxy reconstruction. This finding suggests that
much work remains before we can model hydroclimate variability
accurately, and highlights the importance of using palaeoclimate
data to place recent and predicted hydroclimate changes in a
millennium-long context!®'7,

Global warming is expected to strongly influence the hydrological
cycle?*+1819 Model simulations and theory suggest an intensification
of the wet—dry contrast at lower latitudes’ and a widespread expan-
sion of dry areas over land®. These projections have yet to be robustly
detected in recent instrumental observations®’. Furthermore, regional
changes in precipitation patterns and drought intensity, in response to
global warming, are challenging to predict owing to the chaotic nature
of hydroclimate variability, the low spatial coherence of precipitation,
and fine-scale processes related to cloud formation and precipitation,
resulting in the large spread among model simulations®”. From proxy
evidence, we know that hydroclimate anomalies of larger amplitude
and longer duration than found in modern instrumental observa-
tions have occurred in the past millennium: for example, the medieval

‘megadroughts’ in the western USA?, and the monsoon failures in east
Asia®! in the fifteenth-nineteenth centuries. This strongly suggests that
the instrumental period is too short to capture the full range of natu-
ral hydroclimate variability. In this light, a comprehensive aggregation
and assessment of millennium-long moisture-sensitive palaecoclimate
proxy data are needed to improve our knowledge of past hydroclimate
variability, provide a test bed for model simulations, and facilitate the
detection of anthropogenic impacts on the hydrological cycle'®.

Here, we analyse the spatio-temporal patterns of hydrological anom-
alies in an unprecedentedly large network of 196 hydroclimate proxy
records from Northern Hemisphere land areas over the past twelve
centuries. All are previously published as indicators of precipitation,
drought, moisture balance, stream flow, lake level change, bog surface
wetness or similar hydrological information derived from archives such
as ice cores, marine sediments, lake sediments, speleothems, tree rings,
and historical documentary data (Fig. 1a; Supplementary Table 1). All
records span at least the past millennium, have at least two observations
per century, and passed a screening procedure for geochronological dat-
ing control (Methods). Using the same selection and screening criteria,
we updated and improved the temperature proxy network from ref. 15
(now 128 records), to investigate the co-variability between hydro-
climate and temperature (Fig. 1b; Supplementary Table 2).

To develop a spatial reconstruction we standardized each proxy
record from its original units (for example, §'0, ring width, millimetres
of precipitation) to an index, ranging from —2 to +2 standard devia-
tions, of centennial variation (Methods). Anomalies exceeding —2 or +2
are considered outliers and truncated in order to minimize the influ-
ence of a few ‘extreme’ values. This index is interpreted as a measure
of relative water availability, analogous to the Palmer Drought Severity
Index (PDSI)?*?!, which permits comparisons of relative variations in
moisture conditions between arid and moist regions.

This standardization is of particular importance given the different
and potentially biased high- to low-frequency signal ratio in the various
proxies. It essentially transforms the centennial-scale information in
each proxy record to the same amplitude regardless of possible spectral
biases (Methods). To extract a common spatial signal from the hetero-
geneous proxy data, the indices are spatially averaged over an estimated
correlation decay length (latitudinally dependent) of centennial-scale
hydroclimate and temperature variability, respectively, derived from
model simulations and instrumental data (Methods; Extended Data
Fig. 1). Unlike field reconstruction methods that rely upon teleconnec-
tions found in the instrumental period®?, our technique yields a grid of
hydrological anomalies that is independent of any spatial co-variability
found in gridded instrumental observations'>.

Our results reveal a general tendency towards a larger percentage of
land area with relatively wetter conditions during the ninth-eleventh
and twentieth centuries, whereas the twelfth-nineteenth centuries
show larger areas with relatively drier conditions (Fig. 2). Centennial
periods of reconstructed widespread dry conditions occurred under
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Figure 1 | Location map of the proxy records used in this study sorted
by archive. a, Locations of the 196 hydrological proxy records for the past
twelve centuries. b, Locations of the 128 temperature proxy records for the

both warm and cold climate states (Fig. 3). Notably, the dry twelfth
century (with 27% reconstructed hydroclimate anomalies <—0.5) is
associated with positive forcing anomalies from high solar activity and
moderate volcanic activity, whereas the equally dry fifteenth century
(also with 27% reconstructed hydroclimate anomalies <—0.5) coin-
cides with negative forcing anomalies from low solar forcing and
several large volcanic eruptions?’. We identify inverse hydroclimate
conditions (that is, hydroclimate dipoles) over geographically adjacent
regions that persist on centennial timescales. This phenomenon has
been reported in studies of instrumental data and some proxy time
series for the same regions: the eastern and western Mediterranean'?;
the southwestern and northwestern USA'?; eastern China and the
Tibetan plateau'* (Fig. 2).

To assess the robustness of our gridded reconstruction we con-
ducted a number of validation tests. Recognizing the potential for low-
resolution, less well dated, proxies to introduce temporal biases in the
reconstruction, we produced a decadally resolved reconstruction from
an even more strictly screened subset of proxies (Methods). At the grid
point level the median correlation between the full reconstruction and
the decadally resolved reconstruction is r=0.97 (p < 0.01). Additional
sensitivity tests, for example, excluding one proxy type at a time, exclud-
ing or retaining records according to their seasonal signal, or their
resolution (Methods; Extended Data Table 1), also reaffirm the robust-
ness of the full reconstruction. Moreover, our reconstruction shows
a relatively good correlation with tree-ring-derived reconstructions
of PDSI, despite the differences between metrics and reconstruction
seasonality (Methods; Extended Data Table 1)**?!. We also compared
our decadal reconstruction to decadal means of gridded instrumental
precipitation data over the twentieth century. The median correlation
is r=0.66 (p < 0.05), but the short length of the instrumental data
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past twelve centuries. All the records cover at least the period 1000-1899.
We note that some proxies share the same geographical position but are
based on different types of archives.

precludes a full validation of the low-frequency behaviour in our hydro-
climate reconstruction (Methods; Extended Data Figs 2 and 3).

In regions with sufficient overlap between the hydroclimate and tem-
perature reconstructions, we observe a tendency for wetter conditions
during warmer periods in northern Europe, the eastern Mediterranean,
Greenland, northern China, northwestern North America and the
southeastern USA (Extended Data Fig. 4c, d). Drier conditions dur-
ing warmer periods are seen in the central Mediterranean, central and
northeastern North America, southwestern USA, and southern China.
For certain regions (for example, northern China, northwestern North
America, northern Europe and Greenland) the patterns of covariance
between reconstructed temperature and hydroclimate are qualitatively
consistent with the predicted signature of hydroclimate changes under
future global warming>*7!819,

With our new spatial hydroclimate reconstruction we evaluated the
centennial distributions of gridded hydrological and temperature anom-
alies (Fig. 3) against an identical extraction of precipitation and temper-
ature anomalies from six state-of-the-art coupled atmosphere-ocean
general circulation model simulations covering the period 850-2005
(Table 1; Fig. 2¢; Extended Data Figs 4a, b and 5). Both the proxy and
model data agree that the thirteenth century had the most extensive
dry conditions in the pre-industrial period. We observe that the seven-
teenth century, the coldest Northern Hemisphere century of the past
twelve centuries in both proxy and model data (Extended Data Fig.
6a, b)!>'7, shows hydrological conditions close to the long-term mean,
with a lack of extremes (only 6% reconstructed hydroclimate anomalies
exceeding +0.5).

Overall, large-scale agreement in the temporal evolution between
proxy and model anomaly distribution characteristics is observed
from the tenth to the eighteenth centuries for both hydroclimate and

Table 1 | Models used in this study from CMIP5, with simulations from 850 to 2005

Atmospheric resolution

Abbreviated model name Model institute (longitudinal x latitudinal) Forcing
bce-csml-1 Beijing Climate Center, China 2.81°x281° ref. 23
CCsSm4 National Center for Atmospheric Research, US DOE/NSF, USA 1.25°x0.9° ref. 23
GISS-E2R NASA Goddard Institute for Space Studies, USA 2.5°%x2° ref. 23
HadCM3 Hadley Center, UK Met Office, UK 3.75°x 1.875° ref. 23
IPSL-CM5A-LR Institute Pierre Simon Laplace, France 3.75°x 1.89° ref. 23
MPI-ESM-P Max Planck Institute for Meteorology, Hamburg, Germany 1.875°x 1.875° ref. 23

CMIPS5, Climate Model Intercomparison project Phase 5. For references to the individual models and additional information, see Methods.
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Figure 2 | Spatial-temporal distribution of gridded centennial
hydrological proxy anomalies. a, Gridded, weighted, centennial
hydroclimate proxy anomalies, derived from the proxy data shown in
Fig. 1a, over land areas with at least three independent proxies within
the estimated centennial correlation decay length for centennial-scale
hydrological variability. b, Time series derived from the reconstructed
gridded weighted hydroclimate anomalies, showing the fraction of land

temperature (Fig. 3). However, the similarities in reconstructed and sim-
ulated hydroclimate begin to break down in the nineteenth century, with
outstanding disagreement of the centennial distribution characteristics
in the twentieth century. The proxy data continue to show hydrocli-
mate characteristics in the twentieth century similar to those in the pre-
industrial era, whereas the models simulate a high percentage (36.8%)
of the land areas to be in either an extremely dry (21.4% of anom-
alies <—1.5) or extremely wet (15.4% of anomalies >1.5) state. In
contrast to the simulations, the proxy data show more extreme hydro-
climate anomalies during centuries other than the twentieth (Figs 2
and 3). The unprecedented intensification of wet and dry anomalies in
the model simulations, presumably driven by anthropogenic forcing,
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area exceeding a given wetness or dryness threshold. The red horizontal
bars denote the 50% levels. ¢, The same as b but for median-model
anomaly values of annual precipitation. All anomalies are shown relative
to the centennial mean and standard deviation over the eleventh to the
nineteenth centuries. The colour scale is truncated at —2 and 2 and areas
with insufficient proxy coverage to compute a gridded weighted mean
value are left white.

results in an exceptionally strong meridional gradient producing a
wetter north and drier south (Fig. 2; Extended Data Fig. 7a-f) not
found in the proxy data. This produces a distinct bimodal distribution
of simulated hydroclimate (that is, wet and dry extremes), whereas the
proxy data reveal a unimodal distribution both in the industrial and
pre-industrial period (Fig. 3). Assessment of interdecadal hydrocli-
mate trends and their variances, in proxy and model data, shows that
the differences in the twentieth century between proxy and model
data are mainly restricted to the centennial-scale mean anomaly. The
model and proxy data agree that neither the interdecadal variability
nor the decadal trends in the twentieth century are unprecedented
(Supplementary Tables 5 and 6).

© 2016 Macmillan Publishers Limited. All rights reserved



Hydroclimate

0 1 2
1 L 1 s |
800s Forcings
@ Volcanic
m CO,
@® Solar
900s |
1000s

Proxy anomalies | Percentage grid-cell coverage

25% A

25% 1

|
_LELH,
1200s

¥
3

obeIaN00 [[90-puUb sbejUSDIad | SaI[EWOUR [SPO

F 1400s

1100s

1300s

1500s

1600s |

1700s

1800s

%_- T-_%

1900s
F25%

F25%

-2

-1

=

2

0
Temperature

Figure 3 | Probability density function of reconstructed and
simulated Northern Hemisphere hydroclimate and temperature
anomalies. Reconstructed weighted-smoothed gridded proxy (left)
and median-model (right) centennial anomaly values of Northern

Hemisphere hydroclimate (top) and temperature (bottom), showing the
percentages of Northern Hemisphere land area within defined threshold

values ranging from —2 to +2 in increments of 0.5 standard normal
deviates. Superimposed on each distribution are the corresponding
centennial anomalies of solar, volcanic, and CO; forcing time-series

(Methods).
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A persistent link has been suggested between Northern Hemisphere
thermal conditions and the displacement of the Intertropical
Convergence Zone (ITCZ)*. During warmer periods the ITCZ moves
northward, changing the position of Northern Hemisphere storm
tracks, monsoon activity and precipitation patterns®. A hypothesized
mechanism for these changes is an expansion of the Hadley circu-
lation, bringing more moisture and latent energy northward. When
we assess the reconstructed hydroclimate patterns during the recon-
structed warmest (tenth) and coldest (seventeenth) pre-industrial
centuries in the Northern Hemisphere, we find evidence for strong
and weak, respectively, meridional gradients supporting the proposed
dynamics. In our reconstruction, the twentieth-century manifesta-
tion of these dynamics cannot be seen to the extent reconstructed in
the tenth century or in the twentieth century in model simulations
(Fig. 2b, ¢; Extended Data Fig. 7). These findings could corroborate
the suggestion by ref. 24 that ITCZ migration, owing to anthropogenic
greenhouse gas forced warming and possibly tropospheric aerosols,
may produce a hydroclimate regime that differs from past regimes.
An alternative explanation is that the spatial signature of hydroclimate
can be highly variable under comparable thermal conditions, making
it difficult to attribute a particular external forcing to the observed
patterns.

There are several possible explanations for the limited ability of
climate models to simulate hydroclimate variability accurately: knowl-
edge gaps in describing physical processes defining model sub-grid
parameterizations®?°, systematic absolute temperature biases in the
models affecting evaporation and precipitation processes®’, and an
underestimation of internal hydroclimate variability®®. We find only
limited regional-scale reconstruction-model agreement (Fig. 2a—c and
Extended Data Fig. 4a, b), as would be expected if Northern Hemisphere
hydrological variability is driven more by internal dynamics
than external forcing.

Our comparison of the distribution characteristics and large-scale
temporal evolution of reconstructed and simulated centennial-scale
hydroclimate reveals strong similarities up to the nineteenth century.
However, the proxy evidence does not support the tendency in sim-
ulations for wet regions to become wetter and dry regions drier in a
warmer climate?*°. Furthermore, our hydroclimate reconstruction
does not support a general unprecedented intensification of the
hydrological cycle in the twentieth century, associated with both more
extreme wet and dry conditions, as simulated by an ensemble of models.
This finding is in line with recent analyses of instrumental data reporting
limited evidence for an intensification of wet and dry anomalies under
current global warming®®?%. Absence of evidence for this predicted
hydroclimate response to higher temperatures suggests that either the
warming in the twentieth century has not been strong enough for this
fingerprint to emerge, or that the triggers for the mechanisms responsible
should be revised. We conclude that a millennium-long perspective,
as provided by multi-proxy evidence, is crucial to our ability to bench-
mark and evaluate!®!” hydroclimate simulations accurately.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

The proxy data collection. We systematically searched the scientific literature for
proxy records of hydroclimate and temperature. We retrieved all records fulfilling
the following criteria:

(1) Temporal coverage. All proxy records must cover at least the period 1000-1899.
(2) Temporal resolution. All proxies must have at least, on average, two data points
per century between 1000 and 1899 and no more than two centuries over the
1000-1899 period may have fewer. In the data subset containing only hydroclimate
records resolved decadally or better, we required that all proxies have, on average,
one data point per century between 1000 and 1899.

(3) Publication requirements. We use only proxy records that have been published
in the scientific literature.

(4) Requirements regarding the climate signal. The proxies must, according to their
published description, contain a hydrological signal described as precipitation,
drought, moisture balance, stream flow, lake level change, bog surface wetness,
flooding or similar hydrological information.

(5) Geographical requirements. All the proxies must be located in, or nearly in, the
Northern Hemisphere. Proxies just south of the Equator (by a few degrees) may be
included if they contribute to gridded values north of the Equator.

The majority of records were obtained from public repositories (for example,
http://www.ncdc.noaa.gov/paleo/ and http://www.pangaea.de/). Those records not
in the public domain were acquired either by direct request from their authors,
or digitized from figures in the original articles (Supplementary Tables 1 and 2).
The proxy data were divided into seven categories: (1) ice cores, (2) peat cores,
(3) tree rings, (4) speleothems, (5) documentary, (6) lake sediments, and (7) marine
sediments. In cases where there exist several versions of a proxy record from the
same site, preference was given to the latest published version. The collected
proxy records were divided into three simplified categories of seasonal response:
annual, winter and summer, with spring and early autumn considered as part of the
summer season. In cases when no clear information about a proxy’s seasonality
could be found, either in the original article or in subsequent publications, we
assumed the seasonality to be annual.

Geochronological screening. We only included proxy records with age models
constrained by at least one dating point after 1900 (D1), another between 1000 and
1900 (D2) and one dating point before 1000 (D3). The number of years between
D1 and D2 and D2 and D3 should be less than 1,000 years.

The dating criteria are:

(1) The top of the core exists (that is, year of collection) or, if it does not, there must
be a dating point (for example, 1¥’Cs, 21°Pb) to verify the age (A1 is the top age).
(2) There should be at least one dating point (**C, U/Th, tephra, ?!°Pb) between
800 and 1999 (A2).

(3) There should be at least one dating point between 800 and 1 (A3).

(4) The spacing between these three dating points should be less than 800 years
(A1 — A2 <800 years, A2 — A3 <800 years).

(5) A1, A2 and A3 cannot be bulk datings.

(6) The acceptable dating errors for A1, A2 and A3 must be <200 years (20).

For the decadal- or better-resolved subset, each record must have at least one dating
point per full century.

Data treatment. Prior to computing centennial anomalies, all proxy records
with irregularly spaced time steps were converted into time series with annually
spaced time steps using simple linear interpolation, then smoothed by a cubic
smoothing spline having a 50% frequency response at 100 years. The smoothed
proxy series are transformed to standard normal deviates with respect to the
1000-1899 baseline period. From the resulting centennial anomalies every 25th
value is extracted from each century with at least 85 (interpolated) values. From
those proxy records spanning the complete 800-1999 period, we obtain 45
centennial anomalies. Of these 45 centennial anomalies the 12 representing the
hundred-year periods 800-899, 900-999, 1000-1099, 1100-1199, ..., 1900-1999,
are those presented in the majority of figures throughout this Letter (Extended
Data Fig. 8b). However, all 45 centennial anomalies are used in the correlation
experiments as well as in Fig. 2b and c. For the subset including only hydroclimate
records decadally resolved or better, we obtained decadal anomalies using the
same method as described above but instead using a spline with a 50% frequency
response at 10 years.

Correlation decay length. Because individual proxy records can contain noise,
a more robust signal is presumably obtained by producing an average of multiple
proxies from within a geographic area where hydroclimate can be assumed
to be coherent. Unfortunately, the size of such geographic areas, on centennial
timescales, is not well constrained owing to the limited length and distribution of
instrumental observations. This deficiency required the development of a measure
of correlation decay length (CDL)*! of hydroclimate®**® on centennial timescales.
Encouraged by the agreement found between instrumental precipitation data on
annual and decadal timescales®* and simulated values from the ECHO-G model*®
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on the same timescales, we used the simulated centennial values from the ECHO-G
model to calculate a conservative estimate of the spatial auto-correlation function
for hydroclimate on centennial timescales by the following equation:

SRS EEES

N i M t.k,1
L-AL<d<L+AL

[ )f (k1) (1)

where t is the time index, i and j are the longitude index and the latitude index of
the grid, respectively; f(t, i, j) are the deviations from the local long-term mean at
time t and at a grid-cell (i, j) divided by the local temporal standard deviation (that
is, standardized to one standard deviation), d is the spatial separation between grid
cells (i, j) and (k, I). The sum of the product f(t, i, )f(¢, k, ]) over time and space
is restricted to the grid cells (k, ) that are separated from the grid cell (i, j) by the
distance between L — AL and L+ AL, where AL is 100 km. This sum is divided
by the number of occurrences of grid-cell pairs. The outer sum is calculated over
all grid cells located on an index circle j, and then this sum is divided by that
number of grid cells. It is thus assumed that the spatial autocorrelation is isotropic
and zonally homogeneous, that is, it depends only on length L and on latitude j.
The assumption of isotropy and zonal homogeneity is an assumption that is not
completely fulfilled for all terrestrial locations. However, this approach yields an
approximate and average estimation of the decorrelation length at multi-decadal
to centennial timescales, and this estimation amounts to a few hundred kilometres
(Extended Data Fig. 1a). The precise value of the decorrelation length does not
affect the basic features of the reconstruction. A simplified CDL function of hydro-
climate variability on centennial timescales was derived from the output of the
climate model ECHO-G™ over the period 1000-1990 to calculate the maximum
search distances as a function of latitude in this study (Extended Data Fig. 1b).
Averaging, weighting and gridding. We use the distance function described
above, derived from the estimated centennial hydroclimate CDL, to define the
search radius for averaging proxy anomalies (Extended Data Fig. 1a and b). Finding
the decorrelation of hydroclimate increases with distance from a search centre,
we assign a weight for each proxy record, for any given latitude, decreasing from
1 at the centre to e % ~ 0.14 at the search periphery using the following Gaussian
weight function:

w=e /R (2)

Here, w is the weight assigned to a proxy value located at x distance from a grid
node, and R is the search radius defined by equation (1). Every reconstructed grid
cell location is required to have three or more proxy centennial anomalies within the
search radius. This requirement effectively reduces the total number of proxies used
in the experiment, although some regions remain densely covered (such as North
America, China and Europe; Extended Data Fig. 8a). Weighted means are computed
for all 45 centennial anomalies and are those used in the correlation analyses. All
gridding and weighting of proxy (and model) data are performed using the method
described above for producing the proxy local weighted averages, although the
search area centres are moved to each intersection of a 1° x 1° longitude by latitude
grid superimposed over a polar projection of the Northern Hemisphere. Maps of
centennial gridded proxy hydroclimate variability are shown in Fig. 2a, and time
series corresponding to the fraction of land area at or above a given wetness or dry-
ness threshold are shown in Fig. 2b. The weighted and gridded proxy temperature
reconstruction shown in Extended Data Fig. 6a and used in Fig. 3 is produced in the
same manner as the hydroclimate reconstructions, with the exception of the CDL
function used for weighting and gridding. Detailed descriptions of the CDL, the
proxy weighting function, and the search distance function used for reconstructing
Northern Hemisphere centennial temperature variations are given in ref. 15.
Climate model data. We have used simulations from six coupled atmosphere—
ocean general circulation model simulations that are part of the Climate Model
Intercomparison project Phase 5 (CMIP5)%, The simulations denoted as ‘past1000’
cover the period 850-1850, whereas the ‘historical’ simulations cover the period
1851-2005. The ‘past1000’ simulations are sometimes performed using a lower
resolution or simplified versions of the more comprehensive models used for the
‘historical’ simulations. We have restricted our analysis to those six simulations—
bec-csm1-1%7, CCSM4%8, IPSL-CM5A-LR¥, GISS-E2R*, HadCM3%!, and MPI-
ESM-P*>—conducted with the same model versions for both periods and stitch
the ‘past1000’ and ‘historical’ simulations that carry the same ensemble run-
initialisation-physics (rip) identifier in the CMIP5 repository (Table 1). However,
the simulation conducted with the MIROC-ESM model was not used owing to
a documented, unrealistic, long-term positive temperature trend in global mean
annual near-surface temperature over the past millennium*.

The models were driven by estimations of external forcing, including varia-
tions in the orbital changes, total solar irradiance, volcanism, atmospheric trace
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gases and land-use changes. The CMIP5 Consortium recommended similar, but
somewhat different, options for these external forcings®*** and the modelling
groups did not always use the same options for all CMIP5 simulations. From each
of the six simulations we extracted the annual mean precipitation and temperature
at the model grid-cell location nearest to our proxy locations. Once the selection
was made, an equal length extraction was performed to make all comparisons
between model and proxy as equitable as possible. The smoothing, weighted aver-
aging and gridding of all model data followed the same protocol as described above
for the proxy data. The centennial forcing anomalies in Fig. 3 are produced from
time series of solar®, volcanic® and CO, forcing?” the same or similar to those
used in the models.

Calculation of correlations. All temporal correlations between two weighted
and gridded data sets are calculated by Pearson product-moment correlation
coefficient*®. Assessment of the statistical significance of these correlations is com-
plicated by the fact that any two data sets are both temporally and spatially correlated.
We have taken temporal correlation, that is, autocorrelation, into account by using
the method of blocked bootstrap (3,001 repetitions)*’ to provide a more realistic
estimate of the correlation’s statistical significance. In Extended Data Fig. 4a
we show the correlations between the gridded hydroclimate proxy data and
corresponding gridded hydroclimate model data and Extended Data Fig. 4b
shows the statistical significance of the correlations. In Extended Data Fig. 4c we
show the correlations between the gridded hydroclimate proxy data and gridded
temperature proxy data and Extended Data Fig. 4d shows the statistical significance
of the correlations.

We produce histograms of all cross-correlations in this study (Extended Data
Fig. 9a-d) and their Fisher z transform®® (Extended Data Fig. 9e-h) to assess the
normality of their distributions. A slightly bimodal distribution is seen, for both
the original and Fisher z-transform correlations, between the gridded hydroclimate
proxy data and gridded temperature proxy data. This is not what we would expect
to see if hydrological and temperature anomalies were unrelated: the distribution
of the Fisher z transform of the correlations should then be approximately normal
and, in particular, unimodal. Instead, the histograms suggest that the distributions
of the correlations between proxy hydroclimate and proxy temperature values are a
mixture of two unimodal distributions, corresponding to two distinct mechanisms
relating hydroclimate and temperature.

Validation tests. To assess the robustness of our gridded weighted hydroclimate
reconstruction we have produced a number of ‘subset’ reconstructions, using
different data screening schemes, as well as comparing our multi-proxy recon-
struction to other hydroclimate products. We created a subset of proxies with
only those records that have decadal to annual resolution and at least one dating
point per century. The gridded reconstruction obtained from this subset has less
spatial coverage than the reconstruction from the full data set. The median Pearson
product-moment correlation coefficient, at grid point level, between the two recon-
structions (using 45 centennial values, lagged by 25 years) is r=0.97 (p <0.01),
suggesting that any potential dating uncertainties that exist in the full data set have
a small influence on our overall results (Extended Data Table 1). Furthermore, we
correlated the full reconstruction with reconstructions produced excluding one of
the seven proxy types at the time, which notably also involves excluding the numer-
ous but less well age-constrained lake sediment records (Extended Data Table 1).

Moreover, we produced similar tests excluding/retaining proxy records reflect-

ing quantitative estimates of precipitation as well as excluding/retaining proxy
records with annual signal, summer signal, and winter signal, respectively. Finally,
we correlated our reconstruction from the full data set as well as the reconstruction
from the more strictly screened data set resolved decadally or better, set against
the North American Drought Atlas?® and the Monsoon Asia Drought Atlas?!. At
grid point level the median Pearson’s correlation is r=0.34 (p < 0.15) and r=0.50
(p <0.03), respectively. These significant, but not very high, correlation values are
acceptable considering our hydroclimate reconstruction metric is not an equivalent
measure of the PDSI°"? and furthermore that the PDSI reconstructions are for
the summer season only.
Potential spectral biases in proxy data. The Earth’s climate system contains
variability from sub-daily to Milankovitch to deep geological timescales'”>3-%.
It has been known for a long time that proxy records may record climatic variation
occurring on different wavelengths (that is, interannual to decadal to centennial to
millennial) with varying fidelity resulting in disproportionate manifestations of the
variance across these different wavelengths®*-%2. Such ‘spectral biases’ are a type of
noise that, if not considered or corrected, potentially challenge a precise quantita-
tive assessment of the continuum of climate variability. Using instrumental records
to characterize and subsequently correct the possible spectral biases in proxy
records should yield more accurate reconstructions of climate. However, we note
that this endeavour to characterize proxy biases is questionable, because the true
long-term characteristics of the climate system remain broadly unknown, which
is part of the motivation to develop high-quality proxy data and reconstructions.

Knowledge of proxy data sets is, however, sufficiently advanced to state that
individual proxy types may be characterized by one or more biases. For example,
tree-ring data, arguably the most intensively investigated proxy archive for the
past millennium in both the temporal and frequency domains, are known to have
two potentially opposing biases. On the one hand, owing to a ‘biological memory;
tree-ring width data especially contain somewhat less high-frequency (interannual)
variability than instrumental temperature (or precipitation) data®®2. On the other
hand, the necessary removal of the long-term age/size-related trends in tree-ring
records, if performed using certain techniques, results in the so-called ‘segment
length curse™®? that limits our ability to preserve trends/variability exceeding
the length of the mean length of the individual tree-ring sequences. In this case,
diminished low-frequency (centennial to millennial) variability would be expected.

There are, however, different techniques that can be applied to overcome or
mitigate such spectral biases. The removal of the age-related trends using a sin-
gle population estimate as in the Regional Curve Standardisation technique has
been shown to break the ‘segment length curse’ and to preserve long wavelengths
better®%, Similarly, the biological memory can be estimated and removed by
autoregressive modelling and the resulting time series can be assigned the spec-
tral properties expected from the instrumental data sets*®. Analyses of long-term
instrumental data sets are limited to the past couple of centuries, which does not,
as also mentioned in the main text, allow a full validation of the low-frequency
(for example, centennial to millennial timescale) components of proxy data or
reconstructions.

In most proxy records, just as with the tree-ring data, the low-frequency vari-
ability can be affected by nonlinear processes such as the compression or mixing
of layers, a time-varying temperature—precipitation relationship, anthropogenic
impacts on the local environment and, in the case of ice-core data, ice-flow move-
ments in the ice cap. It should be noted that the interpolation of non-annual records
to annual resolution also results in a spectral bias towards lower frequencies®.
Given the uncertainties back in time in many individual proxy records, both in the
high- and low-frequency signal, a multi-proxy approach, using the average signal
from a number of disparate proxy records, is arguably best suited for the study of
low-frequency climate variability.

In multi-proxy reconstructions, where the aim is to obtain both the high
(annual) and low (centennial) frequency signal, any spectral bias in the proxies,
influencing the ratio of the high- and low-frequency signal, is a problem of major
importance. Our aim, however, is only to obtain the signal on centennial and
longer timescales. By standardizing centennial mean values, proxy records that
have both strong and weak low-frequency signals are transformed to records of just
centennial-scale information of the same amplitude. This transformation essentially
eliminates the influence of spectral biases by making irrelevant whatever prior ratio
of high- and low-frequency information had existed in the proxy before standard-
ization. Even if a proxy does not capture the full amplitude of centennial-scale var-
iability (for example, tree-ring width chronologies built by many short individual
series and/or limited replication®®) the impact is small because the standardization
process gives all proxies the same amplitude of centennial-scale variability. As long
as the proxies have some centennial-scale variability (which is the only variability
we retain for our primary reconstruction) the proxies are useful to us.

Our different sensitivity tests (Extended Data Table 1), removing various proxy

types from the complete data set and correlating their resulting reconstruction with
the full reconstruction, demonstrate a very limited impact of potential spectral
biases from particular proxy types on our full reconstruction. These experiments
produce remarkably similar hydroclimate reconstructions, suggesting that the
purported negative effect of ‘mixing’ proxies with potential spectral biases is not
large (if not altogether mitigated by the standardization). Especially important
in this regard are results from those tests in which all the records with less than
decadal resolution, with only centennial dating control, and those in which all
the tree-ring records and all the lake sediment records are excluded, respectively.
Not surprisingly, the reduction in proxy coverage gave rise to some spatially local
differences; however, the overall patterns remained the same. Most of the changes
seen are less likely to be attributable to spectral biases in the proxies, but rather to
a diminishment in the considered number of proxies, and hence greater noise in
the reconstruction. We mitigate the impact of proxy noise in our reconstruction
approach by requiring multiple records within the search radius for every grid
point reconstructed.
Data and code availability. All the proxy data and programs used to perform the
experiments herein have been made publicly available at NOAA Paleoclimatology/
World Data Center for Paleoclimatology (https://www.ncdc.noaa.gov/paleo/
study/19725). The Source Data we used to plot each figure in the Letter are also
stored there. The suggested computing environment and dependencies are: Mac
OSX 10.6 or greater, Generic Mapping Tools (GMT) 4.5.6 or later®”, Ghostscript
9.10, and Matlab2007b or later. A detailed description of the software used, with
example data and runtime commands is supplied with the archived data.
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The climate model data included in the simulations of the Climate Model
Intercomparison Project Version 5 (CMIP5) can be downloaded from any of
the nodes of the Earth System Grid Federation (registration is required and a
password is provided after registration), for example from: https://esgf-data.dkrz.
de/search/cmip5-dkrz/. The menu on the left side of the page allows the user to
select the ‘experiment’ (in our case, ‘past1000’ and ‘historical’), the model (for
example, MPI-ESM-P), the variable (pr = precipitation), and the time frequency
(mon = monthly). A click on the search button displays all matching results. The
data download can be performed interactively by clicking on the links of the indi-
vidual files or by downloading a Unix script ‘wget, which can be locally run on
a Unix computer. All files are written in ‘netcdf” format, which also includes the
metadata information, and that can be accessed with a variety of software tools, for
instance with the public statistical packages R, Climate Data Operators (CDO) or
netcdf Operators (NCO). Data of the ECHO-G simulation can be retrieved from
the CERA data bank of the German Climate Computing Centre (DKRZ) at http://
cera-www.dkrz.de/. An account on the CERA data bank is required to access the
data and can be obtained by sending an email to data@dkrz.de. CERA will then
provide a personal account and password as soon as possible. Once an account has
been created, the data of the ECHO-G simulation can be accessed.
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Extended Data Figure 1 | Estimated correlation decay length values.

a, The spatial decorrelation function p for centennial mean precipitation
estimated from the output of the climate model ECHO-G?® over the period
1000-1990, following the procedure described in the Methods for the
estimation of the centennial correlation decay length for hydroclimate
variability. Distance is the correlation decay length from one point in
kilometres. The different colours represent the latitudinal bands.

b, An example of the estimated spatial autocorrelation function for
centennial mean values of precipitation at latitudes 81.25° N, 80.00° N
and 78.75° N, respectively, with the decorrelation length for latitude
80° N indicated in red. ¢, The simplified CDL function of hydroclimate
variability at centennial timescales, derived from panel a, is used
throughout the study to calculate the maximum search distances as a
function of latitude.
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Extended Data Figure 2 | The fraction of land area, expressed as decadal  annual precipitation. ¢, The same as a and b but for the Global Historical

means for 1900-1999, exceeding a given wetness or dryness threshold Climatology Network 5° x 5° (GHCNS5) instrumental annual precipitation
in the gridded reconstruction, model simulations, and instrumental data. All decadal average values are standardized over the 1910-1979
precipitation data. a, Weighted gridded proxy reconstruction derived period, and model and instrumental values are extracted from grid cells
from the subset containing only hydroclimate records resolved decadally covered by gridded reconstructed values. The red horizontal bars denote
or better. b, The same as a but for median-model anomaly values of the 50% levels.
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Extended Data Figure 3 | Boxplots showing decadal anomaly values
of instrumental data, our gridded reconstruction, drought atlas data,
and model simulation of precipitation over the 1900s. a, Comparison
of decadal anomalies between our gridded Northern Hemisphere (NH)
hydroclimate reconstruction, the gridded 5 x 5° GHCN5 instrumental
annual precipitation anomalies, the six individual model simulations
(see Table 1) of annual precipitation and their median. b, Comparison
of decadal anomalies between the Monsoon Asia Drought Atlas
(MADA)?! and the corresponding domain in our gridded Northern
Hemisphere hydroclimate reconstruction, the GHCN5 instrumental

annual precipitation data set, and in the six individual model simulations
of annual precipitation and their median. ¢, Comparison of decadal
anomalies between the North American Drought Atlas (NADA)? and the
corresponding domain in our gridded Northern Hemisphere hydroclimate
reconstruction, the GHCN5 instrumental annual precipitation data

set, and in the six individual model simulations of annual precipitation
and their median. The oval circles represent the mean, the small blank
horizontal bar represents the median, the length of the bars represents the
quartile range, and the dark grey dots represent the two standard deviation
intervals, whereas the light grey dots represent outliers.

© 2016 Macmillan Publishers Limited. All rights reserved



-10 -08 -06 -04 -02 00 02 04 06 08 1.0
Correlation

Extended Data Figure 4 | Correlations between gridded proxy and
model hydroclimate anomalies, and gridded hydroclimate temperature
proxy anomalies. a, Correlations between 45 centennial, lagged

25 years, weighted gridded proxy hydroclimate anomalies and their
corresponding median total annual precipitation anomalies from six
CMIP5 models, listed in Table 1, over the past twelve centuries. b, The

LETTER
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p—-value

Z-transformed block bootstrap p-values of the correlations shown in
panel a. ¢, Correlations between 45 centennial, lagged 25 years, weighted
gridded proxy hydroclimate anomalies and weighted gridded proxy
temperature anomalies. d, The Z-transformed block bootstrap p-values
of the correlations shown in panel c. Areas shown in grey in b and d have
insignificant correlations.
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1900s

Median Model Anomalies
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Extended Data Figure 5 | Simulated median values of annual mean and standard deviation over the eleventh—nineteenth centuries. The
precipitation from six atmosphere-ocean coupled general circulation colour scale in both panels is truncated at —2 and 2. b Gridded, weighted,
models. a, Raw, centennial, model anomaly median values calculated values for the same data over land areas with at least three independent
and treated and plotted in the same way as the hydrological proxy data. grid values within the estimated centennial correlation decay length for
Only values from the same grid cells that are covered by proxy records centennial-scale hydrological variability.

are extracted (Methods). Anomalies are shown relative to the centennial
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Extended Data Figure 6 | Centennial temperature proxy anomalies to compute a gridded weighted mean value are left white. b, Gridded,
updated from ref. 15. a, Gridded, weighted, centennial proxy anomalies weighted, centennial anomalies for simulated median values of annual
values derived from the data listed in Supplementary Table 2 and shown mean temperature from six atmosphere-ocean coupled general circulation
in Fig. 1b. Anomalies are shown relative to the centennial mean and models. Only values from the same grid cells that are covered by proxy
standard deviation over the eleventh-nineteenth centuries. The colour records are extracted (Methods).

scale is truncated at —2 and 2 and areas with insufficient proxy coverage

© 2016 Macmillan Publishers Limited. All rights reserved



LETTER

Longitude Longitude
a 150 -9 0 0 180 900s d
X ! ?
80 -| PN 80
60 1%, & o ey 60
i,
3 't : g
? ) 3
2 404 : 40 2
S < S8
204 @ AT A L 20
=
04 - & F o
T T -
900s -180  -90 0 90 180
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
804 DRY | WET [ DRY | WET | < DRY | WET [ 80 4 F il 9 r
5 60 L B { F B F » 60 F E F B F
g . g :
E 40 4 = B = E 40 - L 4 L
20 4 F 4 F 20 4 L 4 L
0 T I I T I T 0 L - 1 T T
2401 2 2101 2 2101 2 2401 2 2401 2 2401 2

L L L L L L L L L L L L
80 L N L 80 80 - B 80
60 F 4 F 4 t 60 60 L i / L 4 | 60
40 L 4 L 40 40 - t 4 L 40
20 L i L 20 20 -/ L -7 L 20
0 L T T T T — 0 0 T T T T - 0
2401 2 2101 2 2101 2 2101 2 2101 2 2101 2

Hydroclimate Anomalies

-20-15-10-05 0.0 05 1.0 15 20

Extended Data Figure 7 | Gradients of proxy-reconstructed and is shown along the meridional transects, passing through the densest data
simulated Northern Hemisphere centennial hydroclimate anomalies clusters (red line, North America; blue line, Europe and Africa; and black
along three meridional transects for the tenth, twentieth and line, Asia). b, ¢, The same as a but depicting centennial proxy anomalies of
seventeenth centuries. The tenth and twentieth centuries were the hydroclimate for the seventeenth and the twentieth centuries, respectively.
warmest centuries of the past twelve and the seventeenth century was d-f, The equivalent analysis for the same centennial periods using

the coldest. a, Smoothed, surfaced, and contoured weighted average median-model simulated values, extracted from the same proxy locations,
centennial proxy anomalies for the tenth century (top right). The trend of centennial precipitation anomalies (see Methods).

of the smoothed surfaced anomaly values, with their regression line,
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Extended Data Figure 8 | Distribution and density of hydroclimate from the data listed in Supplementary Table 1 and shown in Fig. la.
proxy records. a, Number of contributing hydrological proxy records Anomalies are shown relative to the centennial mean and standard
included in each proxy-centred anisotropic weighted mean calculation deviation over the eleventh-nineteenth centuries. The colour scale is
where there are three or more neighbouring proxies found in the search truncated at —2 and 2 and areas with insufficient proxy coverage to
radius. b, Raw, centennial, hydroclimate proxy anomaly values derived compute a gridded weighted mean value are left white.
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Extended Data Figure 9 | Histograms of cross-correlations with
kernel density estimate added. a, Cross-correlations between gridded
hydroclimate proxy data and temperature proxy (PT) data. b, Cross-
correlations between gridded hydroclimate model data and temperature
model data. ¢, Cross-correlations between gridded hydroclimate proxy
(PH) data and hydroclimate model (MH) data. d, Cross-correlations

b Cross-correlations MT vs MH
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between gridded temperature proxy data and temperature model (MT)
data. e, The same as a but Fisher-transformed. f, The same as b but Fisher-
transformed. g, The same as ¢ but Fisher-transformed. h, The same as d
but Fisher-transformed. The thin curves in each histogram represent the
kernel density estimates.
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Extended Data Table 1 | Results from multiple sensitivity tests of our gridded weighted hydroclimate reconstruction

a Median Pearson’s Median p-
correlation value
Reconstruction from only records with at least decadal resolution and 0.97 <0.01
centennial or better dating control
Excluding ice cores 0.86 <0.01
Excluding peat cores 0.90 <0.01
Excluding tree rings 0.77 <0.01
Excluding speleothems 0.84 <0.01
Excluding documentary data 0.90 <0.01
Excluding lake sediments 0.80 <0.01
Excluding marine sediments 0.88 <0.01
Retaining only calibrated precipitation records 0.89 <0.01
Excluding calibrated precipitation records 0.92 <0.01
Excluding records with annual signal 0.98 <0.01
Excluding records with summer signal 0.77 <0.01
Excluding records with winter signal 0.78 <0.01
b
North American Drought Atlas® 0.34 0.02
Monsoon Asia Drought Atlas®' 0.51 <0.01
c
GHCNS instrumental annual precipitation data 0.66 0.05

a, Statistics from correlating the full gridded weighted reconstruction at the grid-cell level with reconstructions derived from using different subsets of proxy data including tests removing one proxy
type at the time. b, Statistics from correlating the full gridded weighted reconstruction at the grid-cell level with PDSI drought atlas reconstructions. ¢, Results from correlating the decadal-resolved
reconstruction from the proxy subset including only records with at least decadal resolution and centennial or better dating control with the decadal mean gridded 5° x 5° GHCN5 instrumental annual

precipitation data over the twentieth century.
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