
Supplement of Clim. Past, 20, 2117–2141, 2024
https://doi.org/10.5194/cp-20-2117-2024-supplement
© Author(s) 2024. CC BY 4.0 License.

Supplement of

A continental reconstruction of hydroclimatic variability in South Amer-
ica during the past 2000 years
Mathurin A. Choblet et al.

Correspondence to: Mathurin A. Choblet (mathurin@choblet.com)

The copyright of individual parts of the supplement might differ from the article licence.



Supplement S1: Proxy record supplement

S1.1 Detailed spatiotemporal availability
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Figure S1.1. Spatiotemporal availability of the proxy records for each century . The black box represents the core region of the South
American Summer Monsoon (Vuille et al., 2012)
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S1.2 Proxy record lists

For an overview of all proxy records employed in this regional climate field reconstruction, the proxy records are grouped by
climate archive type and presented in tabular form. In the database column, the proxy record databases from which the values5
were taken are named, in case the record is part of one. Additionally the original publications are cited in the source column.
For the citations of proxy records that were part of a database, the reader is referred to the publications presenting the proxy
record databases. The level of detail in the tables varies by climate archive type, as the information from column with unique
entries (e.g. the proxy variable, PSM type, Seasonality or SNR) has been transferred to explanatory text above the tables to
limit the size of the tables. All data processing steps can be retraced and reproduced with the Jupyter Notebooks accompanying10
this publication.

S1.2.1 Speleothems

The proxy variables are δ18O of aragonite and δ18O of calcite for all processed speleothem time series. For all speleothems, the
same precipitation weighting-type PSM has been used, thus rendering the application of some additional seasonality restrictions
unnecessary. The SNR is computed from the variance of the time series by assuming the same SNR for all speleothems15
(See Section S2.2). Whereas the speleothem time series have relatively high median temporal resolutions, all time series are
resampled to 10 years resolution to conservatively account for smoothing effects in the karst.

For caves with multiple records of similar resolution, composites were computed according to Novello et al. (2021) (step 2
and 3 in section 3.3) by applying the following steps to the time series of various records in one cave during the overlap period
1) resampling all proxy time series to annual resolution, 2) standardizing the time series (zero-mean & standard deviation equal20
to one) 3) computing the mean of the overlapping values 4) destandardizing the mean time series using the mean and standard
deviation of the time series which is longer. Further steps detailed in section 3.3 of Novello et al. (2021) are not applied, as these
involve age model ensembles, which have not been used in this study. The practical computation of speleothem composites
can be retraced in the Jupyter Notebooks accompanying this publication.

Nr Site name Location
(Lat,Lon) Time (CE) Resolution

time scale [yrs]
Database

(ID in database) Source Comment

1 Dos Anas cave 22.4,276.0 746-2000 2 SISALv3 (443) Fensterer et al. (2012)
2 Tzabnah cave 20.7,270.3 487-2004 2 SISALv3 (147) Medina-Elizalde et al. (2010)
3 Perdida cave 18.0,293.0 1208-2003 2 SISALv3 (378) Winter et al. (2011)
4 Juxtlahuaca cave 17.4,260.8 0-2010 2 SISALv3 (286) Lachniet et al. (2012)
5 Macal Chasm 16.9,270.9 0-1992 3 SISALv3 (178) Akers et al. (2016)
6 Yok Balum cave 16.2,270.9 0-2005 1 SISALv3 (209) Kennett et al. (2012) Used longest record from location
7 Caripe Cave 10.2,296.4 0-1993 2 - Medina et al. (2023)
8 Paraiso cave -4.1,304.6 0-1998 7 SISALv3 (424) Wang et al. (2017)
9 Trapiá cave -5.6,322.3 0-1932 3 - Utida et al. (2023)
10 Shatuca cave -5.7,282.1 0-1984 8 SISALv3 (434) Bustamante et al. (2016)
11 Palestina cave -5.9,282.6 413-1850 5 SISALv3 (94) Apaéstegui et al. (2014)
12 Cascayunga Cave -6.4,282.9 1088-1999 1 - Bird et al. (2011b)
13 Huagapo cave -11.3,284.2 3-1993 2 SISALv3 (597,598) Kanner et al. (2013) Composite
14 Mata Virgem cave -11.6,312.5 166-1814 1 - Azevedo et al. (2019) Used Mata Virgem 1 record
15 Cuíca cave -11.7,299.4 338-2013 2 SISALv3 (752) Libera et al. (2022)
16 Diva cave -12.4,318.4 2-1999 4 SISALv3 (113,146,203) Novello et al. (2012) Composite
17 São Matheus/Bernardo cave -13.8,313.6 264-1998 1 SISALv3 (430,431) Novello et al. (2018) Composite
18 Pau d’Alho cave -15.2,303.2 491-1860 1 SISALv3 (128) Novello et al. (2016)
19 Tamboril cave -16.0,313.0 272-1982 2 SISALv3 (97) Wortham et al. (2017)
20 Umajalanta cave -18.1,294.2 620-1863 2 SISALv3 (499,497,498,518) Apaéstegui et al. (2018) Composite
21 Jaraguá cave -21.1,303.4 422-2000 3 SISALv3 (449) Novello et al. (2018) Composite as part of SISAL
22 Cristal Cave -24.5,311.4 0-2006 2 - Vuille et al. (2012)

Table S1.1. Speleothem proxy records description table
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S1.2.2 Lake sediment records25

Only lake sediment records directly related to the isotopic composition of precipitation (and thus not mostly affected by addi-
tional evaporation) or already calibrated to temperature have been included. To make this distinction, the original publications
have been consulted and records have been accordingly selected. This restriction excluded most lake sediment records available
in the Iso2k database (Konecky et al., 2020). All lake sediment records are used on a time scale of five years, to account for
the effect of bioturbation in the sedimentation process. For all lake sediments, the same SNR value has been assumed, also for30
temperature calibrated records which come with an error variance.

Nr Site name Location
(Lat,Lon) Time (CE) Resolution Proxy variable PSM Seasonality Database

(ID in database) Source

1 Lago El Grancho 11.9,274.1 341-2004 4 δ18O prec. weighted None Iso2k (263) Stansell et al. (2013)
2 Laguna Pumacocha -10.7,283.9 0-2007 2 δ18O prec. weighted None Iso2k (343) Bird et al. (2011a)
3 Laguna Chepical -32.3,289.5 0-2005 1 tsurf season 11,12,1,2 Pages2k (SAm_30) de Jong et al. (2013)
4 Laguna Aculeo -33.8,289.1 856-1997 1 tsurf season 12,1,2 Pages2k (SAm_3) von Gunten et al. (2009)
5 Laguna Escondida -45.5,288.2 400-2008 1 tsurf direct None Pages2k (SAm_31) Elbert et al. (2013)
6 Lago Plomo -47.0,287.1 1384-2001 1 tsurf season 9,10,11,12,1,2 Elbert et al. (2015) Elbert et al. (2015)
7 Lago Puyehue -40.7,287.55 1408-1997 1 tsurf/spei linear - Neukom and Gergis (2012) Boës and Fagel (2008)

Table S1.2. Lake sediment proxy records description table

S1.2.3 Sclerosponge

For the conversion of the sclerosponge values from Montego Bay, Jamaica, to temperature, the formula presented in Haase-
Schramm et al. (2003) was used. From the two provided records, we selected the record which was located closer the sea
surface (see original publication for details). The time series values were resampled to five years to account for the non-annual35
resolution of the record.

Nr Site name Location
(Lat,Lon) Time (CE) Resolution Proxy variable PSM Seasonality SNR Database

(ID in database) Source

1 Montego Bay, Jamaica 18.5,282.0 1356-1991 5 tsurf direct None assumed Pages2k (150) Haase-Schramm et al. (2003)

Table S1.3. Sclerosponge proxy record description table

S1.2.4 Marine sediment

The Cariaco Basin record from Black et al. (2007) was the only marine sediment included in our regional climate field recon-
struction, as other marine sediment from South and Central America only provide a longer than decadal resolution. Due to the
exceptionally high sedimentation rate in the Cariaco Basin, the record was treated as an annual record according to its temporal40
resolution.

Nr Site name Location
(Lat,Lon) Time (CE) Resolution Proxy variable PSM Seasonality SNR Database

(ID in database) Source

1 Cariaco Basin 10.8,295.2 1221-1990 1 tsurf season 3,4,5 assumed Pages2k (11) Black et al. (2007)
Table S1.4. Marine sediment proxy record description table
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S1.2.5 Ice cores

For all ice core δ18O record locations, the precipitation weighting PSM has been applied, rendering the definition of a season-
ality unnecessary. For all ice core proxy records, an SNR value was assumed to compute the error variance.

Nr Site name Location
(Lat,Lon) Time (CE) Proxy variable Database

(ID in database) Source Comment

1 Quelccaya Ice Cap -13.9,289.2 226-2009 δ18O Pages2k (SAm_026) Thompson et al. (2013)
2 Illimani -16.6,292.2 1771-1998 D Iso2k (485) Hoffmann et al. (2003) Deuterium converted to δ18O with factor 1/8
3 James Ross Island -64.2,302.3 0-2007 D Pages2k (Ant_10) Abram et al. (2013) Deuterium converted to δ18O with factor 1/8

Table S1.5. Ice core proxy records description table

S1.2.6 Corals45

All coral proxy records were used on an annual time scale. For the PSM, the linear PSM for temperature was used, thus
all records were calibrated to temperature. Calibration values (including SNR estimates) were calculated for the annual and
seasonal reconstruction/calibration separately.

Nr Site name Location
(Lat,Lon) Time (CE) Resolution Proxy variable SNR (Ann.,DJF) Database

(ID in database) Source

1 Gingerbread Bahamas 25.8,281.4 1552-1991 1 calcification 0.2, 0.15 PAGES2K-Ocn_065 Saenger et al. (2009)
2 Alinas Reef, Biscayne National Park, Florida 25.4,279.8 1751-1986 1 δ18O 0.1,0.13 Iso2K-255 Swart et al. (1996)
3 Dry Tortugas 24.6,277.7 1733-2008 1 Sr_Ca 0.55,0.97 PAGES2K-Ocn_070 DeLong et al. (2014)
4 Punta Maroma, Mexico 20.8,273.3 1773-2009 1 calcification 0.88,0.4 PAGES2K-Ocn_073 Tierney et al. (2015)
5 Turrumote Reef, Puerto Rico 17.9,293.0 1751-2004 1 δ18O 0.73,0.59 PAGES2K-Ocn_111 Kilbourne et al. (2008)
6 Secas Island, Panama 8.0,278.0 1707-1984 1 δ18O 0.27,0.23 PAGES2K-Ocn_104 Linsley et al. (1994)
7 Urvina Bay -0.4,268.8 1607-1981 1 δ18O 0.61,0.34 PAGES2K-Ocn_087 Dunbar et al. (1994)

Table S1.6. Coral proxy records description table

S1.2.7 Documentary records

All employed documentary indices were taken from the NOAA database (https://www.ncei.noaa.gov/access/paleo-search/study/8703)50
and were presented in Neukom et al. (2009). No seasonality restriction was imposed for using the data as the calibration to
instrumental variables for the linear PSM was computed for the annual and summer season separately. All documentary records
were used on an annual time scale.

Nr Site name Proxy variable Location
(Lat,Lon) Time (CE) SNR (Ann.,DJF) Database Source

1 Potosi precipitation index -19.6,294.3 1585-2005 0.32, 0.22 NOAA Neukom et al. (2009)
2 Dulce river runoff index -27.0,295.0 1750-1977 0.27,0.29 NOAA Neukom et al. (2009)
3 Tucuman precipitation index -27.0,295.0 1548-2005 0.65,0.36 NOAA Neukom et al. (2009)
4 Santiago del Estero precipitation index -27.8,195.7 1750-2005 0.47,0.38 NOAA Neukom et al. (2009)
5 Santa Fe and Corrientes precipitation index -30.0,300.0 1590-2006 0.73,0.59 NOAA Neukom et al. (2009)
6 Mendoza river runoff index -32.0,292.0 1599-2000 0.27,0.21 NOAA Neukom et al. (2009)
7 Mendoza precipitation index -32.0,292.0 1600-1985 0.42,0.34 NOAA Neukom et al. (2009)
8 Central Andes snow depth index -33.0,290.0 1760-1996 0.64,0.54 NOAA Neukom et al. (2009)
9 Santiago de Chile precipitation index -33.3,289.7 1540-2006 0.49,0.45 NOAA Neukom et al. (2009)
10 Parana river runoff index -30.0,300.0 1590-1993 0.3,0.33 NOAA Neukom et al. (2009)
11 Cordoba precipitation index -31.0,296.0 1700-2005 0.42,0.27 NOAA Neukom et al. (2009)

Table S1.7. Documentary records description table
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S1.2.8 Trees

The employed tree records are described solely in text form rather than tabular format due to their large quantity. The proxy55
data from trees was mainly taken from three proxy record databases according to the selection criteria outlined in the main text.
This selection resulted in 203 tree proxy time series from the South American Drought Atlas (Morales et al., 2020), 42 from
Breitenmoser et al. (2014), as used in and published alongside Steiger et al. (2014), and 5 records from the Pages2k database
(Emile-Geay et al., 2017). We checked for potential overlaps between these proxy databases and excluded double/triple records.
As the SADA database only extends back to 1400CE, six records from it have been replaced by the longer original record data60
which are available in the NOAA database (see code of this publication for exact documentation). All these data bases use
tree ring width as a proxy from trees, and not Maximum Wood Density (MXD). In addition to these tree ring data sources, we
used four single records/tree ring composites , namely from the central Altiplano (Morales et al., 2012), the northern altiplano
(Morales et al., 2023), the western Amazon (Humanes-Fuente et al., 2020) and near the Perito Moreno glacier in Patagonia
(Grießinger et al., 2018). For this last tree proxy record, the proxy variable is δ18O in wood and not tree ring width, but this65
record has also been calibrated to instrumental variables as all other tree ring records, because precipitation δ18O can not be
directly related to δ18O in wood. No seasonality restriction was imposed for using the data as the calibration to instrumental
variables for the linear PSM was computed for the annual and summer season separately. All used tree records have annual
resolution.
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Supplement S2: Methodology70

S2.1 Algorithm sketches
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Figure S2.1. Algorithm sketch for multi-timescale Paleoclimate Data Assimilation Algorithm. See main text for a description of the indi-
vidual steps.
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Figure S2.2. Illustration of how single-time scale PaleoDA prior, consisting of a random collection of climate fields, is extended into a matrix
which also contains the subsequent years for multi-time scale PaleoDA. Each Xi corresponds to the mean climate field of one simulation
year, the index denotes the year of the simulation that was randomly selected for creating the ensemble. The Xi could also be depicted
explicitly as a vector, thus rendering the matrix three-dimensional. In the multi-time scale PaleoDA, rows of the matrix are averaged over
several years in order to assimilate multiyear means.
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Figure S2.3. Assignment of non-annually resolved proxy records to 5 and 10 year time scales (e.g. lake records and speleothems in our
reconstruction). During the multi-time scale PaleoDA, the values of these types of proxies are assigned to the 5 or 10 year block means (see
Figure Figure S2.2 instead of annual values. To facilitate the assignment to the blocks, the non-annually resolved proxy records are resampled
to 5 and 10 year resolutions as described in the main text.
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S2.2 Observation error estimation from the Signal-to-Noise Ratio (SNR)

We estimate the observation error variance R (Equation 2) for each proxy record from an assumed signal-to-noise ratio (SNR).
The SNR is defined as the ratio of the standard deviations of the unperturbed time series T and the white noise N :

SNR :=
std(T )
std(N)

(S2.1)75

As the observation error variance R is by definition equal to the squared standard deviation of the noise N , we get for R

R= std(N)2 = var(N) (S2.2)

⇒ SNR=
std(T )√

R
(S2.3)

⇒R=
var(T )
SNR2 (S2.4)

The variance of T is not known directly because the proxy record time series Y represents the noisy time series T +N , whose80
variance can be used to compute var(T ). When assuming that N and T are uncorrelated, their variances are additive.

std(T +N) =
√

var(T +N) (S2.5)

=
√

var(T )+ var(N)+ cov(T,N) =
√

var(T )+ var(N) (S2.6)

=
√

var(T )+R (S2.7)
⇒ var(T ) = var(T +N)−R (S2.8)85

Using the relationship from equation S2.8 in equation S2.4 we get

R=
var(T +N)−R

SNR2
(S2.9)

⇒R=
var(T +N)

1+SNR2
=

var(Y )

1+SNR2
(S2.10)

Using equation S2.10, the observation error R can be estimated from the variance of the proxy record time series and by
assuming a specific SNR value for the proxy records, which does not need to be the same for all proxy records.90
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Supplement S3: Validation of reconstruction

S3.1 Spatial reconstruction skill using gridded instrumental data

To evaluate the spatial reconstruction skill of our reconstructions, we compare these to gridded instrumental datasets, Berkeley
Earth (Rohde and Hausfather, 2020) for temperature and CRUTS 4 (Harris et al., 2020) for precipitation. A reference SPEI
dataset is computed from CRUTS 4 using Thornthwaite’s method for estimating potential evapotranspiration. The validation95
periods are 1920 - 2000 CE for temperature and 1950 - 2000 CE for precipitation and the SPEI, due to limited local instru-
mental, radiosonde and satellite precipitation data during the first half of the 20th century. Until the second half of the 20th
century, South America lacked extensive weather station coverage, with only a few stations mainly situated in coastal regions
and the Southern part of the continent (See Figure 1 in Harris et al., 2020). Estimates of precipitation, which is a more localized
phenomenon than temperature, are particularly affected by this limited station coverage. Precipitation estimates are considered100
more reliable since the deployment of the global radiosonde network in 1958 and satellite-derived rainfall estimates from the
late 1970s (Garreaud et al., 2009). Consequently, the time period suitable for meaningful calibrations/validations using instru-
mental precipitation data is usually restricted to the second half of the 20th century (e.g. Morales et al., 2020). The validation
period is, thus, the same as the calibration period of the tree rings and corals, which can be considered problematic. Unlike other
climate field reconstruction techniques such as PCR (e.g. Neukom et al., 2010, 2011), PaleoDA with linear statistical PSMs105
does not strictly require the separation of calibration/validation data for two reasons. Firstly, the statistical PSM estimates re-
gression parameters using local observational data, which are then applied to independent model simulation data. The model
simulation data’s mean and spatial covariances are not debiased with respect to the observational data, and thus importantly
influence the reconstruction. In contrast, techniques like Point by Point regression (e.g. Morales et al., 2020) estimate a linear
regression model for each reconstructed grid cell, resulting in more instrumentally tuned reconstructions. Secondly, the calibra-110
tion process predicts proxy records from instrumental data, while the validation process predicts instrumental data from proxy
records. This non-symmetry introduces information loss. Additionally, using multiple variables as predictors simultaneously
in the reconstruction can potentially introduce errors through inadequate covariances in the prior.

As skill metrics, we choose the widely employed Pearson correlation and the Continuous Ranked Probability Skill Score
(CRPSS) (Wilks, 2011). The correlation is a simple similarity metric with range [−1,1], which rewards a correct phasing of the115
reconstructed signal with respect to the observational data. In the correlation plots, we further denote significant correlations
according to an effective p-value < 0.05. The effective p-value takes into account the smaller number of degrees of freedom
in autocorrelated time series (Bretherton et al., 1999). Note, that, in a strict sense, correlations require detrended time series.
We choose to not detrend the time series to also evaluate the skill of the reconstruction to capture trends, similar to previous
PaleoDA reconstructions (e.g. Tardif et al., 2019; Steiger et al., 2018) In contrast, the CRPSS is considered a strictly proper120
scoring metric (Gneiting and Raftery, 2007) because it takes into account the posterior reconstruction distribution instead of
the ensemble mean. We assume Gaussian statistics and, thus, characterize it via the ensemble mean and standard deviation. The
CRPSS is the skill score version of the Continuous Ranked Probability Score (CRPS) and is computed as 1-CRPSrec/CRPSref,
where CRPSref is the CRPS value for a reference distribution. CRPS rewards small biases, correct variances and ensemble
spread. For the reference CRPS score, we take the ensemble statistics of the uninformed prior ensemble as in Steiger et al.125
(2018). The CRPSS values lie in the range (−∞,1], where positive values denote reconstructions more skillful than the prior.
As the CRPSS values are computed for each validation time step, we compute the temporal mean of these values and denote
them as CRPSS. Both metrics do not take observational uncertainties into account. For all skill scores, we have initially also
considered applying a low-pass filter to the time series before applying the skill metrics, as we estimate our reconstruction to be
more meaningful on longer than annual time scales. However, we have finally refrained from this idea as the validation period130
is pretty short (80 and 50 years) and for correlation, higher absolute correlations and effective p-values are expected due to the
filtering introducing auto-correlation.
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Figure S3.1. Comparison to validation data sets over calibration period: validation skill metrics from comparing our reconstruction
to the Berkeley Earth surface temperature dataset (Rohde and Hausfather, 2020) for the years 1920 - 2000 CE, the CRUTS 4 precipitation
dataset (Harris et al., 2020) for the years 1950 - 2000 CE and SPEI calculated using temperature and precipitation from the CRUTS 4 dataset
for the years 1950 - 2000 CE. Precipitation skill is only evaluated on land as the instrumental dataset only provides precipitation over land.
The panels in a) show the correlation with stippling indicating effective p-values smaller than 0.05. The panels in b) show the results for
the CRPSS. The values in the lower right corner denote the mean skill score. See text for details. The spatial reconstruction skill for the
reconstruction of austral summer (DJF) is displayed in Figure Figure S3.2.

Figure Figure S3.1 shows the skill metric results for the annual reconstruction. Significant positive correlations are found
for almost all terrestrial locations in the surface temperature and SPEI reconstruction (mean values 0.48 and 0.54). Due to
the increasing temperature trend of the current warm period (CWP), such high correlations can be expected, also for SPEI,135
which depends on temperature via evapotranspiration. For precipitation positive significant correlations are mainly found in
the Andes and parts of northern and eastern South America (mean value 0.22). We find the highest similarities close to the
proxy record locations, in particular the Andes, which reflects the local character of precipitation changes and the lack of a
clear trend in precipitation during the 20th century. CRPSS values for temperature and SPEI are mostly positive (mean 0.13
and 0.14), whereas for precipitation positive values stay close to zero (mean 0.01).140

The skill metric values for the austral summer reconstruction (DJF) are shown in Figure Figure S3.2. The values are consis-
tently lower than for the annual means, with the highest similarity encountered for the Southern Cone. We suppose, that despite
calibrating the tree rings and corals to austral summer means, their proxy record locations are less representative for the whole
continent compared to annual means. In the presentation of the results, we thus focus on the annual reconstruction.

Note, that this type of 20th century validation mainly reflects the skill of reconstructing the continent’s hydroclimate through145
tree proxy data, the most abundant annually dated climate archive in our database during the instrumental era. The speleothems,
which are a key archive for reconstructing the entire past two millennia, are only used on a decadal time scale and thus only
contribute very little to reconstructions during the 20th century. Moreover, the focus on our data analysis will lie on decadal
to centennial climate changes. The instrumental record is too short to validate the reconstructions skill on these time scales.
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Figure S3.2. Validation skill metrics from comparing our austral summer (DJF) reconstruction to instrumental data. See caption of Figure
Figure S3.1 for details.

Finally, it needs to be accounted that in most climate field reconstructions, the number of proxy records available in the150
validation/calibration period is usually order of magnitudes larger than in the preceding centuries. Hence, the obtained skill is
not necessarily representative for the rest of the reconstruction period.

S3.2 Precipitation in the core monsoon region

A central aspect of this study consists of reconstructing the variability of the SASM according to the definition of Vuille et al.
(2012), who proposed computing the mean precipitation in the core monsoon region (5◦S–17.5◦S/72.5◦W–47.5◦W, see black155
rectangle in Figure 1) as an indicator of monsoon strength. The SASM reaches its peak intensity during the austral summer
months (DJF). Nevertheless, we focus on annual mean precipitation values in the core monsoon region for the validation, as
we consider our annual reconstruction to be more reliable (see Section S3.1). Figure Figure S3.4 shows the reconstructed mean
precipitation anomaly in the core monsoon region compared to the values computed from the instrumental datasets CRUTS 4
(Harris et al., 2020) and GPCC (Schneider et al., 2008).160

One important uncertainty in this type of validation is the inconsistency of different precipitation validation datasets, which
is even more apparent when including the data from the 20CR reanalysis project (Compo et al., 2011)(Figure S3.5). Computing
the pointwise correlation between the datasets for the annual mean precipitation values (Figure S3.3 highlights, that in the core
monsoon region, the low density of meteorological stations also discussed in Section S3.1 leads to lower similarity compared
to the rest of the continent.165

It is apparent that our reconstruction does not capture short-term precipitation fluctuations and clearly underestimates precip-
itation variability for the short instrumental period, as it stays in the range of [-5,5] mm/month, whereas the instrumental data
fluctuates in the range [-20,20] mm/month. The intensity of these fluctuations also shows considerable disagreement between
the two instrumental datasets during the first half of the 20th century.

Table S3.1 presents the skill scores for the reconstructed monsoon index depending on whether all proxy records, only170
tree data, or all proxy records without the tree data is used. These scores have been computed for the calibration period, but
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Figure S3.3. Correlation of annual mean precipitation values in the CRU (Harris et al., 2020), GPCC (Schneider et al., 2008) and 20CR
(Compo et al., 2011) datasets. The correlation is computed separately for the period 1900-1950 CE, prior to the onset of radiosonde precipi-
tation monitoring (1958), and for the second half of the 20th century. The inset box computes the average correlation for all grid cells (all),
for the core monsoon region (mon.) and for all grid cells except the core monsoon region (rest).

also the entire 20th century. Overall, the skill scores are low and inconclusive. In contrast to what one would expect, the tree
data, which is calibrated to instrumental temperature, precipitation, and SPEI data, yields the lowest skill scores. The tree data,
which is mainly located in the central and southern Andes and thus outside the core monsoon region does not seem to be a good
predictor for mean precipitation changes in the core monsoon region. This emphasizes the need to add precipitation sensitive175
proxies within, or at least closer to the core monsoon region. In our study, additional value is gained through the inclusion
of speleothem records, but which are not highly resolved enough for a validation during the short instrumental period. This
assessment emphasizes that the reconstructed precipitation changes likely do not accurately capture short-term variations in
precipitation. We assume that the recorded changes are more likely to reflect long-term trends, which cannot be adequately
validated due to the limited duration of instrumental data. Due to its limitations and despite its frequent use in PaleoDA, the180
instrumental validation exercise is thus not a proper tool for our reconstruction.

S3.3 Drought Index validation for the Southern Cone

A reference reconstruction of dry and wet conditions for Southern South America in the period 1400 - 2000 CE is the South
American Drought Atlas (SADA) (Morales et al., 2020), whose input tree ring data is also partially employed our study.
The SADA reconstructs the self-calibrated PDSI (scPDSI) using Point-by-Point Regression, a climate field reconstruction185
technique that is more calibrated towards local instrumental data. The SADA can be considered the most elaborate drought
index reconstruction for the region. Although our reconstruction does not include scPDSI as a reconstructed variable, we
compute the correlation to our reconstructed SPEI drought index to assess their similarity (Figure Figure S3.4). Despite scPDSI
and PDSI capturing different types of droughts, we expect similarity in the phasing of drier and wetter periods due to using
similar input data. Additionally, the reconstructed SPEI is compared to the SPEI from the PHYDA reconstruction (Steiger190
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1950 - 2000 CE 1901 - 2000 CE
CRUTS 4 GPCC CRUTS 4 GPCC

All proxy records Corr 0.18 0.07 0.1 0.03
CRPSS -0.01 -0.02 -0.03 -0.03

Only trees Corr -0.06 -0.14 -0.10 -0.08
CRPSS -0.07 -0.06 -0.09 -0.05

No trees Corr 0.20 0.11 0.18 0.08
CRPSS -0.04 -0.03 -0.05 -0.03

Table S3.1. Skill scores for the annual reconstruction of precipitation in the core monsoon region of the SASM during the 20th century with
respect to CRUTS 4 (Harris et al., 2020) and GPCC (Schneider et al., 2008). For the experiments of the first row, all proxy records have been
used, in the second row only tree data has been employed and in the third row the tree data has been explicitly excluded. The correlation
values are presented without effective p-values, as none was significant (α < 0.05).
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Figure S3.4. Annual precipitation anomaly in the core monsoon region (5◦ − 17.5◦ S / 72.5◦ − 47.5◦ W) for the years 1901 - 2000 CE
in the CRUTS 4 and GPCC datasets and our reconstruction (including all proxy records). For all time series the mean of the period 1901 -
2000 CE was subtracted.

et al., 2018), which also employs PaleoDA as a reconstruction technique using a subset of the SADA tree data. In PHYDA,
where both SPEI and PDSI are reconstructed, both indices are highly correlated (not shown), we thus consider that in PHYDA
both indices can be used interchangeably.

The largest similarity in terms of significant positive correlation for our reconstruction and SADA can be found close to
the tree data locations in the Andes, especially Patagonia. The lowest similarity is found in the Pampas and the La Plata195
basin. Comparing the similarity of our reconstruction to SADA to the similarity of SADA and PHYDA, we find higher mean
correlations than for PHYDA (0.12 vs 0.07 for the period 1400-1900 CE and 0.16 vs 0.12 for the period 1901-2000 CE). The
correlations between our reconstruction and PHYDA are higher and spatially extensive for the entire Southern Cone (0.22 and
0.42), except for southern Patagonia. This reflects that both employ the same reconstruction technique, and in part the same
proxy and model data, as PHYDA is based on the CESM model, whose isotope-enabled version is also part of our multi-model200
ensemble.
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Figure S3.5. Annual core monsoon region precipitation anomaly from CRU (Harris et al., 2020), GPCC (Schneider et al., 2008) and 20CR
(Compo et al., 2011)
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Figure S3.6. Evaluation of correlation of the reconstructed annual SPEI to scPDSI from the SADA (Morales et al., 2020) and SPEI from the
PHYDA (Steiger et al., 2018) (left and center panels). The right panel compares the correlation of scPDSI in SADA and PDSI in PHYDA.
Grid cells with effective p-values <0.05 are indicated by stippling. The upper row (a) shows the correlation for the period 1400 - 1900 CE
and the lower row (b) for the period 1901 - 2000 CE. The SADA and PHYDA datasets have been regridded to the spatial resolution of our
reconstruction.
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Supplement S4: Additional Result Figures

Mean anomaly fields (Figure 3) for austral summer reconstruction
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Figure S4.1. Same as Figure 3 for the austral summer (DJF) reconstruction. Stippling indicates grid cells where the difference to the Last
Millennium values is not significant according to a Welch’s t-test (α > 0.01).
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Mean anomaly fields (Figure 3) for reconstruction with different proxy error definition
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Figure S4.2. Same as Figure 3 applying a proxy error variance equal to the prior variance instead of the SNR=0.5 proxy error definition.
Stippling indicates grid cells where the difference to the Last Millennium values is not significant according to a Welch’s t-test (α > 0.01).
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Mean anomaly fields (Figure 3) for reconstruction only using speleothem proxy records205
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Figure S4.3. Same as Figure 3 but for the reconstruction that only uses speleothems as proxy record input data. Stippling indicates grid cells
where the difference to the Last Millennium values is not significant according to a Welch’s t-test (α > 0.01).
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Mean anomaly fields (Figure 3) for reconstruction excluding speleothem proxy records
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Figure S4.4. Same as Figure 3 but for the reconstruction that uses all proxy records except the speleothems as proxy record input data.
Stippling indicates grid cells where the difference to the Last Millennium values is not significant according to a Welch’s t-test (α > 0.01).
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Additional SASM index figures
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Figure S4.5. Same as Figure 4 for the austral summer (DJF) reconstruction with extended y-axes ranges. The PHYDA reconstruction
displayed here is a specific austral summer reconstruction, whereas LMRv2.1 is only provided at an annual time scale.
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Figure S4.6. Reconstruction uncertainty for the indices from Figure 4 defined as the standard deviation of the posterior ensemble. Here,
we display the mean of the standard deviations of the five single model reconstructions, although also other multi-model ensemble error
definitions in terms of the propagation of uncertainty are conceivable.
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Figure S4.7. Same as Figure 4 including the single model reconstructions using all proxy records (dotted lines). The black line is the multi-
model ensemble reconstruction (mean of single prior reconstructions).22
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Figure S4.8. Same as Figure 4 for the all proxies reconstruction and the model simulations. The time period has been limited to the period
850-1850 CE as this is the time span covered by the model simulations.23



Additional power spectra

1000 500 200 100 50 20
Period [years]

10 3

10 2

10 1

100

PS
D

a)
MTM-Spectra of monsoon 

 18O index
All proxies
Only speleothems
No speleothems
Only tree rings

0 500 1000 1500
Time [year CE]

20

50

100

200

500

Pe
rio

di
cit

y 
[y

ea
rs

]

b)
Wavelet spectrum
(all proxy records)

0

2

4

6

8

10

Am
pl

itu
de

Figure S4.9. Spectra of reconstructed monsoon δ18O index. See description of Figure 6.
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Figure S4.10. Spectra of SASM indices in model simulations. The spectra for SASM precipitation and δ18O have been computed as in
Figure 6, but limited to the period 850-1850 CE, because this is the time period covered by the model simulations. In addition, all time series
have been standardized, as the model simulations have more overall variability (higher variance). Standardizing the time series allows to
highlight the different scaling of the simulation and reconstruction spectra.
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Climate anomalies in PHYDA and LMRv2.1
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Figure S4.11. Same Anomaly Fields as Figure 3 for the PHYDA reconstruction (Steiger et al., 2018), which includes temperature and SPEI
among its reconstructed variables, but not precipitation and δ18O. Stippling indicates grid cells where the difference to the Last Millennium
values is not significant according to a Welch’s t-test (α > 0.01).
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Figure S4.12. Same Anomaly Fields as Figure 3 for the LMRv2.1 reconstruction (Tardif et al., 2019), which includes temperature and
precipitation among its reconstructed variables, but not SPEI and δ18O. Stippling indicates grid cells where the difference to the Last
Millennium values is not significant according to a Welch’s t-test (α > 0.01).
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Correlations in the model simulations (prior) for NEB210
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Figure S4.13. Correlation of δ18O mean in the Nordeste (black box, Lat: -15-0◦, Lon: 313-327◦) to climate variables δ18O, precipitation,
temperature and SPEI of individual grid cells in the five isotope-enabled climate model simulations. The correlations have been computed
with the annual mean values of the simulated climate variables.
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Proxy record anomalies during early CE
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Figure S4.14. Proxy record anomalies during the first four centuries of the CE with respect to the Last Millennium mean.
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Correlations in the model simulations (prior) for SASM region
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Figure S4.15. Correlation of precipitation mean in core SASM region (black box, Lat: -17.5 - -5◦, Lon: 287.5-312.5◦) to climate variables
δ18O, precipitation, temperature and SPEI of individual grid cells in the five isotope-enabled climate model simulations. The correlations
have been computed with the annual mean values of the simulated climate variables.
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