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Rainfall variability increased with warming
in northern Queensland, Australia, over

the past 280 years

M| Check for updates

Kelsey A. Dyez ® 04, Julia E. Cole ® ' & Janice M. Lough?

Floods and droughts are hydrological extremes that impact ecosystems, agriculture, and human well-
being. These extremes are expected to intensify in a warmer world, although many regions lack the
observations needed to place current trends in the context of long-term variability. Here we present a
new multi-century record of tropical rainfall based on a multi-proxy approach from northern Great
Barrier Reef coral. The robust calibration with instrumental rainfall allows us to quantitatively estimate
summer rainfall in northern Queensland back to 1746 CE. We find that as global climate warmed, wet-
season rainfall in this region has increased by ~10% since 1750 and the standard deviation (21-yr 1-c)
of wet-season rainfall more than doubled, as rainy years became much wetter, while dry years
remained dry. Reconstructed rainfall correlates with El Nifio indices and the link to Pacific temperature
variability has strengthened as climate warmed, consistent with expected intensification of La Nifa-

related rainfall.

At a global scale, warming temperatures result in precipitation changes that
lead to stronger storms that can damage human and natural systems and
overwhelm flood control measures'~. Understanding the regional respon-
ses of hydroclimate to warming is needed to manage such extremes. In
northern tropical Queensland, rainfall is concentrated in the summer sea-
son, but annual rainfall totals vary greatly from year to year. The latest
CMIP6 climate models predict that northern Australian precipitation will
increase in the next century™’ although uncertainty in precipitation variance
remains high for northeast Australia in particular®. Here we present a multi-
century, multi-proxy reconstruction of rainfall variability in northern
Queensland in the context of 20® century instrumental observations””. This
record extends the geographic range of multi-century hydrologic recon-
structions from farther south along the Great Barrier Reef”'’ into the tropics,
where ENSO and the monsoon are more influential and where long rainfall
records are historically lacking. This robust, quantitative reconstruction
provides a new baseline from which to document unprecedented change in
tropical Australian rainfall over the past quarter of a millennium.

Active monsoonal conditions and tropical cyclones deliver rainy-
season water vapor to the northeastern coast of Queensland from warm
tropical Pacific waters and along storm tracks originating in the Austral-
Asian monsoon'"". After precipitating, this water transports nutrients,
organic material, and sediments to the Great Barrier Reef'’. Here we
reconstruct summer rainfall via proxies sensitive to rainfall and hydrological

discharge to the coast, which carries geochemical signals that are recorded in
the carbonate skeletons of long-lived corals growing nearshore. We analyze
a core from a massive Porites (spp) colony collected in 1986 from the
northern Great Barrier Reef, at the mouth of the Jeannie River (14.66°S,
144.93°E, Fig. 1). This river drains a catchment of >3600 km?; the catchment
consists almost entirely of natural conservation areas™.

In this coral core, we measured skeletal Ba/Ca, §"°C, 50, and Sr/Ca at
0.75 mm resolution downcore, yielding 3691 samples spanning 1746-1984.
We used image processing methods to quantify luminescence along the
exact sampling transects of the geochemical measurements, yielding directly
comparable data. For the rainfall calibration, we develop indices of summer
rainfall and runoff from stations in the catchments surrounding Jeannie
River. See “Methods” for details.

We employ four rainfall proxies (Ba/Ca, §°°C, §'*0, and luminescence)
that each trace overlapping aspects of the coastal hydrological cycle. The
skeletal Ba/Ca ratio tracks ambient seawater [Ba]'>'. Rivers transport Ba
into coastal waters'’; thus, Ba/Ca in skeletal coral is often used as a tracer for
terrestrial runoff'®. At Jeannie River, we find no support for complicating
factors identified elsewhere, e.g., land use change'’, upwelling”, or physio-
logical processes that produce anomalous Ba/Ca spikes”. Luminescent
bands in nearshore coral skeletons are most likely to result from terrestrial
organic matter transported by river flow””' ", Rivers also export low-§"C
DIC waters™” that can be incorporated into the coral skeletal material”’;
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rainy years may further reduce skeletal §"°C if cloudiness reduces photo-
synthesis and imparts a more negative §"°C signal to the skeleton™. Lastly,
reconstructed §"°Og,—using paired coral Sr/Ca and §O values™"—
reflects the fresher, low-8"0 input from rainfall and runoff’*”'. Although
coral proxies may have multiple interpretations, in this case, the strong
correlations of each proxy with rainfall and runoff data suggest that the
dominant influence here is hydroclimatic.

Results and discussion

Here we present records of four hydrological proxies from the same core
that date to 1746 CE, based on seasonal cycles in Sr/Ca and luminescent
banding (see Methods). All geochemical measurements derive from the
same powdered samples, and luminescence is measured on the identical
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Fig. 1 | Previous work from Cape York Peninsula in Far North Queensland. The
coral location is at the mouth of the ~40-km long Jeannie River that empties into the
nearshore Great Barrier Reef. Other coral-based hydrological records are to the
north® and to the south”**’ of Jeannie River. Superimposed stream lines are average
summer (Dec-Mar) surface wind from reanalysis of ERAinterim®.

transect used for geochemistry (Supplemental Figs. 1-4); thus, age models
for all proxies are identical. These records are among the first direct com-
parisons between coral luminescence and multivariate geochemistry at
~monthly resolution across multi-century timescales. This approach
reduces the noise inherent in each individual proxy and provides a measure
of replication insofar as the proxies (and their confounding influences) are
quasi-independent.

Summer (Dec-Apr; DJFMA) instrumental rainfall, derived from 16
local meteorological stations, significantly correlates (p < 0.001) with each
individual proxy over the period 1950-1984 (Fig. 2, Supplemental Figs. 5-7,
Supplemental Tables 1-2). Each proxy series also significantly correlates
with the others (p < 0.001; Supplemental Table 3). We average the rainfall
amount predicted by each of these four proxies (weighted by correlation
coefficient with instrumental rainfall over 1950-1984) to obtain a single
multi-proxy reconstruction of north Queensland rainfall (Fig. 3). This
4-proxy reconstruction correlates remarkably well with instrumental rain-
fall at r = 0.86 (WLS, p < 0.005). In addition, a calibration-validation model
using only the even years for calibration and odd years for validation (or vice
versa) shows that our rainfall reconstruction is robust to the calibration
period (Methods; Supplemental Table 1).

The range in observed summer rainfall from a “drought” year (<25th
percentile; <1050 mm) to a “flood” year (>75th percentile; >1720 mm) at
this location is >670 mm. The uncertainty in our reconstructed rainfall
estimate is £170 mm, calculated as the average of the absolute difference
between predicted and actual rainfall for each year in the period 1950-1984.
The likelihood of this method mistaking a drought year for a flood year (or
vice versa) is <0.5% (>3-0).

Rain records

This robust quantitative rainfall reconstruction allows us to explore
important spatial correlations and temporal changes. Here we show that the
reconstruction reflects broader NE Queensland rainfall, and explore links to
decadal climate variability, assess relationships with Pacific SST patterns,
show that tropical Queensland rainfall is becoming more variable as climate
warms, and finally consider the implications for future warming. First, how
representative of larger-scale rainfall is this precipitation record from a
single location? Annual rainfall varies widely across Australia, from as little
as <300 mm/yr in the interior up to >2000 mm/yr at locations in the tropical
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Fig. 3 | Coral multi-proxy correlation with
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Fig. 4 | Rain correlation with Jeannie River precipitation. Correlation of DJFMA
Australian instrumental rainfall’> (AWAP, 1900-1984) with DJFMA rainfall esti-
mates from the Jeannie River coral (star). Reconstructed precipitation reflects
Queensland and eastern Australian rainfall. Figure made using KNMI Climate

Explorer®. www.climexp.knmi.nl.

northeast”. The Jeannie River rainfall record most strongly correlates with
wet-season rainfall throughout Queensland and the eastern half of Australia
(Fig. 4). Precipitation in this region is the result of tropical climate dynamics
that affect the eastern half of the continent, primarily the atmospheric cir-
culation systems to the north and east of the continent™.

Increase in precipitation variability

Climate models suggest that precipitation is increasing in both amount
and intensity as global temperatures warm*. Instrumental observations
validate intensifying precipitation in northern Australia in the twentieth
century” and show that the late 20th-century warming trend in the SW
Pacific has increased the likelihood of more extreme northeast Australian
flooding”. The multivariate Jeannie River rainfall record extends the
northern Great Barrier Reef pre-industrial baseline to 1746 CE and shows
that average wet-season precipitation has increased by 125 mm (10%)
since 1746 (Fig. 5, Supplemental Fig. 8). More dramatically, precipitation
variability in northern Queensland has more than doubled since 1850 CE
(110% increase in the standard deviation of summer rainfall from 21-yr
windows centered on 1850-2007; Fig. 6). Increasing variability is con-
sistent with amplified precipitation extremes in the tropics as the climate
warms; global temperature has increased by ~1.1 K from 1850 to 2017,

and local temperature at Jeannie River has increased by a similar
amount™.

Interannual and decadal variability

On interannual scales, El Nifio and La Nifia events are associated with
differences in northeast Australian precipitation®'’. Here we resolve the
degree of influence of ENSO on rainfall in northern Queensland via annual
correlations between Pacific indices and the multi-proxy rainfall record
(Supplemental Tables 4-5). For these analyses, we use observations and
proxy-based records of ENSO*"*. The reconstructed Jeannie River rainfall
correlates significantly with ENSO indices; the La Nifia phase is associated
with increased rainfall and El Nino with reduced rainfall (Supplemental
Table 5). Climate models agree that rainfall associated with ENSO will likely
intensify in the coming decades™” regardless of the trend in ENSO SST
variability”. Indeed, over the period 1870-2021, the linkage between
reconstructed north Queensland rainfall and ENSO strengthens (Supple-
mental Fig. 9).

Interannual (ENSO) relationships are further modulated by Pacific
decadal variability, which is described by the decadal SST-based indices TPI,
SOL IPO, and PDO (see Methods; Supplemental Table 4). The Jeannie River
rainfall record is coherent with Pacific decadal SST variability, which
influences precipitation variability throughout the tropical Pacific'’. The
link between ENSO and north Queensland rainfall is stronger when the IPO
(or TPI) is negative®. This leads rainfall to often be greatest when La Nifia
and negative IPO coincide'*"". In fact, once we remove El Nifio-scale
variability from the records (low-pass >8 yr filter), the decadal-scale IPO
index is the best explanation of the remaining variance in rainfall (Sup-
plemental Tables 4-5).

Spatial rainfall correlations

We also find significant correlations between Jeannie River rainfall and the
southwest Pacific SST field, for the months prior to the rainy season.
Especially rainy summer seasons tend to be preceded by anomalously
warmer SST that gradually moves from the region between New Zealand
and the equator (the South Pacific Convergence Zone; SPCZ) towards the
coast (Fig. 7). Warmer SPCZ SST provides additional water vapor to be
transported towards Queensland. In contrast, dry years in Queensland are
preceded by cooler SST anomalies. The area associated most closely with
northern Queensland rainfall is the southern edge of the SPCZ (Fig. 7),
where equatorial moisture sources encounter a large-scale Rossby wave
emanating from the Southern Ocean over southeast Australia®.

We further confirm the relationship between interannual Queensland
rainfall and the spring SST field by comparing Jeannie River rainfall with
coral-based SST records from the heart of the SPCZ (Supplemental
Figs. 10-11): New Caledonia™, Fiji, and Rarotonga®. All three of these coral-
based SST records are well correlated (p <0.05) with local SST over the
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Fig. 5 | Increasing summer rain variability. Jeannie

River summer rainfall variability (51-yr running
standard deviation, purple line) increased from the
mid-18th century to 21st century as global tem-
perature (black line) increased”. Blue line is the
multi-proxy rainfall reconstruction of DJFMA total
rainfall 1746-1984 with 1-0 uncertainty; rainfall
after 1984 is instrumental (green). Red line: surface
temperature at Jeannie River (HadCRUTS5, 5-yr
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Fig. 6 | Change in rainfall variability since 1850. Each value is the percent change in
standard deviation of DJEMA total rainfall vs global temperature change relative to
the 1961-1990 average” for 21-yr windows centered on years 1850-2007 CE. The
slope of the relationship is 110% per degree K. Alternatively, the same exercise using
longer time windows (e.g. 31-yr or 51-yr, not shown) demonstrate that rare events
are also becoming more extreme (120% and 125% change in standard deviation of
DJFMA rainfall per degree warming since 1850, respectively).

instrumental period*. We find that preceding-season coral-based SSTs are
correlated with Jeannie River rainfall from the 1700s onward (Supplemental
Table 5). Thus, we suggest that summer rainfall on the northeast coast of
Queensland is ‘primed’ by additional atmospheric water vapor—resulting
from warm spring SST in the southwest Pacific in the months preceding the
rainy season—and has been over the past 250 years. While the correlation is
lower as we expand the time window to include older material, this could
simply be a result of age model offsets in the older portion of the records.
This record complements studies that use a single variable to estimate
rainfall from many locations™ and those that are further south in the Great
Barrier Reef'’. The history of rainfall variability in this multivariate record
agrees in broad strokes with that based on luminescence from multiple cores
(Supplemental Fig. 12). However, variability in the luminescence-only
record from multiple cores could theoretically have included a bias from age
model misalignments that would serve to smooth evidence of extreme
events further back in time. The Jeannie River record precludes this bias yet

nevertheless indicates that rainfall variability has increased. Others have
suggested that increasingly variable coral Ba/Ca near the Burdekin River
(~18°S) represented land-use changes brought on by European settlement"’.
Our record (from a minimally developed catchment) suggests that
increasing rainfall variability may contribute to increased Ba/Ca in Great
Barrier Reef skeletal coral, in addition to any anthropogenic land-use
changes in the upstream catchments.

Implications

Our new, quantitative rainfall reconstruction for northern Queensland
reveals an unprecedented increase in rainfall variability concurrent with
global and regional warming, alongside an increase of ~10% in wet-season
rainfall amount. As interannual variability intensifies, the correlation to
ENSO becomes increasingly strong, as anticipated by model projections for
future climate****',

As global temperatures continue to warm, the impacts of intensifying
tropical rainfall variability are particularly relevant for human society. In the
18th and 19th centuries, tropical Queensland summers were less rainy and
less variable year-to-year. Over the 20th century, Queensland rainfall
became increasingly intense and variable. The unprecedented nature of such
increased precipitation and rainfall variability suggests that communities in
tropical locations re-evaluate the capacity of infrastructure that will be
needed to manage increasing precipitation variability in the decades to come
as the global climate system continues to warm.

Methods

The coral material used in this study is from the Australian Institute of
Marine Science’s (AIMS) archive of long coral cores from the Great Barrier
Reef***. We analyzed one core, “JNE” (JNEO1A, 14.66°S, 144.93°E, 3 m
water depth), from a Porites colony collected in 1986 near the Jeannie River,
which flows through Cape York Peninsula Aboriginal land. Core slabs
(~7mm thick) were taken along the main growth axis, analyzed for
luminescence™® and X-rayed (Supplemental Fig. 1). For geochemical
samples, we micro-milled samples at 0.75 mm resolution along the axis of
maximum growth and avoided ‘trough’-like areas, cracks, and holes.
Transects are ~5 mm wide and ~2 mm deep. A total of 3691 samples were
collected and analyzed from 37 transects for stable isotopes, Sr/Ca, Mg/Ca,
and Ba/Ca (Supplemental Fig. 1, summary of annual monthly averages in
Supplemental Fig. 3).

Elemental analysis

We measured elemental concentrations of Sr, Ca, Mg, and Ba using a
Thermo iCAP 7400 inductively coupled plasma optical emission spectro-
meter (ICP-OES) in the PACE lab at the University of Michigan’s Earth and
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Fig. 7 | Rainfall is related to SPCZ temperature. Monthly correlation (r) of
HadISST1 (1870-1984) with summer (DJFMA) rainfall at Jeannie River (blue star) in
preceding September (a), preceding November (b), and concurrent February (c).
Positive SST correlation with Queensland rainfall builds in the preceding Aug-Dec
and moves toward the coast through the austral spring. Positive rainfall correlation

with SST breaks down in austral summer and fall. North Queensland rainfall is
negatively correlated with central tropical Pacific SST, i.e., the region is wetter in
more ‘La-Nifa’-like years. Green hexagon is New Caledonia, green triangles are Fiji,
Tonga, and Rarotonga (from west to east). Figure made using KNMI Climate
Explorer®. www.climexp.knmi.nl.

Environmental Science department using established methods**’. For each
carbonate sample split, 400-600 pg samples were diluted to [Ca] ~ 80 ppm
in 3.5 ml of 5% trace metal grade HNO;. Six calibration solutions spanning
the expected elemental concentrations were analyzed at the start of each day
of analysis. A reference solution was measured every 3rd sample to correct
within-run drift, another reference solution (MCP-L) was measured 10
times per day to correct for day-to-day offsets, and two powdered internal
standards were analyzed each day of analysis to monitor long-term ele-
mental values. Long-term analytical precision (1-0) of the first internal
standard (MCP-P) was Sr/Ca = 0.018 mmol/mol, Mg/Ca = 0.055 mmol/
mol, and Ba/Ca = 0.24 umol/mol (1-0, n =114). The long-term average
values of the second powdered coral standard (JCp-1) were Sr/Ca =
8.861 + 0.026 mmol/mol, Mg/Ca = 4.141 + 0.091 mmol/mol, and Ba/Ca =
6.70+041 pmol/mol (1-0, n=136), within 1-0 of previous
measurements’””".

Stable isotope geochemistry
We analyzed stable oxygen and carbon isotope ratios (§'*0 and §"°C) using a
Thermo Delta V Plus mass spectrometer, coupled to a Kiel IV carbonate
preparation system in the PACE lab, at the University of Michigan’s Earth
and Environmental Science department. Output values were calibrated
using the NIST standard carbonate materials NBS 19 and NBS 18. These
samples were splits of the same powders analyzed for elemental chemistry.
The long-term average values of a Luxor internal carbonate standard were
80 = —9.08 + 0.08%o and §°C = —1.19 + 0.05%o (1-0, 1 = 249).

We used established methods and slopes for deriving §'*O,, from coral
Sr/Ca and §"°0™":

= ([o"o. (157080 (56/C) 1)) e

where k; is —0.21 permil / °C, k, = 1 (unknown, but must be a constant), and
k3 is —0.062 mmol/mol per °C. The slope of k; is in agreement with other
recent estimates from Great Barrier Reef coral (—0.05 to —0.08 mmol/mol/
C°)*; this method has the advantage of not requiring an absolute SST value
as part of the calculation. The above method yields an average §"°Oy,, of
0.06%o for the modern ocean (1950-1984), near the center of the range
estimated for this region (—0.1+0.3%0) based on shipboard
measurements’.

At this river-mouth location, seasonal and interannual variability in
coral skeletal §"°C is most influenced by the input of low-8"°C DIC waters to
the coast. While carbon isotopes often reflect multiple influences, including
metabolic processes™’; water depth™; or the §"°C of dissolved inorganic
carbon (DIC)™, the coherence between seasonal and interannual river
discharge, coral Ba/Ca, and coral §°C support the notion that §"°C of corals
at river mouths primarily records river discharge. We made one final

‘SISOSW 6180

average}

modification to the §'"°C values to account for the Suess effect—the change in
8"C of atmospheric and surface ocean carbon in the 20th century due to the
increased combustion of low-8"C fossil fuels”. Accounting for the Suess
effect allows older §"°C values to be directly compared with the calibration
period (1950-1984). To make this adjustment, we added a linear correction
0f 0.07%o per decade for the period 1900-1984 to the coral §°C values, based
on previous estimates™*””. Without this small Suess effect correction, average
rainfall estimated by 8"C changes alone would have been ~100 mm/mo
lower in the period 1750-1900 and average rainfall estimated by the full
multivariate method would have been ~24 mm/mo lower in the same
period.

Luminescence

Coral luminescence was originally measured in 0.25 mm intervals, in
a line down the center of each coral section. However, the offset
between the original luminescence center line and our geochemical
transects made direct comparisons challenging. We adopted an
alternative approach: using luminescence images of each slab, we
digitally extracted color values along each geochemical transect
(Supplemental Fig. 1). We then calculated a 7-pt (0.3 mm) running
mean of the green-blue ratio to reduce high-frequency noise and
interpolated the resulting dataset to 0.75 mm resolution to directly
compare luminescence values with the geochemical datasets.

We calculated an annual luminescence value based on either max-
imum luminescence or the annual range (maximum minus previous
minimum) as both are used in previous literature™’. We found that values
from either technique are highly correlated with summer rainfall in the
calibration period (1950-1984). However, for this study we chose to proceed
with the method that uses maximum luminescence for 3 reasons: (1) this
core does not appear to exhibit the ‘age artifact’ that showed declining
luminescence intensity with time® and which might have made the range
method more appropriate, (2) the method is more closely analogous to the
method used for calculating peak annual values from the geochemical
proxies, and (3) in the older portion of the record (1745-1850), the rainfall
estimates based on luminescence are equivalent to those based on the three
geochemical proxies only if the ‘maximum luminescence’ method is used.
For this core, rainfall estimates using the range method were typically about
half as large in the period 1745-1850 as that calculated via the maximum
luminescence method; had this core exhibited the ‘age artifact’ of selected
other cores, luminescence would have instead been greater in this early
period.

SEM images
Six samples were collected from locations distributed throughout the core
and scanned using a JEOL JSM-7800FLV scanning electron microscope
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(SEM) at the University of Michigan’s Electron Microbeam Analysis Lab.
We used magnifications ranging from 250x to 3000x and all images from
this analysis display pristine, primary material, without evidence of diag-
enesis or overgrowth. See Supplemental Fig. 2 for example images from
the core.

Age model

We constructed the age model for this coral using annual cycles in the quasi-
sinusoidal Sr/Ca signal. We assigned the coldest sample for each year
(highest Sr/Ca) to the month of August, consistent with OISST3v.2 and the
high-resolution SST record measured at nearby Lizard Island®. If any
question remained about the timing of a particular year from the Sr/Ca
curve alone, it was resolved by examination of the clear and regular lumi-
nescent banding. The resulting average growth rate is 10 £ 2 mm/yr (Sup-
plemental Fig. 4) and the sample resolution is 13 + 3 samples per year. We
then interpolated all records to monthly spacing. Age model and inter-

polation were performed in the Matlab program Acycle®.

Instrumental rainfall, river discharge, and ocean temperature
For comparison with coral proxies, we developed regional indices of rainfall
and river discharge, using instrumental observations from Australian
Bureau of Meteorology stations (rainfall: http://www.bom.gov.au/climate/
data/index.shtml; river discharge: http://www.bom.gov.au/waterdata). We
derived a rainfall index from 16 stations between 14.5-15.6°S, and river
discharge from 6 rivers between 14.9-16°S (Supplemental Fig. 5). Because
virtually all precipitation in this region occurs in the summer months, we
focus on the wet season, defined as December-April (DJEMA) for rainfall
and calculate total DJFMA rainfall for all years. Instrumental rainfall records
are not continuous; any year with missing months was discarded and each
year contains at least 3 stations that record DJEMA monthly rainfall. For
river discharge, we use the period January—April when river flow is highest.
We calculated average monthly discharge for January-April after normal-
izing discharge for each river. The interannual correlation between DJFMA
rainfall and normalized regional river discharge is 0.80 (p < 0.001) for the
overlapping period 1970-1991 that is well-observed (1 > 3 rivers). Local
ocean temperature is HadISST (https://www.metoffice.gov.uk/hadobs/
hadisst/) for 144-145°E, 14-15°S, 1980-2020.

Rainfall training set and paleo-hydrological calibration

To calibrate interannual rainfall with coral proxies, we summed the
5 months with highest values for the rainy season (DJFMA). For geo-
chemical and luminescence proxies, we interpolated each dataset to
monthly resolution and calculated a 3-month running average. We then
selected the ‘peak’ value from each year as the representative value for the
rainfall reconstruction (the most positive value for Ba/Ca and luminescence,
the most negative value for §"°C, §"*O,). These extrema occur just after the
rainy season: minimum §"*O, is in May (+1 month), maximum Ba/Ca and
minimum &"C are in June (+1 month), and maximum luminescence is in
July (+2 months). This approach smooths the data and then looks for local
maxima and minima; it is a compromise between an overly smoothed signal
that would diminish signal amplitude and an overly noisy signal for which it
would be difficult to pick the ‘best’ annual extreme in each signal. This
approach accounts for the fact that hydrologic proxies in coral lag the
months of maximum rainfall and accommodates any small (1-2 month)
age offsets that are likely present in any coral age model.

Calibration and validation

To test the strength of the rainfall estimation based on coral geochemical
analyses, we would ideally validate the results against an independent
dataset™. However, because few instrumental rainfall observations exist for
this region prior to 1950, we cannot validate our 1950-1984 calibration
against early 20th century data. As an alternative validation test, we built a
test rainfall calibration using only the odd-year data from 1951 to 1983 and
validate it using ‘independent’” even-year data (1950-1984). Vice versa, we
also built a rainfall calibration using only even-year data (1950-1984) and

validate it using independent odd-year data (1951-1983). Both validation
tests of rainfall predicted by the multi-proxy method are significant
(p <0.001) when regressed against instrumental rainfall for those years
(Supplemental Fig. 7 and Supplemental Table 1.)

Data availability

All original data from this study are publicly available via the National
Center for Environmental Information (NCEI) paleoclimatology https://
www.ncei.noaa.gov/access/paleo-search/study/38959.
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