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Abstract
The state of the atmospheric circulation and the associated hydroclimate in the North Atlantic during the last millennium 
remain the subject of considerable debate in both proxy- and model-based studies. Of particular interest in the Iberian 
region is the Azores High (AH) system, the southern node of the North Atlantic Oscillation (NAO), an atmospheric dipole 
closely tied to regional hydroclimate. Hydroclimate-sensitive proxy reconstructions from this region offer some insights into 
atmospheric dynamics, but large spatiotemporal gaps in these data inhibit a robust evaluation of hydroclimate variability. 
In this study, we present a continuous, sub-decadally-resolved composite stalagmite carbon isotopic record from three par-
tially overlapping stalagmites from Buraca Gloriosa (BG) cave, western Portugal, situated within the center of the AH, that 
preserves evidence of regional hydroclimate variability from approximately 800 CE to the present. Chronologies are derived 
from U/Th dating and annual laminae. Stalagmite carbon isotopic values primarily reflect the amount of effective moisture 
and reveal generally dry conditions during the Medieval Climate Anomaly (MCA; ~ 850–1250 CE) and Modern Climate/
Industrial Era (1850 CE-present), and wetter conditions during the Little Ice Age (LIA; ~ 1400–1850 CE). Multidecadal to 
centennial variability in the BG record and state-of-the-art last millennium climate model simulations show considerable 
coherence with precipitation-sensitive records from Spain and Morocco that, like BG, are strongly influenced by the intensity, 
size, and location of the AH. Model-proxy synthesis suggests that western Portugal was persistently dry during much of the 
MCA consistent with other NAO reconstructions; however, even considering age uncertainties, the apparent timing in the 
transition from a relatively dry MCA to a wetter LIA is spatially variable and confirms the non-stationary behavior of the 
AH system indicated by model output.
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1  Introduction

Proxy reconstructions along Iberia and western Europe gen-
erally show distinct hydroclimate regimes over the past mil-
lennium, most notably those associated with the Medieval 

Climate Anomaly (MCA; ~ 850–1250 CE), the Little Ice Age 
(LIA; ~ 1400–1850 CE), and the Modern Climate (1850 CE-
present; e.g., Cook et al. 2015; Trouet et al. 2009). Many 
records from southwest Europe (Iberia) and northwest 
Africa (Morocco) indicate drier conditions during the MCA 
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compared to the LIA, while the opposite is true for more 
northern sites (e.g., Scotland) (see Baker et al. 2011; Baker 
et al. 2015; Cook et al. 2015; Esper et al. 2007; Moreno 
et al. 2012; Ramos-Román et al. 2016; Sánchez-López et al. 
2016; Trouet et al. 2009). However, consensus has not yet 
been reached on whether these hydroclimate dynamics were 
primarily related to external factors such as volcanic aero-
sols or solar luminosity or were driven, instead, by internal 
variability within the climate system. The North Atlantic 
Oscillation (NAO) and the Azores High (AH) pressure sys-
tem are important parameters to consider when evaluating 
the causes of hydroclimate variability in this region.

The AH subtropical pressure system comprises the south-
ern node of the NAO dipole and is related to the subsidence 
associated with the descending limb of the Hadley circula-
tion, which gives rise to the aridity of the Mediterranean 
region, including the Iberian Peninsula (Karnauskas and 
Ummerhofer 2014; Seidel et al. 2008). Typically, the NAO 
index is defined as the sea level pressure (SLP) difference 
between Iceland and the Azores or Lisbon, Portugal (Barn-
ston and Livezey 1987) (Fig. 1). The NAO is considered the 
dominant mode of climate variability in the North Atlan-
tic region, especially during winter (Barnston and Livezey 
1987; Hurrell 1995; Trigo et al. 2004, 2005; van Loon and 
Rogers 1978). The winter NAO index is usually only con-
siders DJFM, however, the wettest time period in Mediter-
ranean climates spans fall through spring (Rüdisühli et al. 
2020; Trigo et al. 2005). Although the intensity, size, and 
location of the AH control the hydroclimate of the Iberian 

Peninsula by influencing storms tracks (Fig. 1), the dynam-
ics of the AH are poorly constrained through space and time 
(Iqbal et al. 2013; Karnauskas and Ummerhofer 2014; Wal-
lace and Hobbs, 2006). Reconstructions of the AH system 
are critical for accurately evaluating Iberian hydroclimate 
variability; however it has been more common to consider 
the NAO system as a whole. To evaluate whether regional 
hydroclimate is largely tied to AH/NAO dynamics during 
recent centuries to millennia, integrated proxy- and model-
based studies are necessary to reach beyond the short his-
torical records of the NAO that extend only to 1864 CE 
(Hurrell 1995).

Numerous reconstructions of the NAO have been devel-
oped, but the most widely cited is that of Trouet et al. (2009). 
By coupling growth laminae in a Scottish stalagmite record 
(Baker et al. 2011; Proctor et al. 2000) with a Moroccan tree 
ring record (Esper et al. 2007) (see Fig. 1), both of which 
represent proxies for precipitation, these authors recon-
structed the mean state of the winter NAO (wNAO; for the 
months of DJFM) since 1049 CE. Based on a modern cali-
bration between this combined record and an instrumental 
measure of the wNAO index, Trouet et al. (2009) argued that 
during medieval times the NAO was in a persistently posi-
tive state (intensified low pressure over Iceland, intensified 
high pressure over the Azores from ~ 1060–1440 CE). Fol-
lowing on this work, Ait Brahim et al. (2017) used a stalag-
mite δ18O record from Ifoulki cave in southwestern Morocco 
to describe NAO and precipitation variability over the last 
millennium. The findings of this study indicate prevailing 

Fig. 1   Regional setting of study area. a Azores sea-level pressure 
(SLP) correlated with SLP from the North Atlantic region (1899–
1997) for December, January, February, March (winter NAO time 
period) and b Azores SLP correlated with winter (DJFM) precipi-
tation in the region (1901–2014). Note high level of negative cor-
relation in western Portugal indicating higher Azores SLP is cor-
related with lower amounts of precipitation. Maps adapted from 

KNMI Climate Explorer (http://​clime​xp.​knmi.​nl/). Azores SLP data 
(DJFM 1866–1997) from Ponta Delgada, Azores. Regional SLP data 
(1899-present) Trenberth and Paolino (1980). Regional precipitation 
data from CRU TS3.23 (1901–2014) with 0.5° grid size. Black aster-
isks indicate proxy records discussed in this manuscript—Scotland 
(Baker et al. 2015), Spain (Martín-Chivelet et al. 2011) and Morocco 
(Ait Brahim et al. 2018; Esper et al. 2007; Wassenburg et al. 2013)

http://climexp.knmi.nl/
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dry conditions during the MCA (defined as 900–1350 CE), 
a pluvial period after 1400 CE with wetter conditions over 
the latter part of the LIA (centered ~ 1680 CE and ~ 1810 
CE) and drying conditions towards modern times. Somewhat 
complicating direct links to the NAO, the climate of south-
western Morocco appears to be sensitive to both the NAO 
and the Atlantic Multidecadal Oscillation (Ait Brahim et al. 
2017). The results from Ait Brahim et al. (2017) are partially 
contradicted by a reconstruction of NAO variability derived 
from 97 tree-ring series from the Euro-Mediterranean region 
by Cook et al. (2019) that does not indicate a persistently 
positive NAO over the MCA. In fact, this record details a 
slightly negative NAO between 1090 and 1300 CE.

Behavior of the wNAO at its northern node (similar to 
the Scotland record in Trouet et al. 2009; Fig. 1) has been 
examined through a sediment record from a central Norwe-
gian fjord. Faust et al. (2016) estimated the behavior of the 
NAO over the past 2800 years based on primary productivity 
indicators that are largely influenced by precipitation effects 
during the winter. They found a positive NAO state for much 
of the MCA (defined there as 950–1200 CE) that appar-
ently strengthened through time with a rapid shift to NAO 
negative conditions around 1250 CE. However, the shift to 
an NAO negative mode in central Norway appears to have 
preceded the changes noted by Trouet et al. (2009) by about 
two centuries. Faust et al. (2016) further suggested that the 
wNAO was primarily in a negative mode until about 1750 
CE with the NAO oscillating between positive and negative 
modes since that time. Additional studies have investigated 
the variability of the NAO system during the Common Era 
(Baker et al. 2015; Hernández et al. 2020; Luterbacher et al. 
2001; Olsen et al. 2012; Ortega et al. 2015; Sjolte et al. 
2018).

These additional proxy-based NAO records, coupled with 
climate model simulations, provide important tests of the 
Trouet et al. (2009) NAO reconstruction. For example, dry 
conditions would have been entrenched across much of the 
western Mediterranean if the NAO system was in a per-
sistently positive state for much of the MCA, as proposed 
by Trouet et al. (2009; Fig. 1) and indicated from several 
records in the Sánchez-López (2016) Iberian Peninsula 
compilation. However, other proxy records from the region 
provide evidence of wet intervals during the MCA in Ibe-
ria (Martín-Chivelet et al. 2011; Moreno et al. 2012) and 
Morocco (Wassenburg et al. 2013). Additionally, modeling 
studies have not been able to replicate the persistently posi-
tive NAO conditions during the MCA (Lehner et al. 2012; 
Ortega et al. 2015).

One potential issue with the Trouet et al. (2009) NAO 
reconstruction is the location of the Moroccan tree ring 
records at the southern node (Fig. 1), because the non-
stationary behavior of the southern NAO dipole may have 
reduced the ability of some proxy records to capture changes 

in the intensity of the NAO system (Comas-Bru and McDer-
mott 2014; López-Moreno and Vicente-Serrano 2008; Rai-
ble et al. 2014; Schmutz et al. 2000). Besides changes in 
atmospheric circulation and precipitation dynamics that 
could be associated with changes in the mean state of the 
NAO (Hurrell 1995), relatively little attention has been given 
to atmospheric dynamics, namely the intensity, size, and 
location (see Wassenburg et al. 2016) of the AH, the sub-
tropical high system marking the southern node of the NAO, 
in driving hydroclimate across the western Mediterranean.

In this study we developed a hydroclimate-sensitive sta-
lagmite composite δ13C record from western Portugal, a site 
located within the AH (southern node of the NAO system). 
Changes in stalagmite δ13C values in this region are pri-
marily driven by precipitation changes that modulate local 
vegetation densities (Thatcher et al. 2020b), both of which 
are highly coupled to the behavior of the AH. By pairing 
these data with output from the Last Millennium Ensemble 
(LME) of the Community Earth System Model (CESM1; 
Otto-Bliesner et al. 2015), we explored the behavior (inten-
sity, size, and location) of the AH for the last ~ 1200 years. 
Integrating these new model and proxy data with previously 
published high-resolution precipitation proxy records that 
have strong age controls from Spain and Morocco (Ait Bra-
him et al. 2018; Esper et al. 2007; Martín-Chivelet et al. 
2011; Trouet et al. 2009; Wassenburg et al. 2013) allowed us 
to determine the regional coherence of these precipitation-
sensitive proxy records and to test the behavior of the AH as 
a possible mechanism for explaining regional hydroclimate 
variations within and between these records.

2 � Dynamics of the Azores High

The location of the AH is linked to the Hadley circulation, 
where the equatorward (rising) branch of the Hadley circu-
lation coincides with the Intertropical Convergence Zone 
(ITCZ), and the descending limb with the subtropical high 
pressure belt, including the AH. Poleward/equatorward shifts 
in the ITCZ as the rising branch of the Hadley Circulation 
could be associated with concomitant latitudinal shifts in 
the location of the AH, altering the patterns of hydroclimate 
in Iberia and the rest of the Mediterranean region (Seidel 
et al. 2008). For example, if the boreal summer ITCZ shifted 
southward during the LIA as suggested by several studies 
(Brönnimann et al. 2015; Haug et al. 2001; Schneider et al. 
2014), then western Iberia would have become wetter as 
the AH also moved equatorward (Iqbal et al. 2013). Others 
have suggested that, at times, the ITCZ has both expanded 
and weakened or contracted and intensified (Asmerom et al. 
2020). Without adequate spatial coverage, a southern migra-
tion of the ITCZ could be incorrectly interpreted at some 
sites as a weakening of the AH. Similarly, contraction of the 
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Hadley cell (e.g., Tandon et al. 2013) would potentially have 
the same effect on the hydroclimate of Portugal. Projections 
in climate models suggest increasing dryness in the Medi-
terranean region (including Iberia) that is consistent with 
changes in Hadley cell circulation and a shifting/expanding 
subtropical high in the twenty-first century (IPCC 2013).

The intensity, size, and location of AH can vary substan-
tially over time (Davis et al. 1997). In recent decades, the 
intensity of the AH has strengthened (particularly in Janu-
ary), and due to its impact on regional weather and climate, 
it is important to constrain variations in the AH pressure 
field as well as latitudinal and longitudinal changes (Falarz 
2019; Iqbal et al. 2013). Variability in the AH has far-reach-
ing effects, impacting northwest Europe’s precipitation with 
latitudinal shifts (Rashid et al. 2012) and the influence of 
the NAO on precipitation of the Middle East is primarily 
through changes in the strength of the AH (Iqbal et al. 2013). 
Recent variability in the location of the center of action of 
the AH has been documented by Falarz (2019) who found 
that the winter AH has shifted slightly westward and south-
ward since 1945 CE.

In concert with modeling attempts, another feasible 
way to deconvolve potential non-stationary effects of the 
AH through time is to establish a network of high-quality, 
precipitation-sensitive proxy records that are situated in the 
zone of influence of the AH system, including those zones 
that would be affected by migration of the AH. Extending 
the time range over which we can accurately reconstruct the 
AH pressure system will provide useful context for future 
climate scenarios. This is the goal of this study.

3 � Study area and methods

3.1 � Cave and environmental monitoring

Buraca Gloriosa (BG) cave is located in western Portugal in 
the zone of influence of the AH (see Denniston et al. 2018 
and Thatcher et al. 2020a for a detailed description of this 
cave system). The regional climate exhibits a strong inverse 
relationship between regional SLP (the strength of the AH) 
and precipitation (Fig. 1). Rainfall is highly seasonal, with 
the majority occurring between October and April (~ 85% in 
Leiria, 30 km from BG). A strong AH serves to block storms 
from reaching Iberia, steering them towards northern Europe 
and diminishing rainfall across Portugal. Conversely, when 
the AH weakens, storm tracks originating from the Atlantic 
shift south, and western Iberia experiences increased rainfall 
(Raible et al. 2004). Western Portugal is thus an ideal loca-
tion to study the long-term behavior of the AH and NAO 
because its location at the southern edge of the storm tracks 
associated with mid-latitude westerlies. This positioning 

also makes it highly sensitive to NAO dynamics (Moreno 
et al. 2011).

BG is a small cave (about 40 × 10 × 15 m; 39° 32′ N, 08° 
47′ W; 420 m a.s.l.) located within the Estremadura Lime-
stone Massif (Rodrigues and Fonseca 2010) roughly 20 km 
from the Atlantic Ocean (Fig. 1). The cave has only one 
small (approx. 0.5 m2) entrance, sheltered at the base of 
a cliff and behind a large wall of collapsed boulders with 
dense tree cover that shields the entrance from wind and 
sunlight and severely restricts air flow. Shrubs, small trees, 
and mosses dominate the vegetation above the cave, and the 
soil layer is thin (< 10 cm) and highly organic. Environmen-
tal data including atmospheric pressure, temperature, and 
relative humidity collected both inside and outside the cave 
documented conditions over a ~8.5-year period (Thatcher 
et al. 2020a; also Fig. S1). Drip count data were collected for 
~7.5 years using Stalagmate acoustic drip counters (Collister 
and Mattey 2008; Thatcher et al. 2020a). Three cylindri-
cal and active calcite stalagmites (BG131, BG134, BG136; 
19.6 cm, 9.7 cm, and 43.7 cm, respectively; Fig. S2) were 
collected ~ 30 m from the entrance (420 m a.s.l.). All three 
stalagmites were collected in 2013 from BG cave and were 
inspected visually. Stalagmites BG131, BG134, and BG136 
were found to be composed of clear to milky calcite with 
a minimum of detritus; a change to denser, more optically 
translucent calcite occurs near the top of each (Fig. S2). 
Fluorescent laminae were identified in the stalagmites as 
described below.

3.2 � Age model

For dating of the three stalagmites, approximately 
100–150 mg of calcite was milled parallel to growth lay-
ers, dissolved, spiked with a mixed 229Th-233U-236U tracer, 
and processed according to chemical separation methods of 
Asmerom et al. (2010). The U and Th isotopes were meas-
ured using a Thermo-Neptune multi-collector inductively 
coupled plasma mass spectrometer (MC-ICP-MS) at the 
University of New Mexico Radiogenic Isotope Laboratory. 
233U and 236U and 232Th were measured with 1012 ῼ resis-
tors, while 235U and 238U with 1011 ῼ and 1010 ῼ resistors 
on Faraday cups respectively. 234U and 230Th were measured 
on a secondary electron multiplier (SEM) that sits behind a 
high-abundance filter. All measurements were done on static 
mode. Standards NBL-112 and an in-house 230Th-229Th solu-
tion were analyzed several times during the run sessions to 
accurately establish the gain between the SEM and Faraday 
cups. An initial 230Th/232Th ratio value of 13.5 ± 6.75 ppm 
was assigned to these samples based on analysis of modern 
drip water and an isochron at 109 mm from the stalagmite 
top. Despite this independent control on unsupported 230Th, 
as well as the active growth apparent on the stalagmite cap, 
it was unclear if deposition had been continuous throughout 
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the last century because of somewhat large age uncertainties 
related to low uranium abundances (Table 1). Therefore, as 
an additional constraint on recent stalagmite deposition, we 
milled one approximately 15 mg sample from the uppermost 
portion of BG136 for radiocarbon analysis at the National 
Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) 
facility at Woods Hole Oceanographic Institution. Rather 
than a direct radiometric age, this sample was used detect the 
mid-twentieth century atmospheric 14C anomaly (“bomb-
peak”) to confirm recent stalagmite deposition.

To further constrain the age models and to develop a com-
posite record, stable isotope ratios from each of the three 
stalagmites were integrated using intra-site correlation age 
modelling (iscam; Fohlmeister 2012). iscam provides an 
objective method for combining records, reduces age uncer-
tainty, and yields a quantitative assessment of the coher-
ence between discrete time series (Griffiths et al. 2016). 
Using the parameters of 2000 pairs of artificially simulated 
first order autoregressive time series (AR1) and 100,000 
Monte Carlo simulations, and with a 30-year smoothing, 
and using the δ13C records for each stalagmite, the high-
est correlation between the four portions of the stalagmites 
(BG131, BG134, and portions both above and below a hia-
tus in BG136) within allowable age uncertainties using a 
point-wise linear interpolation between adjacent U-Th dates 
was determined. Z-scores of δ13C values were placed on 
the highest correlation age models for the individual sta-
lagmite portions to create the composite carbon isotope 
record that was compared to other regional records and NAO 
reconstructions.

To test the reliability of the age models of the individual 
components of the record generated with iscam, additional 
age modelling software was used. StalAge (Scholz and Hoff-
man 2011) utilizes a multiple step approach where major 
outliers are identified, then minor outliers and age inversions 
are identified, and finally the age model and 95% confidence 
windows are created using Monte Carlo simulations. Stal-
Age creates the age model and uncertainty by fitting straight 
lines to subsets of the age data. Constructing Proxy Records 
from Age Models (COPRA) also uses Monte Carlo simula-
tions to determine the final age models and 95% confidence 
windows but uses piecewise cubic Hermite interpolation 
(Breitenbach et al. 2012). COPRA also determines a 95% 
confidence window for the proxy record as well as the age 
model.

Age models were supplemented using f luorescent 
lamina counting. Stalagmite BG136 was imaged using a 
Leica SP5 X MP confocal/multiphoton microscope sys-
tem with an inverted microscope front end in the Roy 
J. Carver High Resolution Microscopy Facility at Iowa 
State University. Excitation and emission wavelengths 
were 405 nm and 416–790 nm, respectively. Addition-
ally, stalagmite BG136 was imaged using an Olympus 

BX53 paired with an X-Cite fluorescent light source and 
FITC filter with excitation and emission wavelengths of 
467–498 nm and 512–556 nm, respectively. Laminae 
were counted and measured five times above a hiatus 
(Fig. S3) in BG136 and the average of these values was 
used, with differences in the final count propagated as an 
uncertainty error. Stalagmites BG131 and BG134 were 
also imaged but inconsistent laminae in these two sam-
ples led us to focus solely on BG136 for this aspect of 
the chronology.

3.3 � Carbon isotopic values

All stable isotope measurements were performed at the Sta-
ble Isotope Laboratory at Iowa State University. Stalagmite 
BG136 was sectioned lengthwise using a water-cooled trim 
saw, polished, and micromilled at 200 µm resolution for the 
top 100 mm along the central growth axis for carbon iso-
topes using a computer-guided Mercantek micromill. Stalag-
mites BG134 and BG131 were prepared in a similar manner 
but sampled at 50 µm resolution to account for much slower 
growth rates compared to BG136. They were micromilled 
over the top 35.45 mm (BG134) and 6.3 mm (BG131) along 
the central growth axis. δ13C isotope ratios on stalagmite 
samples were measured using a Thermo Finnegan Delta Plus 
XL spectrometer coupled with a Gas Bench II and CombiPal 
autosampler. Based on isotopic standards (NBS-19, NBS-
18) the average analytical uncertainty across multiple runs 
was ± 0.08‰ (1σ, VPDB) for δ13C values. Oxygen isotopes 
for these stalagmites were also measured and are presented 
in Fig. S4a.

As reported by Thatcher et al. (2020b), stalagmite δ13C 
values from in this location primarily reflect precipitation 
amounts. Furthermore, Thatcher et al. (2020b) argued a 
close coupling between precipitation amounts and vegeta-
tion densities. As precipitation in the region increased, veg-
etation also increased and the stalagmite carbon isotopic 
values decreased reflecting the inputs from vegetation and 
soil processes (Denniston et al. 2018; Thatcher et al. 2020b). 
Conversely, when precipitation was lower, vegetation also 
decreased and the carbon isotopic values increased reflect-
ing less of a vegetation/soil influence and more of a rock 
influence.

Since ~ 1840 CE, carbon isotope values from terrestrial 
and marine records have decreased towards the present in 
response to the increase in atmospheric CO2 derived from 
burning of fossil fuels, which have nominal δ13C values 
around − 27‰ (e.g., Sharp 2007). This Suess Effect (Keel-
ing 1979) has impacted other carbon-rich paleorecords 
in terrestrial and marine environments (e.g. Druffel and 
Benavides, 1986; Railsback et al. 2018; Schöne et al. 2011; 
Swart et al. 2010; Verburg 2007). The carbon composite 
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record after ~ 1840 CE from BG cave has thus been cor-
rected according to the methods of Railsback et al. (2018) 
and Verburg (2007).

3.4 � Community Earth System Model (CESM1)

The Community Earth System Model (CESM1) was devel-
oped by the National Center for Atmospheric Research 
(NCAR) and is a fully-coupled, global climate model provid-
ing simulations of the past, present, and future climate states. 
A series of last millennium experiments, called the Last Mil-
lennium Ensemble (LME; Otto-Bliesner et al. 2015), were 
conducted by the CESM1 Paleoclimate Working Group at 
NCAR. The LME covers the time period 850 to 2006 CE 
and consists of 30 ensemble members. Thirteen of them con-
sist of full transient forcing (e.g., greenhouse gas, aerosol, 
land-use, orbital, solar, volcanic). All model fields shown 
in this study are based on the multi-ensemble mean for all 
available 13 fully forced ensemble members.

The LME was used to assess the behavior of the winter 
AH (DJF). The LME climate model SLP results indicate 
changes in intensity, size, and location of the AH during the 
last 1200 years. The AH is defined here as the region of the 
North Atlantic which has a seasonally-averaged SLP above 
1018.5 hPa, though results are similar when employing an 
objective SLP threshold as in Cresswell-Clay et al. (2022). 

The center of mass of the AH was used to define the most 
extreme eastern, western, northern, or southern positions 
(in °N or °E). The strength of the AH was defined using the 
area-averaged seasonal SLP in the AH and the anomalous 
large and small spatial coverage AH years were determined 
by the area (in km2) of the region above 1018.5 hPa (meth-
ods adapted from Cresswell-Clay et al. 2022). Additionally, 
the impacts on regional SLP anomalies, moisture transport 
anomalies, and precipitation anomalies were determined for 
each set of extreme attributes (i.e. the top 10% of winter with 
extremely eastern position or the top 10% of winters with 
extremely southern position). A schematic depicting the pos-
sible scenarios for AH behavior that were investigated in this 
study are shown in Fig. 2. The extreme 10% of each of eight 
attributes (e.g. strong, weak, large, small, north, south, west, 
east) were determined and frequencies of each attribute per 
100 years were calculated.

3.5 � Observational and reanalysis products

Several global gridded observational and reanalysis products 
were used to validate the LME climate model simulations. 
At monthly resolution, the following datasets were used: 
HadSLP2r by the UK Hadley Centre at 5° horizontal reso-
lution and available for the period 1850-present (Allan and 
Ansell 2006), 20th Century Reanalysis version 2 (20CR) 

Fig. 2   LME model output mean deviation types of the Azores High. 
Schematic representation of spatiotemporal changes in the Azores 
High that explain regional differences in arid/humid intervals. Gray 
dashed contours reflect the long-term mean SLP in the LME, color 

contours various deviations in SLP that might occur. Dots indicate 
locations of proxy records from BG cave, Spain stalagmites, and 
Morocco stalagmites
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at 2° horizontal resolution and available for the period 
1871–2012 (Compo et al. 2011), and the National Centers 
for Environmental Prediction (NCEP) and NCAR Reanaly-
sis (NNR) at 2.5° horizontal resolution and available for 
the period 1948-present (Kistler et al. 2001). The common 
analysis period for validation between LME and the SLP 
products was taken as 1950–2005.

4 � Results

4.1 � Environmental monitoring

The suitability of BG for paleoclimate reconstruction relies 
on generally stable conditions in cave atmosphere. In situ 
monitoring of BG demonstrates that the cave atmosphere 
remained at or near 100% relative humidity throughout the 
study period (August 2013–March 2022) while cave temper-
ature varied little (< ± 1.0 °C) on an annual basis and closely 
reflected regional mean average temperature. Barometric 
pressure inside the cave also varied little (Fig. S1; Thatcher 
et al. 2020a). The highest drip rates in the cave occurred, 
albeit slightly lagged, with continued precipitation during 
the wet season while lower drip rates correspond with drier 
summer conditions (Fig. S1; Thatcher et al. 2020a). These 
data illustrate a highly stable cave environment.

4.2 � Age model

Ages were assigned to individual carbon isotope measure-
ments using age models constructed from eighteen dates for 
BG136, seven dates for BG134, and five dates for BG131 
(Table 1). Age uncertainties averaged 144 years (2σ) in these 
clean (low detrital Th), low uranium samples. The age model 
from BG136 was projected to 2013 CE based on the active 
growth occurring at the stalagmite top when the stalag-
mite was collected, and by a radiocarbon measurement (F 
modern = 1.0086 ± 0.0023; Table S1) at the top indicating 
the speleothem has grown since the mid-twentieth century 
atmospheric 14C anomaly (“bomb peak”). Age models for 
BG131, BG134, and the portion of BG136 (BG136b) before 
the hiatus were developed using U-Th dates and uncertain-
ties using iscam and supported by COPRA and StalAge 
(Fig. 3).

The uncertainties from U-Th dating (average 
of ± 144 years at 2 s.d.) did not allow tight chronological 
control and thus we used fluorescent laminae in stalagmite 
BG136 to develop a more robust age model for the portion 
of the stalagmite that grew after the climatically-driven hia-
tus (the top ~ 24 mm of BG136; Fig. 4). An age model for 
the portion of the BG136 (BG136a) that has was deposited 

following the hiatus was developed using laminae counting 
and compared with U-Th estimates (Fig. 3).

Initial counts were performed by measuring distances of 
10-year counts of laminae (Fig. S3). From counts of 10-year 
bins of laminae, growth rates have varied substantially over 
entire record with a decrease in growth rates since the hiatus 
(Fig. S3). A total of five laminae counts and measurements 
were performed on the section since the hiatus in BG136 
(Fig. 3). The median count, which was used in creation of 
the age model for BG136a, is 738 (range 715–797) years 
since the end of the hiatus (~ 1275 CE). This agrees well 
with the U-Th-based estimate of number of years since the 
hiatus and thus supports the annual nature of these laminae 
(Fig. 3).

After careful consideration of all possible age models 
and due to the interest in generating a composite record, 
the final age model used to construct the time series pre-
sented in Fig. 5 was developed using iscam from the U-Th 
ages and laminae counts on BG136 and U-Th ages only on 
BG131 and BG134. StalAge and COPRA age models were 
used to verify the validity of the iscam age mode. Similarity 
between the three age models is robust as demonstrated in 
Fig. 3.

4.3 � Carbon isotopic values

Carbon isotope data from the four portions of the three sta-
lagmites (BG131, BG134 and BG136 above (BG136a) and 
below (BG136b) the hiatus) were combined into one com-
posite record using iscam. Correlations (R2) for overlapping 
sections were 0.72, 0.85, and 0.83 (all p < 0.05), respectively. 
The presence of a hiatus in BG136 as indicated by a drastic 
change in isotope values as well as a textural change in the 
calcite made BG136 difficult to use for climate interpreta-
tions alone. Since BG134 did not appear to have a hiatus, 
pairing the stalagmites using iscam allowed for a complete 
climate history from BG cave over the last 1200 years.

The BG composite carbon isotope record is presented 
in Fig. 5 and each data point incorporated an average of 
2.3 ± 1.9 years. The carbon isotope record presented in 
Fig.  5a shows the isotopic values for each stalagmite 
presented as a composite record (lighter green) as well 
as the results from a low pass filter (bolder green, pass-
band = 0.075) of carbon isotopes. There was an offset in 
isotopes between the stalagmites (see Fig. 5b and Fig. S4) 
and the filtered data allowed for the main climate signal and 
variability greater than annual scale to emerge. These values 
were then z-scored before being compared with the z-scores 
of other regional hydroclimate records in Fig. 10.

Carbon isotope values in the ~ 1200 years since 800 CE 
reveal substantial decadal to multidecadal variability with 
some centennial scale trends (Fig. 5a). The data illustrate six 
prominent stages within the last 1200 years: (1) sustained 
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high δ13C values with only minor variability from 800 to 
1200 CE; (2) a marked (within about 50 years) decrease 
between 1200 and 1250 CE, after which δ13C values seem to 
define a new baseline; (3) decadal scale variability with cen-
tennial scale variability from 1250 to 1600 CE; (4) increased 
δ13C values centered around 1600 CE with a return to lower 
values by ~ 1650 CE; (5) a gradual increase in δ13C values 
from 1650 CE into the Modern/Industrial era; and (6) a 
decrease in carbon isotope values in the uncorrected data 
since ~ 1880 CE and a continuation of the increase from (5) 
in the Suess-corrected data.

4.4 � Community Earth System Model (CESM1)

To understand changes in the atmospheric circulation over 
the North Atlantic region, we assessed attributes of the AH 
since 850 CE using the Last Millennium Ensemble (LME) 

simulations. In the long-term mean SLP, the AH and Ice-
landic Low are the dominant features across the region; in 
the zonal mean SLP across the North Atlantic sector, these 
two locations also exhibit pronounced interannual variability 
(Fig. S5). The LME skillfully represents the overall structure 
and variability in North Atlantic SLP, compared to a range 
of observational products in the twentieth century (Supple-
mental Information; Fig. S6). Our main focus here is on the 
AH, given its relation to Iberian hydroclimate, specifically 
event analyses of the AH. This approach acknowledges that 
variability exists across a range of timescales and looks for 
winters with extreme attributes and changes in the frequen-
cies of these attributes. This approach does not simply look 
at whether long-term mean AH conditions were higher or 
lower than average during certain periods.

The LME captures changes in intensity, size, and location 
of the wintertime (DJF) AH during the last 1200 years. The 

Fig. 3   Age models for BG sta-
lagmites. a BG131; b BG134; c 
BG136 above hiatus; d BG136 
above and below hiatus through 
3000 yrs BP. StalAge-derived 
(orange), COPRA-derived 
(black), and iscam-derived 
(blue) age models for indi-
vidual stalagmites from Buraca 
Gloriosa. Black circles are 
U-Th dates with 2σ errors. Gray 
shading indicates the 95% con-
fidence interval from COPRA. 
See Table 1 for specific ages 
and isotopic ratios. c Also 
includes five laminae counts 
(green) which were used as an 
additional age model constraint
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Fig. 4   Annual fluorescent lami-
nae in BG136. The bright green 
lines running left to right are 
cracks in the stalagmite

Fig. 5   BG carbon isotope 
record. a Lighter green is BG 
Composite record and bolder 
green is the low pass (0.075) 
filtered data. Numbers indicate 
the time periods discussed in 
4.3. Black line indicates isotope 
values for stalagmite record 
that have been corrected for the 
Suess Effect with the bolder 
black line indicating the low 
pass filtered data. Plot at the 
bottom indicates the uncertainty 
(in years) in the BG Composite 
carbon isotope record over the 
past 1200 years. b Individual 
carbon isotope records—black 
(BG136), red (BG134), and 
blue (BG131). Bars at the bot-
tom of the plot indicate years of 
each stalagmite record. Note the 
short hiatus in BG136 at ~ CE 
1275
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number of winters exhibiting AH conditions that fall within 
the extreme 10% of each attribute (e.g. large, small, strong, 
weak, north, south, east, or west) has been plotted as a fre-
quency per 100 years in Figs. 6, 7, 8 and 9 (subplot e). These 
data are not suggesting that there was a continuous extreme 

AH attribute (extreme eastern position, for example) but 
rather that the frequency of winters with extremely eastern 
AH position, for example, was increased or reduced during 
certain periods. A number of interesting features emerge 
with these data. For each extreme attribute (for example, 

Fig. 6   Hydroclimate during winters with extremely eastern and west-
ern Azores High positions and their frequency of occurrence in the 
climate model simulations. Composite anomalies of a, b sea level 
pressure (red-blue contours) and moisture transport in g/kg*m/s 
(vectors) and c, d precipitation (brown-green contours) and mois-

ture transport (vectors) during winters with extremely east and west 
Azores High. Anomaly patterns were calculated using the Last Mil-
lennium Ensemble. e Extreme west (blue) and extreme east (black). 
Average frequency per 100 years is shown (black horizontal line)
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extremely north position or extremely strong intensity), 
associated pressure, moisture transport, and wintertime 
precipitation anomalies have been calculated for the North 
Atlantic region (Figs. 6, 7, 8 and 9, subplots a–d).

During winters with an extremely eastern position of 
the AH, pressure anomalies are slightly lower than the 
long-term average for western Iberia, moisture transport 
anomalies are from the southwest off of the Atlantic, and 

Fig. 7   Hydroclimate during winters with extremely northern and 
southern Azores High positions and their frequency of occurrence 
in the climate model simulations. Composite anomalies in a, b sea 
level pressure (red-blue contours) and moisture transport in g/kg*m/s 
(vectors) and c, d precipitation (brown-green contours) and moisture 

transport (vectors) during winters with extremely north and south 
Azores High. Anomaly patterns were calculated using the Last Mil-
lennium Ensemble. e Extreme north (black) and extreme south (blue). 
Average frequency per 100 years is shown (black horizontal line)
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precipitation anomalies are slightly higher for western 
Iberia (wetter than average) (Fig. 6a and c). For the win-
ters with the extremely western position, pressure anoma-
lies are negative, moisture transport anomalies are more 

northerly, and precipitation anomalies indicate much wet-
ter than average conditions (Fig. 6b and d).

Prior to 1000 CE, there were very few winters with 
an extremely western position of the AH (Fig. 6e) and a 

Fig. 8   Hydroclimate during winters with extremely large and small 
Azores High and their frequency of occurrence in the climate model 
simulations. Composite anomalies in a, b sea level pressure (red-blue 
contours) and moisture transport in g/kg*m/s (vectors) c, d precipi-
tation (brown-green contours) and moisture transport (vectors) dur-

ing winters with extremely large and small Azores High. Anomaly 
patterns were calculated using the Last Millennium Ensemble. e 
Extreme large (black) and extreme small (blue). Average frequency 
per 100 years is shown (black horizontal line). Adapted from Cress-
well-Clay et al. (2022)
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larger frequency of winters with extremely east positions, 
then from about 1050 CE until about 1450 CE, there were 
equal numbers of extremely west and east positions. The 
frequency of winters with an extremely western position 
peaked at about 1500 CE, coincident with a decrease in the 

frequency of winters with extreme eastern position. The 
frequency of extremely eastern positions peaked ~ 1600 CE 
and have remained less frequent since, while the frequency 
of extremely western positions have increased towards the 
end of the record.

Fig. 9   Hydroclimate during winters with extremely strong and weak 
Azores High and their frequency of occurrence in the climate model 
simulations. Composite anomalies in a, b sea level pressure (red-blue 
contours) and moisture transport in g/kg*m/s (vectors) and c, d pre-
cipitation (brown-green contours) and moisture transport (vectors) 

during winters with extremely strong and weak Azores High. Anom-
aly patterns were calculated using the Last Millennium. e Extreme 
weak (black) and extreme strong (blue). Average frequency per 
100 years is shown (black horizontal line)
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During winters with an increased frequency of an 
extremely northern position of the AH, pressure anomalies 
are positive in western Iberia, moisture transport anoma-
lies are off of the Iberian peninsula, indicative of reduced 
onshore moisture transport, and lower precipitation is indi-
cated (Fig. 7a and c). The opposite is indicated in west-
ern Iberia for winters with an extremely southward AH 
position where pressure anomalies are negative, moisture 
transport anomalies are more Atlantic-based and anoma-
lous wet conditions dominate (Fig. 7b and d).

Two peaks in the frequency of extreme northern posi-
tions (Fig. 7e) occurred early in the record—one at ~ 1050 
CE and a larger one shortly after 1200 CE. After this 
larger peak, the frequency of northern positions drops to 
a low point by ~ 1350 CE. Another low point in the north-
ern extremes is from 1600 to 1650 CE rising by 1750 CE 
to another peak before falling towards present day. The 
most notable features of the southern extremes are the 
dual peaks at ~ 1550 CE and ~ 1700 CE and above aver-
age frequency of winters with extreme southern positions 
from ~ 1400–1800 CE.

During winters with an increased frequency of an 
extremely large spatial coverage of the AH, pressure anoma-
lies are positive, moisture transport anomalies are from the 
east (Iberia), indicative of reduced moisture onshore trans-
port, and precipitation is substantially reduced in Portugal 
(Fig. 8a and c). Conversely, during winters with extremely 
small spatial coverage of the AH, pressure anomalies are 
negative, moisture transport anomalies from the Atlan-
tic Ocean are enhanced, and precipitation is substantially 
increased in western Portugal (Fig. 8b and d).

The frequency of winters with extremely small spatial 
coverage of the AH decreases from ~ 950 CE to ~ 1200 
CE and then rises toward a sustained higher frequency 
from ~ 1250 CE to ~ 1600 CE before peaking at ~ 1700 CE 
(Fig. 8e). After ~ 1700 CE, the frequency of winters with 
extremely small spatial coverage of the AH drops to the low-
est levels over the entire simulated period. The frequency 
of winters with extremely large spatial coverage of the AH 
increases at the start of the record with sustained higher 
frequency from ~ 1000 to ~ 1250 CE. After a dip and another 
period of sustained slightly higher frequency, the frequency 
of extremely large spatial coverage of the AH declines to 
its lowest point in the record at 1650 CE before secularly 
increasing in frequency until present (Cresswell-Clay et al. 
2022).

Periods of extremely strong intensity of the AH in Por-
tugal are associated with positive SLP anomalies, moisture 
transport anomalies from the Iberian Peninsula, indicative 
of a reduction of onshore moisture transport from the Atlan-
tic, and a substantial reduction in precipitation in Portugal 
(Fig. 9a and c). For winters with an extremely weak intensity 
of the AH, decreases in pressure, and enhanced moisture 

transport from the WSW (Atlantic) and increases in pre-
cipitation are the main features in Portugal (Fig. 9b and d).

The frequency of winters with extremely strong intensity 
and weak intensity indicates enhanced AH variability since 
900 CE. The frequency of winters with extremely strong 
AH intensity peaks from ~ 1100–1150 CE while frequency 
of winters with extremely weak intensity also reach a maxi-
mum soon after (~ 1250 CE). There is an increase in fre-
quency of extreme weak intensity AH and a reduction in the 
frequency of extreme strong intensity AH 1650–1750 CE.

5 � Discussion

5.1 � Environmental controls on BG stalagmite δ13C 
variability

Carbon isotopic values in speleothem carbonate are linked 
to a wide array of equilibrium and disequilibrium processes 
(Baker et al. 1997; Dorale et al. 1992; Genty et al. 2003; 
Hellstrom et al. 1998; Hendy 1971; Kong 2005; Mickler 
et  al. 2004). Changes in precipitation influence vegeta-
tion (modern values above BG range from δ13Cveg − 26.5 
to − 29.0‰; Denniston et al. 2018; Thatcher et al. 2020b) 
abundance above BG. As demonstrated by Thatcher et al. 
(2020b) and Chen et al. (2020), especially in arid and semi-
arid regions like western Portugal, vegetation exhibits a high 
correlation with precipitation anomalies (i.e. higher precip-
itation = more vegetation) with a relatively short lag time 
between precipitation and vegetation response (1–2 months). 
In turn, these changes in vegetation drive shifts in carbon 
isotopic values of soil water, with δ13C values increasing 
during drier periods that reflect reductions in soil density/
respiration resulting in a higher percentage of atmospheric 
CO2 inputs with a pre-Industrial δ13C value of approxi-
mately − 6.4‰ (Francey et al. 1999). Additionally, during 
dry intervals, enhanced water–rock interaction (average BG 
bedrock δ13Crock value of 3.1 ± 1.0‰; Denniston et al. 2018) 
and/or outgassing of CO2 in voids above the cave leads to 
higher δ13C values in residual solution due to prior calcite 
precipitation (Baker et al. 1997). Using vegetation and bed-
rock end member δ13C values, carbon isotopes were dem-
onstrated to be inversely proportional to mean wintertime 
rainfall (Thatcher et al. 2020b).

Variability in stalagmite carbon isotope values indicate 
changes in hydroclimate in western Portugal. Progressing 
into the MCA, there is an increase of carbon isotopes signal-
ing drier conditions (leading to reduced vegetation density 
and interaction of vegetation and water) as the δ13C iso-
topes primarily reflect the δ13C value of the carbonate rock 
(Fig. 5a and b). Wetter conditions during the start of the 
LIA are also suggested by lower δ13C values reflective of 
increased vegetation density and higher soil respiration rates 
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(see Genty et al. 2003). Drier conditions in Portugal since 
1650 CE are evidenced by higher values of carbon isotopes.

Since ~ 1880 CE, carbon isotope values from the BG com-
posite steadily decreased towards the present, potentially 
in response to the rise in atmospheric CO2 derived (Suess 
Effect) from burning of fossil fuels, which have nominal 
δ13C values around − 27‰ (e.g., Sharp 2007). The black 
line in Fig. 5 indicates potential stalagmite carbon isotope 
values if the Suess Effect was not impacting this record. As 
is evident in this figure, accounting for anthropogenic emis-
sions results in the continuation in the centuries-long trend 
toward increasing stalagmite δ13C values.

5.2 � Comparison with regional records

Integrating well-dated and high-resolution hydroclimate 
proxy records from Iberia and northwestern Africa will help 
facilitate the construction of a regional analysis of effec-
tive precipitation variability during the last 1200 years. 
Numerous studies have focused on past climate in the Ibe-
rian Peninsula/northwest Africa region through the use of 
lake and ocean sediment cores (Moreno et al. 2012), riverine 
discharge (Trigo et al. 2004), pollen spectra (Desprat et al. 
2003) and marsh sediment chemistry (Moreno et al. 2015). 
However, in order to construct a regional depiction of hydro-
climate, we selected only time series that were sampled at 
high-resolution (at least decadal), had strong chronological 
control, overlapped substantially with our records for the 
past 1200 years, and were sensitive to precipitation dynam-
ics. This selection yielded four regional records that we com-
pared to the BG multi-proxy record: a Spanish stalagmite 
carbon isotope record (Martín-Chivelet et al, 2011), Moroc-
can tree-ring record (Esper et al. 2007; Wassenburg et al. 
2013), Moroccan stalagmite trace element record (Wassen-
burg et al. 2013), and Moroccan stalagmite δ18O record (Ait 
Brahim et al. 2018). We also include nine NAO reconstruc-
tions (Fig. 10). To facilitate comparison, the BG composite 
stalagmite record and the four regional records are presented 
as z-scores, where z = [(sample-mean)/σ]).

The northernmost of these records is a composite sta-
lagmite time series from three caves in northern Spain 
(Kaite Cave, Cuevo del Cobre, Cuevo Mayor; Fig. 1). Mar-
tín-Chivelet et al. (2011) presented a 4000-year combined 
δ13C record from stalagmites in which the δ13C record was 
presented as a temperature proxy. The authors suggested 
a relatively warm interval during the MCA and cooler 
period during the LIA, although others have argued that it 
was more likely related to a combination of factors such as 
hydroclimate variability than temperature variability alone 
(Domínguez-Villar 2011). The BG and Spanish δ13C records 
are broadly coherent, particularly since 800 CE (r2 = 0.23, 
p < 0.05; binned in 50-year windows with no age adjust-
ments to either record). At BG, hydroclimate variability is 

linked to vegetation abundance above the cave (Thatcher 
et al. 2020b). Enhanced precipitation increases vegetation 
density and thus δ13C values primarily reflect those of the 
vegetation during pluvial periods while during drier epi-
sodes the δ13C values shift to reflect those of the rock above 
the cave and stronger influences of prior calcite precipita-
tion. Similar processes may be at work in the Spanish cave 
systems as well. We suggest that the δ13C values in the Span-
ish record (Fig. 10) are consistent with inferred changes in 
hydroclimate as argued by Domínguez-Villar (2011). The 
Spanish carbon isotope record shows three distinct hydro-
climate patterns during the MCA, LIA, and Modern era, 
similar in timing and magnitude to those from BG. Mean 
δ13C values for the Spanish records are: + 0.7 ± 0.9‰ 
(MCA, defined here as 800–1250 CE); − 0.4 ± 1.0‰ (LIA, 
defined here as 1250–1850 CE), and + 0.2 ± 1.3‰ (Mod-
ern era, defined here as 1850 CE—present). Although the 
timing of the shift toward wetter conditions occurs slightly 
out of phase with BG, the Spanish record shows a distinct 
change in carbon isotope values beginning around 1300 
CE. Some of the discrepancy between these records may be 
due to age uncertainties: ± 86 years over the 1200 years for 
Spanish time series, and ± 63 years for BG prior to 1220 CE 
and ± 2.4 years after 1220 CE (based on lamina counting). 
For the Spanish and BG record prior to 1220 CE, the aver-
age uncertainties were calculated using the average of U-Th 
errors over each time period.

Wassenburg et al. (2013) used a tree-ring width time 
series updated from that of Esper et al. (2007) from the Atlas 
Mountains, Morocco, and a stalagmite trace element record 
(Mg/Ca and Sr/Ca) from Grotte de Piste, from the north-
western part of the Middle Atlas Mountains to reconstruct 
effective rainfall in Morocco from 619 to 1962 CE (Fig. 10). 
The average age uncertainties in the Moroccan trace element 
records are smaller—15.1 years over the last 1200 years. The 
results from this study indicate that the MCA was domi-
nated by conditions more arid than the LIA and thus likely 
related to positive NAO conditions. However, the study also 
revealed substantial wet intervals during the MCA. The 
Middle Atlas speleothem trace element data show secular 
decreases in Sr/Ca and increases in Mg/Ca during the MCA, 
indicative of reductions in precipitation over this time. Dur-
ing the thirteenth century, both the Moroccan tree ring and 
stalagmite records reveal a sharp change to wetter conditions 
(higher Sr, lower Mg) followed by a short recovery and then 
a return to wetter conditions during the late 14th and early 
fifteenth centuries. A clear trend towards drier conditions 
persists from 1760 to 1900 CE. These results are broadly 
consistent with the BG record (Fig. 10).

Other records from this region indicate potentially 
important forcing mechanisms, such as solar forcing and/
or NAO behavior. Ait Brahim et al. (2018) used stalagmite 
δ18O records from the same cave as the Wassenburg et al. 
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Fig. 10   Comparison of BG 
δ13C record with regional 
records. Comparison of 
Portugal hydroclimate record 
a δ13C (green) BG Composite 
record (Suess-corrected) with: 
b temperature reconstruction 
based on δ13C (red) from three 
caves in northern Spain from 
Martín-Chivelet et al. (2011); c 
Morocco stalagmite δ18O from 
Ait Brahim et al. (2018); d 
Morocco stalagmite Sr/Ca ratio 
(ppm) (black) from Wassenburg 
et al. (2013); e Morocco tree 
ring (orange) drought recon-
struction (PDSI) from Esper 
et al. (2007) and Wassenburg 
et al. (2013); f Nine individual 
NAO reconstructions (colored 
lines; as presented in Hernández 
et al. 2020) plus average and 2σ 
standard deviation (gray thick 
line and shading; Baker et al. 
2015; Cook et al. 2019; Faust 
et al. 2016; Hernández et al. 
2020; Luterbacher et al. 2001; 
Olsen et al. 2012; Ortega et al. 
2015; Sjolte et al. 2018; Trouet 
et al. 2009). Modern Climate 
indicated by the yellow box and 
a transition period, indicated by 
green box, between MCA and 
LIA conditions. Stalagmite Sr/
Ca and PDSI records inverted 
such that down (up) indicates 
wetter (drier) conditions for 
panels (a–e). Records (a–d) are 
presented as z-scores. Average 
uncertainties are the average of 
U-Th errors over the last 1200 
years

(2013) record plus a new location within 100 m of Grotte 
de Piste (Chaara cave) in Morocco to create a composite 
δ18O record spanning the last 1000 years (Fig. 10). Age 
uncertainties in these stalagmite records from Grotte de 
Piste and Chaara cave are also small (12.9 and 7.9 years, 
respectively). Low values of δ18O in this composite 
record correspond with NAO- phases and well-known 

solar minima periods (Ait Brahim et al. 2018). Generally 
increasing values of δ18O are prominent leading to a peak 
at ~ 1350 CE with a dip in this trend centered about 1300 
CE. The time period 1400–1900 CE is wetter than other 
time periods with only drier conditions evident centered 
around 1600 CE. The authors found that, generally, nega-
tive NAO conditions and solar minima correspond to lower 
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values of δ18O from these Moroccan stalagmites through-
out the last 1000 years.

These four regional, precipitation-sensitive proxy records 
and nine NAO reconstructions reveal largely coherent pat-
terns in rainfall variations over the past 1200 years includ-
ing distinct climatic conditions during the MCA, LIA, and 
Modern Era (Fig. 10). A notable exception is the delayed 
onset of the MCA/LIA transition in northwest Africa relative 

to Spain and Portugal, and this offset may reveal insights on 
regional hydroclimate variability.

If the changes in hydroclimate were primarily due to a 
shift in the location of the AH rather than simply a change 
in the intensity of the AH (and the NAO system), then we 
might expect to see a difference in the timing of this tran-
sition along a north to south transect. For example, the 
onset of LIA-enhanced precipitation began in Iberia prior 
to Morocco, indicating that the AH system shifted south at 

Fig. 11   Time series of extreme 
Azores High events compared 
to the BG Composite δ13C 
record. Black and blue lines are 
the same as shown in Figs. 6, 7, 
8 and 9 with the blue line axes 
reversed. BG composite record 
(green) is shown in all plots 
for comparison. a Frequency 
of extremely north (black) 
and south (blue); b Frequency 
of extremely east (black) and 
west (blue); c Frequency of 
extremely large (black) and 
small (blue); d Frequency of 
extremely strong (black) and 
weak (blue)
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this time, steering more Atlantic storms to the north, while 
blocking storms from reaching northwest Africa. Thus, the 
regional records (Fig. 10) likely illustrate a weakening of 
the AH into the LIA, but the transition period may have 
involved both a weakening and a southward migration of the 
AH. This interpretation may explain why the NAO recon-
struction (Fig. 10) developed by Trouet et al. (2009) shows 
a weakening of the NAO (and, by inference, a weakening of 
the AH) after 1400 CE.

5.3 � Changes in Azores High dynamics

It is difficult to determine the cause of an increase or 
decrease in SLP by assessing changes at a particular loca-
tion. For example, from the study location at BG, if a SLP 
increase and decrease in precipitation is suggested by 
increased δ13C values, it could be the result of a northward 
shift, an eastward shift, a strengthening, and/or an increase 
in AH size. The analyses performed with LME output allow 
for a critical attribution of changes in the BG carbon isotope 
record to various changes in behavior of the Azores High.

Changes in AH behavior have the potential to impact 
changes in precipitation across the Iberian Peninsula and 
northwest Africa. The changes evident in these regional pre-
cipitation-sensitive proxies could have varied temporally due 
to changes in AH position, size, and/or strength. In Fig. 11, 
some of the axes have been inverted relative to those shown 
in Figs. 6, 7, 8 and 9 so that AH behavior that corresponds 
with drying conditions (as indicated by the LME climate 
model simulations shown in Figs. 6, 7, 8 and 9, subplots a 
and b) at BG are up.

During the MCA, (~ 850–1250 CE), there are several 
increases in frequency of winters with an extremely north-
ern position (Fig. 11a), a higher frequency of winters with 
extremely eastern position of the AH (Fig. 11b) at the start, 
an increase in the frequency of winters with extremely large 
spatial coverage throughout the MCA (Fig. 11c), and an 
increase in the frequency of winters with extremely strong 
AH intensity (Fig. 11d) as the MCA progresses, all of which 
would contribute to aridity in this region.

A sudden decrease in the BG composite record is evi-
dent near 1200–1250 CE. Accompanying this carbon iso-
tope shift are an increase in the frequency of extremely 
southern positions and an increase in frequency of weak 
intensity AH attributes (Fig. 11b and d). The BG record 
has some of the lowest values of isotopes during the last 
1200 years indicating wet conditions in western Portugal. 
Progressing through the next century, there is a decrease 
in the frequency of northern positions but no change in the 
frequency of extremely southern positions, indicating that 
the general motion of the AH over this important transi-
tion period is from north to south. As mentioned above, 
this southward shift may explain the differences in timing 

between the earlier transition in the BG and Spain records 
and the later transition in the Morocco records from the dry 
MCA conditions to wetter LIA.

The most sustained wet period in the last 1200 years in 
western Portugal is ~ 1250 CE until 1700 CE (generally LIA) 
with a small drying event in the early fourteenth century 
and a larger drying event centered at 1600 CE. The record 
of extremely small spatial coverage of the AH indicates a 
higher frequency during this LIA time period (Fig. 11c). 
Additionally, there are more extremely western positions 
(Fig. 11a), generally more extremely southern positions 
especially during the second half of the LIA (Fig. 11b), and 
fewer extremely strong intensity AH winters over much of 
the LIA (Fig. 11d).

The drying event in the BG record centered ~ 1600 CE 
follows a prolonged wet period in western Portugal and pre-
cedes another brief wetter interval. This arid interval coin-
cides with a higher frequency of extremely eastern positions, 
much like the start of the MCA (Fig. 11).

During the time period 1650–1750 CE, there is a peak in 
extremely small spatial coverage of the AH and a substantial 
decline in the frequency of extremely large spatial coverage 
of the AH that coincides with a wet interval (1650–1700 
CE) in the BG Composite record. The time series presented 
in Figs. 6, 7, 8, 9 and 11 are the frequency of winters with 
extreme attributes per 100 years, and thus the frequency 
record ends in 1956 CE in order to maintain a 100-year aver-
age through 2005 CE. From the late 1800s through the end 
of the record, there are noticeable increases in the frequency 
of winters with AH in extremely western positions or with 
extremely large spatial coverage, both of which are associ-
ated with drier conditions in western Portugal.

5.4 � Implications for regional atmospheric dynamics

Many proxy records from coastal Atlantic Europe and 
northwest Africa provide substantial evidence of distinct 
hydroclimate regimes in the last millennium; however sub-
stantial debate regarding the spatiotemporal dynamics of 
hydroclimate, especially during the MCA, and the driving 
mechanisms responsible still remain. Based on the records 
discussed here, medieval times were largely dry, although 
likely more variable than noted by Trouet et al. (2009), in 
the Iberian Peninsula and northwest Africa compared to the 
more humid LIA interval. The behavior of the Icelandic Low 
and the AH, and thus the winter NAO system, likely exerted 
the most control on regional hydroclimates. Near the Ibe-
rian Peninsula and NW Africa, the distinct hydroclimatic 
patterns noted here (Fig. 10) during the MCA and the LIA 
were likely caused by changes in the behavior (intensity, 
size, and/or location) of the AH system. Climate model sim-
ulations (Fig. 7e) suggest that the mean position of the AH 
was further north during the MCA compared to the LIA and 
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that there was a substantial weakening of the Azores High 
(decreased SLP) in the thirteenth and fourteenth centuries 
(Fig. 9e).

Although substantial uncertainty (± 15–85 years) exists 
in the chronologies of several of the records, a major finding 
presented here indicates that Portugal became substantially 
wetter earlier than northwest Africa at the transition from the 
MCA into the LIA. This result is consistent with other pre-
cipitation sensitive records in Norway and Spain (Faust et al. 
2016; Martín-Chivelet et al. 2011). A southward migration 
of the ITCZ during the transition time between MCA and 
LIA regimes and the concomitant shift in Hadley cell loca-
tion is a potential explanation for the relative difference in 
timing between Iberia and Morocco, with Portugal becom-
ing wetter earlier than Morocco (Thatcher et al. 2020a). A 
southward shift of the ITCZ could have corresponded with 
a concomitant shift in the descending limb of Hadley cell 
(Azores High). As demonstrated by Kang and Lu (2012), the 
poleward expansion of the Hadley cell coincides with shifts 
in the ITCZ in the summer hemisphere and throughout the 
year in climate model simulations under a warmer climate 
in the twenty-first century. This configuration may also be 
emblematic of the MCA. Changes in the Hadley cell circula-
tion are important, yet not well understood, components of 
climate variability (Brönnimann et al. 2015).

The NAO reconstruction of Trouet et  al. (2009) has 
received some criticism from the modeling community, in 
part because of the inability of climate models to reproduce 
an entrenched positive NAO for the MCA (e.g., Lehner et al. 
2012; Ortega et al. 2015). However, our composite BG sta-
lagmite record shares several important similarities to the 
Trouet et al. (2009) NAO reconstruction and contradicts 
these modeling results. The most important similarity is that 
medieval times in both the BG and the southern Trouet et al. 
(2009) record from Morocco were predominantly dry and 
drier than the LIA. However, unlike the Trouet et al. (2009) 
study, these regional proxy records all indicate only semi-
persistent atmospheric conditions and/or different timing for 
the persistent conditions, which likely involved an intense 
(or shifted) AH system (and a positive NAO index) that was 
punctuated by intervals of weakened AH conditions (and a 
negative NAO index) leading to periodic wet conditions in 
the MCA in some of the regional records. These discrep-
ancies further illustrate the need for more proxy/modeling 
comparisons regarding the state of the AH and the NAO 
system during recent millennia.

6 � Conclusions

The Buraca Gloriosa (BG) composite stalagmite record 
reveals relatively persistent dry conditions during the 
MCA, consistent with reconstructions for northern Spain 

and northwest Morocco as compared to the conditions of the 
subsequent LIA. The MCA in western Portugal is character-
ized by increasing aridity with a rapid shift to wetter and 
more variable conditions into the LIA around 1200–1250 
CE. Compared to the MCA, the LIA was generally wet and 
with pronounced decadal-scale variability. After ~ 1700 CE, 
the BG record indicates a drying pattern into the Modern/
Industrial era. Because of these spatial patterns, we interpret 
MCA aridity as indicative of a strong, anomalously large 
and anomalously northward and eastward subtropical high 
(Azores High) in control of regional climate during these 
centuries. A transition toward wetter conditions at the start 
of the LIA is observed during the middle thirteenth century 
in multi-proxy records from Iberia and later in northwest 
Africa. Wetter conditions during the LIA were likely related 
to both a weakening and southward migration of the AH as 
well as a shift towards smaller spatial coverage of the AH, 
which are corroborated by model results. Model output indi-
cates the frequency of extremely large spatial coverage of 
the AH has rapidly increased since ~ 1650 CE, which likely 
explains the drying noted in the BG composite stalagmite 
record into the Modern Era.
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