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A B S T R A C T

Understanding long-term variability in storminess is essential for constraining future climate patterns in the 
eastern North Atlantic, a region shaped by complex ocean–atmosphere interactions. Here, we reconstruct storm, 
fire, and hydroclimate variability from grain size, inorganic geochemistry, plant macrofossil and molecular 
organic records since mid-Holocene at Glenties Bog, a coastal blanket bog in western Ireland. Comparing our 
results with existing palaeostorminess records, we provide new insights into a dynamic interplay between wind 
strength, fire incidence, and hydrological conditions throughout the Holocene.

Long-term temperature evolution influenced the background wind and hydroclimatic state, while volcanic 
activity became a key forcing mechanism during parts of the late Holocene. The warm mid-Holocene coincided 
with lower wind strength and enhanced fire activity, while no assoication between storm periods and volcanic 
activity was inferred, indicating that the climate state at the time of the volcanic forcing affects the climatic 
response.

These results indicate that future warming may lead to profound changes in wind strength, hydroclimate, and 
fire regimes. Notably, climate-change-induced lowering of peatland water tables may increase the susceptibility 
of blanket bogs to intense and deep peatland fires.

This study provides new insight into Holocene wind and hydroclimate dynamics in the eastern North Atlantic, 
improving understanding of the mechanisms driving North Atlantic climate variability across contrasting climate 
states.

1. Introduction

Storms linked to extra-tropical cyclones can cause major societal and 
economic disruption, impacting infrastructure, industry and human 

health (e.g., Feser et al., 2015). In Europe, the weather and climate are 
strongly influenced by the position and intensity of the North Atlantic 
storm track, with storms being associated with extreme precipitation 
and wind events (Brayshaw et al., 2009, 2010). The storm track is in turn 
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strongly linked to, and interacts with, atmospheric pressure centres, 
namely the tropospheric jet and the polar vortex. Storms form in regions 
of strong baroclinity, i.e. areas with large pressure and temperature 
differences, and their track is influenced by the subtropical jet and 
midlatitude sea surface temperature front (Brayshaw et al., 2009).

The storm intensity is strongest during winter, when the meridional 
temperature gradient and the jet stream reach their peak strength. The 
main mode of atmospheric variability in the region is the North Atlantic 
Oscillation (NAO), which reflects fluctuations in the pressure gradient 
between the Icelandic Low and the Azores High (Hurrell and Van Loon, 
1997; Trigo et al., 2002) (Fig. 1). During the positive phase of the NAO 
(NAO+), the westerly wind pattern, including the storm track, becomes 
stronger and shifts northward (Pinto et al., 2009; Feser et al., 2015), 
bringing warm, moist air to northern Europe. In contrast, a negative 
phase (NAO− ) weakens the westerly airflow, often leading to colder and 
drier winters in Europe and a southward displacement of the storm 
track, and wetter conditions, in the Mediterranean area (Hurrell and Van 
Loon, 1997; Trigo et al., 2002; Feser et al., 2015). The intensity of 
NAO-related pressure gradients is influenced by both the jet stream and 
the condition of the polar vortex (Walter et al., 2005; Kidston et al., 
2015). Currently, there is low confidence in projections of how ongoing 
and future climate change will affect the frequency, intensity, and 
location of storms over Europe (IPCC, 2021), due to the complex pro
cesses controlling storm dynamics. Both storminess and the NAO are 
dominated by internal variability on annual to multi-decadal timescales, 
and their response to external forcing remains unclear. A very large 
multi-model ensemble shows only a weak predictive skill to external 

forcing on a near-decadal scale (Klavans et al., 2021). Studying storm
iness on longer timescales is hence crucial to infer whether external 
forcing has a notable impact that may help to anticipate potential future 
changes.

We can improve our understanding of how these complex processes 
affected different regions by using natural archives such as dunes, ice 
sheets and peatlands. By reconstructing paleostorminess and its rela
tionship to past climate variability, we can improve our understanding 
of future atmospheric responses. In this study, we turn to the European 
west coast, and northwestern Ireland specifically, where storms make 
landfall at full intensity. The climate of northwestern Ireland is char
acterised by high annual precipitation, cool temperatures, low seasonal 
temperature variability, and high frequency of Atlantic-origin storms. 
Severe storms affect the north-western coastal areas annually. Climate 
projections for Ireland indicate a modest decline in mean near-surface 
wind speeds of ~3 % annually, with summer reductions projected to 
decrease by up to 8 % by the end of the century (2071–2100) under high 
CO2 emissions scenarios (SSP5-8.5), while winter wind energy is pro
jected to remain relatively stable (Environmental Protection Agency, 
2024). However, projected wind strength and storminess remain highly 
uncertain due to the limitations of current climate models in simulating 
large-scale atmospheric circulation patterns, including jet stream 
behaviour (Manning et al., 2023).

A recent paleostorm study (Sjöström, 2024), covering storminess 
variability over the last 8000 years in northwestern Ireland (Co. Mayo), 
showed that lower wind-strengths prevailed during the warmest part of 
the mid-Holocene, followed by increased wind strengths when northern 

Fig. 1. A) Orientation map and quaternary geology map (GSI Quaternary sediments 1:50k, bathymetry (EMODnet, 2024), and hillshaded topography over the study 
area (EU-DEM, 2025). Peat coring location indicated by yellow star. Sea-level contours based on Kirby et al. (2023). B) Location map of the field area Ireland (IE) and 
the United Kingdom (UK), including location (red circle) of comparison sites (H=Hilltop Bog, Outer Hebrides, UK; L = Laphroaig Bog, Inner Hebrides, UK; 
R=Roycarter Bog, Co Mayo, IE). C) NAO and storm track of the NW Atlantic. The North Atlantic Oscillation (NAO) is shown by contours of the leading empirical 
orthogonal function (EOF) of winter (DJFM) sea level pressure anomalies (Hurrell et al., 2024) over the North Atlantic (20-80◦N, 90◦W-40◦E). The white dashed line 
marks the average boundary of the storm track density (<980 hPa) computed for 7 different reanalysis datasets (Feser et al., 2021) for the extended winter 
(ONDJFM) seasons 1980–2015 over the North Atlantic area.
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hemisphere temperatures started to decrease. In total 11 storm periods 
were recorded with two longer storm periods identified in the late 
mid-Holocene while shorter, and higher frequency (n = 9), of events 
were observed in the cooler late-Holocene. This suggests that the pro
cesses governing storminess over Ireleand shifted between the mid- and 
the late-Holocene. A comparison with paleostorm records from western 
Scotland (Orme et al., 2016; Kylander et al., 2020) showed a complex 
pattern of storminess with a mostlyantiphase relationship between 6500 
and 3000 cal yr BP, followed by more variability and in-phase stormi
ness periods from 3000 until the present. It remains unclear whether the 
complex storminess patterns observed across peatland records reflect 
real differences in storminess, or methodological and interpretational 
differences. In a recent study, Orme et al. (2026) found, based on 
analysis of two independent sources, namely a blanket bog record and 
historical written records, that increased storminess occurred following 
volcanic eruptions, linking increased storminess to volcanic activity.

This study contributes with an additional paleostorm record from 
north-western Ireland (Co. Donegal), using the same analytical 
approach as Sjöström et al. (2024), allowing a more direct comparison of 
hydro- and wind-climate over multimillennial timescales. The natural 
archive that will be targeted in this study is a blanket peatland. Blanket 
peatlands are only found in regions with high annual precipitation and 
cool annual temperatures (Gallego-Sala and Colin Prentice, 2013). Due 
to the hyperoceanic climate of northwestern Ireland, the landscape in 
coastal areas is blanketed by peat. Blanket peatlands also accumulate 
proxies of past environmental and climatic conditions, and have been 
used to reconstruct past vegetation, volcanic eruptions, hydrology, 
storm, temperature and wildfire variability (Blundell et al., 2008; 
Charman et al., 2009; Swindles et al., 2011; Orme et al., 2016; Kylander 
et al., 2020; Sjöström, 2024).

Here, the inorganic, mineral part of the peat matrix will be used to 
infer past wind strengths, together with analysis of the organic constit
uents of the peat to reconstruct the hydroclimatic conditions. This is 
conducted through coupling analysis of past peat accumulation rates, 
plant macrofossil content, and spectroscopic analysis of the organic 
constituents with grain size analysis of the mineral fraction of the peat 
matrix. Past fire incidence is reconstructed both through microscopic 
identification of charcoal particles, combined with FTIR spectroscopic 
analysis. By taking a multiproxy approach, past variability of hydro-, fire 
and wind-climate variability is reconstructed. We then compare 
regionally available storminess records from coastal bogs in Ireland and 
the UK to explore the climate processes affecting past hydro- and wind 
climate throughout the studied period.

2. Site description

The Glenties Bog (WGS84: 54◦47.949′N, 8◦20.048′W, 51 m.a.s.l.) is 
located in a coastal setting in County (Co) Donegal, northwestern 
Ireland (Fig. 1). The study site is located in a region with a cool and 
humid oceanic climate characterised by low seasonal temperature 
variability. The annual average temperature is c. 10 ◦C, with high annual 
precipitation (1100 mm yr− 1) and wind speeds (5.3 m s− 1) (annual 
averages 2011-2023 CE, Finner weather station, Met Éirann, 2024). 
During the winter months (Dec-Feb) temperatures are somewhat lower 
(6.3 ◦C) and wind speeds are strengthened (6.4 m s− 1). The highest gust 
winds generally occur during the winter months, and annually reaches 
above 33 m s− 1 (annual averages 2011-2023, Finner weather station, 
Met Éirann, 2024).

The bedrock geology in the region consists of granites, quartzite, 
pelitic to semi-pelitic schists and sandstone together with the occurrence 
of amphibole-rich plutonics and metadolerite (Geological Survey of 
IrelandSpatial Resources, 2024). The Quaternary deposits in the study 
area are dominated by blanket peat together with localised occurrences 
of till, beach sediments, and estuarine silts and clays (Fig. 1).

3. Methods

3.1. Sampling, bulk density and ash content

The study site is located in an area dominated by blanked peat, near 
Glenties town (Fig. 1). Peat cores were retrieved with a Russian peat 
corer equipped with a 100 × 7.5 cm chamber. In total seven peat cores 
were retrieved from two alternating boreholes, with 25 cm overlap, 
reaching a vertical depth of 510 cm. The top 30 cm were not retrieved. 
pH was measured directly after core retrieval on the fresh peat surface 
(n = 9) using an ExStik pH analyser. Following core retrieval, the cores 
were put in split PVC tubes, wrapped in plastic, and stored at 4 ◦C after 
transport to Stockholm University. The current surface vegetation was 
also sampled (n = 1), by cutting a block of living vegetation (c. 20 × 30 
cm) using a stainless-steel knife. The living vegetation block was put in a 
sample bag and stored at 4 ◦C at Stockholm University. The bulk density 
of the peat samples was calculated from the volume and dry weight of 
freeze-dried peat cubes of a defined size (2 cm3, n = 481) following 
Givelet, 2004. The bulk density results were used to aid core correlation 
for the composite sequence of 481 cm. The ash residue, the inorganic 
residues left after combustion at 550 ◦C (Dean, 1974), was determined at 
1 to 3 cm intervals (n = 231).

Sediment samples from local beaches were collected from Tramore 
Beach (54◦48′17.91″N, 8◦30′0.72″W) and Dooey Beach (54◦52.393′N, 
8◦23.047′W), located 10 km west and 8.5 km north of the coring location 
respectively (Fig. 1). For the sediment sampling, the upper 10 cm of 
topsoil was removed and a c. 500 g sample was collected and stored in 
plastic bags.

3.2. AMS radiocarbon dating and age-depth modelling

Eight plant macrofossil samples were sent for AMS radiocarbon 
dating to the Tandem laboratory (n = 6), Uppsala University (Sweden) 
and Beta Analytics (n = 2), Miami (US) (Table 1). To avoid chronological 
uncertainties associated with using bulk peat samples for 14C dating 
(Essell et al., 2025), only selected plant macrofossil remains were here 
used for 14C dating and chronology building. The pretreatment inclu
dedsieving the bulk peat sample through a 500 μm standard sieve using 
distilled water. The above 500 μm reside was transferred to a Petri dish, 
where suitable macrofossils were picked out under a light microscope 
(10-40× magnification). Plant macrofossil identification was guided by 
Wohlfarth et al., 1998 , Mauquoy et al., 2010; Mauquoy and van Geel, 
2007. Calibration and Bayesian age–depth modelling were conducted 
using the R package Bacon Blaauw and Christen, 2011, version 2.5, and 
the IntCal20 calibration curve (Reimer et al., 2020).

Table 1 
Depth, laboratory identification reference, radiocarbon and calibrated ages.

Depth 
(cm)

Lab-id Material used for dating 14C yr 
±1σ

Calibrated age 
range, BP, 2σ

93 Ua- 
81508

Woody twigs 1117 ± 29 955–1175

137 Ua- 
81509

Woody twigs 1760 ± 29 1570-1710

225 Ua- 
81510

Sphagnum stems and 
leaves

2465 ± 29 2370–2710

289 Beta- 
621770

Sphagnum stems and 
leaves

3090 ± 30 3220–3375

378 Ua- 
81511

Eriophorum spp. Stems 3992 ± 29 4415–4520

418 Ua- 
81512

Woody charcoal 4779 ± 29 5475–5585

462 Ua- 
81513

Woody charcoal 5556 ± 33 6300–6395

499 Beta- 
622818

Woody heather 
remains. Carex seeds 
and stems.

6410 ± 30 7270–7420
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3.3. Plant macrofossil analysis

To reconstruct the main changes in vegetation composition, plant 
(sub)macrofossils were examined throughout the sequence (n = 31). The 
plant macrofossils method followed Mauquoy et al. (2010) and Väliranta 
et al. (2007). Volumetric subsamples of 4-5 ml were gently rinsed in a 
100-μm sieve under running water, and the residue was microscopically 
analysed for percentage proportions of main peat-forming plant com
ponents (total sample volume 100%). When the organic remains were 
unidentifiable, a percentage of unidentified organic material was 
determined. To visualise the plant macrofossil data, six functional 
vegetation groups were considered: monocots, Ericaceae, woody, 
Sphagnum mosses, other mosses and unidentified organic matter (UOM). 
Charred plant remains or charcoal < 1mm and >1 mm were counted as 
exact numbers. The counting was stopped if the number of charred re
mains exceeded 50.

3.4. FTIR-ATR analysis

Analysis of 165 finely milled bulk peat samples was performed by 
Fourier Transform Infrared Spectroscopy - Attenuated Total Reflectance 
(FTIR-ATR) using an Agilent Technologies Cary 630 equipment at the 
Department of Ecology and Geoscience, Umeå University (Sweden). In 
addition, the samples analysed for plant macrofossil content (Section 
3.3, n = 31) were also analysed by FTIR-ATR (Agilent Technologies Cary 
630) at EcoPast Laboratory, Universidade de Santiago de Compostela 
(Spain) to allow inter-methodological comparison. The analysis at both 
locations followed the same protocol; spectra were retrieved in the mid- 
infrared region (MIR, 4000–400 cm− 1) at a resolution of 4 cm− 1 by 
averaging 200 scans per sample. Between samples, the equipment was 
thoroughly cleaned and a background measurement collected. The re
sults were pre-processed in Orange data mining software (ver 3.37; 
Demsar et al., 2013): baseline correction, average and standard devia
tion spectra, and second derivative spectra. MIR ratios between selected 
wavelengths (Table 3) were plotted against time to explore the temporal 
variability of organic compounds. To explore associations between MIR 
ratios and plant macrofossil content, Pearson coefficients between the 
variables were also calculated (n = 31). The Pearson coefficients were 
calculated on standardised (z-scores) values of the results, as outlined in 
Section 3.5.

3.5. X-ray fluorescence (XRF) elemental analysis

A total of 165 bulk peat samples were milled and analysed for 
elemental composition in a Spectro XEPOS 3 Energy Dispersive X-ray 
fluorescence (ED-XRF) analyser. The equipment is hosted at the 
Department of Geography and Planning, Liverpool University (UK). The 
samples were hand pressed in 20 mm diameter pots and measured under 
a He atmosphere under combined Pd and Co excitation radiation and 
using a high-resolution, low spectral interference silicon drift detector. 
Daily standardisation procedures provide a system check on the XRF 
analyser, with accuracy verified using 18 certified reference materials 
(e.g. Boyle et al., 2015). Element concentrations derived by XRF were 
corrected for LOI in the onboard Spectro XEPOS 3 software, using LOI 
values calculated from ash content, with the results ultimately expressed 
as mass concentrations per unit dry mass (μg g-1 or mg g-1).

Concentration values for individual elements were calculated into 
mass accumulation rates (MAR) by multiplying the concentration value 
by the PAR (g m2 yr− 1). The results were then statistically assessed by 
PCA. Before the statistical analysis, the results were screened for out
liers, zeros were removed, and the remaining results were converted to 
z-scores. By calculating the values to z-scores, the data are transformed 
to average-centred distributions, which avoids scaling effects (Eriksson 
et al., 1999). The z-scores were calculated as follows: 

zi=(xi − μ)/σ 

Where zi represents the z-score, xi is the measured value at each data 
point (depth), μ represents the average value of each element, and σ 
represents one sigma standard deviation. Principal component analysis 
(PCA) was conducted using the JMP software (ver. 17), in correlation 
mode with a varimax rotation.

3.6. Grain size analysis: beach sediments and peat ash residues

Grain size analysis of the beach sediment samples (n = 2) was con
ducted on bulk samples following washing in distilled water and drying 
at 60 ◦C. Grain-size analysis of the downcore peat samples (n=61) and 
the surface sample (n = 1) was conducted on the ash residues obtained 
from the LOI procedure. To remove combustion residues (e.g., salts) and 
carbonates, the peat ash residues were soaked with 10% HCl, ultra
sonicated for 30 s, and left to react for 2 h. Grain size distributions were 
measured using a Mastersizer 3000, equipped with a Hydro MV, 
allowing analysis of small sample volumes. The instrument employs a 
He-Ne red laser (λ = 632.8 nm) as well as a blue light LED (λ = 470 nm). 
The sample was added to the dispersion unit together with 0.6 ml of 3% 
NaPO3 to facilitate particle disaggregation and left for 3 min prior to 
analysis. Measurements were repeated five times, capturing grain sizes 
ranging from 0.01 μm (clay) to 3500 μm (very coarse sand). The results 
are from the analysis are reported in 100 grain size bins, in volume % per 
grain size bin. From the five repeated measurements, an average was 
calculated, which was used for interpretation and statistical processing. 
Grain size classes are here descried according to Friedman and Sanders, 
1978, and presented in ten categories (μm) that are organized based on 
the range of observed grain sizes: clay: 0-2 μm; very fine silt: 2-4 μm; fine 
silt: 4–8 μm; medium silt: 8–16 μm; coarse silt: 16–31 μm; very coarse 
silt: 31–63 μm; very fine sand 63–125 μm; fine sand: 125–250 μm; me
dium sand: 250–500 μm; coarse sand 500-1000 μm.

3.7. Powdered X-ray diffraction (pXRD) analysis

The beach sediment samples from Dooey (n = 1) and Tramore Beach 
(n = 1) were wet sieved into five size fractions: <63, 63-125, 125-250, 
250-500, and >500 μm, using standard sieves followed by pXRD anal
ysis to establish the mineral composition of the different grain size 
fractions. One bulk sample from each beach was also analysed by pXRD. 
From the peat sequence, the ash residues (LOI 550 ◦C) of five samples 
from the following depths: 36, 92, 231, 319, 398, and 431 cm, were 
analysed for mineral composition. The pre-treatment of the samples 
(beach sediments and peat ash residues) included washing in distilled 
water, drying at 60 ◦C and milling, using a pestle and mortar, to a fine 
powder (Sjöström et al., 2019). The peat ash residues were also washed 
in 10% HCl to remove combustion residues (e.g., salts). The samples 
were mounted on off-axis (zero background) silica plates.

pXRD analyses were conducted at the Swedish Museum of Natural 
History, Stockholm, using a PANalytical X–ray diffraction system 
(X'Pert3 Powder) equipped with a multi-detector. The samples were 
analysed from 5◦ to 70◦ 2θ, with CuKα radiation (λ = 1.5406 Å) at 45 kV 
and 40 mA, passing through a curved graphite monochromator, fixed 
divergence and receiving slits (1◦), step size 0.017◦ and a count time of 
38 s. Processing of the diffractograms (background determination, 
smoothing, peak localisation and mineral identification) was done in 
HighScore 4.6, a PANalytical software (Degen et al., 2014) with inte
grated mineral reference patterns from the ICSD database (2012). 
Mineral identification was also guided by Brindley and Brown (1984)
and Moore and Reynolds (1997). The Rietveld refinement method 
(Rietveld, 1969), which quantifies the relative occurrence of the mineral 
phases, was conducted using the HighScore default settings (Degen 
et al., 2014).
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4. Results

4.1. AMS radiocarbon dating and age-depth modelling

The result of the AMS radiocarbon dating showed that all the ages 
occur in stratigraphic order, with the lowermost sample showing the 
oldest age and decreasing ages towards the surface (Table 1, Fig. 2). The 
calibration and age-depth modelling (R.Bacon, Blaauw and Christen, 
2011) show that the Glenties Bog sequence covers the last 7400 cal yr 
BP.

The acquired weighted mean ages and the accumulation rate (cm 
yr− 1), together with the bulk density, were used to calculate peat, ash 
and elemental mass accumulation rates (PAR, AAR and MAR, respec
tively), as well as to plot results on a calibrated years before present (cal 
yr BP) age scale.

4.2. Bulk density, peat accumulation rate, ash content, ash accumulation 
rate and pH

The minimum, maximum, average and standard deviation (2σ) 
values of the results described here are outlined in Table 2, and the 
variability through time is depicted in Fig. 3. Between 7230 and 5860 

cal yr BP, higher bulk densities (average 144 mg cm− 3, n = 67) are 
observed compared to after 5860 cal yr BP (average 75 mg cm− 3, n =
414). The bulk density and PAR largely co-vary throughout the 
sequence, with a stronger agreement in the lowermost, denser part of the 
sequence (r2 = 0.67, n = 67), compared to the uppermost part of the 
sequence (r2 = 0.57, n = 414). Above average PAR (>58 g m− 2 yr-1) 
values are observed between: 7120-7075, 6850-6580, 6510-5960, 5620- 
5560, 4490-4475, 4450-4180, 4030-4000, 3810, 3375-3350, 3310, 
3150, 2970, 2790, 2585-2555, 2320-2300, 2280-1610, 1210, 1110- 
1080, 1030-990, 995-770, and 730-455 cal yr BP. The ash content (%) 
and ash accumulation rate (AAR, g m2 yr− 1) co-vary (r2 = 0.86, n = 231) 
throughout the sequence, with above average values observed in the 
oldest part of the sequence (7230-5825 cal yr BP), followed by lower 
values. Thereafter, elevated values are observed at 3590, 2830, 2575, 
1880, 1630, 1250-1040, 880, and from 660 cal yr BP towards the pre
sent. The pH gradually decreased from the lowermost to the uppermost 
measurement, varying from pH 5. (505 cm depth, 7080 cal yr BP) to 4.2 
(40 cm, 280 cal yr BP).

4.3. Plant macrofossil analysis

A simplified version of the main vegetation groups is presented in 
Fig. 3, while the full plant macrofossil results can be found in the Sup
plementary file (SFig. 1). During the first 2000 years of the record (c. 
7100–5030 cal yr BP), the plant macrofossils are dominated by woody 
tree and monocot remains. The tree macrofossils include Pinus sp., Betula 
sp., and Alnus sp. Fern sporangia are also observed together with Molinia 
caerulea. Charcoal was also detected for this period. Eriophorum vagi
natum is detected between 5520 and 4470 cal yr BP. Calluna vulgaris and 
Erica tetralix first appeared at 5030 cal yr BP and are abundantly present 
afterwards. Sphagnum remains are found throughout the record after 
5900 cal yr BP, but with higher abundance starting from 3890 cal yr BP. 
Sphagnum austinii occurs with varying abundance, from 5 to 70 %, be
tween 3890 and 2630 Cal BP (342–239 cm) together with monocots and 
Ericaceae. Sphagnum papillosum is present from 3270 cal yr BP onward. 
Sphagnum austinii disappeared approximately 2600 years ago, and after 
that, the peat record is dominated by monocots, Ericaceae and other 
Sphagnum species, together with periodic presence of non-Sphagnum 
bryophytes (S Fig. 1). Charred remains and charcoal particles <1 mm 
are detected throughout the peat sequence. Higher amounts (>50) of 
charred material >1 mm are observed at cal yr BP: 6700, 6270, 5920, 
5030, 4270. Strongly burnt peat is observed at 6690 and 5030 cal yr BP.

4.4. FTIR-ATR analysis

The spectra of all the analysed samples and a description of the main 
absorbances and associated organic compounds can be found in the 
supporting information (SI result text and SFig. 2). The IR_pd ratio, 
reflecting changes in aromatics over polysaccharides (Table 3) stays 
above the average value (0.7) between 7260 and 5830, at 5730 and 
between 5670 and 4390 cal yr BP, followed by below average value 

Fig. 2. Calibration and age-depth model of the peat sequence, constructed in R. 
Bacon ver 2.5 (Blaauw and Christen, 2011) using IntCal20 calibration curve 
(Reimer et al., 2020). Calibrated probability distributions of the nine 14C dates 
are shown in blue. The red dotted line represents the weighted mean of the 
age-depth model, and the grey shading indicates the 95% confidence range. The 
three top boxes show information about the model, starting from the left: 1) 
quality of the iteration; 2) predicted (green line) accumulation rates versus 
actual mean (grey shape), and 3) memory values used in the a priori infor
mation in the Bayesian statistical approach (Blaauw and Christen, 2011).

Table 2 
Summary results for peat properties and elemental data. A.) Peat properties 
values for pH, bulk density mg cm− 3 (Bd), peat accumulation rate (PAR) g m2 

yr− 1, ash content (%) and ash accumulation rate (AAR) g m2 yr− 1.

A. Peat properties pH Bd PAR Ash, % AAR

Min 4.22 36 30 1.1 0.5
Max 5.30 197 116 10.6 6.0
Average 4.94 85 58 2.6 1.5
Sd (2σ) - 59 26 2.6 1.9
Count 9 481 481 231 231

Table 3 
Selected IR ratios and bands, their interpretation, and references.

ID IR bands 
and ratios, 
cm− 1

Compounds and proxy 
indication

References

IR_pd 1600/1030 Aromatics/polysaccharides: 
Vegetation changes and/or peat 
decomposition.

(Artz et al., 2008; 
Broder et al., 2012; 
Biester et al., 2014)

IR_cb (1705 +
1730)/ 
1600

Carboxyl/aromatics: relative 
abundance of carbonyl versus 
aromatic compounds

(Broder et al., 2012; 
Hodgkins et al., 2014)

IR_ar 1600/ 
(2920 +
2950)

Aromatics/Aliphatic: vegetation 
change, decomposition or fires.

(Zaccone et al., 2014; 
Doskočil et al., 2016)
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towards the present (Fig. 4). IR_ar, reflecting aromatic over aliphatic 
compounds, is above the profile average (0.7) (cal yr BP): 7210-6850, 
6710–6640, 6020-5900, 5790–5140, 4980–4580, 4470–4430, 3950, 
3740–3650, 1840, 1775–1740, 1020, 870, and between 550 and 510 cal 
yr BP. The IR_cb ratio, representing carbonyl over aromatic compounds, 
stays above the profile average (0.9) at (cal yr BP): 7260–5960, 
5690–5630, 5570–5510, 4650–4580, 4470, 4360–4240, 3410, 
3340–3260, 3165, 2820, 2500, 690–580, 440–300, and 220 cal yr BP.

4.5. Linking charcoal remains to FTIR ratios

The correlation analysis, conducted between the standardised results 
of the plant macrofossil analysis and the FTIR ratios, shows that a strong 
correlation (>0.7) is displayed between woody remains, charred re
mains and IR_pd (STable 2). A weak to moderate positive correlation 
(0.3–0.69) is displayed between UOM (unidentified organic matter), 
woody remains, charred remains, IR_pd and IR_cb. Both ericaceous and 
sphagnum remains display a negative moderate to weak correlation 
with a majority of the compared variables.

Previous studies have shown that peat combustion causes a loss of 
easily degradable polysaccharides and a relative enrichment of recalci
trant aromatics and nitrogen compounds (Zaccone et al., 2014; Uhelski 
et al., 2022). As such, ratios involving these compounds may, in addition 
to reflecting microbial peat decomposition or vegetation composition, 

also change with past fire events and fire intensity (Artz et al., 2008; 
Biester et al., 2014; Martínez Cortizas et al., 2021; Constantine et al., 
2021). Increases in the IR_ar ratio reflect relative increases of aromatic 
over aliphatic compounds, while IR_cb depicts changes in carbonyl 
content over aromatics. During a peatland fire, the organic matter un
dergoes distinct changes depending on the source vegetation and in
tensity of the fire. Fires of temperatures below 400 ◦C produce an 
increase of aliphatic and carbonyl compounds (Constantine et al., 2021), 
while fires with higher temperatures (>400 ◦C) are associated with a 
decrease in these two compounds, leading to a relative enrichment of 
aromatics (Constantine et al., 2021; Gao et al., 2022). For the Glenties 
record, this means that these ratios, during periods of peatland fires, 
may contain information about fire intensity. Higher IR_ar (lower IR_cb) 
values indicate higher fire intensities. The strong correlation (>0.7) 
between woody remains, charcoal (>1 and < 1 mm) and IR_pd (S Table 
2), show that 1) fires are reflected also in the spectral data and 2) that 
fires were the main cause of the elevated decomposition in the oldest, 
lowermost, part of the Glenties sequence.

4.6. XRF analysis

Based on analytical performance and relevance to the study objec
tives, 16 elemental MARs were selected from the ED-XRF dataset (Al, Br, 
Ca, Cl, Fe, Ga, K, Mn, P, Rb, S, Si, Sr, Ti, Y, Zr; SFig. 3). A principal 
component analysis (PCA) including these elements together with PAR, 
bulk density (Bd), and AAR was performed to explore relationships be
tween elemental fluxes and peat properties.

Five principal components (XRFCp1–XRFCp5) explain 92 % of the total 
variance (Table 4). XRFCp1 (41 %) is dominated by Al, Fe, Mn, Y, Bd, Sr, 
Ga, P, and Ti (loadings >0.7), with moderate contributions from Ca, 
AAR, S, and Cl. XRFCp2 (29 %) is associated with Zr, Si, K, Rb, and Br, 
with moderate loadings of AAR, Ca, Ga, P, and Y. XRFCp3 (9 %) is mainly 

Fig. 3. Plant macrofossil content, charred remains, bulk density (mg cm− 3), 
peat accumulation (PAR, g m2 yr-1) ash content (%) and ash accumulation rate 
(AAR, g m2 yr− 1).

Fig. 4. IR ratios plotted against time. IR_pd: peat decomposition (aromatics 
over polysaccharides); IR_ar: aromatic over aliphatic compounds; IR_cb: car
boxylic compounds over aromatics.
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defined by S, with secondary associations of Ca and Sr. XRFCp4 (7 %) and 
XRFCp5 (6 %) are dominated by PAR and Cl, respectively.

Temporal variations in component scores highlight changing 
geochemical regimes through the sequence (Fig. 5). XRFCp1 shows 
enrichment in the lowermost (oldest) peat, with secondary peaks at 
~5730–5570, 5550–4510, 3740, and 330–220 cal yr BP. XRFCp2 dis
plays peaks ~6310–6250 and 6020 cal yr BP, followed by recurrent 
positive excursions at 3610, 2600, 1900, 1610, 1270–1060, 950, 910, 
and 650–180 cal yr BP, with a maximum near 300 cal yr BP. XRFCp3 
declines from 7260 to 6250 cal yr BP and exhibits positive phases 
around 5630, 4430–4000, 3410, 2820–2720, 2630–2600, and 2440 cal 
yr BP, and again between 2360–1710 and 1270–370 cal yr BP. XRFCp4 
shows recurring positive intervals from 7260 cal yr BP onward, partic
ularly during 4510–4280, 2790–2690, 2260–1540, and 1100–370 cal yr 
BP. XRFCp5 exhibits marked peaks (>0.7) between 6430 and 6080, 
5040–4980, 2790–2630, 2390–2290, 1900–1610, 910, and 690–580 cal 
yr BP.

4.7. Grain size analysis

The beach sediment samples from Dooey and Tramore Beaches 
consist of well-sorted, unimodal fine sand with a modal grain size of 198 
μm (SFig. 4). In total, 61 peat-ash samples were analysed for grain-size 
distribution. Most samples are poorly to very poorly sorted, showing bi- 
(n = 35) or polymodal (n = 20) frequency distributions, while six 
samples exhibit unimodal curves (Fig. 6). Between 5540 and 1275 cal yr 
BP, the median grain size (Dx50) lies within the coarse-silt fraction 
(mean = 25 μm, n = 41), increasing to fine sand (mean = 76 μm, n = 5) 
between 1160 and 370 cal yr BP, before returning to coarse silt (mean =
17 μm, n = 6) from 370 cal yr BP to the present.

Fig. 7 shows the temporal distribution of grain-size fractions from 
clay (<2 μm) to coarse sand (500–1000 μm), alongside the results of 
hierarchical cluster analysis (four clusters). Clusters 1–4 represent pro
gressively higher proportions of coarse grains. As entrainment of sand- 
sized particles (>63 μm) requires stronger winds (Vandenberghe, 
2013), clusters 3 and 4 are interpreted as indicators of increased wind 
energy and storm activity. Samples assigned to cluster 4 (highest sand 
content) define four distinct storm periods: SP1 = 3415, SP2 =
1160–1080, SP3 = 910–750, and SP4 = 620–370 cal yr BP.

4.8. pXRD analysis

The mineral composition of the peat samples (n = 7) is dominated by 
quartz, plagioclase (mainly albite) and K-feldspar together with the 
occurrence of micas (biotite and annite) (STable 3). Higher (>50%) 
quartz content occurs at 4750, 2540, 890, and 230 cal yr BP, with the 
highest occurrence noted at 890 cal yr BP (70%). The mineral compo
sition of the source sample from Dooey Beach consists of quartz, albite, 
K-feldspar, calcite, dolomite, aragonite, mica (biotite, annite, musco
vite), chlorite, hornblende and birnessite (Table 4). The Rietveld 
quantification showed that quartz dominates (75%) the composition of 
the bulk sample. For the size fractionated samples, a trend of increasing 
quartz content from the finer fractions (<63) towards fine sand (125- 
250 μm) is observed, mirrored by a higher K-feldspar and chlorite with 
decreasing grain size. Above 250 μm, carbonates (calcite and aragonite) 
dominate (>90%), likely from shell fragments (inferred from visual 
observation). The mineral composition of Tramore Beach follows a 
similar trend as that of Dooey Beach, but with a lower content of car
bonates (20%) in the 250-500 μm size fraction (S.Table 4). The quartz 
content is also higher (90%) in the bulk sample.

4.9. Linking the chemical, mineral and grain size results

Based on the focus of this study, emphasis will here be put on 
comparing elemental variability (XRFCP1 and XRFCp2) and relating these 
to the observed mineral and grain size compositions.

Elements associated with XRFCp1 represent the main variability of 
both the lithogenic (e.g. Al, Ti, Y) (Steinmann and Shotyk, 1997; Aubert 
et al., 2006) and soluble (Ca, Fe, Sr) phases in peat. Aluminium, Ti and Y 

Table 4 
Results of the PCA analysis of elemental mass accumulation rates, bulk density 
(bd), ash and peat accumulation rates (AAR, PAR).

Variable XRFCp1 XRFCp2 XRFCp3 XRFCp4 XRFCp5

Expl. Var.% 41% 29% 9% 7% 6%
Cumul.var.% 41% 69% 78% 86% 92%
Al 0.95 0.03 0.14 0.05 0.16
Fe 0.94 0.18 0.23 0.05 0.03
Mn 0.93 0.19 0.20 0.07 0.14
Y 0.89 0.33 0.22 0.07 0.13
Bd 0.88 − 0.06 − 0.07 0.34 0.07
Sr 0.84 0.20 0.43 0.08 0.14
Ga 0.76 0.56 0.08 0.08 0.07
P 0.71 0.35 0.01 0.18 0.33
Ti 0.71 0.49 0.05 0.16 0.26
Ca 0.68 0.11 0.61 0.16 0.24
Zr 0.17 0.96 0.01 0.06 0.03
Si 0.22 0.95 − 0.06 0.05 0.04
K 0.21 0.93 0.01 0.05 0.01
Rb 0.19 0.87 0.14 0.09 0.22
Br − 0.10 0.84 0.25 0.22 0.15
AAR 0.52 0.56 0.05 0.52 − 0.08
S 0.32 0.07 0.90 0.17 0.04
PAR 0.18 0.21 0.23 0.89 0.18
Cl 0.44 0.23 0.13 0.18 0.82

Fig. 5. XRFCp1-5 plotted against time. The average of each factor is indicated 
by the blue dotted line. The individual elemental MAR values are depicted in 
SFig. 3.
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are established proxies of fine mineral dust in peat records (Shotyk et al., 
2002; Martínez Cortizas et al., 2005; Kylander et al., 2016), indicating 
that the period between c. 7200 and 5400 cal yr BP was dominated by 
fine-grained particles. The elements associated with soluble phases (Ca, 
Sr, Fe) are often enriched in the lowermost parts of peat deposits, both 
through upwards diffusion from underlying sediments (Steinmann and 
Shotyk, 1997) as well as dissolution, and downward migration, of 
mineral phases that are dissolved in the acidic peat (e.g., carbonates, 
phosphates and amphiboles) (Malmer, 1988; Le Roux et al., 2006; 
Sjöström et al., 2022). Furthermore, XRFCp1 also captures most of the 
variance in the bulk density (BD), which reflects the higher decompo
sition in the oldest and lower part of the record. The component also 
captures some of the variance of AAR, likely reflecting the fact that the 
ash residue contains a mixture of lithogenic, soluble and authigenic 
phases (Steinmann and Shotyk, 1997; Sjöström et al., 2022). Taken 
together, the first component captures the variance of the elements and 
peat properties that are highly enriched in the lowermost part of the 
sequence (Fig. 5), likely representing a mix of detrital, fine-grained 
minerals, soluble phases and elevated decomposition (higher bulk 
density values). No grain size data were acquired for this phase, due to 
the presence of highly resistant (e.g. charcoal) OM.

The second component, XRFCp2, captured 29% of the variance, and 
strongly associated elements Zr, Si and K, which are associated with 
lithogenic detrital minerals in peat deposits (e.g., Shotyk et al., 2002; 
Martínez Cortizas et al., 2005; Kylander et al., 2016). Silicon is the 
dominant element in silicate minerals but can also be associated with 
tephra shards and biogenic phases (phytoliths, diatoms). Here, Si is 
strongly associated with lithogenic elements, suggesting that its vari
ance is mainly associated with detrital mineral input. Rubidium and Br 
are also strongly correlated to XRFCP2. Rubidium may occur as a trace 

element in K-feldspars and micas (Nesse, 2017), both identified in the 
peat mineral matrix (S.Table 3), while Br is a halogen that may be 
associated with sea spray in peat deposits (Orme et al., 2015) that, 
following deposition, co-vary with OM decomposition processes 
(Bindler, 2006; Martínez Cortizas et al., 2016, 2025; Moreno et al., 
2020).

Between 7260 and 2500 cal yr BP, three peaks in XRFCp2 are 
observed, at 6310–6080, 3610, and 2600 cal yr BP (Fig. 5), followed by a 
general increase and larger variability towards the present. From 2500 
cal yr BP, the generally increasing trend is marked by episodic peaks at 
1900, 1710, 1270–1100, 990–940, 650–620, and 400–175 cal yr BP, 
with the largest peak centred at 300 cal yr BP. When comparing the 
grain size distribution and XRFCp2, we note that periods of coarsening 
grain size distributions do not co-vary with increased lithogenic input.

Previous studies have used elemental ratio variations to infer 
changes in mineral composition and/or grain size in peat sequences (e. 
g., Shotyk et al., 2002; Kylander et al., 2013; Sjöström et al., 2022), but 
to decipher what the variability between two elements is reflecting it is 
recommended to anchor ratios with mineral and/or grain size analysis 
(Sjöström et al., 2019, 2020). For the Glenties sequence, ratios between 
Ti/Si and Al/Si (S Fig. 3) show higher values in the lowermost and oldest 
part of the sequence, reflecting higher Ti and Al input during this period, 
but show limited variability thereafter. The Ti/Zr is also elevated in the 
lowermost part, followed by less variability thereafter, but peaks 
generally co-occur with deposition of finer grain sizes, indicating that Ti 
is enriched in the finer grain sizes also at this study site. This is also 
confirmed by the pXRD analysis, where Ti-bearing mica and chlorite 
minerals are enriched during periods of finer grain size distributions in 
the peat, and in the finer size fractions of the beach sediments (section 
4.7). This indicates that the Ti/Zr ratio mainly reflects grain size 

Fig. 6. Frequency curves and summary statistics of the grain size results, Glenties peat sequence. The frequency curves are grouped into four clusters, based on 
similarity of grain size distributions.
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variability in the Glenties Bog sequence.
When comparing the results of the grain size analysis and the mineral 

composition of the source beach sediments to the peat mineral matrix, 
the latter seems to derive partly from other sources, based on an overall 
finer grain size distribution (Fig. 7, S.Fig. 4), and a distinct mineral 
composition compared to the beach sediments (S.Table 3, S.Table 4).

5. Discussion

5.1. Peatland development

The development of Glenties Bog is here presented in five phases (I- 
V) based on plant macrofossil content, bulk density, AAR and IR ratios 
(Fig. 8).

In Period I, 7230 – 5880 cal yr BP, woody vegetation (trees) and 
monocots co-occurred with intense fires, indicative of low water tables 
and relatively dry conditions. The bulk density and AAR were higher 
compared to later periods, likely representing a combination of 
compaction and loss of labile organic compounds during fires and a 
higher content of soluble phases (e.g. Ca, Sr, S Fig. 3) (SFigs. 3 and 8). 
The fire intensity was intense between 7230 and 6850 cal yr BP, and at 
6635 cal yr BP (IR_ar ratio, IR_cb, Fig. 8). During Period II, 5880–4270 
cal yr BP, woody vegetation and fires still occurred but at lower fre
quency and/or intensity. Sphagnum mosses appeared during period II. 
Taken together, this indicates that overall wetter conditions prevailed 
compared to period I. This general trend of increasing wetness was 
interrupted by a two fire episodes c. 5960–5900 cal yr BP and 5300 cal 

yr BP. This was followed by a steady rise in sedges, peaking at 4270 cal 
yr BP, coinciding with a fire event. During Period III, 4270 until 3000 
cal yr BP, relatively wet conditions prevailed as evidenced by low fire 
incidence and high Sphagnum moss occurrence. Within period III, 
Sphagnum steadily increased until it dominated the assemblage at 3280 
cal yr BP, after which it declined. The AAR was mostly low, except for an 
episodic increase at 3580 cal yr BP. This episodic increase in AAR is 
likely caused by crypto-tephra input; supported by visual inspection of 
the ash residue and identification of tephra shards. Period IV, 
3000–1700 cal yr BP, was generally dominated by sedges and a return to 
increased fire incidence, indicating a return to drier conditions. An 
episodic increase in Sphagnum mosses was observed at 2630 cal yr BP. 
From 2230 until 1700 cal yr BP, an increase in partially decomposed 
non-Sphagnum mosses, heathers, and fires co-occurred, indicating that 
relatively dry conditions prevailed, together with recurring fire epi
sodes. In Period V, 1590–220 cal yr BP sedges generally dominated the 
vegetation composition, and less fire activity was observed. Within the 
period, higher Sphagnum occurrence was observed around 1330, 1000, 
and 455–290 cal yr BP. Based on the low fire incidence and vegetation 
composition, this phase appears to have been relatively wet.

Based on a combination of the geographical location of the study site, 
the plant macrofossil content and low bulk density, pH and AAR content, 
the Glenties Bog displays the characteristics of an ombrotrophic (rain- 
fed) blanket bog. The alternating shifts between periods of higher and 
lower fire were recorded both in the plant macrofossil data and the IR 
ratios (STable 1 Fig. 8). Between 7230 and 4980 cal yr BP, woody 
vegetation, charcoal and higher decomposition were recorded (Fig. 8), 
indicating that dry conditions with recurrent fire episodes prevailed. 
From 4270 cal yr BP, co-occurring with the transition from the mid-to 
the late Holocene, a baseline shift is noted in both the vegetation 
composition (decreased woody occurrence, and increased Sphagnum 
presence) and lower fire incidence. This indicates that overall wetter 
conditions prevailed in the late Holocene compared to the mid- 
Holocene.

5.2. Links between fires, hydroclimate and storminess

Here, the relationship between past variability in fires (based on 
IR_ar, IR_cb and charcoal), hydroclimate (IR_pd, plant macrofossil con
tent) and wind climate (grain size and chemical composition) results 
will be explored to evaluate the links between hydro- and wind climate 
through time (Fig. 8). Because relative sea level (RSL) changes may 
impact both sediment source areas and particle transport to coastal bogs 
we will here explore the grain size distribution at Glenties Bog against 
reconstructed RSL variability. RSL changes in Ireland are often complex, 
spatially variable and many areas suffer from data paucity (Kirby et al., 
2023). For Donegal, the Bracky Bridge RSL curve (Kirby et al., 2023) is 
based on well-dated, high resolution diatom samples from a site only 7 
km SW of our study site. This reconstruction indicates a steady relative 
sea level rise of about 1.8 m since 2.5 ka (Kirby et al., 2023, Fig. 8). This 
is in line with, but a slightly larger rise than, the model results of (Kuchar 
et al., 2012); however, it is incompatible with the Mid-Holocene high 
stand indicated by previous RSL curves based on GIA modelling 
(Shennan, 2018) which instead would suggest a gradual RSL lowering of 
about 1 m during the last 7 ka. Although the changing RSL affected the 
position of beach sediment sources (Fig. 1) it seems unlikely that these 
changes affected the grain size distributions at Glenties Bog to any great 
extent, since changes in the grain size distributions occurred episodi
cally while the RSL changed gradually Furthermore, the rising RSL is not 
coupled with a general increase in either inorganic ash content, nor 
coarsening grain sizes. In addition, the grain size distribution at Glenties 
Bog is mainly dominated by finer grain sizes than the beach sediments 
(except for storm period II, III and IV), indicating that mainly other 
areas, and possibly more long distant sources, provided the bulk of the 
minerals deposited at Glenties Bog. Varying grain size distributions will 
therefore hereafter be interpreted as mainly a function of changing wind 

Fig. 7. Grain size distribution (%), clusters (1-4) and storm periods 
against time.
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speeds.
Because stronger winds are required for aeolian entrainment and 

transport of particles (Pye, 1987; Vandenberghe, 2013), the results of 
the grain-size cluster analysis will here be used to infer past wind 
strengths, following the approach developed by Sjöström et al. (2024). 
Samples belonging to clusters 1 and 2 are interpreted as representing 
lower wind strengths (dominated by clay- and silt-sized particles), 
cluster 3 as reflecting intermediate wind strengths, and cluster 4 as 
indicating periods of increased wind strength and storminess (sand 
content 4–12%).

Period I stands out as the driest interval and the most affected by fires 
across the record. During this phase, the presence of highly resistant OM 
prevented laser grain size analysis, but the chemical composition 
(higher Ti and Al content) suggests that finer particles (S Figs. 3 and 8), 
and thus lower wind strengths, dominated throughout the period. The 
presence of trees in the peatland during this period further supports the 
interpretation that relatively dry conditions prevailed (e.g. Lieffers and 
MacDonald, 1989; Torbenson et al., 2015). Tree presence also indicates 
a less open landscape, which may have influence aeolian transport. 
During Period II (5880–4270 cal yr BP), increasingly wet conditions 
were inferred, with fires still occurring, but at a lower intensity 
compared to Period I. The grain size results (available from 5450 cal yr 
BP) indicate that relatively stable wind conditions prevailed. The start of 
Period III coincided with the Hekla-4 eruption, dated to ~4260 cal yr BP 
(Larsen and þórarinsson, 1977; Pilcher et al., 1996; Wastegård, 2005), 
and the transition to the late Holocene (Walker et al., 2019). The Hekla 4 

eruption coincided with intense fires and deposition of fine particles at 
Glenties Bog, indicating seasonally dry conditions and lowered wind 
speeds. Immediately after this event, coarser particles were deposited 
and overall wetter conditions were inferred (low fire incidence, 
increasing Sphagnum content), indicating a return to increased wind 
strengths and wetter conditions. Around 3600 cal yr BP, fires were again 
recorded, contemporary with an episodic increase in AAR and a finer 
grain size distribution, indicating a return to somewhat drier conditions 
and lower wind speeds. From visual inspection, it was noted that the 
AAR peak at 3580 cal yr BP was dominated by tephra shards, indicating 
that this AAR peak is related to a volcanic eruption. Immediately 
following this period, we again note increased wind strengths and the 
occurrence of the first storm period (SP1), recorded at 3415 cal yr BP. 
SP1 co-occurred with low fire incidence and wetter conditions (high 
Sphagnum content). Cool conditions and elevated volcanism has been 
reconstructed from ice core assemblages encompassing SP1 (Sigl et al., 
2021, Fig. 9). The Sphagnum content peaked at 3275 cal yr BP, followed 
by a decrease in wetness and lower wind strengths (finer grain sizes) 
until c. 3200 cal yr BP. Somewhat wetter conditions are noted again 
thereafter. During phase IV, a return to more fires and overall drier 
conditions between c. 2700–2230 cal yr BP is paired with lowered wind 
strengths. From 2230 cal yr BP, fire incidence decreased. From 1900 cal 
yr BP, somewhat higher wind strengths (coarser particles) were inferred 
again.

In Period V, fire incidence dropped to a minimum while elevated 
AAR were recorded along with three storm periods: 1160-1080 (SP2), 

Fig. 8. Summary figure of selected proxies for the Glenties Bog sequence: plant macrofossil content, fire incidence (charred remains), AAR, spectroscopic ratios 
(IR_pd, IR_ar and IR_cb), XRFCP2 depicting variability of lithogenic elements throughout the profile, grain size distribution and the result of the cluster analysis and 
inferred storm periods. RSL variability from Kirby et al. (2023) and Kuchar et al. (2012). Furthest right: a blue-yellow colour gradient representing the main 
hydroclimate and fire indications throughout the study period (I = dry and recurring fires; II = relatively dry but increasingly wet, fire occurrence; III = wet and less 
fires; IV = drier and fire occurrence; V = wet and minimal fire occurrence).
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910-750 (SP3) and 620-370 (SP4) cal yr BP. This shift overlaps with 
regional vegetation change and a marked decrease of trees as inferred 
from pollen records (Fossit, 1994), which may also have affected aeolian 
particle transport. In addition, this period was also associated with 
increased volcanic activity on Iceland, based on observations of 
crypto-tephra particles in north European lakes and bogs (Swindles 
et al., 2011; Sigl et al., 2021). Volcanic activity and crypto-tephra may 
also have contributed to some of the AAR peaks observed at Glenties, 
with peaks matching Hekla-1104 (850 cal yr BP); Hekla-1510 (440 cal yr 
BP) and Hekla-1693 (260 cal yr BP) (Larsen et al., 1999; Swindles et al., 
2011). A marked decrease in the grain size is observed from 300 cal yr 
BP, contemporary with the largest AAR peak. This could reflect the 
overall lowering of the wind strengths in the region, fine-grained cryp
to-tephra affecting the grain size distribution, or be an effect of increased 
human activities such as agriculture, grazing, infrastructure projects (e. 
g., roads) promoting increased dust emissions (Silva-Sánchez et al., 
2014; Hooper, 2018). Taken together, the proxies from Glenties Bog 
show an interplay between fire activity, hydro- and wind climate during 
the studied period, with increasing wind strengths and storminess 
associated with wetter conditions and less fires. For Glenties Bog, all 
four storm periods occurred directly following, or during, periods of 
increased volcanic activity, indicating that volcanism may have been an 
important forcing factor for regional storminess.

Fire activity, as recorded from charcoal particles and FTIR ratios, 
varied throughout the sequence, with overall less fire activity recorded 
in the cooler and wetter late Holocene compared to the warmer mid- 
Holocene (Figs. 8 and 9). These results indicate that the peat itself, 
and in particular fire activity, may also be an important indicator of 

hydroclimatic variability, and by extension of atmospheric circulation 
variability in the eastern North Atlantic.

5.3. Comparison with previous storminess records

The inferred wind and hydroclimate variability from Glenties Bog 
are here compared with palaeostorm records from coastal areas in 
Ireland and Scotland (UK; Fig. 9). The selected records are coastal peat 
bog sequences in which aeolian-transported particles serve as proxies for 
storminess. Particular emphasis is placed on comparison with the Roy
carter Bog record (Co. Mayo, Ireland), located ~130 km southwest of 
Glenties Bog and analysed using the same proxy indicators and chro
nological framework (Sjöström et al., 2024) as applied here. The Scot
tish palaeostorm records included here employ somewhat different 
analytical approaches, and storm inferences are therefore not based on 
the same criteria. Hydroclimatic comparisons are restricted to the Irish 
sites.

The Roycarter Bog record shows overall coarser grain sizes (fine 
sand), a greater number of storm periods (11), and higher hydroclimatic 
variability compared with Glenties Bog. The grain size distribution at 
Glenties Bog is dominated by coarse silt, except between 1175 and 370 
cal yr BP when fine sand prevailed, with in total four storm periods 
identified throughout the study period. Three of these (SP1, SP2, SP4) 
coincide with storm phases previously reported in Ireland (Sjöström 
et al., 2024; Orme et al., 2026), indicating that these periods represents 
phases of increased storminess for north-western Ireland. SP2 also 
overlaps with storm periods in the Inner Hebrides, while SP4 corre
sponds to storm events recorded at all four sites (Co. Mayo, Co. Donegal, 

Fig. 9. Paleostorm comparison and climate parameters. A) The four paleostorm records arranged according to their geographical location: Co. Mayo (Sjöström et al., 
2024), Co. Donegal (this study) Inner Hebrides (Kylander et al., 2020) and Outer Hebrides (Orme et al., 2016) The climate parameters that storminess patterns are 
compared against: volcanic activity (Sigl et al., 2021)(), NH temperature evolution between latitude 30-60◦ (12K database, Kaufman et al., 2020), relative strength of 
Iceland-Scotland overflow (Thornalley et al., 2013); solar irradiance and grand solar minima periods (Steinhilber et al., 2009), July insolation at 50◦N (Berger and 
Loutre, 1991). Climate periods discussed in the text are also indicated, warm periods in pink shading (MHT = mid-Holocene thermal maximum; RWP = roman warm 
period; MWP = medieval warm period) and cool periods in blue shading (BACP = bronze age cold period; DACP = dark ages cold period; LIA = little ice age), 
following (Goosse et al., 2006; Wanner et al., 2011, 2022; Kobashi et al., 2017; Margaritelli et al., 2020; Le Roy et al., 2024). The bar furthest right depicts the 
temporal division of the Holocene, following Walker et al. (2019).
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Inner and Outer Hebrides). This phase of regionally enhanced stormi
ness (~600–400 cal yr BP) coincides with one of the more pronounced 
cooling intervals of the Little Ice Age (LIA), attributed to combined 
grand solar minima and volcanic forcing (Wanner et al., 2022. Fig. 9). 
During this cold phase, increased storminess and aeolian activity are 
reported from numerous European sites (Björck and Clemmensen, 2004; 
Alexanderson and Fabel, 2015; Orme et al., 2015; Alexanderson and 
Bernhardson, 2019; Goslin et al., 2019; Sjöström et al., 2022; Kylander 
et al., 2023; Sjöström, 2024).

Between ~2500 and 2200 cal yr BP, the Irish sites indicate lower 
wind speeds, while several storm phases were inferred in the Inner 
Hebrides, possibly reflecting a northward displacement of the storm 
track. A similar pattern has been documented in other studies, sug
gesting that this shift affected the broader eastern North Atlantic (Bakke 
et al., 2008; Giraudeau et al., 2010; Orme et al., 2015).

Differences in the number of storm periods recorded at Roycarter and 
Glenties bogs may reflect local versus regional storm events, latitudinal 
shifts in storm-track position, or site-specific topographic effects. Roy
carter Bog lies in an exposed coastal setting close to mineral sources 
(~1.5 km from beaches), whereas Glenties Bog is situated ~10 km 
inland within a large mire complex. Mountains rising to ~200–400 m to 
the southwest and southeast of Glenties Bog (Fig. 1) likely provide some 
shelter from winds from these directions. As Glenties Bog lies farther 
inland, stronger winds would be required to transport sand grains to the 
site. Taken together, this suggests that the storm periods identified at 
Glenties Bog may represent particularly intense, regionally extensive 
storms—mainly originating from the west or northwest.

When comparing hydrological variability between the Irish sites, two 
intervals of prolonged drier conditions and increased fire incidence 
overlapped: mid-Holocene and between 2800 and 2230 cal yr, indi
cating regionally drier conditions. In addition, Roycarter Bog records 
three further dry phases (c. 3400; 1100-800; and the last 100 cal yr BP). 
Previous studies show that bog size influences hydrological respon
siveness, with larger bogs displaying a more subdued and delayed 
response to moisture changes compared with smaller systems (Sjöström 
et al., 2020). As Glenties Bog forms part of a large mire complex, the 
identified dry periods at Glenties Bog may thus represent periods of 
more prolonged regional drying (Fig. 8).

5.4. Processes affecting wind- and hydroclimate in the mid- and late- 
Holocene

The climate forcings that will be compared against the hydro- and 
wind climate in Ireland and Scotland include volcanic eruptions 
(Swindles et al., 2011; Sigl et al., 2021), Holocene temperature evolu
tion (Kaufman et al., 2020), ocean circulation (Thornalley et al., 2013; 
Gerber et al., 2025), solar irradiance (Steinhilber et al., 2009) and 
orbital insolation variability (Berger and Loutre, 1991) (Fig. 9).

Holocene temperature records from Ireland and the UK are few, but 
those that do exist are mainly based on pollen or chironomid data and 
show rising temperatures in early Holocene, with peak Holocene tem
peratures between 8000 and 5500 cal yr BP, followed by a general 
decline (Blundell et al., 2008; Charman, 2010; McKeown et al., 2019; 
Holmes et al., 2024), in line with more recent temperature compilations 
(12K database, Kaufman et al., 2020, Fig. 9). The mid-Holocene warm 
period is mostly found in proxy records that represent summer condi
tions, while ice core records from Greenland (GISP2, NGRIP) and 
climate model projections show rapid early Holocene warming, fol
lowed by a general cooling that accelerated during the last 3000 years 
(Rasmussen et al., 2006; Kaufman and Broadman, 2023). When 
comparing events at Glenties Bog, together with the comparison sites, 
we find that for the early mid-Holocene generally lower wind speeds, 
drier conditions and peatland fires prevailed (data available from 8 ka 
(Co Mayo) and 7.2 ka (Co Donegal), respectively), followed by generally 
increasing wind speeds when temperatures start to decline (Fig. 9). A 
marine record, from the Norwegian sea, also inferred generally lower 

wind speeds and suppressed NAO index amplitude during the 
mid-Holocene warm period (Becker et al., 2020), supporting that 
reduced wind strengths prevailed during the period. Volcanic activity, as 
inferred from ice core reconstructions of volcanic stratospheric sulphur 
injections (VSSI), show elevated volcanisms occurred between c. 7600 
and 5800 cal yr BP, contemporary with the mid-Holocene warm period 
(Fig. 9).

When turning to marine proxy reconstructions for Holocene AMOC 
variability, we find contrasting trends depending on location and proxy 
approach, indicating that there is still an incomplete understanding of 
past AMOC variability over millennial timescales. Nevertheless, a recent 
study where multiple cores where analyses for radiogenic isotopes (Pa/ 
Th) suggest that, at least on a basin scale, AMOC strength has remained 
largely stable during the last 7000 years (Lippold et al., 2019; Gerber 
et al., 2025, Fig. 9). However, more proximal to Ireland AMOC tribu
taries, namely the Iceland-Scotland overflow, proxy data indicate that 
maximum overflow occurred around 7000 cal yr BP, followed by a 
decrease throughout the late Holocene. The authors associate the 
mid-Holocene circulation increase with an enhanced inflow of warm 
and saline water masses from lower latitudes, causing deeper convection 
(Thornalley et al., 2013). The Iceland-Scotland overflow displays an 
opposite trend to the Irish wind strength variability, but closely follows 
the NH 30-60◦ temperature evolution (Kaufman and et al., 2020).

In both Irish records, the mid-Holocene was characterized by rela
tively dry conditions, recurring fire activity, and reduced wind strength. 
These patterns are consistent with weakened atmospheric circulation 
under a warmer climate with elevated insolation (Fig. 9), when a 
reduced meridional temperature gradient between low and high lati
tudes likely limited baroclinic instability and storm-track (Wanner et al., 
2008). The two mid-Holocene storm phases identified in Co. Mayo 
occurred during intervals when temperatures and July insolation were 
still elevated but had begun to decline, while solar irradiance anomalies 
were predominantly negative (Fig. 9). The first storm period (SP1) at Co. 
Mayo (SPI: 6150-5500 cal yr BP) was initiated directly following a 
period of elevated volcanism and a grand solar minima and was sus
tained through the mid-Holocene cool period (MHCP) (Fig. 9). The 
second storm period (SPII: 4970–4130 cal yr BP) also initiated following 
a increasedvolcanism and was sustained through the mid-Holocene 
warm period (MHP) and generally low volcanic activity (Fig. 9).

During the late-Holocene, when the temperature continued to 
decrease, the Irish records report generally wetter conditions and less 
fire activity compared to mid-Holocene (Fig. 9). We also note that in the 
late Holocene the storm periods at Glenties Bog are observed both 
during and in-between cold (LIA, DACP, BACP) and warm (MWP) 
climate phases (Fig. 9). A similar pattern was also observed in the 
storminess record from Roycarter Bog (Sjöström et al., 2024), suggesting 
that another forcing than temperature caused the increased storminess 
during these periods, alternatively distinct forcings affected different 
storm periods. When comparing the storm periods with volcanic activ
ity, we note that during the last 1200 years, storm periods II–IV at 
Glenties Bog co-occurred with periods of increased Icelandic volcanic 
activity. Reconstruction of past Icelandic volcanic activity has shown 
that eruptions and ash fall over Europe have been occurring throughout 
the Holocene and that Icelandic volcanic activity has impacted the 
northern hemisphere climate throughout the Holocene (Kobashi et al., 
2017). In addition, the first storm period SP1 (3415 cal yr BP) occurred 
directly following a peak in AAR (Fig. 9) that was dominated by tephra 
particles, indicating that all four storm periods identified at Glenties Bog 
occurred during, or just after, volcanic eruptions.

At Co Mayo (Roycarter Bog), 6 out of 9 storm periods in the late 
Holocene occur during phases for which volcanic activity has been re
ported, with no clear association between volcanisms and the two mid- 
Holocene storm periods were observed. Links between storminess over 
the British Isles and volcanisms have recently also been shown by Orme 
et al. (2026). The findings of this study thus further corroborate the 
importance of volcanisms to storminess for parts of the late-Holocene.
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Explosive volcanic eruptions may effect the climate through ejecting 
large amounts of aerosols into the atmosphere, affecting the Earth's al
bedo and cooling the climate in the following years (Birkel et al., 2018). 
This effect might last over decades (or centuries) through sea-ice and 
ocean feedbacks in the northern hemisphere (Kobashi et al., 2017). In 
the North Atlantic region, high latitude explosive volcanic eruptions 
have been shown to steepen the temperature gradient, leading to 
increased atmospheric circulation and positive NAO patterns (Kobashi 
et al., 2017; Birkel et al., 2018), which could explain the elevated wind 
strengths and increased storminess observed over Ireland in association 
with volcanic eruptions. We also note that elevated volcanic activity, as 
recorded in ice core records (Sigl et al., 2021), does not always corre
spond with increased wind strengths and storminess in Ireland. This 
might indicate that the eruption aerosols did not reach the stratosphere 
and therefore had a limited cooling effect, that the storm track shifted 
away from our study site/s, or that the climate state at the time of the 
eruption governs the climatic response to the volcanic eruptions.

The results presented here suggest that distinct factors affected the 
wind climate during the mid-versus late-Holocene, representing distinct 
climate states. Variability in the temperature evolution seems to have 
been an important factor over centennial and millennial timescales, 
governing the background wind- and hydroclimate for Ireland and the 
UK, while volcanic activity was an important forcer during parts of the 
late-Holocene, operating on shorter timescales. These results shed light 
on climate forcings that operate on different timescales and under 
different climate states, which is of relevance for improving storminess 
predictions in a changing climate ahead.

5.5. Future studies

Future studies could couple paleostorminess reconstructions with 
climate modelling to further investigate the effects of volcanisms to at
mospheric circulation in the eastern North Atlantic and to test how 
volcanic eruptions influence circulation under different climate states. 
To date, most paleostorminess studies have applied distinct analytical 
and interpretational frameworks, meaning that the definition of storm 
periods may be based on different criteria. Based on this, future peatland 
paleo-studies would benefit from applying a streamlined analytical 
framework. Future studies would also benefit by including pollen, par
ticle morphology and tephra analysis. This would enable untangling the 
conditions under which particles where entrained and deposited, 
allowing identification of confounding processes. Comparing storm pe
riods with regionally anchored temperature reconstructions would 
provide improved knowledge into how temperature variability in
fluences aeolian processes.

6. Conclusions

The results from this study show that the controls on storminess and 
hydroclimatic variability in Ireland and western Scotland changed 
through the Holocene, reflecting shifts between different climate states. 
During the mid-Holocene warm period, low wind strengths and rela
tively dry conditions with recurrent fires prevailed in north-western 
Ireland. As temperatures began to decline, wind strengths increased, 
suggesting that long-term temperature evolution influenced atmo
spheric circulation by altering latitudinal temperature gradients and 
enhancing baroclinic activity.

In the late Holocene, shorter-term processes became more important. 
Several storm periods coincide with phases of elevated Icelandic vol
canic activity, implying that explosive eruptions may have steepened 
meridional temperature gradients and promoted more positive NAO-like 
conditions across the North Atlantic. However, not all volcanic peaks 
align with enhanced storminess, indicating that the processes affecting 
storminess varied through time and climate state.

Taken together, the evidence points to temperature evolution as the 
key driver of long-term changes in North Atlantic storminess, with 

volcanic forcing acting as an intermittent amplifier, particularly during 
the last 1500 years. Understanding how these forcings operated under 
contrasting climate states provides new insight into the mechanisms 
controlling past atmospheric circulation and offers valuable context for 
interpreting how future warming may affect storm behaviour in the 
North Atlantic region.
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