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C L I M A T O L O G Y

Atmospheric circulation over Europe during 
the Younger Dryas
Brice R. Rea1*, Ramón Pellitero2, Matteo Spagnolo1, Philip Hughes3, Susan Ivy-Ochs4, 
Hans Renssen5, Adriano Ribolini6, Jostein Bakke7, Sven Lukas8, Roger J. Braithwaite3

The Younger Dryas (YD) was a period of rapid climate cooling that occurred at the end of the last glaciation. Here, 
we present the first palaeoglacier-derived reconstruction of YD precipitation across Europe, determined from 122 
reconstructed glaciers and proxy atmospheric temperatures. Positive precipitation anomalies (YD versus modern) 
are found along much of the western seaboard of Europe and across the Mediterranean. Negative precipitation 
anomalies occur over the Fennoscandian ice sheet, the North European Plain, and as far south as the Alps. This is 
consistent with a more southerly and zonal storm track, which is linked to a concomitant southern location of the 
Polar Frontal Jet Stream, generating cold air outbreaks and enhanced cyclogenesis, especially over the eastern 
Mediterranean. This atmospheric configuration resembles the modern Scandinavian (SCAND) circulation over 
Europe (a blocking high pressure over Scandinavia pushing storm tracks south and east), and by analogy, a season-
ally varying palaeoprecipitation pattern is interpreted.

INTRODUCTION
The Younger Dryas (YD) is recognized as a period [12.9 to 11.7 thou-
sand years ago (ka)] of rapid climate change (1�4), with the strongest 
impacts apparent in the Northern Hemisphere. Changes in the 
Atlantic Meridional Overturning Circulation are believed to be a 
major contributor (4), which could happen in the present day due to in-
creased meltwater runoff and iceberg discharge from the Greenland 
Ice Sheet (5). An atmospheric circulation reorganization occurred 
during the YD, as indicated by proxy-derived air temperatures (6,�7), 
but its nature has only been observed in numerical models (4,�7,�8). 
Compared to the Błlling-Allerłd, the temperature recorded over 
the Greenland Ice Sheet cooled over periods of years to decades, and 
by up to 10°C (9), North Atlantic sea surface temperatures (SSTs) 
cooled by 1° to 7°C (10), and European climate was colder and/or 
drier with enhanced seasonality (6,�7,�11). Changes in the tropics 
were minor while Southern Hemisphere mid- to high-latitudes ex-
perienced warming (4). The opposite southern hemispheric climate 
trend indicates a regional, Northern Hemisphere, forcing of the YD. 
The rapidity of the cooling suggests an instantaneous (on the time 
scales and temporal resolution of proxy data) trigger with concom-
itant oceanic and atmospheric circulation reorganizations (4). In 
the Northern Hemisphere, the elevation of the ice sheets, and, par-
ticularly, the Laurentide ice sheet, appears to have controlled the 
large-scale hemispheric circulation pattern [the Polar Frontal Jet 
Stream (PFJS)] during the YD while ocean surface forcing (SST and 
sea ice) and the Fennoscandian ice sheet (FIS) mainly affected re-
gional climate (7,�12�14). However, the details of how climate, at-
mospheric circulation, and particularly precipitation changed during 
the YD remain elusive.

Climate proxies, generated from marine and terrestrial environ-
ments (9�12,�15), may be used in combination with outputs from 
numerical climate simulations to investigate past climate dynamics 
(8,�15). Marine sediments provide insight on large-scale processes 
such as meltwater pulses, but their temporal resolution is generally 
centennial at best. Terrestrial climate proxies tend to have higher 
temporal resolution (even sub-annual) but are often more indicative 
of local or regional conditions. Both marine and terrestrial proxies 
generally provide information on palaeotemperatures, which are 
useful for assessing the quality of numerical model outputs but are 
of limited use for identifying atmospheric circulation patterns 
beyond the summer months (6,�7). Wind fields, derived from the 
orientations of relict sand dunes, have been used to assess atmo-
spheric circulation patterns (15), but their geographical distribution 
is limited. Most terrestrial climate proxies can, at best, only be 
resolved in terms of wetter versus drier conditions, which is a function 
of precipitation, evaporation (temperature), and evapotranspira-
tion (vegetation and temperature). Quantitative palaeoprecipitation 
estimates derived using palaeoglacier equilibrium line altitudes 
(ELAs) are a powerful tool for the assessment of regional-scale at-
mospheric circulation patterns, as precipitation is controlled by 
air mass advection at synoptic to sub-synoptic scales, and glaciers 
are, for the most part, little affected by sublimation and even less so 
by evaporation.

In this study, reconstructed palaeoglaciers are used to derive a 
quantitative regional perspective on palaeoprecipitation, elucidating 
the atmospheric circulation over Europe during the YD. The ELA 
represents the elevation on a glacier surface where, at the end of the 
mass balance year (September in the Northern Hemisphere), annual 
accumulation (snowfall) equals annual ablation (snow and ice melt). 
The ELA is linked to atmospheric conditions via the interplay be-
tween temperature (ablation) and precipitation (accumulation) (16). 
Here, we present a unique dataset of ELAs and concomitant annual 
palaeoprecipitation at the ELA, calculated for 122 YD palaeoglaciers 
across Europe, from Morocco in the south to Norway in the north, 
and from Ireland in the west to Turkey in the east (Fig.�1). The re-
sults directly address ongoing debates on past hemispheric circu-
lation and regional climate implications (especially precipitation) 
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under different climate scenarios and provide an ideal palaeoclimate 
record to assess numerical model outputs (17).

This study has applied rigorous chronological control to site se-
lection (see Materials and Methods), unlike previous attempts to use 
palaeoglacier ELAs to study atmospheric circulation (18). An exten-
sive search that identified moraines that had previously been dated 
to, or near to, the YD were initially investigated. Published dates 
were taken from the original papers except, where necessary, they 
were recalculated/recalibrated for terrestrial cosmogenic 10Be ex-
posure ages and for 14C-dated organic samples (see Materials and 
Methods). Only moraines with an age that fell within the time span 
of the YD were selected for further analyses. The palaeoglaciers 
were then reconstructed from the dated frontal moraine, following 
an equilibrium profile flowline approach. This was extrapolated to 
a three-dimensional (3D) ice surface, from which ELAs were calcu-
lated, all using bespoke, semiautomated toolboxes in ArcGIS (see 
Materials and Methods). These data generated a regional, theoret-
ical, ELA surface (ELAthl) (Fig.�1). Cosmogenic exposure ages have 
an uncertainty range such that the regional palaeoglacier recon-
struction represents a YD �glacial maximum� snapshot. The YD has 
a colder first half and a warmer, more variable second half (12), so 
the assumption is made that the YD glacial maximum represents 
the first half of the YD (see Materials and Methods). A spatially 
comparable (overlapping the distribution of palaeoglaciers) mean 
summer temperature (June to August) dataset was developed using 
a range of marine and terrestrial proxies and converted to a sea level 

equivalent (SLE) temperature using a free-air lapse rate of 0.0065°C 
m�1. To maximize the number of data points and the spatial cover-
age of the temperature reconstruction, a single mean, for the first 
500 years of the YD, for each site was determined (see Materials and 
Methods and fig. S1). Mean summer temperature at the palaeogla-
cier ELAs was determined using the same free-air lapse rate and used 
to calculate the annual �potential palaeoprecipitation� at the ELA 
(PPPELA) (Fig.�2) (16), assuming that the glacier was in equilibrium 
with climate (see Materials and Methods). Palaeoprecipitation anom-
alies at the ELA (PPAELA) have been calculated, compared to the 
modern precipitation (see Materials and Methods), to reveal the re-
gional picture of enhanced and reduced precipitation across Europe 
during the YD (Fig.�3).

RESULTS
Equilibrium line altitudes
The ELAthl surface (Fig.�1) shows a general northward decline, with 
complexity over the British Isles, and then a subtle rise in ELA 
northward, along western Norway, with the reversal centered on 
55°N (see Materials and Methods). Plotting the ELAs from western 
Europe against latitude reveals a YD ELA gradient of approximately 
�157�m per degree of latitude (south of 55°N) and 9�m per degree of 
latitude (north of 55°N) compared with a present-day ELA gradient 
(from Spain to Svalbard) of approximately �68�m per degree of lat-
itude (Fig.�4,�A�and�B). These gradients are assumed to represent 

Fig. 1. ELAthl elevation surface for the YD. The ELA surface should be viewed as �theoretical� (ELAthl) because glaciers can only form where the topography is higher than 
the ELAthl surface. For example, there are no glaciers in SE England or the low countries. Black dots show the location of palaeoglacier reconstruction sites. The FIS and the 
West Highlands icefield are shown, but the ice mass in the Alps is not shown due to incomplete knowledge of its geometry at this time.
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climate, as the ELA is a function of both temperature and precipita-
tion, at that elevation on the glacier (16). The steepened YD sum-
mer climate gradient south of 55°N is supported by our multi-proxy 
temperature reconstruction (fig. S1) and a published chironomid-
based temperature reconstruction (6) but less so by the indicator 
plant species approach and associated high spatial resolution climate 
simulations (7). None of the temperature proxies support the step 
change in YD climate indicated by the ELA shift north of 55°N, sug-
gesting a precipitation control. Plotting the ELAs as a function of 
longitude from the Pyrenees through the Alps shows a positive ELA 
gradient of 13�m per degree of longitude for the YD, which is not 
found for the present day (Fig.�4C). The zonal YD ELA gradient is 
neither reflected in the mean summer temperature dataset (fig. S1) 
nor by other data and modeling (6,�7), again indicating a precipita-
tion control.

Palaeoprecipitation
The ELA palaeoprecipitation (PPPELA and PPAELA; Figs.�2 and 3) 
provides a unique regional perspective into the YD glacier-climate 
and associated atmospheric circulation. The positive northward ELA 
gradient, north of 55°N (Fig.�4,�A�and�B), reflects an increasingly 
arid climate, which indicates a reduced number and/or intensity of 
storms and the presence of permanent and seasonal sea ice in the 
North Atlantic (Greenland, Iceland, and Norwegian Seas). South of 
55°N, along the Atlantic margin and across the Mediterranean, the 
YD climate was wetter, while across the North European Plain (NEP), 

the climate was drier (Figs.�2 and 3). In the eastern Mediterranean, 
notably high-precipitation regions are centered over the Dinaric Alps 
and northern Turkey (Fig.�2). The magnitude of the PPAELA anom-
alies over these two regions (Fig.�3) is, to some degree, a function of 
the station density in the modern gridded climatology. Attempts have 
been made to improve the anomalies over the Dinaric Alps, but this 
was not possible for Turkey. For both these regions, the PPPELA pro-
vides the best characterization for the YD climate (see Materials and 
Methods). Assuming that the PPPELA and PPAELA patterns reflect 
air mass advection at synoptic to sub-synoptic scales, i.e., storm 
tracks, they can be used to assess the prevailing YD atmospheric 
circulation across Europe.

DISCUSSION
Atmospheric circulation
The Laurentide ice sheet was still large enough to affect the hemi-
spheric atmospheric circulation during the YD (4), as at the Last 
Glacial Maximum (LGM) (13,�14). In the North Atlantic, the per-
manent and winter sea ice fronts were located substantially farther 
south than present-day (7,�8,�10,�19), shifting storm track tra-
jectories farther south than present-day (12). The FIS (20) (Figs.�1 
to 3) provided a topographic barrier to eastward atmospheric flow 
(7,�13,�14,�21), and the NEP was a permafrost environment (cold 
and arid) (22). Figures�2 and 3 suggest that, combined, the FIS and 
NEP generated a blocking system, a combination of a topographic 

Fig. 2. Potential total annual palaeoprecipitation at the glacier ELA during the YD (PPPELA). The PPPELA was calculated using the proxy-derived SLE mean summer 
temperature (fig. S1) and converted to temperature at the ELA using a free-air lapse rate of 0.0065°C m�1. The ELA mean summer temperature was then used to derive the 
PPPELA (see Materials and Methods).
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barrier and a high-pressure region (FIS-NEPHP), which directed 
storm tracks along the western Atlantic margin (WAM; the British 
Isles, France, and the Iberian Peninsula) and into the Mediterra-
nean. Following a circulation weather type approach, the YD pre-
cipitation pattern most closely resembles the modern Scandinavian 
(m-SCAND) circulation, although here shifted further south and 
formed under different boundary conditions. m-SCAND, predom-
inantly a winter circulation (23), generates increased storm tracks 
along the WAM during October to March (24) with temporally and 
spatially distinct precipitation patterns across the autumn, winter, 
and spring (fig. S2). During the autumn and early part of winter 
(September through November), precipitation increases over the 
WAM and western Mediterranean. For mid-winter (December to 
February), precipitation is higher over the Iberian Peninsula and across 
much of the Mediterranean. In late winter to early spring (March 
through May) (the end/beginning of the accumulation/ablation 
season), the circulation returns to that resembling the early winter con-
figuration. The FIS-NEPHP is also likely to have been present during 
the summer (7), meaning that the palaeo-SCAND (p-SCAND) cir-
culation may have been persistent throughout much of the year.

The increased/positive precipitation/anomaly YD pattern in the 
eastern Mediterranean is interpreted to be the result of increased 

strength and/or southward shift of the west-east zonal flow during 
mid-winter (Fig.�2) compared to modern day (Fig.�3 and fig. S2). In 
addition, cyclonic atmospheric wave breaking, associated with a 
southerly displaced PFJS (14,�18,�25) during winter, would have in-
creased the outbreaks of cold northerly air over the relatively warm 
Mediterranean, providing ideal conditions for synoptic and meso-
scale cyclogenesis (18,�26). SSTs cooled relatively less in the eastern 
than the western Mediterranean during the YD (27,�28), similar to 
the LGM (29), concomitantly enhancing cyclogenesis. The p-SCAND 
circulation pattern, similar to m-SCAND but more southerly dis-
placed, provides a better explanation for the YD precipitation anom-
alies than a persistent negative phase North Atlantic Oscillation, 
which has been suggested for the LGM (30) and would enhance 
precipitation only across the Iberian Peninsula and Mediterranean.

The atmospheric circulation elucidated by this study (Figs.�2 and 3) 
is in general agreement with that found in most numerical model-
ing experiments for the LGM (13,�14,�18) and YD (7). The PPPELA 
(Fig.�2) is determined using a high spatial resolution digital ele-
vation model (DEM), so topography is more realistic than the smoothed 
landscapes used in numerical modeling experiments [and modern 
gridded climate (31)], generally resulting in PPPELA values being 
larger than those produced by numerical models for the LGM (13) 

Fig. 3. YD palaeoprecipitation anomalies at the ELA (PPAELA). The precipitation anomalies identify regions of enhanced and reduced precipitation in comparison to 
the present day and most closely matches the m-SCAND circulation pattern. By analogy, the p-SCAND circulation would generate more precipitation in the spring and 
autumn along the northwestern seaboard as far north as the United Kingdom and in the western Mediterranean. The precipitation shifts south in mid-winter, in a zonal 
band across Iberia and the Mediterranean. The precipitation patterns are assumed to reflect the trajectory of the PFJS, which guides synoptic-scale depressions. By pro-
moting cold air outbreaks over warmer oceans and seas, the PFJS provides conditions favorable for the formation of intense sub-synoptic low-pressure systems especially 
over the warm eastern Mediterranean. Note, however, that the positive anomalies in the Dinaric Alps and over Turkey are unrealistically high, which is a function of 
weaknesses in the modern gridded precipitation dataset (39) and not in the reconstructed YD palaeoprecipitation.
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