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a b s t r a c t

To analyze the global hydroclimate response during the Younger Dryas cold event, we evaluate climate
model results that have been constrained with proxy-based temperatures from the North Atlantic region.
We find that both the temperature and the hydroclimate response have a clear global signature. A
marked cooling is simulated over the North Atlantic Ocean (more than 5 �C) and the downwind conti-
nents (2e4 �C). This response is related to the weakening of the Atlantic meridional overturning circu-
lation under influence of meltwater discharges. The hydroclimate response is most expressed over
Eurasia in a belt between 40 and 60�N, and over Northern Africa in the Sahel region. In both areas, a
strong decrease in soil moisture is simulated (up to 20% reduction). In contrast, a striking increase in
moisture is found over southeastern North America (15% increase), where southerly atmospheric flow
brings moist air to the continent. Outside these areas that are clearly affected by the cold North Atlantic
Ocean, the responses of temperature and moisture are decoupled, with different causes for these tem-
perature and hydroclimate responses. In the tropics, the hydroclimate response is governed by the
southward shift of the intertropical convergence zone (ITCZ) due to the cooling of the North Atlantic
Ocean. This causes drier conditions north of the equator and wetter conditions in the Southern Hemi-
sphere tropics. The associated changes in soil moisture are relatively gradual here, taking up to two
centuries to complete, suggesting that the impact of the ITCZ shift on the tropical hydroclimate is
building up. Our experiment indicates that Southern Hemisphere continents experienced a small cooling
(less than 0.5 �C) during the Younger Dryas, caused by the negative radiative forcing associated with
reduced atmospheric methane concentrations and enhanced dust levels. In our simulation, the bi-polar
seesaw mechanism is relatively weak, so that the associated warming of the South Atlantic Ocean is not
overwhelming the reduction in radiative forcing. Our results thus indicate that in the tropics and/or
Southern Hemisphere, the cooling is a response to the negative radiative forcing, while the hydroclimatic
changes are predominantly resulting from ITCZ variations. Consequently, when interpreting hydro-
climatic proxy records from these regions, data should not be compared directly to key records from high
latitudes, such as Greenland ice core stable isotope records.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The Younger Dryas (YD) is a prominent climate cooling event
that interrupted the deglacial warming trend in the Northern
Hemisphere between 12.9 and 11.7 thousand calendar years ago
(Rasmussen et al., 2006; Carlson, 2013). The YD has been widely
Sciences and Environmental
Bø i Telemark, Norway.
).
studied as an example of abrupt climate change, both using proxy-
based reconstructions (e.g., Shakun and Carlson, 2010; Heiri et al.,
2014) and numerical climate models (e.g., Manabe and Stouffer,
1997; He et al., 2013; Renssen et al., 2015). The focus in these
modelling studies has been mainly on the temperature response,
showing strongest cooling in the North Atlantic region, associated
with a reduced strength of the Atlantic Meridional Overturning
Circulation (AMOC). The hydroclimatic response is less clear, with a
relatively complex spatial structure deduced from available proxy-
based analyses. For instance, as reviewed by Carlson (2013),
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reconstructions in North America suggest that the climatewas drier
in maritime Canada and the north-central United States (e.g.,
Dorale et al., 2010), while it was markedly wetter in the south-
eastern and southwestern United States (e.g., Polyak et al., 2004;
Grimm et al., 2006).

The large-scale hydroclimate response during the Younger
Dryas has been addressed in relatively few modelling studies.
Recently, Jomelli et al. (2014) compared glacier extent records in
the Andes with the response in a transient climate simulation
performed with the CCSM3 model by He et al. (2013). Comparing
the simulated YD response at 12 ka with the period just before at
12.9 ka, they found a latitudinal band with a marked decrease in
precipitation stretching from the eastern equatorial Pacific Ocean,
Central America and the northern Andean basin, to the equatorial
North Atlantic Ocean and Western Africa. In contrast, a clear in-
crease in precipitation was simulated south of the equator over the
tropical South Atlantic and South Pacific Oceans. A weaker version
of this contrasting pattern north and south of the equator was
found further east over the Indian Ocean and the Indonesian Ar-
chipelago. In the CCSM3 model, this contrast in precipitation
response is linked to the strong reduction in AMOC strength during
the YD, and the associated temperature pattern showing marked
cooling in the North Atlantic and warming in the South Atlantic
(Jomelli et al., 2014). This temperature pattern leads to a mean
southward shift of the ITCZ, resulting in a wetter climate south of
the equator, but drying in the area to the north. This effect is
especially strong over the tropical Atlantic, but the ITCZ also moves
southward over the Indian Ocean (Mohtadi et al., 2014) and the
tropical Pacific Ocean (Jomelli et al., 2014). A similar tropical
response has been found in more idealized experiments with a suit
of models in which the AMOC was perturbed using a freshwater
‘hosing’ in the North Atlantic (Stouffer et al., 2006).

Most YD modelling studies so far focused on the impact of an
AMOC weakening, but did not address the impact of other forcings
that were also important during YD time, such as the reduction in
radiative forcing related to the drop in atmospheric methane levels.
In addition, it is not clear from these studies how the temporal
variability in the hydroclimate response compared to the temper-
ature response. A recent overview of proxy-based reconstructions
from Southeast Asia indicates that the hydroclimate response was
much more gradual there than the abrupt temperature response in
the North Atlantic region (Partin et al., 2015). This suggests that the
spatio-temporal variability in the response in temperature and
precipitation is complex. To address this variability, and specifically
the impact of other forcings, we perform an analysis of transient
simulations of the global YD climate.

In the present study, we analyze the temporal and spatial
hydroclimate response during the YD in transient climate model
simulations that consider a combination of forcings. Recently, we
applied a climate model to reproduce the YD climate in an exper-
iment that was constrained through data-assimilation by proxy-
based temperature reconstructions, primarily from the North
Atlantic region (Renssen et al., 2015). The simulated temperatures
were generally consistent with the proxy-based reconstructions for
the YD climate, showing a marked cooling of 2e4 �C over the North
Atlantic and the European continent. In addition, both the start and
termination of the temperature anomaly were abrupt, in agree-
ment with proxy data. Our simulation resulted in a global mean
cooling of 0.6 �C that corresponds to independent estimates
(Shakun and Carlson, 2010). This YD simulation was forced by a 3-
year freshwater pulse of 5 Sv at the MacKenzie river outlet, a
continuous meltwater forcing 0.1 Sv representing the background
melt of the Fennoscandian and Laurentide icesheets, and a negative
radiative forcing of �0.52 Wm-2, representing the reduction in at-
mospheric methane and nitrous oxide, and enhanced mineral dust
loading. In addition, the data assimilation procedure forced the
model towards a state with anomalous atmospheric circulation
over the North Atlantic region, promoting northerly atmospheric
flow over Northwestern Europe (Renssen et al., 2015).

Here we extend our analysis of the same model experiment and
present the global hydroclimatic response. We focus on the
following questions:

- What is the global hydroclimatic response in our experiment
constrained by temperature proxies, and howdoes it compare in
magnitude and timing to the temperature response?

- To what extent is this hydroclimatic response consistent with
proxy-based paleohydrological evidence?

- What mechanisms determine the global hydroclimatic response
during the YD?
2. Methods

2.1. Model

We performed our simulations with the earth system model of
intermediate complexity LOVECLIM, which consists of different
components describing the oceans, sea ice, land surface, atmo-
sphere, vegetation, land ice and carbon cycle (Goosse et al., 2010).
In this study, we only activated the components for the ocean-
atmosphere-sea ice-land surface-vegetation system. Hence, we
prescribed the extent and elevation of all ice sheets, and also the
meltwater fluxes associated with the melt of these ice sheets.

Since LOVECLIM is described in detail elsewhere (Goosse et al.,
2010), we only provide a summary here. The atmospheric compo-
nent is ECBilt, a global quasi-geostrophic model with three layers
and a T21 spectral resolution (Opsteegh et al., 1998). A full hydro-
logical cycle is included, with soil moisture being represented by a
bucket model in the land surface model. When the bucket is full,
the excess water is routed to the ocean as river runoff. The bucket
volume depends on the simulated vegetation cover, with the vol-
ume being higher when the tree cover increases. ECBilt and the
land surface model are coupled at the same grid resolution with
VECODE, a simple dynamical vegetation model that describes the
dynamics of two vegetation types e grassland and forest e and
desert as a dummy type (Brovkin et al., 2002). The ocean-sea ice
component is CLIO, consisting of an oceanic general circulation
model with a 3� � 3� latitude-longitude resolution and 20 vertical
layers, coupled to a dynamic-thermodynamic sea-ice model
(Goosse and Fichefet, 1999). The ocean model includes parame-
terizations for eddy-induced tracer advection (Gent and
McWilliams, 1990) and vertical mixing (Mellor and Yamada, 1982).

The version of LOVECLIM we use simulates a present-day
climate that agrees reasonably well with modern observations
(Goosse et al., 2010). LOVECLIM has a climate sensitivity to a
doubling of CO2 of 2.0 �C, which is in the lower range of other
coupled climate models (Flato et al., 2013). In addition, the sensi-
tivity of the ocean circulation to a freshwater perturbation is similar
to that of AOGCMs (Stouffer et al., 2006; Renssen et al., 2015).
LOVECLIM has been successfully used for many paleoclimate
studies covering a range of periods, including previous interglacials
(Yin and Berger, 2012; Bakker et al., 2014), the last glacial
(Timmermann et al., 2004; Roche et al., 2007; VanMeerbeeck et al.,
2009), the Younger Dryas (Renssen et al., 2015), the Holocene
(Renssen et al., 2005, 2009; Blaschek and Renssen, 2013) and the
last millennium (Goosse et al., 2005). In these studies, the response
of LOVECLIM was found to be similar to that of more comprehen-
sive models (Nikolova et al., 2013; Bakker et al., 2014; Renssen et al.,
2015).
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2.2. Experimental design

As a first step, we performed a 5000-year long spin-up experi-
ment with forcings for 13 ka, representing the end of the relatively
warm Allerød period (i.e. just before the start of the YD). The
applied forcings include astronomical parameters (Berger, 1978),
trace gas levels (Monnin et al., 2001; Spahni et al., 2005), and ice
sheets (Suppl. Fig. 1, Peltier, 2004). It should be noted that we have
not yet included the new updated parameterizations of the radia-
tive forcing of CO2, CH4 and N2O that were recently published
(Etminan et al., 2016), probably leading to an underestimation of
the methane radiative forcing. In this experiment and the ones that
followed, we applied the land-sea distribution of the last glacial
maximum. As a next step, we introduced background meltwater
fluxes from the Laurentide and Fennoscandian ice sheets, both
fixed at 0.05 Sv during 500 years. Compared to our spin-up, this
caused a moderate cooling of the climate in the North Atlantic re-
gion due to aweakening of the AMOC's maximum strength from 20
to 16 Sv (1 Sv¼ 106 m3s�1). The mean over the last century of these
500 years was selected to represent our 13 ka reference climate
state. As a final step, we perturbed this reference state to obtain the
climate of the YD. As discussed in detail in Renssen et al. (2015), we
performed a range of simulations in this third step, with various
scenarios to evaluate the impact of different freshwater discharges
and negative radiative forcing. We also applied a data-assimilation
method (Dubinkina et al., 2011) to constrain the model in some of
the experiments by proxy-based temperatures, taking into account
their uncertainties. This so-called particle filter methodology used
proxy-based 13ka minus 12 ka temperature anomaly estimates to
select from a relatively large ensemble (i.e. a set of parallel simu-
lations) those ensemble members that provided an optimal fit with
the proxy-based estimates of the temperature change from the
Allerød interstadial to the Younger Dryas. The proxy dataset is
described in detail in Renssen et al. (2015), and consists primarily of
chironomid-based July temperatures in Europe (Heiri et al., 2014),
supplemented with a few annual SST estimates for the Nordic Seas,
the Mediterranean Sea and the North Atlantic and North Pacific
Oceans, and the annual mean temperature estimate based on
Greenland ice cores. The same data-assimilation method has been
applied extensively in several studies (Dubinkina et al., 2011;
Mairesse et al., 2013; Mathiot et al., 2013).

Based on our evaluation, one particular experiment (COM-
BINED) driven by a combination of forcings and including data-
assimilation, clearly provided the most consistent climate in com-
parison to proxy-based YD reconstructions (Renssen et al., 2015).
This COMBINED experiment includes 96 ensemble members and
lasted 1000 years with data assimilation turned on. The forcings
consisted of the same backgroundmeltwater forcing as in our 13 ka
reference run, plus an initial 3-year freshwater discharge of 5 Sv
introduced at the start of the 1000 years at the MacKenzie River
outlet, representing the drainage of Lake Agassiz. This was com-
bined with a negative radiative forcing (�0.52 Wm-2 at the top of
the troposphere), representing the effects of reduced atmospheric
methane and nitrous oxide levels (Spahni et al., 2005; Schilt et al.,
2010) and elevated atmospheric dust content (Mayewski et al.,
1993; Alley, 2000). As a response to these forcings, the AMOC
weakened to 7 Sv and the climate cooled substantially, especially in
the North Atlantic region.

After these 1000 years of simulation in COMBINED, we
continued the experiments in two different ways to investigate the
recovery from the perturbed state. In one scenario (NO_BGMF), we
removed the background melt flux, but kept the negative radiative
forcing and the data assimilation towards the proxy-based YD
temperature anomalies. The removal of the background melt flux
caused a reinvigoration of the AMOC and a rapid warming in the
Northern Hemisphere, reminiscent to the end of YD as registered in
proxy records. We sustained this scenario for another 500 years. In
a second contrasting scenario (NO_DAR), we continued the back-
ground melt flux, but we switched off the data assimilation and
removed the negative radiative forcing. By comparing the differ-
ence in the climate response to these two scenarios, we are able to
differentiate between the impact of the AMOC weakening on the
one hand (NO_BGMF) and the combined effect of the negative
radiative forcing and data assimilation on the other hand
(NO_DAR). We performed no recovery experiment with all forcings
(i.e. background melt flux, radiative forcing) turned off and no data
assimilation.

In this paper, we will analyze the global, annual mean hydro-
climatic response in the COMBINED experiment and the two re-
covery scenarios. The results displayed are the weighted averages
of the 96-member ensemble, with weights function of the likeli-
hood of each member (Dubinkina et al., 2011). To estimate the
duration of the initial and recovery phases of the simulated
anomalies, we fitted a ramp function through the raw simulated
data following Mudelsee (2000).

3. Results

3.1. General temperature response

We find the strongest temperature response in the North
Atlantic region, where LOVECLIM simulates an annual mean cool-
ing of more than 4 �C over the Nordic Seas, the Labrador Sea and
coastal regions of northern Scandinavia (Fig. 1a). Over much of
Eurasia and North Africa, the cooling is larger than 1 �C. In North
America, the cooling is generally less expressed, with values mostly
between �0.5 and �1 �C. In the tropics, a small cooling of less than
0.5 �C is simulated over most continents. Over continents south of
30�S, such as Australia, the temperature response is less than the
±2 standard deviation level of our 500-year long simulation with
fixed 13 ka forcings (see Section 2.2).

Over the SH oceans, there are a few regions with a slight, but
significant warming, most notably in the Indian Ocean sector of the
Southern Ocean where temperatures are more than 0.5 �C above
the 13 ka reference level. In the Atlantic Sector, there are relatively
large areas with cooling around 60�S, but also patches with small
warming.

3.2. General hydroclimate response

To analyze the hydroclimate response, we focus on the simu-
lated change in soil moisture, as it provides an indication of the
overall moisture availability, taking into account the combined ef-
fect of precipitation, evaporation, snowmelt and surface runoff. We
expect that the simulated soil moisture is the model variable that
generally is closest to proxy-based evidence for changes in hydro-
climate. In our results, the simulated changes in precipitation
clearly dominate the soil moisture response in most regions. For
reference, we provide the precipitation changes in the supple-
mentary information (Supplementary Figs. 2e4). In Fig. 1b, the
response in soil moisture that is outside one standard deviation of
the 500-year long simulationwith 13ka forcings is plotted, showing
a complex spatial pattern, with some areas experiencing more
moisture, while other areas are drier. Most of mid and high latitude
Eurasia shows a marked decrease in soil moisture, with NE Europe
as a notable exception. In Southeast Asia, a clear decrease is found
north of the equator, neighboring a region with increase south of
the equator down to Northern Australia. In Africa, a belt with
clearly drier conditions stands out between 5 and 15�N that con-
tinues into Arabia. In contrast, at 20�S in SW Africa there is more



Fig. 1. a (top): Simulated mean annual temperature anomaly (�C) in the COMBINED experiment relative to the 13 ka reference climate. Results are only shown where they exceed
the ±2-standard deviation level of our 500-year long simulation with fixed 13 ka forcings. Fig. 1b (bottom) Simulated mean annual change in soil moisture (in %) in the COMBINED
experiment relative to the 13 ka reference climate. The original unit is in metres, but changes are shown as percentages to facilitate interpretation. Only results exceeding the ±1-
standard deviation level of the 13 ka climate are shown. The thick-lined boxes indicate the regions that are analyzed in detail: 1) Northeastern Europe, 2) Central Europe, 3) Western
Siberia, 4) southeast North America, 5) Sahel, 6) Southwest Africa, 7) Southeast Asia, 8) Northern Australia, 9) Central America, 10) southern South America.
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humidity. In Southeast North America, there is an area with a
marked increase in soil moisture. In addition, dryness prevails
along the northern coast of South America, while at the southern
tip of South America wetter conditions are simulated.

Based on this global response in soil moisture, we selected 10
regions from different continents for a detailed temporal analysis.
Our goal was to select regions with a clear response in soil moisture
(i.e. outside the 1s level of the reference climate) and with a good
global coverage (i.e. from different continents and climatic zones).
We present the locations of these regions in themapwith themean
annual soil moisture anomaly (Fig. 1b). The results for these regions
are from areas covering at least six land-grid cells.
3.3. Regional response

For the 10 considered continental regions, we estimated the
durations of the onset and recovery phases based on a fitted ramp
function (Mudelsee, 2000), using only the NO_BGMF recovery
scenario because this shows the clearest recovery. These dura-
tions are provided in Fig. 2aeb. In regions in the southern hemi-
sphere, the recovery in temperature was not clear enough to fit a
ramp function. In the following sections, we discuss the simulated
evolutions in surface temperature and soil moisture. Except for
Northeastern Europe, the changes in soil moisture are primarily
determined by the changes in precipitation, as shown by the very
similar responses and the high temporal correlation between
annual mean time series of these two variables (>0.94). In
Northeastern Europe, the soil moisture is also determined by
changes in evaporation. For reference, we provide the simulated
time-series of precipitation for the 10 regions in the supplemen-
tary information.
3.3.1. YD initial phase
All considered continental regions experience a clear cooling

(Fig. 3). The magnitude of this YD cooling is strongest over conti-
nents under direct influence of the cold North Atlantic Ocean and
decreases steadily in regions further away, such as the Southern
Hemisphere tropics (Fig. 4). Although the simulated cooling outside
the North Atlantic region is relatively small (less than 1 �C), the
temperature decrease is in all cases abrupt (within 100 years,
Fig. 2a) and clearly outside the 2-sigma level of the 13k reference
climate. In central and NE Europe and the Sahel region, the initial
cooling can be divided in a rapid first phase within 15 years and a
more gradual second phase.

Compared to the temperature response, the initial response in
soil moisture is much more diverse among the considered regions,
showing both marked increases and decreases, of varying duration
(Figs. 2a and 3). The response in the tropics shows a coherent
pattern, with a clear reduction over continents in the Northern
Hemisphere, and a marked rise in soil moisture in the Southern
Hemisphere continents. In the tropics, the start of the soil moisture
anomalies is relatively gradual and takes more than twice as long as
the more sudden decline in temperature (Fig. 2a). Here, typically
the initial response in soil moisture lasts 100 years or more,
whereas the cooling takes only a few decades at most. This gradual
response is also seen in the simulated precipitation (Suppl. Fig. 4).
In the Northern Hemisphere extratropics, on the other hand, the
soil moisture response has a more similar duration as the cooling.
Over most of mid- and high latitude Eurasia there is a distinct
decrease in soil moisture (Fig. 3b and f). Northeastern Europe forms
a notable exceptionwith a clear soil moisture increase that is much
faster (within 20 years) than the response in temperature (more
than 70 years, Fig. 3d). Southeast North America is also becoming
wetter (Fig. 3h).
3.3.2. YD recovery phase
On continents directly affected by the North Atlantic Ocean, the

temperature displays a clear recovery in the NO_BGMF scenario,
revealing the dominant impact of the AMOC weakening on the
cooling (Fig. 3a,c,e, i). The NO_DAR scenario only causes a notable
0.6 �C warming in NE Europe, suggesting that a substantial part of
the overall simulated YD cooling here can be attributed to the
associated increase in northerly winds driven by the data assimi-
lation (Renssen et al., 2015) and the negative radiative forcing. In
contrast, the NO_DAR scenario dominated the temperature recov-
ery in some regions in the Southern Hemisphere, particularly North
Australia and Southern South America (Fig. 3o, s). In the remaining
regions, both scenarios display a clear recovery, for example in SE
North America and SW Africa (Fig. 3g, q). In the Northern Hemi-
sphere, the temperature recovery lasts about 100 years and takes
substantially longer than the initial cooling phase in the North
Atlantic region (Fig. 2a and b).

The soil moisture recovery is in all cases much larger in the
NO_BGMF scenario (Fig. 3), showing the importance of the Atlantic
Ocean circulation for the hydroclimate. In the tropics, this provides
a clear contrast to the temperature recovery that was larger in the
NO_DAR scenario. The duration of the soil moisture recovery is
about 130 years in the tropics and Western Siberia and notably
shorter in the remaining regions (Fig. 2b). Especially in North-
eastern Europe and Southeastern North America, the recovery is
rapid (less than 50 years). The NO_DAR scenario has a clear impact
on the soil moisture recovery in SE North America (Fig. 3h).

3.4. Comparison with proxy data: hydroclimate

Our simulated global YD hydroclimate anomaly is generally in
agreement with the signal that is revealed by various proxy data
(compare Fig. 1b with Fig. 5). The contrast in simulated hydro-
climate response between Southeast Asia and Northern Australia is
in agreement with evidence from speleothems. Griffiths et al.
(2010) reconstructed an increase in monsoon rainfall during the
YD in Southern Indonesia (within our box for Northern Australia),
whereas Partin et al. (2015) inferred drier conditions in a speleo-
them record from the Philippines (in our Southeast Asia box). This
contrasting cross-equatorial pattern is supported by numerous data
as reviewed by Partin et al. (2015). Moreover, the latter study also
concluded that the hydroclimate response in the tropics was much
more gradual than the temperature response in the North Atlantic,
which also agrees with our results. Besides, our model does not
capture the full effect of a weakened Asian monsoon and drier
conditions as was reconstructed based on speleothems in southern
China (Wang et al., 2001) and suggested by lake level changes and
pollen-based precipitation reconstructions in northern China (Chen
et al., 2015; Goldsmith et al., 2017). In our simulations, the reduced
humidity is restricted to Southeast Asia, extending to northern
India (Fig. 1b).

The marked drying of tropical Africa in our results is consistent
with several reconstructions based on lake levels and leaf-wax
biomarker data (Fig. 5), indicating a significantly drier climate
here during the YD (Gasse, 2000; Shanahan et al., 2015). Likewise,
pollen-based evidence from Southwest Africa support a wetter
climate here (Fig. 5) in agreement with our model results (Shi et al.,
2000; DuPont et al., 2004). However, our simulation has not
captured the dry conditions that have been inferred from lake
studies in Eastern Africa (Fig. 5, Lake Malawi and Lake Tanganyika,
Talbot et al., 2007), but this may be related to the strong biases of
LOVECLIM in this region (Goosse et al., 2010).

The reduction in soil moisture simulated for Central America
fits with data from Cariaco Basin indicating dry conditions during
YD time (Haug et al., 2001). The relatively dry conditions



Fig. 2. Duration (in years) of the onset and recovery phases in the regions indicated in Fig. 1b. The duration is based on a ramp function (Mudelsee, 2000) fitted through the annual
simulation results. Fig. 2a (top), onset phase and Fig. 2b (bottom), recovery phase. The stars (*) indicate that fitting a ramp function was not possible for the temperature time-series,
due too small changes during the recovery phase. This is also the case for both temperature and soil moisture in Central America (see Fig. 3m,n).
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reconstructed based on Andean glacier data south of the equator
(Colombia, Jomelli et al., 2014) is not seen in our simulations.
However, lake level evidence from the same region (Bolivia)
suggests that the climate was relatively wet during the YD (Baker
et al., 2001), which would support our simulation results that
show an increase in soil moisture. The relatively wet conditions
simulated in southern and central North America agrees with
numerous lines of evidence (Fig. 5), including pollen and plant-
macrofossil data from Florida, speleothems from Arizona
(Wagner et al., 2010) and New Mexico (Polyak et al., 2004) and
isotopic data from cellulose and leaf water from mid-continental
sites (Voelker et al., 2015). Proxy data from southern South
America clearly indicate wet and cold conditions during the
Antarctic Cold Reversal (14.7e13.0 ka), as reflected by evidence



Fig. 3. a-t (next 2 pages). Simulated annual changes in surface temperature (yellow, in �C) and soil moisture (orange, in %). The reference climate is represented by year 401e500.
The COMBINED experiment covers years 501e1500, with a 5Sv freshwater pulse being added in years 501e503 to the Arctic Ocean at the MacKenzie River outlet. The yellow or
orange results for years 1501e2000 represent the NO_BGMF scenario, while the results of the NO_DAR scenario are provided in blue. (a,b) Central Europe, (c,d) Northeast Europe,
(e,f) Western Siberia, (g,h) Southeastern North America, (i,j) Sahel region, (k,l) Southeast Asia, (m,n) Central America, (o,p) Southern South America, (q,r) Southwest Africa, (s,t)
Northern Australia. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)



Fig. 3. (continued).
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Fig. 4. Mean response in temperature and soil moisture for the ten considered regions. Shown are the differences between years 1401e1500 and 401e500 (13ka reference climate).
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for glacier readvances and pollen records (e.g., Moreno and
Videla, 2016; Graham et al., 2016). These cold and wet condi-
tions appear to extend into the YD (Moreno et al., 2009; Moreno
and Videla, 2016), compatible with our simulation results.

Our results for Central Europe are consistent with speleo-
them data from France (Genty et al., 2006), suggesting an
abrupt decrease in humidity at onset of the YD. These speleo-
them data even suggest a higher rate of change (about 80 years
for the onset) than our simulations. A detailed study based on
sedimentary lipid D/H ratios from a lake in Germany confirms
these dry conditions (Rach et al. (2017). A comparison of our
Fig. 5. Global proxy-based hydroclimatic signal during the YD, based on selected proxy da
climate during the YD. The numbers refer to Supplementary Table 1.
simulated soil moisture anomaly with their reconstruction of
relative humidity shows a very similar magnitude of drying, and
rates of change, including an overshoot after the transition to
the Holocene that is similar to our simulated result (Fig. 6).
However, the data from Germany also suggest that the reduced
moisture availability is delayed compared to the local cooling
(Rach et al., 2014). We do not simulate a lag in the hydroclimate
response here, but find that the decrease in moisture is more
gradual than the cooling. Furthermore, our simulated YD
anomaly lasts ~100 year longer than the reconstructed humidity
signal, which is related to the timing of the removal of the
ta. A minus (‘-‘) indicates a reduction in humidity, while a plus (‘þ’) detects a wetter



Fig. 6. Comparison of the simulated soil moisture signal for Central Europe (cf. Fig. 3b,
NO_BGMF) with the relative humidity reconstruction of Rach et al. (2017) based on
sedimentary lipid D/H ratios from Lake Meerfelder Maar in Germany. Both datasets are
plotted as percentage change from the climate before the YD anomaly. Time is given in
cal yr BP and is running from right to left as in Rach et al. (2017), in contrast to Fig. 3.
We have plotted their Drh** solution. For the timescale of the model result it is
assumed that the YD start (12680 cal BP) equals model year 501 (i.e. when COMBINED
starts in Fig. 3).
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background meltwater forcing in our experiments. The drier
conditions in Europe are also recorded further north in South-
ern Sweden (Muschitiello et al., 2015). We have found no
indication in proxy-based reconstructions for the wetter con-
ditions in northeastern Europe suggested by our model exper-
iments, since proxy records from northwest Russia indicate
drier conditions (Subetto et al., 2002; Wohlfarth et al., 2002;
Novenko et al., 2009).

To evaluate our model result over Greenland, we compare the
simulated accumulation with equivalent ice core data (Alley, 2000)
from GISP2 (Suppl. Fig. 5). Our model captures the main declining
trend at the YD start, but suggests a larger reduction during the
event. At the end of the YD, the magnitude of the initial recovery is
similar in both cases, but the applied NO_BGMF scenario does not
lead to full recovery as in the GISP2 data.
Fig. 7. Overview of the dominant drivers of the response in
4. Discussion

4.1. Impact of different forcings

The AMOC weakening is the dominant cause for the changes in
soil moisture in all regions considered, including those in the
Southern Hemisphere (Fig. 7). At low latitudes, the simulated
changes in soil moisture are related to a southward shift in the ITCZ,
as has also been described in other model studies in which the
Atlantic Ocean circulation was weakened by freshwater perturba-
tions (e.g., Stouffer et al., 2006; He et al., 2013; Mohtadi et al., 2014).
The cooling of the Northern Hemisphere, especially the North
Atlantic, results in a dipole pattern in the simulated precipitation
anomaly, with negative anomalies over the relatively cold northern
tropics, and positive anomalies south of the equator (Suppl. Fig 2).

In our model result, this cross-equatorial contrast is especially
clear over the Indian Ocean (Suppl. Fig. 2) and is also evident in the
zonal average precipitation anomaly (Suppl. Fig. 3). These precipi-
tation anomalies are associated with a reorganization of the mean
Hadley Cell circulation, with a southward shift of the upward
branch (i.e. ITCZ) and enhanced upper-level cross-equatorial flow.
In other modelling studies withmore comprehensivemodels, these
changes have been described in detail (e.g., Stouffer et al., 2006;
Frierson et al., 2013; Mohtadi et al., 2014). There is an important
seasonal aspect in this response, as in COMBINED the changes in
precipitation are primarily associated with the local rainy season:
the decrease in precipitation north of the equator has a maximum
in June to September, whereas the increase in the Southern tropics
peaks in October to April. The simulated temporal moisture
response at low latitudes is relatively gradual (more than 100
years), indicating that the impact of the ITCZ shift steadily builds
up. This is also reflected in the difference between the time-
evolution of the long-distance meridional gradient (between the
North Atlantic and the southern tropical oceans) that drives the
ITCZ shift, and the local temperature response in the tropics
(Suppl. Fig. 6). The local cooling is at least 100 years faster than the
full build-up of the meridional temperature contrast.

The dry conditions in Central Europe and Western Siberia are
temperature and hydroclimate in our YD simulation.



Fig. 8. Simulated AMJJA (April-to-August) anomaly in precipitation (shaded) and 800 hPa geopotential height (contours, in m2s�2) between COMBINED and the unperturbed 13 ka
reference climate.
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related to the strong cooling due to the AMOC weakening, reducing
the moisture content of the air masses transported inland by
westerlies. The good match of our simulated soil moisture anomaly
with the detailed relative humidity reconstruction in Germany of
Rach et al. (2017) suggests that our simulationwith COMBINED and
NO_BGMF captures well the mechanism for drying in Europe
(Fig. 6). The overshoot after the recovery that is visible in both
model and data is directly linked to a similar overshoot in the
AMOC strength and North Atlantic sea surface temperatures
(Renssen et al., 2015, their Fig. 3c).

In two areas, other forcings besides the AMOC weakening are
also important for the soil moisture response. These two areas are
Northeastern Europe and Southeastern North America, where the
soil moisture increased relatively rapidly in our COMBINED
experiment. A seasonal analysis of these relatively wet soil condi-
tions in Northeastern Europe (Fig. 3c and d) and Southeastern
North America (Fig. 3g and h) shows that these originate in the
summer season. In our earlier study (Renssen et al., 2015), we
showed that in COMBINED a change in atmospheric circulationwas
simulated in summer, with relatively high pressure over the cold
North Atlantic Ocean and reduced surface pressure over the North
Sea, resulting in anomalous northerly flow, bringing cold polar air
southwards over Northwestern Europe (Fig. 8). However, more to
the east, at the eastern flank of this negative pressure anomaly, an
anomalous southerly flow was generated, transporting relatively
moist air towards Northeastern Europe, explaining the increase in
moisture in this region. Sensitivity experiments with only one
forcing performed by Renssen et al. (2015) revealed that the data
assimilation, the reduced radiative forcing and the AMOC
weakening all contributed to this change in atmospheric circula-
tion. However, the resulting wetter conditions in northeastern
Europe do not match with climate reconstructions that suggest a
drier climate in the same region. Yet, proxy-based hydroclimatic
reconstructions are scarce in this area, and possibly, our low-
resolution model has not captured the right location of the wet
anomaly. Further research should therefore reveal if there really
was a region with a wetter climate in northeastern Europe. The
change in atmospheric circulation also affected North America, as
in our COMBINED experiment a positive pressure anomaly was
present over eastern North America, and a negative anomaly over
western North America (Fig. 8). The result was a southerly flow
bringing moist air from the Gulf of Mexico northwards to the
American continental interior, resulting in enhanced soil moisture
levels there, in agreement with proxy evidence (e.g., Polyak et al.,
2004; Grimm et al., 2006).

Regarding the temperature response, the reduction in AMOC
strength is only dominating the cooling in areas under direct in-
fluence of the North Atlantic Ocean. These areas include North-
eastern and Central Europe, Western Siberia, Southeastern North
America and the Sahel region. In most regions considered in the
Southern Hemisphere, the reduction in radiative forcing is mainly
responsible for the temperature decrease. In these areas, the
cooling is relatively modest (�0.2 to �0.4 �C). In the areas affected
directly by the Atlantic Ocean, the NO_DAR recovery scenario
shows that the radiative forcing actually leads to a cooling of a
similar magnitude as in the Southern Hemisphere, but here this
effect is overwhelmed by the impact of the AMOC weakening. In
some areas, notably Southwest Africa and Central America, the
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AMOC weakening and the negative radiative forcing have a similar
contribution to the overall cooling in COMBINED.

In our experiments, we reduced the radiative forcing instanta-
neously everywhere at the start of COMBINED. In reality, the
decline in radiative forcing would have taken more time, as it also
depends on the climate change itself. In particular, estimates from
ice cores suggest that the 230 ppb decrease in atmospheric
methane levels took 340 years (Brook and Severinghaus, 2011).
However, the rise in atmospheric dust levels was probably much
faster (within two decades, e.g., Alley, 2000; Steffensen et al., 2008),
but it is expected that there were large spatial variations in the
associated radiative forcing. In particular, dust records from
Greenland, Antarctica and the Tropical North Atlantic Ocean sug-
gest that the amount of dust in the atmosphere strongly depends
on the latitude (DeMenocal et al., 2000; Steffensen et al., 2008;
Schüpbach et al., 2013). Overall, this implies that our COMBINED
experiment certainly overestimates the rate of cooling in areas
where the temperature decrease is governed by the radiative
forcing. This is relevant for the considered areas in the Southern
Hemisphere where the onset phase of the simulated cooling lasted
about 20 years (Fig. 2a).

In addition, other modelling studies addressing the Younger
Dryas show warming at some Southern Hemisphere continents.
This is for instance the case in the experiments of He et al. (2013),
showing relatively high temperatures over parts of South America
and Southern Africa. These warmer conditions are associated with
the so-called bi-polar seesaw effect, with AMOCweakening leading
to cooling in the North Atlantic, but accumulation of heat and
warming in the South Atlantic and the Southern Ocean. Our model
is known to generate a relatively modest bi-polar seesaw effect
compared to other global models (Stouffer et al., 2006) and with
quite a long delay in the Southern Ocean (of about one century, c.f.,
Roche et al., 2010). This bi-polar seesaw effect is weakly present in
our results, generating a warmer Southern Ocean in the Indian
Ocean sector (Fig. 1a). However, in our simulation this Southern
Hemisphere warming is modest, and is not strong enough to
overwhelm the continental cooling produced by the reduction of
radiative forcing. In simulations that consider both freshwater and
negative radiative forcing, the sign of the temperature anomaly (i.e.
cooling or warming) in the Southern Hemisphere thus depends on
the magnitude of the AMOC weakening. Potentially, proxy-based
temperature reconstructions could provide evidence of either
warming or cooling on Southern Hemisphere continents. Available
temperature reconstructions from the Southern Hemisphere
generally suggest small warming of less than 1 �C, although some
sites also record cooling (Shakun and Carlson, 2010). However,
these reconstructions are mostly based on marine sediment cores,
and thus provide limited information on the climate conditions on
the continents. Our simulations suggest that a YD cooling in the
Southern Hemisphere would be less than 0.5 �C, which is probably
within the uncertainty of most proxies. In any case, our simulated
value of 0.6 �C global mean cooling during the YD event matches
the independent estimate of Shakun and Carlson (2010). Since our
estimate for cooling in the Northern Hemispherematches well with
proxy evidence, this supports our simulation as a reasonable rep-
resentation of the global YD climate.

4.2. Temperature vs hydroclimate response

In the areas under direct influence of the Atlantic Ocean, the
responses in temperature and soil moisture are in line and show
similar rates of change and timing. In contrast, in the other regions,
the temperature and soil moisture are decoupled, indicating very
different responses. These areas are all located in the tropics and/or
Southern Hemisphere, where the cooling is a response to the
negative radiative forcing, while the hydroclimatic changes are
mainly resulting from the shifts in the ITCZ. This has important
consequences for the interpretation of hydroclimatic proxy records
from these regions, as it implies that such data should not be
directly related to key records from high latitudes, such as ice core
stable isotope records.

5. Conclusions

We analyzed the global response in temperature and soil
moisture in transient simulations of the Younger Dryas climate. Our
results generally agree with proxy-based evidence and suggest the
following:

- Both the temperature and hydroclimate responses clearly have a
global signature. The cooling is most expressed over the North
Atlantic Ocean (more than 5 �C) and downwind continents
(2e4 �C), which is related to the weakening of the AMOC under
influence of meltwater discharge. The hydroclimate response is
strongest over Eurasia in a belt between 40 and 60�N and North
Africa in the Sahel region. In both areas, a strong decrease in soil
moisture is simulated (of about �20%). The strongest increase in
moisture is found in southeastern North America (þ15%), where
southerly atmospheric flow brings moist air inland.

- Outside the regions directly influenced by the strong cooling of
the North Atlantic Ocean, the responses of temperature and
moisture are decoupled. In other words, the causes of the
temperature and hydroclimate responses are not the same at
these locations.

- In the tropics, the hydroclimate response is governed by the
southward shift of the ITCZ due to cooling of the North Atlantic
Ocean. This causes drier conditions north of the equator, in
particular in Northern Africa, Central America and Southeast
Asia, and wetter conditions in the Southern Hemisphere tropics,
such as in Southern Indonesia, Northern Australia, Southwest
Africa and the southern part of South America. The associated
changes in soil moisture are relatively gradual (taking up to two
centuries), suggesting that the impact of the ITCZ shift on the
tropical hydroclimate is building up.

- Our simulations suggest that continents in the Southern
Hemisphere experienced a small cooling (less than 0.5 �C) dur-
ing the YD, to mimic the negative radiative forcing associated
with lowered methane concentrations and elevated atmo-
spheric dust levels. In our experiment, the bipolar seesaw
mechanism is not very strong, so that the associated warming
influence of the South Atlantic Ocean is not overwhelming the
radiative cooling.
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