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Abstract Snowfall is an important component of Earth’s climate system; however, long, continuous
high-resolution records of global snowfall are lacking because of the absence of suitable proxies. In this study,
diatom record from the sediments of Yunlong Lake, in the southeastern Tibetan Plateau, was used to
reconstruct snowfall during the Younger Dryas (YD). Variations in the abundance of low-light-tolerant
diatoms and diatom flux indicate that the duration of lake ice cover during the YD was significantly longer
than that during the colder Heinrich event 1; this suggests that heavy snowfall, rather than temperatures,
was responsible for the greater duration of lake ice cover during the YD. Thus, we conclude that prolonged,
heavy snowfall occurred in the southeastern Tibetan Plateau during the YD. In addition, this conclusion is
supported by the results of a climate model simulation that also suggest that heavy snowfall occurred at high
latitude in the Northern Hemisphere during the YD. We propose that the heavy snowfall intensified cooling in
Northern Hemisphere by increasing the albedo and that it increased hydrological variability at low latitudes
by increasing the duration of the southward migration of the Intertropical Convergence Zone and by
delaying the onset of the Asian summer monsoon. The snowfall would have been a source of continuous
freshwater that acted as a positive feedback and resulted in a prolonged weakened state of the Atlantic
meridional overturning circulation, which lasted for more than 1,000 years. Overall, our results emphasize the
amplification and positive feedback function of heavy snowfall in triggering abrupt climate change.

1. Introduction

The Younger Dryas (YD: 12,896–11,703 years BP; Lowe et al., 2008) is the most recent and longest of several
interruptions of the gradual warming of Earth’s climate since the Last Glacial Maximum. No event in the
climate record has received more attention than the YD (Broecker, 2010). The YD was characterized by signif-
icant and extended cooling across high latitudes of the Northern Hemisphere, which lead to a large magni-
tude of hydrological variability at low latitudes and significant changes in the Asian summer monsoon
(Clement & Peterson, 2008).

It is generally believed that major climate change at lower latitudes is closely related to an increased south-
ward shift of the Intertropical Convergence Zone (ITCZ), associated with the weakening of the Atlantic
meridional overturning circulation (AMOC; Chiang & Bitz, 2005; Haug et al., 2001; Peterson et al., 2000).
However, the role of the AMOC may be overestimated because modern observations show that, during
the present interglacial climatic state, poleward oceanic heat transport was minor in the region to the north
of 40°N (Ganachaud & Wunsch, 2001; Trenberth & Caron, 2001). Even in the event of a collapse of the AMOC,
the shift in the mean zonal position of the ITCZ would have been minor, according to quantitative estimate
(McGee et al., 2014). In addition, a paleoclimatic record indicated only a partial weakening of the AMOC dur-
ing the YD (McManus et al., 2004), and a recent modeling study suggested that the changes in the AMOC
alone during the YD may have been insufficient to cause climate change of the observed magnitude
(Renssen et al., 2015). Moreover, modeling studies were unable to replicate the broad geographic range of
the dramatic decrease of the Asian monsoon based on a weakening of the AMOC alone (Vellinga & Wood,
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2002; Zhang & Delworth, 2005). Therefore, there is increasing evidence that other positive feedbacks are
needed to explain the observed magnitude of low-latitude climate change during the YD. However, the
results of a climate simulation study may provide a partial clue regarding the nature of the feedbacks
involved: Jacob et al. (2005) show that a weakening of the AMOC triggered a positive feedback loop which
involved an increased number of days with heavy snowfall, an increase in albedo, hence the greater
reflection of sunlight, which lead to further cooling.

Another important question is why the duration of the YD cooling exceeded 1,000 years. It is widely accepted
that the weakening of the AMOC during the YD was caused by an abrupt influx of a large volume of fresh-
water into the North Atlantic (Broecker et al., 1985). However, the AMOC soon recovers once the freshwater
influx ceased (Stouffer et al., 2006), which suggests that the continuous input of freshwater was necessary for
maintaining a persistently weak AMOC for more than 1,000 years during the YD. Melting snow could be a sig-
nificant source of freshwater influx that dilutes sea surface water; hence, snowmelt may have been an impor-
tant continuous source of freshwater to the ocean that enabled the YD to persist for more than 1,000 years.

The foregoing suggests that seasonal snowfall factors may have been crucial positive feedbacks, which
amplified and sustained the YD event. Unfortunately, however, long-term continuous high-resolution records
of global snowfall, which occurs mainly in the form of winter precipitation at high latitudes and high eleva-
tions, are lacking because of the absence of suitable proxy records. Here we present the first diatom proxy
data set from a lake sediment core from Yunlong Lake in the southeastern Tibetan Plateau, which demon-
strates the occurrence of prolonged heavy snowfall during the YD. To substantiate the record of snowfall
from Yunlong Lake, we compared our results with the output of a transient simulation of the climatic evolu-
tion of the last 21 ka (TraCE-21ka) using fully coupled model CCSM3 (Liu et al., 2009, 2014).

The present paper is structured as follows: The materials and methods are described in section 2; details of
observed changes in diatom assemblages and diatom flux during the last deglacial are described, and the
implications of the findings are discussed in section 3. Our approach can be summarized as follows: First,
we demonstrate the reliability of diatoms as indicators of snowfall and use them to reconstruct changes in
snowfall during the last deglacial (section 3.1). These results are then confirmed via the analysis of a climate
simulation for the Tibetan Plateau and the Northern Hemisphere during the YD (section 3.2). Then, we further
discuss the influence of snowfall on climate change by exploring the possible role of snow in influencing the
southward migration of the ITCZ, weakening of the intensity of Asian summer monsoon, and prolonging a
weak AMOC during the YD (section 3.3).

2. Materials and Methods
2.1. Regional Setting

To explore changes in snowfall during the last deglaciation, we analyzed a high-resolution sediment core
from Yunlong Lake (25°52.210N, 99°16.830E), 2,551 m above sea level in Yunnan Province, in the southeastern
corner of the Tibetan Plateau (Figure 1). The Tibetan Plateau is one of the most sensitive areas to respond to
global climate change, as indicated by the timing and amplitude of warming since the mid-1950s in the
observational data, especially in winter season (Liu & Chen, 2000). Yunlong Lake is a natural mountain lake
formed during regional tectonic faulting. The lake area is ~1.5 km2, and the maximum water depth is
~14.1 m. The catchment area is ~11.25 km2, and there are no natural inflows; however, an outlet in the east-
ern part of the basin drains into a branch of the Lantsang River.

2.2. Sediment Cores

In 2008, a team from the Institute of Geology and Geophysics and the Nanjing Institute of Geography and
Limnology, Chinese Academy of Sciences, obtained two sediment cores from Yunlong Lake (YL-A and YL-
B) in a water depth of 13 m (Figure 1) using a UWITEC piston corer. To facilitate comparison of the cores,
the depths of cores YL-A and YL-B were transformed to a common depth scale, with a maximum length of
18.32 m (Figure S1 in the supporting information).

2.3. Diatom Analysis

Diatoms from sediment and aquatic plant samples were processed in test tubes and beakers using hot H2O2

to remove organic matter and HCl to remove carbonates (Battarbee et al., 2001). Diatoms were identified
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using oil immersion phase-contrast light microscopy at 1,000X magnification and were expressed as
percentage relative abundances. Diatom taxonomy followed the guidelines of Krammer & Lange-Bertalot
(1986-1991). Previous studies have shown that count of 300–600 valves meet the statistical requirements
(Soeprobowati et al., 2016). In this study, totally 247 sediment samples from core are analyzed. Among
these samples, 300–600 valves per sample were counted for 237 samples, and only approximately 100
valves per sample could be counted for other 10 samples with extreme low diatom concentration. Diatom
concentrations (valves/g) were calculated by adding divinylbenzene microspheres (Battarbee & Kneen,
1982). Diatom fluxes were calculated by multiplying diatom concentrations by the sediment dry bulk
density and the sedimentation rate, and they are expressed as valves cm�2 year�1. Sixty-two modern
surface sediment and 15 aquatic plant samples were analyzed to clarify the ecological habitats of diatoms
in the Yunlong Lake. For these samples, we counted 600 diatom valves per sample from surface samples
and 1,000 valves per sample from aquatic plant samples.

2.4. Chronology

The chronology of composite core YL-AB between 19 and 10 cal ka BP is based on 17 accelerator mass spec-
trometry 14C dates of bulk sediment samples (Table S1). The measure-
ments were made by Beta Analytic and at the University of Arizona. All
data were transformed to calendar years using the IntCal13 calibration,
and the final chronology was established using Bacon age-depth model-
ing (Blaauw & Christen, 2011; Figure 2). Diatom assemblages and fluxes
were analyzed at 2-cm intervals, corresponding to an average resolution
of 40 years. Detailed chronological information for the interval from 19
to 10 cal ka BP is listed in Table S1.

2.5. Climate Simulation

We analyzed the TraCE-21ka simulation (http://www.cgd.ucar.edu/ccr/
TraCE/). The simulation was performed using a globally coupled ocean–
atmosphere-sea ice-land surface climate model: Community Climate
System Model version 3 (CCSM3; Collins et al., 2006) of the National
Center for Atmospheric Research at T31-gx3v5 resolution (Yeager et al.,
2006), with a dynamic global vegetation component. The atmospheric
resolution is T31 (3.75) horizontally, with 26 levels in the vertical direction.

The TraCE-21ka simulation is initialized from a previous Last Glacial
Maximum equilibrium simulation of CCSM3 (Otto-Bliesner et al., 2006)
and is then forced by a complete set of realistic transient climate forcings
over the past 21,000 years. The forcings include orbital insolation (Berger,

Figure 1. Location map and bathymetry of Yunlong Lake. (a) Schematic map of the location of Yunlong Lake in Asia; (b) Bathymetry of Yunlong Lake. The location of
the composite sediment cores YL-AB used in this study is shown by the red star.

Figure 2. Age-depth model for composite core YL-AB over the past
20,000 years. The panel shows the calibrated 14C dates (light blue), and the
age-depth model (gray shading) represents the most likely calendar ages.
Black dotted lines represent 95% confidence intervals, and the red curve
shows the single “best” model based on the weighted mean age for each
depth interval.
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1978), atmospheric greenhouse gases (Joos & Spahni, 2008; greenhouse gases, including CO2, CH4, and N2O),
continental ice sheets and coastlines (Peltier, 2004), andmeltwater discharge (Liu et al., 2014). The TraCE-21ka
simulation result has been shown to capture many key features of the evolution of the deglacial climate, for
example, cooling during the Heinrich event 1 (H1), abrupt warming during the Bølling-Allerød interstadial,
and cooling during the YD (Liu et al., 2009; Shakun et al., 2012). For more details of the experimental setup
for TraCE-21ka, see http://www.cgd.ucar.edu/ccr/ TraCE/ or Liu et al. (2014).

3. Results and Discussion
3.1. Prolonged Heavy Snowfall During the YD Indicated by Diatom Assemblages From Yunlong Lake
3.1.1. Changes in Diatom Percentages During the Last Deglaciation
The ecological habitats of diatoms are diverse. Diatoms in different habitats exhibit different life forms, which
are used to classify them into two basic groups: planktonic and benthic. Benthic diatoms can be further
divided into periphytic andmotile subgroups; periphytic diatoms attach to different substrates, such as aqua-
tic plants (epiphytic diatoms), mud (epipelic diatoms), sand (epipsammic diatoms), and stones
(epilithic diatoms).

In this study, we identified an additional subgroup, low-light-tolerant diatoms (LLTD), which can grow under
very weak light conditions. This diatom type potentially provides important information on changes in snow
and ice cover on the frozen lake surface, because LLTD diatoms are the dominant species in long-term ice-
and snow-covered lakes (Douglas & Smol, 1999; Lotter & Bigler, 2000; Smol, 1988). LLTD diatoms here include
Pseudostaurosira elliptica, Staurosira construens f. venter, Staurosira construens f. construens, Cymbopleura sub-
cuspidata, and Encyonema minutum. Most of them have previously been used to reconstruct changes in ice
cover and snow (Lotter & Bigler, 2000). The modern autecology of epiphytic diatoms is shown in Figure S2.

The relative abundances of the four groups/subgroups of diatoms of composite core YL-AB (planktonic, epi-
phytic, periphytic, and LLTD diatoms) are shown in Figure 3. The diatom assemblages at Yunlong Lake chan-
ged significantly during the last deglaciation. LLTD diatoms abruptly increased in abundance during two cold
periods (the YD and H1; Figure 3) and were replaced by planktonic and epiphytic diatom species during warm
periods (the Bølling-Allerød event and the early Holocene; Figure 3).
3.1.2. Changes in Diatom Flux During the Last Deglaciation
Figure 4 shows both linear and logarithmic plots of diatoms flux during the last deglacial period. The linear
plots exhibit obvious differences between cold and warm periods, but themagnitude of the difference in dia-
tom flux during the YD compared to that during the H1 is better seen clearer in the logarithmic plots. The
diatoms flux during the YD can be divided into three intervals. Diatom flux began to decrease at around
12.9 ka BP (the beginning of the YD), and by 12.6 ka BP it had attained levels comparable to those during
the H1; from 12.6 to 12.3 ka BP, the diatom flux stabilized; and then finally, after 12.3 ka BP, the diatom flux
decreased rapidly by nearly 2 orders of magnitude (Figure 4c).
3.1.3. Prolonged Heavy Snowfall Indicated by LLTD Abundance and Diatom Flux During the YD
Changes in diatom assemblages and in diatom production can be used to reconstruct past variations in
snowfall. Diatoms live in the euphotic zone of lakes and other water bodies where there is sufficient light
for photosynthesis. Changes in the ice and snow cover of lakes are often the dominant factor controlling dia-
tom growth because they influence light quantity and quality, as well as other limnological variables (Lotter &
Bigler, 2000; Smol, 1988). Whereas most diatoms cannot grow under very weak light conditions, a few diatom
species can grow under limited light conditions (Douglas & Smol, 1999; Lotter & Bigler, 2000; Smol, 1988);
here we term them as low-light-tolerant diatoms (LLTD). During an ice-covered interval, LLTD diatom species
may dominate diatom assemblages, and thus, the increased representation of LLTD diatoms indicates an
increased duration of ice cover/snow cover on lakes (Lotter & Bigler, 2000).

Diatom production occurs mainly during the ice-free open-water season when light availability increases in
the euphotic zone, whereas diatom production is limited during the ice-cover season. Consequently,
although the physiological status and growth rate of individual diatom cells may be influenced by the trophic
status and structure of the water body (e.g., the degree of lake turbulence or stratification of the water col-
umn), annual diatom production is ultimately controlled by light availability, which in turn is controlled by
the duration of the ice cover. Therefore, past changes in diatom production are linked directly, although
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not necessarily linearly, to the thickness and duration of ice cover. In general, a low diatom flux, a proxy for
diatom production, indicates a long period of ice cover/snow cover.

Low winter temperatures and heavy snowfall are the main factors prolonging the duration of lake ice cover.
Light conditions are reduced when a thick snow layer accumulates on the lake ice, and a thick snow cover

Figure 3. Percentages of the main diatom species recorded during the last deglaciation in Yunlong Lake. Holo: Holocene; YD: Younger Dryas; BA: Bølling-Allerød; H1:
Heinrich event 1. Gray shading represents the cold events of the H1 and the YD.
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may greatly reduce the light availability for almost all life forms (Lotter & Bigler, 2000). Therefore, the flux of
diatoms and the relative abundance of LLTD diatom species provide crucial information about past changes
in the duration of ice cover and the thickness of snow accumulation on frozen lakes during winter (Lotter &
Bigler, 2000; Rühland et al., 2003; Smol & Douglas, 2007).

The diatom record from Yunlong Lake shows that the percentages of LLTD diatoms were high and diatom
fluxes were extremely low in the sediments deposited during the H1 and the YD (Figures 3 and 5), indicating
prolonged ice cover of Yunlong Lake. The most striking feature of the records is that during the YD the per-
centage of LLTD diatoms was almost the same as that during the H1, or even higher, and the flux of diatoms
was lower than that during the H1 (Figures 5a and 5b). This indicates that the duration of ice cover during the
YD was the same or even longer than that during the H1.

As noted above, temperature is one of the twomain factors (the other is snow cover) controlling the duration
of lake ice cover. However, Northern Hemisphere temperatures were higher in the YD than in the H1 (Bard
et al., 2000; Buizert et al., 2014; Isarin & Renssen, 1999; Liu et al., 2012; Waelbroeck et al., 1998). For example,
the Greenland ice core record and model simulations show that annual average and winter temperatures
were respectively 4.5 °C (Figure 5c) and 5 °C warmer in the YD than in the H1 (Buizert et al., 2014).
Relatively high winter temperatures would have favored a shorter duration of ice cover during the YD than
during the H1; thus, a prolonged period of ice cover during the YD may have been caused by thick snow
cover on the frozen lake surface rather than by temperature. Thick snow cover would not only extend the
duration of ice cover but would also greatly reduce light penetration, leading to a dramatic decrease in dia-
tom productivity and the dominance of LLTD diatoms in Yunlong Lake during the YD.

It is possible that the decreasing diatom flux was caused by a lowering of the lake level during the H1 and the
YD, when the summer monsoon is thought to have been weak (Yuan et al., 2004). However, the relatively low

Figure 4. Records of low-light-tolerant diatoms (LLTD), diatom flux for Yunlong Lake during the last deglaciation.
(a) Percentage of low-light-tolerant diatoms; (b and c) Diatom flux (y axis: linear and logarithmic). Gray shaded bars
represent the time intervals of the Younger Dryas (YD) and Heinrich event 1 (H1). The percentages of LLTD during the YD
are very similar to those during the H1 or even higher. Diatom flux during the YD was lower than during the H1, and the
diatom flux during the early Holocene was lower than during the Bølling-Allerød (BA).
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abundance of epiphytic diatoms such as Achnanthes spp. during these two periods does not support this
argument (Figure 3). Previous research showed that Achnanthes spp. lives on aquatic plants in the shallow
littoral areas of lakes (Lotter & Bigler, 2000), and a comparison of diatom assemblages between surface
samples and aquatic plant samples of Yunlong Lake also indicated that they prefer to live on aquatic
plants (Figure S2). Therefore, the percentages of these species should have increased during the YD and
H1 if the lake became shallow. However, these diatom species decreased during the YD and H1 (Figure 3),
indicating that changing lake level was not responsible for the decreased diatom flux, although the lake
level may have experienced limited changes during these intervals due to a weakened summer monsoon.

It should be noted that after the YD, planktonic diatoms increased dramatically, corresponding with signifi-
cant climatic warming at the onset of the Holocene (11,500–10,000 years BP; Figure 3), but the diatom flux
did not recover as quickly and did not attain values comparable to those recorded during the Bølling-
Allerød period (Figures 4 and 5b). At the start of the Holocene, the diatom flux remained low (diatoms were
not found in two sampling horizons), consistent with values recorded at the end of the YD (Figures 4 and 5b).
This may be because Yunlong Lake is not a closed lake but has an outlet into the Lantsang River (Figure 1).
With the strengthening of the summer monsoon at the start of the Holocene (Yuan et al., 2004), heavy pre-
cipitation could have caused a rapid rise in lake level and overflowing through the outlet. The overflowwould
have resulted in the loss of sediment and diatoms, resulting in the apparently low diatom flux for Yunlong

Figure 5. Changes in the percentage of low-light-tolerant diatoms (LLTD) and in diatom flux in Yunlong Lake, and their
comparison with paleoclimatic records from Greenland ice cores. (a) Percentage of LLTD; (b) logarithmic plot of diatom
flux (valves cm�2/year); (c) Greenland temperature reconstruction (average of North Greenland Eemian Ice Core Drilling
Project, Greenland Ice Sheet Project Two, and North Greenland Ice Core Project reconstructions; Buizert et al., 2014);
(d) North Greenland ice core project oxygen isotope record (Andersen et al., 2004). YD = Younger Dryas; H1 = Heinrich event 1.
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Lake during the early Holocene relative to the BA warm period (Figure 4). Moreover, this interval could also
have been caused by very turbid water conditions, which inhibit the growth of diatoms (Anderson, 2000;
Slemmons et al., 2013). Lake turbidity may have been related to increased erosion due to very sparse
vegetation cover in the early Holocene as the summer monsoon strengthened.

3.2. Prolonged Heavy Snowfall During the YD Indicated by a Climate Simulation for the Tibetan
Plateau and Northern Hemisphere

To further understand the climate record from Yunlong Lake, we compared our results with the output of a
transient simulation of the climatic evolution of the last 21 ka (TraCE21ka) using fully coupled model CCSM3
(Liu et al., 2009, 2014). Analysis of the simulation shows that annual snowfall at the model grid near Yunlong
Lake during the YD was up to 50 mm/year higher (Figure 6a) and 25–75 mm/year higher across most of the
Tibetan Plateau area, compared to that during the H1 (Figures 6b and 7).

Our analysis of the simulation data shows that heavy snowfall during the YD occurred not only on the Tibetan
Plateau (Figure 7) but also in critical regions around the North Atlantic (i.e., in northeastern North America and
northern Europe) and northern Asia (Figure 7a) and that heavy winter precipitation occurred in the northern
North Atlantic Ocean (Figure 7b). This simulation result of widespread heavy snowfall is also supported by
previous studies (Denton et al., 2005).

Anomalous southwesterly atmospheric circulation during the YD transports abundant moisture from the Bay
of Bengal and Arabian Sea, resulting in precipitation on the Tibetan Plateau where the airstream is blocked
and forced upward by the high orography (Figure 8). In winter, the blocked airstream branches into two

Figure 6. Cumulative winter snowfall anomalies. (a) Snowfall during the deglacial at the model grid near Yunlong Lake
(27.83°N, 101.25°E). (b) Cumulative winter snowfall anomalies (units: mm/year) during the Younger Dryas with reference
to the Heinrich event 1 over the Tibetan Plateau. Red circle shows the location of Yunlong Lake. Stippled zones indicate
significance at the 95% confidence level.
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distinct flows (Figure 8); the west branch, together with the topography, produces cyclones, which trigger
intensive upward air movement and consequently enhance the snowfall over the southern Tibetan
Plateau (Figure 8). This caused heavy winter snowfall in the area during the YD (Figure 6).

In critical regions around the North Atlantic and Arctic Ocean, climate warming during the last deglacial per-
iod was the likely reason for the increased winter snowfall. The winds above the retreating ice sheets pene-
trated further northward, transporting atmospheric water vapor from lower to higher latitudes (Eisenman

Figure 7. Comparison of winter precipitation anomalies for the Younger Dryas relative to the Heinrich event 1. The
anomalies are calculated in two different ways. (a) Annual cumulative snowfall anomalies (units: mm/year); (b) mean winter
precipitation anomalies (units: mm/day). Stippled zones are significant at the 95% confidence level. Note the absence of
snowfall data for the oceanic region in Figure 7a.

Figure 8. Anomalies winter water vapor flux (vector, kg/m/s) and its divergence (shading, kg/m2/day) for the Younger
Dryas relative to the Heinrich event 1. The values are vertically integrated from the surface to 300 hPa in the air columns.
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et al., 2009), leading to increased snowfall in high northern latitudes during the YD (Figure 7). The snowfall
belt even reached the polar region in the earliest Bølling-Allerød warm period, as recorded by Greenland
ice cores (Alley et al., 1993).

It should be noted that although the amount of snowfall in Greenland during the YD was higher than that
during the H1 (Figure 7), it still decreased significantly compared to the Bølling-Allerød warm period (Alley,
2000), which could be related to the displacement of the snowfall belt. The gradual cooling of the North
Pole since the early Bølling-Allerød, indicated by Greenland ice core oxygen isotope and temperature records
(Andersen et al., 2004; Buizert et al., 2014; Figures 5c and 5d), may have led to the southward displacement of
the snow belt. Together with intensified polar cooling during the YD, the region of heavy snowfall was dis-
placed southward, out of Greenland.

In summary, diatom assemblages and diatom productivity in Yunlong Lake indicate that prolonged heavy
snow occurred in the Tibetan Plateau during the YD. In addition, analysis of a climate simulation with a time
series from near Yunlong Lake indicates that a large amount of snowfall occurred during the YD period, which
continued until the end of the YD. The simulation results also indicate that the snowfall in the YD was higher
than that during the H1 in the Northern Hemisphere.

3.3. Role of Prolonged Heavy Snowfall in Climate Change During the YD

Our diatom record from Yunlong Lake and the climate simulation output indicate that prolonged heavy
snowfall occurred during the YD period. The prolonged heavy snowfall could have had a major influence
on the climate of the YD. Hence, we next explore the possible role of snow in influencing the southward
migration of the ITCZ and in weakening of the intensity of Asian summer monsoon and the potentially sig-
nificant role of snowfall in sustaining a weak AMOC during the YD.
3.3.1. Role of Prolonged Snowfall in the Southward Shift of the ITCZ During the YD
At low latitudes, the YD climate was characterized by significant hydrological and temperature variability
(Haug et al., 2001; Lea et al., 2003; Weldeab et al., 2007; Yancheva et al., 2007). Paleoclimate records from
the northern tropics show evidence for reduced precipitation and decrease ocean temperature (Haug
et al., 2001; Lea et al., 2003; Rashid et al., 2011; Wang et al., 2001; Weldeab et al., 2007). In the southern tropics,
several records from central South America and northern Australia show increased precipitation and tem-
perature (Ayliffe et al., 2013; Cruz et al., 2005; Denniston et al., 2013; Wang et al., 2007). All of these observa-
tions are thought to be linked with a more southerly position of the ITCZ.

The prevailing paradigm for the cause of the more southerly position of the ITCZ during the YD is that the
Northern Hemisphere cooling was initially forced by the weakening of the AMOC (Broecker et al., 1985;
Lynch-Stieglitz et al., 2014; Rahmstorf, 2002). However, modern observations show that poleward oceanic
heat transport is mainly confined to between 0° and 20°N and that at about 40°N, oceanic transport repre-
sents less than 25% of the total heat transport in the Northern Hemisphere (Ganachaud & Wunsch, 2001;
Trenberth & Caron, 2001). Evidence from 231Pa/230Th ratios, which are regarded as a proxy of changes in
the strength of the AMOC, suggests only a partial weakening of AMOC during the YD, in contrast to the near
shutdown of the AMOC during the H1 (McManus et al., 2004). A quantitative estimate indicated that the
mean shift of the ITCZ during the H1 was probably less than 1° of latitude (McGee et al., 2014). Thus, it could
be expected that a partial weakening of the AMOC alone during the YDmay have been insufficient to cause a
significant southward shift of the ITCZ. In addition, modeling results that only consider changes in the AMOC
are unable to reproduce strong cooling and a dramatic decrease in precipitation in northern tropical regions
(Clement & Peterson, 2008; Rind et al., 2001; Vellinga & Wood, 2002; Zhang & Delworth, 2005). Therefore,
additional feedback processes related to the operation of the AMOC are needed to explain the observed dra-
matic changes in climate in the tropics due to the southward shift of the ITCZ during the YD.

We propose that the large changes in tropical precipitation and temperature in low latitudes may have been
caused by the increased residence time of the ITCZ in the Southern Hemisphere, rather than by the greater
southward migration of the ITCZ. Prolonged heavy snowfall in the Northern Hemisphere may have been a
key positive feedback mechanism for maintaining this state of the ITCZ. A large amount of snowfall in the
Northern Hemisphere during spring would delay the onset of spring warming because of the increased
albedo, which would have been maintained for as long as surface temperatures remained below freezing
(Cohen & Entekhabi, 2001). Thus, heavy snowfall would have led to a long winter half year in the Northern
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Hemisphere, and the additional energy required to melt the snow would also have delayed the arrival of the
warm season (Cohen & Entekhabi, 2001). The simulation results show that, to maintain the heat balance when
the Northern Hemisphere is cold, the Hadley circulation in the Northern Hemisphere would have to
strengthen to transfer more heat to the colder Northern Hemisphere, which is generally associated with
the southwardmigration of the ITCZ (Green &Marshall, 2017; McGee et al., 2018). Therefore, the large amount
of snowfall during the YD, evidenced by our diatom record and by the climate simulation results, would have
led to a relatively prolonged cold spring, which would have resulted in the increased duration of the
southward displacement of the ITCZ. This scenario would have resulted in a long duration of weak precipita-
tion and low temperature in the northern equatorial region and strong precipitation in the southern
equatorial region.
3.3.2. Role of Prolonged Snowfall in Weakening the Asian Summer Monsoon During the YD
Monsoons have been recognized since ancient times as a seasonal reversal in the direction of near-surface
winds. However, as reviewed by Wang (2009), with the development of satellite and conventional observa-
tions, a new concept has developed which considers the monsoon as a manifestation of the seasonal migra-
tion of the ITCZ (Gadgil, 2003). This concept implies the existence of monsoonal circulation even in the
absence of land, with themonsoon interpreted as corresponding to a substantial (>10°) shift in the ITCZ away
from the equator, rather than to a substantial heating contrast between land and sea (Chao & Chen, 2001).
However, there are significant differences in the seasonal migration distance of the ITCZ in different regions
(Wang, 2009). In the Atlantic and eastern Pacific, the ITCZ is always located north of the equator, with only
minor seasonal shifts, whereas in the western Pacific and Indian Ocean, the ITCZ migrates seasonally far from
the equator (Wang, 2009). The ITCZ in the western Pacific Ocean and Indian Ocean is also significantly influ-
enced by the land-ocean thermal contrast, which affects the intensity of the Asian summer monsoon; this
indicates that the Asian monsoon is influenced not only by the seasonal migration of the ITCZ but also by
the land-ocean thermal contrast.

In Asian monsoon areas, rainfall commences in spring, reaches maximum intensity in summer, and ends in
the beginning of autumn. An important view is that themonsoon is driven by summer insolation, which influ-
ences the land-ocean thermal contrast (Kutzbach, 1981; Ruddiman, 2006; Wang et al., 2001). During the YD,
the summer insolation was near maximum (Berger, 1978); in addition, geological records show that the
decrease in temperature during the YD was mainly in winter, whereas the decrease in summer temperature
was insignificant (Atkinson et al., 1987; Buizert et al., 2014; Chu et al., 2017; Denton et al., 2005; Isarin &
Renssen, 1999). Theoretically, under the conditions of the relatively high summer insolation and high summer
temperature, the land-ocean thermal contrast would have reversed and increased rapidly in early spring, and
the summer monsoon would have arrived early during the YD. However, geological records show that the
Asian summer monsoon weakened significantly (Cai et al., 2008; Dykoski et al., 2005; Ma et al., 2012; Sinha
et al., 2005; Wang et al., 2001; Yuan et al., 2004), and this has so far been unable to be replicated in model
simulations (Clement & Peterson, 2008). The discrepancy between geological records and model results indi-
cates that additional factors are required, which acted as a positive feedback. Specifically, a feedback
mechanism is needed, which reduced the amount of summer rainfall by shortening the rainfall season,
and we suggest that the prolonged heavy snowfall may have played this role.

Numerical simulations with a global atmospheric circulation model have suggested that increased snow
cover over Eurasia and the Tibetan Plateau can weaken the summer monsoon (Barnett et al., 1988; Liu
& Yanai, 2002; Robock et al., 2003; Zhao & Moore, 2004). Heavy continental snow cover increases the sur-
face albedo and reflects incoming shortwave radiation (Gong et al., 2004; Jacob et al., 2005; Jeong et al.,
2013), which in turn affects atmospheric circulation (Cohen, 1994; Jacob et al., 2005). The most significant
change in the atmosphere circulation over Eurasia is the intensification and expansion of the Siberian
high-pressure zone (Jeong et al., 2011; Orsolini et al., 2013), which strengthens the East Asian winter mon-
soon (Wang et al., 2012). This would have postponed the onset of snow melting in the spring season of
the following year, which in turn would have led to a prolonged strengthened Siberian High and winter
monsoon. Thus, during the YD, positive feedback mechanisms acted to extend the duration of the winter
status of the land-ocean thermal contrast (cold land and warm ocean), which would have delayed both
the northward migration of the ITCZ and the onset of the Asian summer monsoon in the following year.
In turn, this would have led to a shortened wet season and hence to a substantially weakened Asian sum-
mer monsoon intensity.
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3.3.3. Role of Prolonged Snowfall in a Weakened AMOC During the YD
It is widely accepted that the weakening of the AMOC during the YD was caused by an abrupt influx of a large
volume of freshwater into the North Atlantic (Broecker et al., 1985). However, although coupled climate
model experiments with larger, and potentially unrealistic, freshwater forcing do generate an abrupt climatic
event (Rind et al., 2001; Vellinga & Wood, 2002; Zhang & Delworth, 2005), the AMOC soon recovers when the
freshwater influx ceases (Stouffer et al., 2006). This indicates that the “AMOC off” or “weak” state is not a stable
configuration (Clement & Peterson, 2008). The model results show that if the duration of freshwater influx is
as short as 1 year (a minimum estimate), then the strength of the thermohaline circulation would gradually
recover within a century (Vellinga & Wood, 2002) or less (Krebs & Timmermann, 2007). These simulation
results suggest that continuous freshwater input was necessary for maintaining a persistently weak AMOC
for more than 1,000 years during the YD.

Snowfall as a persistent freshwater source that could have been closely related to the density of sea surface
water in the North Atlantic during the YD (Eisenman et al., 2009) did not get enough attention. In the north-
ern North Atlantic, the most vigorous sinking of surface water occurs in winter, and thus, heavy snowfall may
have been a major source of freshwater discharge, which played an important role in maintaining the weak
state of the AMOC. Increased in snowfall at high northern latitudes could potentially make an important con-
tribution to the return of water to the ocean via streamflow (Buckley & Marshall, 2016; Schott & Brandt, 2007;
Figure S3). A recent study indicated that watersheds with a high proportion of precipitation in the form of
snowfall are characterized by significantly higher mean streamflow than those with a similar amount of pre-
cipitation occurring primarily as rainfall (Berghuijs et al., 2014). The reason is that rainfall infiltrating into the
soil partially evaporates, and the resulting vapor often participates in the hydrological cycles of the continent,
rather than rapidly returning to the ocean. In Europe, where there is no significant topographic barrier to
wind flow, the reevaporated water vapor may be transported by the westerlies across the Eurasian continent,
potentially reaching the Pacific (Broecker, 1997, 2010). In contrast, a high proportion of precipitation in the
form of snowfall favors high mean streamflow levels (Berghuijs et al., 2014), leading to an increase in the
amount of freshwater returned to the ocean.

It is argued that a discharge increase of 0.06 ± 0.02 Sverdrups (1 Sv = 106 m3/s) would be sufficient to have
reduced the AMOC and caused colder climate during the YD (Carlson et al., 2007). Simulation results also
show that 0.1–0.6 Sv is sufficient to weaken the AMOC (Clement & Peterson, 2008; Stouffer et al., 2006),
although this amount of freshwater is insufficient to drive abrupt climate changes by shutting down the
AMOC. We converted the total amount of snowfall for the region of 50–70°N, 160°W to 120°E to the fresh-
water equivalent, which is 0.6 Sv during the YD (12,800–11,650 years BP). If this volume of freshwater entered
the North Atlantic and Arctic Ocean, it would have potentially reduced the surface salinity. In addition, the
total amount of direct winter precipitation in the North Atlantic (50–70°N) during the YD (12,800–11,650 years
BP) was 0.112 Sv. Therefore, the melted snow, as well as direct snowfall in the North Atlantic, could have pro-
vided a continuous supply of freshwater which acted as a positive feedback to maintain a weakened AMOC
for more than 1,000 years. Clearly, however, the extent to which the snowmelt would have reduced the
AMOC remains a question for further study.

4. Conclusions

Diatom proxies from Yunlong Lake in the southeastern Tibetan Plateau suggest the occurrence of prolonged
heavy snowfall during the YD cold event, and climate simulation results for the Northern Hemisphere also
suggest that heavy snowfall was a feature of the YD. This heavy snowfall in the Northern Hemisphere would
have been a persistent source of freshwater input to the ocean which maintained a weak AMOC during the
YD. The heavy snowfall would also have played an important role in driving the southward migration of the
ITCZ in winter, and delaying its northward migration during spring; this would have intensified during the YD
and delayed the reversal of the land-ocean thermal contrast. The effect of snowfall in delaying the northward
migration of the ITCZ, and the reversal of the land-ocean thermal contrast, which shortened the duration of
summer season, may have played an important role in weakening the Asian summer monsoon.

Our findings suggest that the use of diatoms as an index to track changes in snowfall may be a promising
avenue for future research. The lack of high-resolution, precisely dated proxy snowfall records has limited
our understanding of global climate change, including abrupt events, and our findings highlight the need
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for additional records from other regions. Reconstructing changes in snowfall may also be useful for explor-
ing the mechanisms of millennial-scale climate change, and a consideration of the role of snowfall may help
provide more realistic simulations of such abrupt climatic events.
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