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15  Abstract: A climate event at 7.5-7.0 cal ka BP (1 cal ka BP=1000 calibrated years
16  before present) has been recognized. This event is important for foreseeing the
17  possible response of the climate system to global warming and for interpreting
18  considerable societal change, but it has heretofore lacked a systematic review. Here,
19  we summarize previously published paleoclimate records spanning this event from 47
20 sites around the world. The proxy evidence from a variety of paleo-archives,
21 including lake sediment, speleothem, marine sediment, and ice core, provides a clear
22 picture of this climate change. The synthesis results show a weaker Asian summer
23 monsoon, in contrast to a stronger South American summer monsoon during the event.
24  The event also involves dramatic cooling and wetter conditions in north-central
25  Europe and in western North America, widespread aridity across Africa, contrasting
26  patterns of precipitation variability throughout the Mediterranean, and notable cooling
27  over the polar region, suggesting that it is a worldwide climate event. Comparison of
28  paleoclimate records with climate-forcing time series gives likely climate controls for
29 the event. The close correspondence in time of solar irradiance minima, strong
30 volcanic eruptions, the meltwater flux into the North Atlantic, an orbitally induced

31 decrease in solar insolation, and climate changes indicated by proxy data suggest
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32 possible linkages. More quantitative reconstructions and higher resolution climate
33 records are needed to fully capture the magnitude, timing, duration, and nature of this
34  event, which will be of considerable relevance to modeling.

35  Keywords: Holocene; 7.5-7.0 cal ka BP event; proxy record; causal mechanisms

36

37

38 1 Introduction

39 Future climate change and its potential effects on human society and ecosystems
40 are of prime concern to all. Climate modeling suggests that human-induced forcings
41 are increasing the probability of abrupt climate changes in the next hundred years or
42 beyond (National Research Council, 2002; IPCC, 2013). One way to quantify the
43 possible impact of future abrupt climate change is to look to the past for possible
44  close analogs (Alley and AgCstsddtir, 2005). The Holocene was interrupted by a
45 number of abrupt climate changes at decade-to-century time scales, which typically
46 occurred at times when the background climate was much like the present (Bond et al.,
47  2001; Mayewski et al., 2004; Wang et al., 2005; Shuman, 2012). Studies of such
48  episodes can provide insight into the process, driver, and effect of abrupt climate
49  change, which can then be applied to understand the behavior of climate systems and
50 thus to deal with the likely occurrence of future abrupt climate change. Our
51  consideration of paleoclimatic records first focuses attention on an 8.2 cal ka BP
52  (thousand calibrated years before present) event (Alley et al., 1997; Alley and
53 AgUstsddtir, 2005), a 5.5 cal ka BP event (Brooks, 2006; Wu et al., 2018), and a 4.2
54  cal ka BP event (Wu and Liu, 2004; Roberts et al., 2011; Weiss, 2016), which have
55  been strongly detected in a range of different types of paleoclimate archives.

56 With the application of multi-proxy studies and tightly constrained dating
57  controls, the quantity of paleoclimate records has increased, making it possible to
58  recognize a series of minor oscillations in the signatures of Holocene climate change.
59  One such climatic shift occurred at approximately 7.5-7.0 cal ka BP when
60  paleoclimate records from the North Atlantic (Bond et al., 2001), the Mediterranean

61  (Magny et al., 2013; Cheng et al., 2015), Asia (Yu et al., 2004; Gupta et al., 2005;
2
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62  Wang et al., 2005; Liu et al., 2015), the Americas (Ersek et al., 2012; Bernal et al.,
63  2016), Europe, and Africa (Thompson et al., 2002; Magny, 2004; Magny et al., 2011,
64  Zielhofer et al., 2017) show multicentennial climatic event signals. This climate shift
65 is also visible in a few polar ice core records (Stuiver et al., 1995; Mayewski et al.,
66 1997). This event has been referred to in various ways related to its chronology,
67 including as the 7.1 ka event (Aub& et al., 2015), the 7.4 ka event (Fletcher et al.,
68  2012), and the ice-rafted debris (IRD)-5b event (Gronenborn, 2010), although here we
69 refer to it as the 7.5-7.0 cal ka BP event. The available data suggest that the 7.5-7.0
70  cal ka BP event is characterized by climate changes of smaller amplitude than those of
71 widely acknowledged climate events. Nonetheless, this climate event is particularly
72 interesting because it occurs during the Holocene Climate Maximum, when the
73 climate was similar to or even warmer than recently, so it may provide useful
74  estimates concerning potential limits on the magnitude of climate changes possible in
75  the future.

76 In addition, the interval of 7.5-7.0 cal ka BP represented by this event coincides
77 with significant changes seen archaeologically in human societies throughout the
78 world. It was a period of settlement pattern changes such as the abandonment of a
79  large number of sites, demographic shifts, and profound cultural transformations (Shi
80 etal, 1994; Auban et al., 2015). The transition from the Mesolithic to the Neolithic
81  across southern Iberia and the final collapse of the Early Neolithic Linear Pottery
82  culture across central Europe were associated with climatic instability and resulted in
83  changes to subsistence strategies at around 7.4 cal ka BP (Gronenborn, 2010; S&nchez
84 etal., 2012). In China, climatic deterioration between 7.5 and 7.0 cal ka BP coincided
85  with considerable regional Neolithic cultural successions, particularly in the northerly
86 latitudes, including those now recognized across the Guanzhong Basin (Ltand Zhang,
87  2008), the Gansu-Qinghai region (Dong, 2013), the farming—grazing transitional zone
88 (Zhang et al., 1997), and North China (Wang et al., 2014). The correlation of
89  archaeological evidence for such cultural changes with the 7.5-7.0 cal ka BP event
90 leads us to hypothesize that climate change in this period had significant yet variable

91  impacts on human societies across the globe. Demonstrating climate change as a
3
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92  causative factor in these geographically widespread cultural changes, however, will
93  require greater systematic knowledge about the event as well as about the
94  archaeological changes at the regional level; we may then more fully evaluate the
95 impacts of this climate event on the development of human societies.

96 For these reasons, it is necessary to have a detailed understanding of the 7.5-7.0
97  cal ka BP event. Here, we do this through the synthesis of paleoclimate proxy records
98  from various archives from different areas, which have become more plentiful in
99  recent decades. The use of widely distributed site-specific paleoclimatic data avoids
100 the risk of using data series from one area to extrapolate to others and thus provides a
101 more reliable picture of the 7.5-7.0 cal ka BP event (Shuman and Marsicek, 2016). In
102  this article, we synthesize well-dated and highly-resolved climate records from 47
103  globally distributed sites spanning the time range of the 7.5-7.0 cal ka BP event. The
104  aim of this synthesis is not only to compile high-quality data, but also to understand
105  the temporal and spatial pattern of this climate change and to investigate the
106  underlying climate-forcing mechanisms and the resulting impacts of the climatic
107  change. These in turn can be used as a basis for interpreting regional archaeological
108  records and for testing and validating general circulation models used to predict future
109  climate.

110 2 Site Selection

111 Advances in paleoclimatic research have led to the publication of a large number
112 of Holocene paleoclimatic records in the last decades. Here, we concentrate on
113 published records of climate change associated with the interval of 7.5-7.0 cal ka BP.
114  We exclude those records that do not provide convincing evidence of an event across
115  this interval; hence, this review is not exhaustive. We are interested in records
116  characterized as follows: (1) the record covers the entire time interval of interest; (2)
117  the proxies measured have a demonstrated relationship with climate variables; (3) the
118  records have a reliable chronological framework and high resolution (i.e., to ensure
119  the credibility of review results, a record should have a sampling resolution of better
120  than 200 years and at least one control point every 2,000 years; a low resolution does

121 not allow us to identify shorted-lived, multicentennial cold or warm periods); and (4)
4
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122 the record is preferably multi-proxy (given that different proxies from the same record
123 can yield different inferences about the timing and magnitude of climatic change). In
124  many, but far from all, of the records, a variety of different proxies are included to
125  provide accurate paleoclimate and paleoenvironment information for the 7.5-7.0 cal
126 ka BP event. With respect to the four criteria, 47 sites are presented in this review: 13
127  lake sediments, 12 speleothems, 16 marine sediments, and 6 ice cores. Individual data
128  sets cannot detect all regionally significant changes because any given change may be
129  spatially heterogeneous and may not affect all sites. Similarly, any individual proxy
130  record cannot represent the full complexity of the climate change. Our site-selection
131 criteria allowed us to use multi-site, multi-proxy analyses as a way to improve
132 reliability and confidence in the paleoclimate signals. We suggest that our approach
133 provides a useful framework through which the character of the 7.5-7.0 cal ka BP
134  event can be assessed. Because of the complex relationship between climate variables
135 and proxies, it is impossible to translate each individual proxy into quantitative or
136  semiquantitative climate signals. Therefore, in some cases, we have followed the
137  authors’ original interpretations of the paleoclimate records and have not made any
138  corrections.

139 The details of the paleoclimate records discussed in this review are listed with
140  the type of archive, dating material, number of dates, dating method, resolution, and
141 proxy type in Table 1. Record locations are plotted on a map of the world to help
142 visualize their spatial distribution (Fig. 1). Because the various proxies have been
143 dated by different techniques, all ages in this text are given as calibrated ages, with
144  the notation “cal ka BP,” to provide a common chronological framework for
145  comparison.

146 For ease of discussion, the 47 sites are grouped into five regions: Asia, the
147 Americas, Europe and the Mediterranean, Africa, and the polar region. In addition,
148  several records indicating sea-level changes are introduced separately. We present 40
149  proxy time series from these regions and 6 additional climate-forcing time series.
150  Numeric data for these proxies were downloaded either from the National Oceanic

151 and Atmospheric Administration (https://www.ncdc.noaa.gov/data-access/
5
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152 paleoclimatology-data) or as digitized figures produced with GetData2.20 software

153  (http://www.getdata-graph-digitizer.com/).
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Table 1. Details for the proxy records reviewed in this study
0.
No. Site Longitude Latitude  Archive Dating material dates Dating method  Resolution (yr) Proxy Reference
1 Dongge 108.50 25.17 cave stalagmite 45 U-TH 5 5°0 Wang et al., 2005
2 Qingtian 11022 3120 cave stalagmite 31 U-TH 2-6 50 Liuetal., 2015
3 Tianmen 9040 3055  cave stalagmite 15 U-TH 37 50 Cai etal., 2012
. . organic matter/seed/ 14 .
4 Qinghai Lake 100.08 36.32 lake . 57 AMS™C 56 monsoon index Ancetal., 2012
plant macrofossils
5  Ximenglongtan 99.35 22.38 lake plant macrofossils 12 AMSYC 10-20 geochemistry Ning etal., 2017
6 Dajiuhu 110.00 31.28 peat organic matter 14 AMS™C 65 biomarker Huang et al., 2013
7 Yellow Sea 122.55 39.24  seacore organic matter 10 AMS*C 55 alkenones Nan et al., 2017
8 Daihai 11240 4035 lake organic matter 9 AmsYc 23-158 pollen Xuetal., 2003
9 Dunde 96.25 38.06 icecore ice — ice counting — 5*0 Thompson et al., 1989
10 Guliya 81.29 35.17  icecore ice — ice counting — 5*0 Thompson et al., 1997
Leizhou "
1 . 109.55 20.14  seacore reef 9 AMS™C sub-annual Sr/Ca Yu etal., 2004
Peninsula
. - 14 planktic
12 Arabian Sea 57.36 18.03  seacore foraminifer 15 AMS™C 30 . Gupta et al., 2005
foraminifer
13 Hoti 57.21 2305  cave stalagmite 12 U-TH 4 50 Neff et al., 2001
14 Qunf 5418  17.10 cave stalagmite 18 U-TH 45 50 Fleitmann et al., 2003
X 18 Berkelhammer et al.,
15 Mawmluh 91.52 25.15 cave stalagmite 12 U-TH 5 5°0 2012
16 Oregon -12325 4205 cave stalagmite 29 U-TH 3 50 Ersek et al., 2012
17 PinkPanther ~ 10517  32.08 cave stalagmite 22 U-TH 17 50 Asmerom et al., 2007
18 Soledad Basin 11270 2520  seacore foraminifer 22 Awms*c 50 Mg/Ca Marchitto et al., 2010
lanktic
19 Florida Straits -83.13 2424  seacore foraminifer 7 AMSY¥C 25 P o Schmidt et al., 2012
foraminifera
20  Nordan’s Pond -53.36 49.90 peat plant macrofossils 10 AMSYC ~100 composite proxy Hughes et al., 2006
21 Botuvera -49.09 -27.13 cave stalagmite 13 U-TH sub-annual 50 Bernal et al., 2016
22 Lapa Grande -4421 1425 cave stalagmite 24 U-TH 10 50 Strkis etal., 2011
23 Titicaca 6926 1557 lake organic matter 9 AMmSY¥C 45 5%c Baker et al., 2005
24 El Junco Lake -91.00 -0.30 lake organic matter 21 AMS™C 5-50 botryococcenes Zhang et al., 2014
hematite-stained
25  North Atlantic ~14.43 55.28  seacore foraminifer 59  AMS¥C 40 arains Bond et al., 2001
benthic and Rasmussen and
26 Faroe Islands 61.61 —5.53  seacore foraminifer 5 AMS*C 20-80 planktic
- Thomsen, 2010
foraminifera
Lake
27 o 22.05 68.41 lake plant macrofossils 14 AMSYC 50-70 diatom Korhola et al., 2000
Tsuolbmajavri
" sedimentological
28 Lago Preola 12.38 37.37 lake peat 8 AMS™C 64 Magny et al., 2011
analyses
29 MD04-2797CQ  -11.40 3657  seacore foraminifer 13 AMmSY¥C 100 pollen Desprat et al., 2013
lant macrofossils/ sediment
30 Accesa 1053 4259 lake P 17 Ams“c 50 ) Magny et al., 2007
tephra layer lithology
31 Adriatic Sea 1737 4117  seacore foraminifera 10 AMmSs*c 40 50 Siani et al., 2013
- 14 planktic .
32 MD99-2343 4,01 40.29  seacore foraminifera 8 AMS™C 150 . Frigola et al., 2007
foraminifer
33 MD95-2043 -2.37 36.90 seacore foraminifera 9 AMSY¥C 100 pollen Fletcher et al., 2012
Ramos-Roman et al.,
34 Padul Lake -336  37.00 lake plant remains 17 AMmSsYc 65 pollen 2018
Bar-Matthews et al.,
35 Soreq 35.03 31.45 cave stalagmite 53 U-TH 40 5°0 1999
36 Jeita 3539 3357 cave stalagmite 63 U-TH 7 50, 5°C, SriCa Cheng et al., 2015
37 Nile delta 29.27 31.47  seacore foraminifera 17 AMSYC 10 geochemistry Revel et al., 2010
lant macrofossils/
38 Lake Sidi Ali -5.00 33.03 lake P pollen 26 AMSYC 100 geochemistry Zielhofer et al., 2017b
39 Kilimanjaro 37.21 -3.04 icecore ice — tuning 50 dust flux Thompson et al., 2002
40 GISP2 -38.50 72.60 ice core ice — layer counting 0.5-2.5 Na', K, Ca®*  Mayewski et al., 1997
41 Taylor Dome 15843 —77.47  icecore ice — tuning 7 50 Steig et al., 2000
42 GRIP -37.37 72.34  ice core ice —  glaciological 85 CH, Blunier et al., 1995
. plant macrofossils/ 14 sedimentary
43 Baltic Sea sea core . 65 AMS™C —_ ] Yu et al., 2007
15.04 56.11 organic matter facies
44 Yellow Sea 12031 3747 seacore peat — AMSYC — sea level Liu etal., 2004
cultural  organic matter/plant
45 Kuahugiao 12013 30.12 ) 9 natterip 11 AMS*C 40 pollen Zong etal., 2007
sediment macrofossils/charcoal
46 Singapore 103.89 1.30 seacore wood/shell 15 AMSYC — sea level Bird et al., 2010
47  Grand Cayman -81.04 19.19  seacore reef 9 U-TH — sea level Blanchon et al., 2002
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142 Figure 1. Map of the site locations reviewed. The different symbols represent

143 different types of paleoclimatic archives (violet triangle: speleothem; magenta

144  diamond: ice core; green square: lake sediment; red circle: marine sediment).

145 3 Proxy Records

146 In the following descriptions, we present relevant evidence from the various
147  proxy records across the five regions. Location numbers of the sites shown in Figure
148  1areindicated in parentheses after each reference.

149  3.1Asia

150 The growing number of proxy records from the Asian summer monsoon domain,
151  ranging from the beginning to the end of the Holocene, allows for good analysis of
152 past climate change in the region. For the region of Asia, one area with a relatively
153 high concentration of sites is associated with China. In southern China, a §*%0 record
154  at a 5-year sampling resolution from an absolute-dated speleothem from the Dongge
155  Cave showed a century-scale sharp anomaly centered at 7.2 cal ka BP (Wang et al.,
156 2005; Fig. 2m) (1). In central China, a speleothem record with a temporal resolution
157  of 2 to 6 years from Qingtian Cave in the Shennongjia Mountains, revealed a very
158  fast onset event, with a marked anomaly in oxygen-isotopic composition between 7.4
159  and 7.2 cal ka BP (Liu et al., 2015; Fig. 2k) (2). Further west, in the southern Tibetan
160  Plateau, a 80 record at a 3- to 7-year sampling resolution from a precisely dated

161  speleothem from Tianmen Cave indicated a prominent oxygen-isotopic shift to

8
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162  positive values centered at 7.3 cal ka BP (Cai et al., 2012; Fig. 2I) (3). The §*%0 value
163 shift in these three stalagmite records revealed a major climatic change between 7.5
164 and 7.0 cal ka BP, with their heavier values reflecting a weaker summer monsoon.
165  Additional evidence for a weakened monsoon is apparent in two lacustrine records.
166 One multi-proxy record from Qinghai Lake in the northeastern Tibetan Plateau is
167  constrained by 57 accelerator mass spectrometry (AMS) *“C ages on terrestrial plant
168  remains and bulk organic matter (An et al., 2012; Fig. 2e) (4). The low CaCOs;
169  content and total organic carbon flux together likely point to a dry climate condition
170  at 7.5-7.0 cal ka BP, which is supported by an enriched ostracod 8*°0 value, a proxy
171 for the precipitation—evaporation budget (An et al., 2012). The other record comes
172 from Lake Ximenglongtan in southwestern China, where well-dated, high-resolution
173 geochemical and grain-size data showed a pronounced and prolonged drought
174  interval between 7.5 and 7.0 cal ka BP (Ning et al., 2017) (5).

175 Several reconstructions of temperature have been made through the interval of
176  7.5-7.0 cal ka BP. Collectively, these records provide strong evidence for a greatly
177  reduced temperature. A microbial lipid-based annual temperature reconstruction from
178  the Dajiuhu peatland suggested temperatures about 2-3 °C colder than previously
179  from 7.5 to 7.0 cal ka BP (Huang et al., 2013; Fig. 2i) (6). To the north, Daihai Lake,
180  at the present marginal zone of the East Asian summer monsoon, is sensitive to
181  climate changes. Robust quantitative estimates of the Holocene climate using a
182 pollen-based model indicated a sharp cooling in an inferred July temperature of
183 roughly 2 °C between 7.6 and 7.4 cal ka BP (Xu et al., 2003; Fig. 2j) (8). Note also
184  that an abrupt depletion in 8*%0 values in the Dunde ice core provided reliable
185  evidence of a transition toward colder conditions at approximately 7.3 cal ka BP
186  (Thompson et al., 1997; Fig. 2g) (9). A gradual increase in 5*°0 values since 7.5 cal
187  ka BP was recorded in the Guliya ice core, suggesting analogous cooling (Thompson
188 et al., 1989; Fig. 2f) (10). A climate shift that characterizes the event was clearly
189  identified on the Leizhou Peninsula in the northern South China Sea, where an

190 annually resolved Sr/Ca-based temperature reconstruction from a Goniopora reef

9
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191 profile suggested a winter temperature 2-3 °C colder than present between 7.5 and
192 7.0 cal ka BP (Yu et al., 2004) (11). This result was strongly supported by
193 microstructural examination of the Goniopora skeletons, which revealed at least nine
194  massive, abrupt Goniopora mortality events resulting from winter cooling. In the
195  northern Yellow Sea, a reconstruction of relative sea surface temperature (SST)
196  changes, based on long-chain unsaturated alkenones, suggested that a cold event
197  featuring reductions in the summer SST of 3-4 °C was recorded between 7.2 and 7.0
198  cal ka BP (Nan et al., 2017; Fig. 2h) (7). This cold event could have been caused by
199  an abrupt decrease in the strength of the Kuroshio Current, a signal that was recently
200 discovered in sediment from the western slope of the northern Okinawa Trough
201 (Zheng et al., 2016). Shi et al. (1994), in an review of widely distributed paleoclimate
202  records from China, including paleosols, palynology, paleclimnology, and ice core,
203  found a pronounced cold event at 7.3 cal ka BP.

204 A broad Holocene monsoon minimum between 7.5 and 7.0 cal ka BP is also
205 found in the Indian summer monsoon domain. The most important records are
206  perhaps those from offshore Oman. The percentage concentrations of fossil shells of
207  the planktic foraminifer Gbulloides derived from a marine sediment core from the
208  northwestern Arabian Sea off Oman showed a distinct low between 7.5 and 7.3 cal ka
209  BP (Fig. 2c), indicative of a summer monsoon minimum (Gupta et al., 2005) (12).
210  The data paralleled the short-term variations in the speleothem §'®0 record of Hoti
211 Cave in northern Oman, which indicated a decrease in rainfall at 7.5-7.2 cal ka BP
212 (Neff et al., 2001; Fig. 2d) (13), whereas a gradual increase in oxygen isotopes of a
213 speleothem from Qunf Cave in southern Oman indicated the development of drier
214  conditions after 7.5 cal ka BP under a weakening of the summer monsoon (Fleitmann
215 et al., 2003; Fig. 2a) (14). To the east, the highly resolved speleothem 820 data of
216 Berkelhammer et al. (2012) (15) from the Mawmluh Cave in northeastern India
217  showed a prominent shift to heavier values, indicating a monsoon reduction between
218 7.3 and 7.0 cal ka BP (Fig. 2b).

219 Overall, multiple speleothem records from the Asian monsoon domain have

10
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rather clearly shown a well-defined reduction in monsoon intensity between about 7.5

and 7.0 cal ka BP. This result is supported by other lines of proxy evidence from the

lacustrine records and marine records. Most temperature-sensitive proxies show a

typical sharp, cold signature but one that is abrupt and that caused non-reversing

cooling.
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227 &0 for Qunf Cave, southern Oman (Fleitmann et al., 2003). (b) Stalagmite 5'%0 for
228  Mawmluh Cave, northeastern India (Berkelhammer et al., 2012). (c) Percentage of
229  Globigerina bulloides for the Arabian Sea (Gupta et al., 2005). (d) Stalagmite 50
230  for Hoti Cave, northern Oman (Neff et al., 2001). (e) A composite summer monsoon
231 index for Qinghai Lake, northeastern Tibetan Plateau (An et al., 2012). (f) 5'°0 for
232 the Dunde ice core, northeastern Tibetan Plateau (Thompson et al., 1989). (g) %0
233 for the Guliya ice core, western Tibetan Plateau (Thompson et al., 1997). (h) A sea
234 surface temperature (SST) reconstruction for the Yellow Sea (Nan et al., 2017). (i) An
235 annual temperature reconstruction for the Dajiuhu Peat (Huang et al., 2013). (j) A
236 July temperature reconstruction for Daihai Lake (Xu et al., 2003). (k) Stalagmite 5'°0
237 for Qingtian Cave, central China (Liu et al., 2015). (I) Stalagmite 5'®0 for Tianmen
238 Cave, southern Tibetan Plateau (Cai et al., 2012). (m) Stalagmite 5*°0 for Dongge
239  Cave, southern China (Wang et al., 2005).

240 3.2 The Americas

241 Beginning in western North America, Ersek et al. (2012) (16) provided a
242 high-resolution speleothem record from a cave in southwestern Oregon, USA.
243 Significant anomalies in the carbon and oxygen isotopes at 7.4 cal ka BP (Fig. 3c) are
244 likely explained in terms of isotopic changes in wintertime precipitation, with light
245 &80 values reflecting colder conditions and negative 5°C values corresponding to
246  increased precipitation. Similarly, Asmerom et al. (2007) (17) noted prominent
247  negative §'°0 excursions of a speleothem from the Pink Panther Cave in New
248  Mexico, USA, possibly suggesting a strong increase in precipitation from 7.3 to 7.0
249 cal ka BP (Fig. 3b). To the northeast, Hughes et al. (2006) (20) analyzed plant
250  macrofossils, testate amoebae, and peat humification in a peat profile from eastern
251 Newfoundland, Canada, which suggested colder and more humid conditions between
252 7.5and 7.0 cal ka BP (Fig. 3a). The authors suggest that the low temperatures restrict
253 surface evaporation and would explain a wetter climate well at this time. Further
254 south, in the eastern tropical Pacific, Marchitto et al. (2010) (18) reported a cool

255 interval recorded by a Mg/Ca-based reconstruction of the SST from off the west coast
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256  of the Baja California Sur in Mexico between 7.2 and 7.0 cal ka BP (Fig. 3e). In a
257  high-time-resolution marine-sediment core from the Florida Straits, Schmidt et al.
258 (2012) (19) found a period of increased sea surface salinity based on &0 of
259  Globigerinoides ruber at 7.6 to 7.4 cal ka BP (Fig. 3d), which they associated with an
260 increased evaporation/precipitation ratio and more arid conditions. Viau et al. (2006)
261 completed an important reconstruction of July temperature from 752 fossil pollen
262 records distributed across North America by using the modern analog technique,
263 which revealed a cold interval centered at 7.5 cal ka BP. Mountain glaciers are
264  sensitive indicators of environmental change and are likely to provide additional
265  support for cooler temperatures. Menounos et al. (2009) summarized multi-proxy
266  evidence of Holocene glacial fluctuations in the Canadian Cordillera and found a
267  glacial advance between 7.4 and 7.0 cal ka BP, which Ryder and Thomson (1986)
268  referred to as the “Garibaldi Phase.”

269 Paleoclimate records covering the interval of interest are rare in the South
270  American monsoon sector. Nevertheless, available speleothem and lake records
271  suggest an intensification of monsoon precipitation from 7.5 to 7.0 cal ka BP. Bernal
272 et al. (2016) (21) presented evidence, on the basis of the decreased Sr/Ca ratios and
273 0.5 per mil shift in the 80 value of a speleothem from Botuver& Cave in
274  southeastern Brazil, for increased precipitation centered at 7.2 cal ka BP (Fig. 3g).
275  Similarly, Strkis et al. (2011) (22) found an anomaly in the oxygen-isotopic
276 composition of a speleothem of about 1 per mil toward negative values in the Lapa
277  Grande Cave in central-eastern Brazil, which was thought to be coincident with an
278  increase in rainfall around 7.5-7.3 cal ka BP. Further west, Baker et al. (2005) (23)
279  measured the carbon-isotopic content of bulk organic matter to reconstruct the
280 lake-level history of Lake Titicaca on the Altiplano of Bolivia and Peru. From 7.5 to
281 7.0 cal ka BP, the 8"3C showed a distinct shift toward more negative values (Fig. 3f),
282 indicating a sharp increase in rainfall and a high lake level. Recently, in a
283 high-time-resolution sediment core from El Junco Lake in the Galdagos Islands,

284  Zhang et al. (2014) (24) used concentration and hydrogen isotope ratio of lipids
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285  produced by the green alga Botryococcus braunii, which is linked to precipitation
286  variability in response to the El Nifd, to infer a clear increase in El Nifb activity
287  between 7.6 and 7.4 cal ka BP. Further south in southernmost South America,
288  Pé&ez-Rodr guez et al. (2016) noted low Zr accumulation rates, indicating relatively
289  dry conditions centered at 7.2 cal ka BP in sediment from Lago Hambre. In the same
290  region, Menounos et al. (2013) combined AMS™C dating of several leaves between
291  two moraines with the age of Hudson tephra beyond the moraines, demonstrating a
292 mountain glacial advance in southernmost Tierra del Fuego, Argentina, at that time.

293 The 7.5-7.0 cal ka BP event rather clearly affected eastern Newfoundland in
294  Canada, western North America, Mexico, and into Brazil and Peru. Climate
295  anomalies associated with the event included cool and wet conditions across western
296  North America and increased monsoon rainfall in South America. Paleoclimate proxy
297  records are particularly needed from eastern North America and the U.S. Great

298  Plains.
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300 Figure 3. Proxy time series for the Americas. (a) Composite bog proxies for

301 Nordan’s Pond Bog, Canada (Hughes et al., 2006). (b) Stalagmite 5'°0 for Pink
302 Panther Cave, USA (Asmerom et al., 2007). (c) Stalagmite 5'°0 for Oregon Cave,
303 USA (Ersek et al., 2012). (d) Calculated ice volume free §**0sw (5*%0r-sw) record
304 for the Florida Straits, USA (Schmidt et al., 2012). (e) Mg/Ca ratios for Soledad
305  Basin, Mexico (Marchitto et al., 2010). (f) §*C for Lake Titicaca, Altiplano of
306 Bolivia and Peru (Strikis et al., 2011). (g) Sr/Ca ratio for BotuveraCave, Brazil
307  (Bernal et al., 2016).

308 3.3 Europe and the Mediterranean

309 Throughout this region, a particularly revealing case is portrayed by

310  high-resolution drift-ice records from North Atlantic sediment cores. The records
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311 documented nine peaked events in the IRD during the Holocene, one of which
312 occurred between around 7.5 and 7.3 cal ka BP (Bond et al., 2001; Fig. 4a) (25),
313 which Gronenborn (2010) termed the “IRD 5b-event.” This result draws some
314  support from a study of a sea core retrieved from the Faroe Islands that indicated a
315  southward expansion of cold polar waters and drift ice into the North Atlantic at that
316  time (Rasmussen and Thomsen, 2010) (26), which facilitated the deposition of IRD.
317 A diatom-based calibration model established for northern Fennoscandia suggested
318  reduced summer temperatures at 7.2 cal ka BP (Korhola and Weckstrén, 2000; Fig.
319  4g) (27). The same cooling event is displayed in sediment from Lake Sumink in
320 northern Poland, where geochemical and pollen data indicate a summer temperature
321 decline between 7.6 and 7.5 cal ka BP (Pedziszewska et al., 2015). The occurrence of
322 extended cold conditions may explain advances in mountain glaciers in Scandinavia
323  centered roughly at 7.3 cal ka BP (Karlén, 1988; Nesje, 2009). Several lakes have
324  been studied farther south, on the Swiss Plateau. Pollen data from Lake Lago Basso
325 indicated a timberline depression between 7.5 and 7.2 cal ka BP caused by poor
326  summertime growing conditions (Haas et al., 1998). The geomorphologic evidence of
327  lake-level change from Lake Seedorf indicated a major rise in lake level. Increased
328  precipitation and reduced summer temperatures producing low evaporation may have
329 been important in the lake-level changes. A similar reduction of the summer
330 temperature was inferred from glacial advances in the Eastern Alps (Nicolussi and
331 Patzelt, 2006; Figure 4d) and in the Austrian Alps, which Patzelt and Bortenschlager
332 (1973) described as the “Frosnitz oscillation.” In the Rhone catchment area, a
333  multi-proxy study of a floodplain demonstrated the existence of a long, rapid
334 tripartite climatic change from 7.7 to 7.05 cal ka BP. This rapid change included two
335  phases of abundant hydrology (7.7-7.49 cal ka BP and 7.37-7.05 cal ka BP), between
336  which a short phase of pedogenesis occurred (7.49-7.37 cal ka BP; Berger et al.,
337  2016). A reconstruction of lake-level changes based on 180 radiocarbon, tree-ring,
338  and archaeological dates from 26 lakes indicated a strong lake-level rise in central

339  Europe between 7.5 and 7.0 cal ka BP (Magny, 2004; Fig. 4h). A recent compilation
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340  of 2,000 *C- and optically stimulated luminescence-dated flood units from across
341  Europe and North Africa also showed an episode of increased flooding between 7.5
342 and 7.0 cal ka BP (Benito et al., 2015). Such synchronous changes in lake levels
343 within a region can be assumed to be climatically driven.

344 Proceeding through the southern Mediterranean, a number of records provide
345  strong evidence of a dry event between 7.5 and 7.0 cal ka BP, as indicated by lower
346 lake levels and other indicators of dry conditions. The records showing a strong
347 signal were from Lago Preola (Preola Lake; Magny et al., 2011), Grotta di
348  Carburangeli (Carburangeli Cave; Frisia et al., 2006), and the Siculo-Tunisian Strait
349  (Desprat et al., 2012). Specifically, the sedimentological analyses from which lake
350 levels can be inferred registered a sharp fall in water level between 7.5 and 7.3 cal ka
351  BP at Lago Preola in southern Sicily, Italy (Magny et al., 2011; Fig. 4m) (28).
352 Approximately 75 km northeast of Lago Preola, Holocene climate reconstructions
353 have been made from Grotta di Carburangeli, where low §°C and §'®0 excursions
354 from a U/Th-dated stalagmite pointed to cold and dry climate conditions at
355  approximately 7.5 cal ka BP (Frisia et al., 2006). A marine pollen record from a core
356 from the Siculo-Tunisian Strait indicated noticeable changes in the herbaceous
357  composition, in particular strong reductions in Cyperaceae and an increase in
358  Asteraceae as the Mediterranean forest expanded between 7.3 and 7.0 cal ka BP
359  (Desprat et al., 2013) (29). In contrast, clear proxy evidence of increased moisture
360  was apparent in records from the northern Mediterranean. These included evidence
361 from Lake Accesa (Magny et al., 2007), Lake Ledro (Magny et al., 2012), and the
362  South Adriatic Sea (Siani et al., 2013). A high-resolution lake-level reconstruction
363 using a range of sedimentological analysis and level indicators showed a highstand
364 around 7.3 cal ka BP at Lake Accesa in Tuscany, north-central Italy (Magny et al.,
365  2007; Fig. 4j) (30). Similarly, in Lake Ledro, a rising water level was recorded during
366 the period of 7.3-7.0 cal ka BP and coincided with a strong expansion of Abies
367 (Magny et al., 2012). A record of SST changes derived from the South Adriatic Sea

368 indicated significant cooling between 7.5 and 7.3 cal ka BP, according to an assumed
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369 calibration of planktonic foraminifera and an isotopic paleothermometer (Siani et al.,
370  2013; Fig. 4k) (31). This cooling led to the reactivation of the convective overturn
371 and the formation of sapropel S1b in the Adriatic as well as in nearby deep basins
372 (Tesietal., 2017).

373 Several studies have revealed possible imprints of the 7.5 and 7.0 cal ka BP
374 event in the western and eastern Mediterranean. In the western Mediterranean,
375  marine core MD99-2343 from the island of Minorca showed clear evidence of an
376  abrupt near-surface cooling at 7.2 cal ka BP, based on increases in the G. bulloides
377 &0 (Frigola et al., 2007) (32). A dry interval in core MD95-2043 correlative with
378  this event was indicated by the decreased forest pollen percentages (Fletcher et al.,
379  2012) (33). A similar decrease in percentages of evergreen tree pollen around 7.5 cal
380 ka BP was recorded in sediment from Padul Lake in Andaluc &, Spain, suggesting a
381 cold and dry climate (Ramos-Roman et al., 2018; Fig. 4c) (34). These pollen records
382 closely match a high-resolution alkenone-based quantitative temperature
383 reconstruction from the Alboran Sea, which revealed a 1 °C cooling at approximately
384 7.3 cal ka BP, stated to be mean-annual (Rodrigo-Ganmiz et al., 2014). In the eastern
385  Mediterranean, a multi-proxy composite record with a 7-year resolution from Jeita
386  Cave in Lebanon revealed wetter climate conditions between 7.4 and 7.1 cal ka BP, a
387  period characterized by relatively negative 5™°C and 8*°0 values (Cheng et al., 2015;
388  Fig. 4i) (36). Wet conditions are also supported by an increase in the stalagmite
389  growth rate evidenced by high Sr/Ca ratios. However, a trend towards more arid
390 conditions after 7.5 cal ka BP was indicated by oxygen-isotopic composition of
391  carbonate from Nar Lake, Turkey (Roberts et al., 2016). The oxygen-isotopic shift to
392 heavier values of a speleothem from Soreq Cave in Israel, which was thought to be a
393  response to a decrease in precipitation, provides additional evidence for a changing
394  climate between 7.5 and 7.2 cal ka BP (Bar-Matthews et al., 1999; Fig. 4l) (35).

395 Taken with the records from the Mediterranean discussed above, this proxy
396 evidence revealed a contrasting paleohydrological pattern between 7.5 and 7.0 cal ka

397  BP, with drier conditions in the southern Mediterranean and moister conditions in the
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northern area. This pattern indicating inverse precipitation variability across the
Mediterranean was also noted by Magny et al. (2013), who combined lacustrine and
marine records from the central Mediterranean along a north—south transect to show
clear evidence for wetter conditions to the north of ca. 40N and drier conditions to
the south between 7.5 and 7.0 cal ka BP.

Overall, most of the high-time-resolution records from Europe and the
Mediterranean clearly register the occurrence of the 7.5-7.0 cal ka BP event. In
general, it is marked by cooling and increased moisture in north-central Europe and,
by contrast, precipitation variability in the Mediterranean, including southern drying

and a northern increase in water availability.
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409  Figure 4. Proxy time series for Europe and the Mediterranean. (a) Hematite-stained
410 grains from the North Atlantic (Bond et al., 2001). (b) Dust flux from Mt.
411 Kilimanjaro (Thompson et al., 2002). (c) Mediterranean forest percentages from
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412 Padul Lake. (d) Summer temperature anomalies from the Eastern Alps (Nicolussi and
413 Patzelt, 2008). (e) Ostracod 5'°0 from Lake Sidi Ali (Zielhofer et al., 2017a). (f) Tree
414  pollen from the western Mediterranean (Fletcher et al., 2012). (g) Reconstructed
415  mean July temperatures from Lake Tsuolbmajavri. (h) High lake-level scores
416 (number of dates) from mid-Europe (Magny, 2004). (i) Stalagmite 880 from Jeita
417  Cave, Lebanon (Cheng et al., 2015). (j) Lake-level reconstruction from Lake Accesa,
418 northern Italy (Magny et al., 2007). (k) Sea water "0 from the Adriatic Sea (Siani et
419 al., 2013). (1) Stalagmite 5'°0 from Soreq Cave, Israel (Bar-Matthews et al., 1999).
420  (m) Lake-level reconstruction from Lake Preola, southern Italy (Magny et al., 2011).
421 3.4 Africa

422 A high-resolution, multi-proxy analysis of sediments from the Nile margin
423 indicated a decrease in Nile River contribution and an increase in aeolian Saharan
424 contribution at approximately 7.5 cal ka BP (Revel et al., 2010) (37). Because the
425  Nile discharge is fed by river flow from the Ethiopian Plateau, its reduction is a direct
426 marker of reduced rainfall in the Highlands, likely reflecting restricted southward
427  migration of the Intertropical Convergence Zone. To the west, in the North African
428  Middle Atlas range, proxy studies of lithogenic grain sizes and geochemistry on 26
429  dates constrained core from Lake Sidi Ali, indicating an enhanced Saharan dust
430  supply into the lake at 7.3 cal ka BP. This does not solely reflect increased aridity, as
431 shown by AMS™C, in the Mediterranean of Northwest Africa, but it does imply
432 aridity at a trans-Saharan scale (2017b) (38). These proxies display similarities with
433  the stable isotopes of ostracod shells, indicating decreases in western Mediterranean
434 winter rain (Zielhofer et al., 2017a; Fig. 4e). The isotopic and geochemical analyses
435  of core ODP 658C retrieved on the continental slope off Northwest Africa, suggested
436  that large amounts of aeolian dust had been deflated from the Saharan to the eastern
437  Atlantic between 7.5 and 7.0 cal ka BP (Cole et al., 2009). These data were paralleled
438 by a high-altitude ice core record from Mt. Kilimanjaro, which revealed a peak in the
439  aeolian dust precisely dated to 7.5 cal ka BP that was clearly deposited during an

440  extremely arid period (Thompson et al., 2002; Fig. 4b) (39). The proxy information
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441  discussed above suggested that an arid episode from 7.5 to 7.0 cal ka BP occurred
442  midway through a prolonged humid period that began in the early Holocene.

443 3.5 Polar Region

444 High-time-resolution and high-quality ice core records from the polar region
445  provide compelling evidence for this climate change. The most important result was
446 the occurrence of extreme values in the Greenland Ice Sheet Project 2 (GISP2) §*%0,
447  indicative of an air temperature trough over Greenland during the period of 7.5-7.0
448  cal ka BP (Stuiver et al., 1995; Fig. 5¢) (40). Recently, argon and nitrogen isotopes of
449  trapped air in the GISP2 ice core have been used to reconstruct past temperatures at
450  GISP2 and have indicated colder climate conditions (Kobashi et al., 2017; Fig. 5b).
451  Evidence also exists for colder temperatures in Antarctica, as evidenced by 50
452  values in the Taylor Dome (Steig et al., 2000; Fig. 5a) (41). Dust-size records in two
453  ice cores derived from East Antarctica revealed pronounced changes in atmospheric
454 circulation (Delmonte et al., 2005). Furthermore, signs of anomalies in other regions
455  are often indicated in the polar ice core records. For example, sharp anomalies in
456 major ion concentrations from the GISP2 ice core demonstrated a considerable
457  change in atmospheric circulation at that time. Among these anomalies were
458 increased levels of Na*, K*, and Ca*", which are caused by an expansion of the
459  northern polar vortex, strengthening of the Siberian high, and intensification of the
460  northern westerlies, resulting in increased atmospheric loading of aerosols from dust
461  sources over the ice sheet (Mayewski et al., 1997). A proxy for the wetland extent,
462  the CH,4 concentration record derived from Greenland Ice Core Project (GRIP) ice
463  core, visually showed a reduction indicative of increased aridity of the tropical area
464  between 7.4 and 7.3 cal ka BP (Blunier et al., 1995; Fig. 5g) (42). These ice core
465  records showed that conditions changed synchronously in the polar region and far

466  from it, demonstrating that a widespread event did occur.
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Figure 5. Proxy time series for ice core and climate-forcing series. (a) 520 for
Taylor Dome (Steig et al., 2000). (b) Reconstructed temperature from argon and
nitrogen isotopes for the Greenland Ice Sheet Project 2 (GISP2) ice core (Kobashi et
al., 2017). (c) 5™0 for GISP2 ice core (20-year resolution; Stuiver et al., 1995). (d)
The Laurentide Ice Sheet sea-level contribution (Carlson et al., 2008). (e) Sea-level
reconstruction for Singapore (Bird et al., 2007). (f) Sea-level reconstruction for
southeast Sweden. (g) CH, for the Greenland Ice Core Project (GRIP; Blunier et al.,

1995). (h) Total solar irradiance based on °Be *C in tree rings and polar ice cores
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476  (Steinhilber et al., 2012). (i) The Laurentide Ice Sheet area (Dyke et al., 2003). (j)
477  The rate of change in annual insolation (Zhao et al., 2010). (k) Summer insolation at
478 60N (Berger and Loutre, 1991). (I) SO, residuals for the GISP2 (Zielinski et al.,
479 1996).

480 3.6 Sea Level

481 The complex patterns of hydrological changes and the global temperature
482 cooling appear to be consistent with a rapid sea-level rise around the world between
483 7.5 and 7.0 cal ka BP. A high-resolution sea-level record, through systematically
484  dating the lacustrine-to-marine and marine-to-lacustrine transitions, was derived from
485  the southeastern Swedish Baltic coast. A rapid sea-level rise of ~4.5 m indicated by
486  nearly synchronous flooding was dated to 7.6 cal ka BP (Yu et al., 2007; Fig. 5e) (43).
487  This rapid sea-level rise was not restricted to high latitude and a similar sea-level rise
488  was identified in other regions remote from the ice-loading effects. Of particular
489  significance to the present study is detailed mapping of the internal structure of the
490  Yellow River delta and its submarine Holocene equivalents. This result indicted a
491  rapid sea-level rise of 2-3 m at approximately 7.0 cal ka BP that pushed the shoreline
492 200 km westward (Liu et al., 2004) (44). Farther south, pollen, algal, fungal spore,
493  and microcharcoal data from the Neolithic Kuahugiao site in the Lower Yangtze
494  region indicated a rapid sea-level rise at 7.5 cal ka BP, inducing a marine
495  transgression that inundated the site region, leading to the stoppage of early rice
496  cultivation and abandonment of the site (Zong et al., 2007) (45). This hypothesis
497  seemed to be confirmed by a recent study from the same area, which used a rich data
498  set of radiocarbon dates to reveal a sea-level rise of 2 m from 7.4 to 7.2 cal ka BP
499  (Wang et al., 2012). In Singapore, the combination of a high-resolution sea-level
500 curve derived from 50 dates representing different sea-level index points with the
501  sedimentation rate, organic 813C, and foraminiferal '°C indicated a sea-level rise of
502  3-5 m from 7.5 to 7.0 cal ka BP (Bird et al., 2007, 2010; Fig. 5f) (46). In the
503  Caribbean—Atlantic region, a study of the elevations and ages of drowned Acropora

504 palmata reefs from the Grand Cayman documented a catastrophic, meter-scale
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505  sea-level rise dated to 7.6 cal ka BP (Blanchon and Shaw, 1995; Blanchon et al., 2002)
506  (47).

507 A rapid rise in sea level between 7.5 and 7.0 cal ka BP can be found from the
508  southeastern Swedish Baltic coast, the Yellow River delta, the Yangtze delta,
509  Singapore, and into the Caribbean Sea, suggesting that it is global in extent. Several
510 authors have suggested that it can be attributed to a sudden increase in ocean mass
511 (Yu et al., 2007; Bird et al., 2010), most likely caused by the final decay of the
512 Labrador sector of the Laurentide Ice Sheet at that time (Dyke et al., 2003; Fig. 5i).
513  This explanation is supported by geologic evidence from the Labrador Sea that
514  suggests an accelerated Laurentide Ice Sheet retreat between 7.6 and 7.0 cal ka BP
515 (Carlson et al., 2008; Fig. 5d).

516 4 Discussion

517 The combination of sea-level data with different types of paleoclimate proxies
518  from Asia, the Americas, Europe and the Mediterranean, Africa, and the polar region
519  reveals a pronounced climate anomaly between 7.5 and 7.0 cal ka BP. In the Asian
520 monsoon domain, high-time-resolution speleothem 820 records and lacustrine proxy
521  records show a summer monsoon reduction that is synchronous with a decline in
522  temperature (Neff et al., 2001; Yu et al., 2004; Wang et al., 2005; An et al., 2012; Cai
523 et al,, 2012). In Africa, proxy records show clear indications of a dry interval, as
524  evidenced by a low Nile discharge and increased aeolian flux on the Atlantic coast of
525  the Western Sahara and in the Kilimanjaro ice core (Thompson et al., 2002; Revel et
526 al., 2010; Zielhofer et al., 2017a). Conversely, in the South American monsoon region,
527  speleothem 50 records with a high time resolution suggest an intensification of
528  monsoon precipitation (Strikis et al., 2011; Bernal et al., 2016). In western North
529  America, cold—wet climate conditions were evident in an SST record and in two
530  speleothem 80 records, one of which comes from the North American monsoon
531  region (Asmerom et al., 2007; Marchitto et al., 2010; Ersek et al., 2012). Changes in
532 the amount of rainfall seen in proxy records from the several monsoon domains were

533  the manifestation of a southward migration of the Intertropical Convergence Zone,
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534 with the exception of a speleothem §'%0 record from the Pink Panther Cave from the
535  North American monsoon region. In north-central Europe, an IRD spike (Bond et al.,
536  2001), widespread mountain glacial advances (Karlén, 1988), and higher lake levels
537  (Magny, 2004) pointed to cold-wet climate conditions. In the Mediterranean, a
538  number of proxy records provide evidence for a climate pattern of drier conditions in
539  the southern Mediterranean and moister conditions over the northern area (Magny et
540 al., 2013). A pattern of opposing hydrological variability is apparent between the
541 northern and southern latitudes of the eastern North Atlantic region, potentially linked
542  to enhanced westerlies. In the polar region, ice core records reveal intensified
543  atmospheric circulation and generally lower temperatures (Stuiver et al., 1995;
544  Mayewski et al., 1997). These climate anomalies are also synchronous with a rapid
545  sea-level rise recorded from the tropics to the northern high-latitude regions (Yu et al.,
546  2007; Zong et al., 2007; Bird et al., 2010).

547 We should stress that the strength of the climate signal varies from being
548  relatively complacent to dramatic, such as a summertime cooling of 2 °C that led to a
549  fundamental vegetation shift within the Daihai Lake catchment, whereas overcooling
550 of SSTs to below 18 °C resulted in at least nine abrupt massive mortality events in
551  reef corals. Our comparison among records also indicates inconsistencies in the
552 timing of the 7.5-7.0 cal ka BP event, but one should be cautious in ascribing too
553  much significance to these age differences, bearing in mind that observing a close
554  correspondence in time can be difficult for possible anomalous events that often last
555 only a few centuries across many proxy records from widely separate places. This
556  difficulty is due in part to the different types of paleoclimate proxy records having
557  resolutions ranging from several decades to several centuries in length and each
558 individual proxy record also containing dating uncertainties. Overall, differences in
559  climate from region to region and differences in the sensitivity of the climate proxies
560  from record to record may explain why the signs, intensities, and times of this climate
561  change can vary across different areas. We can thus still assert that the globally

562  distributed signatures for a climate event from 7.5-7.0 cal ka BP are sufficient to
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563  demonstrate changes worldwide and large enough to have significant effects on
564  ecosystems.

565 We must also consider why the 7.5-7.0 cal ka BP event has received relatively
566 little attention compared with other Holocene climate events. First, the 7.5-7.0 cal ka
567  BP occurs close in time to an 8.2 cal ka BP event. Fluctuations in proxy records
568  occurring around that time may be due to the effects of the terminating 8.2 cal ka BP
569  event because of the relatively imprecise dating of early Holocene proxy data.
570  Second, the magnitude of environmental and climatic change around 7.5-7.0 cal ka
571 BP was small and not easily observed in the geological record. Because the 7.5-7.0
572 cal ka BP event occurred during the Holocene Climate Maximum, the relatively high
573  precipitation and temperature of this period would offset the cooling and drying
574  impact of the event. Third, not all the oscillations that apparently took place are
575  visible in each of the available records, which may be because many records lack a
576  sufficiently high time resolution and precise dating.

577 5 Possible Causes for the 7.5-7.0 cal ka BP Event

578 Four main factors have been invoked to explain the climate changes at 7.5-7.0
579 cal ka BP: orbital forcing, solar activity, volcanic eruption, and meltwater flux.
580  Changes in insolation have been considered a major control on climate changes on
581  orbital timescales (Berger and Loutre, 1991; Wang et al., 2005). A prominent example
582  of this control occurred during the early to mid-Holocene when higher than present
583  Northern Hemisphere summer insolation rendered the North African monsoon strong
584  enough to turn the Sahara Desert into a green and verdant landscape (deMenocal et
585  al., 2000). High-resolution and absolute-dated speleothem 50O records from the
586  Asian monsoon domain and the South American monsoon domain also indicate that
587  long-term histories of summer monsoon intensity are associated with summer
588 insolation (Fleitmann et al., 2003; Wang et al., 2005; Bernal et al., 2016). As
589 indicated in Figure 5k, the 7.5-7.0 cal ka BP event occurs within the general context
590  of gradually decreasing Northern Hemisphere summer insolation (Berger and Loutre,

591  1991). Consistent with this insolation change, the beginning of a long-term climate
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592  reversal toward cooling was recorded after 7.5 cal ka BP, according to a
593  reconstruction of global temperature from 73 globally distributed records (Marcott et
594  al., 2013). Similarly, pollen records from the western Mediterranean indicate a
595  long-term decline in forest levels from 7.5 cal ka BP, which paralleled the decrease in
596  Northern Hemisphere summer insolation (Fletcher et al., 2012). An abrupt and
597  nonreversing increase in Guliya ice core 520 values after 7.5 cal ka BP provides an
598 example of the rapid transition from warmer conditions to cooler conditions
599  (Thompson et al., 1989). However, progressive insolation changes alone are not
600 likely to render such an abrupt climate change at 7.5-7.0 cal ka BP. Instead, we can
601 turn to general circulation models, which have shown that subtle changes in
602 insolation, aided by positive feedback from the atmosphere, ocean, sea ice, and
603  vegetation, could produce significant climate shifts owing to the nonlinear reaction of
604  the climate system (deMenocal et al., 2000). Furthermore, the fastest rate of annual
605 insolation decline during the 7.5-7.0 cal ka BP event could have promoted a more
606 unstable climate through rapidly changing thermal gradients at different latitudes
607  (Zhao et al., 2010; Fig. 5j).

608 The period of 7.5-7.0 cal ka BP is characterized by a series of negative total
609 solar irradiance anomalies, generally larger than any others in the Holocene
610  (Steinhilber et al., 2012; Fig. 5h). The most obvious mechanism for a solar influence
611 on the climate involves the direct effect of the observed variation in total solar
612  irradiance for heating the Earth system (Gray et al., 2010). Model studies (Haigh,
613  1996) imply that at times of reduced solar irradiance, the relatively large reduction in
614 incoming ultraviolet radiation causes decreases in lower stratospheric ozone
615 formation, thus cooling this layer differentially with respect to latitude. These
616  changes in stratospheric ozone induce a dramatic reorganization of tropospheric
617  circulation patterns, such as the contraction of the Hadley circulation, the weakening
618  of the Walker circulation, and a positive North Atlantic Oscillation-type circulation.
619  The solar minimum also involves less heating of cloud-free areas of the subtropics,

620  evaporating less moisture (Meehl et al., 2009). Thus, less moisture is carried by the
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621 trade winds to the convergence zones, where it fuels intensification of the Hadley and
622  Walker circulations. The two mechanisms act together to result in a southward
623  migration of the Intertropical Convergence Zone, an increasingly El Nifb-like state,
624 and a strong increase in the westerly flow, generating global climate variability on
625  centennial to millennial timescales (Haigh, 1996). The close correspondence in times
626  of solar irradiance minima, cooler sea surface temperatures in the Soledad Basin
627  (Marchitto et al., 2010), a positive speleothem 820 value in the Asian monsoon
628  domain (Neff et al., 2001; Gupta et al., 2005; Wang et al., 2005; Cai et al., 2012), and
629  anegative speleothem 3'°0 value in the South America monsoon region (Bernal et al.,
630  2016) confirm the proposed relationship between solar forcing and climate change. It
631 is important to point out that a southward migration of the Intertropical Convergence
632  Zone cannot account for wet conditions in the North American monsoon region
633  during 7.5-7.0 cal ka BP, as implied by the speleothem §*%0 records from the Pink
634  Panther Cave in the southwestern United States. Asmerom et al. (2007) have
635  suggested that climate change in western North America may have had a complex
636  regional pattern and that a teleconnected Pacific response to solar forcing could be
637  responsible. A correlation discovered between nuclide production rates (**C and *°Be)
638 and drift ice deposition recorded in North Atlantic sediments led to the suggestion
639 that a significant part of the centennial- to millennial-scale climate variability during
640 the Holocene was driven by solar forcing (Bond et al., 2001; Renssen et al., 2006).
641  Goosse et al. (2002) have suggested that variations in solar irradiance may trigger a
642  reduction in North Atlantic Deep Water production quite similar in the magnitude,
643  duration, and spatial pattern of climate anomalies to those due to freshwater forcing.
644  The reductions in North Atlantic Deep Water production may have been an
645  amplifying mechanism that could contribute to transmitting solar signals globally.
646  Although the potential transmission mechanisms are unclear, atmospheric
647  teleconnections in transferring climate variability from the North Atlantic to the
648  global scope are the best candidate (Haug et al., 2001; Zhang and Delworth, 2005;

649  Liu et al., 2013). Evidence that the interval of increased IRD in the North Atlantic
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650 (Bond et al., 2001) corresponds to these episodes of cooler SSTs in the Soledad Basin
651  (Marchitto et al., 2010), increased sea surface salinity in the Florida Straits (Schmidt
652 et al,, 2012), strong lake-level rise in central Europe (Magny, 2004), positive
653  speleothem 5'°0 values in the Asian monsoon domain (Neff et al., 2001; Gupta et al.,
654  2005; Wang et al., 2005; Cai et al., 2012), a negative speleothem 580 value in the
655  South American monsoon region (Strikis et al., 2011), and decreased winter
656  precipitation in northwest Africa (Zielhofer et al., 2017a) confirms a strong coupling
657  between North Atlantic cooling and the global climate.

658 Another possible external forcing responsible for sharp anomalies between 7.5
659 and 7.0 cal ka BP is volcanic eruption. Large volcanic eruptions are well known to
660 inject sulfur dioxide into the lower stratosphere, which forms aerosol particles that
661  affect both shortwave and longwave radiation (Zielinski et al., 1996; Robock, 2000).
662  This disturbance to the radiation balance affects surface temperatures through direct
663  radiative effects as well as through indirect effects on the atmospheric circulation
664  (Robock, 2000). Studies show significant continental-scale summer cooling over
665  Europe in response to changes in circulation beginning in the volcanic eruption year
666  and persisting for 1-2 more years (Fischer et al., 2007). Coincident with the timing of
667 the climate shift of the 7.5-7.0 cal ka BP event was the large eruption of Mount
668  Mazama, which deposited ash in GISP2 ice core precisely dated to 7,627 +150 cal
669 BP. Zdanowicz et al. (1999) suggested that the eruption led to a total stratospheric
670  aerosol loading of between 88 and 224 Mt and produced a temperature depression of
671 ~0.6t0 0.7 °C at mid to high northern latitudes for 1-3 yr. In addition to temperature
672  changes, studies suggest that precipitation apparently changes after large volcanic
673  eruptions because a positive phase of the North Atlantic Oscillation induces stronger
674  westerlies (Fischer et al., 2007) and hemisphere temperature contrasts, resulting in
675  the southward migration of the Intertropical Convergence Zone (Ridley et al., 2015).
676  However, a lasting influence on the regional climate conflicts with the short residence
677  time of stratospheric sulfate aerosols from a single eruption. Recent climate model

678  simulations have indicated that a single large volcanic eruption could induce rapid
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679  atmospheric and ocean surface cooling for approximately 16 yr and that lower
680  temperatures could persist at high northern latitudes for even a century or longer
681  owing to sea ice and ocean feedback (Miller et al., 2012; Kobashi et al., 2017). The
682 interval of 7.5-7.0 cal ka BP features multiple large volcanic eruptions

683  (http://volcano.si.edu/volcano.cfm?vn=283001; Fig. 5m) that could have caused the

684  global average summer cooling, a weakened Afro-Asian monsoon circulation, and
685  strengthened westerlies, in agreement with proxy records indicating a low-latitude
686  precipitation reduction and wet conditions over north-central Europe (Robock, 2000;
687  Fischer etal., 2007; Man et al., 2014).

688 Carlson et al. (2007) used a rich data set of radiocarbon dates and °Be ages to
689 infer a retreat of the Laurentide Ice Sheet between 7.5 and 7.0 cal ka BP. This
690 recession led to the formation of numerous glacial lakes, which drained in
691  approximately 16 meltwater pulses with fluxes exceeding 0.015 Sv into the Labrador
692  Sea, Ungava Bay, and Hudson Bay (Jansson and Kleman, 2004). The global sea-level
693  rise indicated by proxy records demonstrates frequent meltwater discharge and a
694  sudden increase in ocean mass (Liu et al., 2004; Yu et al., 2007; Bird et al., 2010;
695 Wang et al., 2012). The increased outflow of low-salinity water from the Black Sea
696 into the Northern Aegean between 7.5 and 7.0 cal ka BP caused by the rapid sea-level
697  rises reconnected the Black Sea with the global ocean, providing indirect proof of the
698  recession of the Laurentide Ice Sheet (Herrle et al., 2018). An abrupt drowning of the
699  Black Sea shelf and simultaneous submergence of 100,000 km? of the continental
700  shelf was also relevant (Ryan et al., 1997). Such a massive freshwater release
701 influences sea water salinity and density, which suppresses North Atlantic deep-water
702 convection and slows the Atlantic Meridional Overturning Circulation (AMOC;
703  Tanqvist and Hijma, 2012). In a core from the continental slope off northeastern
704  Brazil (4<5, 36W, at a water depth of 2,632 m), Arz et al. (2001) examined Ca
705 intensities and the degree of preservation of the aragonitic shells of Limacina inflata,
706 which are linked to the bottom-water corrosiveness, to infer a short-lived weakening

707  of Atlantic thermohaline circulation between 7.5 and 7.0 cal ka BP (Bakker et al.,
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708  2017). The universal climate anomaly modeled in response to the reduced AMOC is
709  the cooling over the North Atlantic, which results in an increased latitudinal
710  temperature gradient in favor of the development of stronger westerly winds (Davis
711 and Brewer, 2009). Strong westerlies would result in a northward shift of Atlantic
712 storm tracks and higher precipitation over the northern latitudes of the eastern North
713 Atlantic region, in contrast to reduced moisture penetration into the southern region
714  (Fletcher et al., 2012; Magny et al., 2013). Convincing support for this interpretation
715 s found in plentiful proxy records indicating a pattern of opposing precipitation
716  variability, with dry conditions in the southwestern Mediterranean (Magny et al.,
717  2011; Desprat et al., 2012; Fletcher et al., 2012) and wetter conditions over
718 north-central Europe and in the northern Mediterranean between 7.5 and 7.0 cal ka
719 BP (Haas et al., 1998; Magny, 2004; Magny et al., 2007). Other climate changes
720  modeled include a southward shift of the Intertropical Convergence Zone (Marshall
721 et al., 2014), a weakening of monsoonal rainfall in Africa and Asia (Zhang and
722 Delworth, 2005; Sun et al., 2011), and cooler temperatures throughout much of the
723 northern hemisphere. This model response has much in common with the
724  reconstructed anomalies from our synthesized paleoclimate data (Magny, 2004;
725  Gupta et al., 2005; Wang et al., 2005; Marchitto et al., 2010; Strikis et al., 2011;
726 Schmidt et al., 2012; Zielhofer et al., 2017a), suggesting that the reduction of the
727 AMOC probably played a key role in driving global climate change at that time.

728 It is apparent that a southward migration of the Intertropical Convergence Zone, a
729  reinforcement of the westerlies, and a slowing of the AMOC developed between 7.5
730 and 7.0 cal ka BP as a consequence of changes in solar activity, volcanic activity, ice
731  sheet dynamics, and summer insolation. These climate modes could explain the most
732 robust features of the 7.5-7.0 cal ka BP climate event in most reconstructions.
733 Determining the relative weighting of such forcings is a desirable research goal.

734 6 Conclusions

735 From 47 paleoclimatic records from a variety of paleo-archives, including lake

736  sediment, speleothem, marine sediment, and ice core, we have identified a prominent
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737  climate event at 7.5-7.0 cal ka BP. As revealed by our synthesis results, proxy
738 evidence clearly shows that the 7.5-7.0 cal ka BP event is characterized by a weaker
739 Asian summer monsoon and, in comparison, a stronger South American summer
740 monsoon. The event also involves strong cooling and wetter conditions in
741 north-central Europe and in western North America, widespread drying across Africa,
742 and contrasting patterns of precipitation variability throughout the Mediterranean.
743 Strong signals from polar ice core records reveal intensified atmospheric circulation
744  and generally reduced temperatures. At approximately the same time, a rapid
745  sea-level rise occurred on a near-global scale. Despite varying climatic responses in
746 different regions, a globally distributed signature for this event demonstrates that it is
747  of worldwide significance.

748 These climate signals reflect a southward migration of the Intertropical
749  Convergence Zone, a reinforcement of the westerlies, and a slowing of the AMOC.
750  Changes in climate modes between 7.5 and 7.0 cal ka BP, which could have arisen
751  because of the atmosphere—ocean—land feedback in response to an orbitally induced
752 decrease in solar insolation, large volcanic eruptions, a reduction in solar activity, and
753  meltwater flux into the North Atlantic, induced climate anomalies much like those
754  suggested by the proxy records. The close correspondence in time of the climate
755  anomalies and the forcings suggest that the 7.5-7.0 cal ka BP event was likely caused
756 by a combination of orbital forcing, deglaciation, volcanic eruptions, and solar
757 activity.

758 This review is in an early stage and gives only a robust analysis of the 7.5-7.0 cal
759  ka BP event. As we have shown, the climate responses are rarely spatially uniform,
760 and it remains exceedingly difficult to draw anomaly maps. Uncertainties remain
761  concerning the spatial dimensions, duration, and magnitude of the climate event. It is
762  also important to develop significantly more research into assessments of potential
763  transmission mechanisms that induce climate change and potential enhancements of
764  natural feedback that may amplify the relatively weak forcing related to fluctuations

765  insolar output and volcanic eruptions. Future advances will require more quantitative
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766  or semiquantitative reconstructions and higher resolution records sampled at a higher
767  spatial density to determine, with greater precision, the complexity of the climate
768  response. A better understanding of this event will help in unraveling the underlying
769  climate dynamics and enhance our predictions regarding the likelihood of future
770  rapid climate change and its associated societal impacts.
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