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Reviewer #1 1 
In this paper, Ning et al. studied the spatial patterns of temperature, precipitation, and circulation 2 
anomalies during the latter part of the 9th and 5th millennia B.P. by using model simulations. They 3 
suggested that the long-term decline of insolation caused the cooling of North Atlantic passing a 4 
threshold around 4500 years B.P., and lead to a reduction in the AMOC and associated 5 
teleconnections across the globe. The result will help us to a better understanding of the 4.2 ka 6 
event. I think this is a very good paper and could be published in CP after minor revisions. Here 7 
are my comments and suggestions. 8 
We really appreciate the valuable comments and suggestions from the reviewer.  In this revision, 9 
we carefully addressed all the concerns from the reviewer, and we hope that the reviewer finds this 10 
revision satisfactory. 11 
 12 
1. line16-17: I can’t understand this kind of discription. You are discussing the climate change 13 
during the late 9th and 5th millennia BP, but use 9200-8800 versus 8800-8000a BP, 4800-4500 14 
versus 4500-4000 a BP to defined them. It makes me confused.  15 
In this study, one major motivation is to compare the spatial patterns from cold event due to 16 
external forcing (“The 8.2ka BP event”) with cold event due to internal variability superimposing 17 
on long-term decline (“The 4.2ka BP event”).  Because the model cannot reproduce the exact 18 
timing of the cold events as the reconstruction, we can only select the timing with temperature 19 
decrease around the 8.2ka BP and 4.2ka BP in the simulation to represent these two events. 20 
  21 
2. The English is generally good, however, I think it could still be benifit from a native English 22 
speaker. For example, line 42, "around" better be "superimpose"; line 61: "about" should be 23 
"drought"; line 62: "have" should be "had"...  24 
Thank you for these suggestions, but the text as written is correct. 25 
 26 
3. line 65-70: here talk about the record of 4.2 ka drought. I suggest to move this paraghraph to the 27 
end of the first paraghraph.  28 
We amended the first paragraph to improve the discussion. 29 
 30 
4. line 85: positive NAO, or negative NAO?  31 
Negative NAO.  We added this information in line 85. 32 
 33 
5. line 143-145: unclear. Do you mean the temperature during (4800-4500 a BP) minus 34 
temperature during (4500-4000 a BP) ? or the inverse?  35 
The differences between the two periods mean the temperature during period (4500-4000 a BP) 36 
minus the period (4800-4500 a BP). We clarify this in the manuscript. 37 
 38 
6. line 152-154: consistent with paleoclimate reconstructions (Tan et al., 2018, EPSL) that indicate 39 
a weaker East Asian monsoon (Wang et al., 2005). This pattern is similar to the situation during 40 
the LIA in China (Tan et al., 2018, QSR), and some of the megadroughts happened in recent 41 
centuries (Cook et al., 2010).  42 
We appreciate the reviewer providing this information. 43 
We have added the discussion into the manuscript, and also cited the corresponding references. 44 
 45 
 46 
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7. line 172-173, why do you choose 8.8 ka as a dividing line? why not 8.5 ka?  47 
From the temperature time series (Fig. 1a) the abrupt changes occurred around 8.8 ka BP, and this 48 
timing is also confirmed by the first principal component of REOF analysis on the SST (Fig. 4a).  49 
Therefore, we chose 8.8 ka BP as the dividing line. We added this clarification into the manuscript. 50 
 51 
8. line 188, revise "from" to "during"? 52 
No change made. 53 
 54 
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Reviewer #2 80 
In this manuscript, the authors compared the spatial patterns of global temperature, precipitation, 81 
and SST during two centennial-scale droughts during the Holocene based on model simulation. 82 
The similarities and differences between these two drought events, which are believed to be caused 83 
by different reasons, are examined in details. The authors also hypothesized that the drought during 84 
the 5th millennium B.P. is caused by a reduction in the AMOC due to the long-term changes in 85 
insolation related to precessional forcing, which passed a threshold around 4.5 ka B.P.  86 
This manuscript covers two important topics: one topic is the detailed spatial patterns during the 87 
4.2 ka BP event, which could be used for comparison with proxy reconstructions, and the other 88 
topic is mechanisms behind the 4.2 ka B.P., which are interesting to the whole paleoclimate 89 
community. So, I believe this manuscript should be interesting to a wide audience of Climate of 90 
the Past. Some interesting results and meaningful conclusions are shown in this manuscript, and 91 
the analyses are straightforward and clear, however, I still have some comments regarding the 92 
manuscript listed below. Therefore, I would recommend that the present manuscript may be 93 
accepted for publication after some minor revisions.  94 
We really appreciate the valuable comments and suggestions from the reviewer. We have carefully 95 
addressed all these concerns, and we hope that the reviewer finds this revision satisfactory. 96 
 97 
1. The numbering of the manuscript needs to be re-arranged, for example “Results” should be 98 
Section 3 rather than Section 2.1.  99 
The numbering of the manuscript has been re-arranged.  The “Results” is now Section 3, and the 100 
“Discussion and Conclusions” is now Section 4. 101 
 102 
2. More details of the TRACE-21 experiments should be provided for the readers, such as the 103 
external forcing used in the experiments.  104 
Following the reviewer’s suggestion, we added the following information “The orbital forcing is 105 
based on transient variations of orbital configuration (Berger, 1978).  The concentrations of 106 
greenhouse gases were adopted from study of Joos and Spahni (2008).  The ice sheet data were 107 
modified from the reconstruction of Peltier (2004).  The meltwater scheme was adopted from study 108 
of Liu et al. (2009)” in to the second paragraph of Section 2. 109 
 110 
3. The authors claim that the 4.2 ka BP event was one of the several late Holocene centennial-scale 111 
fluctuations, have they compared the timing of these fluctuations with the Bond events? Do they 112 
have some similiarities?  113 
Both of them have similar centennial-scale variability but the timing of “Bond events” does not 114 
match the fluctuations seen in the model simulations. 115 
 116 
4. Line 198, considering the 5th millennium BP event as the start of the Neoglacial is a really 117 
interesting topic, which should be strengthened with more discussion.  118 
Following the reviewer’s suggestion, we now added more discussion into the manuscript.   119 
We also added a new Fig. 7 to show that the AMOC has been decreasing since 4.5 ka BP, especially 120 
in the orbital forcing only simulation (new Fig. 7b). 121 
 122 
5. In Fig. 1, the dash lines are the means, right? The authors should add this information into the 123 
caption.  124 
The reviewer is correct & we have added “The black dash lines show the averages of the time 125 
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series” to the caption. 126 
 127 
6. In the figure captions, the time “4500 ka BP” should be “4.5 ka BP”, and also other similar 128 
timings.  129 
The figure captions have been changed to “Year” to be consistent with the x-axis ranges. 130 
 131 
7. In the caption of Fig. 7, the phase “shown in dark blue” is obscure, and should be revised. 132 
The caption has been revised as “the area of the North Atlantic with significant negative SST 133 
differences between the the 5th millennium BP and 9th millennium BP periods (40-60 °N, 7.5-60 134 
°W)” to be clearer. 135 
 136 
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 173 

ABSTRACT 174 

The spatial patterns of global temperature and precipitation changes, as well as corresponding 175 

large-scale circulation patterns during the latter part of the 9th and 5th millennia B.P. (4800-4500 176 

versus 4500-4000 years B.P. and 9200-8800 versus 8800-8000 years B.P.) are compared through 177 

a group of transient simulations using the Community Climate System Model version 3 (CCSM3).  178 

Both periods are characterized by significant sea surface temperature decreases over the North 179 

Atlantic south of Iceland.  Temperatures were also colder across the northern hemisphere, but 180 

warmer in the southern hemisphere. Significant precipitation decreases are seen over most of the 181 

northern hemisphere, especially over Eurasia and the Asian monsoon regions, indicating a weaker 182 

summer monsoon. Large precipitation anomalies over northern South America and adjacent ocean 183 

regions are related to a southward displacement of the Inter Tropical Convergence Zone (ITCZ) 184 

in that region. Climate changes in the late 9th millennium B.P. (“The 8.2ka BP event “) are widely 185 

considered to have been caused by a large fresh water discharge into the northern Atlantic, which 186 

is confirmed in a meltwater forcing sensitivity experiment, but this was not the cause of changes 187 

occurring between the early and latter half of the 5th millennium B.P. Model simulations suggest 188 

that a combination of factors, led by long-term changes in insolation, drove a steady decline in 189 

SSTs across the North Atlantic and a reduction in the AMOC, over the past 4500 years, with 190 

associated teleconnections across the globe, leading to drought in some areas. Multi-century scale 191 
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fluctuations in SSTs and AMOC strength were superimposed on this decline.  This helps explain 193 

the onset of neoglaciation around 5000-4500 BP, followed by a series of neoglacial advances and 194 

retreats during recent millennia.  The “4.2ka B.P. event” appears to have been one of several late 195 

Holocene multi-century fluctuations that were embedded in the long-term, low frequency change 196 

in climate that occurred after ~4.8 ka BP.  Whether these multi-century fluctuations were a 197 

response to internal centennial-scale ocean-atmosphere variability or external forcing (such as 198 

explosive volcanic eruptions and associated feedbacks) or a combination of such conditions, is not 199 

known and requires further study. 200 

 201 

1. Introduction 202 

It is well-documented that the first order driver of Holocene climate change was orbital 203 

forcing, with an overall decline in summer insolation in summer months, particularly at high 204 

latitudes.  This led to a drop in temperatures at high latitudes and less rainfall throughout the 205 

monsoon regions of the northern hemisphere, as seen in many paleoclimatic records (Burns, 2011; 206 

Solomina et al., 2015). Shorter-term rainfall fluctuations superimposed on this long-term change 207 

in hydrological conditions are clearly seen in many speleothem and lacustrine sediment records 208 

(e.g. Wang et al., 2005; Kathayat et al., 2017).  Abrupt hydrological changes around 4.2 ka BP 209 

have been documented for various regions of the world; it has been suggested that the major global 210 

monsoon and ocean-atmosphere circulation systems were deflected or weakened synchronously at 211 

this time, causing major century-scale precipitation disruptions (severe megadroughts) over 212 

different regions (Weiss, 2017). Other studies (Wang et al., 2005; Tan et al., 2018a) have also 213 

noted weakening of the Asian summer monsoon at around this time, resulting in drought over the 214 

northern part of eastern China and flooding over the southern part. 215 

In recent years, a more comprehensive picture of the “4.2 ka BP event” has been derived 216 

from analysis of new high-resolution proxy data from different regions, and the event has become 217 

the focus of symposia and research conferences (e.g. Weiss, 2015).  This event is of particular 218 

interest as it is associated with societal collapse and regional abandonment in many different 219 

regions.  For example, the collapse and abandonment of Akkadian imperial settlements in the 220 

Khabur Plains, and other communities in dry farming domains across the Aegean and West Asia, 221 

was in response to the abrupt nature with which the megadrought began (with its onset in less than 222 
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five years), its magnitude (a precipitation reduction of 30-50%) and its long duration (200-300 251 

years) (Weiss, 2017). 252 

Although a drought episode around 4.2ka B.P. has been found in many proxy 253 

reconstructions, the mechanisms that brought this about are still unclear, though different 254 

hypotheses have been proposed.  For example, Staubwasser and Weiss (2006) suggested that the 255 

abrupt climate change event at 4.2ka B.P., as well as other widespread droughts around 8.2ka BP 256 

and 5.2ka BP over the eastern Mediterranean, West Asia, and the Indian subcontinent, were caused 257 

by a change in subtropical upper-level flow over the eastern Mediterranean and Asia. Some studies 258 

have suggested that these large-scale circulation anomalies may reflect persistent modes of internal 259 

climate variability, though there is a wide range of other explanations.  For example, Booth et al. 260 

(2005) indicated that the widespread mid-latitude and subtropical drought around 4.2ka BP was 261 

linked to a La Niña-like SST pattern, possibly associated with amplification of this spatial mode 262 

by variations in solar irradiance or volcanism. On the other hand, Hong et al. (2005) analyzed a 263 

12,000-yr proxy record for the East Asian monsoon and concluded that such abnormal climate 264 

conditions could possibly result from frequent and severe El Niño activities. Using paired oxygen 265 

isotope records from North America, Liu et al. (2014b) indicated that there was a transition from 266 

a negative Pacific North American (PNA)-like pattern during the mid-Holocene to a positive PNA-267 

like pattern during the late Holocene, which led to drier conditions in northwestern North America. 268 

A similar conclusion was reached by Finkenbinder et al. (2016) based on lake sediment records 269 

from Newfoundland. They argued that this transition took place around 4.3ka B.P., leading to 270 

wetter conditions across the Newfoundland region. In contrast, Bond et al. (2001) argued that 271 

North Atlantic SST anomalies around 4.2ka B.P. were related to a negative North Atlantic 272 

Oscillation (NAO) pattern, linked to solar forcing. Deininger et al. (2017) also found that changes 273 

in the atmospheric circulation associated with northward and southward propagating westerlies 274 

(similar to the NAO but on a millennial instead of a decadal scale) could be a possible driver of 275 

coherency and cyclicity during the last 4.5ka BP, as seen in multiple speleothem !"#O records that 276 

span most of the European continent. Thus, although there have been many suggested mechanisms, 277 

the ultimate drivers for climatic anomalies at 4.2ka B.P. remain unclear.   278 

Wang (2009a) reviewed studies of Holocene cold events, and concluded that the most 279 

severe Holocene cold event, at ~8.2ka BP, was brought about by an outburst flood from pro-glacial 280 

Lake Agassiz. This large volume of freshwater drained into the North Atlantic extremely rapidly, 281 
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leading to a brief reorganization of the North Atlantic Meridional Overturning Circulation 311 

(AMOC) and a southward displacement of the ITCZ, resulting in dry conditions over many regions 312 

(Barber et al., 1999; Bianchi and McCave, 1999; Risebrobakken et al., 2003; McManus et al., 313 

2004; Clarke et al., 2004). Potential external forcing factors for the 4.2ka BP event include non-314 

linear responses to Milankovitch forcing, solar irradiance variations, and explosive volcanic 315 

eruptions, all of which may have brought about variations in the ocean-atmosphere system (Booth 316 

et al., 2005). Wang (2009a) concluded that solar irradiance minima were the main cause of cold 317 

events in the mid- to late Holocene (including the 4.2ka BP event) and that internal oscillations 318 

within the climate system could possibly have intensified these cold events under certain 319 

circumstances (Wang, 2009b).  320 

In summary, the 8.2ka BP event and corresponding southward shift in the ITCZ were 321 

caused by glacial flooding of the North Atlantic and this can be reasonably simulated by coupled 322 

GCMs with different boundary conditions and freshwater forcing (Alley and Agustsdottir, 2005; 323 

LeGrande et al., 2006).  By contrast, the forcing mechanisms that brought about the 4.2ka BP event 324 

are currently uncertain. At 4.2ka B.P., the major global monsoon and ocean-atmosphere circulation 325 

systems may have been deflected or weakened synchronously, causing major century-scale 326 

precipitation disruptions, with severe megadroughts over many different regions (Weiss, 2017). 327 

As GCM simulations of the 4.2ka BP event have not received much attention, in this study, the 328 

spatial patterns and corresponding mechanisms relevant to the 4.2 ka BP event are examined and 329 

compared to those associated with the 8.2ka BP event.   330 

 331 

2. Data and methodology 332 

Simulations of the last 21ka (TRACE-21) were used in this study (He, 2011; He et al. 2013; 333 

Wen et al., 2016). These transient simulations have been completed using Version 3 of the 334 

Community Climate System Model (CCSM3), which is a coupled atmosphere-ocean general 335 

circulation model developed by the National Center for Atmospheric Research (NCAR).  The 336 

atmosphere model in the CCSM3 is the Community Atmospheric Model 3 (CAM3) with a 337 

horizontal resolution of ~3.75° (T31), and the ocean model is the Parallel Ocean Program (POP) 338 

with a longitudinal resolution of 3.6° and variable latitudinal resolution.   339 

The “full-forcing” TRACE-21 simulation includes changes in orbital parameters, greenhouse 340 

gases, ice extent (based on the ICE 5G-VM2 configurations) and meltwater fluxes from the 341 
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Northern Hemisphere and Antarctic ice sheets.  The orbital forcing is based on transient variations 361 

of orbital configuration (Berger, 1978). The concentrations of greenhouse gases were adopted from 362 

Joos and Spahni (2008). The ice sheet data were modified from the reconstruction of Peltier (2004) 363 

and the meltwater scheme was adopted from Liu et al. (2009). 364 

Simulations in which only one of these factors was included have also been carried out and are 365 

available in the TRACE-21 archive (Otto-Bliesner et al., 2006; Wen et al., 2016). These 366 

simulations can reproduce the timing and magnitude of many aspects of climate evolution during 367 

the last 21 ka, such as changes in sea surface temperature (SST) (He et al., 2013).  However, there 368 

are significant differences between the rate of temperature change in the model during the early 369 

Holocene and many paleoclimatic records (Liu et al., 2014a; Marcott et al., 2013; Marsicek et al., 370 

2018).  In this study, we do not address this enigma, but use the transient model data to compare 371 

intervals within the Holocene when abrupt changes in climate are known to have occurred in some 372 

regions (~8.2ka B.P. and ~4.2ka B.P.). These times were recently adopted by the International 373 

Commission on Stratigraphy as the chronological boundaries of the early, mid and late Holocene 374 

(Walker et al., 2012, 2018).  375 

We examine mean annual surface temperature, annual precipitation and SSTs from the full-376 

forcing experiment, and also AMOC strength, defined as the maximum Atlantic stream function 377 

between 20-50°N between 500m and 5000m depth (Ottera et al., 2010) from the full-forcing and 378 

orbital-forcing experiments. 379 

 380 

3. 	Results 381 

First, we assess Holocene climate variability as simulated in the full-forcing experiment.  Fig. 382 

1 shows the time series of surface temperature and precipitation over the last past 13ka.  It shows 383 

cooling associated with the Younger Dryas, followed by Holocene warming, but also a brief 384 

cooling episode from ~8500-8000 B.P.  Thereafter the record exhibits strong multi-century scale 385 

variability. Temperature and precipitation are positively correlated at this global scale.  It is 386 

tempting to associate the colder episodes with those identified by Wanner et al (2011) or by Bond 387 

et al. (2001) but only a few of these are coincident in time.   388 

 The period 4.5ka-4.0ka BP was chosen for analysis, by subtracting the mean annual 2m air 389 

temperatures, SSTs and precipitation of the period 4500-4000 years B.P. from the preceding period 390 

(4800-4500 years B.P.). The spatial distribution of air temperature (Fig. 2a) shows that 391 
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temperatures were significantly colder over most of the extra-tropical northern hemisphere, but 402 

generally warmer in the Tropics and in the southern hemisphere.  The main exceptions are northern 403 

South America, which was cooler, and northern India and Pakistan, which were significantly 404 

warmer. Precipitation decreased over almost all of the northern hemisphere, particularly in the 405 

Tropics where the ITCZ shifted southward, mainly over South America and adjacent ocean 406 

regions, resulting in higher rainfall in the 0-20ºS zonal band from 4500-4000 years B.P. (Figure 407 

2b). There was less precipitation over the northern part of China but more precipitation over 408 

southern China, consistent with paleoclimate reconstructions that indicate a weaker East Asian 409 

monsoon (Wang et al., 2005; Tan et al., 2018a).  This pattern is also similar to the situation during 410 

the LIA in China and some of the megadroughts that have happened in recent centuries (Cook et 411 

al., 2010; Tan et al., 2018b).  Over other Asian monsoon regions, such as India, there were also 412 

significant precipitation reductions during the second half of the 5th millennium B.P., consistent 413 

with speleothem records that show a decline in Indian summer monsoon rainfall over this period 414 

(Kathayat et al., 2017). Over Central America and the northern edge of South America, conditions 415 

were also drier in the later period, but over the rest of South America, and adjacent ocean regions, 416 

precipitation was higher, due to a southward displacement of the ITCZ; this pattern is supported 417 

by speleothem records of rainfall in Mexico and Brazil (Lachniet et al., 2013; Bernal et al., 2016).  418 

The SST pattern shows significantly cooler temperatures in the period 4500-4000years B.P. over 419 

the North Atlantic. This cooling is centered around 50°N (south of Iceland) and extends into the 420 

sub-Tropics on the eastern side of the sub-tropical gyre.  Slightly cooler temperatures are also 421 

found over the North Pacific (Fig. 2c).  By contrast, for most of the southern hemisphere there was 422 

a positive change in temperature.  Rotated EOF analysis on the global SST field shows the primary 423 

feature (in EOFs 1 and 2) to be the cooler SSTs over the North Atlantic, with a shift around 4.5ka 424 

BP from a predominantly positive to a generally negative pattern (Fig. 3).  This is similar to an 425 

AMO-like pattern over the northern Atlantic that has been identified in both instrumental and 426 

paleoclimatic records (Delworth and Mann, 2000; Knudsen et al., 2011).   427 

The same evaluation of changes in the 9th millennium B.P. was made by subtracting the 428 

mean annual 2m air temperatures, SSTs and precipitation from 8800-8000 from the preceding 429 

period (9200-8800 years B.P.), since an abrupt change in temperature in the model occurred around 430 

8.8 ka BP (Fig. 1a).  Air temperatures were significantly lower in the second period over most of 431 

the northern hemisphere; only a zone from northern South America across to sub-Saharan Africa 432 
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and India was warmer in the second period (Fig. 4a). Almost the entire southern hemisphere was 439 

warmer.  Precipitation was less in the second period across all of the northern hemisphere, 440 

especially along the ITCZ, which was displaced to the south.  This resulted in increased rainfall in 441 

a belt south of the Equator, across almost all of the Tropics (Fig. 4b).  The rest of the southern 442 

hemisphere was also slightly wetter.  SSTs show a strong pattern of cooling over the North Pacific, 443 

and the eastern North Atlantic, south of Iceland, extending around the Atlantic sub-tropical gyre 444 

into the tropical Atlantic and Caribbean (Fig. 4c). Rotated EOFs show that the anomalies in the 445 

North Atlantic and North Pacific dominate the first 3 EOFs (Fig. 5).   446 

The spatial patterns of temperature changes, precipitation changes, and SST changes were 447 

remarkably similar in the late 9th millennium and in the period leading up to the late 5th millennium 448 

(Fig. 6).   The major difference (Fig. 6a) is that SST changes over the subtropical Atlantic were 449 

greater, and the related changes across the northern hemisphere in the 9th millennium B.P. were 450 

larger, than in the late 5th millennium.  Similarly, the major changes in precipitation patterns were 451 

comparable, but less pronounced from 4500-4000 years B.P.  These similarities are somewhat 452 

puzzling as the meltwater forcing sensitivity experiment clearly shows that the “8.2ka BP event” 453 

was induced by a massive freshwater flux into the Atlantic whereas (as far as we know) no 454 

comparable meltwater event occurred in the late Holocene so it seems unlikely that such forcing 455 

was a factor driving the changes seen in the model output for 4500-4000 years B.P.  456 

 457 

4. Discussion and Conclusions 458 

Paleoclimate records have shown that unusually dry conditions persisted for several centuries 459 

around 4.2ka BP over many regions, and in some areas these had devastating societal impacts. In 460 

this study, the spatial patterns of temperature, precipitation, and corresponding circulation 461 

anomalies during the latter part of the 9th and 5th millennia B.P. (4800-4500 versus 4500-4000 462 

years B.P. and 9200-8800 versus 8800-8000 years B.P.) were compared based on model 463 

simulations. The changes in climate during both periods were similar and characterized by 464 

significant temperature and precipitation decreases over most of the northern hemisphere, whereas 465 

the southern hemisphere was slightly warmer and wetter.  In particular, the ITCZ was displaced to 466 

the south across much of the globe, and monsoon regions of the northern hemisphere were 467 

generally drier.  On a regional scale, there was less precipitation over the northern part of China 468 

but more precipitation over southern China, indicating a reduced eastern Asian summer monsoon. 469 
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 It is clear that the earlier period was strongly influenced by freshwater forcing in the North 547 

Atlantic, which drastically reduced the Atlantic Meridional Overturning Circulation (AMOC). The 548 

similarity in anomaly patterns between the 8.2ka BP event and the late 5th millennium BP suggests 549 

that there was also disruption to the AMOC in the later period. However, as there was no 550 

comparable freshwater forcing in the 5th millennium B.P., we must therefore consider what other 551 

factors might have played a role in reducing AMOC strength.  There were no major solar irradiance 552 

changes at that time, so we can rule that out as a forcing factor. However, there was a major 553 

eruption of the Icelandic volcano Hekla at ~4200 BP, and it is possible that such an event could 554 

have brought about regional cooling, leading to more extensive, thick sea-ice and attendant 555 

freshwater effects on the AMOC (cf. Moreno-Chamarro et al., 2017). This mechanism deserves 556 

further scrutiny.  557 

In the “all forcing” TRACE-21 simulation, AMOC strength declined slightly during the 558 

late Holocene and underwent multi-century fluctuations (Fig. 7a), which were strongly correlated 559 

with SSTs in the region of the North Atlantic where cooling was so prominent from 4.5-4.0 ka 560 

B.P. (Fig. 8). Mean SSTs in this region over the last 4500 years of the model simulation stayed 561 

below the 4.8-4.5 ka B.P. average for ~69% of the time (Fig. 8), and AMOC strength was similarly 562 

below the 4.8-4.5 ka BP mean for 63% of the time (Fig. 7a). One of these fluctuations was 563 

associated with an AMOC minima around 4.2ka BP.  In the TRACE-21 model simulation with 564 

only orbital forcing, AMOC strength reached its Holocene maximum around 4.8 ka BP, then 565 

slightly weakened (by ~10%) over the late Holocene, staying below the 4.8-4.5ka BP mean for 566 

87% of the time, with minor multi-century variations superimposed on the long-term downward 567 

trend (Fig. 7b). This suggests that a combination of factors, led by long-term changes in insolation, 568 

drove a steady decline in SSTs across the North Atlantic and a reduction in the AMOC, with 569 

associated teleconnections across the globe (including drought in some regions). Minor 570 

fluctuations around this declining trend were the dominant pattern for most of the last 4500 years. 571 

This interpretation helps explain widespread paleoclimatic evidence for the onset of neoglaciation 572 

around 5000-4500 BP, followed by a series of neoglacial advances and retreats during recent 573 

millennia (Porter, 2000; Barclay et al., 2009; Solomina et al., 2015; Bradley and Bakke, 2018). 574 

Since the onset of neoglaciation early in the 5th millennium B.P., mountain glaciers fluctuated in 575 

extent but did not entirely disappear, indicating that a distinctly different climate state prevailed 576 

compared to the period prior to ~5 ka B.P., when many mountain regions were ice-free. 577 

Formatted: No widow/orphan control, Don't adjust space
between Latin and Asian text, Don't adjust space between
Asian text and numbers

Deleted: but 578 
Formatted: Font color: Text 1
Deleted: this 579 
Formatted: Font color: Text 1
Deleted: can not explain the changes 580 
Formatted: Font color: Text 1
Formatted: Font color: Text 1

Formatted: Indent: First line:  0.5"

Deleted:  We speculate that 581 
Formatted: Font color: Text 1

Deleted:  related to precessional forcing582 
Formatted: Font color: Text 1
Deleted: led 583 

Formatted: Font color: Text 1

Deleted: to cooling584 
Deleted: ,585 
Formatted: Font color: Text 1

Deleted: which passed a threshold around 4500 years B.P., 586 
leading 587 
Deleted: to 588 
Formatted: Font color: Text 1
Deleted:  and589 

Formatted: Font color: Text 1
Formatted: Font color: Text 1

Deleted: Based on 590 
Formatted: Font color: Text 1
Formatted: Font color: Text 1
Formatted: Font color: Text 1
Formatted: Font color: Text 1

Deleted: , i591 
Formatted: Superscript



	 13	

We therefore conclude from the model simulations that the “4.2ka B.P. event” was one of 592 

several late Holocene multi-century fluctuations that were embedded in a long-term, low frequency 593 

change in climate that occurred after ~4.8 ka BP.  World-wide climatic anomalies during these 594 

fluctuations were driven by changes in the strength of the AMOC and related teleconnections. 595 

Whether such multi-century fluctuations were a response to internal centennial-scale ocean-596 

atmosphere variability (cf Min and Liu, 2018), or external forcing (such as explosive volcanic 597 

eruptions and associated feedbacks) or a combination of such conditions, is not known. Further 598 

studies of the role of both external forcing and internal variability are needed to provide a better 599 

understanding of such mechanisms (cf. Ottera et al., 2010; Moreno-Chamarro et al., 2017; Gupta 600 

and Marshall, 2018). 601 

 602 
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 838 

 839 
 840 

 841 
Figure 1.  (a) Northern hemisphere average surface temperature and (b) precipitation over the last 842 
13ka years from the all-forcing experiment. Blue line is the 10-year running average and the black 843 
line is the 100-year running average. The black dash line shows the average of the time series. 844 
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 882 
 883 

Figure 2. The changes of (a) surface temperature (°C), (b) precipitation (mm/day), and (c) SST 884 
(°C) after 4.5ka BP (between 4500-4000ka BP and 4800-4500ka BP). The rectangles in (a) and (b) 885 
indicate the region with major dry-farming settlement abandonment around 4.2ka BP, according 886 
to Weiss (2016). 887 
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Figure 3. The first three patterns (a-c) and principal components (d-f) of rotated EOF modes on 951 
the SST over the period 4800-4000ka BP. 952 
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 969 
 970 

 971 
Figure 4. The changes of (a) surface temperature (°C), (b) precipitation (mm/day), and (c) SST 972 
(°C) after 8.8ka BP (between 8800-8000ka BP and 9200-8800ka BP) 973 
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Figure 5. The first three patterns (a-c) and principal components (d-f) of rotated EOF modes on 1035 
the SST over the period 9200-8000ka BP. 1036 
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 1055 
 1056 

Figure 6. The differences between changes of (a) surface temperature (°C), (b) precipitation 1057 
(mm/day), and (c) SST (°C) of the 5th millennium BP and 9th millennium BP periods shown in 1058 
Figures 2 and 4. 1059 
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 1071 

Figure 7. The 10-year running averaged (blue line) and 100-year running averaged (black line) 1072 
time series of AMOC strength, plotted as anomalies from the mean for 4800-4500 years B.P. from 1073 
(a) all-forcing experiment and (b) orbital-forcing experiment. AMOC strength was below the mean 1074 
for 63% of the time in the all-forcing experiment and 87% of the time in the orbital-forcing 1075 
experiment. 1076 
 1077 
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 1085 
 1086 

Figure 8.  The 10-year running averaged (blue line) and 100-year running averaged (black line) 1087 
SSTs in the area of the North Atlantic with significant negative SST differences between the 5th 1088 
millennium BP and 9th millennium BP periods (40-60 °N, 7.5-60 °W) on Figure 2c, plotted as 1089 
anomalies from the mean for 4800-4500 years B.P.  ~69% of the time, temperatures in this region 1090 
were below the mean. 1091 
 1092 
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A possible explanation is that as summer insolation at high latitudes of the northern 

hemisphere declined over the Holocene, a threshold was passed which led to cooler SSTs in the 

North Atlantic and a consequent reduction in the Atlantic meridional overturning circulation 

(AMOC), with teleconnections into the southern hemisphere.  In our experiment, we examined 

just the 5th millennium B.P., but it is possible that the changes seen in the latter half of the period 

were more persistent, and typical of the rest of the Holocene (the Neoglacial).  Indeed, there is 

much evidence for cooler conditions and glacier expansion around the North Atlantic around this 

time (Solomina et al., 2015). When reviewing the glaciers in the Southern Hemishpere, the 

evidence found by Porter (2000) also support the concept about the onset of Neoglciation at mid-

Holocene.  The records of glacier fluctuations in Alaska also revealed that Neoglaciation began in 

some areas by 4.0 ka and major advances were underway by 3.0 ka, with two distinct early 

Neoglacial expansions centered on about 3.3-2.9 and 2.2-2.0 ka, respectively (Barclay et al., 2009).  

Thereafter, glaciers fluctuated but did not disappear again, indicating that a different climate state 

prevailedThis is distinctly different from the period prior to 5000 years B.P. when many mountain 

regions were ice-free.. Fluctuations around these cooler mean conditions may be related to internal 

centennial-scale ocean-atmosphere variability (cf. Wanner et al., 2011).  This is distinctly different 

from the period prior to 5000 years B.P. when many mountain regions were ice-free.  This is also 

confirmed by the AMOC strength anomalies after 4.8 ka BP from the all-forcing experiment and 

orbital-forcing experiment, with ~63% and ~87% of the time below the mean in all-forcing 

experiment and orbital-forcing experiment (Fig. 8).  Further analysis of the TRACE21 simulations 

are needed to fully explore this matter. 
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t seems clear that there was a fundamental shift in climate around this time.  Furthermore, those 

changes have persisted, with minor fluctuations, through to the present.  Interestingly, SSTs in the 

area of the North Atlantic where cooling was so prominent from 4500-4000 years B.P. do show 

multi-century-scale oscillations for the remainder late Holocene, with temperatures below the 

4800-4500 years B.P. average for ~69% of the time (Fig. 7). Whether such changes are also linked 

to hydrological anomalies elsewhere, as with the period 4500-4000 years B.P., is not known, but 

it seems likely, given the large-scale coherent link between temperature and precipitation that is 

apparent in Fig. 1.  
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  Nevertheless, we conclude from the model simulations that the “4.2ka B.P. event” was simply 

one of several late Holocene multi-century fluctuations that were embedded in a longer-term, 

lower frequency change in climate resulting from orbital forcing. 
	

Page 13: [4] Formatted Raymond Bradley 11/20/18 8:51 PM 

No widow/orphan control, Don't adjust space between Latin and Asian text, Don't adjust space 
between Asian text and numbers 
	

Page 13: [5] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:(Default) Times New Roman, 12 pt, Font color: Text 1 
	

Page 13: [6] Formatted Raymond Bradley 11/22/18 6:54 PM 

Justified, Indent: Left:  0", Hanging:  0.2", Line spacing:  1.5 lines 
	

Page 13: [7] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:(Default) Times New Roman, 12 pt, Font color: Text 1 
	

Page 13: [8] Formatted Raymond Bradley 11/22/18 6:55 PM 

Font:(Default) Times New Roman, 12 pt, Not Italic, Font color: Text 1 
	

Page 13: [9] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:(Default) Times New Roman, 12 pt, Font color: Text 1 
	

Page 13: [10] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:(Default) Times New Roman, 12 pt, Not Italic 
	

Page 16: [11] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:Italic, Font color: Text 1 
	

Page 16: [11] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:Italic, Font color: Text 1 
	

Page 16: [12] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:(Default) Times New Roman, 12 pt, Not Italic, Font color: Text 1 
	

Page 16: [12] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:(Default) Times New Roman, 12 pt, Not Italic, Font color: Text 1 
	

Page 16: [12] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:(Default) Times New Roman, 12 pt, Not Italic, Font color: Text 1 
	

Page 16: [13] Deleted Raymond Bradley 11/20/18 4:00 PM 

 
	

Page 16: [13] Deleted Raymond Bradley 11/20/18 4:00 PM 

 
	

Page 16: [14] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:Italic, Font color: Text 1 
	

Page 16: [14] Formatted Raymond Bradley 11/22/18 6:53 PM 



Font:Italic, Font color: Text 1 
	

Page 16: [15] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:Italic, Font color: Text 1 
	

Page 16: [15] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:Italic, Font color: Text 1 
	

Page 16: [16] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:Italic 
	

Page 16: [16] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:Italic 
	

Page 16: [17] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:Italic, Font color: Text 1 
	

Page 16: [17] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:Italic, Font color: Text 1 
	

Page 16: [18] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:Italic, Font color: Text 1 
	

Page 16: [18] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:Italic, Font color: Text 1 
	

Page 16: [18] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:Italic, Font color: Text 1 
	

Page 16: [18] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:Italic, Font color: Text 1 
	

Page 16: [19] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:(Default) Times New Roman, 12 pt 
	

Page 16: [19] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:(Default) Times New Roman, 12 pt 
	

Page 16: [19] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:(Default) Times New Roman, 12 pt 
	

Page 16: [19] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:(Default) Times New Roman, 12 pt 
	

Page 16: [19] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:(Default) Times New Roman, 12 pt 
	

Page 16: [20] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font color: Text 1 
	

Page 16: [20] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font color: Text 1 
	

Page 16: [21] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:Italic, Font color: Text 1 
	



Page 16: [21] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:Italic, Font color: Text 1 
	

Page 16: [22] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:Italic, Font color: Text 1 
	

Page 16: [22] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:Italic, Font color: Text 1 
	

Page 16: [23] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:Italic, Font color: Text 1 
	

Page 16: [23] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:Italic, Font color: Text 1 
	

Page 16: [24] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:Italic, Font color: Text 1 
	

Page 16: [24] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:Italic, Font color: Text 1 
	

Page 17: [25] Deleted Raymond Bradley 11/22/18 6:56 PM 

Thompson, L. G., Mosley-Thompson, E., Davis, M. E., Henderson, K. A., Brecher, H. H., 

Zagorodnov, V. S., Mashiotta, T. A., Lin, P.-N., Mikhalenko, V. N., Hardy, D. R., and Beer, J.: 

Kilimanjaro ice core records: evidence of Holocene climate change in tropical Africa, Science, 

298, 589-593, 2002. 
	

Page 17: [26] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font:(Default) Cambria Math, Font color: Text 1 
	

Page 17: [27] Formatted Raymond Bradley 11/22/18 6:54 PM 

Don't adjust space between Latin and Asian text, Don't adjust space between Asian text and 
numbers 
	

Page 17: [28] Deleted Raymond Bradley 11/20/18 3:08 PM 

 

Weiss, H.: Global megadrought, societal collapse and resilience at 4.2-3.9 ka BP across the 

Mediterranean and west Asia, PAGES Magazine, 24, 62-63, 2016. 
	

Page 17: [29] Formatted Raymond Bradley 11/22/18 6:53 PM 

Font color: R,G,B (34,34,34), Expanded by  0.15 pt 
	

Page 18: [30] Deleted Raymond Bradley 11/22/18 6:54 PM 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

	

Page 26: [31] Deleted Raymond Bradley 11/20/18 9:19 PM 





 
 

Figure 7.  The 10-year running averaged (blue line) and 100-year running averaged (black line) 
SSTs in the area of the North Atlantic with significant negative SST differences between the the 
5th millennium BP and 9th millennium BP periods shown in dark blue (40-60 °N, 7.5-60 °W) on 

Figure 2c, plotted as anomalies from the mean for 4800-4500 years B.P.  ~69% of the time, 
temperatures in this region were below the mean. 

	

 


