Anonymous Referee #3

Dear Authors,
many thanks for your revisions.

In the replies to all four reviewers you mention the requirements of the PalMod Project.
Apparently all reviewers consider these requirements difficult, and suggest other and
scientifically more useful data selection. This should make you think how useful these
constraints are, and if you can really derive robust aridity for all regions with these constraints.
These constraints are clearly impacting on the robustness of your results (negatively,
according to four reviewers), and | do think that this needs to be openly stated in the
manuscript.

Dear reviewer,

Thanks again for your comments. We have revised the manuscript according to the
suggestions. Our replies are marked in red as follows.

| do see the synthesis as an important contribution, and | do see that you carefully thought
about how to combine information from different geoarchives.

| do see that you are trying to improve your manuscript, but when you are unable to make
your data basis wider and follow reviewers’ suggestions, please discuss how the PalMod
requirements impact on the robustness of your result — this is yet missing in the discussing
part. Generally, | have the impression that you neglect reviewers’ well-meant suggestions in
some cases without need.

- We do not neglect your suggestions or those of other reviewers. We have tried to
implement as much of it as possible - but we are also bound by the requirements of PalMod.
- A section on the PalMod requirements impacting the synthesis is added to the discussion.

Before publication | expect that the discussion needs to be more self-critical and needs to
include statements for all regions how the PalMod requirements impact on/bias your overall
result and the aridity synthesis. Without this, the paper should not be published in Climate of
the past in my opinion.

- We have added this to the discussion. But since we do not use more than one pollen and
dust dataset for a region, we do not estimate the bias to be that large. We fully agree, that
the requirements strongly influence the region selection, as regions with only one record type
are excluded.

Chapter 4.1 compares our aridity index with a previous reconstruction from Herzschuh (2006).
This reconstruction is based on various pollen records, but only with that one kind of proxy,
which is pollen. Both methods reveal similar results, although Herzschuh has used a lot more
records. We therefore assume that our results are representative.

Further, in the last reviews you were asked you to explain your methodology in a way that is
100% reproducible — from data to result. This still is not at all the case. As science should be
reproducible, this is not acceptable as it is at the moment. | really demand from you to provide
methods in detail and name where required software is available — possibly in Supplements.
For speleothems you consider AGE uncertainty, for the other proxies you ‘estimate’ PROXY
uncertainty —but you state that you use data on their original age models. This seems unlogical
to mix. Please elaborate how you derive proxy uncertainty in a reproducible way.



- We have rephrased the methodology section and additionally, provide the Matlab code
and our excel template as supplementary materials.

We were asked to provide uncertainties for the aridity index. However, the aridity index is
based on data sets from primary literature, which do not contain any errors in the original.
Possible errors could be, however, that e.g. the individual pollen counters have miscounted.
Measurement inaccuracies in dust data are also possible, for example due to the devices used.
In order to be able to give at least rough error values, we have followed a method of Mudelsee
(pers. communication) and Kohler (2009, as already cited in the paper). The input parameters
from Table 2 for pollen and dust are all estimated - based on the data density and the method
used by the author of the data set. This is now described in more detail.

Two reviewers mention that some of your your data selections are difficult or not useful for a
local compilation. Please take these concerns serious and do NOT use the Palod requirements
as reason to compare not-comparable datasets. These don’t force you to compare different
things. Please don’t use the data from New Zealand and Australia together, | seriously think
that mixing these is scientifically misleading. Possibly this reduces the number of regions — but
that is in my opinion better than producing misleading results. The Lynch Crater is influenced
by monsoons, NZ by westerlies. Although these may have similar temperature and
precipitation, that is not comparable.

- According to your and the other reviewers suggestions, we have deleted the two regions
Cariaco Basin and Oceania.

‘China’ is a political statement, not a geographic one — what about ‘east Asia’?

- Many paper also define this region as “China”. For example, see citations in our manuscript
from Mingram et al., 2018; Wang et al., 2001; Stebich et al., 2015, Herzschuh, 2006; or Uno,
I, Eguchi, K., Yumimoto, K.et al. Asian dust transported one full circuit around
the globe. Nature Geosci 2,557-560 (2009); K.E. Kohfeld, S.P. Harrison, Glacial-interglacial
changes in dust deposition on the Chinese Loess Plateau, Quaternary Science Reviews (2003);
and many more.

In our opinion, the region should not be called East Asia, as East Asia is a much more
inhomogeneous region. It includes many more countries than just China. Nor are we aware of
any territorial conflict in the region of Jingyuan Loess, Hulu Cave or Sihailongwan Maar, which
would require an "apolitical" statement.

Nevertheless we leave this decision to the editor.



Anonymous Referee #1

Dear Reviewer,
Thanks again for your helpful suggestions. We have changed the manuscript accordingly. Our
answers to your comments are marked in red color again within this reply.

The authors indeed made some efforts to improve the manuscript from the first version.
However, there are several aspects from my comments that in fact still remain unanswered,
in particular concerning the methodology. Therefore | still recommend major revisions to the
manuscript. This includes passages with typos and poor use of the English language.

- We went through the whole manuscript in detail and revised the language. If this does not
seem sufficient and the editor considers the manuscript appropriate, we will assign a
professional proofreader to make the very last minor revisions.

SITE SELECTION

You now explain more clearly the PalMod requirements you stuck to for site selection, in
particular the requirement for the datasets to be available in publicly accessible databases,
and that they cover the last 60000 years. | recommend explaining also what the criteria were
in terms of “high sampling resolution” and “highly cited”.

- high cited papers: more than 5 citation per year

-> high sample resolution: more than 1 sample per 250 years

- In the beginning we looked for literature with more than 5 citations per year. But since we
could not find any data for many papers, we searched the databases afterwards and in a first
step we made sure that the records cover as much as possible of the last 60 000 years. From
this selection, we chose those records which had a better data resolution than 1 sample per
250 years. Only the pollen record for NW-Africa does not fall under this criterion, but it is the
best resolved long record publicly available for the region. Apart from that, we are not aware
of any other pollen record, that covers the last 60 000 years in that region.

However, this was not possible for Speleothem data, as they do not exclusively grow
continuously. Therefore, we also considered speleothem data with more than 250 years
between two samples.

For clarity we have deleted the subordinate clauses " from the most cited papers" and “highly
cited” as they were not necessary to anyone outside the PalMod project.

ARIDITY INDEX

You now try to better explain how the aridity index is calculated. You say it’s the sum of the
three scores from the individual (speleothem, pollen, dust) proxy records, each one first scaled
to the 0-100% interval, and then discretized as follows: 0/1 for speleothems, and 0/1/2 for
pollen and dust (0-33%, 33-66%, 66-100%), resulting in an overall aridity index score between
0 and 5 (e.g. Table 1). Yet, in Figures 2, 3, etc. you have aridity index time series with non-
integer values. This is clearly inconsistent with the definition you gave of the aridity index.
Aren’t you by any chance linearly rescaling the 0-100% dust and pollen time series between 0
and 2?

- The reconstructed aridity indices are smoothed with a 200-year running average (see P6/
L17) to better display the underlying structures. The actual reconstructed values are integer
values, see new Supplementary material. We made this more clear and rephrased it:

“The generated error estimations are displayed in Fig. 2 and Figs. S1-S9 by grey colour shades
behind the mean data. The actual reconstructed aridity index values are integer ones (see



Supplementary table) but are displayed with a 200-year running average to better illustrate
the basic structures.”

| also do not understand how you merge the 3 individual time series, each one representing
the “aridity score”. The three time series have different temporal resolution. Please explain
how this is dealt with.

- See P5/L11, but we have rephrased it for more clearness to: “Each data set of speleothem
growth phases, tree pollen and dust proxies was resampled by linear interpolation to 50 years
resolution.”

In connection to the point just above, how do you treat “no data” versus “0 or hiatus”? For
instance, in the ELSA dust stack (Fig. 2e) you see no values for the last ~3000 years. Is this
because there is no dust or no dated material?

-> This particular example is a display error due to the scaling of the x-axis of the ELSA Dust
Stack (2009). The values of the last 3000 years are below 3. Therefore, we have replaced
Fig. 2e accordingly.

- No data vs. hiatus is not easy to distinguish, especially in speleothems. For this reason,
speleothems were divided into two parts instead of three for the aridity index. The aridity
index is more robust when all proxies have similar patterns and especially when all proxies are
present. This is the case, for example, for central Europe or China, so the estimated errors are
smaller there.

The Central-European aridity index plotted in Fig. 2f is different (truncated) than in Fig. 3a.
- Thank you for this suggestion. We have replaced Figure 3, where the last 3000 years were
mistakenly cut off.

You claim to be using one and only one record, per type of proxy, per region (with the
exception of Santa Barbara basin), but in fact I still see two speleothem records in Figure 2.
Please try to be consistent.

In connection to the point just above, you have also not explained how you deal with multiple
records of the same type within each region. For instance, for Central Europe | still see both
Bunker Cave and Spannagel Cave (Fig. 2a,b). Which one is used for calculating the Central
Europe speleothem aridity score? If you used both, please justify why and explain how you
merged the two records, i.e. based on AND / OR logical operator.

- We try to be more clear now:

We use only one kind of proxy for dust and vegetation, because there are few and these
proxies are very difficult to combine. For speleothems we use several records for the regions
central Europe, Arabian Sea, Mediterranean Sea and St. Barbara basin. Since we only use age
dating for Speleothem records, they can be easily combined. In addition, the caves are close
to each other or have already been compared in previous work:

Central Europe: The speleothems of the Spannagel and Bunker Cave show very similar growth
patterns and can be combined (Fohlmeister et al., 2012).

Arabian Sea speleothems from Oman caves and Socotra Island can be compared (Fleitmann
et al., 2007; Shakun et al., 2007).

Mediterranean Sea region, Dim Cave and Soreq cave can be compared (Unal-Imeret al., 2015).
St.Barbara basin: Cave of the Bells and Fort Stanton speleothems show the same climate
signals and can both be compared with the St. Barbara basin.

This section is added within the methodology part 2.1.



UNCERTAINTIES

- The whole section is revised to be more precise:

We used the initial error values as displayed in Table 2. We estimated these based on the data
density and the method originally used. These estimates are based on the experience of the
ELSA pollen records (Sirocko et al., 2016). Errors for pollen and dust values result in estimated
errors of the aridity index on the X- and Y-axis, since time errors must also be estimated. The
age errors of the speleothems, however, result in an error on the Y-axis. Counting errors for
pollen were considered very small, as the original investigators are very experienced. In
addition, the sample rate of at least one sample every 250 years is high enough to smooth out
minor errors. In our experience, the measurement inaccuracies of the devices are around 2%.
We have therefore taken this value as a minimum measure for the dust error values.
Furthermore, there are possible age uncertainties, which become more important for records
with smaller sample intervals. Speleothem age errors were given in the original data sources.
All speleothem age errors in the speleothem growth data we used for this synthesis were
below 4% uncertainty.

To calculate a total error, we have randomly disturbed the original data with a probability
given by the error estimates. From the perturbed data we calculated a perturbed aridity index
as described in Table 1 and Chapter 2.1. The variance over 100 000 runs indicates the
approximate error of our aridity index. This error simulation is based on the method of Koehler
et al (2009) and personal communication with M. Mudelsee.

The generated error estimations are displayed in Fig. 2 and Figs. S1-S9 by grey colour shades
behind the mean data. The actual reconstructed aridity index values are integer ones (see
Table S2 in the Supplement) but are smoothed with a 200-year running average to better
display the underlying structures. Smoothed aridity index values below 1.5 account for arid
conditions, values between 1.5 and 3.5 show intermediate aridity and values larger then 3.5
show more humid conditions (see Fig. 4).

This section is still too generic. What is an error for pollen and dust? (You use all kinds of dust
proxies by the way, and | am not sure how you deal with the different cases). Mentioning that
you learn from the experience of the ELSA stack is just not enough. Okay the description of
the Montecarlo procedure, but where do you get the perturbations from in the first place?
This needs to be spelled out clearly, and the actual values/ranges of these perturbations
properly justified. = See reply to Uncertainties.

The uncertainties in Table 2 are expressed as percentages. With respect to what? Age or value
of the proxy variable (i.e. x or y axis)? To the actual value of the aridity index in the 0-1 or 0-2
range for the individual proxies?

- The percentages refer to the original values of the data. This means that all values are
considered for example as + 2% —> Dust concentration of 42% +2% estimated uncertainty.

How do you combine these individual uncertainties into the overall aridity index uncertainty
(the grey shaded area)? = See reply to Uncertainties in general

RESULTS

In this section (and the corresponding supplementary sections for the different regions) you
could indeed introduce in the discussion the relevant records that are not used for the
calculation of the aridity index, for instance the records of Nussloch and Dunaszecsko you



cited, and compare qualitatively with the records you actually used for the calculation of the
aridity index.
- We have added a paragraph about this to the discussion, according to your suggestion.



Anonymous Referee#4

Review of revised paper by Fuhrmann et al. “Aridity synthesis for 10 selected key regions of
the global climate system during the last 60 000 years”

Thanks again for your helpful suggestions. We have revised the manuscript according to your
suggestions. Our answers to your comments are marked in red.

The manuscript by Fuhrmann et al. has been substantially improved. However, there are a few
remaining issues that | strongly recommend to revise:

-P1/L26: “This paper emerges from the PalMod project which develops a long GCM time series
of past global temperatures...”. PalMod is doing much more than just a long GCM time series
of past temperatures!

- changed to , This paper emerges from the PalMod project, which among other things is
developing a long GCM time series of past global temperatures (www.palmod.de).”

-P1/L27: “One prerequisite of the project was to work only with publically available datasets
from the most cited papers”. | doubt that “most cited” was a PalMod prerequisite. Personally,
| also think that this is a very questionable criterion. Generally, the number of citations is not
a faithful quality indicator.

Comment of F.Sirocko:

This was indeed not a prerequisite of the Palmod programm, but was discussed with the
group leader of WG3 to be a good aproach, when we realised how little published data are
accessable indeed. It was decided in the first WG3 meeting at Mainz by F.Sirocko and
M.Kucera.

The data mining prerequiste was insisted on by M.Kucera and S.Mulitza, even if we
expressed our sincere problems with a 100% data mining aproach several times - from the
very beginning of Palmod planning to the proposal for the second funding phase.

- We agree that the citation number is not an indicator of quality. However, the synthesis is
based on publicly available datasets, since data mining with the most cited papers produced
very few publicly available datasets. These few datasets have then been sorted by citation for
the project. For clarity we have deleted the subordinate clause " from the most cited papers"
and we have rephrased the section on methodology to provide more clarity.

-P2/L8: Note that the “...the boundaries of the MIS have been developed by Imbrie et al.
(1984) and Martinson et al. (1987)” are outdated. The stacks provided by Lisiecki and Raymo
(2005, Paleoceanography, 20, doi:10.1029/2004PA001071) or Lisiecki and Stern (2016,
Paleoceanography, 10.1002/2016pa003002) are up to date.

- We have taken the updated boundaries from Spratt & Lisiecki (2016, CP), as they have
refined the MIS 2 borders furthermore.

-P2/L13: What is “highly cited”?

- In the beginning we looked for literature with more than 5 citations per year. But since we
could not find any data for many papers, we searched the databases afterwards and in a first
step we made sure that the records cover as much as possible of the last 60 000 years. From
this selection, we chose those records which had a better data resolution than 1 sample per
250 years. Only the pollen record for NW-Africa does not fall under this criterion, but it is the



best resolved long record publicly available for the region. Apart from that, we are not aware
of any other pollen record, that covers the last 60 000 years in that region.

However, this was not possible for Speleothem data, as they do not exclusively grow
continuously. Therefore, we also considered speleothem data with more than 250 years
between two samples. For clarity we have deleted the subordinate clauses " from the most
cited papers" and “highly cited” as they were not necessary to anyone outside the PalMod
project.

-P3/Fig 1: It seems that the location of the Susah Cave is wrong in Fig. 1 (c.f. Rogerson et al.,
Clim. Past, 15, 1757-1769, https://doi.org/10.5194/cp-15-1757-2019.). Also, it seems that
Susah Cave is actually in the Mediterranean group? In Fig. 5, Susah Cave is listed under NW-
Africa.

- You are right, there we made a mistake. We wrote down the place wrong and did not notice
this. Therefore we removed Susah Cave from the regional synthesis NW-Africa and adjusted
the chapter accordingly.

-P4/L19: “The global climate evolution is well documented within Greenland and Antarctica
ice cores”. | still disagree. For example, tropical precipitation is not represented in ice cores.
-> according to your suggestion, we have deleted the sentence.

-P5/L3: “In sediments from the Cariaco Basin, the Al/Ti ratio gives the proportion between
terrigenous river sediments with higher Al/Ti ratios and Saharan dust with respective lower
Al/Tiratios.” Please back this statement up by a citation or robust evidence. Yes, there is some
Saharan dust arriving in the Caribbean, but this is negligible compared to river input, and |
doubt that the dust signal is visible in the Cariaco Basin.

- The reference was directly after the second sentence: “In sediments from the Cariaco Basin,
the Al/Ti ratio gives the proportion between terrigenous river sediments with higher Al/Ti
ratios and Saharan dust with respective lower Al/Ti ratios. Ratio of 14 represent pure Saharan
dust (Yarincik et al., 2000).” But according to your and another referees suggestions, we have
deleted Cariaco Basin and Oceania as regions, so you can’t find this section anymore.

-P7/L25: “The Atlantic sea surface temperature pattern (caused by the Atlantic meridional
overturning circulation - AMOC) strongly influence the whole European continent today”.
Please revise this sentence. The Atlantic sea surface temperature pattern is not only caused
by the AMOC.

- We agree, that AMOC is not the only cause. We have accordingly deleted this.

-P7/L28/29; “... of central ??..”, “...with varved ??”
- An established geoarchive to reconstruct the climate of central Europe are the volcanic
maar lakes of the Eifel, which cover the Holocene with varves (...).

-P10/Fig. 3, P13/Fig. 5: As already argued in my first review | still find it very unreasonable to
merge the Bahamas cave with the records from the Cariaco Basin and potentially (see
comment on Fig 5 above) the Susah Cave (located at 33N/22E close to the Mediterranean)
with NW African records. The prerequisites from PalMod cannot be relevant for my
assessment of this paper.

- According to your and the other referees suggestions, we have deleted Cariaco Basin and
Oceania as regions. Susah Cave has been removed from NW-Africa.
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Aridity synthesis for 108 selected key regions of the global climate
system during the last 60 000 years

Florian Fuhrmann', Benedikt Diensberg!, Xun Gong?, Gerrit Lohmann?, Frank Sirocko'
'Department for Geoscience, Johannes-Gutenberg-Universitit, Mainz, 55099, Germany
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Correspondence to: Florian Fuhrmann, (flfuhrma@uni-mainz.de)

Abstract. A compilation of published literature on the-dust content in terrestrial and marine sediment cores are-synehronised
on-the-basis-ef-was synchronized with pollen data and speleothem growth phases withinon the GICCO05 age-eenstrain-time
axis. Aridity patterns for ten key areas of the global climate system arehave been reconstructed everfor the pastlast 60-,000
years. These records have different time resolutions and different dating methods, thus—varieusi.c. different types of
stratigraphy. Nevertheless, all the-regions analysed in this study show humid conditions during the-early MarineIsetepe
Stagemarine isotope stage 3 (MIS3) and the early Holocene, but not always wwithat the same tmingtime. Such discrepancies
have been interpreted as regional effects, although stratigraphic uncertainties may affect some of the proposed interpretations.
In comparison, most of the MIS2 interval becomes arid in all of the northern hemisphere records, but the peak arid conditions
of the Last Glacial Maximum (LGM) and Heinrich event 1 differ in duration and intensity among regions. In addition, we also
compare the aridity synthesis with modelling results using a Global Climate Model (GCM). Indeed, geological archives and
GCMs show agreement of aridity pattern for the Holocene, LGM and for the late MIS3.

1 Introduction

Paleoclimate research today has two main foci: i) well dated, high resolution archives of past climate (e.g., marine and
terrestrial sediments, speleothems, tree rings and ice cores), ii) modelling of global and regional characteristics with Global
Climate Models (GCM), which include main processes in atmosphere, ocean, land and cryosphere as well as their coupling.
Geological archives have the potential to provide information on the past states of climate variables at the global and regional
level, and their evolution in time. The strength of modelling approach, on the other hand, is to understand the processes of
climate change and global teleconnections. A reliable model of past climate change should faithfully reproduce the observed
climate patterns as reconstructed from geo-archives. We will test this prerequisite for a set of records that approximating past
global aridity.

This paper emerges from the PalMod project, which develepsamong other things is developing a long GCM time series of past
global temperatures (www-palmedde)-(www.palmod.de). One prerequisite of the project was to work only with
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publieallypublicly available datasets—frem—the—mest—eited—papers:. Thus, we had to use only available datasets from
publieallypublicly accessible databases (PANGAEA, NOAA-NCDC, Neotoma (global pollen database), ice core database

from Copenhagen university, SISAL (speleothem database) and EPD (European pollen database)})-by-eitation-count—the-)).
For the calculation of the aridity index, the most complete;highly-eited and wellbest dated ¢records, dating back to 60- 000
yryears b2k)reeerds with highthe highest possible sample resolution were used-for-the-aridity-index—ealeulation-. We could
not ineerperate—theseinclude the records imtethat do not meet these requirements in the calculation of the aridity index

e)-. All data were plotted on the age

We use continuous time series covering as much as possible of Holocene, 0 - 11 700 years before 2000 CE (yr b2k), Marine

Isotope Stage 2 (MIS2) (25 000 - 18 000 yr b2k) and also the flickering climate of MIS3 (60 000 — 25 000 yr b2k, with MIS

boundaries revised by (Spratt and Lisiecki, 2016)).

In this paper, we concentrate on published paleoclimate reconstructions for aridity, which is one of the most important
indicators of climate change. We have screened published paleoclimate literature of the last 30 years to detect and select 16
key areas. These key areas were defined by the proxy availability, i.e. pollen, dust and speleothem growth must provide three
independent sources of information related to past precipitation. These areas were selected because they were the smallest

possible regions meeting the following criteria: 1) publieallypublicly available datasetsrecords from data repositories, ii) highly

cited, iii) well dated, iv) sufficient sample resolution ¢of at least | sample per 250 years and as far back as possible up to 60- 000

-. Several high--resolution
records-which-extend-intedata sets reaching as far as MIS3 (see- Fig. S11, detteddashed lines) are aeeessiblefrem-available in
the literature, but werehave not ineerperatedintebeen included in this synthesis, beeause-these-eoreswere-either because these
archives are too far away from the ehosentenselected key regions to fit into a suitable synthesis or because they cover only a
small part of the last 60- 000 years. Some important records of paleoclimatic research are not included because only one or
two of the aridity proxies for the region are available and complementary data are not available. Many other cores are excellent
archives-and-will-be-diseussed-in-this-paper, but cannot be incorporated into the numerical calculation of the aridity index-,
because the data are not accessible from official data repositories. Sediment cores from e.g. Lake Tulane (Grimm et al., 2006),
Bear Lake (Jiménez-Moreno et al., 2007), Lake Suigetsu (Bronk Ramsey et al., 2012), Petén-Itza (Correa-Metrio et al., 2012)
and Potrok Aike (Kliem et al., 2013) were not included in the aridity index as there were no other long time series with
publieallypublicly available datasets beside pollen within the region of the archive. The excellent loess archive of Nussloch
(Antoine et al., 2001; Moine et al., 2017) could not be used for the synthesis because no accessible data were available in

official data repositories. Eventhe-execellentThe record of Dunaszekcso loess (Ujvari et al., 2015) or pollen records from

2
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Tenaghi Phillipon (Pross et al., 2015) are not incorporated, because no data are available that covered at least a longer period
of the last 60 000 years.

Dust is deflated only in regions with less than 200 mm/a precipitation, and thus indicate an arid climate (either subtropical or
polar) (Pye, 1987). Speleothem growth needs dripping water in a cave, and thus rain or snow melt (Sp6tl and Mangini, 2002).
Arboreal pollen implies more precipitation than in a landscape with abundant grass pollen. Accordingly, we do not evaluate
the full width of information from these paleoclimate proxies, but just reduce the evidence to its basic structure, which is
aridity. The most faithful aridity indicator is dust, which indicates deserts, whereas grass indicates steppic landscapes.
Throughout this synthesis, we use ‘climate improvement’ for warmer and wetter climate conditions, whereas ‘climate
deterioration’ (or similar terms) accord for colder and drier climate.

Figure 1 present the +0-key regions. The detailed evidence for each of the selected +8-key regions and their well dated and
high-resolution proxy records are presented in Fig. 2 and Supplement S1-S9S7. The discussion compares the synoptic aridity
reconstruction for the time of LGM (26 500 — 19 000 yr b2k), and late MIS3 (32 000 yr b2k, Fig. 4) with GCM simulations
(Fig. 7, Tab. 3). Mix et al. (2001) define the LGM from comparably stable conditions during the time interval of 23 000 to
19 000 yr b2k. Clark et al. (2009) define the LGM by the maximum extend of the ice sheets and sea level low stand to 26 500
to 19 000 yr b2k for most parts of northern and southern hemisphere. We follow the wider definition of Clark et al. (2009),

which encompasses the regional differences in the results of this work.

Elevation [km]

-80° -80° GMT-Map in equal-area-
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Figure 1: Global map with the 10 selected key regions and archive type, Generic Mapping Tool (GMT) (Wessel and Smith, 1991).
Regions are indicated with white boundaries. Crosses sign lake sediment cores; open circles marine sediment cores; double sharp marks
loess profile; Diamonds mark speleothems and white stars ice cores. The map is colour coded for the elevation.

We start the synthesis with Central Europe: Dust and pollen records from Eifel (Seelos et al., 2009; Sirocko et al., 2016), which
we compare with speleothem data from nearby Bunker Cave (Fohlmeister et al., 2012, 2013; Weber et al., 2018) as well as the
Spannagel Cave in Austria (Holzkdmper et al., 2004, 2005; Spotl and Mangini, 2002)—which-shows—a-simtarspeleothem
growthpattern-. The speleothems of the Spannagel and Bunker Cave show very similar growth patterns and can be combined
(Fohlmeister et al., 2012). The maar sediment cores of the Eifel Laminated Sediment Archive (ELSA)-project (Sirocko et al.,
2016) show all Greenland Stadials (GS) and Greenland Interstadials (GI) in the time series of eolian dust content (Dietrich and
Sirocko, 2011; Seelos et al., 2009). Central Europe shows accordingly the same climatic structures, which are well known in
North Atlantic marine sediments (e.g. Hodell et al., 2013; McManus et al., 1994; Naafs et al., 2013) and Greenland ice cores
(North Greenland Ice Core Project Members et al., 2004; Rasmussen et al., 2014; Svensson et al., 2008). This Central European
climate time series is then compared with the respective time series from all other 9-key regions, which data evidence is

documented in the supplement.

2 Methods

The synthesis is based on pollen profiles from sediment cores, growth phases of speleothems and several dust proxies like

grain size of eolian fraction within sediment cores.-Alserisotope-datalike 810 Sea-Surface Temperature {SST)reconstructions

o o R De ed to comnlete tho intarn on hin Eiguea 4 or-more -detas co tho crymnlaman
a ta W tH a H
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seetion): We used the original stratigraphy of all records on the age scale of yr b2k but we are aware of a general error of up
to + 2 000 years for all MIS 3 dates.

Especially the growth phases of speleothems are a significant indicator for presence of mobile water. If a speleothem could
grow, at least some precipitation occurred over the cave. If a speleothem does not grow (hiatus), either no precipitation or a
change of the drip water system above the cave could be causes. Most speleothem datasets also provide §'%0 or other isotope
measurements (Genty et al., 2003; Hoffmann et al., 2016; Wainer et al., 2009) which often have local characteristics, thus our
index only uses growth phases as the most common and robust aridity indicator.

Pollen are-separatedinwere divided into two classes for this work. Trees and shrubs (in the following only ramedcalled tree
pollen) were-eembined-ashave been grouped together because they require similar elimateclimatic conditions for their growth.
Herbs and grasses (in the following only namedcalled grass pollen) were also combined. Trees needrequire a significantly
largermuch higher amount of preeipitatienrainfall than grasses te-grew—Serafor their growth. A simple statement about the
relative precipitation efin the catchment area of the core can therefore be dene-byloekingatmade using the tree / grass pollen
ratiosratio. In general, a higher amount of tree pollen indicates a warmer and wetter climate than high amounts of grass pollen.

The timetemporal resolution of the pollen profiles is often low, but we have ehesenselected the aeeessibleavailable data with

the highest resolution data—effrom each selected region for the-comparison.

The best chronology for the northern
hemisphere is from the annual layer counted NGRIP ice core in Greenland (Rasmussen et al., 2014). These ice core data
include also dust (Ruth et al., 2003, 2007). This record is a backbone of dust records, but outside of the chosen regions of the
aridity index. Fhus; Therefore, the NGRIP- dust concentration was only used in comparison to central European dust- from the
ELSA-Dust-Stack (2009).

Several dust proxies were used for this synthesis due to a large variety in dust over the severatkey regions. Calcium carbonate
(CaCO:s) in the ocean is deposited in higher rates with warmer sea surface temperatures -if cores are situated above the lysocline.
Therefore, lower CaCOs contents of ocean sediments in regions of high dust deposition (e.g. deMenoecal-etal- 2000 euschner
and-Streeke;2003)deMenocal et al., 2000; Leuschner and Sirocko, 2003) indicate increased mainly aridity, but is also effected
by changing wind directions and ocean temperature change. This proxy is thus used only for the construction of the aridity
index in Portuguese margin, off west Africa and Arabian Sea.

The grainsize record from the Jingyuan loess plateau in China shows phases of aridity. The larger the sediment grains, the
lower the precipitation and temperature and the higher the wind speeds (Sun et al., 2010; Xiao et al., 1995, 2015). Dust es
eelian-content efthesedimentin sediments off NW-Africa is given in percentages of the whole sample composition. Fhisisa

nro nd ed for A 1 Oceant nd NOAL_A £t agion
y—a H H ata araa v a
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Kaelinite/kaolinite/chlorite (K/C) ratioareis a dust proxy for the Mediterranean-Sea region (Ehrmann et al., 2017). Higher
K/C ratios (more kaolinite than chlorite) indieatesindicate an increased eehanacolian dust transport—During-humid-periods;

2.1 Data treatment and aridity index calculation

We plethave generated all ehesen-datasynthesis plots for aregtonthe regions with aELSAinteractive++ (Diensberg, 2020).
This software; was written in C++ for the PalMed-subproject PalMod at Mainzthe University-CELSAinteractive~++Diensberg;
2020)— of Mainz. This software iswas developed te—werkfor working with sediment cores on age or depth scale. The-time
sertes-Hach data set of speleothem growth phases, tree pollen and dust proxies werewas resampled te-50-yearreselation{(by
linear interpolation)y—Adfterwards to 50 years resolution. Subsequently, the resampled datasetsdata sets were
transferredconverted into index values. Therefore, foreach-timeseries;-the data has-beenreealeulatedfor all time series were
converted into percentages if the original data waswere not—Maximam given as percentages. This was done by setting the
maximum value of each dataset-wasdata set to 100%, the minimum value was-set-to 0%, and normalizing values in between
have-beennormalized:

. Speleothem growth phases give information on humid phases, however “no growth™ can either indicate changes in the
dripwater system or arid conditions. Grass pollen act as a counterpart to tree pollen which indicate humidity. Grass pollen
values and dust values are considered to be the more robust aridity proxies, compared to speleothem growth phases. Therefore
dust proxies and tree pollen index values were separated into three parts (0, 1, 2) while speleothem growth was only separated
into two parts (0, 1). Speleothem growth getsis given index values of 1, index values of 0 aceeuntforindicate no growth. Fer
treeTree pollen pereentagescontents below 33-%;-index—valaes- % were assigned teindex values of 0. Tree pollen contents
between 33- % and 66- % were assigned te-beindex value 1 and largerthanabove 66-%te-be % index value 2 (see Fab-Table
1). Dustis-censidered-inverse-to-tree-poHenhigherHigher dust values getare assigned to lower index values, astewersince
less precipitation and thereforethus lower soil hamiditymoisture is the prerequisite for dust deflation. SeThus dust proxy values
larger than 66-% are assigned to the aridity index value 0, dust proxy values between 33-% and 66-%-are-assigned’ to the
aridity index value 1 and dust proxy values below 33-%-are-assigred’ to the aridity index value ef-2. The index values are
then finally summedadded up= (a template is available in supplementary materials). The aridity index ranges from 0 (highly
artdvery dry conditions) to 5 (highlyvery humid conditions). Speleothem growth phases, higher tree pollen values and lower
dust values combined therefore-indicate increased humidity.

The aridity index for all key regions uses-always the three proxy types (speleothem growth, tree pollen, dust proxy), except
for St. Barbara basin region, where a dust record is not available. For Arabian Sea region, we used TOC as aridity proxy instead
of tree pollen, as there were no available pollen data in databases but an excellent organic carbon record. High TOC in the
Arabian Sea sediments is caused by high SW-monsoon intensity, intense upwelling and surface water nutrient content, high
flux rated of organic matter causing low deep water oxygen content (Schulz, et al., 1998; Sirocko et al., 1993; Sirocko and

Ittekkot, 1992). We use only one record per region for dust and vegetation, because there are few and these proxy records are
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very difficult to combine. For speleothems we use several records for the regions central Europe, Arabian Sea, Mediterranean
Sea and St. Barbara basin. Since we only use age dating for Speleothem records, they can be easily combined. In addition, the
caves are close to each other or have already been compared in previous works (Central Europe, Fohlmeister et al., 2012;
Arabian Sea, Fleitmann et al., 2007; Shakun et al., 2007; Mediterranean Sea region, Unal-Imer et al., 2015; St. Barbara basin:
Cave of the Bells and Fort Stanton speleothems show the same climate signals and can both be compared with the St. Barbara

basin).

Speleothems Tree pollen Eolian dust

0| no speleothem growth | O | tree pollen values <33% 0 | dust values > 66%

—_

speleothem growth 1 | tree pollen values > 33% & < 66% | 1 | dust values < 66% & >33%

2 | tree pollen values > 66% 2 | dust values < 33%

Table 1. Components of the aridity index: Speleothems can either account as value 0 (no speleothem growth) or 1 (speleothem growth);
Tree pollen values below 33 % do not add to the aridity index, between 33 % and 66 % they account for index value 1 and above 66 % for
2; Dust values were internally normalized and act inverse to tree pollen. Dust values above 66 % do not increase the index, between 66 %
and 33 % they count as value 1 and below 33 % as value 2. The aridity index ranges from 0 (highly arid conditions) to 5 (highly humid
conditions).

2.2 Error estimates

In general, the main uncertainties of the proxies are the measurements of the original data—tn-absenee-ofunecertaintiesformost
of the-original records;-we, but for most original data no measurement uncertainties are specified, although each measurement
has inaccuracies. Sources of error can be, for example, incorrectly counted pollen or device errors of the measuring instruments.
Therefore we have applied a simple Monte Carlo simulation based on error estimates to get an approximation of the total error.
FerTo do this, we used the initial error values as displayed in Fab-Table 2. Spelee&hem—ag%eﬁefs—wef%gweﬁ—mWe estimated
these based on the eriginal-data

uneertainty—Errorsforpolendensity and eel—t&n—dust—wefﬁlet—pfeseﬁ{ed—mth—the original-publieations;-therefore—we had-te
estimate-the—uneertaintiesmethod originally used. These estimates are based on the experience of the ELSA pollen records

(Sirocko et al., 2016). Errors for pollen and dust values result in estimated errors of the aridity index on the X- and Y-axis,
since time errors must also be estimated. The age errors of the speleothems, however, result in an error on the Y-axis. Counting
errors for pollen were considered very small, as the original investigators are very experienced. In addition, the sample rate of
at least one sample every 250 years is high enough to smooth out minor errors. In our experience, the measurement inaccuracies
of the devices are around 2%. We have therefore taken this value as a minimum measure for the dust error values. Furthermore,
there are possible age uncertainties, which become more important for records with smaller sample intervals. Speleothem age
errors were given in the original data sources. All speleothem age errors in the speleothem growth data we used for this

synthesis were below 4% uncertainty.
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To calculate a total error, we have randomly disturbed the original data with a probability given by the error estimates-and-.
From the perturbed data we calculated a disturbedperturbed aridity index frem-the-disturbed-data-as described in Fab-Table 1
and ehapterChapter 2.1. The variance over 100- 000 runs givesindicates the approximate error of our aridity index- (for the
script, see S10). This error simulation is based on the method of Koehler et al- (2009)- and personal communication with M.
Mudelsee.

The generated error estimations are displayed in Fig.- 2 and Figs.- SI-S9 by grey colour shades behind the mean data-¢. The
actual reconstructed aridity index values are integer ones (see Supplementary table STab_2) but are displayed with a 200--year
running average)-ef to better illustrate the aridity—index—Henee;basic structures. Smoothed aridity index values below 1.5
account for arid conditions, values between 1.5 and 3.5 show intermediate aridity and values larger then 3.5 show more humid

conditions (see Fig.- 4).
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Regions Speleothem age uncertainty [%] Tree pollen uncertainty [%] Eolian dust uncertainty [%]
Central Europe 2.66 3 5
Arabian Sea 1.5 1-- 3
China 2 2 2
NW-Africa 1 10 2
Southern Europe 1 4 2
Portuguese Margin 1 3 2
Cartaco-Basin 4 3 2
Mediterranean Sea 2.5 2 3
St. Barbara Basin 1 3 Ae-deees
otk —Cesnnie 4 3 3

Table 2. Error estimations as input to simulation for all 10 key regions for speleothems, tree pollen and eolian dust.
2.3 Model description

We employ the General Circulation Model COSMOS (community of earth system models) which was developed at the Max-
Planck Institute for Meteorology in Hamburg (Jungclaus et al., 2006). COSMOS comprises the standardized IPCC4 model
configuration which incorporates the ocean-sea ice model MPIOM (Marsland et al., 2003), the ECHAMS atmosphere model
at T31 spherical resolution (~3.75 x 3.75°) with 19 vertical levels (Roeckner et al., 2003) and the land surface model JISBACH
including vegetation dynamics (Brovkin et al., 2009). The ocean model is resolved at 40 unevenly spaced vertical layers and
takes advantage of a curve-linear grid at an average resolution of 3 x 1.8° on the horizontal dimension, which increases towards
the grid poles at Greenland and Antarctica (~30 km). High-resolution in the realm of the grid poles advances the representation
of detailed physical processes at locations of deep-water formation, as Weddell, Labrador and Greenland and Norwegian Seas.
The ocean model includes a dynamic-thermodynamic sea-ice model (Hibler, 1979). Net precipitated water over land, which is
not stored as snow, intercepted water or soil water, is either interpreted as surface runoff or groundwater and is redirected
towards the ocean via a high-resolution river routing scheme (Hagemann and Diimenil, 1997).

Our COSMOS version (COSMOS-landveg 12413, Year 2009) has no flux correction and has been successfully applied to test
a variety of paleoclimate hypotheses, ranging from the Cretaceous (Niezgodzki et al., 2017), Miocene climate (Knorr and
Lohmann, 2014; Stirz et al., 2017), the Pliocene (Stepanek and Lohmann, 2012), glacial (Gong et al., 2013, 2015; Zhang et
al., 2013, 2014) and interglacial climates (Lohmann et al., 2013; Pfeiffer and Lohmann, 2016; Wei and Lohmann, 2012) as
well as future climates (Gierz et al., 2015; Lohmann et al., 2008).

Here, we present results obtained from model setups encompassing the Pre-industrial (PI), LGM and late MIS3 (32 000 yr
b2k) climate conditions. Details of each experiment set-up have been documented in Wei and Lohmann, 2012 (for PI run),
Zhang et al., 2013 (for LGM run) and Gong et al., 2013 (for 32 000 yr b2k run), with modified sea level, ice sheets, greenhouse
gas concentrations and Astronomical parameters for their conditions in the past, respectively. For the late MIS3 run, the model

mimics a GS due to freshwater hosing and GI with overshoot in temperature (Gong et al., 2013).
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3 Results

The Central Europe region is our starting point for the comparison with the other key regions, the detailed data description of

the other areas is given in the supplement S1-S7.

3.1 Central European climate for the last 60 000 years

The Atlantic sea surface temperature pattern (eaused-by-the-Atlantie-meridional-overturningeirenlation—AMOC)-strongly

influence the whole European continent today (e.g. Cassou et al., 2005). Nowadays, the annual mean temperature in Germany
is about 9.6 °C and precipitation of about 800 mm/year (Deutscher Wetterdienst, 2018).

An established geoarchive to reconstruct the climate of central Europe are the volcanic maar lakes of the Eifel, which cover
the Holocene with »arvedvarves (annually laminated sedimentsy-ane), reach far back farinto the Pleistocene eeveringand cover
the entire last 60 000 years continuously (Sirocko et al., 2016). These maar lakes of the Eifel in western Germany are today
up to 70 m deep, with a large water volume and anoxic bottom water, favouring the, preservation of annual layers (Negendank,
1989; Negendank and Zolitschka, 1993; Zolitschka et al., 2000). We use the long records of the ELSA Project at Mainz
University (Sirocko, 2016; Sirocko et al., 2005, 2013) as a starting point for our study. Holocene cores are varved or at least
laminated, which leads to a good understanding of sedimentation processes (Sirocko et al., 2016). The LGM and stadial core
sections were dominated by sedimentation from annual dust storms (Schaber and Sirocko, 2005), see Figure 2.Fig. 2—Fhe-dust
index (Dietrich and Seelos, 2010; Dietrich and Sirocko, 2011; Seelos et al., 2009) calculated a dust index which reveals the
GIs in detail. The closest knewato the Eifel and well--dated speleothems to-the Eifelregionarecome from the Bunker Cave in
the Sauerland (Fohlmeister et al., 2012; Weber et al., 2018) which can be compared to the Spannagel Cave system from western
Zillertal, Austria (Fohlmeister et al., 2012; Holzkdmper et al., 2004, 2005).

The timespan from 60 000 to 48 000 yr b2k (early MIS3, GIs 17-13) is characterized by-a high precipitation visible in the fast
speleothem growth of Bunker and Spannagel caves. Nearly 100 % of tree pollen combined with lowest grass and herb pollen
values also indicate a wet climate during that time as well as relatively high temperatures close to present day ones (Sirocko
etal., 2016). An intermediate dust content in the ELSA-Dust-Stack suggest an intermediate to low aridity, which is supported
by a similar pattern of low dust concentration in the NGRIP ice core. Fhis-eorrespondsto-underlyingcommonprocessatfecting
both-regions—duringthis-time(most-likely-the North-Atlantiec AMOC-changes—The pollen composition change in the Eifel
began around 49 000 yr b2k towards more grass and herbs pollen. A drastic change in §'0 occurred at the beginning of G112
occurred at 46 860 yr b2k (Rasmussen et al., 2014). With the beginning of Heinrich event 5 (HES), the dust amount spikes in
the ELSA-Dust-Stack as well as in the NGRIP core indicating a strong pulse of aridification around 48 000 yr b2k, ending the
humid phase of early MIS3.

The period from 48 000 until 38 500 yrycars b2k eemprisesincludes Gls 12-9. The speleothem growth in Spannagel ended at
45 700 yr b2k. The Bunker Cave speleethemshowsspeleothems show a hiatus between 50 000 and 46 000 yr b2k and a short
growth recovery, with growth ending around 45 000 yr b2k. The tree pollen proportion decreased to about 50% to 60-%, still

10
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more tree pollen than grass pollen, but a eensiderablylowermuch smaller amount than in early MIS3. While the dust amount
in the ELSA-Dust-Stack sisesincreases to higher intermediate values, the pattern within the NGRIP is characterized by the
stadial pulses. ELSA-Dust-Stack, NGRIP dust and NGRIP 5'30 show the same pattern and seem to react-apparently to the
same mechanism.

From 38 500 to 22 000 yr b2k (GIs 8-2) a change towards lower precipitation and higher aridity occurred. No speleothem
growth is documented from Bunker or Spannagel cave. The pollen concentration shows higher grass and herbs content and
lower tree pollen percentages, but still some birch and pine trees were present during this time (Sirocko et al., 2016). The
ELSA-Dust-Stack comprises of multiple changes within this timespan and shows the general dust content as relatively high
with larger variability. The NGRIP in contrast shows the highest dust concentrations in the time between 23 000 and
26 000 yr b2k, a phase where the dust content in the ELSA-Dust-Stack is high, but not at maximum values. The NGRIP '%0ice
whereas shows a phase of cold temperatures (-45° to -50° C) during this time (Kindler et al., 2014).

The timespan of 22 000 to 14 300 yr b2k also does show no speleothem growth as well as a complete absence of all pollen.
The precipitation was at the lowest values of the aridity index for that region, while the ELSA-Dust-Stack shows the highest
dust amounts from 23 000 up to 15 000 yr b2k. The biggest difference between ELSA-Dust-Stack and NGRIP-Dust can be
seen in the period of 26 000 to 23 000 yr b2k, where the dust content in the NGRIP core has two distinct maxima, while the
dust content in the Central European record increases only slightly. The revivalreturn of vegetation followed shortly after
14 300 yr b2k (Litt and Stebich, 1999). Younger Dryas (YD) is apparent in the pollen data by a grass pollen increase and the
Holocene is marked by a sharp increase in tree pollen. Throughout the Holocene, tree pollen values range around 90 %. The
dust content of the ELSA-Dust-Stack varies between intermediate to low levels. Speleothem growth in Spannagel and Bunker
Cave started again at H+97-(=94312 408 yr b2k and continues through the whole Holocene. Also, the 5'%0 of the NGRIP
shows constant high values with exception of the YD event. The time from 14 300 yr b2k up to present day can be described

as a humid phase with intermediate to high precipitation and moderate temperatures.
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Figure 2: Central European climate over the last 60 000 years: (a) Bunker Cave (Fohlmeister et al., 2012, 2013; Weber et al., 2018) and
(b) Spannagel Cave (Holzké&mper et al., 2004, 2005; Spotl and Mangini, 2002) show speleothem growth phases, which require mobile water
from frequent precipitation; (¢, d) ELSA-Vegetation-Stack pollen data (Sirocko et al., 2016) are divided into tree- and herb & grass pollen.
While trees require more precipitation, grasses are dominant for more arid conditions; (e¢) ELSA-Dust-Stack (Seelos et al., 2009) indicates
more arid conditions with higher values, lower values account for more humid conditions. Gls are distinguishable by lower index values and
are highly comparable to (h); (f) Aridity index for Central Europe as result from (a-e), for detailed information see method section; (g) Dust
concentration from NGRIP ice core (Ruth et al., 2007); (h) 8'%0 data from NGRIP ice core (North Greenland Ice Core Project Members et
al., 2004) in comparison.
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3.2 Aridity reconstruction of the last 60 000 years
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Figure 3: Aridity indices for the 18-key regions over the last 60 000 years. Smaller values indicate more arid, higher values indicate more
5  humid conditions. An early MIS3 wet phase and a Holocene wet phase on various timings for the regions are recognisable.
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Figure 3 displaysshows all aridity indices from the regional syntheses. HumidA humid, early MIS3-+s-apparentMIS3 can be
identified for all regions bestde-Cartace-Basi-and-adjacent to the St. Barbara Basin, heweverbut sometimes with effseta time
lag of several millennia-#+timings. We cannot easare—ifbe sure whether these effsetshifts are caused by the-stratigraphy or
whether they represent leads and lags in the climate system itself. Arid LGM conditions are identifiable for Central Europe,
Arabian Sea, China; NW-Africa, Southern Europe, Portuguese margin;-Cariaco-Basin and Mediterranean Sea region. The last
deglaciation is visible in all records by drastic changes around 14 700 yr b2k. A humid phase during Holocene is also apparent
for all regions, apart from St. Barbara Basin, where the proxies show an opposing signal to the other archives due to regional
effects ((Heusser, 1998; see S8S7 ‘St. Barbara Basin’). Fig. 3h is truncated, as no Holocene proxies are available for that region
from these records (see S7).

Figure 4 is based on the aridity indices shown in Fig. 3 and additional information of the regional syntheses (see Fig. 2 and
S1-S957). For example, publiealypublicly available pollen data from Mingram et al. (2018) start at 10 150 yr b2k. Pollen
reconstructions from Stebich et al. (2015) give additional holocene information on the Sihailongwan maar lake (see S3
‘China’). Therefore, we have used the additional information afterfollowing the construction of the aridity index to complete
the interpretation shown in Figure 4. Blue bars shewindicate humid conditions, yellow bars intermediateindicate medium and
red bars indicate arid conditions. Transitions or subdivisions between these statesconditions are markedindicated by beth-bars
overlapping each—etherbars. Figure 4 shows three large—-scale structures that hinkconnect all +9-selected key areas. The
Holocene is #rgeneralgencrally always relatively humid, but there are regional vartations-eeenrdifferences between the early
and late Holocene. The timeperiod of the LGM is arid in all selected key regions-ef-the-globe, but the beginbeginning of the
arid phase starts-with-targe-offsetsvarics between the10-regions;-whieh-ean. These may also be-again related to stratigraphic
inconsistencies or presentexisting leads and lags in the-regional climate change. The early MIS3 is quite warm and humid in
all regions. The signal is strongest in Central Europe;seuth-eastera#Asta and China from 60 000 to around 48 000 yr b2k, and
in the Arabian Sea from 55 000 to 42 000 yr b2k (Fig. 4 and S1). Australia;indieatingThis indicates teleconnections between
the North Atlantic and the subtropical monsoons (Sirocko et al., 1993).

in-Central- Eurepe- North-west Africa and Southern Europe were slightlyfrom 60 000 to around 48 000 yr b2k, and in the
Arabian Sea from 55 000 to 42 000 yr b2k (Fig. 4 and S1). Nerth-west-Afriea-was less humid in the early MIS3, but still shows

enhanced precipitation compared to mid and late MIS3. Chinaand-SeuthernEurope-were-humid-The Portuguese margin region

underwent larger changes compared to the other regions, as it was directly influenced by the North Atlantic. The Mediterranean

Sea region also was more humid during mid and late MIS3 but not as humid as other regions, St. Barbara Basin shows humidity

with same intensity.

between55-000-and-50-000-y1b2k—The early MIS3 was generally quite humid in the northern hemisphere. A pronounced
aridification occurred with HS (around 48 000 yr b2k), especially in NW-Africa, Portuguese margin region, Arabian Sea,

Southern and Central Europe.
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The simeperiod between 45 000 and 15 000 years b2k was glebally-less humid globally than the early MIS3 areundby 50 000
years b2k. VariatiensDuring late MIS3, variations occur within the-regions-duringlate MIS3, but nevertheless-onintermediate
er-between medium and more arid conditions. Heinrich events appearscem to have a strong impaet-espeeially-inthe Cariaco
i Haat H i i i i i ats-influence. Towards the end of the LGM #ime;period
all regions show arid or intermediate conditions, but mest-arid-was-againeentralCentral Europe and the Arabian Sea- were the
most arid. The LGM is characterized by deereasedreduced precipitation, which is clearly visible by the red bars around 20 000
years b2k (Fig. i
The LGM inéiea
FeHewmg—Gh%LGM—perlod was followed by a global climate ameklieration—teek—placeimprovement, again with a different
timnings-inthe-ensetstart time for each region-due-teregional-orlatitudinal-effeets:. The earliest and most drastiepronounced

climate improvement took place in China, followed shortly after by the Mediterranean regienSca, Central Europe, Southern

Europe and the Portuguese margin—Adse;-Cartace-Basin;- regions. In the St. Barbara Basin-and-Oeceanta-anderwent, too, there

were climate improvements even before the Holocene begunbegan. This everallgeneral climate improvement is most likely

associated with the warming of the North Atlantic warming-atby 14 700 yr b2k (Rasmussen et al. 2014) FheEarly Heloeene

am The early

Holocene climate optlmum occurred around 8 000 years b2k EShakuﬂ—&ﬁd-G&P}seﬂélO%O)JPmHs—appafem—fe%GeﬁtmkEufep%
ania(Shakun and Carlson, 2010) with a

temperature and precipitation maximum. This is particularly evident for Central Europe, the Arabian Sea, NW-Africa, the
Mediterranean Sea and China.
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Figure 4: Aridity synthesis for the H8selected key regions for the last 60 000 years. Blue bars indicate high humidity, yellow bars
intermediate humidity and red bars indicate high aridity. Overlapping half bars indicate transitions between both states. An early MIS3 wet
phase and a Heleeereholocene wet phase en-varteus-timingswith different starting times for the regions arereeognisablecan be identified.
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3.3 Global speleothem growth pattern

Figure 5 summarizes all speleothem growth phases mentioned in the regional syntheses. A consistent pattern shows the growth

of mestall speleothems except NW-Africa during the early MIS3 phase-apartfrom-the Bahamasspeleothem representative
. All other

regions indicate fast growth rates and corresponding humid conditions at least during interstadials. NewZealand-shewstow
growthrates-indieating in-general more-arid-conditions—A majorlarger change occurs around HES or, shortly afterafterwards,
between 48 000 and 45 000 yr b2k-respeetively. Speleothem growth stopped in Central Europe caves as well as in Arabian
Sea region and drastically slowed down in Southern Europe, China and Mediterranean Sea region during late MIS3. The still
fast growth for CariaeoBasin-Portuguese margin region could be explained by a regional effect: of enhanced moisture supply
due to the position of the speleethementhe Bahamas-Buraca Gloriosa Cave. These speleothems show Heinrich events H4,
H3, HI as hiatus. Climatic conditions impair with progressing time—grewth—stopped—in—Cariaco—regionas—welaround
23-000-yb2k. No growth is observed during LGM times for several regions including Central Europe, Arabian Sea; and
Southern Europe and Cariaco—Basin—and-very slow growth rates are observed for nerth-west—NW- Africa, China and
Mediterranean region pointing out to more arid conditions during late MIS3 and LGM times compared to early MIS3
conditions. This-alse-previeushy-ebserved-The effect of large-scale atmospheric teleconnections, also observed previously, can
also be seen-byobserved with the ensetbeginning of Belling / Allered (14 700- yr- b2k) or after YD (11 703 yr b2kj;-with-the
restart-of speleothem). Speleothem growth starts again for Central Europe, the Arabian Sea, Southern Europe;-CariacoBasin
and-aceelerating growthratestikefor. In China, the Mediterranean regien-and the Santa Barbara Basin region-, the growth rate
is again increasing significantly. The available data show climatic amelioration after the LGM period globally but especially

on the northern hemisphere (NH).
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Figure S: Speleothem growth phases, which require mobile water from frequent precipitation for the 9selected key regions.

Horizontal bars show age datings. (a) Central Europe with Bunker Cave and Spannagel Cave (Fohlmeister et al., 2012, 2013; Holzkédmper
et al., 2005; Spotl and Mangini, 2002; Weber et al. 2018) (b) Socotra Cave and Oman Caves from Arab1an Sea reg10n (Burns et al. 2003
F1e1tmann et al. 2007) (c) Southern Europe e g .

lcplcscntcd by Vlllals Cave

spclcothcms ((Jcnty et al., 2()() 3,2006; L abuhn et al 2015 WdlnCl et al., 2009 2()1 l) (d) POITLI}DUCSC margin region with Buraca Gloriosa
Cave (Denniston et al., 2()1 8); (e) North-West Afnca with Grotte Prison dc Chien and Grotte de Piste (Wassenburg et al., 2012, 2016);

(f) China with Hulu Cave (Liu et al., 2010; Wang et al., 2001); (g) Mediterranean Sea region with Dim Cave and Soreq Cave (Bar-
Matthews etal, 2000 Unal Imer et al 2015) (h) Bells Cave and Fort Stanton representmg St. Barbara Bas1n e&smerem—et—al—zgﬂl-g—

-1—996—\¥}l-1+ams—et—al—2—99§9(/\smcmm et al., 2010; Wagnm et al 201())

20



3.4 Global eolian dust pattern
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Figure 6: Global eolian dust archives over the last 60 000 years. More dust (left side of each column) indicates increased aridity, less
dust indicates increased humidity. (a) NGRIP §'80 (North Greenland Ice Core Project Members et al., 2004) in comparison and (b) Dust
concentration (Ruth et al., 2007); (¢) ELSA-Dust-Stack (2009) for Central European dust (Seelos et al., 2009); (d) CaCO; accounting for
dust from Arabian Sea marine core 70KL (Leuschner and Sirocko, 2003); (e¢) Mean Grainsize from Jingyuan Chinese Loess plateau (Sun et
al., 2010); (f) Dust content within marine core GeoB9508-5 off North-West Africa (Collins et al., 2013); (g) CaCOs for Southern Europe
and Portuguese margin from marine core MD01-2443/4 (Hodell et al., 2013) (h) CariaceBasin- Al Firatio-dust record-frommarine-eore

991465—1—992—@9@&%&1(—&—&1—2—999}—@-)— K/C ratio from marine core M40/4 SL71 for Mediterranean Sea (Ehrmann et al., 2017);

(i) Antarctica ice core EDML Dust
concentratlon (Wegner etal., 2015) in companson L1ght blue bars h1ghhght He1nr1ch events after Naafsetal5 2043y (Naafs et al., 2013).

Similar patterns are visible in the dust archives used for this synthesis. For the early MIS3, low dust values are-diseernible-for
Central Europe, China, nerth-west-NW-Africa and intermediatemedium dust values for all other regions besidecxcept the
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Arabian Sea are visible. In general, MIS3-elimateshowsfhekering-visible-within-the dust records also show the flickering of
the MIS3 climate.

Apart from everyregion’sthe regions' own patterapatterns, some background structures are-apparentcan be seen. Heinrich
events are most pronounced for NW-Africa;—CariaeoBasin- and Southern Europe and/ Portuguese margin—+egiens, as these
regions belong directly beleng-to the North Atlantic. Also the Mediterranean-Sea, Central Europe and China alse-show Heinrich
events within the dust records. Cariaee—Basin;—China, the Arabian Sea, NW-Africa and Central Europe show a
distinetpronounced dust maximum during the LGM-—Beside-during period. Apart from the Holocene, the lowest dust values
are-apparent-in the early MIS3 show for Central Europe, Arabian Sea, China, NW-Africa and Mediterranean Sea— but e
various-timings-at different times.

The NGRIP dust concentration and the ELSA-Dust-Staek dust concentration (Seelos et al., 2009) are in good
aeeordaneeagreement for early and midintermediate MIS3. Tipping points show stepped-appearaneestepwise changes in both
archives at several timespoints in time (~49 000, ~36 500, ~23 000, ~14 700 yr b2k)-whichare-alse-visible), and are described

sematbienn e e lepioncome Loy i Dlmseliesr B0 e e L el e o D Boh pemiens deeliente o alens

variability-as-knewnsinee-Sehultzet-al-Sirocko et al. (2016) as Landscape Evolution Zones. The good agreement of both
regions indicates a close connection with the North Atlantic climate variations. The sediments of the Arabian Sea are also
closely linked to the North Atlantic variability, as known since Schultz et al. (1998) and visible withinin Fig. 6.

Sun et al. (2010) also shewwsshowed a correlation of Chinese loess tewith North Atlantic climate variationsfluctuations. High
dust contents during sdmean MIS3 and LGM are visible in most archives, often related-toin connection with dustier Heinrich
events or stadials in general. Increasing dust vahaeslevels around 30- 000 years b2k tewards-theup to LGM show reaslyan
almost global distribution, but regional differences are-ebservablecan be observed: ELSA-Dust-Stack and NGRIP differ in the
timing of the maximum dust values- This could be explained by a process similar preeesstiketo the blocking of westerlywestern
winds by ice shieldsheet growth whieh+s-described in-Sehenk (Sehenketal; 2048y and-SehiemannSchenk et al. (2018) and
Sehiemann-et-al;20+7HSchiemann et al. (2017).

EremBetween 30 000 teand 17 000-y+ years b2k, the-conditions were mainlymostly arid, diseeraiblerccognizable by the dust
maxima in Greenland, Central Europe, China; and the Portuguese margin;-Australia—Oeeaniaand-Antaretieafor during the
LGM. With the YD and the onset tewardsof the Holocene, global-elimate-ameliorates-and-dust values decrease glebaltlyuntil
the end of the Altithermal-—Afterwards period. After that, dust increases in the Arabian Sea, China, NW- Africa, the Portuguese
margin and the Mediterranean Sea, indicating ereasedincreasing aridification of the large desert areas in Africa, the Arabian
Peninsula and China. EargeDuring the last 60 000 years of climate evolution, major changes occurred simultaneously on the

globe-during-the last-60-000-years-of elimate-history, indicating atmospheric teleconnections (Bjerknes, 1969; Markle et al.,
2017; Sirocko, 2003; Sirocko et al., 1993, 1996; Zhou et al., 1999).
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4 Discussion

The PalMod requirements limit the creation of the Aridity index partially. In particular, not all high-resolution archives could
be taken into account in the selection of the regions, since too few further data from other archives in the proximity are publicly
accessible. The requirements strongly influence the region selection, as regions with only one record type were excluded.
Records that would also fall within the selected regions are e.g. Nussloch loess sequence as dust record for Central Europe /
Southern Europe or the pollen record of Tenaghi Philippon for Mediterranean Sea region.

Since we use only one dust or pollen record per region to calculate the aridity index, these records would replace the existing
ones. The ELSA-Dust-Stack (2009) and Nussloch are very similar with respect to the processes that formed these records.
Therefore their climatic patterns are very similar. The aridity index would therefore not be completely different from the
version now generated with freely available data. The situation would be similar for Tenaghi Philippon and Lago Grande di
Monticchio. The archives show similar patterns and were subject to similar processes. These aridity indices would therefore
also be very similar. To utilize more than one data set for pollen or dust from different archives would require a much more
complex method to compare the different data.

The ELSA dust stack by Seelos et al. (2009) see Fig. 2e, shows all Greenland Interstadials of the last 60 000 years. The
resolution of the ELSA-Dust-Stack (2009) is very high and the data are publicly available. For Nussloch, among other things,
grain size index data have been collected, which show the GIs. These data from Nussloch (e.g. Antoine et al., 2009; Rousseau
et al., 2007) can basically be compared with the ELSA-Dust-Stack (2009), as both archives show paleo dust. Although the
data are not accessible, the figures of the original papers can be used for comparison. The disadvantage of a loess archives
compared to terrestrial archives is an often discontinuous sedimentation. Nevertheless, it is clear that both archives are well
suited to study paleoclimate developments. Both archives can be used for aridity reconstructions due to their paleo dust
sedimentation.

The following chapter 4.1 compares our aridity index with a previous reconstruction from Herzschuh (2006). This
reconstruction is based on various pollen records, but only with that one kind of proxy, which is pollen. Both methods reveal
similar results, although Herzschuh has used a lot more records. Chapter 4.2 compares the aridity index with different climate

simulations. Since the overall agreement is quite good as well, we consider our aridity reconstructions to be representative.

4.1 Comparison of aridity index and previous aridity reconstruction

Aridity reconstructions of Herzsehuh-(Herzsehuh;2006)Herzschuh (2006) for the last 50 000 years for Central Asia are in
excellent agreement to the aridity reconstructions of this synthesis of the China region (S3). Herzschuh selels~used only pollen
data for the reconstruction, while our aridity index is based on three distinetdifferent proxies to refine the pieture—Fhe-image.
On the other hand, Herzschuh used several pollen records of one region to calculate her aridity index in-additienon a broader
basis. Our aridity index consists of longer records and reaches until the beginning of MIS3 (60 000 yr b2k). It shows a humid

early MIS3 and a decrease in humidity around 50 000 yr b2k to intermediate conditions. Moderate dry conditions are
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reconstructed for 50 000 to 45 000 yr b2k from Herzschuh, similar to the aridity index, followed by an increase in humidity
until 40 000 yr b2k. Minor differences between 45 000 and 30 000 yr b2k are apparentvisible, but the general trend shows
broad consensus between both reconstructions for this time—Midperiod. The middle to late MIS3 are relatively humid in both
reconstructions. Asidity—In both reconstructions the aridity increases drastiealyrapidly towards the LGM—in—beoth
reconstruetions—, with a strong LGM aridity maximum fremof 21 000 to 18 000- yr- b2k. StepwiseA gradual climate
amehierationimprovement after the-LGM is clearly expressedevident in both reconstructions, with a first increase in humidity
eeeurs—antdup to 13 000- yr- b2k with fellewingsubsequent optimal climate conditions during the early Holocene (11 000
— - 7 000 years b2k). The aridity index lacks #pollen values in the Holocene data (see S33}), but the aeeerdaneeagreement
of Herzschuh compared to the published Holocene pollen data of Stebich«(Stebich—-et-al5-—2045)Stebich et al. (2015) is
evidentobvious and shows an early Holocene climate optimum satiup to 4 000-y# years b2k in both reconstructions. A wet
early Holocene can also be observed in Eentralcentral Chinese speleothem growth rates from “Sanbae-Cave’the 'Sanbao Cave',
which are highest from 9 500 to 6 500y years b2k (Dong et al., 2010).

4.2 Comparison of proxy synthesis with model results

The above records describe the structure of past aridity globally, but do not present-eausalmechanismwhich-Glebal Climate

Medels(GEM)ean-beused-to-stmulateshow the mechanisms of past, present and future climate changes—a-erder, which can
be simulated by global climate models (GCM). Compared to our reconstructed preeipitationaridity indices, we employuse the

coupled climate model COSMOS. Eig-Figure 7 displaysshows the precipitation changes and anomalies from Eatethe late MIS3
time slice with respect to pre-industrial (PI) and LGM conditions. Panel A and C show stadial conditions and panelspancl B
and D shew-interstadial conditions. Panels A and B show the time slice 32 000 yryecars b2k time-sliee-with-respeetcompared
to pre-industrial timestime, while panels C and D are-with-respeettoshow LGM conditions.

Model runs for late MIS3 interstadial times show erhaneedincreased precipitation for Europe, the North Atlantic, the Arabian
Sea and large parts of the equatorial Pacific, while the remaining parts of the equator in Asia, the Central Atlantic and the
northern parts of South America show deereasedlower precipitation. StadialThe stadial MIS3 state #rgeneralgenerally shows
the same spatial trends, but with generala generally higher aridity. Model and ariditydrought reconstructions mateh-innearly
equalare consistent under almost identical conditions for PI and MIS3. BarrenandPeHard(2002)Barron and Pollard (2002)
simulated a 42-600-yb2k-time slice of 42 000 years b2k for European precipitation. The results are comparable tewith our
aridity index, but Central Europe, Southern Europe and the Portuguese margin were sere-hamidwetter in our reconstruction
than in the simulatien-efBarron and Pollard simulation. In contrast, these results show that the 42 000-# year b2k time slice
was more humid than the 32 000-y+ year b2k time slice for Europe. Our reconstruction estimatesassumes that precipitation
even-higher-during early and smid-middle MIS3 was even higher than during late MIS3 and te-be-as high as during the early
Holocene optimum. This eeuldstatement can be satdmade for all regions beside-the-CariacoBasin;regardingif the different
timingsstarting times of the wet periods—a-eurrentmeodels;Hate are included. Late MIS3 and especially comparisons between

the-early and late MIS3 werehave not been investigated in current models so far.
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Table 3 summarizes the results from the model simulations (transferred to symbols) from Fig. 7;eenvertedinte-symbels:. This
model setapstructure is divided #ainto GI and GS state and is compared for each of the key regions with the results for the
artditydrought reconstructions from Fig.- 4fer-each-ofthe-tenkeyregions:. Relatively largergreater aridity with-respeet-toin
terms of Pl or LGM for each region is shewn-with-represented by a minus (-), approximately the-samecqual conditions withby
a circle (0) and more humid conditions withby a small plus (+). FreAdditionally, the agreement of each simulation and the
aridity reconstructions of this work are shown. A bad agreement is shown in addition—Bad-congruenceis—displayedinred
eeleur;color, a medium one with yellow-and, a light and-intense-green for good and even-better-aceordancerespeetively=dark
green for very good agreement. The overall eensistereeconsistency of model and reconstruction is good. Most ef—the
precipitation changes of the ariditydrought index are ebservablealso captured in the simulation-as—weH.

The aridity reconstructions show that Central Europe was humid during the early MIS3, followed by an-intermediatea medium
to highbyvery arid period until the end of the LGM.

MIS3 hosing precip annual mean anomaly wrt conpi MIS3 recovery precip annual mean anomaly wrt conpi

(@) ;7 W ?@gﬁw

St

o

B s s e e s e o
-09 -07 -05 -03 -0.1 0.1 03

total precipitation anom./ m/yr

Figure 7: Simulated total precipitation anomalies for the late MIS3 climate relative to pre-industrial times (a, b) or LGM (c, d). Panel
(a, ¢) show stadial conditions (hosing) and panels (b, d) show interstadial conditions (recovery). Simulation is compiled of various model
simulations with COSMOS for pre-industrial (Wei and Lohmann, 2012), LGM (Zhang et al., 2013) and Late MIS3 (32 000 yr b2k)
simulations (Gong et al., 2013).

MIS 3 wrt. PI|  MIS 3 wrt. LGM
32 000 [a] 32 000 [a]
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NW Africa

China

Arablan Sea
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Table 3. Comparison of model simulation with reconstructed aridity index. Relatively larger aridity with respect to PI or LGM for each
region is shown with a minus (-), approximately the same conditions with an open circle (0) and more humid conditions with a small plus
(+). BadA bad agreement ef simulationand-between aridity index and simulation is shown within red eeleus;color, a medium byone with
yellow-eelouss;, a light and-intense-green aceountfor good erevenbetteraceordaneerespeetivelyand dark green for very good agreement.

5 Conclusions

The aridity synthesis for the tenkeysclected regions of the wesld’sworld climate allows sixfive main conclusions-te-be-drawa:

(1)

)

€)

(4)
©)

All regions analysed here gene-threnghunderwent a wet phase during early-MIS3—as-well-as-duringboth the early
MIS3 and the early Holocene. The timing of this-humid-MIES3-phase-these wet phases varied considerably from region

to region.

Atmespherie There were atmospheric teleconnections eeeurred—from the North Atlantic (Greenland) everacross
Central Europe, the Arabian Sea sntito China. The changes in these regions teek—place-withinoccurred at similar
timingstimes and with similar strengthintensity. The other regions also went-threnghunderwent these changes, but
with temporal differences--timing. We do indeed attribute this to indeed-regional effects ratherthansimphydating
and not exclusively to uncertainties in the stratigraphy.

Eolian dust, tree pollen and speleothem growth phases show congruent climatic patterapatterns for the
individualdifferent regions and can be casily compared eastyregardingwith regard to precipitation analyses.

The aridity index and the precipitation simulations shown are generally consistent.

The quality of the aridity index is mainly limited smestly—by the original stratigraphy and sample resolution.
KTherefore, it is aceordinghronly a useful tool to observe large--scale changes in precipitation-ehanges:.
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Supplements:
S1 Arabian Sea:

The Arabian Sea comprises the region from the Persian Gulf to the Indian Sea and is characterized by warm and high saline
waters as—weH-asand fluvial input from the Indus River. aadditienshighHigh dust fluxes mainly from Arabian desert are
preserved in the sediments. The high surface-water productivity from monsoonal inputs into the ocean and upwelling offshore
west Pakistan lead to a stable oxygen minimum zone (OMZ) in water depths between 200 m and 1200 m. This OMZ results
in excellent preservation conditions for dark, organic-carbon rich, laminated sediments during mild interstadials and in contrast
to light colored, bioturbated sediments during stadials and especially Heinrich events (Schulz, et al., 1998). Arabian Sea and
North Atlantic regions are closely coupled by atmospheric teleconnections (Burns et al., 2003; Deplazes et al., 2014; Leuschner
and Sirocko, 2000, 2003; Schulz, et al., 1998; Sirocko et al., 1996a and others). There is evidence for a general relationship
between these two regions on timescales of the last 110 000 years within low-latitude monsoonal variability and high northern
latitude records of Greenland ice cores (Schulz, et al., 1998). The sediment cores SO130-289KL and SO90-136KL are from
very close positions and show nearly the same pattern within Reflectance and Total Organic Carbon (TOC) content.
Furthermore, they can be correlated one-to-one to the NGRIP ice core (North Greenland Ice Core Project Members et al.,
2004) on every GI from 17 to 1 and the YD cold event. In Addition, the Heinrich events 6 to 1 (H6 - H1) appear in superposition
(see Fig. S1). The speleothem growth in this region can be correlated to the Greenland ice cores as well (Burns et al., 2003).
Speleothems from Oman and Socotra Cave in Yemen are very close to the Arabian Sea and hence used for this synthesis. The
sediment core 70KL shows CaCQOs content in percent as a dust indicator. High CaCOs values show low dust contents from
Arabian Peninsula desert and vice versa — more dust accounts for lower CaCOs values due to higher dilution of the sediment
because of increased sedimentation rates.

From 60 000 to 55 000 yr b2k no speleothem growth is apparent for the Arabian sea region while the dust values show a
maximum. The Reflectance data simultaneously show very high values (according to bioturbation) indicating the extend of

H6 to this region. The TOC content is on small values resulting from only slight upwelling and low bioproduction but still all
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Gls are visible with less expression compared to the NGRIP ice core. The dust reconstruction from CaCOs content shows high
amounts in dust values. A high aridity is reconstructed for this period.

From 55 000 to 41 800 yr b2k, the GIs 14 to 11 are visible in the TOC. High variations between stadial and interstadial times
occur with the highest values of about 5% TOC during GI14 and 12. The lowest values go along with HS, but in general,
stadials account for lower TOC values. In the time of 55 000 to 41 800 yr b2k, the mean TOC values were on the highest
values for the last 60 000 years. Also, the Reflectance data show this pattern with clearly visible H5 and GI expression. Within
the dust content, a minimum during this period is apparent (lowest values beside the Holocene) and speleothem growth
occurred in the Socotra Cave during this early MIS3 time indicating high precipitation and strong monsoonal variability
resulting in low aridity as visible in the aridity index (see Fig. Sle).

From 41 800 to 27 700 yr b2k the GIs 10 to 3 are present within Reflectance and TOC data and comparable to the NGRIP ice
core. Intermediate TOC values and the large variatiensdifferences between interstadial and stadial, especially at H4 and H3
event-times, are remarkable. The dust content varies between high and medium values through this period with higher values
around 35 000 yr b2k and lower values during GIS. This interstadial seems to be nearly as strong as GI12, which is known as
one of the ‘warmest interstadials’ for several regions within TOC and Reflectance data. No speleothem growth is observed
during the high glacial period. The aridity was high at the beginning of this phase. GI5 and the double GI3 and 4 appear to
have had strong impact on the precipitation, so the aridity was lower during this time with an increase to stronger aridity
afterwards. Between 27 700 and 11 700 yr b2k are GI2 and 1 as well as H2 and H1 and the YD apparent. The TOC decreases
from high values at the end of GI3 to very low ones during LGM and especially H1 and YD. The dust remains on intermediate
to high values with dust pulses within H1 and H2. These events increased aridity to very high values but the aridity within the
rest of this time phase was high nevertheless.

With the onset of the Holocene at 11 700 yr b2k, speleothem growth in Oman caves started. The dust values decrease to
minimum during the Holocene climate optimum around 8 000 to 6 000 yr b2k. The Reflectance and TOC data increase
drastically and show higher temperature as well during early Holocene, with a slight decrease towards present day. During

early Holocene times the precipitation seems very strong with low aridity. Towards present day, the aridity increases strongly.
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Figure S1: Arabian Sea climate over the last 60 000 years: (a) Socotra Cave and (b) Oman Caves (Burns et al., 2003; Fleitmann et al., 2007)
show speleothem growth phases, which require mobile water from frequent precipitation; (¢) 70KL CaCO; (Leuschner and Sirocko, 2003)
indicates more arid conditions with lower values, higher values account for more humid conditions; (d) SO90-136KL (Schulz, et al., 1998)
TOC content exhibits the GIs comparable to (g) in total by higher carbon values; (e) Aridity index for Central Europe as result from (a-d),
for detailed information see method section; (f) SO130-289KL Reflectance data (Deplazes et al., 2014) resembling (d) and (g); (g) 5'30 data
from NGRIP ice core (North Greenland Ice Core Project Members et al., 2004) in comparison.

S2 North-West Africa:

To understand the climate history of North-West Africa and the continental margin off West Africa is important for
understanding changes in Sahara — Sahel aridification as induced by changes in Atlantic water sea surface temperatures (SST)
or large scale mechanisms like for example AMOC, North Atlantic Oscillation (NAO), Inter Tropical Convergence Zone
(ITCZ). Life in this region strongly depends on the availability of water. Nowadays, the mean annual temperature ranges
between 12 and 15 °C and mean annual precipitation is about 468 mm/yr for Atlas Mountain ranges related to the Azores high
position (Wassenburg et al., 2012). Sediment core GIK15627-3 from offshore Morocco reveals the time from 250 000 to 5 000
years b2k of paleovegetation for NW-Africa (Hooghiemstra et al., 1992). No long pollen time series are available from

terrestrial archives right now, hence this record was chosen despite a relatively low sample resolution. Nearby speleothems are
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known from Atlas mountain range like Grotte Prison de Chien (Wassenburg et al. 2012) or frem-Central Nerth-AdrieaSusah

Piste (Hetfmannetal;2046)(Wassenburg et al., 20106). AnetherGeoB9508-5, a sediment core from offshore Senegal, West
Africa, (GeeB9568-5(Collins et al., 2013; Mulitza et al., 2008)) reveals strong Heinrich Stadials in dust content during times
of reduced AMOC rels

£(Mulitza et al., 2008; see Fig. S2).

The timespan from 60 000 to 50 000 yr b2k comprises GI17— - 14-within-the-Susah-Cavespeleethem-. No Speleothem growth

is apparent during the whole timespan-beside-a-small-hiatus-areund-50-000-yb2k. The amount of tree pollen decreases from
values around 60 % to 0 % (53 000 yr b2k) and rises again during a wet period from 52 500 to 50 500 yr b2k;—which-isalse

major fluctuations during this phase and remains at its lowest levels until the beginning of the Holocene. Low dust values and
varying tree pollen amounts, the aridity is on intermediate to lower values. Between 50 000 and 37 000 yr b2k with GI13 — 8§,

aridity is increased.

hiatus-falls-withinthe phase-ef Heinrich-Stadial 4-A first speleothem age is known to be around 45 000 yr b2k, shortly after

the end of H5. Tree pollen amount is constantly on lower values (~ 30 %) with a little decrease during HS. Dust values peak

strongly during Heinrich Stadials 5 and 4;-synehroneusly-to-thespeleethemhiatusat H4-times indicating intermediate to high
aridity. From 37 000 to 27 000 yr b2k (Gls 7- 3) NW-Africa underwent increasing ar1d1ty Speleothem growth ended-after

m-was only sporadic but comes along with higher tree
pollen values for the same times. Tree pollen remain on lower values between 20 and 30 % with a small increase during the
growth phases known from the speleothem. Dust content is on intermediate values with a small increase during H3 at the end
of this period. The climate of this time phase appears cold and moderate arid. The onset to H2 marks the begin of the next
period (27 000 to 14 800 yr b2k, GI2 within). Ne-speleothem—srowth-isknownfor Susah-Cavebut-Grotte Prison de Chien
shows at least shews-some datingsdating indicating sporadic precipitation for this time-phaseperiod. In general, tree pollen
values decrease to very low values indicating even more arid conditions between 20 000 and 15 000 yr b2k (Hooghiemstra et
al., 1992). The dust values are on a maximum during this phase in general but H2 and H1 are clearly identifiably within the
record. With all that information combined, the period expresses the impact of the LGM englobal-ehimate-systemsperiod and
shows arid and cold conditions. With the end of H1 and the onset of warming towards the Holocene, the amount of tree pollen
increases again (14 800 yr b2k until present, GI1 and YD), while speleothems from North Morocco also show some growth
phases. Gradually, less arid conditions show a climate amelioration until 8 500 yr b2k, the ‘African Humid Period’ (AHP) or

5



EHTO (Early Holocene Temperature Optimumy:), where lots of age datings can be found indicating fast speleothem growth.
Dust shows a small peak during YD cold event. However, the general strong decrease from the end of LGM until EHTO is
evident. Little dust was mobile during this phase. In the last 4 000 years, dust values rise again, indicating an aridity increase

for youngest times.
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Figure S2: NV

60 000 years: (a) Grotte Pnson de Ch1en (Wassenburg et a1 2012)

frequent-preeipitation;{e;-€ and Grotte de Prison (Wasscnburg et al., 2016) show spclcothcm growth phascs Wthh require mobllc Watcr
from frequent prCClpltdthIl (b, ¢) GIK15627-3 marine core pollen data (Hooghiemstra et al., 1992) are divided into tree- and herb & grass
pollen. While trees require more precipitation, grasses are dominant for more arid conditions; (ed) GeoB9508-5 (Collins et al., 2013)
1nd1cates more ar1d condmons wuh hlgher Values lower Values account for more humld condmons HE—af%disHngshabl%by—highe%dus{

R e Sk g g g HE are dlstlngulshablc by hlghcr dust concentrations;
(e) Arldlty index for NW- Afrlca as rcsult from (a) (d) for detailed 1nf0rmat10n see method section; (f) 3'%0 data from NGRIP ice core
(North Greenland Ice Core Project Members et al., 2004) in comparison.

S3 China:

Most of the Asian continent is influenced by the East Asian Monsoon, which is the most important moisture source. Most of

annual precipitation (~ 80 %) falls in summer season (e.g. Mingram et al., 2018; Wang et al., 2001) with mean annual
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precipitation about 1015 mm/yr at Hulu Cave and 715 mm/yr at Sihailongwan maar lake (Stebich et al., 2015). The mean
annual temperature is about 2.9 °C (Schettler et al., 2006), varying from -18.1 °C for January and + 20.7 °C for July at
Sihailongwan site and 15.4 °C at Hulu Cave (Wang et al., 2001).

Hulu Cave is one of the most popular east Asian monsoon records through the last glacial cycle. For this record, five
speleothems from the cave were stacked together to compile a continuous record for the timespan of 11 000 — 75 000 yr b2k.
The long-term trend follows summer insolation pattern, suggesting an increased summer continent-ocean temperature
difference and so, enhanced summer monsoon (Wang et al., 2001). The Hulu record shows a link between East Asia Monsoon
and North Atlantic climate by apparent Gl-variations within the 8'30 record. The Sihailongwan maar lake (SHL) lies within
the Long Gang Volcanic Field in NE-China. The SHL-core is continuously warved until 65 000 yr b2k, providing an excellent
stratigraphy for climate reconstructions by not only paleovegetation. The tree pollen amount replicates the stadial / interstadial
variations of the North Atlantic (see Fig. S3) as well as the total organic carbon. Stadials and especially Heinrich events are
characterized by steppic plants like Artemisia. Interstadials in general show higher amounts of tree pollen (Mingram et al.,
2018). However, the Holocene pollen data are not publically available for this paper but kept in mind for the discussion of this
synthesis. The China Loess Plateau is well known for its loess paleosol sequences. Jingyuan and Weinan sections from Sun et
al. (2010) and Lu et al. (2007) are established and show reliable indications for North Atlantic - China climate teleconnections
with “loess interstadial / loess stadial” within the mean grainsize of the Jingyuan record.

The timespan from 60 000 yr b2k until 50 000 yr b2k (GI17 - GI13, early MIS3) is regarded as the most humid period of the
record (Liuetal., 2010; Lu et al., 2007; Mingram et al., 2018). Speleothem growth is apparent and §'*0 values are on minimum
(more negative equals higher temperatures, see (Liu et al., 2010; Wang et al., 2001)) during this period. The tree pollen show
high values in order of 60 % with identifiable GI variability. Also, dust values from the Jingyuan loess section show small
grainsizes according to a lower dust content. In result, the archives account for humid climate conditions through the early
MIS3 phase. Within the period of 50 000 yr b2k to 34 000 yr b2k, GIs 12 to 5 are comprised. This phase also shows continuous
speleothem growth with intermediate 5'30 values, Gls are easy to identify. Also, the tree pollen show medium contents with
still relative high values during interstadials but lower compared to early MIS3 times. The dust content rises to intermediate
values until 38 000 yr b2k indicating stronger winds and lower temperatures combined with a higher aridity. Towards the end
of this phase, lower §'0 values combined with the sharp Gl-type increases in tree pollen and lower dust contents are visible,
suggesting a phase of stagnation within the climate conditions.

From 34 000 yr b2k to 14 800 yr b2k (GIs 4-2) the climate is characterized by glacial conditions, especially during last glacial
maximum and the Heinrich events 3 to 1. The growth rates of the Hulu Cave speleothems went down while the 5'%0 values
rise to their highest values of the record. Synchronously, the tree pollen decrease to about 20 % during LGM, with high contents
of Artemisia especially during Heinrich events, the GIs during this phase are less expressive with general lower temperatures
and shorter durations. Between 29 550 yr b2k and 18 250 yr b2k, the minimum of thermophilous plants and tree pollen is

apparent (Mingram et al., 2018). The dust values are on a maximum during this time span. The large grainsize comes along
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with low temperatures and precipitation values. All that combined is clearly visible in the aridity index with a strong expressed
LGM. The deglaciation and the Holocene itself (14 800 yr b2k to present, GI1) can be characterized by the amelioration of the
climate conditions, in China as well as on a global scale. The §'%0 values decrease while the growth rate increases. The tree
pollen rise up to 80 % while synchronously the dust content lessens to the minimum of the record during the Holocene
temperature optimum (6 000 yr b2k —4 000 yr b2k). According to Stebich et al. (2015) the Sihailongwan Maar pollen indicate
a maximum precipitation at 4 550 yr b2k (not included into Fig. S3). The aridity decreased during the Holocene transition to

intermediate values, but a lack in data for the Holocene period makes it complicated to draw further estimates.
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Figure S3: China climate over the last 60 000 years: (a) Hulu Cave (Liu et al., 2010; Wang et al., 2001) show speleothem growth phases,
which require mobile water from frequent precipitation; (b) 8'%0 data with apparent GIs comparable to (g), more negative 8'%0 values
account for more humid conditions (Wang et al., 2001); (¢, d) Sihailongwan Maar Lake pollen data (Mingram et al., 2018) are divided into
tree- and herb & grass pollen. While trees require more precipitation, grasses are dominant for more arid conditions; (e) Jingyuan Loess
mean grainsize (Sun et al., 2010) indicates more arid conditions with larger grains, smaller grains account for more humid conditions;
(f) Aridity index for China as result from (a-€), for detailed information see method section; (g) 8'®0 data from NGRIP ice core (North
Greenland Ice Core Project Members et al., 2004) in comparison.
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S4 Southern Europe

Southern Europe is affected by the Atlantic Ocean water masses as well as from the Mediterranean Sea and so, influenced by
changes in AMOC, NAO, ITCZ and other large-scale mechanisms. Nowadays, the mean annual temperature close to the
Villars Cave (in southern France) speleothem site is 12.1 °C and mean annual precipitation 1020 mm/yr, evenly spread through
the whole year (Wainer et al., 2009). A sediment core of volcanic maar lake Lac du Bouchet (Lake Bouchet) shows pollen
spectra until the end of the last interglacial (Reille and de Beaulieu, 1988, 1990). Altheugh-NusslechpaleoseHoesssequenee”
is-well-established-but-publically-available-data-are-net-aceessible-Although ‘Nussloch paleosol loess sequence’ (Antoine et

al., 2001) is well established but publicly available data are not accessible. MDO01-2443 marine sediment core (Hodell et al.,
2013) is the closest dust archive with sufficient stratigraphy for Southern Europe. SST, L* (color reflectance) and §'%0 of the
core show GIs (Hodell et al., 2013; Martrat et al., 2007). Well dated speleothem data are available for the Villars Cave, 200 km
away from the Atlantic coast, with speleothem growth between 52 000 and 29 000 yr b2k and for the Holocene (see Fig. S4).
The growth speed significantly slowed down between 42 000 and 29 000 yr b2k and finally stopped with the onset to LGM

conditions. Also, a hiatus from 55 700 to 52 000 yr b2k is present within the record. GIs 14, 13, 12 and on minor extend GI11

are preserved as well as HS (Gentyeta

therecords-ofthisregion-(Genty et al., 2003; Wainer et al., 2009).
The timespan from 60 000 to 44 000 yr b2k incorporates Gls 17 to 12 within the records of this region. Speleothem growth in

the Villars Cave is evident with a hiatus between 55 700 to 52 000 yr b2k. 5'30 values indicate warm and moist conditions
with more negative values than during later phases of the record. The GIs 17, 16, 13 and 12 are identifiable within the data.
According to Wainer et al. (2009) the temperature optimum of the recorded time phase was during early MIS3 at around
52 000 yr b2k. In contrast, the highest amount of tree pollen for this period (with about 50 %) falls within the hiatus of the
speleothem but still indicating warm and wet early MIS3 conditions for this region. Also, dust content from marine sediment
core MDO01-2443 are on relatively low values with minor variations. Their lowest values until the Holocene were during the

tree pollen maximum. Heinst

e—Until the end of this time phase
towards 45 000 yr b2k, conditions tend to get worse as indicated by rising dust content, decreasing amount of tree pollen, lower
3'80 values from Villars Cave and with H5 from the marine cores. The aridity is low during the early MIS3 phase and rises

towards the end of the time phase.
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The period from 44 000 to 30 000 yr b2k (GIs 11-5) shows general aridity (Reille and de Beaulieu, 1990). The speleothem
3'80 values are very low, only GI8 stands out a bit. The speleothem growth was significantly slower and stopped at the end of
this time phase. The tree pollen show high variations and high absolute values, but high amount of steppe vegetation and a
small remaining tree population complete the in general increased aridity for Southern Europe. The dust values replicate the
interstadial / stadial changes with stronger impression on Heinrich events.Fhe-SST-deereasesin-general-withinthistime-and
Lol hene UL

From 30 000 to 15 000 yr b2k (GIs 4-2) no speleothem growth is known from Villars Cave. The tree pollen show low values
with a minimum around 25 000 yr b2k, were no tree pollen occur within the record. During LGM, grasses (60 to 100 %)
replace the last Pinus woodland, which was still apparent duringat GI3 and 4. Dust values;SSTandRD show arid conditions
and low temperatures, Heinrich events are well expressed, apart from a low variability. Dust values are highest at the end of
this period from 17 000 to 14 000 yr b2k during the same time, were Ruth et al. (2007) detected most eolian dust in NGRIP
ice cores (cf. Fig.- 2 and Fig.-5 6). The aridity was strongest during LGM especially during the end of this phase. With the
onset eftowards the Holocene teswardsaround 15 000 yr b2k, speleothem growth restarted in the Villars cave, the amount of
tree pollen drastically increases and dust values decrease with a delay of approximately 4 000 years after YD cold event. The
Altithermal is displayed by precipitation and temperature increase visible in the records. The aridity decreases with the onset

of the Holocene and stays relatively constant on lower values throughout.

Villars Cave Lac Du Bouchet MD01-2443/4 MDO01-2443/4 10DP-306- NGRIP
U1313
Speleothem  §'*O cal Tree pollen  Grass & Herb CaCOs Aridity index  SST (uk'37) Dol/Cal "0
growth pollen
[%o PDBJ| [%] [%] [wgt %] [°C] [10%*-3] [%0]
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Villars Cave Lac Du Bouchet MDO01-2443/4 NGRIP

Speleothem 820 cal Tree pollen Grass & Herb pollen CaCOs Aridity index 80
growth [%0 PDB] [%6] [%6] [wgt %] [%0]
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v tHH it 4 ata-: Southern European
climate over the last 60 000 years: (a) Vlllars Cavc (Gcnty et al 2003 2006 Labuhn et al 2015; Wainer et al., 2009) show speleothem
growth phases, which require mobile water from frequent prcmpltatlon, (b) 8'%0 data with fcw apparent Gls comparablc to (g), more negative
5'80 values account for more humid conditions (Genty et al., 2003); (¢, d) Lac Du Bouchet pollen data (Reille and de Beaulieu, 1990) are
d1V1ded into tree- and herb & grass pollen. While trees requlre more prec1p1tat10n grasses are dommant for more ar1d condmons (e) MDOl-
2443/4 marme cores CaCO3 (Hodell et al 2013) in 3 hich M

- d : aless;- indicates more arid
condltlons Wlth lowcr Valucs higher Valucs account for more humld Condltlons ® Arldlty 1ndcx for Southcrn Europe as result from (a-e),
for detailed information see method section; (g) 8'%0 data from NGRIP ice core (North Greenland Ice Core Project Members et al., 2004)
in comparison.
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S5 Portuguese Margin:

The Portuguese margins sediment cores are known to be highly impacted by climate change on orbital and millennial
timescales. Constant sedimentation rates are responsible for good stratigraphies and they are influenced by high- and low-
latitude processes (Hodell et al., 2013). Today’s mean annual temperatures are about 15- °C, winters are mild (10- - 13 °C)
and summers are moderate (18— - 22- °C) with up to 3 000 mm yearly precipitation. Portuguese margin and Southern Europe
—Franee-are-similar-eensideringcontain the reeerds;besidessame dust record, the Paleevegetation-one(see Fig—S5)-MDO01-
2443 sediment core shows dust in the CaCOs content. For Portuguese margin, a marine sediment core with terrestrial pollen
input can be used to reconstruct the vegetation of the coast. Tree populations of sediment core MD95-2039 show rapid shifts,

following GI-scheme. During Heinrich events 1 - 6, SST’s dropped in order of 5 — 10 °C. EerpertodsofSSTdeereasealso
the-amount-of tree-pollen—deereases-and-viee—~versa—Short Gls show less impact on the extend of woodland (Roucoux et al.,

on—- horn o [ Nn

3 K

ureBuraca Gloriosa Cave speleothems show
the climate evolution of the last 220 000 years (Denniston et al., 2018). The cave is located 30 km from the Atlantic coast, near
the both marine cores used for this region.
Within the timespan from 60 000 to 50 000 yr b2k (GIs 17-13), §*O-~alues-shews-humid conditions can be reconstructed for
Portuguese Iberian margin. Beside-the-hiatus;speleethemSpeleothem growth was continuous in ¥iHarsBuraca Gloriosa Cave
and shows verytow-8'*O-values-accountingforhigh humidity-andtemperature-growth rates. The tree pollen in general arewere
on a maximum during this time phase, showing high amplitude fluctuations between cooler and drier stadials and warmer and
wetter interstadials (Roucoux et al., 2005), as well as a decline in dust content from 60 000 towards 50 000 yr b2k from

relatively high values to lowest values until the Holocene. SS

during H6-The high amount of tree pollen, speleothem growth and the decline in the dust content indicates a general warmer
and wetter early MIS3 and consequently, low aridity with the begin of the phase and an intermediate aridity towards the end.

During the period from 50 000 to 32 000 yr b2k (GIs 12-5) an intermediate aridity is estimated for the region. H5S and H4 are
visible within all records indicating a rapid climate change throughout the region. Speleothem growth issignifieantlyrates were

lower than before-and-8'*0-values-show highervalies{equal. Around H4 a hiatus of 41 000 to eoeler/drierconditions)-with
onby-astronghy-expressed-Gls12-and-8—Villarseave-36 000 years b2k in speleothem exhibits-a-strong HS-event,-whichis-alse
evidentin-the paleovegetationrecord MP95-2039-growth can be seen. Heinrich events 5 and 4 spikeare strongly expressed

within thisthe MD95-2039 core indicating a dramatic decrease in climate conditions (Roucoux et al., 2005). A minor rise in
dust is visible within the CaCOs content of MDO01-2443 from in general intermediate dust values throughout this period for
H5 and 4- e

i -H4. Regarding all this, an intermediate aridity is estimated throughout this time

phase with strong variability between interstadials and stadials for Portuguese margin region.
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Between 32 000 and 15 000 yr b2k (GIs 4-231e), the speleothem growth isknewn-for Vilarsat Buraca Gloriosa Cave- shows
two hiatus during H3 and H1 (from 32 000 to 30 000 and 17 000 to 15 000). The amount of tree pollen was very low, open,
herb-dominated steppic vegetation indicates cool and arid conditions. Less aridity towards the end of the phase is indicated
from a slight increase in tree pollen and heath population, which required amelioration in climate (Roucoux et al., 2005).
Intermediate dust values with a decrease towards the end are visible, again with stronger impressed Heinrich events compared
to the other stadials. SST-andIRD-supplement-thepietare—The LGM, which falls into this period, can be characterized by
intermediate aridity but surprisingly low dust values towards the end.

The time phase from 15 000 yr b2k (GI1, YD) to present is marked by the onset of the Holocene with Belling / Allerad.
Speleothem growth restarted and remains constant threugh-the-earlyHeloeene-until 10 000 yr b2k, a growth recovery from
3000 to 1 000 yr b2k is also apparent. A rapid increase in tree pollen-ard-SSF around 15 000 yr b2k marks a strong increase
in temperature and precipitation. Younger Dryas cold event reduced that for a short duration, but afterwards the climate
elimbedimproved to Holocene and present day conditions. The dust values were highest during the begin of the time phase
around 15 000 yr b2k and declines through the early Holocene temperature optimum. SSTFs—stay—eonstanthyhish-afterthe

inttial-inereasefollowing Y D-eold-event—Aridity was very low with the begin of this phase but in the past 5 000 years, dust
values increase again indicating higher aridity than during Altithermal.

Villars Cave MD95-2039 MDO01-2443/4 MDO01-2443/4 T1ODP-306-U1313 NGRIP
Speleothem  §'*O cal Tree pollen  Grass & Herb CaCOs  Aridity index  uk'37-sst Dol/Cal "0
growth pollen
[%o PDBJ| [%] [%] [wgt %] [°C] [10%*-3] [%0]
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Buraca Gloriosa Cave MD95-2039 MDO01-2443/4 NGRIP

Speleothem growth Tree pollen  Grass & Herb pollen CaCOs Aridity index 8%0
[%] [%0] [wgt %] [%o]
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: Portuguese margin climate over the last 60 000

years: (a) Buraca Gloriosa Cave (Denniston et al., 2018) show spclcothcm ;Drowth phascs which require mobile water from frequent
precipitation; (b, ¢) MD95-2039 pollen data (Roucoux et al., 2005) are divided into tree- and herb & grass pollen. While trees require more
precipitation, grasses are dominant for more arid condmons (ed) MDO01-2443/4 marine cores CaCO; (Hodell et al., 2013) indicates more

ar1d condmons w1th lower Values h1gher Values account for more humld condmons (ﬂﬁmnm%#efmgues%maﬁgnm—fesuh—ﬁem

; e . g 'e) Arldlty mdcx for Portu;cucsc margin as
rcsult from (a- d) for detailed information see mcthod section; (f) 8180 data from NGRIP ice core (North Greenland Ice Core Project
Members et al., 2004) in comparison.

S6 Mediterranean Sea:

Southern Europe and the Mediterranean Sea region are known for hot and dry summers and mild and wet winters. The

temperature average is about 18.9 °C and the total precipitation about 1000 mm/year with more precipitation in the western
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regions than in the eastern (Deutscher Wetterdienst, 2018). The archives for this synthesis are spread around the eastern
Mediterranean region. The westernmost archive is the Lago Grande di Monticchio, a maar lake in Basilicata, Seuthernsouthern
Italy. The eere-eomprisescores comprise climate information for the last 140 000 years (Allen et al., 1999; Brauer et al., 1999;
Watts, 1985 and others) and is—warvecountedfully—inaddition;itis-complementedcompletely varve counted, supplemented
by a Fephratephra chronology. The pollen from Monticchio show similar behaviour to the NGRIP indicating a closely coupled
system between North Atlantic and the Mediterranean region (Allen et al., 1999; see Fig.- S6). Speleothem growth occurs at
several sites. Dim Cave in south western Turkey shows continuous speleothem growth from 12 000 yr b2k until 90 000 yr b2k
with significant lower growth rates during glacial times (40 000 — 18 000 yr b2k, Unal-imer et al., 2015). A second speleothem
from Soreq Cave in Israel shows continuous growth for the last 140 000 years. Two distinct isotopic events can be separated

within the record within the last 60 000 years (Bar-Matthews et al., 1997, 2000). Hr-addition;—a—comparison—with-the-marine
i e §P0-was

]
are am-—e ern NMaoadita nean = nbe nerformed I aordanece o con oreq = nd
a V a a a a a a W v

edThe dust record in M40/4 _SL71 from SE Ionian

Sea shows increased K/C ratio during arid conditions due to deflation of Kaolinite bearing dust, which was sedimented into
basins during more humid conditions (Ehrmann et al., 2017). Kaolinite is a common mineral in North African dust and hence
a useful dust tracer. During Heinrich events, the Mediterranean region was heavily arid and minor maxima of Kaolinite appear.
The timespan from 60 000 to 55 000 yr b2k comprises GIs 17 to 15. Speleothem growth occurs in Dim and Soreq Cave and
3'80 values are on relative highs around 57 000 yr b2k for both caves. The growth rates in Dim cave are lower than in younger
parts of the speleothem. The amount of tree pollen is at intermediate values of 50 % and so is the K/C ratio, which shows H6
recorded in the sediment core at about 60 000 yr b2k. Overall, the aridity was at intermediate values.

Gls 14 to 9 are within the time of 55 000 to 40 000 yr b2k. The Dim Cave speleothem growth rate rises around 50 000 yr b2k,
the 8'%0 values sink, suggesting wetter climate. In addition, 5'30 arewas on a-maximum-values-supportingpeak value, which
confirms the fast-grewthrapid. In Soreq Cave-and-LC21-are-the, §'%0 values higherwhere between 55 000 and 52 000 yr b2k
shewinghigher and show similar conditions te-present-dayas today (Grant et al., 2012). Furthermore, Monticchio tree pollen
are on a maximum during GI14 and GI12 (interpreted as pollen Assemblage Zones 13 and 11, see Allen et al., 1999). The core
shows GI like appearance for this timespan. The dust record exhibits intermediate values with some minor peaks during stadial
phases and H5 event. H4 is not visible due to a tephra layer within the event (Ehrmann et al., 2017). The precipitation was
high during this time span considering fast speleothem growth, large amounts of tree pollen and intermediate dust values. The
aridity index shows humid conditions, especially during interstadial times for this phase.

Glacial conditions are clearly visible between 40 000 and 17 200 yr b2k, with GIs 8 to 1. Speleothem growth is continuous
through all time, but slowest during glacial at Dim Cave (Unal-Imer et al., 2015). Soreq cave speleothem growth also continued
showing variability in §'*0O on small scale with some minor peaks during GI3 and 4-which-is-alse—visibleinEC€21.. The

Monticchio pollen are low to medium on tree content during this time span with some variability. Higher tree pollen amount
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is present during interstadials and herbaceous taxa & steppe pollen increase in stadial times (Brauer et al., 2007). The K/C
ratio shows H3 to H1 and is apart from that at intermediate values. The glacial time has frequent precipitation minima during
Heinrich events and increased precipitation in times of interstadials. The aridity index remains on intermediate values during
this time but showing climate ameliorations during interstadials.

Within the time span from 17 200 to 10 000 yr b2k are GII and the YD as well as the transition towards the Holocene.
Speleothem growth at Dim and Soreq cave was fast and the 530 values increase in both speleothems-and-the-sedimentcore
ECE2+. Tree pollen drastieallyrapidly increase from glacial values of about 30 % to nearly 90 % after Bolling / Allerad. The
YD is clearly visible in the SL71 dust record with increased K/C ratio. The aridity index increases strongly towards humid
conditions during the early Holocene.

During the Holocene (10 000 yr b2k to present) most of the records stayremain constant. Dim Cave speleothem did not grow
anymore but §'80 values from Soreq cave-and-1-C21 show consistent values with a variation between 8 500 and 7 000 yr b2k,
where low 80 values indicate doubled precipitation and present day temperatures (Bar-Matthews et al., 1997). The amount
of tree pollen stays constantly high with a small decrease to 75 % at about 2 000 yr b2k. The largest variation can be seen in
the dust content, where the dust deflation reaches maximum values after the early Holocene optimum (EHTO). The large dust
deflation, mainly originating from Sahara (Ehrmann et al., 2017), is consistent with the northward extension of the Saharan
desert in modern times compared to early Holocene conditions (Jolly et al., 1998). The precipitation and temperature for the
Mediterranean region within the Holocene was nearly at present day conditions while the African continent underwent a huge

change.

Dim Cave Soreq cave Lago Grande di M40/4_SL71 LC21 NGRIP
Monticchio

Speleothem 50  Speleothem  §3Q Tree pollen Herb & Grass K/C Aridity index 8O (ruber) 80
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Dim Cave Soreq Cave Lago Grande di M40/4_SL71 NGRIP
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Figure S6: Mediterranean Sea climate over the last 60 000 years: Dim Cave (Unal-Tmer et al., 2015) (a, b) and Soreq Cave (Bar-Matthews
et al., 2000; Grant et al., 2012) (¢, d) show speleothem growth phases, which require mobile water from frequent precipitation; (b, d) §'%0
data with few apparent Gls comparable to (j), more negative 8'%0 values account for more humid conditions; (e, f) Lago Grande di
5 Monticchio pollen data (Brauer et al., 2007) are divided into tree- and herb & grass pollen. While trees require more precipitation, grasses
are dominant for more arid conditions; (g) Dust reconstruction from M40/4 SL71 marine core K/C ratio (Ehrmann et al., 2017) indicates
more arid conditions with hlgher Values lower values account for more humid conditions; (h) Aridity index for Medlterranean Sea region
e e e T T
Jfg9—eia%a—(—ls»—el—j-)—ﬁtrCconstructcd from (a, ¢, e, g). For detailed information see method section; (i) 8'%0 data

10  from NGRIP ice core (North Greenland Ice Core Project Members et al., 2004) in comparison.
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S8 Santa Barbara basin:

The region of the Santa Barbara basin is well known for its brief interstadial events of the past 60 000 years. The basin is
located at the inner continental border of Southern California with a depth of about 600 m and contains oxygen-depleted water
below 475 m (Behl, 1995; Behl and Kennett, 1996; Heusser, 1998). Due to this depletion zone, an excellent preservation of
sediment material, pollen and warves occurs within the ODP-893A. In the benthic foraminifer record of ODP-893A
(Cannariato et al., 1999) all Gls are visible as in the 3'80 record of the NGRIP ice core. About 800 km east of the Santa Barbara
basin the “Cave of the Bells” speleothem in Arizona is located (Wagner et al., 2010). Aridity in the southwestern USA and
climate information stored in the NGRIP show a similar pattern of fast interstadial / stadial changes. Cooler temperatures in

high latitudes are connected to increased moisture in this region. Hence, higher 5'%0 values were interpreted as warmer

20



10

15

20

25

30

temperatures corresponding to drier winters (Wagner et al., 2010). Also, a speleothem of the “Fort Stanton Cave” in New
Mexico can help to understand variabilities within the region and shows the GIs 1-12 (Asmerom et al., 2010). No larger dust
deflation is known for that region, hence no paleodust record can be used within the synthesis. The climate today is as in
Mediterranean regions with temperatures between 9.9 °C and 18,6 °C and a precipitation of about 600 mm/year (NOAA-
NCDC weather service, 2018).

Between 60 000 and 48 000 years b2k (early MIS3, GIs 17-13) a high amount of tree pollen of about 80 % indicates high
temperatures and at least moderate precipitation (see Fig. S857). The benthic foraminifers show high abundances, which is
interpreted as an interstadial signal (Cannariato et al., 1999). Bells Cave speleothems show growth starting at about 54 000
years b2k. The 380 values of -9 %o indicate warm temperatures and moderate precipitation. Similarly, the Fort Stanton
speleothem also shows high 3'%0 values up to -5.5 %o during early MIS3 period. This time was characterized by warm
temperatures and intermediate precipitation.

The timespan from 48 000 to 27 540 yr b2k comprises the GIs 12 to 3. All of them are visible in the foraminifer content as
well as in the Fort Stanton speleothem. The Cave of the Bells speleothem comprises a hiatus between 24 000 and 29 000 yr b2k
so that GI2 to 4 are missing within that record. The precipitation and temperature vary from interstadials to stadials, but the
amount of tree pollen stays relatively constant at around 80 %. That indicates, the range of temperature and precipitation
change did not pass a threshold on which an abrupt vegetational change would have occurred and temperatures and
precipitation stayed close to early MIS3 conditions in respect to the stadial / interstadial changes.

From 27 540 to 14 700 yr b2k (onset of the Bolling / Allerad) the time is characterized by a drop of the Dysoxic benthic
foraminifer content to low values between 0 and 15 % in contrast to the continuous high amount of tree pollen before. The
Bells Cave speleothem’s hiatus continues until 24 000 yr b2k and growth started again with the onset of GI-2 (23 340 yr b2k),
also visible in the foraminifer content. Speleothem growth at the Fort Stanton speleothem was continuous during this time
span. The combination of all proxies shows cooler temperatures and increased moisture for the Santa Barbara basin during this
period.

The Holocene part from the onset of Belling / Allerad (B/A, 14 700 yr b2k) until present shows the YD in all records-, but the
records end around 10 000 yr b2k. Both speleothems show lower 8'30 values as well as ODP-893A low dysoxic foraminifer
contents. The vegetational record shows a decrease in tree pollen and a corresponding increase in grass pollen. Most recently,
the speleothems and the ODP-893 A foraminifer records show the start of the Holocene at 11 700 yr b2k by increased values
indicating warmer climate. The precipitation increases drastically with sinking tree pollen amount (Heusser, 1998) towards the
Holocene.

Due to a lack of a dust record, continuous speleothem growth and insignificant changes in the amount of tree pollen, the aridity
index for this region is inconclusive and constantly at intermediate values. Therefore, the Aridity index calculation for this

region ends around 10 000 yr b2k.
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Figure $8:S7: Santa Barbara Basin climate over the last 60 000 years: Bells Cave (Wagner et al., 2010) (a, b) and Fort Stanton (Asmerom
et al., 2010) (¢, d) show speleothem growth phases, which require mobile water from frequent precipitation; (b, d) 8'80 data with few
apparent GIs comparable to (h) and (j), more positive 5'30 values account for increased precipitation; (e, f) ODP893A marine core pollen
data (Heusser, 1998) are divided into tree- and herb & grass pollen. While trees require more precipitation, grasses are dominant for more
arid conditions; (g) Aridity index for St. Barbara Basin region as result from (a, ¢, e). For detailed information see method section;
(h) Dysoxic Benthic Foraminifer data from marine core ODP893A (Cannariato et al., 1999) with distinguishable GIs in comparison to
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speleothem and NGRIP §'%0 data (b, d, ):-Gi); (i) 8'%0 data from NGRIP ice core (North Greenland Ice Core Project Members et al., 2004)

in comparison.
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Figure-S10:S 8 Global tree pollen pattern
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Figure S87: Global tree pollen records for the last 60 000 years. Higher amounts of tree pollen indicate increased humidity. (a) Central
European ELSA- Vegetation—Stack (Sirecke-etal;20146)(Sirocko et al., 2016); (b) Chinese Sihailongwan Maar Lake (Mingram et al., 2018);
(¢) North-West Africa marine core GIK15627-3 (Hooghiemstra et al., 1992); (d) Southern Europe Lac Du Bouchet (Reille and de Beauheu
1990); (e) Portuguese margin marine core MD95-2039 (Roucoux et al., 2005) @®

Dupent;2009):—«g)-Lago Grande di Monticchio for Mediterranean Sea region (Brauer et al., 2007); (hg) St. Barbara Basin marine core

ODPS893A (Heusser, 1998):)-Australian—OeceantaLyneh-Crater (Kershaws,1994)-
Figure S10S8 shows all tree pollen of this synthesis. Only feurthree regions worldwide ereempasencompass sediment cores
with pollen data for the whole last 60 000 years. The ELSA-Vegetation-Stack for Central Europe (Sireeke-etals-204H6)(Sirocko

et al., 2016) consists of the sediment cores from Holzmaar and Dehner Maar, which cover the last 60 000 years in total. The
Mediterranean record from ‘Lago Grande di Monticchio’s—Eyneh-Crater(Australia—Oeeania) also eevercovers this time as
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well as pollen from the Sihailongwan Maar Lake (China). However, Sihailongwan Maar Lake pollen profiles of Mingram
(Mingram et al., 2018) and Stebich (Stebich et al., 2015) diverge for Holocene and need to be adjusted. Pollen records for the
Arabian Sea region are not available. The pollen assemblage of St. Barbara Basin is on very high values throughout the whole

record due to sedimentation pattern in the marine basin as regional effects (Heusser, 1995, 1998).

Early MIS3 phase shows tree pollen maxima for the following regions: Central Europe, China, Portuguese margin;

- and Mediterranean Sea. Although,
the timings of the pollen maxima are not synchronous, enhanced precipitation and humidity for early MIS3 can be stated for
these regions. The tree pollen show impairing climate conditions during late MIS3 towards LGM conditions. A well expressed
LGM is visible in the pollen archives of Central Europe, China, Southern Europe, Portuguese margin and the Mediterranean.
The LGM was mainly arid for all regions. The following transition towards the Holocene with the onset of Bolling / Allerad
(14 700 yr b2k) is visible in all pollen records by massive changes in the tree pollen content. St. Barbara Basin shows
decreasing pollen values (see S7). All other regions show increasing tree pollen amounts indicating more humid conditions

and climate amelioration for the early Holocene.
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SHS9 Stratigraphies and age / depths relations
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Figure SH:S9: Global age / depths relations of various sediment cores. Solid lines show cores used for this synthesis. Thick red line shows
Lago Grande di Monticchio, which is warve counted and shows GI like appearance. Points show apparent GIs. Dotted lines give other well-
known high resolution records not included in this synthesis. For references of included cores see chapter 2 and S1-S9S7; Potrok Aike,
Southern Patagonia, Argentina (Kliem et al., 2013); Lake Tulane, Florida, USA (Grimm et al., 2006); Petén-Itz4, Guatemala (Correa-Metrio
et al., 2012); Bear Lake, Utah-Idaho, USA (Jiménez-Moreno et al., 2007); Lake Suigetsu, Japan (Bronk Ramsey et al., 2012).

Stratigraphical uncertainties are the major sources of error for this synthesis. All stratigraphies of original publications

remained unchanged, apart from referring all records to years b2k (before the year 2000 CE). Different dating methods in
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general have various uncertainties. Archives of this synthesis were dated by “C ages, optically stimulated luminescence (OSL),
U/Th dating of speleothems, warvevarve counting—erby, tuning to NGRIP or marine isotope stack=, paleomagnetismus
correlation, tephra chronology or cross correlating (see Tab. S1). Age uncertainties of speleothem U/Th dating range between
1 and 4 %, resulting in the most reliable ages for speleothems. “C calibrations were greatly improved and e.g. Hughen et al.
(2006) has calibrated the '*C curves with the absolutely dated Hulu speleothems. Nevertheless, '4C ages of this synthesis bear
maximum errors up to 12 % - or up to 7 000 years. Error values of OSL dating range up to 10 % or about 5 000 years for the
last 60 000 years. Warve counting errors depend strongly on the sedimentation rate of the archive, but error values can stack
up to 5 000 years as well. For NGRIP tuning, age uncertainties of the ice core are minimized by several dating approaches and
stack up to 2 500 years for the last 60 000 years. To sum it up, no definitive ages for the previously described turning point
can be determined from this work. Nevertheless, synchronous patterns occurred during climate history and the estimated ages
give a good evaluation of the turning points of the precipitation.

The sampling resolution of the records is also extremely important. More samples and analyses result in a much more detailed
explanations and interpretations for the records. High frequency sampling, especially in sediment cores is mainly depending
on the sedimentation rate. Figure SH-S9 shows all sediment archives and records of this work with the age-depths relation.
The thick, red line accounts for the warve-counted Lago Grande di Monticchio core. Points indicate GI appearance in the
marine records of Santa Barbara Basin (ODP893), Cartaco-Basin (OPP1651002)-Chinese Loess (Jingyuan Loess sequence),
Arabian Sea (SO-136KL) and Portuguese margin (MDO01-2444) and Lake sediments of Central Europe (ELSA-Dust-Stack).
The highest sedimentation rates during the last 60 000 years can be found in Santa Barbara Basin and ELSA-AU2 core with
about 1-2 mm/year.

Several other high resolution records with extend into MIS3 (Fig. SH-S9, dotted lines) are published but not used for this
synthesis. They are additionally shown for comparison and completeness. These cores were too far away from the chosen ten
key regions to fit into a proper synthesis or do not extend until the begin of MIS3 (60 000 yr b2k). However, these cores are
good climate archives with striking sedimentation rates of 0.26 mm/yr (Lake Tulane), 0.5 mm/yr (Bear Lake), 0.75 mm/yr
(Lake Suigetsu) up to Petén-Itza (~1 mm/yr) and Potrok Aike (~1.6 mm/yr) and should be mentioned within this synthesis.
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S10 Matlab code for error calculation:

%Aridity Index simulation

%input here your estimated error as [%]:
fehlerSp=2;

fehlerPo=3;

fehlerDu=5;

%read the CSV data without headlines. "," separated
m = csvread('filename template.csv');

%Separate on columns
%m3=m(:,3)
Y%om4=m(:,4)
Y%m5=m(:,5)

mat=zeros(3,1201,100);
Y%mat(:,1)=m3

for k=1:3

for i=1:100
mat(k,:,i)=m(:,k+2);
end
end

% fill matrix with random numbers
for a=1:1201
nSp=mod(mat(1,a,1)+1,2);
for i=1:fehlerSp
mat(1,a,i)= nSp;
end

nPo=mat(2,a,1);
if nPo=—=
for i=1:fehlerPo/2
mat(2,a,1)=0;
end

for j=i:fehlerPo
mat(2,a,j)=2;
end
else
for i=1:fehlerPo
mat(2,a,i)=1;
end
end

nDu=mat(3,a,1);
if nDu==
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for i=1:fehlerDu/2
mat(3,a,1)=0;
end

for j=i:fehlerDu
mat(3,a,j)=2;
end
else
for i=1:fehlerDu
mat(3,a,i)=1;
end
end

end

%simulation starts here-->
Y%number of simulations
noRuns = 100000;

%Std Matrix erstellen
sims=zeros(noRuns,1201);

for sIndex=1:noRuns
%1201 Random Werte zwischen 0 und 2
rl = ceil(rand(1201,1)*100);

Y%recalculate index from mat
vec_speleothem=zeros(1,1201);
vec_pollen=zeros(1,1201);
vec_dust=zeros(1,1201);

for i=1:1201
vec_speleothem(i)=mat(1,i,r1(i));
vec_pollen(i)=mat(2,i,r1(i));
vec_dust(i)=mat(3,i,r1(i));

end

tmp =(vec_speleothem+vec pollent+vec_dust);
sims(sIndex,:) =tmp;
end

result=zeros(1201:1);

Y%stadtad deviation for each value individually
for k=1:1201
result(k) = std(sims(:,k));
end
resultTransp=result.";
csvwrite('error_template name.txt',resultTransp);
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Paleoclimatic records used in this synthesis. Records with grey background are not included into the generation of the aridity

Table S1

2 C-Radiocarbon dating; 3 Varve counting; 4 Tephrachronology; 5 Ice core tuning; 6 OSL

s

1 Th/U-dating

index. Dating methods

10 Paleomagnetic correlation

s

Luminescence dating; 7 Orbital tuning; 8 Oxygen isotope tuning; 9 Cross correlation
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