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Abstract. A mismatch between model- and proxy-based Holocene climate change, known as the
Holocene conundrum, may partially originate from the poor spatial coverage of climate reconstructions
in, for example, Asia, limiting the number of grid-cells for model-data comparisons. Here we investigate
hemispheric, latitudinal, and regional mean time-series as well as anomaly maps of pollen-based
55 reconstructions of mean annual temperature, mean July temperature, and annual precipitation from
1676 records in the Northern Hemisphere extratropics. Temperature trends show strong latitudinal
patterns and differ between (sub-)continents. While the circum-Atlantic regions in Europe and eastern
North America show a pronounced mid-Holocene temperature maximum, western North America shows
only weak changes and Asia mostly a continuous Holocene temperature increase but with strong
60 latitudinal differences. Likewise, precipitation trends show certain regional peculiarities such as the
pronounced mid-Holocene optimum between 30 and 40°N in Asia and Holocene increasing trends in
Europe and western North America which can all be linked with Holocene changes of the regional
circulation pattern linked to temperature change. Given a background of strong regional heterogeneity,
we conclude that the calculation of global or hemispheric means which initiated the Holocene
65 conundrum debate should focus more on understanding the spatio-temporal patterns and their regional

drivers.
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1 Introduction

Previous comparisons of proxy-based reconstructions and simulations of global Holocene climate
change have yielded major mismatches, a discrepancy termed the "Holocene conundrum” (Liu et al.,

70 2014c). While simulations indicate an increase in Holocene temperature (Liu et al., 2014c), proxy data
syntheses rather support a mid-Holocene optimum (Marcott et al., 2013; Kaufman et al., 2020b).
Recently, several explanations for this finding were proposed, most of which assign the mismatch to
biases in the proxy data with respect to location or seasonality (Marsicek et al., 2018; Bader et al., 2020;
Bova et al., 2021; Osman et al., 2021).

75 Previous temperature reconstructions from continental areas are mainly available from the circum-North
Atlantic region, and are potentially unrepresentative of the whole Northern Hemisphere temperature
change, as the region was strongly impacted by the vanishing Laurentide ice-sheet (Rolandone et al.,
2003; Chouinard and Mareschal, 2009). Synthesis studies hitherto included only a few records from the
large non-glaciated Asian continent despite the existence of many Holocene pollen records (Cao et al.,

80 2019; Herzschuh et al., 2019) and high-quality modern pollen datasets (Tarasov et al., 2011; Cao et al.,
2014; Davis et al., 2020; Dugerdil et al., 2021) potentially allowing for higher quality quantitative

reconstructions.

While temperature patterns have often been studied, hemispheric syntheses of quantitative precipitation
change during the Holocene are not yet available. A recent study of qualitative moisture proxy data
85  suggests an overall warm and dry mid-Holocene in the Northern Hemisphere mid-latitudes, related to
the weakened latitudinal temperature gradient (Routson et al., 2019). This trend contrasts with the idea
of positive hydrological sensitivity, that is, warm climates are wet at a global scale (Trenberth, 2011),
which was confirmed from proxy and model studies from monsoonal areas in lower latitudes (Kutzbach,
1981; Wang et al., 2017). The study of Routson et al. (2019) only included a few records from the
90  subtropical monsoonal Asia that is known for complex Holocene moisture patterns (Herzschuh, 2004;
Chen et al., 2019; Herzschuh et al., 2019). These and further synthesis studies (Wang et al., 2010; Chen
et al., 2015; Wang et al., 2020) also gave a plethora of alternative explanations to characterize these

patterns, including interactions between the monsoon and westerlies circulation and evaporation effects.

Pollen spectra are a well-established palaeoclimate proxy and quantitative estimates of past climatic
95  change are mainly derived by applying (transfer functions of) modern pollen-climate calibration sets to
fossil pollen records (Birks et al., 2010; Chevalier et al., 2020). Accordingly, pollen-based
reconstructions constitute a substantial part of multi-proxy syntheses (e.g., Kaufman et al., 2020b), but
unfortunately, they are derived from different calibration sets and methods, making a consistent
assessment of inherent reconstruction biases difficult. Pollen data are one of the few land-derived
100 proxies available that can theoretically contain independent information on both temperature and
precipitation in the same record (Chevalier et al., 2020; Mauri et al., 2015). Consistent pollen-based
reconstructions can thus contribute to better characterizing past temperature and precipitation changes

across large landmasses and how these changes co-vary over time (Davis et al., 2003).

Here we analyze spatio-temporal patterns of pollen-based reconstructions of mean annual temperature

105 (Tann), mean July temperature (Tiuy), and mean annual precipitation (Pann) from 1676 sites from the
2
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Northern Hemisphere extratropics that were generated using harmonized methods and calibration
datasets (LegacyClimate 1.0, Herzschuh et al., 2022a) and have revised chronologies (Li et al., 2022).
We address the following questions: (1) What are the continental, latitudinal, and regional patterns of
Holocene temperature change in the Northern Hemisphere extratropics and how do our new
110 reconstructions align with the global averaged trends of a previous global temperature synthesis? (2)
What are the continental, latitudinal, and regional patterns of Holocene precipitation change and how

do these changes co-vary with temperature trends?

2 Methods

115  This study analyzes pollen-based reconstructions provided in the LegacyClimate 1.0 dataset
(Herzschuh et al., 2022a). It contains pollen-based reconstructions of Tauly, Tann, and Pann 0f 2594 records
along with transfer function metadata and estimates of reconstruction errors and is accompanied by a
manuscript analyzing reconstruction biases and presenting reliability tests. The fossil pollen records,
representing the LegacyPollen 1.0 (Herzschuh et al., 2022b) dataset, originate from Neotoma (last
120 access: July 2020), a dataset from eastern and central Asia (Cao et al., 2013; Herzschuh et al., 2019),
a dataset from northern Asia (Cao et al., 2019), and a few additional records. The chronologies of
LegacyPollen 1.0 are based on revised chronologies provided by Li et al. (2022). Taxa are harmonized
to genus level for woody taxa and major herbaceous taxa and to family level for other herbaceous taxa.
Along with LegacyClimate 1.0, a taxonomically harmonized modern pollen dataset is provided (a total
125 of 15,341 samples; Herzschuh et al., 2021) which includes datasets from Europe (EMPD2, Davis et al.,
2020), Asia (Tarasov et al., 2011; Herzschuh et al., 2019; Dugerdil et al., 2021), and North America
(from Neotoma; Whitmore et al., 2005). LegacyClimate 1.0 also provides the climate data for the sites

of the modern pollen samples that were derived from WorldClim 2 (Fick and Hijmans, 2017).

Of the 2594 records available, 1676 records cover at least 4000 years of the Holocene and were
130  included in the time-slice comparisons (Fig. 1). The construction of time-series to estimate the means
of climate variables was restricted to those 991 records that cover the full period of 11 to 1 ka.
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Figure 1. Temporal and spatial coverage of the LegacyClimatel.0 dataset (dots) and of Temp12K
(Kaufman et al. 2020b, crosses) used in this analysis. The map shows sites that cover the entire
135 Holocene (i.e., 11-1 ka) as red symbols and those that cover parts of the Holocene but at least 4000
years in the period between 0 and 12 ka as black symbols.
3
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LegacyClimate 1.0 provides reconstructions based on different methodologies including two versions of
WA-PLS (weighted averaging partial least squares regression, a transfer function-based approach) and
MAT (modern analogue technique). For each fossil site a unique calibration set from modern sites within
140  a 2000 km radius was first set up (Cao et al., 2014). For WA-PLS, the best component, typically first or
second, is identified using model statistics as derived from leave-one-out cross-validation (ter Braak and
Juggins, 1993). AWA-PLS _tailored reconstruction set is also provided in the LegacyClimate 1.0 dataset
(Herzschuh et al., 2022a). In WA-PLS_tailored, the modern range of the non-target variable is reduced
by tailoring the modern pollen dataset to restrict the impact of precipitation on the temperature
145 reconstruction and vice versa. However, initial assessments did not show any major differences
compared to using the standard WA-PLS-derived reconstruction. As such, we do not make use of this
dataset for this study to be consistent with previous studies. The MAT reconstructions were derived from
the seven best analogues that we identified based on the dissimilarity measures between the fossil
samples and the modern pollen assemblages using the squared-chord distance metric (Simpson, 2012).
150 MAT reconstructions were highly correlated with those obtained by WA-PLS (Herzschuh et al., 2022a).
Here, we opted for the widely used WA-PLS, as it is less sensitive to the size and environmental gradient
length of the modern pollen dataset and is thus less affected by spatial autocorrelation effects and can
better handle poor analogue situations (ter Braak and Juggins, 1993; Telford and Birks, 2011; Cao et
al., 2014; Chevalier et al., 2020). The mean RMSEP (WA-PLS) from all 991 sites included in the time-
155 series analyses is 2.48+0.7°C (one standard deviation) for Tauy, 2.64+0.5°C for Tam, and 242.54+75.5
mm for Pann. They show a spatial pattern in that the RMSEPs are higher in areas with steep climate
gradients (e.g., central Asia and along the western coast of North America, see Fig. 3 in Herzschuh et
al., 2022a). As it has already been shown in previous comparisons, WA-PLS can have higher RMSEPs
than MAT but these do not necessarily reflect a less reliable reconstruction but methodological
160  differences (Cao et al., 2014). Besides, the reconstruction errors are likely much smaller when only the

trends and the relative changes are assessed, as in this study.

Derived time-series of Tauy, Tann, @and Pann were smoothed over a 500-yr time-scale and resampled at a
100 yr-resolution using the corit package in R (version 0.0.0.9000, Reschke et al., 2019). These derived
time-series were sampled at selected time-slices and converted into a regular 2° x 2° raster grid (by

165 taking the mean of all records located within the grid-cell) using the raster package in R (version 3.5-11,
R Core Team, 2020; Hijmans et al., 2021). Pam is presented as % relative to the 1 ka reference period
(mean curve) or relative to the younger time-slice (map).

To calculate zonal, (sub-)continental, and hemispheric means we selected all 991 smoothed and
resampled time-series of Tauy, Tam, and Pam that cover the full period between 11 and 1 ka and
170  converted them into a regular 2° x 2° raster grid. In total, 437 grid-cells between 30 and 80°N are covered
by one or more time-series. The estimate at 1 ka was used as a reference to calculate the anomalies
as many records either poorly or do not cover the last 0.5 ka. The mean of climate variable anomalies
of all grid-cell curves originating from a zonal band of 10° of a sub-continent (e.g., for 30-40°N of Europe)
were calculated to derive the zonal mean time-series for each sub-continent. Such derived zonal means
175  were weighted by the terrestrial area represented in the zonal band to calculate the mean time-series

of the (sub-)continents i.e., Asia, Europe, Eastern North America (<105°W; Williams et al., 2000).
4
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Likewise the area-weighting was applied to derive the continental means and hemispheric-wide (zonal)
means. Area calculation was implemented using the raster package in R (version 3.5-11, R Core Team,
2020; Hijmans et al., 2021).

180 Furthermore, we extracted the 249 records that cover the full Holocene period in the Temp12k dataset
(Kaufman et al., 2020b; instead of 11.0 ka we here used a cut-off of 10.5 ka as many records in this
dataset start shortly after 11.0 ka; Fig. 1). Four records were deleted because of extreme Holocene
deviations of >7°C leaving 245 records that were used to construct the mean temperature time-series
similar to the approach described for the LegacyClimatel.0 dataset. We excluded all pollen-based

185 reconstructions from the Temp12k dataset (n=111) which are between 30 and 80°N and which are
already present in the LegacyClimate 1.0 dataset to avoid duplications when integrating both datasets
into a joint hemispheric and global mean temperature stack curve.

3 Results
190 3.1 Spatio-temporal pattern of temperature reconstructions

The temporal patterns of temperature records covering the entire Holocene (i.e., 11-1 ka) show strong
differences between continents (Fig. 2). Europe shows a pronounced mid-Holocene optimum of +1.31°C
for Tauy at 7.2 ka while the Tann Optimum occurs later and is less pronounced (+0.87°C at 5.6 ka). The
mid-Holocene Tiuy was weaker in Eastern North America (+0.49°C) while Tann warming was in a similar
195 range +0.85°C (Tann) to Europe. Asia (Tauy) and Western North America (Tann) Show almost no optimum
but only some variations around a continuously increasing Holocene trend, with a higher increase rate

before 6 ka than after 6 ka.

Aside from these differences among (sub-)continents, certain regional differences exist. Early Holocene
cold climate anomalies were most pronounced in latitudes between 45°N and 65°N, particularly in

200 Northern Europe, Northeastern Asia, and Alaska (Fig. 3) with above 2.5°C deviation to mean Holocene
Tann Optimum values in most records. The most pronounced Tann Optimum of >+1.5°C compared to the
late Holocene can be found in Europe north of 60°C and Eastern North America between 60 and 70°N
forming a circum-North Atlantic pattern (Fig. 4). Records from Eastern Europe, inner Asia, and Southern
North America show mostly no mid-Holocene optimum, but rather a late-Holocene optimum. Records

205 with an early-Holocene optimum dominate the north-central part of North America and China, though
these areas are characterized by high spatial variability. High ranges of Holocene temperature variations
(>5°C) are found in mid-latitude Europe, Western Canada, Southeastern US, and along the north Asian
Pacific coast.

The averaged Northern Hemisphere >30°N time-series of all records that cover the entire Holocene
210  (n=991, Fig. 5) indicate that mean Tauy was lowest at the beginning of the Holocene (-0.59°C compared
to present), increased until 7 ka (+0.47°C compared to present), and slightly decreased afterwards to
reach modern temperatures. Tann Was also lowest at the beginning of the Holocene (-1.26°C compared

to present) and reached its maximum of 0.29°C compared to present at 6.4 ka.
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Finally, our revised global temperature curve includes all of our records that cover the entire Holocene
215 plus all records in the Temp12k dataset (Kaufman et al., 2020b) that cover the entire Holocene and are

not from identical pollen records (in total, 1129 records). It shows that mean Tan was lowest during the

early Holocene at 10.3 ka with a 0.007°C anomaly relative to 1 ka and warmest at 5.1 ka with a warming

of 0.49°C. For Northern Hemisphere extratropics (30-80°N) we find that mean Tann was lowest during

the early Holocene at 10.5 ka with a -0.22°C anomaly relative to 1 ka and warmest at 6.4 ka with a
220  warming of 0.08°C.

3.2 Spatio-temporal pattern of precipitation reconstructions

Holocene mean Pann variations (as % of modern value) averaged across the Northern Hemisphere
extratropics have patterns that are mostly similar to Tann With Pann being lowest during the Early Holocene

225 (-11.25% at 11 ka compared to 1 ka) and increasing until 6.5 ka before becoming relatively stable (Fig.
2).

In contrast to the averaged Northern Hemisphere pattern, the (sub-)continental precipitation patterns
differ from their respective temperature patterns. The mean precipitation time-series of Western North
America and Europe increases from the early Holocene to the late Holocene; averaged Eastern North
230  America precipitation varies slightly around modern values; and Asia shows a pronounced maximum

between 7 and 5 ka.

Time-series maps of latitudinal means and differences (Fig. 3) reveal strong spatial patterns, particularly
for Asia. The latitudinal mean time-series in Asia show a strong increase toward the mid-Holocene of
mostly >10%. After ca. 7 ka, certain differences exist: while the 70°N mean shows no clear further trend,
235 the other mean curves show an optimum which is at least 5% above the late-Holocene minimum.
Precipitation optima (compared with the late Holocene) are more pronounced and occur later at lower
latitudes. Furthermore, the 6-1 ka difference maps reveal that the mid-Holocene moisture maximum in
subtropical Asia was most pronounced in east-central China with many records even showing >50%

higher values at 6 ka compared to 1 ka (Fig. 3).

240 The Holocene precipitation increase in the other (sub-)continents is particularly strong in the 30-40°N
bands in subtropical Europe and mid-latitude North America with >13% and >20% precipitation increase
respectively. In Europe and Western and Eastern North America the records from 70-80°N show an
early-Holocene precipitation maximum (particularly pronounced in Alaska), which is in contrast to the
trends in almost all other latitudinal bands.
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Figure 2. Hemispheric, continental, and latitudinal mean curves for Tauy, Tann, and Pann. Curves from
latitudinal bands that contain less than three grid cells were excluded.
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Figure 3. Difference maps of Tauy, Tann (°C), and Pamn (as % of the value of the younger time-slice)

250

between selected time-slices. Color code for values outside the range were restricted to range maxima.

Maps are gridded values averaging the values of records from within the 2°x2° grid-cell.

BN
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Figure 4. Maps indicating the timing of the Tann optimum (left) and range of Tann variation during the

255

Holocene (11-1 ka, right). Each 2°x2° grid cell contains the averaged values of all records located within

one grid cell. For each grid cell the Tann variation was determined as the range between minimum and
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Figure 5. Mean curves for temperature. Left: Northern Hemisphere means only (no curves for
latitudes): LegacyClimatel.0 (blue), Templ2k dataset (orange, see methods for record filter),
LegacyClimate1.0+Temp12k mean (red); right: LegacyClimatel.0+Templ2k mean with latitudinal
means.

265

4 Discussion
4.1 Spatial temperature pattern (in light of the global Holocene temperature curve)

The general pattern of the LegacyClimatel.0 mean annual temperature curve of the Northern
Hemisphere extratropics agrees with those of previous investigations (Marcott et al., 2013; Kaufman et
270 al., 2020b) including a cold early Holocene, a temperature maximum during the early to mid-Holocene,
and a slight cooling towards the present-day. Both our curve and the Temp12k increase about 0.4°C
from the early Holocene to the mid-Holocene when the same stacking approach as has been applied to
the LegacyClimate 1.0 dataset is applied. However, the LegacyClimatel.0 stack shows only a minimal
temperature decline between the early mid-Holocene maximum and the late-Holocene minimum of
275  ~0.07K compared to ~0.18K in the Temp12k stack. We suggest two probable reasons for this finding:
1) a more complete spatial and temporal representativeness of the dataset, and 2) a unique

methodology to reconstruct a small set of climate variables from pollen data.

First, our mean annual temperature curve includes about four times the number of records compared
with the Templ2k dataset (991 records in the LegacyClimate 1.0 dataset vs. 249 records in the
280 Templ2k dataset, Kaufman et al. 2020b) (Fig. 1a). In particular, Asia is represented by more records in
the combined dataset. Our temperature reconstruction from Asia shows an average trend that differs

from the overall Northern Hemisphere trend as it has no Holocene optimum. This is particularly true for
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Asian Tann records south of 50°N and Tauy records south of 60°N. This feature has not been recognized
so far, likely because Asian temperature reconstructions are mostly lacking in previous compilations
285 (e.g., Marcaott et al., 2013; Marsicek et al., 2018; Routson et al., 2019; Kaufman et al., 2020b). Even if
the mid-to-late Holocene cooling trend observed in Asia north of 60°N agrees with the proposed
Neoglacial (sub-)arctic wide Holocene cooling, the amount of cooling of <0.5°C is low compared to the
cooling observed in other regions (e.g., in Europe where an average cooling of ~1.5°C has been
reconstructed; McKay et al., 2018). As with the differences between Eastern and Western Eurasia, we
290 find a difference between Eastern and Western North America. In particular, we can identify a circum-
North Atlantic pattern with a strong early Holocene increase and a pronounced mid-Holocene optimum
and strong temperature range, and a circum-North Pacific pattern with an overall weak change. This is
likely related to the impact of the decaying Laurentide ice-sheet on the North Atlantic that was probably
a stronger driver of early-to-mid Holocene temperature change than insolation (Renssen et al., 2009;
295 Renssen et al., 2012; Zhang et al., 2016).

Even if this study shows a less pronounced Holocene temperature optimum, the problem remains that
this does not align with the overall Holocene increase in the mean global (and Northern Hemisphere)
temperature revealed by Earth System Models. Our study points to a strong regionalization of Holocene
temperature trends and range of variation in the Northern Hemisphere extratropics. This somehow

300 contradicts the Holocene conundrum concept which tackled Holocene temperature change mainly from
analyzing the Global mean and understanding the differences between proxy-based and simulated
reconstructions. Our finding is in line with recent modeling approaches, which also yield strong regional
differences in temperature developments (Bader et al., 2020) allowing for a regional comparison. Recent
palaeo-data assimilation approaches based on marine temperature reconstructions reveal peculiarities

305  of spatial averaging as one reason for the model-data mismatch (Osman et al., 2021). The error is most
pronounced where the number of included records is small. This stresses the importance of a good
spatial coverage of the records used for the assessment of the mean temperature trend. Including
terrestrial reconstructions is crucial. Compared with previous syntheses of terrestrial records, our
compilation is particularly characterized by a higher record density in Asia, a region for which Earth

310 System Models show diverging past climate changes, highly sensitive to boundary conditions and
forcing (Bakker et al. 2020; Brierley et al., 2020; Lohmann et al. 2021). Therefore, our reconstruction
makes a decisive contribution to locating and clarifying the model-data mismatch in the Northern
Hemisphere extratropics. From a proxy perspective, future targets of synthesis studies should be on the
Southern Hemisphere and poorly covered areas in central Asia and Siberia.

315  Second, standardized methodologies may have contributed to the observed differences between
LegacyClimate1.0 mean Tanmn curve and the Templ2k curve. Our Tann reconstruction only includes
records of mean annual temperature while the Templ12k product mixes reconstructions of seasonal
temperature (mostly Tauy) if Tann iS not available from a site. This assumption of equivalence between
annual and summer temperature at any given site can impact the trend and amplitude of the stacks. A

320 seasonal bias in the reconstructions may originate from a real, larger Holocene range of summer

temperature variations (Bova et al., 2021) or is an artifact introduced by having a larger Tauy range

10



https://doi.org/10.5194/egusphere-2022-127
Preprint. Discussion started: 13 April 2022 G
© Author(s) 2022. CC BY 4.0 License. E U Sp here

covered by the calibration datasets compared with Tann Which is, however, not the case in our calibration

sets.

Our pollen-based reconstructions are all performed with WA-PLS, which is known to produce smaller

325 climate amplitudes than MAT (a likewise commonly used method) because it is less sensitive to extreme
climate values in the modern pollen dataset (Birks and Simpson 2013; Cao et al., 2017; Nolan et al.
2019). Furthermore, by using a standard area size for our modern pollen datasets, we may have
stabilized the regional reconstructions, that is, equalized the amplitude as the source areas represent
rather similar biogeographical and climate ranges. Finally, our reconstructions include only records that

330 cover the entire Holocene period (11-1 ka) and not just parts of it. Hence, all time-slices have a similar
spatial coverage and the temporal pattern is not biased by regions where archives are only available in
certain periods (e.g., the late-Holocene peatland establishment).

As with all applications of taxa-based transfer functions to fossil records, we assume that both modern
and past taxa assemblages (in our case, vegetation) are in equilibrium with climate, and that the
335 relationships inferred from modern data do not change throughout the Holocene (Birks et al., 2010;
Chevalier et al., 2020) and that the modern pollen assemblages are not heavily biased by human impact.
Differences in global boundary conditions during the early-to-mid Holocene (e.g., lower atmospheric
CO:2 concentration, different seasonal insolation) however, may have modified these relationships,
which could have also dampened the reconstructed amplitudes. The absolute effect of these biases is
340  hard to quantify (but see Cleator et al., 2020), and many comparative, multi-proxy Holocene studies
have shown that pollen-based reconstructions are as reliable as any other proxy (Kaufmann et al., 2020a;
Dugerdil et al., 2021). In contrast, one advantage of single proxy studies is that any biases will affect all
the records similarly. As such, if the actual amplitude of our regional and global stacks might be

dampened, the trends and spatial patterns shared by the data are likely to remain correct.
345

4.2 Spatio-temporal precipitation pattern

Our analyses of the Holocene spatio-temporal precipitation pattern fill a research gap as syntheses of

proxy-based precipitation change at the hemispheric scale during the Holocene are still lacking.

Regional syntheses are available for Europe (Mauri et al., 2014 and 2015), North America (Ladd et al.,
350 2015; Routson et al., 2021), and Eastern Asia (Herzschuh et al., 2019). Interestingly, we observed a

similar pattern for Northern Hemisphere-wide averaged Holocene trends of Pann and Tann but differences

among corresponding Pann and Tann curves at (sub-)continental and latitudinal scales.

This regional heterogeneity with respect to the precipitation trend is also seen in recent Earth System
Model simulations for the last 8000 years (Mauri et al., 2014; Dallmeyer et al., 2021). Although the
355  simulated pattern does not exactly match our reconstructions, they share many similar structures such
as a pronounced decrease of precipitation in East Asia since the mid-Holocene. For this region, our
reconstruction shows the strongest mid-to-late Holocene precipitation decline worldwide, reflecting the
weakening of the East Asian Summer Monsoon (EASM) in response to the decrease in summer

insolation. This trend in moisture has been confirmed by earlier gqualitative and quantitative proxy
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360 syntheses and modeling studies (Wang et al., 2010; Zheng et al., 2013; Liu et al., 2014a; Herzschuh et
al., 2019).

In contrast, many central Asian sites indicate an increase in precipitation from the early to mid-Holocene.
This anti-phase relationship in EASM to central Asian moisture change is in line with earlier studies (Jin
etal., 2012; Chen et al., 2019; Herzschuh et al., 2019; Zhang et al., 2021). The causal mechanisms are
365  still debated. Among other reasons, precipitation-evaporation effects (Herzschuh, 2004; Zhang et al.,
2011; Kubota et al.,, 2015), transcending air mass related to the Rodwell-Hoskins response to
monsoonal heating (Herzschuh, 2004; Wang et al., 2017), effects from winter precipitation (Li et al.,
2020), and translocation of the westerly jetstream (Herzschuh et al., 2019) may contribute to the anti-

phased precipitation change.

370  Arctic warming mechanistically should be linked with wetting in the Arctic due to high hydrological
sensitivities (Trenberth, 2011). Such a pattern is, for example, obvious for early-to-mid Holocene climate
change in most records from Alaska. Interestingly, several records from the northern Arctic coastal
region in Russia, northern Norway, and Canada show a wet early Holocene which is also observed in

simulations (Dallmeyer et al., 2021).

375 Contrasting the trend in the East Asian monsoon region, annual precipitation increases in mid-latitude
Europe during the Holocene according to our reconstructions. Routson et al. (2019) propose a circum-
hemispheric mid-latitudinal rise of moisture levels over the Holocene based on a semi-quantitative
dataset that is strongly concentrated around the circum-Atlantic region. They relate the decreased net
precipitation to the weakened early-Holocene latitudinal temperature gradient. Due to polar amplification,

380 the arctic regions experienced a stronger warming in the climate compared to the equatorial region,
which is also confirmed by our dataset. However, we also see in our reconstructions that this view is too
general, but it may explain the precipitation response in Europe as the weakening of the latitudinal
temperature gradient is particularly pronounced in Europe in our reconstructions. This change in
temperature pattern is probably a result of a dampening in the cyclonic activity along the weaker westerly

385 jet(Chang et al., 2002; Routson et al., 2019; Xu et al., 2020), bearing less precipitation during the early
Holocene compared to modern conditions. With the strengthening of the latitudinal temperature gradient
towards the late Holocene, cyclonic activity enhances, leading to an increase of precipitation over the

Holocene.

According to our reconstructions, the precipitation trend in Eastern and Western North America strongly
390 differs (Fig. 2). While in the eastern part the mean precipitation level is relatively stable in all latitudinal
bands over the Holocene, precipitation strongly increases on average in the western part, driven by a
precipitation rise in the mid-latitudes (40-70°N). In the polar regions and south of 40°N, precipitation
declines from the mid-Holocene (Fig. 3). The latter may be related to a decrease in the North American
monsoon intensity, in line with the orbital monsoon hypothesis (Kutzbach, 1981; Harrison et al., 2003).
395 In the polar region, modeling studies report northward shifted storm tracks coinciding with a northward
replaced upper tropospheric jetstream in the mid-Holocene compared to the late Holocene, promoting

precipitation in the arctic region and decreasing precipitation at mid-latitudes (Zhou et al., 2020;
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Dallmeyer et al., 2021). With the southward shift of the polar jet during the Holocene, precipitation

decreased in the high northern latitudes in North America and increased further south (Liu et al., 2014b).

400 The rise in moisture levels across the North American continental interior over the course of the
Holocene has been proposed before (Grimm et al., 2001; Zhou et al., 2020; Dallmeyer et al., 2021) but
has not yet been quantified with continental-wide proxy-data. The main drivers of this trend are still being
debated: besides shifts in the westerly wind circulation (Seager et al., 2014), weakening subsidence
caused by teleconnection with the weakening northern hemispheric monsoon systems (Harrison et al.,

405 2003; Dallmeyer et al., 2021), re-organization of the atmospheric circulation around the Bermuda high
(Grimm et al., 2001), and changes in the sea-surface temperature pattern (Shin et al., 2006) may
contribute to an increase in precipitation over the Holocene.

Reconstructing temperature and precipitation from a single dataset implies that they are both important
in defining the presence and/or abundance of specific pollen taxa (Salonen et al., 2019). This hypothesis
410  cannot be tested but to some extent has been assessed by several analyses (Juggins, 2013). The WA-
PLS was also applied with tailored modern calibration sets (i.e., selecting samples so that the correlation
between temperature and precipitation in the calibration dataset is reduced). The finding that the
reconstructions were generally very similar between those using the full and those using the tailored
modern datasets can be taken as an indication that co-variation is not a major issue in these
415 reconstructions (Herzschuh et al., 2022a). This conclusion is also supported by the fact that Tann and
Pann records that pass the reconstruction significance test when the impact of the other variable is
partialled out (Telford and Birks, 2011), are almost evenly distributed over the Northern Hemisphere
records (Herzschuh et al., 2022a). This is also confirmed by the visual inspection of the regional
reconstructions in Fig. 2, where we cannot detect correlations between variables within latitudinal zones,
420  as would be expected from dependent reconstructions. This suggests that our reconstructions do reflect

distinctive trends from the pollen data.

5 Conclusions

We investigated Holocene time-series of Tauy, Tann, and Pann for the Northern Hemisphere extratropics
425 making use of 2594 pollen-based reconstructions (LegacyClimate 1.0). Compared with previous

datasets, we include many more records, particularly from Asia. We present mean curves obtained with

the same method for the hemisphere, the (sub-)continent (Asia, Europe, Eastern North America,

Western North America), and regional zones (i.e., 10° latitudinal bands for (sub-)continents) as well as

Northern Hemisphere gridded data for selected time-slices.

430 Our results indicate that Holocene climate change shows unique regional patterns. The concept of a
mid-Holocene temperature optimum only applies mainly to the mid and high northern latitudes in the
circum-North Atlantic region while records from mid-latitude Asia, Western North America, and all
subtropical areas do not fit into this concept but mostly show an overall Holocene increase or other
pattern. As such, the Holocene conundrum concept, originally proposed as a global feature, may instead

435 apply to a restricted region.
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The precipitation trend is roughly similar with the temperature trend at the hemispheric scale, in
particular with respect to the strong increase from the early to mid-Holocene. At the regional scale, the
precipitation trends differ from each other and also from the regional temperature trends. The 30-40°
latitudinal band in Asia shows the most pronounced mid-Holocene precipitation optima while many
440 regions show increasing Holocene trends including most of Europe and Western North America. We
relate these differences to regionally specific circulation mechanisms and their specific relationships

with temperature changes.

Given a background of strong regional heterogeneity, the calculation of global or hemispheric means
might generally lead to misleading concepts but focus should be on understanding the spatio-temporal

445 patterns requiring spatially dense proxy-datasets for comparison with simulations.

6 Data Availability

The compilation of reconstructed Tauy, Tanmn, and Pamn, iS open access and available at PANGAEA
(https://doi.pangaea.de/10.1594/PANGAEA.930512; in the “Other version” section). The dataset files
450 are stored in machine-readable data format (.CSV), which are already separated into Western North

America, Eastern North America, Europe, and Asia for easy access and use.
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