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Abstract Substantial changes in terrestrial hydroclimate during the Holocene are recorded in geological
archives and simulated by computer models. To identify spatial and temporal patterns during the past 12 ka,
proxy records sensitive to changing precipitation and effective moisture (precipitation minus evaporation) were
compiled from across the globe (n = 813). Proxy composite timeseries were computed for 30 of the IPCC
ARG regions and compared to two full-Holocene transient model simulations (TraCE-21ka and HadCM3) and
twelve mid-Holocene CMIP6 simulations. We find that throughout Northern Hemisphere monsoon regions,
proxy and model simulations indicate wetter-than-modern conditions during the early and mid-Holocene while
Southern Hemisphere monsoon regions were drier. This insolation driven trend toward modern values began
approximately 6,000 years ago, and the clear agreement among proxy records and models may reflect the
large magnitude of precipitation change and consistent atmospheric circulation forcing mechanism for these
regions. In the midlatitudes, the pattern of change is less certain. Generally, proxy composites show a wetting
trend throughout the Holocene for the northern midlatitudes, possibly due to strengthening westerlies from

an increasing latitudinal temperature gradient. However, simulations indicate that the magnitude of change
was relatively low, and for portions of North America, there is a proxy-model disagreement. At high latitudes,
hydroclimate is positively correlated with temperature in both proxies and models, consistent with projected
wetting as temperatures rise. Overall, this large proxy database reveals a coherent pattern of hydroclimate
variability despite the challenges associated with reconstructing hydroclimate fields.

Plain Language Summary A new compilation of natural records of past climate (called “proxy
records”) characterizes changes to precipitation and moisture conditions during the past 12,000 years. The
spatial patterns of climate changes are examined regionally. We also compare the proxy records with climate
model simulations to evaluate agreement between these independent data sources. Our results highlight a trend
toward modern moisture conditions beginning approximately 6,000 years ago, when Northern Hemisphere
monsoon regions in North Africa and Asia started to become dryer and Southern Hemisphere regions in

South America and Africa became wetter. These shifts are explained by the seasonal distribution of sunlight
associated with slow changes in Earth's orbit. In the Northern Hemisphere midlatitudes, a wetting trend
throughout the past 12,000 years is apparent in the proxy records. Changes in the distribution of temperatures
may have influenced atmospheric circulation by strengthening winds and increasing moisture delivery to these
midlatitude regions. In the polar regions, a covariance between precipitation and temperature are correlated in
both models and proxy records. Because modern warming is concentrated on land and in the Arctic, our results
provide a partial analogue for the impacts of future warming on hydroclimate.

1. Introduction

The Holocene (11.7 ka to present) is an important period for understanding the mechanisms underlying current
and future climate variability. During this time, proxy data record significant and occasionally abrupt changes
in regional precipitation amounts. For example, the African Humid Period (deMenocal et al., 2000; Tierney
et al., 2017), a strengthened Asian Summer Monsoon (An et al., 2000; Cai et al., 2010; Jin et al., 2014), and
aridity in North America (Bartlein et al., 1984; Shuman & Marsicek, 2016) are well-studied hydroclimatic anom-
alies during the early Holocene. However, the spatial extent, magnitude, and timing of these changes remain
poorly constrained. Here, we compare proxies and models to better understand past changes and provide a partial
analogue for the impacts of current and future warming on hydroclimate.
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To explain patterns of hydroclimate variability during the Holocene, researchers often invoke systematic changes
in seasonal insolation due to changes in Earth's orbital precession and obliquity. During the early Holocene, more
intense summertime insolation in the Northern Hemisphere shifted the Intertropical Convergence Zone (ITCZ)
northward and strengthened monsoonal circulation across Asia and North Africa (COHMAP Members, 1988;
Shi & Yan, 2019). This warming pattern also reduced the latitudinal thermal gradient (LTG), which may have
weakened westerly circulation and decreased precipitation across Northern Hemisphere midlatitudes (Routson
et al., 2019). Tropical and extratropical climates are dynamically linked as weakened westerly circulation is
associated with a poleward expansion of monsoon systems (An et al., 2012; Chou & Neelin, 2003; Davis &
Brewer, 2009; Kong & Chiang, 2020). A reversed pattern in the Southern Hemisphere reflects an opposite trend
in summertime insolation intensity with intrahemispheric circulation connected through meridional migration of
the ITCZ (H. Cheng et al., 2012; Deininger et al., 2020; Zhao & Harrison, 2012).

Significant questions remain regarding the evolution of hydroclimate during the Holocene. In part, this stems
from the spatial heterogeneity of precipitation amount, type, and seasonality between different regions as
well as the complex climate forcings that drive regional atmospheric circulation and local moisture variability
(Shepherd, 2014; Williams et al., 2010). Furthermore, the limited geographic distribution of calibrated hydrocli-
mate proxies and the general diversity of proxy types challenge comparisons among proxies and between proxy
data and model simulations. As a result, quantitative global climate reconstructions of the past 12 ka primarily
focus on global mean surface temperature (e.g., Kaufman, McKay, Routson, Erb, Davis, et al., 2020; Marcott
etal., 2013; Osman et al., 2021). Otherwise, previous multi-region hydroclimate data compilations are commonly
limited in scope to a specific time slice (e.g., Brierley et al., 2020; Tarasov et al., 1998) and/or a single proxy type
(e.g., H. Cheng et al., 2012; Liefert & Shuman, 2020; Mauri et al., 2014). However, conclusions based on a small
number of proxy records or a single archive type (e.g., speleothems, lake sediments, peat deposits, etc.) may not
be reproduced across proxy types (J. Cheng et al., 2021; Lézine et al., 2011). Thus, a multi-proxy synthesis is
needed to develop a comprehensive view of global Holocene hydroclimate variability.

Global climate models provide insight into dynamic processes, spatial patterns, and seasonalities, which proxy
data are not always able to resolve. Transient simulations allow for investigation into the physical mechanisms
forcing long-term trends (Bartlein et al., 1998; Shi & Yan, 2019), as well as comparisons between short-term
events throughout the Holocene (e.g., Ning et al., 2019). Overall, the agreement between model and proxy data
shows a similar direction of change for many regions (Jiang et al., 2015). However, model simulations may under-
estimate the amount of precipitation change (Lu et al., 2019; Morrill et al., 2019), the role of feedbacks related
to vegetation or dust (Harrison et al., 2014), and the importance of atmospheric circulation modes on regional
moisture delivery (Mauri et al., 2014). Furthermore, most proxy-model comparisons focus on mid-Holocene (6
ka) anomalies relative to present (e.g., Brierley et al., 2020; Chevalier et al., 2017; Lin et al., 2019), which limits
analysis to a narrow time slice without the benefit of examining long-term trends and the impact of transient
climate forcings.

Here, we present a new multi-proxy data set to investigate centennial- and millennial-scale terrestrial hydro-
climate variability. The broad spatial distribution and diversity of proxy types provide a robust view of climate
evolution during the Holocene. We assess spatial-temporal patterns of hydroclimate variability, examine agree-
ment among proxy data, and evaluate climate model simulations. We focus on regional composites of proxy
records to quantify the average signal among these data as well as the relative timing and direction of changes
among regions. To quantify the level of agreement between proxy and model data we examine the sign of 6 ka
anomalies (wetter or drier than preindustrial) and contrast this metric with those for temperatures. We also exam-
ine patterns of covariance between precipitation and temperature, both in proxy data and in model simulations.

2. Materials and Methods
2.1. Proxy Data

The compilation, metadata standardization, and publication of a new Holocene hydroclimate multi-proxy data set
represents a significant product of this research project (Figure 1). Records (n = 813) originate from a variety of
previous compilations that concentrate on either a specific geographic region or proxy type. We supplemented
these compilations with additional data available on repositories such as PANGAEA or NCDC. Only records
interpreted by the original author(s) as reflecting either precipitation amount (P) (n = 508) or effective moisture
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Figure 1. Geographic distribution of proxy data (top). Sites symbolized by proxy category (Table 1). IPCC reference regions (Iturbide et al., 2020) shown with solid
black lines. Temporal coverage (bottom) shows the number of available records through the Holocene. Values are based on the range between the minimum and
maximum age of each record. Colors symbolize proxy categories and match the map legend.

Table 1

Proxy Record Metadata by Category

Category*®

Count (#) Median duration® (years)

Median resolution® (years)

Median age control count? (#)

Median max age
control gap® (years)

Glacier Ice (Accumulation)
Lake Sediment (5'%0)
Leaf Wax (8D)

Pollen (Calibrated)
Pollen (Not Calibrated)
Shoreline (Lake Level)
Speleothem (5'%0)
Speleothem (8'3C)
Speleothem (Other)
Other (Calibrated)
Other (Not Calibrated)
All

8
43
31

345
19
139
74
28

9
23
94

813

12,000
9,284
11,013
10,820
11,840
11,506
8,895
7,684
8,163
10,000
9,542
10,820

19
31
150
150
87
1,174
12
26
34
106
38
109

Layer Count
9
11
7
13
10
15
7
14
18
9
8

Layer Count

2,070
2,345
2,500
2,395
2,145
1,476
1,631
1,184
1,326
2,215
2,370

Note. Age control statistics calculated from the 70% of records with a chronology table included in the LiPD file. All values calculated for ages between 0 and 12 ka.

“Categories are defined based on broad groups of archive, proxy, and measurement types. *Duration is the record length calculated as the difference between the
maximum and minimum proxy measurement ages. “Resolution is calculated as the median difference between proxy measurement ages. “The quality of each record's
chronology is characterized by the number of age control points. °The quality of each record's chronology is characterized by the maximum gap between age control

points.
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(P-E) (n = 305) were included. Records for which the primary sensitivity was identified as changing atmospheric
circulation, source water, or seasonality were not included.

Thirty eight percent of the records (n = 305) in this compilation are pollen-based precipitation reconstructions from the
LegacyClimate 1.0 data set (Herzschuh et al., 2023). The full LegacyClimate data set includes multiple annual precipi-
tation reconstructions for each fossil pollen record using different combinations of statistical methods and training data.
We select the weighted-averaging partial-least squares regression (WA-PLS) method based on a precipitation-tailored
modern training set as the timeseries most appropriate for our data set. Only those records that passed (p < 0.1) the
reconstruction significance test listed within the original data set (Herzschuh et al., 2023) and that met the sample
resolution and age control criteria of this study were included (12% of the LegacyCliamte data set). We preferentially
selected the LegacyClimate data over other pollen-based climate reconstructions from the same sites because of their
standardized calibration methodology, data format, detailed chronological uncertainty, and significance metrics.

Other major components of the compilation include relative lake level status indicators (n = 83) from the global
Oxford Lake Status Data Bank (Street-Perrott et al., 1989), North American lake level changes (n = 31) from
Liefert and Shuman (2020), stable isotope measurements of speleothems (n = 94) from SISALv2 (Comas-Bru
et al., 2020), and Holocene-length isotope records (n = 11) from PAGES iso2k (Konecky et al., 2020). Regional
multi-proxy datasets from the Arctic (n = 19) (Sundqvist et al., 2014), Northern Hemisphere midlatitudes (n = 9)
(Routson et al., 2019), and western North America (n = 19) (Routson et al., 2021) were included. Additional
records (n = 242) from local compilations and individual sites were obtained from the primary literature.

Data not already available in Linked Paleo Data (LiPD) format were converted to LiPD, which facilitates data
analysis using standardized, machine-readable metadata (McKay & Emile-Geay, 2016). We followed the data
and metadata conventions used in previously published LiPD-based compilations (Kaufman, McKay, Routson,
Erb, Davis, et al., 2020; Konecky et al., 2020; Routson et al., 2019), and important metadata labels are defined in
Table S1 in Supporting Information S1. A full list of proxy data sites, including their metadata and source, is also
provided in Table S1 in Supporting Information S1.

Criteria for inclusion in the compilation were consistent with Temp12k (Kaufman, McKay, Routson, Erb, Davis,
et al., 2020). Specifically: (a) the age range covers a minimum of 4 ka between 0 and 12 ka, (b) the median spacing
between measurements spans fewer than 400 years during the record length within the past 12 ka, and (c) the record's
chronology includes a control point at least every 3 ka or a relatively even spacing (<4 ka) of at least five control points
during the Holocene (Table 1). Exceptions to the criteria are stated in the metadata for each LiPD file. For records with
ages published in radiocarbon years, ages were converted to calendar years BP using geoChronR (McKay et al., 2021)
and by OxCal (Martin et al., 2021) using the IntCal20 radiocarbon age calibration curve (Reimer et al., 2020).

The lake level data from the Oxford Lake Status Data Bank (Street-Perrott et al., 1989) did not meet all of
the criteria because they have coarse temporal resolution (>1 ka between data points) and are ordinal rather
than numerical (i.e., categorized as “low”, “medium”, and “high” estimates of lake level). Nonetheless, their
global spatial coverage and full-Holocene length provides valuable insight for data-sparse regions such as North
Africa and Australia. Furthermore, these data provide a direct physical record of hydrologic change for which to
compare less direct proxy types such as those relying on isotopic interpretations or pollen calibrations (Lézine
et al., 2011). Where available, these lake level records were replaced by newer, higher resolution data by Liefert

and Shuman (2020) for North America and by additional individual publications for other regions.

For sites where a single proxy type is used to reconstruct hydroclimate for both an annual average and for different
seasons (e.g., summer and annual precipitation calculated from the same pollen assemblages), we used the aver-
age annual values, but the seasonal reconstructions were also retained in the data set and are labeled as “Winter+”
or “Summer+” in the seasonality metadata. Otherwise, all hydroclimate-sensitive timeseries from each site are
included. Although this may overrepresent sites with multiple records, few sites are presented by more than three
proxy types, and sites with multiple proxy types provide a diverse sample of climate variability based on different
proxy system processes.

2.2. Regional Hydroclimate Composites

The spatial heterogeneity and complex dynamical forcing of hydroclimate variability necessitates the clustering
of proxy sites geographically. We adopt the IPCC ARG6 climate reference regions (Iturbide et al., 2020), each
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of which represents a somewhat homogenous climatology independent from the proxy data set. Although these
spatial boundaries are based on the modern climatology and may not perfectly represent Holocene climate
shifts, they provide a simple framework for comparing the regional characteristics of proxy and model data. For
regions with at least six proxy records, a composite was calculated to represent regionally averaged Holocene
hydroclimate changes. Identifying the minimum number of records necessary to represent a region is challeng-
ing because varying proxy geographies, resolutions, and interpretations influence the representativeness of any
subset of records. To evaluate the suitability of the six-record threshold, we compared two climate-model-sim-
ulated timeseries for each region: (a) the simulated precipitation based on the mean of all grid cells within
a region, and (b) the mean of the grid cell nearest to each proxy location (effectively, the mean of a pseudo-
proxy network). The results (Figure S1 and Table S3 in Supporting Information S1) indicate that although
more records generally improve the estimation of a regional average, the results are highly variable and model
dependent. Further analysis to assess proxy agreement within each region is described in Section 2.4. The
six-record minimum avoids the most significant impacts of small sample sizes while maximizing the number of
regions included in this study.

We make two exceptions to the six-record minimum criterion, both located in the Southern Hemisphere, to
provide a more global view of Holocene hydroclimate. First, southern South America, with only four records of
varying proxy types, is included because it provides potential insight into midlatitude variability. Second, East
Antarctica only has three ice accumulation records, but each has high measurement resolution and strong age
control.

Fewer than half of the records (45%) are calibrated from proxy units to precipitation or P-E values. Therefore,
rather than using primary units (e.g., mm/year), proxy data within each region were standardized by iteratively
(n = 500) matching the mean and standard deviation of each record over a randomly selected interval using the
compositeR package. This standardization technique adjusts the mean and variance of each record to minimize
differences during the defined window and applies this conversion to all values over the Holocene. The procedure
is similar to the dynamic calibrated composite (DCC) method used to reconstruct zonal-mean temperatures from
the Temp12k data set (Kaufman, McKay, Routson, Erb, Ditwyler, et al., 2020). Before compositing, records were
interpolated using a nearest neighbor approach, and binned into 100-year segments to approximate the median
resolution of the data set (109 years). We use a relatively narrow 3,500-year standardization window to limit
spurious comparisons between records over periods with different boundary conditions. Randomly shifting the
window allows all records to contribute to the resulting composite without removing those that do not overlap
with a predefined search range. The iterative approach produces a 500-member ensemble with each timeseries
computed as the mean of the proxy records relative to a specified standardization window.

2.3. Climate Model Simulations

Results obtained from analysis of the proxy records were compared with transient simulations from two inde-
pendent general circulation models (GCMs). (a) The TraCE-21k simulation (TRAnsient Climate Evolution over
the last 21,000 years) (He, 2011), which was run using NCAR's CCSM3 climate model (Collins et al., 2006),
is often used in studies evaluating proxy-model agreement (e.g., Lu et al., 2019; Ning et al., 2019). (b) We
also include the HadCM3 transient deglaciation (deglh) simulation of the UK Met Office's HadCM3 (Hadley
Centre Coupled Model, version 3) climate model, which follows PMIP4 protocol including orbital configuration
and greenhouse gas concentrations (Ivanovic et al., 2016). Henceforth, these simulations will be referred to as
“TraCE” and “HadCM.”

However, computational requirements for coupled transient ocean-atmosphere simulations are high and data for
the entire Holocene are limited to these two models. Therefore, we also analyze 12 CMIP6-PMIP4 time slice
simulations (Table S2 in Supporting Information S1) for the mid-Holocene (6 ka) to provide a more diverse
ensemble of plausible climate states based on the range of model-specific parameters and feedback processes.
Time-slice values from TraCE and HadCM are calculated as the difference in millennial averages centered on 12,
6, and 0.5 ka. Model comparisons were performed after spatial regridding (Zhuang et al., 2020).

Regional timeseries were also calculated for the two transient model simulations based on 100 years means of
annual precipitation. A land mask was applied to exclude values over the ocean. Although the proxy data include
marine records, such as isotopes in plant material (e.g., Tierney & deMenocal, 2013) and elemental composition
of sediments (e.g., Jaeschke et al., 2007), these proxies overwhelmingly reflect terrestrial processes. We focus
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on annual precipitation because the majority (62%) of proxy records are interpreted to reflect this variable, and
the simulated precipitation change dominates P-E variability for most locations over these timescales. Overall
differences between P and P-E simulations are relatively small, and all figures shown in the main text of this paper
display annual precipitation values. Because many of the proxy data represent qualitative changes, we focus on
relative changes in simulated precipitation amount rather than the magnitude of anomalies.

2.4. Mid-Holocene Anomalies

An ensemble of 12 CMIP6 models were used to simulate mid-Holocene climate relative to their preindustrial
control runs (Table S2 in Supporting Information S1). As with the transient simulation timeseries, regional
anomalies were calculated using the mean anomaly for all grid cells covering land. These data were compared
to the transient simulations and proxy data by using the mean value within a 1,000-year time slice centered on 6
ka and 0.5 ka.

In addition to the magnitude of change, we also compared the sign of the mid-Holocene change relative to the
preindustrial and last millennium values to gauge consensus within proxy and model data. For proxy data, the
percentage of proxies with positive versus negative mid-Holocene anomalies were calculated relative to the total
number of records with data within each time slice. For the 14 model simulations, data regridded to a common
spatial resolution were similarly compared to calculate the percent of simulations with a positive anomaly for
each grid cell.

2.5. Temperature

Regional reconstructions and mid-Holocene anomalies were also calculated for temperature proxies and model
simulations. Proxy data are from the Temp12k compilation (Kaufman, McKay, Routson, Erb, Davis, et al., 2020).
Based on these results, and to further understand the relationship between temperature and hydroclimate, we
correlated simulated mean annual precipitation with surface temperature at the grid-cell scale. We also correlated
the proxy ensemble composites of hydroclimate and temperature for regions with sufficient data.

3. Results
3.1. Proxy Composites

Composite timeseries reveal large scale patterns in regional hydroclimate across Earth's land regions during the
Holocene (Figure 2). Many tropical regions throughout the Northern Hemisphere show a coherent “wet-to-dry”
or “dry-wet-dry” signal tracking changes in summertime insolation at low latitudes (Figure 3). This summer
sensitivity reflects a combination of the dominance of monsoon circulation on annual precipitation changes
and the inclusion of proxies with summer sensitivities within most of the regional composites. In the Southern
Hemisphere tropics, this temporal pattern is reversed, with dry mid-Holocene conditions reflective of weaker
southern African and South American Monsoons. For both hemispheres, a trend toward modern values begins
approximately 6 ka. This reinforces the importance of meridional shifts in the position of the ITCZ in driving
global monsoon circulation (Cheng et al., 2012) in parallel with summer insolation throughout the Holocene.

However, not all tropical regions respond similarly to shifting monsoon circulation, and those regions outside of
the “core” monsoon domain may reflect more local atmospheric dynamics (Mollier-Vogel et al., 2013) or ocean
circulation response (Asmerom et al., 2007). For example, in equatorial southeast Asia, early Holocene variabil-
ity is forced by sea level rise, which enhanced atmospheric convection as the Sahul and Sunda shelves flooded
(Krause et al., 2019).

Outside of the tropics (Figures 2m—2a, and 2b), a gradual but steady trend toward increased moisture throughout
the Holocene in North America, central Europe, and Siberia suggests an important role for the strengthening
westerly-jet system, consistent with a steepening of the latitudinal thermal gradient. This pattern is especially
constant across the three United States regions for which proxy data within the 40-50° latitudinal band are
the major contributor to this signal. Further south, greater proxy disagreement is influenced by more variable
climate dynamics. In both tropical and extratropical regions, mean states during the early and mid-Holocene
differ substantially from the composite values during the common era.
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Figure 2. Proxy composite timeseries. Y-axes (right side) show z-score anomalies. Gray shading signifies portions of the timeseries when fewer than 50% of proxy
records contribute to the timeseries. The dark and light blue and gray shaded envelopes indicate the 50% and 95% quantiles of the ensemble range, respectively. Colors
and symbols for the maps and temporal coverage plots match Figure 1. Bars under the maps represent the proportion of annual (black), summer (red), and winter (blue)
records. The regions are arranged according to geographic proximity and divided between tropical (a—p) and extratropical (q-af) locations. Region domains and names
are according to Iturbide et al. (2021).

HANCOCK ET AL.

7 of 19

d ‘9 “€T0T ‘STSHTLST

sdny wouy

:sdiy) SUONIPUOD) Puv SULIDL, Y1 39 “[ET0Z/90/6T] U0 AIIqUT UIUQ AL “AIpIGIT UOLI0IE AL, SPIT JO ANSIALUN Kq L6SHOOVATIOT/6TO1 01/10P/w0r K[

LI2)/W0D" K[IA"

Pt

ASUAIT suoWo)) dANeAI) d[qeardde ay) £q PaUIAA0S Ie SI[INIR YO 2SN JO SN 10J AIRIGIT SUIUQ AI[IAY UO (SUONT



A7t |

A\ Paleoceanography and Paleoclimatology 10.1029/2022PA004597
(q) N.E.North-America (NEN) (r) Greenland/Iceland (GIC)
. g
- I =
17 A 1 1 1 L L 1 0 1 1 1 1 1 _4 |
04 ' l | | | l —— -
(s) N.W.North-America (NWN) (t) W.North-America (WNA)
4 4
47 1 1 1 i 1 4 91 4 1 1 1 L 1 4
0 .ﬁ 0
(u) C.North-America (CNA) (v) E.North-America (ENA)
4 4
28 A L L 1 L 1 _4 92 A 1 L L 1 L _4
0 "m — ——
(w) N.Europe (NEU) (x) W.Siberia (WSB)
4 4
T, et ) Lo + ™
TR~ i e L ++f
54 J 1 L 1 L L _4 ‘ 15 A 1 1 1 1 1 _4 | D
) 04
(y) West&Central-Europe (WCE) (z) E.Siberia (ESB)
4
[ 0 1 — AM_VMV [
W/”I’-M-—I' 1 L 1 i -l' s L 1 1 L [ @ *
65 1 -4 071 -4
0 m —— ! ' ! ' ! _
(aa) Mediterranean (MED) (ab) Russian-Far-East (RFE)
4 4
: 0 AN pon e [
W- 7 i
57 A L L 1 | 1 _4 07 A 1 L L 1 L _4
0 ﬁ - L 0 ——
(ac) S.Australia (SAU) (ad) New-Zealand (NZ)
4
A A AN 4 sl ] &A’Vd%wéé: 0 J\ Vo
?W‘V ey Y | L L v
16 - 1 1 1 1 1 4 09 1 1 1 1 1 4 v
o s s e T ——
(ae) S.South-America (SSA) (af) E.Antarctica (EAN)
4
M A [ 'W'M AR SN . A AA [ 0
= - Al L U. W \ W V V\AN -
0 ’ﬁ —— ——
ll2 lIO ;S é ;1 2 (I) 1I2 lIO é é ;1 é (I)
Age (ka BP) Age (ka BP)

Figure 2. (Continued)

In the Southern Hemisphere, a smaller proportion of the area is covered by land and proxy records are scarcer.
However, southern South America, southern Australia, and New Zealand provide information proximal to the
southern westerly winds. Proxy records from these regions mostly indicate a drying trend between 8 and 2 ka
followed by wetting until present.
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Figure 3. Proxy record composites from monsoon regions. Summer insolation anomalies at 30° north and south are plotted for comparison (Berger & Loutre, 1991).
Composites are median ensemble members plotted relative to their last millennium average (0-1 ka). Gray shading shows the 10%-90% quantiles of the aggregated

ensembles for each hemisphere.

3.2. CMIP6 Simulations

Many of the major spatial patterns of mid-Holocene hydroclimate anomalies are consistent in both the proxy
composites and the CMIP6 ensemble mean (Figure 4), particularly where the magnitude of the change is
large. Increased precipitation over portions of India, East Asia, and North Africa during summer (JJA) months
(Figure 4b) mark the strengthened monsoon system during the early and mid-Holocene, whereas dry summer
(DJF) conditions are simulated in the South American and south African Monsoon regions (Figure 4c).

In the midlatitudes, the magnitude of change is smaller, but dry mid-Holocene anomalies are widespread across
large portions of the northern Eurasian continent, especially in summer months when increased insolation forced
a weakened hemispheric LTG (Zhou et al., 2020). More complex patterns are observed for North America, with
increased summer precipitation across the East Coast and the U.S. Southwest during the mid-Holocene. This
contrasts with dryer conditions in the central continent.

3.3. Transient Simulations

Annual precipitation anomalies were also calculated for both transient simulations (Figure 5). Time slice differences
were chosen to better compare the CMIP6 and transient results and because the wettest and driest centuries tend to
occur at either the beginning or end of the Holocene (Figure S2 in Supporting Information S1). Major patterns of
6-0.5 ka anomalies from the two transient simulations (Figures 5b and 5d) resemble each other and those of the
CMIP6 time slice simulations. The transient simulations show regional shifts between wet and dry regional anoma-
lies that are larger than the CMIP6 average, likely because of the smoothing inherent in the ensemble mean.

The 12 ka time slice represents conditions that are considerably different from the mid-Holocene, and is included for a
more complete analysis of Holocene hydroclimate. During the first half of the Holocene (12-6 ka), simulated precipita-
tion anomalies in the tropics tend to show the opposite trend compared with the late Holocene (6-0.5 ka). For example,
increased precipitation at 6 ka relative to 12 ka in portions of North Africa, Asia, and Central America and decreased
precipitation in South America, southern Africa, and Northern Australia are reversed during 6 ka relative to the last
millennium. Changes in the extratropics are typically more consistent between the two time periods. For example, dry
precipitation anomalies in northern Eurasia and Antarctica indicate a continued wetting trend through the Holocene.
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CMIP Ensemble Mean (Mid-Holocene - Preindustrial) The pattern of P-E anomalies (Figure S3 in Supporting Information S1)

Annual

generally matches these results. One notable exception appears near remnant
ice sheets such as in central Canada and Fennoscandia where lower precipita-
tion at 12 ka relative to 6 ka contrasts with high P-E anomalies. This apparent
discrepancy likely indicates significant increases in evaporation after the ice
sheets diminished.

4. Discussion

JJA

4.1. Proxy-Model Comparisons

The proxy composite timeseries represent a relative scale of wetter or drier.
Therefore, comparisons between proxy and model results focus on long-term
trends, spatial patterns, and timing of hydroclimate change throughout the
Holocene. Globally, the proxy composite and model simulation results show
substantial moisture anomalies during the early and mid-Holocene relative

DIJF

to that of the last millennium, and the direction of these anomalies vary by
region. We organize this discussion to highlight different atmospheric circu-
lation patterns within tropical, midlatitude, and high-latitude regions.

4.1.1. Tropics

Overall agreement between proxy and simulated results is particularly evident
in southern Asia and North Africa where numerous regional timeseries

-1.5 -1.0

Figure 4. Mid-Holocene precipitation anomalies for the CMIP6 ensemble

—0.5

0.0
Precipitation (mm/day)

reconstruct early and mid-Holocene wet periods (Figure 6). In the Southern
Hemisphere, an opposite (dry-to-wet) pattern is shown in the proxy compos-
ite and CMIP6 simulations in the South American Monsoon, N.W. South
America, and E. southern Africa regions. The transient simulations, particu-
larly TraCE, are mixed in their agreement with the proxy records, but differ-
ences might reflect the incomplete coverage of proxy records within some

1
0.5 1.0 1.5

mean. Green colors signify greater precipitation during the mid-Holocene regions. This is evident for N.W. South America where wetter conditions in
relative to preindustrial and brown colors indicate drier conditions. Values the north counterbalance the dry anomaly observed in the south (Figure 4).
represent the mean during (a) annual, (b) boreal summer, and (c) boreal winter. Proxy composites for tropical regions outside of the major monsoon systems,

such as northern Central America and N.E. South America, show minimal
trends throughout the Holocene that agree with simulated precipitation.

4.1.2. Midlatitudes

Throughout North America and central Asia, many of the proxy composites show a coherent long-term wetting
trend. Although the magnitude of change may have been less than tropical regions (Figure 4), small but compound-
ing changes in hydroclimate can have significant environmental impacts (Shuman & Marsicek, 2016). Previous
research has noted this pattern and hypothesized that the trend was a response to a weakened LTG and westerly
circulation (Routson et al., 2019; Zhang et al., 2017). The proxy compilation presented here supports these results
and improves the spatial distribution of proxy data with notable additions throughout Eurasia. Furthermore, the
regional composites provide additional spatial resolution for this wetting trend.

Models generally agree with the proxies for Eurasia where an increasing precipitation trend is simulated for north-
ern/central Europe and the Siberian regions, consistent with insolation-driven strengthening of the westerly jet
stream (Zhang et al., 2016; Zhou et al., 2020). However, results from eastern and western North America regions
show notable disagreement between proxy composite (wetting) and transient model (drying) trends. Although
models simulate higher annual precipitation in the past, winters may have been dryer during the mid-Holocene
(Figure 4). In North America, summer and winter trends are similar, but the number of these records is minimal
(Figure S4 in Supporting Information S1). Pollen and lake level records, the main source of the wetting trend, are
interpreted to represent annual conditions, but a possible winter bias could explain a portion of the proxy—model
disagreement (Commerford et al., 2018). For some regions, a subset of the CMIP6 ensemble provides model
solutions consistent with the proxy data at 6 ka (Figure 6). For example, in western North America, a subset of
models simulating less westerly moisture transport better agree with the proxies (Hermann et al., 2018).
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Figure 5. Annual precipitation anomalies for two time slices from two transient simulations. Maps show the mean difference
between 1,000-year bins centered on (a,c) 12 and 6 ka (i.e., 12 + 0.5 ka minus 6 + 0.5 ka), and (b,d) 6 and 0.5 ka. Green and
brown colors indicate wetter and drier conditions, respectively, during the earlier period. The 6-0.5 ka values (right column)
are analogous to the CMIP6 values shown in Figure 4a. The same figure, but showing P-E anomalies, is in Figure S3 in
Supporting Information S1 for comparison.

In the Southern Hemisphere midlatitudes—southern South America, southern Australia, and New Zealand—
proxy composites show a drying trend between 8 and 2 ka (Figure 2). Original publications of the proxy data
support the hypothesis that diminishing westerly circulation through the Holocene, either from weaker winds
or a poleward shift of the circulation belt, resulted in reduced moisture delivery from this source and a shift to
more equatorial forcing on orbital timescales (Bernal et al., 2016; Gomez et al., 2013; Rees et al., 2015). This is
consistent with a decreasing LTG estimated from proxy records of sea surface temperatures (Voigt et al., 2015),
and in opposition to the Northern Hemisphere insolation trend. However, for each region, conclusions are compli-
cated by the impacts of seasonality, meridional circulation shifts, and local climate dynamics as well as the sparse
geographic distribution of the available proxy data (Chase et al., 2015; Lamy et al., 2010).

4.1.3. High Latitudes

The Greenland/Iceland and East Antarctica regions are the two highest latitude regions with enough proxy records
to calculate a composite timeseries. In Greenland, a strong wetting trend during the early Holocene is followed
by climate stability after 6 ka (Figure 6). This coincides with well-documented early Holocene Arctic warming
followed by gradual cooling (Kaufman, McKay, Routson, Erb, Ditwyler, et al., 2020). Further connecting precip-
itation and temperature, wet summer anomalies occur during the mid-Holocene (Figure 4) when proxy and model
results agree about summer warming. This hydroclimatic trend appears representative as simulated precipitation
from other Arctic regions also indicates early wetting followed by stable values after 6 ka (Figure 5).

In East Antarctica, the hydroclimate composite, which is based on ice accumulation records, provides no evidence
for any long-term trend throughout the Holocene. Temperature reconstructions from this region also indicate
minimal variability during this time (Kaufman, McKay, Routson, Erb, Ditwyler, et al., 2020). In contrast, models
simulate both warming and wetting trends, particularly for the early Holocene, across much of the continent. The
general lack of Holocene hydroclimate proxy records at southern high latitudes limits our interpretation; however,
these results are consistent with the observed and hypothesized correlation between temperature and precipitation
in polar regions (Bintanja & Selten, 2014; McCrystall et al., 2021).
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Figure 6. Comparison between proxy composite and simulated regional annual precipitation timeseries. TraCE (red) and HadCM (yellow) timeseries of mean annual
precipitation (mm/year). Boxplot at 6 ka is based on the 12 model CMIP6 ensemble. Model timeseries are calculated as the latitude-weighted mean of all grid cells
over land within each region. The variance of each proxy (blue) ensemble is scaled to match the average centennial-scale variance of the two transient timeseries. The y
axes for each plot are adjusted to fit the full range of variability within that region over the Holocene. In all plots, each y-axis tick indicates a change of 50 mm/year. All
data are shown as the difference relative to the last millennium average, which is shown by the black horizontal line, and positive values (up) indicate wetter conditions.
Letters in the corner of each plot indicate the region as marked in Figure 2. Similar to Figure S5 in Supporting Information S1, which shows temperature.

4.2. Temperature Correlations With Hydroclimate

These datasets and simulations allow us to systematically explore the relationship between precipitation and
temperature. Here we calculate centennial-scale correlation coefficients between the two variables as simulated
by both transient simulations and represented in regional proxy composites calculated from Temp12k and our
hydroclimate data set (Figure 7).

Because models indicate widespread warming throughout the Holocene, positive correlation coefficients are typically
associated with regions experiencing wetting trends. The primary exception is the Arctic where positive correlations
result from simulated cooling and drying during the late Holocene. The high latitudes include the highest zonal
correlation coefficients, which signifies the temperature dependence of precipitation for these regions in response
to albedo and water vapor feedbacks (Bintanja & Selten, 2014; McCrystall et al., 2021). In Northern Hemisphere
monsoon regions, simulated temperature and precipitation are inversely correlated where wet conditions are associ-
ated with cooler temperatures in the early Holocene. In the midlatitudes, the relationship between temperature and
precipitation is less well-defined. Complicated correlation patterns in the midlatitudes contrasted with a positive rela-
tionship in polar regions were also reported by Herzschuh et al. (2022) using the TraCE simulation and pollen records.

Correlations between temperature and precipitation in proxy records are limited to the 23 regions that
include sufficient (n > 6) data to create composite timeseries. In the tropics, the positive relation between
the two climate variables in the proxy data contrasts with the negative correlation in the simulations. The
insolation-driven peak in Northern Hemisphere monsoon circulation and regional precipitation coincides
with warmer temperatures in the proxy data. As a result, correlations are positive in Asia and North Africa.
Model simulations, however, do not simulate warm surface air temperature in those regions during the
mid-Holocene, resulting in negative correlations between temperature and precipitation simulated by models.
This represents a major disagreement between model simulations and proxy data, and the competing roles
of insolation-forced radiative warming versus cooling driven by increased cloudiness and evaporation in
monsoon regions.
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Figure 7. Correlation between precipitation and temperature in Holocene climate simulations and proxy records. (a) Map
colors show the mean correlation between the two climate variables from the HadCM and TraCE simulations. Circle colors
indicate the correlation from the proxy composites. More saturated colors represent stronger correlations. (b) Zonal average
of correlations from simulations (lines) and from regional proxy composites (dots) shown in panel (a). All correlations
calculated using data binned to 100 years.

4.3. Sign of 6 Ka Anomalies and Evaluating Proxy—Model Agreement

To simplify the proxy—model comparison, we focus on just the sign of mid-Holocene precipitation anomalies
to evaluate where the two data types agree whether climate was wetter or drier relative to modern (Figure 8a).
Because the analysis is based on the direction of change, the results are unaffected by the normalization of meas-
urement values. Thus, the results can provide insight into where different proxy types indicate a robust consensus,
or lack thereof. Although this metric is basic, proxy records and model simulations fail to reproduce the same
sign for temperature (Figure 8b).

For hydroclimate, results indicate that regions where the magnitude of precipitation change is large, typically due
to changing monsoon intensity, also show the strongest agreement among the sign of proxy records and between

100% 50% 100% 100% 50% 100%
Drierat6ka 75%  Even Split  75% Wetter at 6 ka Coolerat6ka 75%  EvenSplit ~ 75% Warmer at 6 ka

—l

Annual Precipitation (Model-Model and Proxy—Proxy Agreement) Annual Temperature (Model-Model and Proxy—Proxy Agreement)

Figure 8. Agreement of the sign of mid-Holocene annual (a) precipitation and (b) surface air temperature anomalies

relative to preindustrial. Model-to-model agreement is indicated by the color of the base map, and proxy-to-proxy agreement
is indicated by colors of circles within regions, where more saturated colors on either end of the scale represent stronger
agreement. Proxy—model agreement is indicated by the similarity between the map and circle colors. Models include TraCE,
HadCM, and the 12 CMIP6 simulations, all regridded to a common spatial resolution (2.66° longitude by 2° latitude). Each
color step from left to right on the color bar represents one additional model among the 14 with a positive (wetter or warmer)
mid-Holocene anomaly. For the two transient models, signs represent the difference in mean values between 6.5-5.5 ka

and 1-0 ka. The agreement among proxy records (colored circle within each region) is represented as the proportion of
available proxy records with positive anomalies during the mid-Holocene (6.5-5.5 ka average) relative to the last millennium
(1-0 ka average). Available records are defined as those with at least one data point within both the mid-Holocene and last
millennium age ranges. Circles are only shown for regions with at least four available proxy records.
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Figure 9. Scatterplot showing the extent of proxy—model agreement from Figure 8. Percent of proxy records within

each region with a (a) wet or (b) warm mid-Holocene anomaly, each plotted against the percent of pseudoproxies with a
corresponding anomaly. Perfect agreement is represented by a 1:1 line. Pseudoproxies represent model values calculated
using the geographic locations and seasonality metadata of the proxy records. The regional percent is calculated as the mean
of the percent of positive anomalies for each proxy site relative to the 14-model ensemble. Panels (c, d) same as (a) and (b),
but showing the mean magnitude of the simulated anomaly for each proxy site. Regional abbreviations are in Figure S6 in
Supporting Information S1 and Figure 2.

proxy and model data (Figure 9). Because proxy records integrate complex relationships between climate vari-
ables and their archived responses, a higher signal-to-noise ratio in regions with larger climate anomalies may
be needed to accurately represent the direction of change. Additional factors such as the variety of proxy types
within a region may also influence agreement among proxy data. Among the model ensemble, agreement is more
widespread, and consistent signs of mid-Holocene anomalies are observed for some regions despite relatively
small magnitudes of change. For example, in portions of northern Eurasia and the Southern Ocean, all models
simulate the same direction of change (Figure 8a) for these minor trends (Figure 4a).

However, in some regions, the uncertainty among the proxy data is also reproduced by the model ensemble. For
several regions with poor proxy-to-proxy agreement, such as western central Asia and southern Central America,
proxy disagreement is consistent with models, which are uncertain about the sign of change (Figure 8a). For
some regions, such as central Europe and N.W. North America, a mixed climate signal might be explained by an
intra-regional dipole. Nonetheless, for some midlatitude regions, a clear consensus among models is either not
matched by the proxy records or is in the opposite direction. This is most apparent in western North America
where most models simulate wet conditions while most proxy records indicate dryer conditions and in Eastern
Siberia where dry models oppose wet proxy values (Figure 8a).

For evaluating global proxy—model agreement, we compare two values (a) the number of proxy records which
indicate a positive (wet) anomaly and (b) the same metric based on a pseudoproxy network calculated from
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the model simulations controlling for the geographic bias and seasonality of the proxy data. We then count
the number of regions for which the two percentages are within 20% of each other or differ by more than 40%.
Based on these thresholds, 19 of the 30 (63%) regions are in agreement compared with only two in disagreement
(Figure 9a).

For temperature, proxy records and model simulations both show warming during the first half of the Holocene
(Figure S5 in Supporting Information S1), but results differ regarding mid-Holocene temperature anomalies. Higher
temperature at 6 ka relative to the last millennium is widespread for the proxy data, with many regions (19 of 35)
showing proxy—proxy agreement for warmer temperatures and only one showing agreement for cooler tempera-
tures (Figure 9b). The remaining 15 regions show mixed signals (40%—60% agreement). By contrast, models, even
when controlling for seasonality and geographic biases of the proxy data, simulate cooler 6 ka than preindustrial
temperatures for most (80%) regions, with agreement for warming confined to the Arctic (Figure 8). Using the
same metric for global agreement, 9 of 35 (26%) regions agree compared to 18 of 35 in disagreement (Figure 9b).

Comparing these results shows that the globally consistent proxy—model disagreement for mid-Holocene temper-
ature, known as the Holocene Temperature Conundrum (Liu et al., 2014), is not observed for hydroclimate. The
simulated precipitation pattern is more spatially varied, and regions with opposing signs are in closer proximity
than for the temperature pattern (Figure 8). Spatial heterogeneity in the model simulations is also shown by more
grid cells containing a mix of both dry and wet anomalies. Although some regions do have notable proxy—model
precipitation disagreements, as discussed above for North America, for many others the proxy agreement is
consistent with at least some model runs. Therefore, because models are more likely to simulate a range of wet
and dry signals for the same locations, disagreements between the proxies and models are less systematically
biased for hydroclimate than temperature. In this way, for the Holocene, proxy data and models agree better for
hydroclimate than they do for temperature.

The level of proxy—model hydroclimate agreement is also significant relative to random; the likelihood of 19
regions agreeing is less than 1%. Furthermore, model uncertainty is insufficient to explain this level of hydro-
climate agreement as a majority (13) of these regions indicate consensus (>60% in both data types) for wetter
or dryer mid-Holocene anomalies. Thus, the proxy—model hydroclimate agreement is better than random and
generally improves in regions where the climate signal is larger.

5. Summary and Conclusions

To investigate hydroclimate during the Holocene, we compiled a new multi-proxy data set to characterize
relative changes in terrestrial net precipitation and effective moisture. Regional compilations of these proxy
records provide a basis for understanding spatial patterns of changes in hydroclimate. We find coherent spati-
otemporal patterns distinguishing the tropics and extratropics over the past 12 ka. Evidence from individual
proxy records and model simulations suggest that the primary driver of hydroclimatic change was insolation
and temperature-driven modulations of atmospheric circulation. As a result, long-term millennial-scale trends
greatly exceed centennial-scale variability in Holocene hydroclimate, with many regions experiencing substan-
tially different hydroclimatic conditions during the early Holocene relative to the last millennium.

Comparisons between proxy and model results demonstrate relatively similar overall patterns of Holocene hydro-
climate evolution and, despite the well-documented challenges for reconstructing hydroclimate variability, we
find better proxy-model agreement for precipitation than for temperature. This result is particularly true of trop-
ical monsoon regions where greater magnitudes of change and a more direct climate response to insolation
changes overcome local variability and uncertainty. In the midlatitudes, the direction of change is less clear. Most
notable among these disagreements is the aridity identified by proxy records in regions of western North America
during the early and mid-Holocene where model simulations show almost uniformly wetter conditions. At high
latitudes, both proxy and model data indicate a strong positive covariance of moisture availability and temper-
ature, consistent with theory and projections for increased precipitation in these regions with future warming.

Despite the challenges of quantifying hydroclimate variability, within many regions there is better consensus
between proxy composites and model simulations than there is for temperature comparisons. For assessing tran-
sient trends, occurrences of proxy—model hydroclimate agreement is partially attributable to the more frequent
dissimilarity between models of simulated precipitation as compared to temperature; the greater dispersion
among simulations means that at least one model is likely to match the proxy composites. However, by evaluating
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the sign of mid-Holocene anomalies, we show that proxy—model agreement for hydroclimate is robust, particu-
larly where the climate signal is strong. This conclusion is somewhat surprising, as temperature changes are
more spatially uniform than hydroclimate; however, the consistent disagreement between proxy and simulated
Holocene temperatures has been well-described and consistently observed. Given the differing results between
these climate variables, any systematic bias in proxy records or models simulations that cause the Holocene
Temperature Conundrum cannot fully explain hydroclimate proxy—model disagreements.

The mid-Holocene may serve as a partial analogue for future hydroclimate change in part because polar ampli-
fication is a feature of both mid-Holocene and modern global warming. A warmer Arctic corresponds with
both reduced ice sheet extent and a weak LTG, and results presented here demonstrate that spatial patterns of
mid-Holocene warmth had global implications for atmospheric circulation and moisture dynamics including
intensified monsoon circulation and greater aridity for midlatitude regions in the Northern Hemisphere. Unlike
the early and mid-Holocene, when variations in radiative forcing were asymmetrical across northern and southern
latitudes and seasons, future warming is projected in all regions and seasons, and the analogue starts to break
down. Nevertheless, a better understanding of how long-term temperature changes influence hydroclimate is criti-
cal, and Holocene hydroclimate data provide an important benchmark for models used to simulate future changes.
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