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ARTICLE INFO ABSTRACT

Editor: Paul Hesse Global monsoon (GM) precipitation has profound impacts on water resources, food security, and the livelihood of
about two-thirds of the world’s population. Understanding the contrasting changes of GM precipitation (GMP)

Keywords: during the 8.2 ka cold event and the present-day warm event helps better comprehend the common origin of the

Holocene

GMP change and its future projection. We analyzed a suite of transient climate evolutions (TraCE-21 ka simu-
lation). We show that the simulated monsoon rainfall changes during the 8.2 ka abrupt cooling event are
TraCE-21 ka simulation qualitatively consistent with the paleoclimate archive collected worldwide. The simulated Northern Hemisphere
External forcing monsoon (NHM) precipitation significantly decreased by 12.4% per one degree of global mean temperature
Current warm period change (12.4%/°C) while the Southern Hemisphere monsoon (SHM) precipitation increased by 4.2%/°C. The
cooling-induced suppressed upward motion plays a dominant role in reducing NHM precipitation, and the
reduced moisture adds to the circulation effect, whereas the enhanced SHM precipitation is mainly due to the
moisture increase. In the 8.2 ka event, the circulation response reinforces the moisture-induced drought over the
NHM region, resulting in an excessive precipitation sensitivity to temperature change (12.4%/°C). In contrast,
during the present warm period, the greenhouse warming-induced moisture and circulation effects cancel each
other, resulting in a moderate sensitivity (1.8%/°C). Although meltwater and greenhouse gas forcings induce
contrasting global temperature change patterns, the GMP changes are governed by common root causes: forced
NH-SH thermal contrast, land-ocean thermal contrast, and the tropical SST gradients. The moisture change plays
a crucial role in altering precipitation amount but not spatial distribution. We suggest that the external forcing-
induced warming (cooling) pattern drives the circulation changes (dynamic effects), determining the spatial
structure of the monsoon rainfall change in the past, present, and future.

8.2 ka event
Global monsoon precipitation

1. Introduction circulation (Wang and Ding, 2008). Global monsoon precipitation

(GMP) plays an important role in the global energy and water cycle.

Monsoon is essentially a forced response of the earth’s climate sys- GMP imposes a direct and significant impact on the lives of two-thirds of

tem to annual variation of insolation, thus a global phenomenon (Wang the world’s population and vegetation (An et al., 2015; Wang et al.,

et al.,, 2012). The global monsoon (GM) is a dominant mode of the 2012). Therefore, study of GMP changes have profound scientific and
annual variation in tropical and subtropical precipitation and socio-economic significance.
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The GMP displays multi-scale variations induced by internal feed-
back processes and external forcings. The inter-annual to multi-decadal
variation of GMP is mainly caused by El Nino-Southern Oscillation
(ENSO), and the Atlantic Multidecadal Oscillation (AMO) (Wang et al.,
2012, 2013). Liu et al. (2009a) investigated the response and mecha-
nisms of GMP to natural and anthropogenic forcing during the last
millennium. They found that increased NH monsoon precipitation
(NHMP) is linked to the enhanced NH land-ocean thermal contrast and
NH-Southern Hemisphere (SH) thermal contrast. The NHMP responds
more sensitively to the greenhouse gas (GHG) than to the solar-volcanic
radiative forcing, but the SH monsoon precipitation (SHMP) responds to
the solar-volcanic radiative forcing more sensitively than the NHMP (Liu
et al., 2012). Chai et al. (2018) argued that the volcanic forcing is more
effective to GMP change than the solar and GHG forcing due to the
common drivers of monsoon moisture and circulation. The GMP changes
under the current warm period (CWP) have been investigated using the
models. The GHGs’ radiation forcing induces a warm NH relative to the
SH, which favors an enhanced interhemispheric thermal contrast due to
more substantial warming over the land than over the ocean, thus
increasing the GM strength and extent (D’Agostino et al., 2019; Acosta
Navarro et al., 2017). On the hemispheric scale, evaluation of Coupled
Model Intercomparison Phase 6 (CMIP6) simulations has indicated a
wetter NHMP and an insignificant change of the SHMP (Wang et al.,
2020).

With future warming accelerates more rapidly, increased melting of
the ice sheet might trigger abrupt cooling events (Liu et al., 2017;
Rahmstorf et al., 2015; Srokosz and Bryden, 2015). How will GMP
change if GHG continues to increase and meltwater flux is enhanced?
Understanding of GMP responses to individual natural variability caused
by meltwater and anthropogenic GHG is crucial to answering this
question. It is important to investigate the sensitivity of GMP responses
to the two different types of forcing, not only for deepening our un-
derstanding of the mechanisms of GMP change but also for dis-
tinguishing the precipitation sensitivity to global temperature
variability between the natural and anthropogenic forcing. Under a
situation with larger sensitivity, the eco-environmental change in
monsoon regions may rely more on precipitation than on temperature
(Cheng et al., 2019).

The Holocene is the most recent interglacial period when the pre-
cession orbital forcing moves through a complete half cycle and the ice
sheets retreat. Abrupt climate change events have been found in the
North Atlantic drift ice records throughout the Holocene (O’Brien et al.,
1995; Andrews et al., 1997; Bond, 1997). Many researchers have been
motivated to investigate the Holocene abrupt climate changes due to the
concern that similar rapid-climate shifts may reappear in the future
(Alley et al., 2003; Holmes et al., 2011; Park et al., 2019). The most
prominent Holocene abrupt climate change events in the Northern
Hemisphere (NH) occurred between 8.5 and 7.9 ka, termed “the 8.2 ka
event” (Alley et al., 1997; Renssen et al., 2001; Alley and Agustsdottir,
2005; Morrill et al., 2013; Matero et al., 2017). This abrupt climate event
serves as a stratigraphic marker between the Early and Middle Holocene
(Finkenbinder et al., 2016; Walker et al., 2018). The 8.2 ka event is
characterized by the cooling in the North Atlantic and surrounding re-
gions (Bauer and Ganopolski, 2004; Morrill et al., 2013; Wagner et al.,
2013; Morrill and Jacobsen, 2005). A slowdown of the Atlantic Merid-
ional Overturning Circulation (AMOC) due to freshwater injection has
been proposed to cause the 8.2 ka event (Barber et al., 1999). Several
climate modeling studies indicated that this event was forced by the
drainage of proglacial Lake Agassiz-Ojibway into the Hudson Bay
(Clarke et al., 2004). These modeling works reproduced the patterns of
the climate response to the meltwater injection, which include North
Atlantic cooling and a southward shift of the Intertropical Convergence
Zone (ITCZ) (Wiersma et al., 2006; Matero et al., 2017). The 8.2 ka event
provides an opportunity for studying the impact of meltwater on GMP.

Abrupt hydrological changes around 8.2 ka have been documented
in various individual monsoon regions. Decreased precipitation was
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recorded in the Asian monsoon (Wang et al., 2005; Cheng et al., 2009;
Dixit et al., 2014; Tan et al., 2020), North American monsoon (Lachniet
et al., 2013; Winter et al., 2020), and North African monsoon (Weldeab
etal., 2014; Tierney et al., 2017b) regions, whereas the wetter tendency
was detected in South America (Cheng et al., 2009), northern Australian
(Ayliffe et al., 2013; Denniston et al., 2017), and Madagascar (Voar-
intsoa et al., 2019). Previous studies on the change of monsoon pre-
cipitation are mostly focused on regional monsoons. However, the
energy and water vapor are conserved only on the global scale (Tren-
berth et al., 2000). Investigation of monsoon precipitation change from
a global perspective is necessary and advantageous. The changes of
global monsoon precipitation and the physical mechanisms during the
8.2 ka event have not been explored.

This study aims to understand the mechanisms governing the GMP
change during the 8.2 ka event in comparison with the GMP change in
the CWP. Specifically, we address the following questions: What are the
temporal and spatial characteristics of GMP change during the 8.2 ka
event? What physical process and mechanism govern the GMP change
during the 8.2 ka event and CWP? To answer these questions, we use the
model simulated result from the TraCE-21 ka project. The data and
method are introduced in Sec. 2. The results are shown in Sect.3. Section
4 discussed possible physical processes behind the GMP changes during
the 8.2 ka event and CWP. Section 5 presents a summary.

2. Data and methods
2.1. Model data

The model data used in this study are from the simulations of tran-
sient climate evolution over the last 21 ka (“TraCE-21 ka”) (Liu et al.,
2009b; He et al., 2013). The simulation used version 3 of the Community
Climate System Model (CCSM3), which consists of the Community At-
mospheric Model version 3 (CAM3) with a horizontal resolution of T31
(about 3.75° x 3.75°) and the Parallel Ocean Program (POP) ocean
model. The ocean model has a longitudinal resolution of 3.6° and a
variable latitudinal resolution from about 0.9° near the equator to a
coarser resolution poleward.

The TraCE-21 ka experiments designs are lighted in Table 1. The
transient experiment with all forcing (TraCE-AF) is forced by the tran-
sient variations of orbital (ORB) configuration (Berger, 1978), GHG
concentrations (Joos and Spahni, 2008), meltwater fluxes (MWF) (Liu
et al., 2009b), and ice sheet (ICE) topography and extent (Peltier, 2004).
In addition, four single-forcing experiments were conducted. They are
forced by only one of the forcings in the TraCE-AF experiment: TraCE-
ORB, TraCE-GHG, TraCE-MWF, and TraCE-ICE. The time series of
external forcings used in the TraCE-21 ka experiments are shown in
Fig. 1. The meltwater flux injection into NH oceans is based on a specific
time slice (e.g., 9.0 ka into the Arctic, St. Lawrence, and Hudson Strait).
In the TraCE-ORB and TraCE-GHG experiment, the other forcings are
fixed at the state at 22 ka. In the TraCE-MWF and TraCE-ICE experiment,
the other forcings were held fixed at the state of 19 ka. A detailed
description of the TraCE-21 ka experiment design is referred to He
(2011) and He et al. (2013).

The TraCE-AF simulation is compared with proxy data. It can

Table 1
The TraCE-21 ka experiments design: the all forcing experiment and four single-
forcing experiments.

Orbital GHG Meltwater Ice sheet Time span
TraCE-AF Transient Transient Transient Transient 22-0ka
TraCE-ORB Transient - - - 22-0 ka
TraCE-GHG - Transient - - 22-0ka
TraCE-MWF - - Transient - 19-0 ka
TraCE-ICE - - Transient 19-0 ka

The em dash represents that the forcing is fixed at the beginning of the corre-
sponding experiment.
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Fig. 1. External Forcing used in TraCE-21 ka experiment. Time series are (a)
Orbital parameters, including, eccentricity (Ecc), precession (Prec) and oblig-
uity (Obl) (Berger, 1978), (b) GHGs (Joos and Spahni, 2008), (c) Meltwater flux
into the Northern Hemisphere Ocean (Liu et al., 2009b) (expressed as sea-level
change in meters per 1000 years) and (d) Ice Sheets (Peltier, 2004) (expressed
as mean ice sheet thickness).

reproduce major features of the climate evolution during the last 21 ka
(Clark et al., 2012; Shakun et al., 2012). It has been used to explain the
mechanism of climate change since the Last Glacial Maximum (LGM),
such as the Bglling-Allergd warming (Liu et al., 2009b), the Asian-

(a) 8.2 ka event

9.8 9.4 9.0 8.6 8.2 7.8
Time (ka)
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African monsoon evolution over the past 21 kyr (Shi and Yan, 2019),
the East Asian summer and winter monsoon relationship across different
timescales in Holocene (Yan et al., 2020). In the present work, we use
the TraCE-21 ka experiment results to compare the GM precipitation
changes in 8.2 ka and CWP.

2.2. Identification of 8.2 ka event and CWP in the TraCE-21 ka
simulation

The decadal mean NH surface temperature during the 9.8-7.8 ka
shows a multi-centennial cooling from 8.5-8.0 ka (Fig. 2a), which in-
dicates that the simulated abrupt change event is potentially comparable
to the 8.2 ka event. Therefore, we selected the warmest 200-yr (9.2-9.0
ka) before the injection of freshwater as the warm centennial period and
the coldest 200-yr (8.2-8.0 ka) after the injection of freshwater as the
cold centennial period to identify the spatial patterns of the GMP change
(Fig. 2a). For comparison, we defined the difference between the
present-day (1940-1990) and pre-industrial period (1830-1880) to
represent the CWP change (Fig. 2b).

2.3. Observation and proxy data

The Climate Merged Analysis of Precipitation (CMAP) data (Xie and
Arkin, 1997) and the Global Precipitation Climatology Project (GPCP)
version 2.3 data (Adler et al., 2018) from 1979 to 2008 are merged by
the arithmetic mean to serve as the observation data (Lee and Wang,
2014; Yan et al., 2016). To reveal the hydroclimate response to the 8.2
ka event over monsoon regions, we also collected previously published
proxy data from 47 sites based on several criteria (Table 2): 1) the proxy
data must reflect the precipitation or dry/wet conditions over the
monsoon regions; 2) the proxy data span the period between 9.2 and 7.8
ka; and 3) the temporal resolution of proxies must be sufficient to reflect
centennial-scale abrupt climate change.

2.4. Definition of GM domain and precipitation

Follow previous studies (Wang and Ding, 2008; Liu et al., 2009a;
Wang et al., 2012), the GM domain is defined by the region in which the
annual range (AR) of precipitation exceeds 2.0 mm/day, and the local
summer precipitation exceeds 55% of annual rainfall. Here AR is defined
as May to September (MJJAS) precipitation minus November to March
(NDJFM) precipitation in the NH and NDJFM minus MJJAS precipita-
tion in the SH. The GM domain defined by merged CMAP and GPCP data
consists of seven regional monsoons: Northern African (NAF), Southern
African (SAF), South Asian (SA), East Asian (EA), Australian (AUS),
North American (NAM), and South American monsoon (SAM). Ac-
cording to (Liu et al., 2009a) and (Hsu et al., 2012), the NHMP can be
measured by the area-averaged mean monsoon precipitation rate in the
NH monsoon (NHM) domain during boreal summer (JJA). Similarly, the
SHMP can be measured by the area-averaged mean monsoon

(b) CWP

11.0 | ‘ ‘ T

1750 1790 1830 1870

Time (AD)

1910 1950 1990

Fig. 2. Time series of decadal mean NH surface temperature derived from the TraCE-AF run. (a) 8.2 ka event and (b) CWP. The hatched represents the selected warm

periods, and the stippled represents the selected cold periods.
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Table 2

Proxy data used to infer the precipitation changes during the 8.2 ka event.
Monsoon region Region Proxy type Lat Lon Change in the 8.2 ka event Reference
North America Juxtlahuaca Cave Seawater 50 17°26'N 99°9'W Drier Lachniet et al. (2013)
North America Cueva del Diablo Stalagmite 580 18°11'N 99°55'W Drier Bernal et al. (2011)
North America Pink Panther Cave Stalagmite 550 32°05'N  105°10'W  Drier Asmerom et al. (2007)
North America ODP-1002 Titanium and iron concentration 10°43'N 65°10'W Drier Haug et al. (2001)
North America Venado Cave Stalagmite 580 10°6'N 84°8'W Drier Lachniet et al. (2004)
North America Rey Marcos Cave Stalagmite 550 15°24N  90°18'W Drier Winter et al. (2020)
North America Lake Miragoane Lake isotopes 18°27'N 73°05'W Drier Hodell et al. (1991)
South America Paixao Cave Stalagmite 5'%0 12°39'S 41°3'W Wetter Cheng et al. (2009)
South America Padre Cave Stalagmite 580 13°13'S 44°3'W Wetter Cheng et al. (2009)
South America Caverna botuvera Stalagmite 5'%0 27°13'S 49°09'W Wetter Cruz et al. (2005)

Bernal et al. (2016)
South America Cueva del tigre Perdido Cave Stalagmite 580 5°54'S 77°39'W Wetter van Breukelen et al. (2008)
South America Lapa Grande Cave Stalagmite 5'%0 14°25'S 44°21'W Wetter Strikis et al. (2011)
South America Paraiso Cave Stalagmite 5'%0 4°55'S 55°27'W Wetter Wang et al. (2017)
South America Santiago Cave Stalagmite 8'%0 3°1'S 78°8'W Wetter Mosblech et al. (2012)
South America Jaragud Cave Stalagmite 580 21°5'S 56°35'W Wetter Novello et al. (2019)
uth America Cueva Del Diamante Stalagmite 5'80 5°44'S 77°30'W Wetter Cheng et al. (2013)
South America El Condor Cave Stalagmite 8'%0 5°56/'S 77°18'W Wetter Cheng et al. (2013)
South America Lake Titicaca Leaf waxes 16°8'S 69°9'W Wetter Fornace et al. (2014)
South Asia Core 63KA Laminated sediment 24°37'N 65°58'E Drier Staubwasser et al. (2003)
South Asia Core M5-422 Marine sediment 24°23'N 59°2'E Drier Cullen et al. (2000)
South Asia Qunf Cave Stalagmite 580 17°10'N 54°18'E Drier Fleitmann et al. (2003)
South Asia Hoti Cave Stalagmite 550 23°45'N  57°21'E Drier Neff et al. (2001)
South Asia Mawmluh Cave Stalagmite 5'%0 25°15'N 91°52'E Drier Berkelhammer et al. (2013)
North Africa Core 723A Marine sediment 18°3'N 57°36'E Drier Gupta et al. (2003)
North Africa ODP-685C The terrigenous concentration 20°45'N 18°35'W Drier deMenocal et al. (2000)
North Africa Core GeoB4905-4 Seawater §'0 2°30'N 9°23.04E  Drier Weldeab et al. (2005)
North Africa MDO03-2707 Seawater 580 2°30'N 9°23'E Drier Weldeab et al. (2007)
North Africa Core RC09-166 Leaf waxes 12°9'N 44°24'E Drier Tierney et al. (2017a)
North Africa Lake Bosumtwi Leaf waxes 6°30'N 1°25'W Drier Shanahan et al. (2015)
North Africa Core GeoB9508-S Marine sediment 15°30'N 17°57'W Drier Niedermeyer et al. (2010)
North Africa Core GeoB7920-2 Marine sediment 20°45'N 18°35'W Drier Tjallingii et al. (2008)
North Africa Lake Tana Lake sediment 12°N 37°15'E Drier Costa et al. (2014)
North Africa GC68 Leaf wax 19°21’'N 17°16'W Drier Tierney et al. (2017b)
East Asia Dongge Cave Stalagmite 550 25°17'N 108°5'E Drier Wang et al. (2005)
East Asia Jiuxian Cave Stalagmite §'%0 33°34N  109°6'E Drier Cai et al. (2010)
East Asia Heshang Cave Stalagmite 5'%0 30°27'N 110°25'E Drier Hu et al. (2008)
East Asia Lianhua Cave, Shanxi Stalagmite 5'%0 38°10'N 113°43'E Drier Dong et al. (2018)
East Asia Sanbao Cave Stalagmite 5'%0 31°40'N 110°26'E Drier Dong et al. (2010)
Australia Liang Luar Cave Stalagmite 580 8°32'S 120°26'E Wetter Ayliffe et al. (2013)
Griffiths et al. (2009)

Australia Gunung Buda Stalagmite 580 4°2'N 114°48'E Wetter Partin et al. (2007)
Australia KNI-51 Cave Stalagmite 580 15°11'S 128°22'E Wetter Denniston et al. (2017)
South Africa Core BJ-03-70GGC Leaf waxes 3°34'S 119°23'E Wetter Tierney et al. (2012)
South Africa Cold Air Cave Stalagmite 580 24°1'S 29°11'E Wetter Holmgren et al. (2003)
South Africa Anjohibe Cave Stalagmite 580 15°32'S 46°53'E Wetter Voarintsoa et al. (2019)
South Africa Core GeoB9307-3 Marine sediment 18°34'S 37°22.8'E Wetter Weldeab et al. (2014)
South Africa Core GeoB9310-4 Marine sediment 19°12'S 37°2.49'E Wetter Weldeab et al. (2014)
South Africa Lake Tanganyika Lake sediment 6°6'S 30°E Drier Tierney et al. (2008)

precipitation rate in the SH monsoon (SHM) domain during austral expressed as

summer (DJF). Finally, the GMP is defined by the sum of NHMP and ) ) ) _ ) .

SHMP. P =~ (@04 )~ (@0,3) — (V+Vq ) = (V+Vg) +E +5 @

2.5. Moisture budget analysis

We employed a column-integrated moisture budget analysis to
reveal the physical process of changes in precipitation over the GM
domain during the Holocene abrupt climate change. The moisture
equation is written as (Chou et al., 2013)

aa) +(V+Viq) +(0dpq) =E —P o)

where the angle brackets denote the vertical integration from surface to
100 hPa, and the prime means the climatological differences between
the two periods. Variable g represents specific humidity, E and P denote
the surface evaporation and precipitation, respectively. V and o denote
the horizontal wind and vertical pressure velocity, respectively. d,(q)’ is
the time derivation of vertically integrated moisture, which can be
neglected for steady motion. Therefore, the precipitation changes can be

where the overbar represents the climatology in the latter period, the
terms —(@d,q ) and —(w'd,q) are the moisture and circulation compo-

nent of vertical moisture advection, respectively. The terms 7<Vo Vq’>

and — (V' +Vq) are the moisture and circulation component of horizontal
moisture advection, respectively. The residual term includes transient
eddies, nonlinear effects, and moisture storage.

3. Results
3.1. Spatiotemporal structure of the GMP during the 8.2 ka event

To identify the 8.2 ka event simulated in the TraCE-AF experiment,
we examine the NH averaged surface temperature variation (Fig. 2a). In

response to the meltwater injection from 9.0 to 8.0 ka (Fig. 1c), the NH
temperature drops rapidly from 9.0 to 8.6 ka and remains in the cold
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state until about 8.0 ka. Since the proxy data show a transition from a
warm to a cold state across 8.2 ka, we selected the cold period (8.2-8.0
ka) minus the preceding warm period (9.2-9.0 ka) to represent the
change during the 8.2 ka event. As a result, the NH temperature
decreased by about 0.3 °C during the selected period.

Fig. 3a shows the spatial pattern of the simulated yearly-mean pre-
cipitation changes between the cold and the preceding warm period.
There is a general decrease of precipitation in the NH while an increase
in the SH except over the western Pacific. The largest contrast between
the dry NH and wet SH is seen over the tropical Atlantic and eastern
Pacific. Significantly drying condition occurs over North America, West
Africa, South Asia, and northern East Asia. Over East China, the pre-
cipitation anomalies tend to show a ‘wet south-dry north’ dipolar
pattern due to the northward shift of the subtropical rain belt during the
boreal summer. In the SH, monsoon precipitation significantly increases,
mainly in South America. Since the yearly-mean monsoon precipitation
changes are dominated by the local summer precipitation changes, the
results shown in Fig. 3 also represent the local summer monsoon pre-
cipitation change (Fig. 5¢). Note that the paleo archive recorded a robust
drying NH monsoon and wetting SH monsoon, which is in good agree-
ment with the model simulated monsoon change (Fig. 3b). On the
regional scale, the proxy data indicate a nearly uniform pattern in each
monsoon region.

Fig. 4 further compares the evolutions of the precipitation averaged
in each monsoon region and each hemispheric monsoon region between
the model simulation and the proxy-based precipitation records.
Because proxy data are represented by different sets of variables, we
standardized the paleoclimate proxy data. We produced the 100-year
running mean precipitation time series during the period from 9.2 to
7.8 ka. The NH proxies show a continuous decrease from 9.0 to 8.0 ka
(Fig. 4a-e), but there are some differences in NH sub-monsoon regions.
In the NAM and NAF monsoon region, there is no recovery of precipi-
tation after 8.0 ka. In the EA, the precipitation change shows a signifi-
cant inter-centennial fluctuation with a declining trend. The SHM proxy
shows a wet condition during 8.8-8.0 ka (Fig. 4f-i). Although there are
some uncertainties in the reconstructions, the proxy-based results are in
good agreement with the TraCE-AF simulation results, suggesting that
the TraCE-AF could capture the spatial and temporal changes of annual
mean precipitation during the 9.2 to 7.8 ka.

(a) Annual Mean Precipitaion
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3.2. Cause of GMP change during the 8.2 ka event

Previous studies suggested that the meltwater injection was a
fundamental cause that drove the 8.2 ka event. In addition, the orbital
parameters, ice sheet may also play a role. To test this hypothesis, we
investigate the contribution of every single forcing on the change in
monsoon precipitation during the 8.2 ka event. During 9.2-7.8 ka, the
spatial pattern of GMP in the TraCE-MWF experiment resembles closely
that in the TraCE-AF simulation, with a pattern correlation coefficient
(PCC) = 0.59 (Fig. 5¢, d). The NHMP and SHMP in TraCE-MWF is
positively correlated with those in TraCE-AF with a correlation coeffi-
cient (CC) =0.92 (p < 0.1) and 0.63 (p < 0.1), respectively (Fig. 5a, b). It
indicates that GMP is primarily forced by meltwater forcing. The spatial
pattern of GMP in the TraCE-ORB experiment also exhibits an NH-SH
asymmetry, similar to that in TraCE-AF simulation with a PCC = 0.39
(Fig. 5e). It suggests that the orbital parameter might have a moderate
contribution to the GMP change. The change in the ice sheet has a minor
impact on SHMP (Fig. 5f). In general, the result suggests that changes in
GMP are influenced mainly by the meltwater forcing during the 8.2 ka
event. The secondary influence of orbital forcing is due to the fact that
the examined two periods are one thousand years apart.

3.3. GMP sensitivity and attribution during the 8.2 ka event

To quantitatively assess the sensitivity of monsoon precipitation to
the temperature change, we defined the ratio of the change in GMP,
NHMP, and SHMP to one-degree census global mean temperature
change. In the TraCE-AF experiment, the global mean surface temper-
ature was reduced by 0.12 °C from 9.2-9.0 ka to 8.2-8.0 ka. The NHMP
significantly reduced by 1.5% or an equivalent climate sensitivity of
12.4%/°C, while the SHMP slightly increased by 0.5% or 4.2%/°C. In
addition, the sensitivity of NHMP and SHMP in the TraCE-MWF exper-
iment reached 23.1%/°C and 4.3%/°C, respectively. The sensitivity of
NHMP exceeds the potential moisture-induced sensitivity of about
7%/°C.

Why does the NHMP respond to meltwater forcing more sensitively
than the SHMP? We used moisture budget analysis to diagnose the
physical processes governing monsoon precipitation changes. Fig. 6a
and b compare the results between the NHMP and SHMP. During the 8.2

8.2 ka event Fig. 3. Comparison between the proxy records and
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simulated annual mean precipitation during the 8.2
ka event. (a) Difference of the simulated annual mean
precipitation between the latter period (8.2-8.0 ka)
and preceding period (9.2-9.0 ka) during the 8.2 ka
event. (b) Dry (brown) /wet (green) changes inferred
from the proxy data (AP[8.2-8.0 ka] minus [9.2-9.0
ka]) listed in Table 2. Red lines represent the monsoon
regions defined by the merged CMAP and GPCP data.
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Fig. 4. Comparison of the precipitation evolution inferred from the proxy data (blue) and the simulated annual mean precipitation derived from TraCE-AF (black).
(a-e) The proxy data averaged over the NH monsoon regions: (a) NH, (b) NAM, (c) NAF, (d) SA, and (e) EA. (f-i) the proxy records averaged over the SH monsoon
regions: (f) SH, (g) SAM, (h) AUS, and (i) SAF. The uncertainty of proxy-based precipitation was measured by 1 standard deviation of the spread of the individual
proxy record. A 100-yr running mean has been applied to the time series. Z-score denotes the standardized precipitation changes inferred from the proxy data. The
simulated annual mean precipitation changes are with reference to the preceding (9.2-9.0 ka) climatology. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

ka event, the circulation change plays an important role in reducing the circulation change contributes little (Fig. 6b). Thus, the NHMP responds
NHMP, mainly related to the suppressed vertical motion (Fig. 6a). to meltwater forcing more sensitively than the SHMP because the NHMP
However, the moisture decrease plays a secondary role in the reduced is affected by the compound circulation and moisture effect. The mois-
NHMP. By contrast, the moisture increase enhances the SHMP while the ture change mainly influences SHMP change.
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Fig. 5. Spatio-temporal structure of local summer monsoon precipitation rate (mm day ') during the 8.2 ka event. The upper panels show the time series of summer
monsoon precipitation rates averaged over the (a) NHM and (b) SHM regions. Black, blue, red, and purple line indicates the result in the TraCE-AF, TraCE-MWF,
TraCE-ORB, and TraCE-ICE, respectively. Boreal summer represents June to August (JJA), and Austral summer means December to February (DJF). The middle and
bottom panels show the spatial pattern of local summer precipitation rate changes derived from TraCE all forcing and four single-forcing experiments: (c) TraCE-AF,
(d) TraCE-MWF, (e)TraCE-ORB, and (f) TraCE-ICE. Changes are measured by the latter period (8.2-8.0 ka) relative to the preceding period (9.2-9.0 ka). The dots
denote regions in which the changes are significant at the 95% confidence level via a two-tailed Student’s t-test. The red line represents the GM domain. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Discussions
4.1. Common processes that drive the GMP change

What are the fundamental causes of the circulation and moisture
change? Fig. 6¢c-h present spatial distribution of the changes in the
surface temperature, sea-level pressure (SLP), and specific humidity and
winds at 850 hPa. The increase in meltwater discharge reduced the
surface seawater salinity in the North Atlantic, weakening the AMOC (Ba
et al., 2014). The weakened AMOC further decreased the northward
heat transport between the two hemispheres, leading to an overall
cooling of the North Atlantic. The North Atlantic cooling is further
spread to other parts of the NH, especially in high-latitude regions

(Fig. 6¢, d). The spreading processes of North Atlantic cooling have been
demonstrated by numerical experiments (Yang et al., 2020). Such
interhemispheric temperature changes cause a robust NH-SH meridional
gradient in the SLP. During boreal summer, the increased NH SLP
weakens the climatological northward cross-equatorial flow (Fig. 6e)
and transport of moist static energy, decreasing moisture convergence
and NHMP. During austral summer (DJF), the enhanced NH SLP en-
hances the southward cross-equatorial transport of the boundary layer‘s
moist static energy (Fig. 6f), increasing the moisture convergence and
SHMP. Thus, the NH cooling and SH warming favor a “drier NH
monsoon and wetter SH monsoon” (Fig. 5d). Fig. 7a shows that the
NHMP decrease is highly related to the interhemispheric temperature
changes in the meltwater experiments. It suggests that the meltwater-



P. He et al.

(@) NHM TraCE-AF
0.1 5
1 [ |
0.0 ] | I I
% 0.1
© ]
E 02 3
E 7 3
-0.3 4
04 = T T T T T
P’ E' Moisture  Circulation Res
(c) JUA Surface Temperature TraCE-AF
N 1= -

Palaeogeography, Palaeoclimatology, Palaeoecology xxx (xxxx) xxx

(b) SHM TraCE-AF
0.2
s, 017
©
3 ]
£ ) I I
E 00 B = o
0.1 T T T T T
P’ E' Moisture  Circulation Res
(d) DJF Surface Temperature TraCE-AF
0°N

30°s ¢ . I O a 30°8 q-.-
150°W 90°W 30°W 30°E 90°E 150° 150°W  150°W 90°W 30°W 30°E 90°E 150°E 150°W
[ [ [ I I N | °c
-2 -6 -12 -08 -04 -0.1 0.1 0.4

(e) JUA SLP & 850hPa wind

60°N

30°N

150°W 30°W 30°E 90°E 150°E 150°W 30°E 90°E 150°E 150°W
[T T 1
hPa
2 -16 -12 -08 -04 2
TraCE-AF

(9) JJA 850hPa q TraCE-AF

150°W

150°E

150°W

150°W

I I I I

[

I I [ [
-08 -06 -04 -0.2

10 kg/kg

0 02 04 06 038

Fig. 6. Atmosphere moisture and circulation change during the 8.2 ka event derived from the TraCE-AF experiment. (a, b) Moisture budget decomposition of local
summer precipitation (mm day’l) changes. (c, d) Surface temperature (°C) changes, (e, f) Sea level pressure (shadings, hPa) and 850 hPa wind (vectors, m shH
changes, and (g, h) 850 hPa specific humidity (kg kg~') changes in JJA mean. Only the regions where significant above the 95% confidence level via a two-tailed

Student’s t-test are dotted.

induced hemispheric thermal contrast is one of the fundamental causes
of the GMP change.

It is conceivable that the land-ocean thermal contrast change
induced by the meltwater forcing may also contribute to decreasing
NHMP as the relative cooling over land may lead to weakening the
climatological land low-pressure system (Fig. 6e) that may prohibit the
low-level moisture flows from converging into monsoon regions (Wang
et al., 2020). To test the hypothesis, we have examined the relationship
between the changes of NHMP and the land-ocean thermal contrast
during the 8.2 ka event. As shown in Fig. 7c, the changes of NHMP are
significantly correlated with the land-ocean thermal contrast that mea-
sure by the land minus ocean surface temperature. The result shows that
reduced land-ocean thermal contrast reproduced weaker NHMP. The

North American summer monsoon precipitation changes are highly
correlated to the temperature gradients between the equatorial eastern
Pacific and the tropical Atlantic (Wang et al., 2020). It is confirmed by
the relationship shown in Fig. 7e.

We now turn our attention to the GMP change in the CWP under the
increasing GHG forcing to contrast the changes arising from the
meltwater-induced cooling. What are the characteristics of GMP under
the CWP? During the CWP (Fig. 8), the NHMP change featured an east-
west asymmetry between the enhanced Asian-African monsoon and
reduced North American monsoon rainfall, which is similar to the future
change of NHMP (Lee and Wang, 2014; Wang et al., 2020). In the TraCE-
AF experiment, the GMP averaged precipitation rate increases by 1% or
2.0%/°C, which is close to the previous results (Chai et al., 2018). The
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Fig. 7. Relationships between the monsoon precipitation and lower boundary forcing. (a, b) the NHMP as a function of the hemispheric thermal contrast (T2m for 0°-
60°N,0°-360°E minus T2m for 40°-0°,0°-360°E). (c, d) NHMP as a function of the surface temperature difference over the land region (0°-60°N, 0°-360°E) and
adjacent ocean region (0°-60°N, 0°-360°E). (e, f) the JJA mean NAM (North American) monsoon precipitation as a function of the surface temperature difference
between equatorial eastern Pacific (5°S-5°N, 120°-80°W) and the tropical Atlantic (10°-20°N, 60°-15°W).

NHMP and SHMP increases by 1.8%/°C and 2.2%/°C, respectively.
Comparing with the sensitivity during the 8.2 ka event and CWP, we
found that GMP response to meltwater and GHG forcing is different.
Why does this happen? In the CWP, the moisture effect plays a vital role
in enhancing the NHMP and SHMP (Fig. 9a, b), mainly related to the
specific humidity increase (Fig. 9e, f). The circulation effect tends to
reduce the precipitation, especially the SHMP. The reason is that the
GHG-induced vertically differential radiative forcing increases atmo-
spheric static stability. Based on the Clausius-Clapeyron relation, the
moisture content in a saturated air column increases with the air tem-
perature at a rate of ~7%/°C (Trenberth, 1998; Allen and Ingram,
2002), while the results here show a moderate increase of about 2.0%/
°C in GMP due to the offset between the moisture and circulation effect.
In contrast, the sensitivity of the GMP to temperature in the 8.2 ka event
exceeds 7%,/°C due to the circulation response reinforces the moisture

effect.

Although the GMP changes in the CWP and the 8.2 ka event differ,
they share common drivers. The external forcing-induced horizontally
differential temperature changes determine the corresponding circula-
tion change, and the latter is responsible for the spatial structure of the
precipitation change. The circulation changes are associated with
interhemispheric thermal contrast, land-ocean thermal contrast, and
tropical SST pattern. To illustrate this argument, we first examined the
change in interhemispheric thermal contrast under the CWP. The non-
uniform warming induced by the GHGs’ radiative forcing leads to “NH
warmer than SH” (Fig. 9¢, d). The anomalous temperature gradient
enhanced the anomalous cross-equatorial pressure gradients that drive
low-level cross-equatorial flows from SH to NH, increasing the NHMP
(Fig. 7b). Moreover, in the CWP, the horizontally differential warming
results in a “land warmer than ocean” pattern. As shown in Fig. 7d, a
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Fig. 9. Atmosphere moisture and circulation change during the CWP derived from the TraCE-AF experiment. (a, b) Moisture budget decomposition of local summer
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a two-tailed Student’s t-test are dotted.
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larger change in the land-ocean thermal contrast generates stronger
NHMP. In addition, the North American summer monsoon precipitation
changes are significantly correlated to the temperature gradients be-
tween the equatorial eastern Pacific and the tropical Atlantic (Fig. 7f). In
summary, although there are apparent differences in the spatial distri-
bution and sensitivity of GMP between the 8.2 ka event and CWP, there
are common processes that drive GMP change in the past and the present
day.

4.2. Perspective

This study takes an important step toward improving our under-
standing of GMP response to the 8.2 ka event. By comparing the change
of GMP in the 8.2 ka event, CWP, and future (Wang et al., 2020), an
important suggestion is that the hemispheric thermal contrast, land-
ocean thermal contrast, and tropical SST gradients are common
drivers of the NHMP changes in the past, present, and future.

Although the meltwater forcing plays a crucial role in the 8.2 ka
event, solar activity and volcanic eruption may indeed have contributed
to the 8.2 ka event. Firstly, the 8.2 ka cooling events may have been
driven by increases in North Atlantic Arctic drift ice induced by a
quasiperiodic decline in sunspot activity (Wang et al., 2005). Diluted sea
waters would have slowed the AMOC, leading to the cooling of the NH
(Bond, 2001). Secondly, there were three major volcanic eruptions
during the 8288-8178 BP, which could have exacerbated the climate
impact caused by the meltwater discharge (Cole-Dai et al., 2021). Sys-
tematic examination and modeling studies are needed to investigate
further the role of solar and volcanic activity in the 8.2 ka event.

In the meltwater experiments, the other forcings (ice sheet, orbital,
and GHGs) were fixed at the 19 ka conditions. This design might sub-
stantially affect the mean climate around 8.2 ka. Therefore, a consid-
erably colder climate mean-state is expected. This caveat might affect
the GM response to the meltwater response in the meltwater experiment.
Besides, the simulation was conducted with a single climate model. The
model’s physical parameterization may cause uncertainties. The multi-
model simulation results are needed to verify the quantitative conclu-
sions presented here.

5. Conclusion

Based on a large set of hydroclimate archives during the 8.2 ka event,
we find that the GMP simulated by TraCE-AF experiments features a
robust NH-SH asymmetry, which is consistent with the proxy data. By
comparing the TraCE-AF and single-forcing experiments, we illustrate
the GMP change in the 8.2 ka event mainly attributed to the meltwater
injection with a moderate contribution from the orbital forcing. During
the 8.2 ka event, the NHMP responds to meltwater forcing more sensi-
tively than the SHMP. The moisture budget analysis suggests that
weakened circulation (upward motion) plays a dominant role in
reducing the NHMP. Furthermore, the reduced specific humidity re-
inforces the precipitation decrease. On the other hand, the moisture
increase plays an main role in enhancing the SHMP. The sensitivity of
NHMP in the CWP is significantly lower than the 8.2 ka event. In the
CWP, the increased moisture tends to enhance precipitation, but the
vertically differential radiative forcing-induced atmospheric static sta-
bility increase, reducing the dynamic (moisture convergence) effect.
Thus, the two thermodynamic effects (increased moisture content and
static stability) partially offset each other.

The meltwater and greenhouse gas forcings induce differing global
temperature change patterns and circulation changes. However, the
GMP changes are governed by common root causes, namely, through the
external forcing-induced NH-SH thermal contrast, land-ocean thermal
contrast, and the tropical SST gradients. The moisture change plays a
crucial role in altering precipitation amount but not spatial distribution.
The external forcing-induced warming (cooling) pattern drives the cir-
culation changes (dynamic effects), determining the spatial structure of

11

Palaeogeography, Palaeoclimatology, Palaeoecology xxx (xxxx) xxx

the monsoon rainfall changes in the past and the present.
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