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Motivation

(a) Observed globally averaged combined land and
ocean surface temperature anomaly 1850-2012
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(b) Observed change in surface temperature
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raised about 1°C since 1880s.

(PCC ARS) other extreme climate events.



Motivation

Greenhouse Effect

Human Influence on the Greenhouse Effect
Intensified by Humans
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Usually, the current warming is attributed to the increases of
greenhouse gases concentrations due to anthropogenic CO,

emission.
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However, if looking back to the paleoclimate, there were similar warming periods
during the history, e.g., Medieval Climate Anomaly (MCA), caused by natural forcing.

(Geetal., 2013)
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Question 1: How to differentiate the influences from
natural forcings and anthropogemc forcmgs’7
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These warming periods during the pre-industrial periods are caused by natural forcing.
Their spatial patterns are different from the present warming period, indicating different
influences on global climate from natural and anthropogenic forcings. ( Liu et al., 2013, Nature )
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Holocene Temperature Variations
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During the Holocene, there was also a millennial-scale warming period, i.e.,
the Holocene Thermal Maximum (also called Holocene Climate Optimum)

between 7 to 4.2 ka BP (Wanner et al., 2011).
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(Kaufman, 2020a&b) (Liu et al., 2015)
However, different reconstructions do not agree with the
timing of the Holocene Climate Optimum.
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Models simulate increasing trends of annual temperature
through the Holocene driven by the retreating of ice sheets
and rising GHGs.
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“Bond cycle/events”
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(Bond et al., 2001, Science) (Tan et al., 2021, GRL)

1

Question 3: What are the mechanisms behind the Bond Events?



Experimental design

= Two groups of experiments
= NNU-Holocene
= NNU-2ka

= Model: Community Earth System Model (CESM)

= Developed by NCAR
= Including models of Atmosphere, Ocean, Ice, Land surface, Carbon cycle, etc.

= Seven/eight experiments in NNU-Holocene/NNU-2ka

= One control experiment
= Five/six single-forcing sensitivity experiments

= One all-forcing experiment

(Wang et al., 2015; Wan et al., 2020)



NNU-Holocene experimental design

Integration time

Control experiment E=0.019419;0blic = 24.227;Prec = - 12000
(ctrl_B1850CN) 0.01763;TSI=1360.89 w/m2
C0O2=265 ppm;CH4=660 ppb;N20=265 ppb

Orbital parameter A. Berger,et al., 1997 12000
sensitivity experiment

(orbit_B1850CN)
s TSI sensitivity experiment L. E. A. Vieira et al., 2011 12000
(TSI_B1850CN)

GHG:s sensitivity CO2: Luthi, D. et al., 2008. 12000
experiment N2O: Schilt, A. et al., 2010.
(GHG_B1850CN) CH4: Loulergue, L. et al., 2008.
LUCKC sensitivity HYDE3.2 (Klein Goldewijk et al., 2011) 12000
experiment
(LUCC _B1850CN)
Volcanic eruption Gao, C. et al., 2017 12000

sensitivity experiment
(VOL_B1850CN)
All forcing experiment Orbital+TSI+GHGs+LUCC+Vol 12000

(Wan et al., 2020, Quaternary Sciences)



NNU-Holocene experimental design
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The ORB, TSI, VOL, GHGs, and LUCC forcings used in the NNU-Holocene experiment
(Wan et al., 2020, Quaternary Sciences)



NNU-2ka Experimental design

External forcing Simulation period
(year)
Control experiment NCAR 1850 A.D. external forcing 2400
TSI sensitivity experiment Shipro et al., 2011 2000
Volcanic eruption Gao et al., 2008 2000
sensitivity experiment
GHGs sensitivity MacFailing et al., 2006 2000
experiment
LUCC sensitivity Kaplan et al., 2009 2000
experiment
Natural forcing sensitivity TSI+Vol 2000
experiment
Anthropogenic forcing GHGs+LUCC 2000
L sensitivity experiment
All forcing experiment TSI+Vol+GHGs+LUCC 2000

(Wang et al., 2015)



NNU-2ka Experimental design
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Applications of NNU-Holocene and NNU-2ka

 Based on NNU-Holocene and NNU-2ka, and TraCE-21ka,
CESM-LME, and PMIP3 archives, etc., influences and
mechanisms from natural and anthropogenic forcings on
multi-scale climate variability during the Holocene were
investigated:

* Result 1: Millennial scale climate responses to external Zggf:mal
forcings in NNU-Holocene
: : Centennial
* Result 2: Mechanisms behind the 4.2 ka BP event scale

* Result 3: Mechanisms of decadal megadroughts over

eastern China
Decadal

* Result 4: Centennial to decadal climate responses to LUCC scale
* Result 5: Influences of TSI on decadal EAM variability

* Result 6: Influences from volcanic eruptions on ENSO and J Interannual
monsoon Scale



Result 1: Millennial scale climate responses to external

forcings in NNU-Holocene

1. Simulation of Northern Hemisphere mid-latitude precipitation response to
different external forcings during the Holocene

Reconstruction TraCE-21k NNU-Holocene
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Northern Hemisphere mid-latitude (30°N-50°N) precipitation change
1) During 10-7 ka B.P., an increasing trend occurs in the TraCE21 ICE, MWF and

ORB experiments.

2) In 7-0 ka, an increasing trend occurs in NNU-Holocene ORB experiment, which is

consistent with the reconstructions, but the trend is concentrated in marine areas.
(Sun et al. 2020, Quaternary Sciences)



Eurasia land precipitation North American land precipitation
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1) Both models simulate a stronger drying trend over mid-latitude Eurasia than North America,
which is induced by the ORB. GHGs contribute to the enhanced precipitation in Eurasia, but it
cannot offset the negative contribution of the ORB.

2) The response of simulated NH mid-latitude precipitation to ORB and GHGs is strongly model
dependent, which is an important factor for the proxy-model data comparison.

(Sun et al. 2020, Quaternary Sciences)



Result 1: Millennial scale climate responses to external

forcings in NNU-Holocene

2. Northern Hemisphere land monsoon precipitation increased by the Green
Sahara during mid-Holocene
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Most of the NHLMP changes revealed by proxy data are reproduced by the model
results when the Saharan vegetation cover and dust reduction are taken into

consideration. The simulated NHLMP significantly increases by 33.10% under the
effect of the Green Sahara, through the large-scale atmospheric circulation

changes. (Sun et al., 2019. Geophys. Res. Lett.)




Result 1: Millennial scale climate responses to external

forcings in NNU-Holocene

3. Middle East climate response to the Saharan vegetation collapse during the

mid-Holocene

=2 70
8 20
3.0 5.50
R
250 = 2
5:30

C,s n-alkanoic acids
8D (%o)
NN R
OOO—=+=N
ORhONMO
0 )

196 115 o
-11.0 ‘il%;
-10.5 ©
-10.0 B
-9.5 @
San
8 -6.
f._’raf 5.60
P2 -5.20
Q° -4.80 ]
5.90
-5.80 _ &
-5.70 %23
) -5.60 S8
il 550 R0
= -5.40 & &
S 3 530 &
R x-1.0
T2 ]
- 0.0 1
O = 0.5 4 9)
ST 1.0 4
w<g 1.5 ¢ 14 6
3 128 o
o h) -1.0 B8
-0.8 ® ¢
=~
e ED
3 0.70 1 -0.4 N
ES060 3 i)
283 |
£5839 ]
S 5010 - 1y
39000 A 340
360 — o
j) 380 2 &
400 & &
4203 o
— 77—+ 440 g8
75 7 65 6 55 5 45 4 @

ka BP

Proxies suggested a drying trend during
6.5 - 5.0 ka and a 5.2 ka drought event.

MH

GREEN~ DESERT

(a) Annual mean precipitation MH

50N 4
40N 3 'GS effect

30N A

20N -

20W 0 20E 40E 60E
(mm day")

I I [ I [ I
-08 -06 -04 -02 -0.1 -005 0 0.05 01 02 04 06 08 2 4

(b) Proxy change

50N - : L
40N - ' ® Wetter
< ® Drier
30N ' % _ e No change
20N N -
20W 0 20E 40E 60E

C T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000

(m)

MHgreen minus MHorb experiments suggests a
wet ME, which means that the ME drying trend
can be affected by the Saharan vegetation

collapse. (Sun et al. 2020, J. Climate)



Result 1: Millennial scale climate responses to external
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Result 2: Mechanisms behind the 4.2 ka BP event
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Result 2: Mechanisms behind the 4.2 ka BP event
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4.2 ka BP event may be induced by multi-century-scale fluctuations in SSTs across the
North Atlantic and AMOC strength, superimposed on the steady decline in SSTs and a
reduction in the AMOC led by long-term changes of orbital forcing.

(Ning et al., 2019, Climate of the Past ; Yan et al., 2019, Climate of the Past)
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(Ning et al., 2019, Climate of the Past ; Yan et al., 2019, Climate of the Past)



Result 3: Mechanisms of decadal megadroughts over eastern

China

3 North China ~——— Whole East China
Year BCE . 203 Jlang Huai
-550 -600 -650 -700 -750 -800 -850 -900 -950 -§ i A I~
T T [T T T I S I T £ E P2
B e e sy = 003~ 4
Assurbanipal | Sargon I | Shalamaneserlll |  Ashur-danll a =R\ 1- ¢
Sennacherib Tiglath-Pileser Il Assurnasirpal Il 2. ;
R R 7 Severe drought in North Chlna (*) and Jiang-Huai ()
i i - *e® Co @© @ [} L] > - - °oee 5 WE ToommN
3
Breakaway of several Periads afmal i 5 205 "
vassal states Lt UL e 1-15 & 155 prs won by Ming
Babylonian/Medes |  Invasion of Egypt i g E [ Tgal "
A 4 c e
nvasen Capital shifted § 102 ; — ] .
Destruction of to Nineveh 1-05g 54— — & l l
: [ = E ] =
e g e =H=E0
— A0 J 2
los g 8.0 100 Military expense of government
Nimrud canals g g 753 expenditures (%) i |
% 6.0 Mmamaprcampafgns
1.0 E 50 ‘
415 -g 4.0 25 "vv‘, "" €
2 e
Civil wars Deportation of conquered g y o o Duty ratf® upgrade
Nineveh Populations to the ~ > |
canals  Assyrian heartland Border crises  Military farm : gzc::l etn::penditures
emergence | breakdown = Miitary efpense
P 2 207 _2 6 g Price per 100kg rice
£, 5 Unrest triggered by drought
i g P '2 0 ‘5 [ Total unrest
1.0 + = = : f
2 103 :
g 5—1 4 r— :
R AT LY ‘
S > E—O 8
2 00 x 1 i xlm " 1 s ol [, L NEEE |
> m 'l\ ” |‘ i 1‘!”’ dl ' Hl nl”'| 500 1550 1460
© 05 HI- - - ReFE AR e -
’ MING DYNASTY DROUGHT (Zheng et al., 2014, Climatic Change)
15 =
o0 o owe o° 2 ;m&;& o' O 1@ RE
LI PRI EFUETETEN STUT ST U TSIy STEEATENY | B STETECER AN
0 500 1000 1500 2000 2500 3000 3500 4000

Year B.P.

Decadal megadrought during the
early mid-seventh century BCE
contributed to the eventual political (Cook et al., 2010, Science)
and economic collapse of Assyria. Ming Dynasty Megadrought around 1640

(Sinha et al., 2019, Sci. Adv.) contributed to the collapse of Ming Dynasty.




Result 3: Mechanisms of decadal megadroughts over eastern
China

N

€) v —
(@) Frequencybrought Frequency - Magnitude
19 C
20 18 18 17 0.0 [—
18 16 16 B
16 15 15 g L - s =
=} - p T
14 tof BB @ o o & =
11 24 B i E ]
12 © 1 i |
= B 1 | 1
10 B i |
8 20 |—
6 »
4 8
5 3.0 1 1 1 L L 1 - 1 |
0 o ™ P 2 o ¥ “9
23 > N i e ¥ &L
« 6‘\;\/ 6‘)@» \i'"é» c,‘a’g\ a&% @V& éﬁ\’q i & & Qoo‘? & ¥ QQ)\'O R
Jod O OV‘ c,)’ ? NN ? .
N & o TP b) cesws Mechanism | uni s
N 60°N : : : - - T T
H e v r vt ottt v v s s s s s s s a mwm At I
(o) Duration -w*””’”z’,:tt’,’.:"'“y:::::::::ESS\ N
°r e g T
f— T i de A A I LI AR G gl o i ok ‘Ifl
O Y S Bl . -
» | | | : o even R R R
o I l o e SOS TR o
= [ ! ! - o AN [ s
g | ! ! ! - AR et |
S : | | | H ’ e N oI
c 30 — | | | J W NI EE N T LETLTET] IS E S ese e
s F i ! ! | I 3 000, A il
g | ' ' | n T 20N o - oo e 7P - - - = ALl o
A | ! | R mana——
[m] - : | N
20 — | >
. O = m ; T i r
B [__‘j 60°E . 90E 120 150°E
ok L T M Compared with reconstruction, the simulated
— | L L 1 L L L | .. .
R T S megadroughts have similar frequencies,
e\’ g\g‘ \?FJ foq; O& \gy Q,o"él . .
& & F & &P ¢ durations, magnitudes, and also the
N
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Influences of volcanic eruptions on megadrought frequency
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Mechanisms behind the mfluences
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Case study: Mngynasty Drought

=" The Ming Dynasty Drought that lasts for period 1637-1643 with
largest precipitation decrease around 1640, appears to be the
severest drought over China during last five centuries, and may

have contributed to the fall of the Ming Dynasty at 1644 (Zheng et
al., 2006; Cook et al., 2010).
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LUCC induces the increased probability of anti-phases between PDO and AMO, and decreased
probability of in-phases between PDO and AMO. Therefore, the occurrences of summer
precipitation tripolar distribution over eastern China increase, and the occurrences of dipolar
distribution decrease. (Wang et al., 2020, Int. J. Climatology)



Result 5: Influences of TSI on decadal EAM variability

1. A centennial episode of weak EASM in the MCA
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(Jin et al., 2018, Paleoceanography and Paleoclimatology)



Result 5: Influences of TSI on decadal EAM variability

2. Decadal variations of the East Asian summer monsoon forced by the 11-year

insolation cycle
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Result 5: Influences of TSI on decadal EAM variability

2. Decadal variations of the East Asian summer monsoon forced by the 11-year

insolation cycle
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(Jin et al., 2019, Journal of Climate)
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11-year solar cycle
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Result 5: Influences of TSI on decadal EAM variability

3. Decadal variability of northern Asian winter monsoon shaped by the
11-year solar cycle
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At the peak of the accumulative solar irradiance (i.e., 4 years after the maximum solar irradiance), the
JJAS mean Arctic sea ice concentration (a) reaches a minimum over the Barents—Kara Sea region
accompanied by an Arctic sea surface warming (b), which then persists into the following winter,
causing Arctic high-pressure extend to the Ural mountain region (¢, DJF mean 500-hPa geopotential),
which enhances Siberian High and causes a bitter winter over the northern Asia.



Result 6: Influences from volcanic eruptions on ENSO and

monsoon

" 1. A La Nifa-like state in the second year after volcanic eruptions

a Braganza et al 2009 (19)

b Cook et al 2008 (26)

¢ D.Arrigo et al 2005 (22)

0.4 0.4 0.4
0.2 0.2 0.2
0 L 0 0 _-.-_.-.-..--_
-0.2 = -0.2 - [} -0.2 —
-04 : -04 04
=5 0 5] = 0 5 =5 0 >
d Lietal 2011 (39) e Lietal 2013 (26) f Mann et al 2000 (14)
0.4 0.4 0.4
0.2 0.2 0.2 ——
0 0 0
2§ S 02— - 0.2
-04 : -0.4 —0.4 :
=5 0 5 -5 0 5 =5 0 5
g McGregor et al 2010 (14) h Stahle et al 1998 (11) i Wilson et al 2010 (16)
0.4 0.4 0.4
O l Il lT. 0.2 0 i l 0 0.2 *
-0.2 -0.2 =] o} -0.2
0.4 ! = -0.4 = 0.4 : I—
-5 0 5 %] 0 5 =5 0 5
j Ensemble (187) k CESM Vol (25)
02 0.4
0.2 [ ]
0 || 1 T T ‘-—.v.-.T.I-..‘
= = l - 0.2
0.2 ] 0.4 :
5 0 5 5 0 5

Shown in both reconstructions and model simulations, the El Nifo-like states shift to
the La Nifa-like state in the second year after strong tropical volcanic eruptions, and
then strong La Nina-like states occur during the winter of the third year.

(Sun et al., 2019, Clim. Dyn.)
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monsoon

1. A La Nifia-like state in the second year after volcanic eruptions
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monsoon

2. How northern high-latitude volcanic eruptions in different seasons affect ENSO
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monsoon

2. How northern high-latitude volcanic eruptions in different seasons affect ENSO
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Anomalous North Pacific Cyclone (NPC) and Asian monsoon are key systems to
excite anomalous westerlies, which is caused by the NHV-induced mid-latitude
cooling and Eurasian continent-North Pacific thermal contrast.

(Sun et al. 2019, J. Climate)
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b) Monthly evolution of zonal-mean SAT anomaly (°C)
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After a single mega volcanic eruption (such as

Samalas),

the combined effects of albedo

feedback and ocean-atmosphere heat exchange
related to sea ice changes are the main
influencing factors for long-term asymmetric
temperature changes
Antarctic.
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Concluding remarks

= A new group of experiments based on CESM covering the
Holocene (NNU-Holocene) are designed to investigate the
different influences on multi-scale climate variability from the
natural forcings and anthropogenic forcings.

= Combined with the simulations covering last two millennia
(NNU-2ka), TraCE-21ka, CESM-LME, etc., major conclusion are
drawn:

= On Millennial scale:

sGreen Sahara during mid-Holocene increases Northern Hemisphere land
monsoon precipitation.

=sMiddle East climate shifted from wet to dry due to the Saharan vegetation
collapse during the mid-Holocene

= On centennial scale:
= | UCC induce decreasing trend to the surface temperature.

m 4.2 ka BP event may be induced by multi-century-scale internal variability,
superimposed on the steady decline in SSTs and a reduction in the AMOC
led by long-term changes of orbital forcing.



Concluding remarks

» On multi-decadal scale:

= \/olcanic forcing tends to reduce the megadrought frequencies through a
negative PDO-like SSTA pattern, with larger SSTA over the eastern North
Pacific than over the central North Pacific.

= Ming Dynasty Megadrought is a typical drought triggered by internal
variability and strengthened by the volcanic eruption, and this intensification
is stronger during the late stage of droughts.

= The 11-year insolation cycle has strong influences on decadal variations of
the EASM and EAWM.
= On interannual scale:

= Strong volcanic eruptions can induce fast shift from El Nifio state to La
Nifa state in three years after eruptions.

= Northern high-latitude volcanic eruptions in different seasons have different
influences on ENSO.

= Mega volcanic eruption induces a remarkable asymmetry of temperature
variation and duration between the Arctic and Antarctic.
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