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Abstract    Precipitation can shape our climate both in the
present  and  the  future.  Even  though  we  have  made
significant  advances  in  studying  the  mechanisms  of
millennial-scale  climate  changes  through  high-resolution
records,  we  still  cannot  quantitatively  characterize  the
global  spatiotemporal  precipitation  variations  within  the
Holocene.  Therefore,  we  developed  a  new  approach  to
integrating data from 349 globally distributed records and
climate  models  to  reconstruct  regional  and  global
precipitation patterns over the last 12000 years. Our results
reveal that precipitation reconstructions can be divided into
monsoon-driven  and  westerly  driven  patterns.  The  results
suggest  that  an  arid  climate  was  experienced  in  the  late
glacial  and  early  Holocene  epoch  (~12−7.4  cal  ka  BP),
attaining  a  middle  Holocene  optimum  (~7.4−3.5  cal  ka
BP), and drier after the middle Holocene. According to our
reconstructions,  the  global  precipitation  reconstruction
increased from the early Holocene until 3.8 cal ka BP and
then  subsequently  decreased.  In  addition,  our  reconstruc-
tions  better  reproduce  the  low-frequency  events  and
extreme  precipitation  at  the  millennial  scale  in  the
hemispheres, but the performance of the reconstructions in
the  equatorial  Pacific  and  the  Southern  Hemisphere  of
Africa and the Americas is controversial. The resolution of
the  record  and  the  simulation  capability  of  the  climate
model  remain  important  means  to  improve  our
understanding of past climate change.

 

1    Introduction

The hydrologic cycle is the continuous exchange of water
between  the  Earth’s  surface  and  its  atmosphere,  which
plays  an  essential  role  in  the  survival  of  life  forms.

Precipitation,  one of  the key processes  of  this  cycle,  can
shape the past and present ecological environment (Yang
et al., 2014; Tierney et al., 2015; Vörösmarty et al., 2000;
Zwart et al., 2017).  Even  if  global  climate  simulations
predict  widespread  wetter  conditions  in  the  future,
precipitation patterns, such as the decline in precipitation
and longer than usual periods of rain, have become more
common  worldwide  in  recent  decades  as  the  global
climate  continues  to  warm  (Yang et al., 2014; Schewe
and Levermann, 2017).  Therefore,  quantitative  studies  of
past  precipitation  are  essential  for  understanding  future
climate and developing resistance and adaptive responses
to global warming challenges.

Due  to  the  rapid  development  of  instrumentation  in
recent  decades,  paleoclimate  studies  based  on  climate
proxies  have  developed  rapidly.  The  information  gained
from  marine  and  lacustrine  deposits,  cave  sediments,
lake-level  data,  and  pollen  records  has  been  used  for
reconstructions of past precipitation during the Holocene
(Li et al., 2009, 2014, 2018; Abram et al., 2016; Gagen
et al., 2016; Li and Xu, 2016).  Numerous  studies  have
confirmed  that  local  summer  insolation  dominates  the
precipitation  change  in  the  millennial-scale  monsoon
region at low latitudes. δ18O (‰) evidence from Dongge
Cave and high-resolution bulk titanium content  from the
Gulf of Cariaco reflect the local precipitation pattern is in
line with the local summer insolation (Werne et al., 2000;
Dykoski et al., 2005; Duan et al., 2014), and the evidence
also  shows  the  rapid  shifts  in  vegetation  in  the  Sahel-
Sahara  region  of  Africa  monsoons  (deMenocal et al.,
2000).  In  addition  to  insolation,  the  ocean  and  atmo-
spheric  circulation  are  other  factors  driving  precipitation
patterns on millennial  to  centennial  scales.  In contrast  to
local  insolation, Griffiths et al. (2009) suggested  that
high-latitude  oceanic  circulation,  such  as  Atlantic  meri-
dional overturning circulation, has forced precipitation of
the  Australian-Indonesian  monsoon  since  the  Holocene,
which also agrees  with δ18O values  from Borneo (Partin
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et al., 2007).  Meanwhile,  the  high-latitudes  ocean  and
atmospheric circulation in the Northern Hemisphere have
a  predominant  effect  on  the  precipitation  pattern  in
middle to high latitudes. In other words, westerlies carry
vapor  from  the  North  Atlantic  and  Pacific  Oceans  to
Central  Asia  and  North  America  (An et al., 2008; Chen
et  al.,  2008; LeGrande  and  Schmidt,  2009).  Effective
moisture  interpreted  from  multiple  pollen  records  from
Central  Asia  shows  that  the  middle  Holocene  is  the
environmental optimum period at middle latitudes (Chen
et al., 2008).  Since the late glacial period, along with the
rapid decline of the Northern Hemisphere continental ice
sheets,  the  Greenland  ice  cores  indicate  a  rising
temperature  in  the  North  Atlantic  (Grootes and Stuiver,
1997),  consistent  with  the  lake-level  change  in  southern
Finland at high latitudes (Heikkilä et al., 2010). However,
a  paleoclimate  database  including  lake  levels,  pollen
assemblages, and eolian sediment records from Mongolia
shows  a  more  southward  distribution  of  forest-steppe
environments  during  the  early  to  middle  Holocene  (An
et al., 2008). Although we have made significant progress
in  paleoclimate  studies  using  climate  proxies,  the
interpretation  of  proxy  values  are  still  troubling  for
researchers  due  to  the  multiplicity  of  paleoclimate
proxies. The speleothem records from China reveal strong
spatial  heterogeneity  in  Holocene  moisture  evolution
between  the  East  Asian  and  Indian  summer  monsoon
domains, and the δ18O values of lake sediments sampled
from  the  Shiyang  River  basin  of  north-western  China
suggest  asynchronous  Holocene  Asian  monsoon  vapor
transport  and  precipitation  (Li and Xu, 2016),  but  other
papers determine that δ18O values help to distinguish the
boundary  between  the  Asian  monsoon and  westerlies  on
the  millennial  scale  of  variability  (Chen et al., 2008,
2010).  The  δ18O  values  from  the  Sajama  Mountains
(18.1°S,  68.9°W)  are  good  candidates  for  studying  the
late Quaternary paleoclimatology of South America when
some studies point out that their values represent ice core
accumulation  or  precipitation.  However,  some  studies
demonstrate  that  it  closely  correlates  with  NCEP-NCAR
400-500-hPa  temperature  in  a  grid  box  centered  at
17.5°S,  70°W  on  seasonal-to-interannual  time  scales.
Therefore, the correct understanding of the information in
paleoclimate  proxies  is  crucial  to  our  understanding  of
paleoclimate change.

After Joseph introduced the concept of climate models,
these  models  improved  our  understanding  of  the
mechanisms of climate and its interactions in the last half
century  (Smagorinsky, 1963).  Models  are  used  to
understand and explain the El Niño-Southern Oscillation,
the relationship between Atlantic Meridional Overturning
Circulation  and  winter  temperature  patterns  over  Europe
or  the  globe  (Pausata et al., 2017; Zhu et al., 2019;
Găinuşă-Bogdan et al., 2020).  However,  recent  studies
suggest  that  climate  models  simulating  precipitation
fields are too small compared with those from instrumen-

tal  (Govindan  et  al.,  2002; Laepple  and  Huybers,  2014)
data and paleoclimate records (Ault et al., 2014; Laepple
and  Huybers,  2014; Parsons et al., 2017).  Instrumental
and  paleoclimate  data  indicate  that  natural  hydroclimate
tends to be more energetic at low frequencies (Ault et al.,
2014),  and  regional  precipitation  is  underestimated.  The
precipitation  mechanisms  related  to  the  greening  of  the
Sahara are far from being properly represented in general
circulation  models,  as  most  climate  models  severely
underestimate  past  wet  conditions  over  North  Africa
(Adam et al., 2019).  These  models  are  estimated  to
require 500-800 mm/yr of precipitation in 20°−25°N for a
sustainable  greening  of  the  Sahara  during  the  early
Holocene (Hopcroft et al., 2017).

Therefore,  to  enhance  our  understanding  of  climate
mechanisms  while  better  understanding  past  climate
change,  we  have  developed  a  preliminary  average-
probability  method  that  combines  the  advantages  of
indicators and models in which precipitation at a grid on
the model is used as the independent variable and climate
proxy  values  are  used  as  the  dependent  variable  to
quantitatively  correct  and  reconstruct  precipitation  at  a
grid.  It  contains  the  low-frequency  and  abrupt  change
response  to  past  climate  changes  but  also  models
quantitative  changes  in  precipitation  at  different
spatiotemporal  scales.  This  approach  can  also  improve
our  understanding  of  the  mechanisms  causing  the
observed climate changes. In this study, we combined the
TraCE precipitation model and 349 records to reconstruct
global  precipitation  over  the  last  12000  years.  We  used
the newest version of the TraCE precipitation data set to
explore  the  thermodynamic  and  dynamic  precipitation
mechanisms,  thus  improving  our  understanding  of  past
precipitation patterns.

 

2    Data and methods

 2.1    Record selection criteria and chronological framework

Although  sedimentary  records  commonly  reveal  past
changes in environmental and climatic variables, such as
vegetation,  temperature,  and  moisture,  there  is
controversy over the interpretation of data records. High-
resolution oxygen isotope (δ18O) profiles of speleothems
commonly  provide  a  record  of  Holocene  precipitation
intensity  (Wang et al., 2007; Li and Xu, 2016; Yang
et al., 2016; McGee, 2020).  Cave  δ18O values  reflect  the
variation  in  past  precipitation  remains  controversial  (Li
and Xu, 2016),  but  in  our  validation  experiment
(Supplementary  Information  Figs.  S4−S7),  we  found  a
correlation  between  precipitation  and  δ18O  values.  In
contrast,  it  is  commonly  accepted  that  Holocene  lake-
level records are closely related to precipitation changes,
a connection that has been validated by lake deposits and
shown by verification studies. According to the results of
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our  validation  experiment  and  previous  studies  (see
Verification  for  data  section  of  Supplementary  Informa-
tion),  cave  deposits  and  lake  sediments  provide  useful
indicators for reconstructing Holocene precipitation.

We used four criteria to select various types of records
(such  as  data  on  Holocene  lakes  and  speleothems).
1)  Records  must  have  a  reliable  chronology  and
continuous  Holocene  sedimentary  sequences.  2)  Each
time  series  spans  at  least 6500 years  if  not  the  entire
Holocene.  3)  Indicators  from  the  records  data  must
include  direct  lake-level  changes  or  precipitation  change
information.  4)  Data  are  publicly  available  (such  as  via
PANGAEA or  NOAA-Palaeoclimate)  or  are  nonproprie-
tary  data  available  directly  from  the  original  authors.
According  to  these  criteria,  we  obtained  data  from  265
lake  sediment  samples,  38  cave  sediment  samples,  36
marine sediment samples, and 10 ice cores (Table 1). We
used  Calib611  software  to  calibrate  and  compile  the
radiocarbon  ages  of  the  lake,  pollen,  and  speleothem
records  (14C  yr  BP)  by  calendar  year  (cal  BP);  by  such
calibration, we removed all possible influences of carbon
in  the  originally  provided  age  data.  Our  composited
indicator  includes  all  available  indicators  based  on  lake
deposits and oxygen isotope values in all cave sediments
(Fig. 1).

 2.2    Simulation model

To  reconstruct  the  relationships  with  simulated  effects
based on known climatic forcing and records, we selected
the  TraCE-21ka  transient  climate  model  simulations  and
records  from  the  NOAA  data  center  to  establish

regression  equations.  Time-varying  insolation,  green-
house  gases,  ice-sheet  topography,  land,  ocean  paleo-
geography, and meltwater flux to oceans drive the TraCE-
21ka  transient  climate-model  simulations  for  the  period
22 cal ka BP to the present. We incorporated TraCE-21ka
global  precipitation-simulation  data  as  the  local
precipitation-signal population for choosing the indicators
in our study.

 2.3    Methods

Indicators  qualitatively  characterize  local  precipitation
signals very well. However, because local precipitation is
affected  by  local  factors,  such  as  topography,  lake  basin
characteristics,  groundwater,  and  melting  snow,  indicat-
ors  cannot  discern  large-scale  humidity  changes  and  are
effective  only  for  regional  or  local  precipitation.  There-
fore,  we  do  not  have  a  single  record  that  provides  a
spatiotemporal precipitation pattern for the global climate
system. we rely on models to understand the transforma-
tion  of  precipitation  over  millennia  and  on  an  orbital
timescale  and  at  different  spatial  scales  (such  as
hemispheric or even global). With the help of models, we
can understand the main trends and large-scale dynamics
of precipitation in the past, but for subtle climate changes,
especially  as  represented  by  centennial-scale  precipita-
tion, we found models to be ineffective for our research.
Previous  studies  show  that  even  the  temperature  and
precipitation trends are found to be locally reliable, which
is due to the differing global mean climate response rather
than  a  correct  representation  of  the  spatial  variability  of
the  climate  change  signal  to  date.  In  addition,  research

   
Table 1    List of data sets used in reconstruction

Site name Core name Proxy Latitude/
(° )

Longitude/
(° )

Resolution/
yr Reference

Cave of the Bells COB-01-02 δ18O 31.75 −110.75 50 Wagner et al. (2010)
Botuver Cave BT2 δ18O −27.22 −49.16 100 Cruz et al. (2005);

Wang et al. (2007)
Buca della Renella RL4 δ18O 44.00 0.00 56 Drysdale et al. (2006)

Buckeye Creek Cave BCC-002/BCC-004/BCC-006 δ18O 37.97 −80.4 15 Hardt et al. (2010);
Springer et al. (2008)

Cold Air Cave T7/T8 δ18O −24.02 29.11 13 Holmgren et al. (2003);
Repinski et al. (1999)

Cold Water Cave CWC-1s/CWC-2ss/CWC-3L δ18O 43.47 −91.97 17 Denniston et al. (1999a)

Dongge Cave D4/DA δ18O 25.28 108.08 5 Dykoski et al. (2005);
Wang et al. (2005);
Yuan et al. (2004)

Fort Stanton Fort Stanton δ18O 33.30 −105.30 33 Asmerom et al. (2010)

Gunung Buda National Park BA04/SCH02/SSC01 δ18O 4.030 114.80 20 Partin et al. (2007)

Heshang Cave HS-4 δ18O 30.45 110.416 8 Hu et al. (2008)

Hoti Cave H5 δ18O 23.08 57.35 5 Neff et al. (2001)

Hulu Cave H82/MSD/PD/YT δ18O 32.50 119.16 2 Wang et al. (2001)

Jerusalem West Cave AF12 δ18O 31.78 35.15 517 Frumkin et al. (1999)

Jiuxian Cave C996-1/C996-2 δ18O 33.56 109.10 19 Cai et al. (2010)

114 Front. Earth Sci. 2024, 18(1): 112−126



(continued)

Site name Core name Proxy Latitude/
(° )

Longitude/
(° )

Resolution/
yr Reference

Katerloch Cave K1/K3 δ18O 47.08 15.55 2 Boch et al. (2009)

Liang Luar Cave LR06-B1/LR06-B3 δ18O −8.53 120.43 10 Griffiths et al. (2009)

Lianhua Cave A1 δ18O 29.48 109.53 8 Cosford et al. (2009)

Lynds Cave Lynds Cave Core 001 δ18O −41.58 146.25 73 Xia et al. (2001)

Ma'ale Efrayim Cave Ma'ale Efrayim Cave Core 001 δ18O 32.08 35.37 371 Vaks et al. (2003)

Moomi Cave M1-5 δ18O 12.50 54.00 22 Shakun et al. (2007)

Mystery Cave MC-28 δ18O 43.62 −92.30 70 Denniston et al. (1999b)

NWSI north-west of the South
Island

nz-comp-001 δ18O −42.00 172.00 36 Williams et al. (2010)

Peqiin Cave Peqiin Cave Core 001 δ18O 32.58 35.19 469 Bar-Matthews et al. (2003)

Pink Panther Cave PP-1 δ18O 32.083 −105.17 18 Asmerom et al. (2007)

Poleva Cave PP10 δ18O 44.72 21.75 77 Constantin et al. (2007)

Qunf Cave Q5 δ18O 17.17 54.30 7 Fleitmann et al. (2007)

Sanbao Cave SB10/SB26/SB27/SB3/SB43/
SB44/SB49

δ18O 31.67 110.43 13 Dong et al. (2010);
Wang et al. (2008)

Sofular Cave So-1 δ18O 41.42 31.93 7 Fleitmann et al. (2009)

Soreq Cave Soreq Cave Core 001 δ18O 31.45 35.03 75 Kaufman et al. (2003)

Spring Valley Caverns SVC-1/2 δ18O 43.75 −92.41 27 Denniston et al. (1999b)

Terciopelo Cave CT-7 δ18O 10.17 −85.33 4 Lachniet et al. (2009)

Cueva del Tigre Perdido NC-A/B δ18O −5.94 −77.30 23 van Breukelen et al. (2008)

Venado Cave Venado Cave Core 001 δ18O 10.60 −84.80 15 Lachniet et al. (2004)

Xiangshui Cave X3 δ18O 25.25 110.92 69 Cosford et al. (2008)

Yamen Cave Y1 δ18O 25.48 107.90 9 Yang et al. (2010)

Yaoba Don Cave YB1 δ18O 28.80 109.83 128 Cosford et al. (2008)

Aral sea δ18O 59.70 44.98 Filippov and Riedel (2009)

Bear lake δ13C, δ18O, TC, TIC,
OC, CaCO3, Ca, Mg, B,
Ba, Fe, K, Li, Mn, Na,

P, Sr, Ti

−111.33 42.00 Dean et al. (2006)

Chad Lake δ18O 14.19 13.47 Bouchette et al. (2010)

Eyre Lake δ18O 137.70 −29.07 Magee et al. (2004)

Great Salt Lake USGS 96,95 Bulk organics, Humic
acid from organic

materials, Charcoal

−112.52 41.20 200 Oviatt et al. (2015)

Huguangyan Maar lake Ti, Fe, Mn, MS., S,
TOC, bio.-SiO2

110.28 21.15 Yancheva et al. (2007)

Laguna Yanacocha Si, S, K, Ca, Ti, Mn, Fe,
Zn, Rb, Sr, Zr

−75.93 −10.56 4 Stansell et al, (2015)

Lake Chichancanab δ13C, δ18O, CaCO3,S −88.82 19.87 22 Hodell et al. (1995)

Lake Issyk-Kul IK97 δ13C, δ18O, Sr/Ca 77.25 42.46 194 Ricketts et al. (2001)

Lake Malawi M98-1P/M98-1P BSi, LSR, MAR, BSi
MAR

33.83 −13.52 19 Johnson et al. (2002)

Lake Qinghai brightness, redness 100.30 37.06 32 Ji et al. (2005)

Lake Tanganyika dD, δ13C, TEX86 29.83 −6.08 185 Tierney et al. (2008)

Lake Titicaca Titicaca2014dD-LT01-2B dD −69.16 −15.94 266 Fornace et al. (2014)

Lake Towuti TOW9 Al, Mg, K, Ti,Fe, Cr,
Co, V, U

121.52 −2.73 624 Costa et al. (2015)

Makgadikgadi Basin Kal98 U,Th, K 24.70 −20.51 Shaw et al. (2003)

Victoria lake LV95-1P TEX86, Leaf Wax, dD ,
δ13C

33.20 −1.23 209 Berke et al. (2012)

Note: the completed form is in the Supplementary Materials.
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suggests  that  the  spatial  variability  in  the  pattern  of
warming is too small, and the precipitation trends are also
overconfident  (Govindan  et  al.,  2002; Ault et al., 2014;
Laepple and Huybers, 2014; Adam et al., 2019).  Whether
the spatial-scale divide between local and regional can be
dissolved is an important factor that affects our ability to
study  large-scale  spatiotemporal  precipitation  changes
from  millennia  to  centuries.  Thus,  we  have  sought  a
method to obtain indicators to respond to past centennial-
scale  climate  change  on  a  local  level  and  to  attain  the
model’s advantage in continuous, dynamic simulation, at
expanded  spatiotemporal  scales,  of  past  precipitation
patterns  to  enhance  our  understanding  of  climate
mechanisms and better predict future climate change.

To  solve  this  problem,  we  developed  a  preliminary
average-probability  method,  combined  with  models  and
records.  We  first  normalized  the  high-resolution  proxy
records  and  model  precipitation  to  make  it  possible  to
reflect  the  climate  signal  correctly  while  eliminating  the
influence  of  dimension  and  to  ensure  that  coefficients
faithfully reflect weight. Then, the data were interpolated
to  a  50-yr  resolution  to  avoid  the  impact  of  different
original data steps on data processing.

We  assumed  that  a  large-scale  precipitation  pattern
means  that  most  of  the  encompassed  area  has  a  unified
pattern of precipitation. Accordingly, we used the area of
lat 0.5° × long 0.5° as the minimum unit for calculating a
precipitation  time  series  and  as  a  single  precipitation
pattern  unit  to  calculate  weights.  Thus,  for  large-scale
precipitation, we represent presentation type by 

Pa = XF, (1)

where Pa is  a  unit  precipitation type for  a  particular  vast
area, X is the area weight (coefficient) matrix, and F is the
precipitation  signal  type  matrix.  Then,  for  the  precipita-
tion  sequence  of  the  specific  grid I,  we  formulated  an
idealized concept as
 

Local Precipitation Signal
= {DWt.Distance, LWt.longitudetypy,
LaWt.latitude . . . .AWt.altitude} indicator signal.

(2)

We  could  not  quantitatively  develop  an  algorithm  to
measure so much uncertainty and to determine the weight
of  various  factors  in  the  indicator,  so  we  assumed  it
would  be  transformed  into  a  statistical  probability  of
expected  questions;  this  problem to  be  addressed  and be
represented as the following:
 

(L− I)2 = 0, (3)

or
 

std(Local Signal− Indicator Signal) = 0, (4)

where L is  the  local  precipitation  signal  and I is  the
indicator  signal.  If  an  indicator  signal  can  represent  the
regional  precipitation  signal  in  an  accurate  and  timely
manner, then the standard deviation of the two signals is
close to zero. Because the population and the sample are
finite  rather  than  infinite  types,  if  we  collect  as  many
precipitation types as possible, our results are more likely
to  be  accurate.  Factors  such  as  the  topography,  slope

 

 
Fig. 1    Location  map  of  proxy  precipitation  data  sets.  Map  of  precipitation  data  sets  from  this  study  with  precipitation  proxies
indentified by color coding.
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direction,  temperature,  and  evaporation  force  local
precipitation signals, and the resulting factor combination
types  are  limited,  leading  to  a  finite  number  of  local
precipitation  types.  We  built  a  sample  database  to
represent the overall idealized types. Our complete set of
data samples is based on published or otherwise publicly
available  data  sets.  Accordingly,  our  research  problem
turned into one focused on probabilities.

As the standard deviation between the two approaches
0,  the  conversion  of  such  terrain  tends  to  eliminate  or
reduce  the  influence  of  terrain  and  other  factors.
Additionally, to avoid cumbersome calculations, we were
able to simplify to the following:
 

p = E [(Po−E [Po]) (I−E [I])] (5)

into
 

p = E [PoI]−E [Po] E [I] . (6)

Using this formula described above, we were unable to
incorporate  microtopography  and  other  factors  into  the
calculation,  thereby  we  should  further  shifting  it  to  an
issue between local and indicator signals.Additionally, we
were  unable  to  grasp  the  overall  appearance  of  the
sample; thus, we introduced the TraCE model, which we
assumed  could  represent  millennial-scale  precipitation
change,  thereby representing  the  sample  population.  The
model  has  been  employed  to  study  glacial  periods  to
discern  precipitation  change  during  the  last  glacial
maximum  (McGee, 2020)  and  to  predict  the  orographic
effect,  greenhouse  gases,  and  thermodynamic  and
dynamic  impacts  on  Asian-African  monsoonal  precipita-
tion (Shi and Yan, 2019). All these studies have achieved
good  results,  enhancing  our  belief  in  model  simulation
and prediction capacity.

Meanwhile,  we  developed  a  standard  data  set  of
indicator  types  to  use  in  compiling  various  possible
precipitation  patterns  to  best  reflect  Holocene  precipita-
tion  types  (see  Supplementary  Materials  for  details).
Accordingly, for the time series at grid point i, indicating
a particular precipitation type in the standard data set, Eq.
of above can be converted into:
 

Pi = µ̂+ β̂Xi+ ei, (7)

and therefore
 

ei = Pi− µ̂− β̂Xi, (8)

Pi

µ̂

β̂Xi

where ei is the vector of regression model errors,  is the
vector  of  standardized  (i.e.,  zero  mean,  unit  standard
deviation) local precipitation at gridpoint i,  is the matrix
vertical  displacement  deviation,  and  is  the  weighted
score  of  the  local  indicator  signal.  The  actual  local
precipitation signal  series used as predictors is  related to
the scores as the squared-loss function:

 

Q =
∑n

i=1
e2
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=
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2
, (9)
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2
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Q

where ei is  the  error  of  the  sample .  Then,  the
line  is  determined  by  the minimum.  That  is,  and  are
determined,  and  they  are  regarded  as  functions  of ,
which makes the problem one of seeking an extremum by
obtaining  a  derivative.  Then,  the  partial  derivative  of 
for the two parameters is estimated by the following:
 

∂Q
∂µ
= 2
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(Pi− µ̂− β̂Xi) (−1) = 0

∂Q
∂β
= 2

n∑
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(Pi− µ̂− β̂Xi) (−Xi) = 0
. (10)

Mathematically,  we  know  that  the  extremum  of  the
function is  the  point  where  the  partial  derivative  is  zero,
and the equality can be solved as
 
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and
 

µ̂ =

∑
xPi−

1
N
∑

x
∑

Pi∑
x2− 1

N
(
∑

x)2

β̂ =

∑
xPi−

1
N
∑

x
∑

Pi∑
x2− 1

N
(
∑

x)2

. (12)

β̂m (m = 1,2,
3, . . . ,n)

This  yields  the  extreme  point  of  the  squared-loss
function  for  the  local  precipitation  signal i from a  series
of indicators in the data set. For precipitation at grid point
i and  the  data  set  sequence,  we  expect  that 

 can  infinitely  approach  one.  That  is,  the  sample
must conform to the overall distribution, which makes the
problem solvable with three variables:
 

P̂i = lim
β̂m→1
β̂mXi+ µ̂m, (13)

P̂iwhere  is the reconstructed precipitation signal in grid i.
That the standard data set likely mixed with other climate
signals does not affect our results. Although we used the
content  of  the  paper  for  screening  criteria  in  the  process
of  selecting  indicators,  we  tried  to  find  credible
information  to  show  that  it  can  reasonably  represent
precipitation,  but  it  was  still  inevitable  and  unintended
that  signals  representing  other  climatic  factors  were
intermixed,  however,  at  a  limited  scope.  By  our
algorithm, if some type of data represented other climatic
signals,  then  their  standard  deviation  with  local
precipitation  is  greater  than  that  between  the  local
precipitation  signal  and  the  precipitation  indicator;
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accordingly, even the addition of other climate signals has
no real impact. Furthermore, when the standard deviation
between  other  local  and  indicator  signals  approaches
zero,  then  the  single  climate  factor  directly  forces  the
local precipitation signal and indicator, and our results are
not affected.

 

3    Results

To  explore  a  systematic  reconstruction  of  precipitation,
deepening our  understanding of  the  precipitation  mecha-
nism  and  its  role  in  the  global  hydrologic  cycle,  we
obtained  data  from  265  lake  deposit  samples,  38  cave
sediment  samples,  36  marine  sediment  samples,  and  10
ice  cores.  We  reconstructed  millennia-scale  precipitation
changes according to 12 designated areas (Table 2, Fig. 2).
The  results  show  that  correlation  coefficients  between
simulated  precipitation  and  records  over  the  past  12000
years  were  correlated  with  a  0.99  level  (Supplementary
Materials  Fig.  S3),  demonstrating  that  the  reconstruc-
tions  were  related  to  climate  modeling  precipitation  and
records.

We  found  that  the  precipitation  reconstructions  at  low
latitudes  (0030NEA;  0030NNAm;  0030NNAf)  were  in
the range of 662−1453 mm/yr, with a maximum value of
~10 cal ka BP, which was matched with 0030SSAm and
was the highest precipitation recorded in the 12 reconstruc-
tions  (Table 3).  The  precipitation  reconstruction  values
for  3060NEA  and  3060NNAm  were  in  the  range  of
291−480  mm/yr,  of  which  the  lowest  values  were  from
the  early  Holocene  and  the  higher  values  were  from the
middle  to  late  Holocene.  We  compared  the  average
precipitation reconstructions in low latitudes against high

latitudes, and the results suggest that among the precipita-
tion  reconstructions  within  hemispheres,  the  most
common precipitation in low latitudes was ~1000 mm/yr,
whereas  the  most  common  precipitation  in  middle  and
high  latitudes  was  found  to  be  in  the  range  of  400−
500 mm/yr. The reconstructions indicate that precipitation
patterns have changed since the early Holocene, whereas
low and high values reflect alternating dry-wet cycles on
centennial  to  millennial  timescales.  Interestingly,  the
reconstructions also exhibit coherent changes, including a
200-yr  cycle  that  persists  throughout  the  entire
reconstructed  period  in  12  precipitation  reconstructions,
thereby further revealing that there has been a centennial-
scale  climate  system  process  forcing  precipitation
worldwide. The results also reveal three types of precipita-
tion  patterns  in  the  11  continental  reconstructions:  (I)
monsoon  precipitation  pattern  (0030NEA,  0030NNAm,
0030NNAf,  0030SEA,  0030SSAm,  and  0030SSAf);  (II)
westerlies  precipitation  pattern  (3060NEA,  3060NNAm,
6090NEA,  and  6090NNAm);  and  (III)  monotonic
increasing  precipitation  pattern  (6090SSAA,  more  detail
shown  in Table 3).  Overall,  we  found  precipitation
reconstructions at  orbital  timescales during the Holocene
as  reproduced  by  the  average  probability  method  to  be
trustworthy.

 

4    Discussion

 4.1    Precipitation reconstruction forcing at low latitudes

Our  precipitation  reconstructions  (0030NEA,
0030NNAm,  0030NNAf)  are  in  accord  with  previous
research  (Figs. 3(a)−3(c))  in  which  the  monsoon
precipitation  corresponds  with  the  local  summer
insolation.  The  δ18O  values  from  Holocene  sedimentary
material  sampled  in  Dongge  Cave  and  high-resolution
data  records  of  bulk  titanium content  in  a  sediment  core
from the basin under the Gulf of Cariaco (off Venezuela)
reflect  the  precipitation-evaporation  pattern  associated
with  the  monsoon  system  (Haug et al., 2001; Dykoski
et  al.,  2005; Duan  et  al.,  2014).  Three  reconstructions
(0030NEA,  0030NNAm,  0030NNAf)  increased  during
the  early  Holocene and decreased in  the  middle  and late
Holocene. The drop in precipitation during the middle to
late  Holocene  further  in  our  reconstruction  (0030NNAf)
is  consistent  with  the  general  trend  toward  aridity  in
North  Africa,  the  result  of  the  intensification  of  the
African  monsoon  (deMenocal et al., 2000).  Meanwhile,
we  also  noticed  a  more  dramatic  oscillation  in  the
reconstruction  than  terrigenous  from  the  African
monsoon  in  the  early  and  middle  Holocene  dynamic
switch  (Fig. 3(c)),  as  well  as  the  same  feature  in  Asian
monsoon  and  North  American  monsoon  precipitation
(0030NEA,  0030NNAm, Figs. 3(a)−3(d)).  For  the  North
African  monsoon,  it  takes  time  for  changes  in  moisture

Table 2    Codes of 12 precipitation reconstructions

Latitude1) Area2) Code3)

0°–30°N Eurasia4) 0030NEA

0°–30°N North America 0030NNAm

0°–30°N North Africa 0030NNAf

0°–30°S Eurasia 0030SEA

0°–30°S South America 0030SSAm

0°–30°S South Africa 0030SSAf

30°N–60°N Eurasia 3060NEA

30°N–60°N North America 3060NNAm

60°N–90°N Eurasia 6090NEA

60°N–90°N North America 6090NNAm

60°S–90°S South America and South Africa 6090SSAA

90°S–90°N Global land GLP

Notes: 1) Range of area of precipitation. 2) Reconstructed areas, including
continental- and global-scale lands. 3) Code representing precipitation on
continental land in designated latitude range. 4) The Eurasia includes the
Northern Hemisphere part of Australia.
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Fig. 2    The Holocene precipitation reconstructions in (a) 0030NEA, (b) 0030NNAm, (c) 0030NNAf, (d) 0030SEA, (e) 0030SSAm,
(f) 0030SSAf, (g) 3060NEA, (h) 3060NNAm, (i) 6090NEA, (j) 6090NNAm, (k) 6090SSAA, and (l) GLP (normalization), and the
horizontal axis representing the calendar year against the annual precipitation.

 

   
Table 3    Statistical description of data

Code Maximum/(mm·yr−1) Minimum/(mm·yr−1) Mean value of different period/(mm·yr−1) Cycle/yr

Calender year Value Calender year Value Total Early-Holocene Mid-Holocene Late-Holocene

0030N EA 7859 1234.81 2245 1014.07 1133.57 1150.26 1157.08 1089.38 215

0030N NAm 6017 1022.5 11642 888.75 976.25 971.79 989.75 969.86 258

0030N NAf 10352 720.833 2847 565.833 662.24 685.94 665.38 616.46 289

0030S EA 1811 807.407 8611 666.667 740.45 721.36 744.81 755.19 408

0030S SAm 11835 1556.72 94 1404.26 1453.64 1471.85 1444.57 1443.10 330

0030S SAf 1833 1387.71 7976 1285.63 1331.14 1307.05 1331.51 1347.39 255

3060N EA 3473 501.646 11017 446.203 476.86 465.55 483.04 483.59 380

3060N NAm 3473 501.646 11017 446.203 476.86 465.55 483.04 484.25 380

6090N EA 3482 394.568 11952 340 372.13 364.98 379.19 385.09 440

6090N NAm 3011 324.063 11176 259.063 291.75 278.57 311.25 310.71 455

6090S SAA 2023 522.667 11788 417.333 480.17 467.29 487.63 497.04 346

Notes: The maximum/minimum column gives the maximum or minimum value of different reconstruction regions over the reconstructed period. The mean
value column shows the mean precipitation values over the total, Early-, Mid-, or Late-Holocene. The cycle column represents the average centennial-scale
cycle in 12 precipitation reconstructed regions.
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conditions  to  lead  to  vegetation  change,  resulting  in
changes  in  the  amount  of  material  input  offshore.  North
American  monsoon  precipitation  (0030NNAm)  has  a
larger  change  in  precipitation  than  Ti  (%)  for  a  sudden
climate  change  event  at  approximately  4.2  cal  ka  BP.
Hopcroft  (Hopcroft et al., 2017)  suggests  that  500−
800  mm/yr  is  the  value  of  precipitation  required  to
maintain  a  green  Sahara  in  the  early  Holocene,  which
coincides  with  our  reconstruction  (600−720  mm/yr,
Table 3,  0030NNAf).  Previous  studies  prefer  a  good
relationship  between  monsoon  precipitation  and  local
summer  insolation  at  low  latitudes,  but  there  is  growing
evidence that sea-air interactions are the forcing mechan-
ism  that  determines  Australian-Indonesian  monsoon
precipitation  patterns  (Griffiths et al., 2009).  Our  recons-
tructions  (0030SEA)  agree  with  the  δ18O  data  from
Borneo  (Majewski et al., 2018),  but  there  are  some
noteworthy  points.  The  reconstruction  (0030SEA)  and
δ18O  values  from  Borneo  indicate  the  absence  of  a
Younger  Dryas  signal  compared  with  the  other  mon-
soons,  such  as  the  Asia  summer  monsoon  and  African
monsoon (Figs. 3(a) and 3(b)). A possible explanation for
this  pheromone  is  related  to  the  location  of  the
Australian-Indonesian  monsoon.  The  Asian  summer
monsoon and the African monsoon are at the edge of the
subtropical  high  pressure  and  Atlantic  Meridional
Overturning  Circulation,  therefore,  are  more  sensitive  to

their  meridional  upward  changes  than  the  Australian-
Indonesian monsoon.

 4.2    Precipitation reconstructions at middle and high
latitudes in the Northern Hemisphere

The westerlies and high-latitude (polar) air mass regulate
the  middle-  and  high-latitude  precipitation  patterns
(Wang et al., 2007; Jia et al., 2019). Water vapor from the
North Atlantic and Pacific Oceans dominates moisture in
Central  Asia  and  North  America  (Chen et al., 2008;
LeGrande and Schmidt, 2009).  Precipitation  reconstruc-
tions  (3060NEA,  3060NNAm,  6090NEA,  6090NNAm)
in middle latitudes indicate lower precipitation during the
early Holocene before a maximum of ~2 cal ka BP, after
which it  yields  stable  semiarid  conditions  with  moderate
precipitation.  This  is  consistent  with  the  Holocene
effective  humidity  variation  reconstructed  based  on
multiproxy  approaches.  Studies  by Chen et al. (2006,
2008, 2010, 2019) show  that  during  the  middle  to  late
Holocene,  moisture  conditions  are  enhanced  with  the
change  in  position  of  the  westerlies  and  the  increase  in
water  vapor,  runoff,  and  precipitation  (Fig. 3(f)).
However, the palaeoprecipitation estimates for the middle
latitudes  of  Asia  are  mismatched  with  the  effective
moisture  at  the  change  scale.  The  moisture  scale  values,

 

 
Fig. 3    Comparison  of  Holocene  precipitation  reconstructions  and  paleoclimate  records.  (a)  to  (d)  Zonal  mean  precipitation
reconstructions for monsoon latitude bands from this study are compared to the speleothem (Dykoski et al., 2005; Partin et al., 2007;
Duan et al., 2014). Terrigenous (deMenocal et al., 2000) and Ti data (Haug et al., 2001), which are proxies for precipitation and local
temperature;  EASM,  East  Asian  Summer  Monsoon;  AISM,  Australian-Indonesian  Summer  Monsoon.  ASM,  African  Summer
Monsoon. (e) to (g) Zonal mean precipitation reconstructions for middle- and high-latitude bands from this study are compared to ice
cores (Grootes and Stuiver, 1997), interpreted from pollen data moisture scales (Chen et al., 2008), sediment isotopes (Heikkilä et al.,
2010)  and  sea  ice  cover  (Stein et al., 2017a; Stein et al., 2017b).  (h)  to  (i)  Zonal  mean  precipitation  reconstructions  for  Southern
Hemisphere latitude bands from this study are compared to speleothem (Hardy et al., 2003; Holmgren et al., 2003) and lake CaCO3
contents (Fritz et al., 2006).
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which  are  close  to  0  until  ~8.0  cal  ka  BP,  experience  a
sharp  increase  compared  to  the  gentle  change  in
precipitation  reconstruction.  Because  the  effective
moisture  is  deduced  from  vegetation  conditions,  the
abrupt  change  in  its  value  is  due  to  the  accumulation  of
local  vegetation  conditions.  We  know  that  the  northern
boundary  of  the  Asian  monsoon  reaches  as  far  as  the
Shiyang River (39°03′N, 103°40′E; Li and Xu, 2016), but
precipitation  reconstruction  is  based  on  the  weighted
average  of  its  share  of  the  grids  in  the  climate  model;
therefore, the signal of the monsoon in middle latitudes is
not obvious.  Lake levels,  pollen assemblages,  and eolian
sediment  records  from  Mongolia  suggest  a  more
southward  distribution  of  forest-steppe  environments
during the early and middle  Holocene,  enhancing aridity
in  the  middle  Holocene  and  increasing  humidity  in  the
late Holocene (An et al., 2008). This finding opposes our
reconstructions,  showing  that  in  addition  to  the  zonal
effect,  the  meridional  effect  also  plays  a  key  role  in  the
middle-  to  high-latitude moisture  and vegetation change.
The ice sheet at  high latitudes shift  the ocean circulation
and atmospheric circulation more southward (northward)
in  the  early  Holocene,  along  with  the  rapid  incline
(decline)  of  the  Northern  Hemisphere  continental  ice
sheets  (Grootes and Stuiver, 1997).  The  middle-  and
high-latitude precipitation reconstruction occurrence from
12.0  cal  ka  BP  onward  is  in  accordance  with  other
evidence  of  the  onset  and  characteristics  in  southern
Finland  (Heikkilä et al., 2010),  suggesting  coupled
changes between precipitation and temperature at middle
and high latitudes (Figs. 3(e)−3(g)).

 4.3    Precipitation reconstructions of South America and
Africa in the Southern Hemisphere

Precipitation reconstructions (0030SSAm, 0030SSAf) for
South  America  and  Africa  in  the  Southern  Hemisphere
during  the  Holocene  are  illustrated  in Figs. 3(h)  and
3(i). Reconstructions during the Holocene were similar to
the  high-frequency  signals  of  local  indicators  such  as
Sajama  Mountain  (Hardy et al., 2003),  but  the  low-
frequency signals were reflected at different scales (Figs.
3(h)  and 3(i)).  The  high  lake  level  of  Lake  Titicaca  is
manifested  in  the  early  and  late  Holocene  (Fritz et al.,
2006), while the reconstructed precipitation experienced a
sharp decrease in precipitation in the early Holocene and
an increase  in  precipitation in  the  late  Holocene.  Recon-
struction  (0030SSAf)  represents  and  from  antiphase
change with  the  temperature  change of  the  Makapansgat
Valley,  South  Africa.  The  δ18O  values  from  the
Makapansgat  Valley  are  consistent  with  reconstruction
(Fig. 3(i))  on  the  high-frequency  signal  but  antiphase  on
the  millennial  scale  (Holmgren et al., 2003).  However,
the  length  of  the  Makapansgat  Valley  sample  records
South African climate change in the last  25.0 cal  ka BP,

while  its  growth  halted  during  the  period  from ~14−~10
cal  ka  BP.  The  oxygen  and  carbon  isotopes  (−3.2% and
−6.5%) are positively correlated between 25 and ~13 cal
ka BP, while they are negatively correlated between ~10
cal  ka  BP  until  recently,  meaning  that  our  results  are
consistent  with  Makapansgat  Valley  carbon  isotopes
between 12.0 and 0 cal ka BP. It also concluded that δ18O
value  shifts  in  rain  implied  considerable  overprinting  of
the  temperature-dependent  fractionation  from  seepage
water  to  carbonate  (Holmgren et al., 2003).  Meanwhile,
the  pollen  from  the  Tswaing  Crater  shows  that  its  open
dry  thornveld  became  wetter  at  30−7  cal  ka  BP  and
sustainable  with  warm  broad-leaf  woodland  and  a  local
swamp  paleoenvironment  at  7−3.5  cal  ka  BP  (Scott,
1999).  Lake  level  records  from  Africa  indicate  that
widespread aridity did not occur until after 5.0 cal ka BP
(Gasse, 2000).  Thus,  a  higher  abundance  of  δ18O  values
in  the  stalagmite  indicates  the  prevalence  of  stronger
evaporation  but  not  necessarily  low  precipitation.  In
addition, an increasing amount of evidence indicates that
the  precipitation  in  South  America  and  the  Southern
Hemisphere  part  of  Africa  is  in  accordance  with  the
Northern Hemisphere summer insolation.  Pollen-inferred
precipitation from the African mountains near the equator
(3°26′ and  3°55′S)  shows  that  that  area  reaches  the
maximum  (600  mm/yr)  at  8.0  cal  ka  BP,  and  the  drier
signal  of low precipitation is  expressed post-4 cal  ka BP
(Bonnefille and Chalie, 2000).  Considering  that  Africa
and South America have less land area in the 60°S−90°S
range  and  few  records  we  collected  for  these  latitudes,
although those reconstructions are given in the results, we
have not addressed this precipitation reconstruction (6090
SSAA) here.

 4.4    Estimating the high- and low-frequency signal in
reconstructions

Reconstruction  of  precipitation  and  long-timescale
records demonstrate the interaction between Milankovitch
forcing and the influence of local components originating
from  the  global  thermohaline  system  (Figs. 3(a)−3(i),
Fig. 4). Figure 4 reflects  the  reconstruction  (GLP)  close
correspondence  to  the  temperature  trend  in  δ18O  values
from  the  GISP2  ice  core  in  Greenland  (Grootes and
Stuiver, 1997),  and  we  observed  excellent  replication  of
weak  events  between  most  precipitation  reconstructions
and  records  (Figs. 3(a)−3(i), Fig. 4).  These  events  are
possibly  linked  to  Holocene  ice-rafting  events  in  the
North  Atlantic.  The  δ18O  values  from  GISP2  represent
the change in North Atlantic temperature, which serves to
redistribute  heat  according  to  the  state  of  the  Atlantic
Meridional  Overturning  Circulation,  in  concert  with  the
meridional  movement  of  the  Intertropical  Convergence
Zone on a sudden millennial scale (Holmgren et al., 2003;
Stocker and Johnsen, 2003; Griffiths et al., 2009).  In
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contrast, the Australian-Indonesian monsoon and precipi-
tation  reconstruction  (0030SEA)  does  not  record  a
significant  8.2  ka  event.  Climate  change  in  the  South
Hemisphere  part  of  Africa  and  America  shows  a
continuous wetting trend,  with significant cooling events
now showing any interruption to this trend (Figs. 3(h) and
3(i)).  Instrumental  and  paleoclimate  data  indicate  that
natural  hydroclimate  fluctuations  tend  to  be  more
energetic  at  high  frequencies  than  climate  models,  and
regional precipitation discrepancies remain unresolved in
climate  models  (Ault et al., 2014).  Research  by Adam
et al. (2019) show  that  the  mechanisms  related  to  the
greening  of  the  Sahara,  as  with  most  climate  models,
severely  underestimate  past  wet  conditions  over  North
Africa  (Adam et al., 2019).  However,  the  estimated
hydrological  changes  are  not  reproduced  in  the  climate
model  simulations,  which  require  500−800  mm/yr  of
rainfall  in  the  20°N−25°N  range  to  maintain  a  green
Sahara,  but  it  is  consistent  with  our  reconstruction
(Hopcroft et al., 2017).  According  to  our  results  and
modeling experiments, a critical element for successfully
simulating  the  energy of  high-frequency signals  depends
on  the  initial  conditions  of  the  deep  ocean  state  (Zhu
et al., 2019). We also need to see growing evidence from
records  pointing  out  synchronous  evolutionary  trends
between  the  two  hemispheres  in  Africa.  Pollen-inferred
precipitation from equatorial mountains in Africa (3°26′S
and 3°55 ′S)  reaches  the  maximum (600 mm/yr)  at  8  cal
ka  BP,  and  great  variations  between  low  and  high
precipitation values are expressed in the last 4 cal ka BP
(Bonnefille and Chalie, 2000), which is not shown in our
reconstructions.  Bearing  in  mind  the  large  uncertainties
for the reconstructions, we use the precipitation variables
of the model as independent variables to select indicators
to  correct  the  precipitation  of  the  model  at  a  given  grid.
Thus,  this  precipitation  reconstruction  of  the  Southern
Hemisphere  (Fig. 3(i))  has  similar  characteristics  to  the
model.  In  addition,  our  reconstruction  reproduces  the
main  signal  of  the  Australian-Indonesian  monsoon
(Fig. 3(d),  0030SEA);  even  the  sub-monsoon  region  of
Australian-Indonesian has less  land area and fewer land-
based  indicators,  but  reconstruction  is  not  smooth  at

~2−~1.5 cal  ka BP.  The same feature is  true for  the low
latitude  Asian  monsoon  reconstruction  (Fig. 3(a),
0030NEA)  at  ~  9.0,  ~  7.8,  and  ~  6.0  cal  ka  BP,  even
though it passed the robust test (Supplementary Materials
Fig. S2).

 

5    Conclusions

In this paper, we developed a new approach to integrating
data  from  265  lake  deposit  samples,  38  cave  sediment
samples,  36  marine  sediment  samples,  and  10  ice  cores
with  a  paleoclimate  model  to  reconstruct  precipitation
during the last 12000 years.

To  study  the  spatiotemporal  precipitation  variations  in
Asia,  Africa,  America, and Europe at different locations,
we  developed  a  preliminary  average  probability  method.
We  found  that  Holocene  global  precipitation  is  divided
into two main types - the monsoon precipitation pattern in
the  low  latitudes  and  the  westerlies  precipitation  pattern
in  the  middle  to  high  latitudes,  and  there  are  different
degrees  of  decreasing  precipitation  in  the  late  Holocene
except for South America and the South African region.

During  the  same period,  the  total  amount  of  precipita-
tion decreased from 1000 to 300 mm/yr in the low to high
latitudes.  Additionally,  all  the reconstructed precipitation
types  have  similar  precipitation  cycles  at  the  centennial
and millennial scales, indicating that the insolation, ocean
circulation,  and  atmospheric  circulation  in  the  Northern
Hemisphere  play  a  key  role  in  the  precipitation  cycle,
showing  that  the  climate  system  is  a  teleconnection  and
complex system.

The  westerlies  and  monsoon  system  patterns  of
precipitation  reconstructions  in  the  two  hemispheres
reveal  general  late-Holocene  aridity,  with  peak  humidity
at 3.0−3.5 cal ka BP in the westerlies precipitation pattern
and  apex  aridity  at  ~2.0  cal  ka  BP  in  the  monsoon
precipitation pattern.

Our  reconstructions  provide  some  useful  attempts  to
resolve  the  challenges  of  models  at  low  frequencies  and
aptitudes;  however,  the  majority  of  these  results  were
obtained  through  different  proxy  records  from  separate
materials  with  distinct  resolutions  and  dating  uncertain-
ties.  Detailed  knowledge  of  the  precursors  and  lags  of
climate  change  between  oceanic  and  terrestrial  regions
connecting  low  and  high  latitudes  remains  controversial
(Lea et al., 2000; Xu et al., 2013).  Promoting  the  resolu-
tion  of  records  and  deep  ocean  modeling  capability
remains  an  important  means  to  improve  our  understand-
ing of past climate change (Zhu et al., 2019).
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Fig. 4    Global precipitation reconstruction stack and δ18O at GISDP2
plotted against calendar year.
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