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Abstract

   A  preyious)y developed two-dimensional-basin  model  ef  the global thermohaline  circulation  has been

asynchrenously  coupled  to an  atmospheric  energy  balance model  in support  of  analyses  ofthe  low frequency

variability  of  the  climate  system.  The  coupled  model,  whieh  has preyiously delivered successful  simulations

of  the Dansganrd-Oeschger  osci]lations  revealed  in deep  ice-core isotopic data  from  Summit,  Greenland, is

herein applied  to the last･ deglaciation event  of  the  current  ice age  in order  to investigate the  Tesponse  ef

the  climate  system  to transient  meltwater  forcing, The  medel  employs  hydrological forcing functions that

constst  of  two  components,  one  that  is related  to sea  level and  constrained  by  coral-based  records  of  LGM

to present sea  level history, and  a  second  that  is unrelat,ed  to sea  level and  is assumed  to exist  because

ef  the existence  of  the continental  ice sheets  that  bounded  the  region  of  the North  Atlantic basin where
deep  water  is today.  Our results  show  that  the  model  successfully  explains  the occurrence  of  a  "founger-

Dryas-like cool  period regardless  of the detailed properties of  the  sea  leyel-related meltwater  event  that is

obse-'ecl  to have fb]lowed this mi]lennium-long  return  t,o glacial conditions,  In order  to successfu]ly  explain

the occurrence  of  the  BellinglAllered  warm  period  that  occurred  prior to the Y-D,  ho-'ever, the  model

requires  the  action  of  the  additional  
"background:i

 anomaly  that  is unrelated  to sea  leyel. We  explore  the

impact  on  climate  response  of  the  properties  of  these  two  components  of  the  anornalous  forcing.

1. Introduction

  It is now  well-establlshed  that the rapid  deglacia-
tion  process that  followed the last glacial maximum

(LGM, considered  to correspond  to 21 kyrBP  ==

21,OOO  sidereal  years before present) of  the cuTrent

ice age  and  which  tran$formed  the  climate  of  the

ice-age Earth into its pTesent Holocene state  was  in-

terrupted  by a cool  period that is refeired  to as  the

Younger-Dryas (Y-D). Perhaps tbe most  highly re-
solved  records  ef  North Atlantic sector  climate  his-
tery during  the last deglaciation, including the Y-D
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period, consist  of  ice-core derlyed oxygen  isotopic

data from Summit.  Greenland. These records  cen-               '
stitute  a  primary  output  from the GRJP  (GReen-
land Ice-core Preject; e.g.,  GRIP,  1993) and  GISP2

(Green]and Ice-Sheet Project 2i e.g.,  GISP2, 1993)
collaborations.  Such oxygen  isotope records  are  a

primary  proxy  for air temperature  over  the  ice-sheet
and  these dat･a suggest  that temperature dropped
during the Y-D  to  vaLues  as  low  as  those  obtained

during full glacial conditions,  with  the amplitude  of

the temperature  excursien  reaching  half that of  the
full glacial-interglacial change  itself. The  influence
has been  observed  even  far frorn tbe North Atlanttc
in mid-Latitude,  deep-sea cores  frorn the Eastern Pa-
cific  <Kennett and  Ingram, 1995).

  Just prior to the Y-D,  the proxy temperature

Tecord  from Greenland shows  that the climate  in this

sect.or  was  much  closer  to modern  than  to full glacial.
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At LG}'I, average  surlace  temperat,ure  was  of  course

the lowest realized  clurillg the ice age  cycle.  Thus.
there exists  a  sharp  transition }n the climate  record

from LGts{ conditions  te the  warm  period  that pre-
ceded  the onset  of  the Y-D. This  warm  period  is re-
ferTed to as  the Bollins,!AIIered (BfA), and  accerd-

ing to  the  Summit  isotopic data it. began  at  approx-

imately  15 kyrBP  and  lasted until  the  onset  of  the
Y-D,  near  13 kyrBI'. A]though thls BIA  warm  pe-
riod  may  appear  to exhibit  a  gradual cooling  within,

the most  sarient  aspec:t  of this precursor to the Y-D
is that the warming  that cemmenced  with  the  onset

of  deg]aciat･i()n at LG)･[ occurred  very  slowly  until

the  very  abrupt  onset  of  the  BellinglAller¢ cL

  Figure  1 illustrates this sequellce  of  event･s based
upoll  a  superpositioii  of  four different, data sets:

the  GRIP  oiygen  isotopic recerd  <Dansgaard et  aL,

1993; Taylor et  al.,1993),  the GISP2  oxygen  iso-
topic record  (Grootes et  al,, 1993; Meese et  al.,

1994) as  ternperature records  of the regien,  a  Vos-
tok  (Antarctica) temperature  record  (Jouzel et  al.,

1987), and  the record  of  sea  level change  at  Barba-
dos (Fairbanks, 1990), Concerning the coral-based

records  of  sea  Ievel change  since  the last glacial
inaximum,  it is not  only  the recoid  from Barbados

(Fairballks, 1989, Bard et al., 1990), but also  those

more  recently  obtained  from the Huon  PeriiTisula ef
Papua  New  Guinea (Ed"Jards et  al., 1993), and  from
Tahiti (Bard et  al., 1996), that support,  the existence
of  twe-episodes  of  rapid  deglaciatioll interrupted by
the Y-D  cool  period.

  Our  purpose  in this  paper will  be to focus upon

these two  questions, namely  possible mecha"isms

underlying  the occurrence  and  abrupt  onset  of  the

B/A  waTm  period. For the purpose of  the anal-

yses we  shall  present, t,he same  reduced  rnodel  of

low frequency climate  s)'stem  variability  will  be em-

pioyed  as  that  recent}y  described in detail in Sakai
and  Peltier (1997), As we  will  demonstrate, t,he re-
stilts  of  these  analyses  do appear  to provide exp]ana-

tions  both  as  to why  the B!A  warm  period occurred

and  why  it onset  as abrupt･  as  is recorded  in the  pa-
leoclimate record.  Our result,s  for this  event  wM  be
shown  to coinpare  very  favorabiy with  the  ice-core

derived temperatuTe  recerd  from Greenland,

2. Model  overview
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  The  climate  model  te be employed  in this  paper
is essentially  identical to that  developed and  em-

ployed  in the cont-ext  ef  our  most  recent  discussion of
Dansgaard-Oeschger oscillations  (Sakai and  Peltier,
1997). It originally  censists  of three priniary compo-
nents:  a  cryospheric  component  that describes the
accumulation  and  flow of  land iee stimulated  by or-

bital insolation yariations  that will  not,  be direct･ly

invoked in the present work;  an  atmospheric  compo-

nent  consisting  of  a  one-layer  energy-balance  model

(EBpt0 that inclndes nonlinear  seasonal  ice (snow)-

B 1012  14
Time  [kyrBPI1618

Fig. 1. Proxy  records  of  climate  vari-

  ability  between  8 kyr  BP  and  18 kyr

  BP. The  Greenland temperat,ure  prox-
  ies, i,e., oxygen  isotope  records  frorn the

  GRIP  an(l  GISP2 deep ice cores  are  nor-

  malized  by their maximum  deviation be-

  tween  O and  122  kyr BP. The  tempera-

  ture  record  from Vdstok,  Antarctica is

  also normalized  b.y its range  between O

  and  122  k)'r BP.  Sce tbe  original  refer-

  ences  referred  to  in the text for details.

o

albedo  feedback ifi the  presence of  orbital  forcing;
and  finally an  oceallic  component  t,hat consi$ts  of

twe-dimensional  (the veTtical  and  one  hoTizontal di-
mellslons)  coupled  hydrodynamic  slab  representa-

tions  of  the  major  ocean  basins.

  The  first two  components  of  this model  have  been
developed  for the purpose  of  simulating  the 10e kyr
ice-age cycte  itself. Detailed descriptions and  ap-

plications of  these elements  of the coupled  struc-

ture will  be foulld, for example,  in Deblonde and

Peltier (1993) and  references  cited  therein. TaJ'asov
and  Peltier (1997) have recently  described the first

fully successful  application  of  this structure  to the
explanation  ofthe  100 k.yr cycle,  The main  prognos-
tic variable  of  the atmospheric  EBM  is t,he surface
temperature  field, which  is controlled  by space-tirne
variations  of  surface  albedo  (the defau}t spatial  dis-
tribution of  tbe  surface  albedo  mav  be determined
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by seasonal  snow  cover,  sea$oi]al  sea  ice extent,  or

ice-sheet cover),  topography,, insolat,ion, and  acldi-

t,ional forcing associated  with  variations  in the ceii-

centrat,ion  of  greenhouse  gases. Horizontal energlr'

transport  in the  EBILC is represented  diffusively with

a diffusion coeficiellt  selected  so  as  to enable  the

model  te fit the ebserved  latitudinal temperature

vaTiat,ion  in the  modern  system.  The  model  con-

tain$  neither  an  explicit  hydrological cycle  nor,  of

course,  explicit  fluid dynamics.

  The  fina] component  of  the mode],  and  the one

most  important  for the present applicat,ion,  is the

oceanic  component  that was  first coupled  to the

climate  niodel  in the analyses  of Sakai and  Peltier

(1997) in order  to investigate the role of the oceans

on  very  long timescales (millennia), This e]ement

of  the model  begall life as  a  stand-alone  module,

the initial formulation of  which,  along  with  palee-
ceanographic  applications,  was  deseribed  in Sakai
and  Peltier (1995). In Sakai and  Peltier (1996),
this single-basin  version  of  the model  was  extended

to a  multi-basin  configuration  and  further palee-
ceanographic  experiments  described. Each of  the

four model  basins in this extended  model  is t･we-

dimensional,  and  three  are  meridionally  oriented,

i.e., the Atlantic, Indiian, Pacific; the  Soutbern
Ocean  through  which  these three meridional}y  ori-

ented  basins are  connected  is oriented  zonally  The

velocity  field in each  ef  the  model  basins consists  of

two  coniponents,  one  of  which  is governed  by  a  vor-

ticit.v equation  in which  viscous  dissipation of  vor-

tieity is balanced  by  dellsity forc:lng, while  the  other

derives from a  parameterizatien  of  the  wind-driven

circulation,

  The  only  interaction between the at,mespheric

and  oceanic  components  of  the medel  that  is ex-

plicitly incorporated  is a  thermal  interaction: the

EB}/I detcrmines the  sea  surface  air  temperature

(SSAT) provided  oceanic  heat fltDc is known, and  the

oceanic  component  returns  oceanic  heat  flux, pTo-
vided  SSAT  is known.  Since the  atmospheric  EBM
does not  have an  internal hydrological cycle,  the sea

surface  freshwater  flux required  by  the  ocean  cornpe

nent･ of  the model  is externally  specified.  The  over-

all  structure  of  this field is fixed te that at  piesellt

(annually averaged)  forcing, a form peTturbed  so

as  t,o mimic  the influeilce of  freshwater runoff  frem
the continents  due to ice-sheet disintegration, which

may  or  may  not  infiuence sea  ]evel depending  upon

the relationship  of  the  magnitude  of  ablation  to that

of  accumulatlon.  The  surface  wind-stress  that is re-

quired  to drive the paTameterized  wind-driven  cir-

culation  is fixed to the present annua]ly  averaged

zonal  wind  stress.  More  det,ailed discussion of  these

boundary conditions  and  ofthe  coupling  schenie  em-

plo.ved to  ]ink the  individual model  components  ls

found in Sakai alld  Peltier (1996, 1997).

3. Deglaciation  experiments:

   perturbations

Hydrological

  In Sakai andi  Peltier (1997), we  assumed  that, the

surface  of  the North Atlantic continuously  received

censiderable  anomalous  freshwater forcing during
the glacial epoch  due to surface  runoff  (iceberg ca]xr-

ing) from thc Iarge ice-sheets that covered  North
America and  North",estern Europe,  a  forcing that
has the cffect  of  reducing  the surface  salinity  at  high-

latit,udes. This  hypothesis was  based upon  the sea

surface  salinity  reconstruction  for LGM  by Duplessy
et  al, (1991) which  clearly  shows  a  sharp  diminution
of  sea  surface  saLinity  (SSS), In all  that  follows we

will  continue  to explore  the implication of  this  sce-

nario,  It is impoitant  to understand  that evem  if
ice-sheet volumos  were  constallt  (so that sea  level
was  also  eonstanO  we  would  sti]]  expect  this hy-
drological perturbation  to have been non-zero  and

equal  in magnitude  to the fraction of  the precip-
itation falling on  the  ice-sheets that drained into
the North Atlalltic basin, In the  work  of  Sca3ca,i and

Peltier (1997), t･his fir$t component  ofthe  anomalous

flux was  assumed  to  be constant  in order  to simplify

interpretation of  the  results  of  the simulations  con-

cerning  the mechanism  ullderlying  the D-O  o$cilla-

tions. Since continental  ice-sheet ext,ent  decreases to
zero  during deglaciation, the  magnitude  of  this com-

ponent  of  the anomalous  fiux (whlch is unrelated  to

sea  level) wM  certainly  not  be  constant  during this

period  but rather  will  also  decrease to zero.  It seems
reasonable  to assume,  in a first approximation,  that

this background  flux might  have  been proport･ional
to the extent  in contineiltal  ice cover.  In what  fol-
losvs we  will  refer  to this  contrlbution  to freshwater
forcing as  the  North  Atlantic background anomaly  in
order  to distinguish it from the additiona}  element

of  the foTcing that  is associated  with  a  change  in
mean  sea  level. DetaiL of  such  a  hydrological cy-

c]e, hewever,  is beyoncl the  purpose  of  this  paper.
We  will  instead investigate the model  climate  sys-

tem  tbrough  sensitivity  experiments  under  various

scenarios  of  anomalous  freshwater forcing.

  Figure 2 il}ustrates thc assumed  history of  to-

tal anomalous  freshwater forcing, to which  we  shall

heTeafter refer  as  the default deglaciation history,
Wit,h t,he exception  of  two  caveats,  t･his deglaciation
history has a  sea-level  related  element  that is iden-
tical to that  employed  in Sakai and  Peltier (1996),
whlch  is constrained  to fit the ICE-4C  histeTy of

Peltier (1994, 1996), The  first caveat  is that 25  per-
cent  of  the (sea-level rela･ted) first meltwater  pulse
from the Laurentide ice-sheet, is assumed  to flow
through  the Mississippi outlet  while  the remain-

der is assumed  to flow through  the St. Lawience
River outlet  (in Sakal ancl  Peltier (1996). All of

the Laurentide ice-sheet derived meltwater  was  as-

sumed  to be  discharged  through  the St. Lawrence
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. 2. Model  of  the components  of  anomalous  freshwat,er loading applied  to the oceanic  component  of
the  c]irnate  model.  The  thin solid  line represents  the  background  freshwater fiux anomaly  due  to  the
existence  of  large continental  lce sheets  over  North  America  and  Europe  which  is unrelated  to the
changing  sea  level. The  remaining  curves  represents  the component  of  the  anornalous  flux that  is
directly connected  te changing  sea  level and  this is disaggregated inte  the  contributions  from  various

goographical regions.  This component  is based upon  the  results  described in feirbanks (1989) and

Peltier (1994).

outlet).  Because  the  ocean  mode]  is two  dimen-
sional,  its response  to an  applied  freshwater anomaly
turned  out  to be insensitiye to the latitucle at  which

the  anomaly  is applied  under  the employed  deglacia-
t･ion meltwater  history, and  we  will  not  comment  fur-
ther on  this property  of  otir experiments,  The  sec-

ond  cayeat  concerns  the  cemponent  of the anoma-
lous fbrcing that  was  referred  to as the background
anemalgy,  This  is the component  of  the anoma-

lous forcing that  is assumed  to be persistentiy pro-
vided  from the  continenta]  ice-sheets surrounding

tbe high-!atit･ude regions  of the North Atlantic even
when  ice volume,  and  thus sea  level, is constant,
This contribution  to the  total anoma]ous  forcing was
discussed previously and,  as  we  wM  see,  gt plays a

erucial  Tole  in our  ability  to explain  the rapid  onset

of  t･he BfA  warm  period,

  Based upon  this default representation  of the
anomalous  freshwater forcing, the results  from  three

different series  of  sensitivity  experiments  will  be pre-
sented  in the foIlowing section  of  tbis paper. The
first two  series  concern  the  sensitlvity  of  the climate
model  to the amplitude  and  timing  of  the back-

ground anomaly  (unrelated to sea  level), whereas

the  final set  of  sensitivity  experiments  addresses  the
infiuence upon  the vaTiation  of  surface  temperature

due to the change  of  continental  ice cover  that  oc-

curs  as  deglaciation proceeds.

  Figure  3 shows  the  model  deglaciation histories
to be employed  in tbe  first･ set of  sensitivity  exper-

16
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Fig. 3, Model  deglaciation histories in terms
   of  meltwater  fiux in the intervaP between

   O and  24 kyr BP  for the first set  of

   deglaciation experiments.  In this set  of

   experiments  the sca  level related  contri-

   bution to the  meltwater  fiux is fixed to

   the default hist,ory but the  amplitude  of

   the  initial background  anomaly  is varied.

iments. In thls series,  only  the  initial amplitude  of

the background anomaly  (hereafter referred  as  IBA)
is varied,  whereas  the contributions  from deglacia-
tion related  meltwater  are  held fixed to tltose of  the
default history shown  on  Fig. 2, The purpose  of  this



Meteorological Society of Japan

NII-Electronic Library Service

MeteorologicalSociety  of  Japan

Decernber  1998 K.  Saktii and  XV.R.  Peltier 1033

series  of  sensit,ivity  expe]'iments  is to determine  the

niagnitude  of the IBA  (if any)  required  to cause  an

abrupt  warrning  sometime  prior to the Y-D  cold  pe-
riod  that  would  enable  us  to accurat･ely  model  the

BIA  warm  period. This  set ef  experiments  is here-

after  referred  to as  exp.  I.

  Figure 4 presents the model  deg]aciation histo-
ries  to be  employed  in the second  set  of  sensitiv-

ity experlments.  In this  sequence,  the  contribut,ions

from deg]aciatien-related meltwater  are  held fixed
to those of  the default history on  Fig. 2. The  IBA  is
also  held fixed in amplitude  but in this set  of  experl-

ments  the  timing  of the  applied  background anomaly
is varied.  [I]he curve  labeled `Lstd"

 on  the figure cor-

responds  to the timing  of  t,he default deglaciation
history, This set  of experiments  i$ cleaily  comple-

mentary  to the first, and  will  enable  us  to examine

tbe sensitivity  of  the systems'  response  to changes

induced  by  the  timing  of  the  background  anomaly.

This  set  of  experiments  is hereafter referred  as  exp,

II. An  additional  experiment  is briefly described in

the  Appendix,  in which  we  investigate the  magni-

tude  of  the contributioll  to  the  temperature  varia-

tien ftom the presence  of  the ice sheets  themselves.

  Throughout  this  series  of  experiments,  the con-

tributlons to deglaciation-related meltwateT  produc-
tion from Eurasia and  Antarctica wil] be held fixed,
Table  1 provides  a  summary  of  the  expeTiments,

which  are  to  be discussed  in what  follows. In all

of  these experiments,  the ocean  component  of  the

climate  model  is lnitlaLized in the  state  of  strong

pole-to-pole overturning  that  is characteristic  of  the

modern  circulation,  Under the application  of  a  small

constant  IBA.  the  thermehaline  circulation  in the

Atlantic basin of  the model  converges  to a  new

quasi-steady state  within  a  few centuries  of  inte-

gration. Even  under  the consideTably  larger IBA
applied  herein, the  model  settles  down  to a  new  sta-

tistica!ly steady  state  in less than  a  thousand  years,
All the  experiments  presented  herein comprlse  in-

tegrations  initialized at  24  kyrBP  and  terminated

at O kyrBP, and  include the full impact  of  the Mi-

lankovitch forcing over  this  time  period.

4. Results and  discussion

  In this  section  we  will  discuss in sequellce  the  re-

sult  obtained  in exp.  I-II. Additional  results  and

discussions on  a further experiment  (III), in which

we  wM  present the Tesults  obtained  through  ex-

periments  that incorporate the combined  impact of
freshwat,er flux induced changes  in the stTength  of

the THC  and  surface  albedo  variations  associated

with  the  changing  surface  area  of  t.he contlnental  ice

sheets,  is presented  in the Appendix.

4.I Amplitude of  the bacfoground

   anomagy:  exp.  I

  In this set of  experiments,  the

freshwater flu[v

influence of  the

16T.I"o
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Fig. 4. Model  deglaciation histories in terms
  of  meltwater  flux in the  interval between

  O and  24 kyr BP  for the  second  set  of

  deglaciation experirnents,  In this set  ef

  experirnents  the  sea  level related  contri-

  bution t,o the  meltwater  flux is held con-

  stant  but the  timing  of  reduction  of  the

  background  anamal}r  is varied.

changes  ln the magnitude  of the applied  background
anomaly  is inyestigated as  previeusly  discussed. In

Fig, 5 we  plot the simu}ated  meridional  heat trans-

port in the Atlantic basin of  the model  (difference
between  at  80eN  and  at  300N). These time  series

reflect  the intensitv of  NADW  formation. The  more               J

intense the NADVHi  formatlon, the larger the magni-

tucle of  the northward  heat transport (due to choice

of  the coordinate  system,  northward  heat transport
is shown  as  a  negative  value).

  In this Figure, data from 6 different cases  is sbown

from the t,ime interval between 20 kyrBP  and  4

kyrBP. Without any  background anomaly,  which  is

the case  presented  on  the top  plate of Fig. 5, NADW
formation is suppressed  only  during all  overly  brief
Y-Dperiod.  Although this result  appears  to be very

similar  to the result  obtained  in the Y-D  experiment

deseTibed in Sakai and  Pelt,ier (!996), it should  be
noted  that  the  duration  ofthe  model  Y-D  period  ob-

tained herein is significantly  sherter  than  that pro-
duced in the preyious analysis  in which  only  the

ocean  cornponent  of  the  climate  model  was  employed

under  a  prescribed annual  cycle  of  temperature.  In

the pre$ent experiment,  the ocean  cornponent  of the

model  is fully coupled  to an  atmospheric  EBM  that

selfconsistently  deterinines SSAT  and  this coupling

is important to tbe  details of  the  Y-D  event  that

t.he model  simulates.  The  physical effect  that re-

duces the duration of the Low-NADW  production
state  is therefore the negative  feedback between the

atmosphere  and  the ocean,  The  lew-NADW  produc-
tion state  that develops near  13 kyrBP  is caused  by
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Table l.List of  deg]aciation experLments

Experiment descriptionand notes

I The  response  to yariations  of  the  amplitude  of  the inlt,iaS background  anoma}y  in freshwater
flux applied  to the Nerth At]antic is'investLgat,ed. Deglaciation related  meltwater  that

drives an  increase of  sea  level is held flxed to the  default histery.
II The response  to variutions  in the  timlng  of  reduction  of  the  background anomaly  in fresh-

water  flux app]ied  to the  North  Atlantic is investigated.  The  amplitude  of  the  lt]itial
background  anomaly  is held const･ant  and  the history of  deg]aciation related  meltwater  is
heid fixed to the  default hist,ory.

III This simulation  includes the impact  upon  the variation  of  surface  temperature  due te the

variation  of  suTface  albedo  associated  with  the  presence of  ICE-4G  ice-sheets.

over-freshening  ef  the high-latit･ude NoTth Atlantic.
In our  previous analysis  using  the ocean-onLy  ver-

sion  of  the model  (Sakai and  Peltier, 1996), the an-
nual  cycle  of  SSAT  was  fixed so that surface  cool-

ing did not  occur  even  when  heat release  from the
ocean  to t,he atmospher  was  reduced.  In t,he cou-
pled version  of  the  model,  the  cooling  caused  by the
atmosphere-ocean  interaction changes  the region  of

intense NADW  formation  by  shifting  it southward
where  the  salinity  ls higher. This process t,ends to
keep the rate  of  NADW  production  high, t･hus re-

ducing the duration of  the low-NADW  production
event  (the simulated  Y-D).
  On  the basis of  this result  we  are  led to make

two  important  inferences. One  i$ that in the ab-

sence  of  a  background component  of the freshwater
forcing there should  be no  tiansition  in the inten-
sity  of  NADW  production  fbllowing LGM  but･ prior
to the Y-D. Based upon  Fig. 1 which  reveals  an  In-
tense BIA  event,  the results  ef this simulation  are

therefore in conflict  with  the  obseivations.

  The  rather  poor  reproduction  of the Y-D  event  re-

vealed  on  the top  plate of  Fig. 5 is clearly  improved
by increasing the initial background  anomaly  (which
is unrelated  to sea  level) from zero,  This is especially
evident  in the third plate of Fig. 5. Fbr this balance
of  contributioi]s  to the  net  freshwater forcing, we  ob-

tain both ]ow-NADW-formation  and  high-NADW-
fbrniation states  that precede the simulated  Y-D. In
the  1 kyr period  prior to the Y-D, a  state  ef  high-
NADW-formation  develops f6r background forcing
amplitude  between 8.33 and  9.52x10i2 m3/yr,  This

feature is ver.y similar  to the BIA  warm  period  re-

vealed  by tbe  isotopic data shown  on  Fig. 1. The
first of  the time  series  in this sequence  reveals  a

further interesting feature, namely  a  state  of  in-
creased  simulated  NADW  production that occurs

at the beginning of  the Tecerd.  This feature corre-
sponds  to one  of  the D-O  oscillations  that we  have
investigated in our  previous work  (Sakai and  Peltier,

1997): within  a  certain  rallge  of  persistent back-
ground  anomalous  forcing, such  as  that  ernployed

in the prescnt study,  D-O  oscillations  are  expected

to appear.  Although this featuie is inteTesting in it-
seLf,  the Greenland climate  record  does not  exhibit

prominent  D-O-like oscillations  near  LGM.  Accord-
ing te our  simple  model,  then, the actual  anoma-

lous freshwater forcing during deglaciatien may  haye
been closer  to  those assumed  in the fourth and  fifth
plates firom the  top  in Fig. 5. In these two  cases,

NADW  formation is turned  off  until  approximately

14 kyrBP  when,  foIIowing its sudden  onset,  a  stat･e

of  high-NADW-formation  is simulated  to persist un-
til onset  of  the  low-NADW-formation  state,  which

constitutes  the Y-D, a highly similar  sequence  to the
datashown  on  Fig. 1. This  theory  therefbre provides
the first successful  simulation  of  the B/A  event,

  The  bottom plate of Fig. 5 shows  that, with  this
strength  of  applied  background forcing, a  state  of

negligible  NADW  activity  persists until  approxi-

mately  l2 kyrBP, the time  of termination  of  the
actual  Y-D.  In this extreme  case,  application  of  an

overly  large background anomaly  does not･ allow  the
NADW  formation process to recover  at  all  prlor to
the Y-D.  Again, accordimg  to  analyses  of  a  variety  of

paleorecords  it is weLI  established  that･ NADW  for-
mation  did recover  to its present intensity sometime
bet,ween LGM  and  the Y-D,  so  that the range  of pa-
rameter  yalues  employed  in this simulation  is also

excluded  observationally.

  An  equally  important  and  more  diagnostically di-
rect  quantity  delivered by the ocean  component  of

the  model  ls t,he heat fiux across  the  ocean  surface,

especially  near  tbe  region  where  deep convection  oc-

curs.  Figure 6 shows  a  corresponding  time  series

from the same  set  of  experiments.  In this figure, we

show  time  serles  of  the heat  exchange  across  the sur-
face of  the North Atlantic integrated between 30eN
and  800N. Clearly, there exists  a  very  good  correla-

tion between the previously discussed proxy  fbr the
intensity of NADW  formation and  the magnitude

of  heat exchange  across  the air-sea  interface. More
intense NADW  formation generally results  in more
intense atmospheric  heating.

  The  influence of  such  surface  heat exchange

shouLd  also  be reflected  in the  temperature  field over
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Fig. 5. Resnlts from  experiment  I. The individual plates  present  the difference of  the meridional  heat
  transport  between 300N  and  800N  in the  Attantic Basin for the values  of  the lnitial background

  anonialy  depicted on  Fig. 3 (sjnce the  transport  is taken  as  positiye  for southward  direction, nerth"tard

  heat transport  corresponds  to the  negative  sign).  The  amplitude  of  this heat transport  is proxy  for

  the intensity of  NADW,

the Atlantic, and  this direct infiuence is in fact re-

vea!ed  in Fig. 7, in which  we  have p]otted time  se-

ries  of  the surface  air  tetnperature  averaged  oyer  the

North Atlantic basin of  the  model  between 50"N
and  70eN. Since the meridiomal  heat transport ls
well  correlated  with  the heat  exchange  across  the

surface,  and  the surface  heat exchange  is well  cor-

related  to the tempeTature  fieLd, NADW  activit,y  
'is

also  welL  correlated  to the temperature  field in the
same  geographical  region.

 CompaTing  Fig. 5 with  Fig. 7 demonstTates  that
low-NADW-formation  in the North Atlantic resu]ts

in the creation  of  a  cDld  climate  state  over  the  North
Atlantic, and  that  high-NADW-formation  corre-

spends  to a  warm  stat･e. As mentioned  in connection

with  the mode]  overview,  Milankovitch-insolation
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Fig. 6. Results from  experiment  I. The  individual p]ates present time series  of  surface  heat exchange

  integrated from  30"N  and  80eN  over  the Atlantic Basin for the same  sequence  ef  initiat background

  anornalies  as  in Fig. 5 (a positive value  implies  that  the  ocean  is supplying  heat to the  atmosphere).

forcing has been included in all  of  tbe experiments

presented herein, but the direct effect  of  the influ-

ence  ofinsolation  variations  due  to  the  changing  ge
ometry  of  the Earth's orbit  (precession, obliquity,

eccentricity)  is inslgnificant ¢ ompared  with  tbe in-
fluence of the NADW  formation process. This is
made  clear  by inspect,ion of  the temperature  change

simulated  to occur  ii connection  with  the Y-D  pe-
riod.  The duration of  this cold  period is only  about

1 kyr, but  the insolation change  cansed  by orbital

forcing over  this period  is yery  $malL  (the sbortest
of  the timescales in the orbital  forcing ig that of  pre-
cession,  which  has a  dominant period near  21 kyr).

The  direct influence of  insolation variations  may  be
inferredi by comparing  temperatuTe  near  the begin-
ning  (near 20 kyrBP) with  that neai  the end  (near
4 kyrBP) of  the integration, for which  results  are

shown  on  the top plate of  Fig. 7. This yields a  vari-

ation  of  approximateLy  leC, so  that the contribution

to the temperature  change  during deglaciation over
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Fig. 7. Results from experiment  I, The  individual  plates present･ time  series ef sea  surface  air temperature

  averaged  between 500N  and  70eN  over  the Atlantic for the same  sequence  of  initial background
  components  of  the freshwater fercing anomaly  for which  results  are  shown  on  Fig. 5,

the high-lat,itude North Atlantic due to the direct in-
fluence of  the change  in insolation is less than  ICC,
On  the other  hand, the temperat.ure  increases that
mark  the beginning and  the end  of the Y-D  period
on  Fig. 7 are  generally on  the  order  of6eC,  This  6"C

amplitude  is on  the same  order  as  that predicted in

our  medel  to oceur  in conjunction  with  individual

phases of  the Dansgaard-Oeschger escMation  CSakai
and  Peltier, l997). It is also  in close  accord  with

the observed  amplitude  of  the temperature  signaL

that accompanies  both the  Y-D  and  D-O  oscillatien

based upon  ice-core derived histories of  temperature

variat,ions  fiom the Summit,  Greenland site.

 There is one  aspect  of  these simulated  climate  his-
tories that shews  a slight  negative  correlation  most

clearly  seen  on  the  top  plates of  Fig, 5 and  Fig.

7. Between  16 kyrBP  and  14 kyrBP, NADW  for-
mation  is still  high (slightly higher than  that be-
tween  18 kyrBP  and  16 kyrBP), but the tempera-

ture during this period  is slightly  lower than  that,

between 18 kyrBP  and  16 kyrBP, This may  be ex-

pla.ined as  a  consequence  of  the southward  migra-



Meteorological Society of Japan

NII-Electronic Library Service

MeteorologicalSociety  of  Japan

1038 Journal of  t,he Met,eorological Societ.y of  Japan Vol. 76     'No,
 6

tion of the regiun  of iiiten$e NADW  formation when
temperature  decreases over  the region.  pt{igration
of  the position of  most  inteuse NADW  formatiori is
not  necessaril.y  related  to the intensi{.y itself. Such
migration  is, however, inex'itable under  certain  cir-

cumstances.  nainely  when  the sea  sttrface  salinity          t v t
over  the main  region  of NADW  foTmation decreases
for some  rea6on,  with  sea  suTface  salinity  increasing
equatorwards.  In this circ/umstance  the region  will

no  loriger produce  NADW  and  thus cooling  will  oc-

cur.  In our  EBM-based  moder,  in which  horizontal

heat transport is diffusive, this cooling  propagates
quasi-isotropically and  this may  enable  neighboring

regions  to the south  t,o deyelop into a  new  NADW
source,  In time  series  generated  by aveiaging  over

50eN-70eN,  this may  simply  appear  as  a  decrease in
the mean  tempeTature  of  the  Tegiom.

  The  sequence  of  event･s  tbat  occuTs  when  NADW

fbrmation  weakens  is totally different. Under  such

conditions,  there  is no  way  to release  t,he heat  that  is

st･oTed  in North  Atlantic deep  water  (or intermediate
wat,er).  Altheugh the transport of warm  saline  water

from middle  latitudes and  summer  surface  heating

tn the  ntiddle-high  lat.itudes increase the thermal  en-

ergy  of  the intermediate  layer in the Nerth  Atlantic,
the  low sa]init･y  and  thus  densit,v of  the  surface  water           - il
prevent,s the  occurrence  of  deep  convection  threugh

which  stored  therrnal energy  is relea.sed  to the at-

mosphere.

  The  mechanism  that  controls  the  occurrence  of

the Y-D  is, therefore, essentially  tbe same  in the

coupled  model  as  in the  ocean-on}y  niodel.  The

new  element  that is revealed  in the  sinmlations  t,hat

include a  background component  of  the forcing is
that the climate  model  suecessfullv  simulates  both

a  B ¢ 11inglAller¢ d warm  period and'u  Ybunger-Dryas

cool  period. In Fig. 7, the third to fifth plates sug-

gest cold  climate  t･o persist oyer  the  North  Atlantic

prior te the  onset  of  abrupt  warming  after  l5 kyrBP.

The  cold  stat,e  otherwise  persists essentially  from the

beginning  of  t,he model  integration. This  st,ructure

is in very  close  accord  with  the  sequence  of  events

that is observed  to have occurred  between LGM  and

the  onset  of  the  BIA,  At  the  onset  of  this warm  pe-
riod, the temperature  increases abruptly  by approx-

imately 40C  as  is ebserved  to be characteristic  of

the onset  ofBIA.  The  warm  period  simulated  herein
ends  neaT  13.5 kyrBP, which  makes  the begimlling of

}'bunger-Drltas cool  period  in the  simulated  climate

history, This cold  state  persists in the model  until

approximately  12 kyrBP,  and  is the  model  simulated

Y-D. It should  be recognized  that in this simulaeion
the  Y-D  occuTs  somewhat  earlier  than  what  is re-

vealed  in the observational  data shown  in Fig, 1.

  An  important  point, concerning  t,he stability  of  the

simulated  Y-D  episode  involves the  extent  to  which

the duration of  this event  is rnodified  by the magni-
tude  of  the background  component  of  the anomalous

freshwater forcing, ln the top plat･e of Fi.v. 7, the }(-
D  coel  period Lasts less tha]i 1 kyr. On  t.he feurth
and  fifth plates, the correspondillg  Y-D  periods are

stretched  sD  as  to  reach  1.2-1.4 kyr and  thus  to  agree

with  the  observed  duration of  the Y-D  acco;ding  to

the Summit  ice-core isotopic data shown  in Fig. 1.

4,2 Timing of the Teduction  of the background corri-
   ponent  of the freshwater anomaly  flux: earp. il

  Since t･he hypothesis that glacial condit,ions  the]n-

selves  resuLted  in the addition  of  an  background

anomaly  in freshwater flux (unrelated to sea  ]eve})
being  applied  to the  North  Atlantic has some  atten-

dant uncert,ainty,  the amp!itude  of  the background

anomaly  may  not  be pTecisely proportional  to conti-

ne]ital  ice cover.  [I]his set  of  experlments  is therefore
intended to examine  the sensitivitv  of  t,he simulated

climate  changes  duiing deglaciatio"n to the timing of
this cemponent  of the anomalous  forcing.
  Figure 8 shows  time  series  for the variations  of

meridional  heat transport  (difference between 300N
and  800N) in the Atla.ntic from this set  of  experi-

ments.  Similarly, in Fig. 9 and  Fig. 10 are  respec-

tive}y plotted the  beat exchange  time  series  across

the surface  of  the Atlantic integrat･ed froin 300N to
80eN  and  the  t,emperature  time  series  averaged  be-
tween  50eN  and  700N.  The  middle  plate on  each

of  Figs. 8-10 corresponds  to the  case  of  the de-
fault deglaciation history ef  Figure  2, and  the  upper

plates present results  obtained  when  the reduction  of

the background anomaly  proceeds  earlier  than  in t,he
default history, -'hereas  the !ower p!ates present re-
sults  obtained  when  the  reduction  of  the  background
anomaly  proceeds  later than  in the default history.

The  amplitude  of  the IBA  is of  course  kept, fixed in

aU  of  these experiments.

  Inspection of  those figures demonstrates  that
when  the reduction  of  the  background  anomaly  is

assumed  to have begun earlier  than  in the  default

case,  this leads to the simulation  of  a  longer warin
period  prior to the  Y-D  cold  period. On  the  other

hand, if the recluction  starts  later than  in the default
deglaciation history, the warm  period  that precedes
the Y-D  contracts  or  vanishes  entirely.

  According to these experiments,  a deglaciation
scenario  after  LGM  may  be described as  fbllows:
the  deglaciation process at first proceeded slow]y,  for
according  to our  theory  there is no  rea$on  for any

sudden  warming  that is caused  by a  sudden  onset

of NADW  formation to occur.  Influenced primarily
by  a  weak  change  in insolation, surface  tempera-
ture  rises  moderately.  This  slow  phase  of deglacia-
tion re$ults  in a  gradual reduction  of  the anomalolls

background hydrological peiturbat,ion applied  to the

Nortb Atlantic. Once  the background anomaly

has been reduced  to subcritical  amplitude,  a sud-

den recovery  of  intense NADW  formation occurs,

-'hich  immediately  viaTms  the  surrounding  region



Meteorological Society of Japan

NII-Electronic Library Service

MeteorologicalSociety  ofJapan

Dccember  1998

-8

-4

o-8

-4

o-8

I<, Sakai andW,R.  Peatier

Meridional Heat Transport [djff, 30eN-8Cf'N,10i4w]

1039

-4

o-8

Y"L,Arwwhi"S",(tyNLrvv       Anomalyshift

r
'W'tYV .,

o.okyr

n

-4

o-8

wiK.,i""ratw"AuaXf･J,"Vwh"

                     l

Anomalyshift-1.5kyr

-4

o t uth

"v
          4 8 12 16 20

                                Time  [kyr BP]

Fig. 8. Results from  experiment  II. Same  as  for Fig, 5 except  Lhat  the  time  series  of  meridional  heat trans-

  poTt are  shown  for variotts  assumptions  of  thc  timing  of  t,he reductien  of  the  background  component

  of  the  freshwater flux ano:naly.

as  demonstrated in this and  in the  preceding  sub-

section.  This event  corresponds  to the onset  of the

B!A  warm  period. The  B/A  period ends  with  the

onset  of the Y-D  period, which  itself resuits  froni
the freshwater forcing associated  wit,h  the first, in-
tellse meltwater  pulse that is related  to sea  level
change,  that called  IA  in Fairbanks (1989). The
combination  of  the background  anomaly  in freshwa-
teT  forcing and  the  deglaciation produced  me]twater

that actual]y  causes  sea  level to  rise  niaintains  the

NADW  stagnant  cold  state  in the North At･lantic
for 1.2-1.4 kyr, The  second  onset  of  abrupt  warm-

ing occur$  at  the end  of  t･he cold  period,

  Although this scenario  is well  supported  by our

analyses,  there  is at  least one  dificulty we  are  un-

able  to reso}ve  at this point. This concerns  the tim-

ing between the first me]t･water  pulse (as recorded

by the coral-based  sea-level  record  from Barbados)
and  the onset  of  the Y-D. Broecker et  al.  (1989)
hypothe$ized a  switching  of  the Iocat,ion of  the ap-

plied meltwater  load from the  Mississippi outlet  to

St. Lawrence  River  outiet,  which  eould  lead to  a

rnore  direct application  of  the meltwater  onto  the
region  of  NADXV  forrnation, and  that  this  more  di-
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Fig. 9. Results from experiment  II. Same  as  for Fig. 6 except  that  the time  series  of  heat exchange

  between the North Atlantic Ocean and  the  atmosphere  are  shown  for yarious  assumptions  concerning

  the  t,iming of  the reduction  of  the background  component  ef  the freshwater anomaay.

rect  htt may  have  been responsible  for t,he onset  of

the Y-D. In this paper we  are  obliged  to leave this

question open  since  the dimensionality of  our  model

does not  allow  us  to address  the issue.

5. Conclusions

  A previously constTucted  two-dimensional  model

of  the global thermohaline  circulation,  which

has already  delivered a  successfu1  simulation  of

DansgaaTd-Oeschger oscillations  (Sakai and  Peltier,
1997), has been  herein applied  to  the  development
of  a  moTe  complete  understanding  of  the sequence

of climate  variations  that occurred  during the last
degLaclation event  of  the cuirent  ice-age cycle. The
meltwater  histories employed  fOr the purpose  of  the
simulations  described herein have been based upon
the  assumption  that such  history must  be  composed

of  two  distinct (anomalous) components.  One of

these is assumed  to be that which  has a  direct ex-

pression in eustatic  sea  level, whereas  the second  is
assumed  te  have no  impact  en  sea  level and  so  to
represent  a change  of  the globa! hycirological bal-
ance  that characterizes  the modern  climate  system.

Three different primary  series of  experiments  were
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Fig 10. Results from  experiment  II. Same  as  for Fig. 7 except  that the time series  of sea snrface  air

  temperature  are  shown  as  a  function of  the timing of  the reduction  of the  background  component  of

  the  freshwater fiux anomaly,

performed  in erder  to examine  the sensitivity  of

the system  to variations  in the hydrological forcing
of  the oceans.  Our goal in these analyses  was  te

demonstrate that the complete  sequence  of climate

events  that occurred  subsequent  to LGM,  inc]ud-
ing both t,he Bpt11inglAllered warm  period  and  the

Ybunger-Dryas  cool  period, might  be explained  as a

consequence  of  a  single  hydrologtcal scenario.  Inso-
far as  we  are  aware,  our  results  represent  the fiTst
successful  simulation  that･ has been  pToposed  for the
BoUinglAllered episode.

The  influence

 due  to

 Appendix

of  surface  albedo  variation

ICE-4G  ice-sheets

  It might  be  interesting to briefiy describe a  finaL
attempt  to simulate  the detailed sequence  of  climate

variations  that is observed  to have occurred  during
the most  recent  episode  of  deglaciation, This ex-

periment  may  be somewhat  ad  hoc, but we  believe
it to constitute  our  best effort  to predict a  corn-

plete deglaciatlen history with  tbe climate  medel
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Fig. 11, Results from experiment  III, a  
"best"

 simulation  incorporating the standard  meltwater  history
  with  the background  arid  sea  level related  components  as  well  as  the  influence of  surface  albede

  variations  due  to the prescnce of  the continental  ice-sheets as  represented  in the  ICE-4G  model  ef

  Peltier (1994).

that employs  only  an  EBM  to diagnose  tempera-
ture  and  a two-dimensiona}  ocean  model  to prcdict
oceanic  heat･ flux. In addition  to the  previously de-
scribed  ingTedients in the main  part of  the  paper,
in this experimellt  the model  wi]1  also  include the
direct influence of  continentaJ  ice cover,  not  based
upon  the prognostic  cryospheric  component  of  the
modeL  but rather  based upon  the ICE-4G  model  in-
ferred by Peltier (1994, 1996). Since this  analysis

provides the distribution of  surface  ice cover  only

with  a  time  resolution  of  1 kyr, the model  ice-field
is updated  only  every  l kyr in the runs  ofthe  climate

model  to be described as  follows.

  Figure 11 shows  the pTedictions firom the climate
model,  which  now  inclucles the direct effect  of  the

surface  albedo  variation  due te  the  presence  of  the
decaying ice-sheets. One of  the most  prominent  fea-
tures ofthe  simulated  history of  surface  temperature
change  is the increased ternperature difference be-
tween  the pre-BIA  period  and  the post Y-D  period
from that predicted by the pTevious analyses  in this

paper, This is apparently  induced by the direct in-
fluence of the continental  icesheets, which  decreases
in area  coverage  monotonously  with  time  during
deglaciation according  to the  ICE-4G  reconstruc-

tion. Clearly the surface  temperature at a  given
latitude in this  experiment  will  be much  colder  than

in the  previous  two  sets  of experiment-s.  Since the
atmospheric  EBM  contains  seasonal  feedback asso-

ciated  with  snowlsea  ice, the colder  climate  than
was  obtained  previously is caused  in part by  the  in-

crease  in surface  albeclo  due to increase of  snow!sea

lce  cover,

  The  amplitude  of t･he temperature  dlfferences sim-

ulated  for the transition  events  in this more  fully ar-
ticulated version  of  the  model,  i. e. the onset  of  BIA,
and  the termination  of Y-D, agTee  very  weH  now

with  infeTences based  upon  the Sumrnit prexy  data.
There is, however, one  clear  dfference between these

model  results  and  the climate  proxy  records  (Fig. 1).
Although temperature  during the Y-D  cool  period  in
the observed  climate  recoTd  is indicated to be  as  low
as  during the pre-BIA  Ievel, the model  prediction
suggests  that the Y-D  ternperatures  near  Green-
land were  significantly  (approximately 20C)  warmer

than  thDse characteristic  of the pre-B/A  leveL In
the experiments  described in preceding  subsections,

in which  no  direct infiuence of  continental  ice-cover
-Tas  taken into account,  the correspondillg  tempera-
ture difference was  fbund  to be less than  2eC. Given
t･he difference in the detai}s of  the experiments,  this
enhancement  in the general warming  will  be undei-

stood  to be asseciated  with  the slow  reduction  of

contlnental  ice cover,  which  occurs  durillg deglacia-
tion. In spite  of  the good  fit to the observed  history
of  surface  tempeTature  Nariations  achieved  in this
experiment,  however,  the probLem of  the timing  of

the Y-D  and  BIA  evellts re}ative  to the  periods of
peak  freshwater discharge still  remains,
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　　　　　　　　　　 解氷に と もな う気候変動 ：

B ¢ lling／Allered 温暖期及び Younger −Dryas 寒冷期 を再現 す る

　　　　　　氷期か ら間氷期 へ の 気候遷移の モデル 実験

　　　　 酒 井孝太郎

（名古屋大学 大気水圏科学研究所）

　 W ．Richard 　Peltier
（カ ナ ダ ・ト ロ ン ト大学大気物 理 科 ）

　 気候シ ス テ ム の 長期変動特性を調べ る た め に 、以前 よ り開発 され て きた二 次元 多海洋全球熱塩循環モ

デ ル をエ ネル ギ ー
収支大気 モ デ ル に非同期結合させ た。当結合 モ デ ル はグ リーン ラ ン ド氷床の サ ミ ッ ト コ

ア に よ っ て 明 らか に され た Dansgaard−OeschgeT気候振動 の シ ミュ レーシ ョ ン を既 に行 な っ たが 、 今回 は

最終氷期以降の 解氷期間中、一時的な大陸氷床融解水に 対する気候 シ ス テ ム の 応答 を調 べ た 。 モ デ ル に 対

して は 二 つ の 水循環に 関する 強制 を 加えた。一
つ は 珊瑚礁記録に基づ い た 最終氷期最大期 以降 の 海水準変

動 に 関係す る 部 分 で 、も う
一つ は 海水準変動とは 無閲係 に 現在深層水が生成 され る 北大西 洋を 囲 む よ うに

存 在 した大陸氷床 に起因す る 部分 と して 仮定され る もの で あ る 。 結果 と して 、千年程度 の Younger−Dryag
に類似 の 寒冷期以降の 海水準変動 に 伴 う融解水の与え方にあまり依存せ ず、当 モ デ ル は Younger−Dryas に

類似 の 寒冷期 を再 現 した 。 しか し、Younger −Dryas に先立 つ Bfflling／Allerのd 温暖期 を当モ デ ル で 説明す

る た め に は 更に バ ッ ク グ ラ ウ ン ド的 に 北大西 洋に海水準変動 と関係 しない 淡水供給 を付加す る 事が 必要 で

ある事が示 され た 。 本研究で は こ れ ら二 種類 の 淡水 供給に 関する 摂動 に 対 す る 気候 の 応答 の 感度 も調 べ て

い る 。
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