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T H E N UM E R IC A L S IMU L A T IO N

O F T H E IC E A G E C L I入4 A T E

肠ng Hu ijun (王会军)an d Ze ng Qing cu n (曾庆存)

L A SG
,

In stitu te o fA tm o sp herie Physie s
,

C hin e se A e a d e m y o f se ie n e es
,

B e
iji

n g l0 0 0 8 0

R e ee iv e d Ju ly 2 0
,

19 9 2

A B ST R A C T

U sin g the IA P tw o 一 Iev e lg e n er a le ir c u la tio n m o d e l
, the ic e a g e Ju ly e lim a te w a s sim u la ted thr o u g h the su rfa ee e o n

-

d itio n s o f 18 0 0 0 yea r s b e fo r e Pr e sen t a sse m b led by the C L IM A P P r
oj

e e t
.

C o m Pa rin g w ith the Pr ese n t Ju ly sim u la tio n

re su lts
,

the ic e a ge a tm o sPh er e 15 fo u n d to h a ve a su b sta n tia lly lo w er tem Pe r a tu r e
,

P re c iPita tio n
,
a n d e lo u d in e ss ,

hig he r

se a 一le v el p ress u r e , e sPe eially in the hig h la titu d e la n d r e g io n o f the N o r the r n H e m isPh ere a n d A n ta r c tie a
.

W he n the

C 0 2 c o n te n t 15 se t a s the m o d er n v a lu e the e lim a tic r e sPo n se 15 ve ry s m a ll
,

w hie h s ho w s tha t the p r o b lem s o f C 0 2 se n
-

sitiv ity sho u ld b e stu d ied by m e a n s o fe o u Ple d m o d e ls
.

It is a lso Po in te d o u t tha t the r e a r e so m e eo m m o n e ha r a e te ristie s

be tw ee n C0 2一in d u e ed e lim a tie c ha n g e s a n d the ie e a g e su rfa ee e o n d itio n 一in d u e e d e lim a tie eha n g es
,

w h ich m a y g iv e u s

so m e in sig ht in to h o w e lim a te r esP o n d s to ex te r n a lfo r e in g s
.

K ey w o rd s : n u m e rie a lsim u la tio n ,

iee ag e e lim a te
,

C 0 2 e o n te n t

1
.

IN T R O D U C T IO N

T he la st ic e a ge r ea e he d its m a x im u m a b o u t 18 0 0 0 ye a r s a g o
.

A s a n ex a m Ple o f d r a m a tie

e lim a te e ha n g e
,

it 15 r ev ea le d b y th e ev id en e e fr o m o e ea n a n d la k e se d im en ts
, a n d fr o m r ee o r d s

o f 5 0 11 str u etu r e a n d v e ge ta tio n e o v e r (F lin t
,

19 7 1 ; W est
,

19 6 8)
.

It 15 k n o w n tha t the iee a g e c li
-

m a te w a s b o th e o ld er a n d slig h tly d rier tha n the Pre sen t e lim a te
.

It 15 g r ea t e o n v en ien t fo r the

m o d e le r s to h a v e th e iee a g e su rfa ee eo n d itio n s r e eo n str u c ted b y th e C LIM A p p r
oj

ec t in 19 7 6

a n d 19 8 1 (C L IMA P Pr
oj

e et M em be r s ,

19 7 6 : 19 8 1) th r o u g h eo lle etin g a n d stu d yin g th e la r g e

a m o u n t o fp a le o c lim a tic sa m ple m a ter ia ls (M 7 6 a n d M sl in b r ie o
.

T he fi r st m a n w h o sim u la te d th e ie e a g e elim a te u sin g G CM s w a s
W illia m s et a l

.

(W illia m s ,

19 7 4 ; W illia m s a n d B a r ry
,

19 7 5)
.

o f eo u r se the b o u n d a ry c o n d itio n s h e u se d a re n o t th o se g iv en

b y the C LIM A P Pr
oj ee t

.

In 19 7 6
,

G a tes d id th e sim u la tio n u sin g th e m a te r ia ls a ssem bled b y the

C L IM A P Pr
oj

ec t in 19 7 6 w ith th e tw o 一lev e lg en e ra l eir eu la tio n m o d el o f o r eg o n s ta te U n iv er -

sity (O S U ) (G a tes
,

19 7 5 : 19 7 6)
.

T he y b o th o bta in e d r ea so n a b le re su lts
.

B u t it 15 n e ee ssa ry to

Po in t o u t tha t Ms l 15 d iffe
r e n t fr o m M 7 6

.

Fo r ex a m Ple
,

the g lo b a la v e r a ge sea su rfa ee t
em

Pe r a
-

tu r e o fM s l 15 0
,

7 K h ig h er th a n th a t o fM 7 6
.

B esid es
,

the M 8 l eo n ta in s m o r e in fo rm
a tio n tha n

M 7 6
.

H e n ee m a n y o the r r e se a r eh er s u se d d iffe
r en t m o d els to sim u la te the ie e a g e clim a te b y u s

-

in g M s l a ft e r G a tes
.

T h ey a re M a n a be a n d H a h n (19 7 7 )
,

H a n se n e t a l
.

(19 8 4 )
,

M a n a b e a n d

B r o c e o li (19 8 5 )
,

B r o c eo li an d M a n a b e (19 8 7 ) a n d K u tz b a ch a n d G u e tter (1 9 8 6 )
.

In 19 8 7
,

Pr ell

a n d K u tz b ae h m a d e a n e x Pe rim en t to stu d y th e m o n so o n v a ria bility o f th e Pa st 1 50 0 0 0 ye a r s

b y m ea n s o fa G CM w hieh sh o w s a g o o d r e la tio n betw ee n o rbita lfo re in g cha
n g es a n d m o n so o n

va
ria bility

.

In 19 8 6
,

K u tz b ac h a n d G u e tter stu d ied the e
ffe

e ts o f ch a n
gi

n g o rbita l Pa r am e te r s

a n d the ea r th
’ 5 s u rfa e e e o n d itio n s o n e lim a te th ro u g h a set o f n u m erie a l ex Pe r im en ts

.

In 19 8 7
,

M a n a be a n d B r o c e o li e a re fu lly stu d ied the im Pa ets o f e o n tin e n ta l iee she e t
,
a tm o sPhe rie C O Z
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7

e o n ten t a n d la n d a lbe d o o n th e elim a te o f the la st g la eia l m a x im u m
.

A ll the se stu d ies g re a tly

d e ePen ed o u r u n d e r sta n d in g o f the ic e a g e elim a te
.

B u t ther e a r e d iffe
re n c es betw ee n d iffe re n t

m o d e l re su lts
, n o t o n ly in th e a m Plitu d e o f m ete o r o lo g iea l v a ria bles

,

bu t a lso in the g e o lo gi ea l

d istrib u tio n o f these m e te o r o lo g ic a l v a r ia bles
.

5 0 it 15 v a lu a b le to e o n d u e t fu r the r stu d y u sin g

d iffe r e n t m o d e ls
.

T he m o d el u se d he re 15 IA P G C M
.

A ft e r fi n ish in g th e e o n tr o l r u n a n d th e iee a ge r u n ,

the

a u tho rs m a d e a n o th er ex Per im en t w hieh to o k th e CO : c o n te n t 3 3 0 PPm (m o d er n v a lu e) a n d

th e LG M su rfa e e e o n d itio n s to e v a lu a te the e
ffe

c ts o fC 0 2
.

11
.

B R IE F D E SC R IPT IO N O F T H E IA P G CM

T he IA P tw o 一le v e lg lo b a lg rid Po in t m o d e lw ith its
“

dyn a m ie fr a m e ”

d esig n e d o n th e ba sis

o f re se a r ch w o rk by z en g a n d h is eo o p er a to r s (z e n g
,

1 9 7 9 : z en g et a l
. ,

19 8 5: z e n g et a l
. ,

19 8 6)

15 u sed
.

T h e 5 0一
a lled

“ sta n d a rd a tm o sPh er e
”

15 in tr o d u e ed to the m o d e l a n d th e Pe rtu rb a ti o n

to the
“ sta n d a r d a tm o sp her e

"

15 u sed a s Pre d ic ted v a ria bles
.

T he c a r efu l d esig n o f the

d iffe r en tia l syste m m a in ta in s the eo n serv a tio n o f th e a v a ila ble e n e rg y
.

5 0 th e “

dyn a m ie fr a m e
”

15 su b sta n tia lly d iffe
r en t fr o m tha t o f o the r m o d els

.

T he Pa r a m e teriz a tio n se he m es a re m o stly

the sa m e a s th o se o f O S U G C M
.

B a sie te sts Pr o v e the h ig h e o m Pu tin g a c c u rac y o f th e m o d el
.

O the r ex Perim e n ts sh o w th a t the m o d el ha s q u ite g o o d a b ility in sim u la tin g th e m e a n elim a te

Pa tter n s ,

th e E a st A sia n m o n so o n
,

th e sea so n a la bru Pt c h an g e s o f the E a st A sia n a tm o sPherie

eirc u la tio n
, a n d ev e n th e lo w 一fr e q u en ey v a ria tio n s a n d te le eo n n ee tio n Ph en o m e n a

.

111
.

T H E IC E A G E B O U N D A R Y C O N D IT IO N S A N D T H E E X PE R IM E N T D E SIG N

W e g o t the LG M e a r th
’ 5 su rfa ee c o n d iti o n s fr o m M sl

.

T he m e a n Ju ly se a su rfa e e te m Pe r
-

a tu r e o f th e ice a g e 15 1
.

7 K hig h er th a n it 15 n o w
.

T he d iffe re n ee s betw e en th e iee a g e a n d Pre s
-

e n t S ST a r e m u e h h ig he r in hig h la titu d e o ce a n th a n lo w la titu d e o ce a n
.

It sh o u ld be Po in ted o u t

tha t the m ea n te m Pe r a tu r e o f th e m o d e rn o e ea n u se d h er e 15 o n ly 1
.

3 K hig he r tha n th a t o f the

iee a ge o e ea n
.

T he a re a o f the la n d iee a n d sea iee 15 m u eh la r g er in the iee a g e
.

T h e e le v a tio n o f

o r o g r a Phy a b o ve se a lev e l in the ie e a g e 15 h ig h er d u e t o the lo w e r lev el o f sea su rfa ce a n d th e

la r g er la n d ic e eo v er a t tha t tim e
.

T h e a lbed o o f th e ice a g e ea r th su rfa ee is g re a te r th a n it is
.

A ll the th r ee r u n s sta r ted fr o m M a y 3 1 o f the thir d yea r in the sea so n a l sim u la tio n o f th e

m o d e l
.

T h e lo w e r b o u n d a ry eo n d itio n s are fi x e d fo r m o d e r n Ju ly in e x Perim e n t 1 and ie e a ge Ju
-

ly in e x Pe rim e n t 2
.

T h e o rbita lPa r a m ete r s u se the m o d er n v a lu e in a llex Perim en ts d u e to th e lit
-

tle d iffe
r e n c e be tw ee n Pr ese n t a n d iee a ge

.

C 0 2 eo n ten t 15 Pr eseribe d a s 3 3 0 PPm in e x Perim en t

1 a n d 3 20 0 PPm in ex Perim e n t 2
.

E a ch e x Perim e n t is ru n fo r 7 5 d ay
s

.

W e u se the m ea n v a lu e s o f

the la st 3 0 d a ys fo r e o m Pa r iso n
.

IV
.

R E S U L T S

1
.

Th
e Ic e Ag e

Ju ly

Fir st w e d isc u ss th e su rfa e e air tem Per a tu re sh o w n in Fig
.

1
.

T h e tem Per a tu r e a t m o st r e -

g io n s 15 m u c h lo w e r tha n it 15
.

T he d iffe
re n c e s c a n r ea e h 一2 0 K to 一 30 K (ic e a g e m in u s Pr e se n t)

in the w este r n Pa r t o f E u r a sia
,

N o r th A m e r ic a a n d the A n ta r c tie a ,

bu t a r e re la tive ly sm a lle r in

lo w la titu d e re g io n s a n d o eea n ar e a
.

W
e a lso n o te tha t the su rfa ee tem Per a tu r es a re h ig he r in the

N o r th Pa eifi e a n d S o u th Pa eifi c th a n th o se a t Pr esen t
.

T his 15 bee a u se th a t the Pr e sc ribed ic e
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F ig
.

l
.

T he s im u la te d Ju ly su rfa e e te m Pe ra tu r e (
o
C)

.

(
a
) T he g lo b a l d is trib u tio n o f the d iffe

r en ee b etw ee n ic e a g e a n d

Pre se n t : (b) the la tit u d in a ld is trib u tio n o f z o n a lm e a n :

—
Pr e sen t: ⋯⋯ iee a g e

Fig
.

2
.

T he la titu d in a ld istrib u tio n s o f z o n a lm e a n te m Per a tu r e (
o
C) fo r 4 00 hPa (a )a n d 80() hPa (b)

a ge S ST 15 hig h er th a n the m o d e r n SS T in th is a re a
.

T h e m o st str ikin g e ha r a e teristie s o f z o n a l

d istrib u tio n o fsu rfa e e a ir te m Pe r a tu r e 15 tha t th e te m Per a tu r e d iffe r e n c e s a r e the g r e a test a t hig h

la titu d e s o f the N o rth er n H e m isPhe re a n d the A n ta r etic a
.

Fr o m T a b le 1 w e c a n se e th a t th e

m e a n
gl

o ba l Ju ly su r fa ce a ir te m Pe ra tu re d iffe re n c e b etw e en ic e a
邵 a n d the Pre sen t 15一 5 8 K

,

w ith 一2
.

7 9 K in th e N o r th e rn H e m isPh er e a n d 一2
.

3 8 K in the S o u th er n H em isPh er e
.

A lso w e

fi n d th a t th e la n d r eg io n s ha v e g r e a ter tem Per a tu re d iffe r en ee th a n th e o ee a n r eg io n s h a v e

(-- 5
.

3 2 K a n d 1
.

2 1 K res Pe c tiv ely)
.

W e c a n a lso ha v e a lo o k a t th e situ a tio n in the fre
e a

tm
o sPh er e sho w n in Fig

.

2
.

A t 4 0 0

hPa ,

the z o n a l a v er a g ed tem Pe ra tu r e d iffe
r en e e 15 q u ite la rg e a t a ll la titu d e s o f th e N o r the r n

H e m isPh ere a n d the S o u th Po la r r eg io n
.

W hile a t 8 0 0 hPa
,

th e z o n a l a ve ra ge d tem Per a tu r e d if-

fe r en ee 15 n e a rly the sa m e a t a lla ltitu d e s ,
o n ly a little b ig g er at h ig h la titu d es a n d the A n ta re tiea

.

S ea一lev e lPr essu r e d istribu tio n s a re sho w n a t Fig
.

3
.

A t m o st r e g io n s , sea一lev e lPr essu r e 15

g r ea ter in ie e a ge tha n it 15 n o w
, e sPeci a lly in th e N o r th er n H em isPher e h ig h la titu d e s a n d So u th

Po la r r e gio n s ,

w ith g r ea te r Pr essu r e d iffe
r en ce s in lan d r eg io n s th a n in o e ea n re g io n s (17

.

2 7 hPa

an d 14
.

4 0 hPa re sPec tiv ely)
.

It e a n b e see n tha t th e Pa tter n o f se a 一lev e lPr essu r e d istribu tio n o f

th e iee a g e 15 a lm o st the s

am
e a s th a t o f Pre sen t

,

fo r e x am Ple
,

th e hig h Pre ssu r e sy ste m in the Pa
-

eifi e Oee a n a n d in the n o r the r n A tla n tie Oee a n a n d the lo w Pr essu r e system in th e

Qin g h a i一X iz a n g Pla tea u
.

B u t it se em s tha t the z o n a lity o f th e ie e a g e 15 str o n g er a n d th e
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7

me
rid io n a lity 15 w e a k er th a n the

se at Pr e se n t
.

T a ble 1
.

T he A r e a M ea n o f S u rfa e e T em Pe r a tu r e ,

Sea 一 L ev e l Pre ssu r e
,

Pr ec iPita tio n a n d T o ta l C lo u d in e ss in Ju ly fo r

So m e R e g io n s

Su rfa c e

tem p e ra tu re (
o
C )

Pre c iPita tio n

(m m / d )

T o ta l

e lo u d in e ss

,一八UOQ工OO叮了八,00月呀‘J一‘‘,j�I月呀,产气‘一0飞
�,山

. .且

I一�,�,‘�xMD一-MD一1MD一1MD一1MD一1MD一1MD一1MD一1MD

G lo b a l

N o r th e r n H e m i sPh e r e

054338一:7921一.94.70.76一56.09.53一:8733一.189072一
33

、卜l,乙一4
了DI一020一n�,�l一月呀0气�一0�、‘�一‘�9卜
,

一
.

一卜n一一八ZT一1(厂二卜2(
、

一
.

一2(史一
.

一4

So u the
r n H e m isPh e r e

G lo b a l o e e a n

N o r th e r n H e m isPh e r e

O C e a D

So u th e r n H e m isPh e r e

O C e a n

G lo b a lla n d

N o r th e r n H e m isPh e r e

la n d

So u th e r n H e m i sPh e r e

la ll d
8

.

8 8

一4
.

5 5

S e a 一leve l

Pre ssu re (hP
a )

10 2 7
.

6 9

10 1 2
.

4 0

+ 15 2 9

1 0 2 9名3

10 14 8 0

+ 15
.

0 3

10 2 5
.

5 1

10 10
.

0 3

+ 15
.

4 8

10 2 6
.

9 5

10 1 2乃5

+ 14 4 0

10 3 1
.

4 0

10 1 7
.

16

十 14
.

2 4

10 2 3名9

10 0 9
.

3 8

+ 14
.

5 1

10 2 9刀4

10 1 1
.

7 7

+ 17
.

2 7

10 2 8
.

12

10 1 1
.

2 8

+ 16
.

8 4

10 30
.

8 6

10 1 2
.

74

+ 18
.

12

2
.

6 0

2 7 9

一 7
.

0 %

3
.

16

3
.

6 1

一 1 2%

2
.

0 5

1
.

9 7

+ 4 %

2
.

9 6

2
.

9 5

+ 0
.

0 0 %

3
.

7 5

4 0 0

一6 %

2
.

4 2

2 2 2

+ 9 %

1
.

9 7

2 3 1

一 1 5%

2
.

5 2

3
.

0 2

一 1 7%

0
.

8 7

0
.

9 2

一 5%

0 5 0

0
.

5 6

一 1 1%

0 沸1

0
.

4 8

一 6%

0
.

6 0

0
.

6 4

一 6%

0
.

6 1

0
,

6 6

一 8%

0
.

4 8

0
.

5 8

一 1 7%

0
.

6 9

0
.

7 2

一4%

0 3 2

0
.

3 3

一 3%

0
.

3 3

0 3 4

一 3%

0 3 1

0
.

3 2

一 3%

* I : ie e a g e ; M : m o d e r n : D , I一M

Fi g
.

3
.

A s in Fi g
.

l
,

b u t fo r th e s e a一 le v e lPr e s s u r e (hPa )
·
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W
e ea n a lso fi n d th e sim ila r ity in the d istr ib u tio n Pa tter n s be tw ee n iee a g e a n d Pr ese n t 5 0 0

hPa g e o Po te n tia l he ig h t
.

T he g re a te st d iffe
r e n ee also a PPe a r s in th e N o r th er n H em isPh er e h ig h

la titu d e re g io n s a n d the A n ta r etic a
.

A s fo r the z o n a l w in d d istrib u tio n ,

th e w in d see m s to b e

str o n g e r in th e iee ag e th a n th a t a t Pr ese n t in the m id d le la titu d e s o f the N o r ther n H em isPhe r e
.

B u t w e fi n d w ea k er ic e a g e w in d a t o th er la titu d e s
.

Fig u r e 4 sh o w s th a t the m a x im u m Pr ec iPita tio n ra te a PPe a r s in the tr o Pies b o th in the ie e

a g e a n d a t Pre sen t
.

Fr o m th e z o n a l a v er a g ed Pr ec iPita tio n ,

w e fi n d le ss am o u n t o f Pr ec iPita tio n

in th e iee a g e in m o st re g io n s ex ee Pt lo w 一la titu d e re g io n s o f the S o u the r n H em isPhe r e
.

T he

gl
o ba l m ea n Pr ee iPita tio n r a te d iffe

r en c e 15 {
.

19 m m / d
,

7 Pe r ee n t o f the Pr esen t v a lu e
.

lt is in
-

te r es tin吕tha t the ic e a g e p r ec ip ita tio n ra te 15 12 p er c e n t lo w e r th a n the p r esen t v a lu e in the

N o r the rn H em isPher e
,

b u t 15 a little hig he r tha n tha t a t Pr esen t v a lu e in the So u the r n H em i
-

sPhe r e
.

T h e to ta l elo u d in e ss 15 a ls o sm a lle r in iee a g e
, e sPec ia lly in th e N o rther n H e m isPh er e

tr o Pies
.

T he iee a g e g lo b a l m ea n e lo u d a m o u n t 15 1 1 Per ee n t le ss th a n the Pr esen t v a lu e ,

w ith 6

pe r e en t d ec r ea se in th e N o rthe rn H em isPher e
.

T h e w a te r eo n te n t 15 lo w e r in the ie e a g e th a n a t Pr esen t
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