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Li 。

Ch
o

娜 ia n (柳祟健),

B e
iji

n g M e te o r o lo g ie a lIn stitu te
,

B e
iji

n g 10 0 0 8 1

Zh
a
塔 D a o m in (张道民)

,

L iJin to 塔 (李金龙) a n d Ji L ir e n (纪立人)

In s tltu te o f A tm o s Ph e r ic Physie s
,

C hin ese A e a d em y o f sc ie n ce s ,

B e
iji

n g 10 0 0 8 0

R ee e lve d A u g u st 2 2
、

19 9 4 ; r ev ised O et o b er 2 0
,

19 9 4

A B S T R A C T

T he se e o n d la w o f th e rm o d yn a m ie s h a s n ev e r b e e n t a k e n in to acc o u n t in th e tr ad itio n a lhyd ro d yn a m 一e s a n d n u m e r
-

ic a l w e a th e r Pr e d lc tio n m o d e ls
,

w h ic h 一5 a se r一o u s o v e r sig h t in the his to ry o f m e eh a n le s
,

In tr o d u e in g th e the rm o d yn a m ie

lr re v e rsib ility in to the hy d r o d yn a m ie sy ste m s
,

th e th e o ry a n d m e th o d Pr o P o se d in thi s stu d y w o u ld n o t o n ly le a d th e

o u tPu ts o f a n u m e rie a lw ea the r Pr ed let io n m o d el to n o tie ea b le lm Pr o v em en t
,

b u t le a d the stru c tu re o fh yd r o d yn a m ie s t o

d ee Pg o in g t r a n sfo rm
a t一o n

.

K ey w o r d s : the see o n d la w o f the r m o d yn a m ie s
,
n u m erie a lw ea the r Pr e d ie tio n

,

h yd r o d yn a m ic s

IN T R O D U C T IO N

T he Ph ysie a l b a se o n w hie h th e n u m e r ic a lw ea th e r Pre d ie tio n m o d els a re bu ilt 15 th e ela ssi
-

e a lhyd r o d yn a m ie s
,

w hie h 15
,

in n a tu r e , a Pr o d u c t o f the 50 一e a lled Proj e e tiv e o Pe r a to r t e eh n iq u e

(H a o a n d Y u 19 8 1)
.

In te r m s o f sta tistic a l Ph ysie s a fl u id su eh a s the a tm o sPhe re 15 a kin d o f

m a n y一b o d y sy s tem s w h ieh ha v e a v a s t a m o u n t o f d eg r e e o f fr e e d o m
.

It 15 im Po ssible a n d

u n n e c e s sa ry t o r ev e a l the e ha r a e te r o f a m a n y一b o d y sys tem thr o u g h d e s c rib in g the b eh a v io r s o f

e v e ry Pa r tiele in the sys tem
.

T he tr a d itio n al s tr a te g y 15 to Pr oj e c t it o n to a su b sPa e e sPa n n ed by

the a v e r a g e P re s s u r e ,
tem Pe r a tu re ,

d e n sity
, v elo e ity

, ete
.

Pr o v id ed w e w o u ld h av e the Physiea l

la w s (a c tu a lly the m a the m a tic a l e x Pr essio n s o r e q u a tio n s e o r r esPo n d in g to th e la w s) w h o s e

n u m be r 15 th e s a m e a s th a t o f th e in d ePe n d en t v a r ia bles th e c o rr e sPo n d in g d yn am ic a l syste m

(d e se r ibed b y a c lo s e syste m o f e q u a tio n s th en ) w o u ld be s o lv a ble
.

5 0 ha s
j
u st d o n e th e e la ssiea l

hyd r o d y n a m ie s w he r e the th re e e o n s e r v a tio n la w s o n m a ss , en e r g y a n d (3一d im en sio n a l) m o
-

m e n tu m a n d the d ia g n o stie e x Pe rim e n ta lla w o f the sta te eq u a tio n fo r id e a lg a se s h a v e be en e m
-

p lo ye d
.

A s a re su lt
,
tr a d itio n a lly it 15 d e se rib ed by Proj ee tin g ju s t o n to (fo r e

.

g
.

the d ry a n d elea n

a tm o sPhe r e) a s u b sPac e o f 6一d im e n sio n s
.

W ith o u t d o u b t
,

th e hig he r th e d im e n sio n s o f the

Proj ee tiv e s u b sPa c e a r e ,
th e m o r e a ee u r a te d e se riPtio n o f the d yn a

而
c system w o u ld b e r e a c hed

E x te n d in g the P r oj e c tiv e s u b sPa c e o r in c r ea sin g the d im e n sio n s o f th e s u b sPa c e b y in t ro d u ein g

m o r e Physic a l la w s 15 the re fo re a d ir e c tio n t o w a r d e n h a n e in g th e q u a lity a n d a e c u r a ey o f

hyd r o d yn a m ies a n d n u m e r ie a lw e a th e r Pr e d ie tio n m o d e ls
.

T h e fi r st a tt em Pt a lo n g th is d ire etio n

15 to in tr o d u ee th e se e o n d la w o f the r m o d yn a m ie s o r en tr o Py la w
.

*
T h , s w o rk is s u PP o r te d by th e N a tio n a lN a tu r a lSc ie n e e F o u n d a tio n o fC h in a (G r a n t N o .4 9 2 7 5 2 4 5 )

.
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9

F o r a lo n g ti m e ,

th e se eo n d la w o f the rm o d yn a m ie s th a t c o n tr o ls th e sPo n ta n e o u s ev o lu
-

tio n d ir e c tio n o f m a n y一b o dy system s ha s b ee n Pa id n o a tte n tio n to
,

w hieh 15 b e c a u s e , o n o n e

ha n d
,
th is law 15 e x Pr e sse d in th e fo rm o f in e q u a lity a n d

, o n the o the r h a n d
,

th e d ete r m in istie

w o rld o u tlo o k th a t o c e u Pied a d o m in a n t Po sitio n d u r in g the th re e e e n tu ries a ft e r the esta blish
-

m e n t o f N ew to n ia n m eeh a n ie s h a d a ls o d eePly a

ffe
e te d the fl u id m ec ha n ies a n d a tm o sPhe ri e

d yn a m ies : in tho se fi eld s o f th e m a n y一b o dy system s stu d ies
,

it ha s n o t b e e n t a k en e n o u g h n o tiee

o f th a t su eh fo rm
u la s o f N ew to n ia n m ee ha n ie s a s th e E u ler e q u a tio n fo r a n id ea l fl u id a n d the

N a v ier一S t o ke s o n e fo r a v ise o u s fl o w b o th e o u ld b e d er iv e d fr o m th e B o ltz m a n n eq u a tio n fo r a

d istr ib u tio n fu n etio n th a t d esc rib e s ,

in n a tu r e , sta tis tic a lla w s
.

In a d d itio n , a lth o u g h the c la ssie a l

law o f e n e rg y eo n ser v a tio n e o u ld b e e x Pr essed in term s o f the fi r st la w o f th erm o dyn a m ie s ,

its

sPee ia lea se h a d a lr ea dy b een thr o u g h stu d ied w ithin th e N ew to n ia n m ec ha n ic s
.

In tr o d u c in g th e

se c o n d la w o f the rm o dy n a m ies in to the d yn a m iea l system m u st the re fo re in v o lv e th e Pr o blem o f

a m e n d m e n t o f the ela ssie a l d eterm in ism
,

w hieh w o u ld be re a lly so lve d o n l犷 if the

the rm o d yn am ie ir r ev e r sibility 15 in tr o d u e ed in to m ee ha n ie s a n d thu s th e d e ePg o in g tr a n sfo rm a
-

ti o n o f th e stru c t u r e o f m e c h a n ie s ta ke s Pla e e ; this stu dy in w h ieh th e see o n d la w o f

therm
o d yn am ie s h a s be e n in tr o d u eed in to the G lo b al S Pe e tr a lM o d e lo f th e In stitu te o f A tm o s

-

Phe r ic Physies
,

C hin e se A e a d e m y o f S eien c es (Ji et al
.

19 8 9 ) to e x te n d the Pr
oj

e etiv e su bsPa ee 15

ju
st a k in d o f e

ffo
r ts to tr an sfo rm the str u etu r e o f m e c h a n ic s

.

T h e o u tPu ts o f th e e x te n d ed m o d
-

e lim Pr o v e d d r am a tic a lly the fo r ee a stin g r e su lts o f the o rig in a lm o d el(fo r ex a m Ple
,
th e sth d ay

fo r e e a stin g r a te o f a c c u r a c y in te
rm

s o f th e a n o m a ly e o rre la tio n c o effi e ie n ts ha s b ee n r a ised b y

th e a v e r a g e o f 9
.

7 % )
.

In v ie w o f the u n iv e r sa lity o f th is str a te g y
,

it 15 e x Pe ete d th a t al l the

w ell一
n o w n m o d els o f h yd r o dyn am ies a n d n u m erie a lw e a th er Pr e d ietio n in the w o r ld eo u ld be

im Pro v ed a ee o r d in g to this str a te g y o n e b y o n e
.

11
.

PR IN CIPL E S

T he sta n d a r d m a them a tie a l e x Pre ssio n fo r th e c la ssic a l sec o n d la w o f therm
o dyn a m ies fo r

an o Pe n system 15 a s fo llo w s :

(l)

w h er e 5 15 th e en tr o Py Per u n it m a ss a n d th e sPeci fi e en tr o Py fo r an id ea lg a s u n d er the hyPo th
-

e sis o f th e lo ea l e q u ilib riu m e o u ld b e d e term in e d by th e tem Per a tu r e T a n d Pr e ssu r e P (L iu

19 8 8): Q the he a tin g r a te a n d Te the e n v ir o n m en ta l tem Per a tu r e
.

It 15 o b v io u s tha t E q
.

(l)
e o u ld b e r e w r itte n as the fo llo w in g eq u a lity:

d s 0
.

_

二- 二 亡全‘ 十 尸
.

d t J
’ (2)

w he r e the term P sh o u ld b e d e fi n ite ly Po sitiv e a ec o r d in g to the se eo n d la w o f the rm o d yn a

而
c s ;

Te eo u ld b e d er iv ed d ir e e tly fr o m the a v e r a g e o v e r the T o f th e s u r r o u n d in g g rid Po in ts
.

A s a

re su lt
, o n ly the P 15 the n ew ly一n tr o d u ee d in d e Pe n d en t v a ria ble in E q

.

(2)
a n d th u s th e Pr o blem

15 so lv a ble
.

If th e so lv e d P 15 d e fi n itely ,P o siti v e a t a eer tai n g r id Po in t
,

w hieh m ee ts the r e
-

q u ir em en t
, n o tr e a tm en t 15 n ee d e d

.

In c a se th e s o lv e d P 15 n e g a tiv e
,

w hieh ru n s e o u n ter to th e

se eo n d la w o f ther m o d yn a m ic s ,

the sim Plest seh em e o f c o r r e etio n 15 to se t P = 0
, a s d o n e in this

w o r k
.

O n th e o the r h a n d
, eo m bin in g the fi r st la w o f th e

rm
o dyn a m ie s w ith the se e o n d la w (E q

.

(2 ) )
,

w e e a n ea sily ha ve
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T 一 T

尸 =
T T

Q (3)

It e o u ld be se en fr o m E q
.

(3 ) th a t th e n e g a tiv e p e o r r e sPo n d s to the sig n o f Te 一 T c o n tr a ry to

tha t o f Q
, a n d th e c o r r e e tio n o f settin g P = 0 in th e c a se o f Te 羊 T 15 eq u iv a len t to the a d ia b a tie

tr e a tm e n t
,

i
.

e
.

s e ttin g Q = 0
,

w h ic h Pe r m its the n re fi n d in g the n ew Pr o g n o stie v a lu e s o f te m Pe r a
-

t u r e thr o u g h E q
.

(2 ) 5 0 th a t the n e w Pro g n o stie o u tPu ts th a t o be y th e sec o n d la w o f

th e r m o d yn a m ie s c a n b e w o r
ke d o u t o n the ir fe e d bac k to the w ho le syste m o fm o d el

.

111
.

R E SU L T S A N D D IS C U SS IO N

In v ie w o f tha t th e c o n str a in t o f th e se c o n d law o f therm
o d yn am ie s 15 su b st a n tia lly em b o

-

d ie d in th e d e fi n ite Po sitiv ity o f the term P in its m a th em a tic a le x Pr essio n (2 )
,

w hi eh
,

in n a tu r e ,

e x e rts a e e r ta in re str a in t o n the d ia b a tie he a tin g Pa t ter n s Q tha t a re tr a d itio n a lly e x Pr e s s ed in

lig h t o f Pa r a m e ter iz a tio n ,

the m o d e l o u tPu ts w ith the d iffe
re n t d ia b a tie h ea tin g sch em e s w o u ld

re sPo n d to the e o n st r ain t o f th e s e e o n d la w o f the

rm
o d yn alnj

c s in d iffe
re n t w a ys ; th e d iffe

re n c e

b e tw e e n th e tw o k in d s o r he a tin g seh em e s m e n tio n e d b elo w lies in th e re str ie tio n o r否> 10
一 5 fo r

the fi r st hea tin g s c h em e w h er e C 15 th e r ela tiv e v o rtic ity a t the to P o f th e b o u n d a ry la yer w ith in

the Pa r a m e ter iz a tio n s o f th e la r g e一se a le Pr e c iPita tio n a n d e u m u lu s c o n v e c tio n
(K

u o 一se h em e )

w h ile n o su c h r est rie tio n fo r the s e c o n d se
he m e

.

N e x t the o v e r a ll effi c ien c y o f im P r o v em en t b y this m e th o d w o u ld b e e x a m in ed in te
rm

s o f

th e a n o m a ly e o r r ela tio n eo effi e ien ts an d r o o t m e a n sq u a r e
(R M习

er r o r s , a n d th en th e d e ta ils o f

im Pr o v em en t o f the Pa tte r n s o r fe a tu r e s d e se rib ed thr o u g h e o n t r a stin g th e c o n c r ete fi eld s o f

he ig h ts
.

F ig u r e 1 sh o w s the ev a lu a tio n o f im Pr o v e m en t in the e a se o f 2 1 w a v es a n d 9 lev els (sim Ply

T Z 1L g) w ith th e fi rs t h e a tin g seh em e : th e sets o f eu r v e s a r e the a v er a g e s o v er the tests o f the

{}一
‘

一
·

d6C己
一一一

-

—
可50 0h P a ,

N o r lh e rn

.

一 -
一6 一 le v e l一 a v e r a g e

H e m
一s p he re /

‘ 50 0 hPa 、

g ] o ba l

厂
’

厂
;

了卜

/

通
一‘。

一 1 2

\\\

\味一
、 、 、

入
一 14

S次�叱心

Jq

�罗�勺丫V

一 1 6

一 1 8

一2 0

。
}

一
: 二佗艾二;

, /
一 2 2

(
a
)

- - -
~ - 月 ~

一
-

一
一- - - - J - - 一

~ ~~ ~~ 一. . J ‘~ ~~

一
~ ~~ ~~~ ~~ ~一‘‘~

- 一

1 2

一
万

(b )

3 4

d a y d a y

Fig
.

1
.

T h e im P r o v e m e n t 一n th e e v a lu a t io n fo r th e o u tPu ts o f t h e h e ig ht fi e ld s i n t h e e a s e o f T 2 1L 9 w 一th th e fi r s t h e a tin g

s e h e m e o n th e I n t r o d u e t io n o f th e se e o n d la w o f th e rm o d yn am ie s
,

(a ) T h e a n o m a ly c o r re la t io n e o e ffi e ie n t s d iffe
r

-

e n c e
△ A C b e tw e e n th o s e w it h th e s e e o n d la w o f th e

rm
o d yn a m ie s in tr o d u e e d a n d th o s e w itho u t it ; (b ) th e

r o o t一m e a n 一sq u a r e e r r o r s d iffe
r e n e e

△ R M S
.
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fo r e e a ste d h e igh t fi eld s w ith th e in iti a lfi eld s b ein g th e d叮 5 o f Ja n u a ry 2 3
,

A Pril 7
,

Ju n e 14 a n d

N o v

em b e r s
,

1 9 7 9 w hic h a r e r ePr ese n ta tiv e o f 4 sea s o n s , re sPe eti v ely
.

It is se e n fr o m Fig
.

l th a t

the a v er a g e in e re m e n t o f 9
.

7 % (e v en 15
.

3 % fo r the in d iv id u a l e x a m Ple o f Ju n e 14 ) in th e

a n o m a ly c o r r ela tio n e o e ffi eien ts fo r the sth d ay fo r e c a sted 5 0 0 hPa fi e ld s o f heig h t ha s b ee n

r e a ehe d by in tr o d u c in g the se eo n d la w o f the

rm
o d yn a m ie s

.

Fo r the sa m e ex a m Ple s a n d the sa m e r eso lu tio n
(T Z IL g ) bu t w ith the se eo n d he a tin g

se hem e (Fig
.

2) the R M S e r r o r o f the h eig h ts d e c r ea se d by (e
.

9
.

) 3 7
.

2 m fo r th e N o r ther n H e m
-

isPh er e 6一lev el一 av er a g e (w ith th e m ax im u m d e er em e n t o f 4 4
.

4 m fo r Ju n e 14 )
,

w hieh 15 m u e h

la笔er th a n th e 2 3
.

2 m w ith the fi r st s
ch

em e , alth o u g h th e a n o m a ly c o rr e la ti o n c o effi c ie n t w ith

th e sec o n d sche m e in c r
乡
a sed by less tha n 4

·

o % (e
·

g
·

o n ly 3
·

4 % fo r the g lo b al 5 0 0 h p a fi e ld s o f

h eig ht)
.

In ad d itio n ,

the e o n tr a st e x Pe r im e n ts o n the e
ffe

e t o f th e m o d el r e s o lu tio n ha v e a ls o bee n

d o n e a n d it 15 fo u n d o u t th a t th e c a se o f T 4 2 L 9 itself h a s a lr ea dy e n ha n c ed (e
.

g
.

) the N o r th er n

上

—
y

5 0 0 hP a ,

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

‘一 - 一 6 一le v el一a v e r a g e

.
.

一
, 5 0 0hP a ,

g lo b a ]

一 4

~
‘

勺飞享壕 ⋯
.

寸汉之二一、
、 、

、

、 · 、

\丈:

、\
、、少

\
\

12--l62420诩32
�日�叻渔叫刁

_ 一 一 一

/

..卜l

⋯
护

1
......十.
.

Les
!

月q,、、‘-

�罗�切阅V

�

j
.

~
,

一 :

介。

}万
‘

“ 一

2 3

d a y

Fi g
,

2

d a y

A s in F ig
.

l b u t fo r th e s e e o n d h e a t in g s e h e m e
.

o t
嘴卜扮仪

几宁
二

.

:之火
、

\咬
、、、

礴飞
x

—
尤 500 hPa ,

N o r th e r n H e m is Ph e r e

- -

一 6 一le v e l一 a v e r a g e

,
. .

⋯
,

5 0 0 h P a ,

g lo ba j 一 1 2

\�
bnU

.1.鸟
一一

(uJ�劝过叫心�岁�劝丈芍

一乏~笼苦弃丈 :
一 2 4

\
2 8

一 l 一 3 2
‘

一 - 一 一
,

一一
(
a
) (b)

d a y

,、划丫

a
‘日

,一

Fig
.

3
.

A s in Fig Z b u t fo r th e e a s e o f T 4 2 L g

盛
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H em isPher e 6一leV el一 a v e r a g e 5 0 0 hPa a n o m a ly e o r r ela tio n e o effi e ien t to 6 3
.

6 % (F ig
.

3 ) fr o m

4 2
.

2 % in the e a se o f T 2 1Lg b e fo r e in tr o d u ein g th e se c o n d la w o f th e

rm
o d yn a

而
es

.

T he r e se em s

li ttle ro o m fo r the im Pr o v e m en t o f the e o r r ela tio n e o effi e ien ts (in fa e t im p r o v ed by o n ly 0
.

9 %
,

a n d the m a x im u m b ein g 2
.

0 % fo r th e g lo b a l 50 0 hPa eo rr e la tio n eo effi c ie n t a s sh o w e d in

Fig
.

3); ev e n 5 0 ,
th e R M S e r r o r s o f T 4 2 L 9 h a v e bee n a v e ra g e ly d e c r ea se d (still ta k in g the

N o r th er n H e m isPh e r e 6一le v el一a v e ra g e a s a n e x a m Ple ) by 3 2
.

2 m o n in tr o d u ein g th e r estr a in t o f

th e se c o n d la w o f the rm o d yn a m ies
, a n d th e ex a m Ple o f Ju n e 14 15 o f the m a x im u m d e c r em e n t o f

4 2
.

2 m
,

w hich 15 ve ry c lo se to th a t o f T Z ILg
.

W
e w illillu m in a te the e o n er e te im Pr o v em e n t o f (5 0 0 hPa ) h eig h t fi e ld s w ith the e x am Ple o f
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ed ia te im P r o v em e n t m a rg in th a t 15 the e a s e o f T 4 2L 9 w ith th e se c o n d he a tin g s c h em e

fo r the 3 th d a y o u tPu ts o f ju n e 14
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19 7 9 (a s the r esu lts sh o w e d
,

th e im Pr o v em e n t in th e e a se o f
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w ith the fi r s t h e a tin g sch e

me 15 b e tte r th a n w ith the s e c o n d o n e ,

90
o

w 9 0
o

w

MA X 二 5 9 5
.

6 M IN 二 5 2 6 6
MA X = 0石9 5 5 6 I 34 0 3 E + O3 M IN = 0 万2 18 1 32 3 24 E + 0 3

g o
o

W

Fig
.

4
.

T he e o m Pa riso n o f the 3 th d a y o u tPu ts o f he ig h t

fi e ld s o f 5 00 h P a in th e e a se o f T 4 2 L 9 w ith the see
-

o n d he a tin g sehe m e em Plo ye d a n d Ju n e 14
,

19 7 9 a s

the in itia l w ith the o b se r v a tio n s o f Ju n e 1 7
.

(a ) T he

o u tPu ts o f th e o rigin a l m o d el; (b) the o u tP u ts w ith

the see o n d la w o f th e

rm
o d yn a m 一e s In tr o d u e e d ; (e)

the o b ser v a tio n s o n 1 7 Ju n e l9 7 9
.
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th e im Pr o v em e n t m a r g in o f th e s th
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.

9
.
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n ea r 1 15
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o
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(se e Fig
.

4 b) w hi le a “ e o n tr a ry
” o n e b y th e o rig in a lm o d el o u tP u ts : a e lo se d e en te r a PPe a r s in

the tw o r id g es
, r e sPee tiv ely

,

w hile it d isa PPea r s in the tr o u g h (see F ig
.
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.

In a d d itio n ,
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-

Pro v em e n t in the d ePic tio n o f the w este r n Pa e ifi c su b tr o Pie hig h 15 a lso n o tiee a ble o n in tr o
-

d u ein g the see o n d la w o f therm
o d yn a m ie s : the su b tr o Pie a le ellPo r tra yed b y the c o n t o u r s o f 5 8 8

a n d 5 9 2 15 elo se o n th e o b ser v a tio n s in e ithe r str e n g th o r Po sitio n w h ile in the o u tPu ts o f the

o r ig in a l m o d el w ith n o in tr o d u etio n o f the see o n d la w o f therm
o d yn a m ie s , n o t o n ly th e c e n t r a l

r an g e d efi n ed by the e o n to u r o f 59 2 15 v ery d iffe
r en t fr o m the o b se rv a tio n s ,

b u t the m o rP ho lo g y

o f th e su b tr o Pie a lhig h 15 g r e a tly d isto r ted e o m Pa r ed w ith the o bse rv a tio n s (see Fig 4 )
.
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