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B O U N D A R Y L A Y E R G R O W T H AN D L A PS E R A T E

C H A N G E S D E T E R M IN E D B Y L ID A R A N D

S U R FA C E H E A T F L U X IN S O FIA
*

E
.

D o n e v ,

D e P a r tm en t o f M e teo r o lo g y
.

F a c u lty o f Physic s
,

So fi a U n iv e r sity
,

B u lg a ria

K
.

Z e
lle r,

U SD A F o r e st S e r v iee
.

R o ek y M o u n ta in Fo r est a n d R a n g e E x Pe rim e n t Sta tio n
,

F o r t C o llin s
,

C o lo ra d o
,

U SA

S t
.

尸a n e he v

D e p a r rm e n t o fM e te o r o lo g y
,

F a eu lty o f Physie s
,

S o fi a U n iv e r sity
,

B u lg a r ia

a n d 1
.

犬口le v

I n st lt u te o f E le c tr o n 一e s
,

B u lg a r一a n A ea d e m y o f se 一en ee s ,

B u lga ria

R e v e iv ed M a r eh 2 4
,

19 9 4 ; r ev ised Se Ptem Pe r 6
,

19 9 4

A B ST R A C T

In this stu d y the r e su lts fr o m a b o u n d a ry la yer ex Perim e n t , e o n d u e te d in a u t u m n 19 9 1 o v e r 五 fl a t,

b u ild 一u P u rb a n

a r e a In S o u th ea s t S o fi a
,

t o g e the r w ith so m e m o d e ls fo r m ix ed la ye r g r o w th r a te s a r e u sed to in ve stlg a te the la ye re d s tr u e
-

t u r e o f th e v e r tiea l a tm o sPherie st a bility d istrib u tio n in the So fi a V a lley
.

L id a r m ea su r em en ts o f a e r o so l la yer he ig h ts

a n d m o rn in g b o u n d a ry la yer d e v elo Pm e n t a r e eo m b in e d w ith su r fa ee e d d y e o r r e la tio n m e a su r e m e n ts o f k in em a tie hea t

a n d m o 一s tu r e fl u x es
,

Pr o fi les o f te m Pe r a tu r e a n d hu m ld xty
, w in d sPe e d a n d w in d d ir ee tlo n

.

A d ia g n o s tie m eth o d 1 5 Pr e s
-

en te d fo r d ete rm in in g v er tie a l Ia Pse r a te s u sin g su rfa e e m eteo r o lo g iea l m ea su r e m en ts a n d Iid a r r e tu r n s o b se r v ed d u rin g

th e t r a n sitio n fr o m n ig h ttlm e sta b le s tr a tifi ea tio n t o d a ytim e e o n v e e tiv e b o u n d a ry la yer a ft e r the su n r ise
.

K e y w o r d s : c o n v ec tlv e b o u n d a ry la yer
,

ljd a r
,

h e a t fl u x
,

la P se r a te

1
.

IN T R O D U CT IO N

So fi a 15 situ a ted in a v a lley su r r o u n d ed by m o u n ta in s
.

T yPie a lly the m o u n ta in s e a u se a

blo c k in g e o str o Ph ic w in d fl o w
,

he n c e a ir e a sily st a g n a te s o v er th e d o w n w in d v a lle y a s v e n ti
-

la tin g h o riz o n ta lw in d s belo w th e r id g e heig h t a r e v e ry w ea k
.

L a r g e q u a n tities o f a ir p o llu ta n ts

fr o m u r b a n
, v eh ie u la r a n d in d u s tr ia l s o u re e s a re fr e q u en tly tr a PPed in sta g n a ted a ir a b o v e the

eite
.

R e lief ea n be Pr o v id e d by v e r tie a l m ix in g d u e to so la r g e n er a te d su rfa ee he a tin g w h ieh

d r iv e s th e d iu r n a l d ev e lo Pm en t o f th e m ix in g he ig h t o r w e ll一 s tr u e tu r e d e o n ve e tiv e b o u n d a ry

la ye r (C B L)
.

U n d e r the se c o n d itio n s ,
th e he ig ht o f the C B L (h) a n d the in ten sity o f the e a PPin g

in v e r sio n (△8) in tu r n d ete rm in e th e a b ility o f th e a tm o sPhe re to d isPe r se a ir Po llu tio n
.

T h e

d iu r n a l d e v elo Pm en t a n d d e s tr u e tio n o f v e rtic a l te m Pe r a tu r e in v er sio n s a n d their he ig h ts

*
T he rese a re h w a s su PP o r ted by B u lg a ria n N a tio n a l F o u n d a tio n

M o u n ta in F o r est a n d R a n g e E x Pe ri m en t Sta tio n
.

F o r t C o llin s
,

C o lo r a d o
,

“

S eie n e e
” a n d U SD A F o r e st Se rv ie e

,

R o e ky

U SA
.
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,

9

a sso c ia te d w ith the d ev elo Pm e n t o f the d a ytim e C B L a r e im Po r ta n t Pa r a m e te r s fo r fo r e c a stin g

Po llu tio n lev e ls a n d v e n tila tio n in th e S o fi a V a lley
.

T he in te r a etio n b e tw e e n lo c a l d yn a m ie (a d
-

j
a e e n t m o u n ta in s) a n d th er m ic (r ad ia tiv e n o etu r n al c o o lin g ) fa c to r s d u r in g th e fo rm

a tio n o f th e

s ta ble n o e tu r n a l la ye r le a d s to a c o m Ple x la yer e d st r u c tu r e in th e v alley
’ 5 m o r n in g v e r tic a l sta

-

b ility
.

O ft en tw o o r thr e e str o n g in v er sio n la yer s a r e v er tic a lly sta ek e d a t su n ris e
,

T h e s e la ye r s

a re v er tic a lly e o n n ee ted w ith in b e tw e e n iso the rm a l o r w e a k s ta b ility la ye r s
.

T his n o n lin ea r d is
-

trib u tio n o f the m o r n in g v e r tie a l tem Per a tu r e g r a d ie n t m a k e s the tim e Pr e d ie tio n o f m o r n in g

b o u n d a ry一la ye r g r o w th a n d tr a n sitio n s in r esPo n se to th e s u rfa c e he a tin g v e ry d iffi e u lt
.

T h e

g r o w th r a te o f the C BL st r o n g ly d e Pe n d s o n the la Ps e r a te a b o v e th e m ix in g la ye r
,

w h ie h a s s t a t
-

e d in the c a se o f S o fi a V a lley 15 n o n u n ifo r m w ith th e he ig ht
.

H en e e th e C B L g r o w th r a te is a

c o m Ple x tim e d ePe n d en t fu n e tio n a n d the o n ly w a y to p re d ie t o r m o d e l the C B L 15 to k n o w th e

la Ps e r a te d istr ib u tio n in heig h t a n d tim e
.

T h e Pu rP o se o f th is Pa Pe r 15 to stu d y v er tie al sta bility

d u rin g the t ra n sitio n to a e o n v e etiv e b o u n d a ry la yer u sin g lid a r o bser v e d m ix ed la ye r he ig h t a n d

d e Pth o f th e e n t r ain m e n t a r e a (fr o m v er tie al d ist rib u tio n s o f u r b a n a e r o s o ls)
, su rfa ee fl u x

m e a su re m e n ts a n d b a sie e n tr a in m e n t e q u a tio n s
.

T h e stu d y o f su r fa ee m ix in g la yer g r o w th a n d e v o lu tio n h a s re s u lte d in a la r g e n u m b e r o f

m ix in g he ig ht m o d els
.

T h e sim Ple st o f th e se m o d els tr e a ts th e u n d er lyin g C BL a s a n ise n t r o Pic

la yer w ith a str o n g g r a d ien ts o r “

j
u m Ps” in Po te n tia l tem Pe r a tu r e an d w in d sPe ed a t th e in v e r

-

sio n e a P o r en tr a inLm
e n t z o n e (E Z )

.

Fo r th ese m o d e ls a lin ea r v er tie a l he a t fl u x Pr o fi le 15 u sed

w ith in th e C BL
.

F ir st m o d els (z e r o th一 o r d er) n e g le c t △h
,

the fi n ite th iek n e s s o f th e c a PPin g in
:

v er sio n a n d a d m it ste P一lik e
“

j
u m Ps” a n d c o n sta n t r a tio b etw een he a t fl u x es a t the su rfa ee a n d

a t th e to P o f the m ix ed la yer (L illy 19 6 8 : T en n e kes 19 7 3 : C a r so n 19 7 3)
.

L a ter s o m e in v e stig a to r s

(Z ilitin k ev ic h 19 7 5 ; Z em an a n d T e n n e k e s 19 7 7 : T en n e k e s a n d D r ie d o n k s 19 8 1) ha v e u sed the

tu rb u le n t k in e tie e n e r g y (T K E ) b u d g et a t h in ste a d o f th e c o n sta n t he a t fl u x r a tio
.

D e a r d o r ff

(19 7 9 ) in tr o d u c e d th e e

ffe
e t o f a n e n t r ain m e n t Pr o c ess w ithin th e m ix ed t o sta ble tr a n sitio n la ye r

o r in te rfa c ia l la ye r o f th iek n e ss Ah = hZ一h。
,

d efi n ed a s the r e g io n o f n eg a tiv e (d o w n w a rd ) he a t

flu x (F ig
.

l)
.

T h e av e r a g e in terfa eia l laye r m a y ha v e sig n ifi c a n t v e r tie a l th ic k n e ss a n d s o m e a u
-

tho r s d e fi n e d this la ye r a s the r eg io n o f e n ha n c ed tem Pe r a tu r e g r a d ien t
.

T he u PPe r lim it o f this

re gio n u su a lly eo in c id es w ith the to P o f th e r e gio n o f n e g a tiv e (d
o w n w a r d) h

e a t fl u x
(A

rya a n d

B yu n 19 8 7 )
.

H o w ev e r ,

it 15 n o t a lw a ys tr u e fo r the lo w e r lim its
.

F o llo w in g W yn g a a r d (19 8 3 )
,

A rya a n d Byu n (19 8 7) a n d F er n a n d o (19 8 6 )
,

he r e w e d e fi n e A hZ 二 h Z一h a s the d ePth o f th e c a P
-

Pin g in v e r sio n a n d Ah一 h一ho a s the d ePth o f th e in te rm ed ia te la yer b e tw e en the ea PPin g in v er
-

sio n a n d th e m ix ed la ye r w ith slig h t te m Per a tu re g r a d ie n t (Fe r n a n d o 19 8 6)
.

T h e Po te n tia l te m
-

Per a tu re g r o w th b etw e e n ho a n d hZ 15 th e su m o f the sm all A sl a n d th e r e la tiv e ly la r g e

A 0 2 = , ‘(hZ一h)
,

w he r e 下, 15 th e av e r a g e tem Per a tu r e g r a d ien t in th e c aPPin g in v e r sio n
.

B e lo w w e g iv e a s u m m a ry o f th e ba sic en tr a in m e n t e q u a tio n s , a d e ser iPtio n o f th e d a ta a n d

th e m o d e l v er ifi c a tio n s u se d to d ev e lo P a sim Ple d ia g n o s tic m e tho d fo r in v e stig a tin g v e r tic a l

sta b ility a ft e r su n r ise
.

11
.

B A SIC E QU A T IO N S

In z e r o th一o r d e r m o d els th e C B L g r o w th r a te 15 d e fi n e d a n d Pr ed ie te d fo r the m e a n m ix ed

la ye r h eig h t h
,

w h e re the Po te n tia l tem Per a tu r e a d m its steP一like j
u m p A S。

,

A S : = A S。卸
e

(hZ一h)
a n d 7 ‘ 15 th e Po te n tia lte m Pe r a tu r e g r a d ien t o v er hZ

,

w h e r e th e v e r tie a l he a t fl u x a n d its v e r tie a l

d e r iv a tiv e v a n ish ed a n d h o 15 th e he ig ht w he r e th e hea t fl u x c h a n g e s fr o m a Po sitiv e to a
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夕,

夕z

h 2击!

△h Z

|
.

��八l

△h l

_ _

女
_

h 。

Fig
.

1
.

P o te n t ia l te m Pe r a t u r e a s fu n e t io n o f h e ig ht in t h e e n tr a in m e n t z o n e

n e g a tiv e v a lu e (Fig
.

1)
.

I f w e n e g le c t th e sm a ll Po te n tia l te m Pe r a tu r e g r a d i e n t in th e lo w e r

in te r fa e ia l la ye r (△8 1二 0 )
,

w e e a n u s e the sim Ple z e r o t h一 o r d e r m o d e ls ra te e q u a t io n s fo r th e a v
-

e r a g e d m ix e d la ye r Po te n tia l te m Pe r a tu r e A so ,

th e e v o lu tio n o f th e s te P一li k e Po te n tia l te m Pe r a -

tu re
j
u m P A O。 a n d the g r o w th o f the m e a n m ix e d la ye r

he ig ht (T e
nn

e k e s 19 7 3 : D e a r d o r ff

19 7 9 )
.

I n a ll e q u a ti o n s 8 sh o u ld b e r e Pla e e d b y th e v ir tu a l Po te n tia l te m Pe r a tu re s
,

to in c lu d e

m o is t u r e e
ffe

e ts a n d the Po te n tia l te m Pe r a tu r e fl u x b y th e v ir tu a l Po te n tia l te m Pe r a tu r e fl u x

(w
‘
0
‘、,

) = (w
‘
0
‘

) + 0
.

6 1口
。

(w
‘叮‘)

,

w he re 叮 15 sp e c ifi e h u m id ity a n d (w
‘叮,

) 15 v ap o u r fl u x
·

T h e r a te o f c ha n g e o f △80 15 g o v e r n e d b y the C BL g r o w th r a te a n d he a tin g fr o m the m ix e d

la ye r b e lo w
.

E q u ilib r iu m b e tw e e n th e s e tw o fa c to r s a n d t he r e la tiv e in v a r iab ili ty o f A口0 15 a s
-

su m e d h e re (D e a r d o r ff 19 8 0 )
.

T he n

(w
,
口
‘

)
,

一 (w
‘
o

,

)

下
e

h

(w
‘
8
‘

)

下
。

h o (l)

w h e r e (w
‘
0
‘

)
: ,

(w
‘
e
‘

)
, a n d (w

‘
0
‘

)。 二 0 a r e th e h e a t fl u x e s a t the s u r fa e e , a t th e to p o f th e m ix e d

la ye r h a n d a t ho ,

砰 15 th e m e a n v e r tic a l v e lo e ity a t h
.

T h e s o lu tio n o f the se e q u a tio n s r e q u ir e s

a n a s s u m p tio n c o n c e r n in g th e b e ha v io u r o f h e a t fl u x (w
‘
0
‘

)
, a t the in v e r s io n b a s e o r a n a s

-

su m Ptio n fo r th e r a tio o f h a n d h o
.

T h e r e a r e tw o g e n e r a l a PPr o a c h e s : v e r ti e a l in te g r a tio n o f th e

e n e r g y b u d g e t in s id e the m ix e d la ye r o r Pa r a m e te r iz a tio n o f th e lo e a l e n e r g y b u d g e t a t th e in v e r
-

sio n ba s e
.

T he s im Ple s t s u g g e s tio n 15 th e e o n s ta n t h e a t一fl u x r a tio (T e n n e
ke

s 19 7 3 : C a r s o n 19 7 3)
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9

(w
‘

0
‘

)
‘ = 一 A (w

‘

0/)
J ,

(2)

w he re A = 0
.

2 h a s bee n u se d b y T en n e ke s (19 7 3)
.

T h er e a re m a n y d iffe
r en t m o d els d ePen d in g

o n w hie h te rm s in the T K E b u d g e t eq u a tio n a r e ig n o re d a n d h o w the re m a in in g term
s a re

Pa r a m e teri z ed
.

If sh ea r ge n e r a tio n a t su rfa ce a n d a t th e in v e r sio n b a se is n o t n e g le c ted (B o e r s e t

a l
·

19 8 4 )

(瓮
一 、
)

“ 1

(汗)
/ ^

, ,

2 \ w Z 〕

(等 )
+

分
R ‘

,

}
\ w 阴 / w o J

(3 )

D一C

res
.

I.LW

W he r C w

c o ll V eC tiv e

19 8 1)

法、俪万)
:

/ o 。]
’/ ’

15 the c o n v ee‘ive v elo e i‘y

瓦
eh a r d s o n n u m ber

.

If th e d issiPa tio n term 15

a n d R ‘, 一 仅h△0 。) / (0
。w

几) 1
5 the

in e lu d e d (T
e n n ek es a n d D r ie d o n k s

(瓮
一 牙
)

· 2

(黝
一 A,

2

卿
w

·

{
c

Z 一 。
2

{牟)
+

咚
* , 1

」
L \ w 。 / w 附 J

w h er e 万 15 山e B r u n卜v a isa lla b u o ya n e y fr eq u e n e y
,

d en n ed by 万 2

(4 )

= 份下
。

) / 0 。
·

B o th E q s
·

a n d (4 ) n ee d a n e v a lu a tio n o f△00
, an d E q

.

(3) d o
e s n o t e x Plic itly eo n tain the la Pse r a te o v er

(3 )

th e

c
ap Pin g in v e r sio n 下e

.

In b o th E q s
.

(3 ) a n d (4)
,

赐 15 th e s c a lin g v elo eity fo r v e r tic a l m o tio n s

u se d by n r ied o n k s (19 52 ): w几二 w毛+ 丑
u

毛
,

w her e u ,

15 th e rr ietio n v elo e ity an d 刀 = 。 c o n
-

S ta n t
.

T h er e a re d iffe
r e n t ex Per im en ta l e stim a tio n s o f th e e o n sta n ts in the u PPe r e q u a tio n s :

T e n n ek e s (1 9 7 3 )A = 0
.

2
,

B = 2
.

5 ; B o e rs a n d E lo r a n t a (19 8 5 ) u n d er e o n v ee tiv e e o n d itio n s A 、=

0
.

3 2 a n d C l = 0
.

7 5 : Z e m a n a n d T e n n eke s (19 77 )A : = 0
.

5
,

q 二 3
.

5 5 a n d A Z , 二 0
.

0 2 4 : D r ied o n k s

(19 8 2) A
l = 0

.

2 a n d C , 二 1
.

5
,

A : = 0
.

6
,

q = 4
.

5 a n d A Z‘ = 0
.

0 3 ; A rya an d Byu n (19 8 7)
u sin g

D e a r d o rff
’ S (19 74 ) re su lts e stim a te d 几 二 2 a n d A Z = 0

.

4 u n d er eo n v ee tiv e c o n d itio n s
.

Fo r th e

e o m Pa r is o n be tw e en m o d elPr ed ie tio n s ,

A rya a n d Byu n (19 8 7)u
sed A l = 0

.

2
,

C , = 1
.

5
,

A Z = 0
.

4
,

CZ 二 1
.

5 a n d A Z‘= 0
.

0 2
.

D e a r d o rff (19 7 9 )d e riv ed the eq u a tio n fo r th e ra te o f eh an ge

d f△口、 「了d h
_ _ ,

、
.

d ‘△h、
_ _ _ _ _ _ 、

〕
二
景

址 = 下
,

曰于 一 牙
。

} + 二于书 一 (牙
,

一 砰
。

) {
dt

‘ “

L 火dt ” 0 /
’

dt
“ ” 2 ” 0, 」

w he r e WZ 15 th e m e a n v er tic a lv e lo eity a t the to P o f th e c a PPin g

v er tic al v e lo eity a t th e b o tto m o f the in te rfa c ia l lay er
.

H er e 15

o f△0

(w
‘
8
‘

)
:

h
o (5)

in v e r sio n a n d 叽 15 th e m e a n

a ssu m e d th a t ho 15 the he igh t

w he re th e h ea t flu x ch a n g es fr o m a Po sitiv e

su eh str o n g d em a n d a n d ea n be tre a ted 韶 a

to a n eg a tiv e v a lu e
.

o u r d efi n itio n d o es n o t en s u r e

fi r st aPPr o x im a tio n
.

B y v e rtic a l in teg
r a

ave r a ge d the rm o d yn am ie eq u a tio n in the en tr a in m en t la ye r a n d su bstitu ti n g (5)

(19 7 9) o b t
a i具e d

tio n o f the

D e a r d o rff

i
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, (l 一 Y )(w
‘
0
‘

)
,

+ ,
己

A h

_ _

。h
。

Y

一0 t
(6 )

O t

_

分〔△h)
I

一
Ot

△口=

—
台h

_ , 了A 石、

w he r e “ = Ah / ho a n d Y 15 th e sh a Pe fa e to r o f the Po ten tia l tem Per a tu r e Pr o fi le in th e

en ‘·a‘n m e n ‘一
n e y 一 (‘/ A”)丁:;f(

·)d一 w h er e “(·)一 “。 + f(
·)A“

,

几 一 0 ‘f ( ‘一f
Z

·

W
e su g

·

g e s t the a PP r o x im a tio n Y = 0
.

5(l一Ah l / △h)
.

W
e w ill em Plo y E q s

.

(l) a n d (6 ) to o b ta in 下
。 a n d

AS (in ea se o f m ea su re d h。 a n d hZ)
, s o m e e x Pe rim e n ta l d a ta t o v e r ify 下

。 a n d A O a n d E q s
.

(3 )
a n d (4 ) to te st the o b ta in e d 下

。 a n d AO
.

111
.

E X PE R IM E N T A L D A T A

In this Pa Per w e u se tw o sePa r a te d a ta sets o f sim u lta n eo u s m ea su r em e n ts o f h。
,

h : (a s the

a PP r o x im a te h eig h ts o f th e b a se a n d th e t o P o f th e c a PPin g In v e r sio n ) a n d the su rfa ee he a t fl u x

(w
,
口
‘

)
, o n d a ys w ith c lea r

, c a lm c o n d itio n s w h ie h re su lt in hig h er p o llu tio n le v els
·

A d d itio n a lly
, se v e r a l v e r tic a l te m Pe r a tu re so u n d in g s a r e u sed

.

T he o b serv a tio n a l Pe r io d s w ith

c o m Ple te d a ta sets a r e 0 70 0一 13 0 0 LS T o n b o th 2 1 SePte m be r a n d 1 1 O c to ber 19 9 1
.

D u r in g

the s e tw o d ay s the su rfa ee tu rbu le n t fl u x es w e re m e a su r ed e o n tin u o u sly thr o u g h o u t the d a y

ho w ev e r lid a r m e a s u r em e n ts w e r e o n ly ta ke n d u r in g the Pe r io d o f 0 7 0 0一 1 3 00 L ST
.

T h ese d a ta

a llo w u s to eo m Pa r e lid a r m e a su r ed C B L he ig hts a n d su rfa c e he a t fl u x e s in the ea se o f e a lm

w in d a n d e le a r a ir c o n v e c tiv e c o n d itio n s o v e r a n u rb an a re a w ithin a v a lley
.

B o th d a ta s e ts w e r e

e o lle e ted fr o m the In stitu te o f E lee tr o n ies
,

B u lg a r ia n A c a d em y o f Sc ie n c e s a n d th e D ePt
.

o fM e
-

teo r o lo g y
,

So fi a U n iv er sity g r o u n d s in S o u th C en tr a lS o fi a w ithin 3 0 0 m o fe a ch o the r
.

M
e re o r o

log
ie a l C o n di rl’O n s

S ta g n a tio n eo n d itio n s Pr ed o m in a ted o n 2 1 Se Ptem b er
.

E a rly m o r n in g the S o fi a a re a w a s

u n d er th e in fl u en ee o f a n a n tieye lo n e
.

A ft e r 10 0 0 LS T
, a eyelo n e ee n tre d fa r in th e n o r th

,

b e g a n

to w ea k en the a n tie ye lo n e o v e r So fi a
.

O n 1 1 O c to be r W e st B u lg ar ia b o r d er e d th e ed g e o f a n a n
-

tieye lo n e ee n tre d o v er R o m a n ia
.

So fi a w in d s w er e c a
lm h o w e v e r th e r e w e r e str a tifi ed e lo u d s a s

-

s o c ia ted w ith th e in v e r sio n laye r s
.

T h e e
ffe

et o f th e se elo u d s 15 n o t h a n d le d by o u r m e tho d a n d

he n ee w e se e a la r ge r d ev ia tio n o f m e a su r ed c o m Pa r e d to m o d el heig h ts o n O e to b er 1 1 c o m
-

Pa r e d to th e r esu lts o n 2 1 Se Pte m b er
.

T yPie a lly in the So fi a V alley b efo r e su n r ise o n sta g n a tio n

d a ys the r e 15 a str o n g tem Per a tu r e in v e r sio n n e a r su rfa c e
.

T h e in v e r sio n b a se a ve r a g e s a b o u t 1 50

m hig h in e a rly Se Ptem ber a n d d im in ish es to a b o u t 5 0 m by la te N o v e m be r (D o n ev et a l
.

19 9 2 a ;

19 9 2 b ) (N o te the s tr o n g s u rfa e e la ye r n o c tu r n a l r a d ia tio n in v e r sio n 15 n o t in elu d ed in this

m u ltila ye r in v e r sio n ela ssifi ea tio n )
.

T he r e 15 o n e o r m o r e in ve r sio n la ye r s stae k e d v er tie a lly in

heig h t u P t o th e to P o f th e P re v io u s d a y
’ 5 C B L

.

T h ese la ye rs a r e c o n n e c te d w ith w ea k sta bility

o r is o the r m a l in te r m e d ia te la ye r s
.

T his e o m Ple x v e r tic a l la Ps e r a te d is tr ib u tio n r esu lts fr o m the

in fl u e n ee o f th e su rr o u n d in g m o u n ta in 一v a lley eire u la tio n o n the Pre v io u s d a y
’5 C BL

.

T he h ig h
-

e s t in v e r sio n la ye r u s u a lly 15 situ a te d a t th e he ig ht o f the Pr ev io u s d a y
’5 C B L he ig h t

.

Fig u re 2 15

a n illu str a tio n o f tw o d iffe
re n t te m Pe r a tu re a n d hu m id ity Pr o fi le s m e a su r ed w ith tether e d ba l

-

lo o n a ft e r su n r ise (
a

.

s
.

) o n 19 O eto be r 19 8 8 (0 9 4 5 L ST ) an d a g a in the fo rm
a tio n o f the
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S Pe e h u m ‘0 94 5 )

P t
.

le m P (〔)9 45 )

PO 卜 re m p 厦2 2 3〔l〕

S p e e
_

h 胜Jrn ‘, , 飞‘)

口 S pe
e

.

h u m ( 10 00 〕

忠
.

te rn p 丈1 0OOJ

.

te m P ( 110 0 )

1
5 阵c

.

h u m ( 11 0 0 )

口一日

�日召�为
日 0

.

5

召

鞠

r

少一
犷

2 4 6 8 10 12 14 16

G ra d ℃ o r g / k g

18 20 2 2

F ig
.

2
.

T e m P e r a t u r e (
o
C )

a n d hu m id ity ( g / k g ) Pr o fi le s

m e a s u r e d w ith te th e r e d b a llo o n a ft e r s u n r is e (a ‘〕

o n 19 O e t o b e r 1 9 8 8 (0 9 4 5 L ST ) a n d d u r in g th e

fo rm
a t io n o f th e n o e tu r n a l s t a b le la ye r o n 1 1 o e

-

to b e r 19 9 0 (2 2 30 L ST )
.

S o u th C e n tr a l So fi a : B A N

s ite
.

G r a d ℃ o r 名/ k g

Fi g 3
.

T e th e r e d b a llo o n te m Pe r a tu r e a n d hu m 一d i ty P r o

fi le s fo r 1 1 O e t o b e r 19 9 1
.

S o u th C e n tr a l S o fi a

B A N s ite
-

n o c tu r n a l s ta b le la ye r o n 1 1 O e to b e r 19 9 0 (2 2 30 L S T )
.

Sim ila r Pr o fi le d a ta fo r 1 1 O e to b e r 19 9 1

a r e sh o w n in F ig
.

3
,

d u ri n g o u r s e e o n d s tu d y d a y
.

U n fo r tu n a te ly w e d id n o t t a k e th is k in d o f d a
-

ta o n 2 1 S e Pte m b e r 19 9 1
.

2
.

对
e as u r e m 召n ts

T h e m e a s u r e m e n t m e th o d s a n d e q u iPm e n t a r e d e sc r ib e d in d e t a il by D o n e v e t a l
.

(19 9 2 a )
.

T h e h e ig h t o f th e a e r o s o l la ye r s a n d v e r tic a l te m Pe ra tu r e Pr o fi le s a ft e r s u n s e t
,

b e fo r e a n d a ft e r

s u n ris e ha v e b e e n o b se rv e d a Pe rio d ic a lly fo r se v e r a l ye a r s in th e So fi a V a lle y
.

T h e se Pa s t

m e a s u r e m e n ts a n d o u r n e w ly o b ta in e d r e s u lts c o n fi r m th a t in e a s e o f c a lm w e a th e r th e r e is a

g o o d e o in e id e n e e in h e ig h t b e tw e e n th e in v e r s io n la ye r s a n d the la ye r s w ith s tr o n g lid a r r e tu r n s

in d ic a tin g hig h
,

ho m o g e n e o u s a e r o s o l e o n e e n t ra t io n s
.

F o r s u e h s ta g n a tio n tyPe w e a th e r c o n d i
-

tio n s th e a u to c o r r e la tio n fu n c tio n s o f lid a r r e tu rn s g iv e u s a PPr o x im a te lo e a ti o n s o f ho a n d hZ

aft e r s u n r is e
.

I t 15 a ss u m e d th a t v e r y st a ble a ir ( in v e r s io n s) te n d to tr a P a
tm

o sPh e r ic a e r o so ls

w hile is o th e

rm
a l a n d w e a k la Ps e r a te a ir allo w a e r o s o ls t o Pa ss th r o u g h

.

I n th is a n a lys is o f o u r

e x Pe rim e n t a l d a ta w e fo llo w e d th e a PPr o a e h u s e d by K a im a l e t a l
.

(19 7 6 ) a n d C a u g he y e t a l
.

( 19 7 9 ) w h ic h a c c o u n ts fo r t h e re la tio n sh ip b e tw e e n th e d iu r n a l su r fa c e h e a t fl u x a n d th e c o r r e
-

sPo n d in g in v e r s io n r is e
.

T he ve rtic a l e v o lu tio n o f the in v e r s io n b a s e ho a n d e n tr a in m e n t z o n e

A h e o m p a r e d to the s u r fa c e he a t fl u x e s (w
‘
0 ,)

, e a n b e se e n in F ig
.

4 a n d Fig
.

5
.

o n se p te m b e r

2 1 the m e a s u r e d in v e r s io n b a s e he ig h t g r o w s fr o m 12 0 m a t 0 6 4 0 LS T to 70 0 m a t 13 0 0 LS T
, th e

e n d o f the lid e r o b s e r v a tio n s (e a se s)
.

O n O e to b e r 1 1 it g r o w s fr o m 10 0 m (0 8 15 L ST ) to 5 00 m

(12 3 0 L sT ) (e a se o )
.

S e v e r a l in te rv a ls o f th e b o u n d a ry la ye r t ra n s itio n c a n b e d e t e e t e d fr o m

the s e tim e se r ie s m e a su r e m e n ts :

In te rv a l 1
.

F irs t 3 0 m in (S) a n d 6 0 m in (O )
a

.

s
.

: T he s u rfa e e he a t fl u x 15 r e la tiv e ly sm a ll

a n d the m i劝n g la ye r 15 岭
ry th in h。: 1Zo m ; hZ : 2 7o m (S) an d h。: 10 o m : hZ : Zoo m (O ) (th e

h e iZ h ts o f th e b a s e a n d the 飞0 0 o f th e fi r st in v e r sio n )
.

T h is d e ta il o fh
。 a n d h

。 a t the m o m e n t o f

su n r ls e 15 Q llle r e n t I r o m t n e 解su a l a e lln lt lo n D u t 15 v e ry u s e lu l I o r m a K i n g a sm o o t n t r a n slt lo n
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H o u r s a ft e r s 一 n r is e H o u r s aft e r s u n r is e

Fig
.

4
.

T h e m ix in g la ye r h e ig h t (ML ) ho , th e to P o f th e

e a Pp in g in v e r s io n ,

h。+ △h (C B L to P )
,

d u r in g t h e

m o r n in g b o u n d a r y la ye r t r a n si t io n o n 2 1 S e Pt e m
-

b e r a n d th e s u r fa e e h e a t fl u x Plo t te d a s tim e a ft e r

s u n r 一s e
.

So lid lin e 15 th e sm o o th e d a PPr o x im a ti o n

fo r h
.

F ig
.

5
.

A s in F ig 4
,

b u t fo r 1 1 o e t o b e r

fr o m the n o e tu rn a l b o u n d a r y la ye r d e fi n itio n t o the C BL in te rp re ta tio n a n d a llo w s th e u s e o f

D e a r d o r ff
’ s ( 19 7 9 ) G SE m o d e l

.

T h e h o a n d h : h e ig h t s a re se
而一

o n s ta n t fo r ni g ht a n d d a w n

a n d th e c la s sie a l d e fi n itio n fo r ho b e c o m e s v a lid w h e n th e fi r s t c o n v e c t iv e Plu m s r e ac h the b o t
-

to m o f th e s e in v e r s io n la ye r s a ft e r s u n r is e
.

In te r v a l 2
.

Fr o m 3 0 to 3 0 0 而
n (S) a n d fr o m 6 0 to 2 7 0 m in (O ) a

.

s
.

: T h e m i劝n g la ye r

he ig h t
,

ho ,

in e re a s e s fo r b o th e a s e s a s th e C B L g r o w s d u e t o e a r th su r fa e e h e a tin g
.

Se v e r a l

s u b一 s ta g e s o f v a r ia ble h e a t fl u x in te n s ity e a n b e d is tin g u ish e d b u t th e C B L g r o w th 15 e lo s e ly

e o r r e la te d w ith ju m Ps in h e a t fl u x in te n s ity
. “

Syn e h r o n o u s ” c h a n g e s a r e s e e n in b o th F ig s
.

4 a n d

5 w ith a n a PPa r e n t Pha s e la g b e tw e e n h e a t fl u x a n d C BL g r o w t h
.

T h e r e a r e a ls o Pe rio d s o f r e la
-

tiv e ly slo w C B L g r o w th i n c a s e 5 n o t a s s o e ia te d w ith lo w he a t fl u x
.

T his a PPe a r s to h a PPe n

w h e n the m ix e d la ye r he ig h t r e a c he s th e b a se he ig h ts o f the fi r s t a n d th e s e c o n d in te rm
e d ia te in

-

v e r sio n la ye r s w ith ba s e s a t 15 0 a n d 3 50 m
.

T he h e ig h ts o f th e in te
rm

e d ia te in v e r s io n la y e r s w e r e

d e t e e te d b y lid a r b e fo r e s u n r is e a s d e n se a e r o s o l la ye r s
.

T he C B L st o Ps g r o w in g fo r a ee r t a in

tim e w he n the s e la ye rs a r e re a e h e d
.

T h is Phe n o m e n a 15 n o t a s c le a r fo r the fi r s t in v e rs io n la ye r ,

bu t it 15 ve ry o b v io u s fo r th e s e c o n d in v e rs io n la ye r ,

w h e n a s ta ll in the C BL g r o w th b e tw e e n

10 4 5 to 1 14 5 LS T
,

(+ 3
.

5 to + 4
.

5 h a
.

s
.

) 15 v e ry n o tic e a b le
.

T he g r o w th o f the m ix in g la ye r fo r thi s

pe rio d 15 a fu n e tio n o f the v a r ia b ility o f he a t fl u x , a n d la Ps e r a te s
.

I n te rv a l 3
.

F r o m 3 0 0 to 36 0 m in (S ) a n d fr o m 2 7 0 to 3 3 0 m in (O ) a
.

s
.

: T his in te rv a l 15

e ha ra e t e r iz e d by a sha rP in c re a se in th e g r o w th o f the m ix in g la ye r h e ig h t in th e r e s id u a l la ye r s

(v e口 sm a ll Ia Ps e r a te s )
.

I n te r v al 4
.

6 h a
.

s
.

: T h e m a x im u m m ix in g la ye r h e ig ht 15 r e a e h e d (a b o u t 7 0 0 m fo r e a se s

an d 500 m fo r c a s e o )
.



10 8 A CT A M E T E O R O LO G IC A SIN ICA V o l
.

9

IV
.

A M E T H O D FO R V E R T IC A L ST A B IL IT Y A N D M IX IN G H E IG H T E S T IM A T IO N

M o d e ls o f m ix in g la yer g r o w th a re Pa r tic u lar ly se n sitiv e t o la Pse r a te 下e
.

H e n e e
, an a ec u r a te

k n o w led g e o f 7
。

15 r eq u ir ed fo r g o o d Pr ed ie tio n s o f C B L g r o w th
.

B u lg a r ia n a er o lo g ic a l

so u n d in g s d o n o t Pr o v id e r elia ble a c c u r a ey in the fi r s t thr e e o r fo u r h u n d r e d m e te r s a n d te the r ed

b allo o n s o n d e s a r e te c hn ic a lly d iffi c u lt o n a r o u tin e b a sis a n d th ey h a v e Pr o ble m s a ss o c ia ted

w ith the ir u se d u r in g the tim e d e v elo Pm e n t o f v er ti e a l sta bility eh a n g e s
.

It 15 m u
ch

ea sier t o o b
-

ser v e the e v o lu tio n o f th e C B L u sin g re m o te s e n sin g (lid a r o r a c o u s tic s o u n d in g )
.

O u r g o a lh e r e

15 to e o n stru c t a sim Ple d ia g n o stie m o d el o f v e r tiea l sta bility u sin g lid a r o bserv e d m ix in g la ye r

a n d e n tra in m en t z o n e to g eth er w ith su rfa e e h ea t fl u x m e a su r em en ts
.

1
.

D e term in ing L op
s e R a re fr

o m L ida
r a n d He

a t FI “x

A s in p u t in th is p r o ee d u r e w e u se eith er th e v a lu e s o fh。
,

h : a n d (w
‘
0
‘

)
, , o r △h = h厂h。 a n d

* 一 *0 +刀*
。,

w h er e
刀一 △*

,
/ * 。二尺i’/ ‘6

15 c h o sen ro 一o w in g F e r n a n d o (19 5 6 )
.

T his a p p r o a e h

fo r h d o e s n o t e n su r e a m a x im u m n eg a tiv e h e a t fl u x v a lu e
,

h e n e e it 15 c o n sid e r ed o n ly a fi r s t

gu ess
.

T he lid a r m ea su re m e n ts Pr o v id e a PPr o x im a te e stim a tio n s o f a v er a g e ho
,

hZ a n d th eir

tim e d e riv a tiv e s
.

T his la Pse r a te d ia g n o stic 15 u se fu lin th e So fi a V a lle y o n ly w h en the h o riz o n ta l

w in d s a r e ea lm o r v e ry w e a k
.

A n iter a tiv e Pr o c ed u r e ,

d e se r ib ed b e lo w 15 u sed to o b ta in b o th

7
。 a n d the in te n sity o f the tem Per a tu r e in v er sio n △0

, ea PPin g th e m ix e d la ye r
.

T h ese q u a n titie s

a r e er itiea lin a llm ix in g heig h t a n d a ir q u a lity m o d e ls
.

A fi r st a PPr o x im a tio n fo r th e la Pse r a te a lo ft : 下
e‘,

(sq u a re sym b o ls in F ig s
.

6 a n d 7 )
,

15 m a d e

w ith A ” 0
.

2 a n d n eg lee tin g the m ea n v er tie a lv e lo eity a t th e to P o f th e m ix ed la yer in E q s
.

(l)
a n d (2 ) o r b y u sin g o n ly the se e o n d Pa r t o f E q

.

(l)(rh o m b sym b o ls in Fig s
.

6 a n d 7)
.

A ee o rd in g

to th e m a in Ph ysie a l lim ita tio n in this Pa Pe r th e to ta l Po te n tia l tem Pe ra tu r e j
u m P b e tw e e n h。

a n d h : e o n sists o f a stea d y e o n tr ib u tio n
,

A S。
, a n d a v a ria b le c o n tr ib u tio n 下

e

(hZ一h)
.

N e x t
,

th e

fi r st a PPr o x im a tio n 7
。

15 su b stitu te d in to (6 )
,

D e a r d o r ff
’ s ,

(19 7 9) G SE m o d e l
,
to e x tr a e t △8

‘

w hich g iv es th e be st fi t to the k n o w n ho a n d h2
.

T he n ex t steP 15 to e stim a te th e fi r st
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