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\S_ ’ »Abstratt

Two diagnostic models are used to estimaté\xhe tiime ’
changes of'mixed layer height on clear mornings after
sunrlse. Both begin w1th the nocturnal inversion temperature
prof11e predicted by Brunt s radlatlonal coollng w1th ”
remod1f1cat1ons by Anfossi and others. The first model is a

simple‘praCtical one which assumes a dry adiabaticumixed K
~layer. The second model Ltlllzes Deardorff s steady- state \>
"entrainment by_coﬂVectiSh\Eer the temperature profile in tne-

- upper portien'of the mixed layer. Both models requ%re
estimaﬁes~pf the morning minimum temperature,vthe maximum
temperature dt the previous day, the time span between these
two temperatures, thelheiLht of the'top of the nocturnal
'inversion at the time-of minimum tem;eraturey and the

~surface temperature at times for which the mixing heights

e

are calculated. b

The second model also requireg anlestimate df_the ratio of
the vertical temperature grgﬁientbwithin the nocturnal
inversion at the top of the mixed layer to the vertical
temperature gradieﬁglwithin the.upper portien of the mixed
v layer. The models are teséed using minlsbnde temperature
:fproflle and supplementary observatlons on seven mornings.
l?Some d1ff1cult1es were encountered in the 1dent1f1cat10n of
both the entralnment layer and the mixed layer using
mlnlsonde data. The models fail in the presence of strong

.thermal advection but may be useful on mornlngs w1th clear

skles and 11ght winds. The best results are found for low

o

vi .
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+ TIME(MST):

30

" Table 3.3

4

Wind measurements at 10m

80

0617 0700 0745 0830 .0915 1000 - 1045

DIRECTION: 187 189 181 191 193 213 251
SPEED ~ @ 2.3 2.9 2.1 2.6 1.7 2.3 2.4
. ‘ N

. y -

b) Double theodolite minisonde temperature at ihdicated

“height (m), for the first appquim’ately 4 min. of.ascent N

are listed in Table 3.4
\

Table 3.4 Minisonde temperature data based on an assumed

“rate of ascent of 3m/s

690

T TOGYI' TO?OO 297“5 T0830 .T0915 T1000 TIOMS
’ m OC ‘ ‘OC‘\’\ ;oC - l OC_ oc OC OC
. sFC_ 5.0 5.9 8.1  10.5  i2.9 ¥e.8  20.1
L3 6.2 6.4 8.2 .. 10.5  12.9  16.6 - 19.7
60 9.0 8.9 94 11,1 - 14,3 .16.0  .19.2 .
90 11,2 .11;7‘%31%u?%~14;0 15.1°0 15.8° - ‘18.8 .
120 12,8 1387 13,0, 16.2  15.37° 15.8 18.7.
150 13.7 .. 15.2 o 14.4  17.4  15.4 - 16.0  18.7.
180 14.5 .. 16.6 ~15.6 .+ 18,7 1632 ..18.3 ~18.7
210 15.6  17.9 V6.5 019,57 T17:30 2037 1718.7
240 16.9  18.5 17.3  19.9  18.7 21.7  18.7
270 ) 17.8 18.9 18.0  20.3 19.4 21.9  18.8
300 18.4 19.5 18.6- 20.5 19.8 22.0  20.0
330 18.7 .20.0 19.0 . 20.4 19.9 22.0  21.6
360 19.5 20.1  19.3 20.3 19.9 = 22.0 -22.1
390- 19.7 20.2- 19.4 %20.2 20.1 . 22.0 - 22.2
420 19.7 20.4  19.4 - .20.5 20.1 22.0  22.2
450  19.7 20.5  19.4.~ 21,1 .20.0  22.0- 22.2
480 19.7 20.5 19.5 " 21.3  19.9 21.8 - 22.1
510  19.6 20.4 . 19.7 . 21.6 A9.9  21.5  22.1
540  19.6 20.3 .19.9 21.7  19.8 - 22.1 . 22.0
570 19.6 20.2 20.0 21.8 19.7. 22.1 19,8
600 - 19.6 20.3 20.2 21.7 19.6 22.0 19.7
6300 19.6° 20.7 20.2 21.7 19.6 . 21.7 - .19.7
660  19.6 20.9 20.2 21.6 19.5 21.3  19.7 =
19.5 20:9  20.1 21.5 19.3  21.3 19.6

c)Table 3.5 presenté_méa-éﬁrements of standard shelter
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bpressure center was lotated near the bov",,_‘_"

v

82

2 ’5 “
. temperatu‘re( c), wet bulb temperature(°C) relative humi- '
dlty(%) from Feuchte type hygrometer 'station surface
prgssure(kpa) ventilated temperature at 8m(°C)
- Table 3.5 Temperature humidity and pressure at the -~
-surface at t_he onset of the minisonde releases
MST Temp. Tw . =~ Ty R.H. Pressure
. OC Oc‘ I OC o - % kpa'
0617 5.0° 5.2 6.4 100 93,
0700 5.2. 5.3 5.9 100 - .93.13
0745 T 6.2 . 6.0 8.3 96 93.12
- 0830 9.1 7.6 9.4 ~ 81 93.12
.0915 15.4. 10,3 - 43 93.12
-1013 17.8 .11.8 - 38 g93.1
1046 19,7 12.4 .20.0 34.5 -
1100 21,2 2.4 - 33 -
3.5.2 Second general observation period -
' Date ' ‘October 3, 1987
' Sunrise (MST) - , 10639 - ) ' i -

Apparent noon (MST):1249

3.5.2.1,Sumnary of synoptic conditions.

During the second general observation period, central

Alberta rema1ned under the mfluence of the mar1t1me polar

,rva1r mass modlfled con51derab1y durlng the prev1ous 24

7.5hours It became warmer and drler. The c1rculatlon was

domlnated by a series of low pressure centers to the north .

'and a "eries of hlgh pressure centers to the south. A low

_er of Manltoba and

‘ jthe Northwest Territories west of the coast of Hudson Bay. ,-=-"4;,_

NI RV BT
L ;

’ '."-Another low pressure center was located northwest of Great

‘_ RN

e
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3.5.2.2 Relevant data

Slave Lake, in the m1dway from the border of the Northwest

'I‘\errltory and Yukon Terrltory A frontal llne coﬁrkectmg &

the two low centers extended south through Eastern Bf‘ltlsh_--

Columbla and through, Eastern Manltoba To the south a hzgh

> . e
pressure center was sit®ted just west of the c?st o'f‘_‘-,_—,, i

o

Washington and another main high iiressure center was o

: 51tuated over Iowa. Central Alberta was 1nfluenced by a _,—\/

_northwesterly flow w1th llght w1nds 'Dhe sky condltlons 1n:" "

central Alberta were overcast clearmg to the south . _.iJ,

Throughout the province of Alberta convectlve act1v1ty was

reported as a result of an approachlng upper .cold front '
(Fig.. 3.8,3.9). At the site, the-experin\ent was initiated
with less of 1/10 sky ccver and ended with ovetcast
condltlons. The relatlve humldlty decreased from 91% to N

L

55% at the end of the second general observation perlod

\

a) Table 3.6 presents information on the direcéjon
(deg from North) and speed (m/s) of the surface wind from a
propellor anemometer at 10m height.

«

Tal_’:"lfeﬂ 3.6 Wind data at” 70m height

TIME(MST): 0630 0700 0803 0837 0915 1001

. DIRECTION: 212 220 149 270 - 030 090

SPEED: - 1.3 1.2 1.3 | 0.4 0.1 0.4 -

»

b) Double theodollte m1n1sonde temperatures at 1nd1cated

: helghts (m) for the flrst approxmately 4 mm - of ascent
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are listed in 'Ifablég"3"- 7,,_

x -

B o

| I L ST SRS | i
Table 3.7 Migisonde data-based on an assumed ;}"Aa?;?; of

ascent of 3m/s . T
H. - T 5 Tor00 Tosos Tossr Toésirs Troo1-
m 0888 OC“‘\V“ oC oC . oc \ joc .
SFC 7.2 5.3 7.3 0 19,2 | 16.4 17.9
30 12.4 -10.8 7.4 8.8 16.0 _ 17.2
" 60 16.8 - 14.8 9.0 - 9.2 15.9  16.7
90 19.0 16.8° 10.0. 10.5 17.1 16.8
1207 -  20.4 17.8.  12.3 _ 11.8 -17.8 16.9.
150 21.2 18.4 13.6 12.5 18.2 17.0
180 22.2°° 18.8 14.5 12.9 18.5 . 17.2
210 22.8 19.3 14.9 13,2 18.7 17.3
240 23.0 19.4 15.2 13.5 19.0 17.3
270 -. - 23.0 19.4 .15.5 13,9 19.2 17.2
300 - 22.9 19.3. 15.7 14.07 19.4 17.2
330 22.7 19.2 .15.8. 14.0 19.5 17.1
360  22.4 19.1 15.6 13.8 19.5 17.1
390 22.2 19.0 15.4 13.7 19.4 17.0
420 - 22.0 18.8 15,2 13,5 19.3 16.8
450 21.8' 18.6 15.0 13.2 19.2 16.6
480 21.5 18.4 . 14,9 - 13.0 18.9 16.3
510 21.3 18.1 ~ 14.7 - .12.9 18.7 - 16.1.
540 ©21.0 17.9 14.5 12.8 - 18.6 15.8
570 2008 17.7 ‘14,3 12,7 18.3 15.6
600 20.6° 17.5 14,1 12.5 18.1  15.4 .
630 20.4 17.3 14,0 . 12.3 17.9 15.3
. 660 . 20.2 17.2 13.8 12.1 17.9 15.3:
"~ 690 20.2 17.2 13.8 12.1 17.6 15,1

c)fTéble 3.8 presents m'easu’rem'ents of standard shelter tem-

pé'fature-(dc) B wét,buib tejaperature'( °C) , relat°ive,humi‘div—
o : A ‘ ' -

pressure(jkpa

—

-

”\‘f“‘tyx(.%) from Feuchte type hygrometer, station surface §

), ventilated.temperature fag._{am(at)-,
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)

. Table 3.8 5urface-t~e} erature, relative humldlty and.
- pressure during the miisonde releases

‘ .MsT . @ Tw Te R.H. Pressure
S °c .. °c - °C e S Kpa
M/ 0615 4.2 3.2 8.1 91 193,09
0700 5.3 4.0 7.4 93 93.08
0741 . 5.8 4.7 - ——_— -
0803 = - co= - ’ -
0824 9.8 7.5 9.8 - 81 93, 08
0928 16.0 10.2 . 13.5 56 93 08
"1000 17.0 11.5 14,8 . 54 83.06
3.5.3 Third general observation period
Date . " ':October 6, 1987 RN

Sunrise (MST) .. - "1 0644

Apparent noon (ﬁS'T) 11248

L]

3.5.3.1 Summary of synoptic c'oodivtions
Dunng the third general observation period, central
Alberta was u'nd‘;r the 1nfluence of a mar1t1me polar air
mass. The c1rculatlon was dommated by a high pressure.
v'.center north of Calgarf; A near -stationary front was
- '.vorlented from northwest to southeast across Northern -
i Alberta (Flg 3.10) An upper warm front was situated along
a 11ne connectlng Jasper w1th Rocky Mountam House arntd
_ extendlng north of Calgary The' w1nds remamed llght and

N 4
- ._the sky was half covered with cirrus and altocumulus.

a

i Nocturnal radiation had resulted 1n an 1nver51on up to

| "T‘fabout 170m topped by a nearly pseudoad1abat1c lapse rate

L

(Fig. 3.11). The rel\‘clve humidity decreased from gO% to’
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 (kpa), ventllated temperature at 8m (°C)

Table 3.9 Wind measurements at 1\0m

47% near the end of the experlmental perlo;l \ ) &;_;

1

- . -

3.5.3.2 Relevant data

)
X2
N

—_—

a)Table 3 9 presents da&«on the dlrectlon (deg frOm

North) and speed (m/s) of the surface wind from a progellor

arniemometer.at ,10m height. =

>

- ) ) ’ r)

TIME(MST): 0615 0700 0746 0830 0915 1000

273 © 236 223 - 270 310
1.5 1.2 0.2 0.2 1.3

DIRECTION:
SPEED:

b) Table 3.10 contains data on standard shelter
‘temperature (°C), wet bulb temperature (°C) . relative

humldmy (%) from Feuchte type hygrometer,, statlon surface

R

"Table 3.10 Temperature, humldlty and pressure at the

shrface on the onset of the minisonde releases

MST - Temp. Tw Te R.H. Pressure
0615 0.7 _ 0.4 2.3 89 .. 94,24
0700 |, 0.7 . -0.2 1.7 83.5 . ‘94025
0746 ... 2.5 1.3 T 2.6 87 94.24
0830 5.0 2.8 4.1 75 94.26
0915 6.6 3.8 . 5.9 51 92,28
1000 8.1 7.8 8.1

44 94.26

‘c) Double theodolite&nihisonde'tempev_r_at,ures at indicated

<

heights (m), for first proximatelyz 4min of ascent are

listed in Table 3.11

w?
i
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listed in Table 3.11,

Table 3.11

Minisonde temperature data based on an

assumed rate¢ of ascent 3 m/s
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3.5.4 Fourth general observation period
Date - :October 12, 1987
sunrise (MST) = ;0655 |

'~ Apparent noon (MsST):1247

3.5.4.1 Summary of synoptic conditions:

The circulation affecting the weather of Alberta on
the 12th of October was dOminated by a high pressure
center situated in the southeast corner of British

- Columbia.and two low preSsurevcenters situated east of
-Great Slave Lake and north of Fort Nelson on the border
between Brltlsh Columbla and.the Northwest Terrltory.
Alberta was on ‘the warm side of a mar1t1me arct1c front
,51tuated west of the Alberta -British Columbia border -1n
a N-§S d1rect1on. The weak pressure gradient over central
Alberta resulted in light_winds near the surface. Most <<;
of the‘stations in the region reported clear sky but
with up to 2 octants of hlgh clouds over the Edmonton
area (Flg 3.10) The air mass was warm and dry. A
'nocturnal inversion of»magnltUde about 10°C was reported
- at Edmonton Stony Plain (WSE) 80km northwest from our

observatlon site at 12002 (Flg 3.11).,

3.5.4.2 Relevant data
a) Table 3 12 contains 1nformat10n on the d1rectlon
b(deg from North) and speed (m/s) of the surface wind

from a propellor anemometer at 10nf height.



B

This page has been. removed
.:S:) ’

‘due to poor print quality

~

Fig; 3.13 Radiosonde of Stony Plain (WSE) on October 12,

1987 at 12002 (temperature history T, is vélid_at 00002)
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- Table 3,12 Wind meaSurem;nts at 10m.

TIME(MST): 0616 0700 0746~ 0830 0915 1000

DIRECTION: 180 184 186 - 208 0915 1000
SPEED: ' 2.1 2.1 1.8 1.1 1.1 3.1

2

#These values are S-min averages.

b)Table 3.13 presents data of the standard shelter
L2
temperature( C), wet bulb temperature( c), relatlve

humidity(%) from a Feuchte type hygremeter, gpation

surface pressure(kpa),ventilated.Qemperature at 8m(°C).
, ,

Table 3.13 Temperature, humidity and pres%ure at the
surface on the onset of the mlnlsonde releases

MST T4 Tw - Ts : R%}/ Pressure
n °C °C °c Kpa
0615 1.5 -0.7 .3 88.0 .92.48
0700 1.1 -0.6 .9 84.5. 92.39
0745 - 1.5 -0.3 .5 86.0 . 92.35
0830 5.3 2.5 14.3 71.0 82.29
0915 7.8 4.4 17.4 47.0 92.24
1000 13.8 7.0 1.7 42.0 92.21 -

c) Single theodolite minisonde temperatures at indicated

heights (m) for first approximately 4 min of ascent are

~.listed in Table 3.14



Table 3. 14 Mmlsonde temperature data based on an
assumed rate of ascent 3 m/s. ‘ .

COHe To'gg"ogT'o-/do Toras Tosss - Tos1s Tioon
cmoco o °C °c . °C °c °c - °cC
SFC. =...0.4 1,0 0. 1.6 5.7 8.7  13.1
30 3.4° 2:3.6 3.5, 4.2 7.4 1.7
60- 6.5 7.0 7.1 4,5 7.2 11,0
90 9.8 9.6 10.3 6.8 1003 .. 10,9
120 12.5 11.7 12.4 ° .10.0 13,3 1204
150 14,2 13.9 14.2 12.1 16,4 - 15,0
180 15,2, 15.0 15.0 13.5 15.8 15.5"
210 16.1 16.1 15.1 14.1 16.0 15.7
240 17.0 17.1 15.4 14.2  16.0 16.
270 . 17.9 18.2 "16.1  14.3 16.2 16.3 .
~300 18.4  .18.9 . 17.4 14,2 16.7  16.3
330 0 18.5 19.1 17.9 15,1 16.8 16.4
3604/ 18.6 19,2 18.0  15.3 16.8 16.2

390 % 18.6 .19.6 8.7 15.5 16.8  16.0
84200 \_19.0 7 20.0 19.0° - 15.8 1648 = 16.0

’ﬁ\; 450 19.2 ° 20.0 18.9.. 15.9 16.8 . 16.2"
480 19.3  19.9  18.7 15,9 - 16,8 6.1
510. . 19.2 19,7 18.5 . 1504 :16.8 [ 16.0- .
20 19.0 18.4° 18.3 15.3  16.8  16.0
570 18.7 19.2. 18.1  15.4 16.5 16.0
, 600  18.5 19.0 18.1 15.4  16.4 .16.0
630 18.3° 18.9 17.9 - 15.1  16.5  16.0 -
660 18,0 18.8 17.8 15.0 16.5 16.0
690 17.7  18.6  17.6  14.5  16.6  16.0
S
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“4.-Mixing*ﬂeightvmodelé//d
4.1 Introduction)
A 51mple analytlcal dlagnostlc formula for the height

of the mlxed layer as it develops on clear mornings over

:_Alaqd in response to solar heatlng is desired.

. The ba51c assumptlons are: fﬁ

1. A rad1at1onal nocturnal 1nverszon has developed at the

' surface under all c1rcumstances just1fy1ng the validity of

che Anfossi equat1on presented in Sectlon 2 2

\‘2. The development of fhe.convectlve turbulent mixed laye.
follows the principles and assumptlons descrlbed by the
models presented in Section'2.- Idealized tempefature

\
proflles under stable and unstable COndltIOnS or before and’

»

_after sunrlse are 1llustrated 1n Fig., 4.1

AFTER SUNRISE

Helght

Pot. Temperature

3

Fig. 4.1 Two ideal temperature profiles before and after
sunrise,. ' v o - ‘

~— -



4.2 Basicvaseumptiohs

1. Following Anfossi, et al (1976) the atmosphefebis
assqmed to be a medidm with lower and.upper boundafies, the’
last being var{eblenwithxtiﬁg and identified by the

y

‘eonition %550.

‘“f%e”short wave radiation is assumed unaffected as it
passes through the. étmosphere. As a result, the'effect of
the solar radiation 1s reflected only by the surface
temperatu;e. _ o
3. Calm'cohditiene or light winds of speed no more than
15km/hr at apprdximately'100-150m;;are assumed for the
validity of the simple solutioh, in erder to avoid advection
effecte.
4. Clear skies or thin high clouds are assumed ie drder to
justify the use of Brunt's theory which resulted in the
~equation %%—Kngz (see Section 2.2)
5. Anfossi, et al(1976) suggest the following equation as an
-Qppropriate solution to Brunt's equation-'
T(z t)=T(0,0)- [T(O 0)-T(0, t)1{expl- (?——) ]-—n erfc(—)

+0. 278(~—)}

or . . ’

T(z,t)=T(0,0)’[T(O 0)-T(0, t~)]{exP[_(4K e

zl

For a specific heightisay zc-100m and ZE_ t. we get




] . [ ’ AP
Lot o FP e A

. Co T B 99

L | £t t
, 'r(zc,_t)sT(o,0)-[T(0-,0)-T(0,t)]{exp(—ti)-w(n-ti)erfc(/ti)
- - | S " +0.278(v ) H(4-1a)
(¥4
L4 N P
4.3 No capping inversion-encroachment
Fig. 4.2 illustrates the potential temperature *pro-
file during the encroachment stage where z, is the height of
‘the miked‘layer and h, is the top of the hocturnél
inversion. From (2-19a)
’ d_A_e-(Q.Q) iz_‘_ai
dt " '8z'z dt ot
In Ehe case of encroachment Aé=0 anq\\\" &
%‘
‘ di(@ =ai (4-2)
dt ‘3z z, dt
where (%g)z_ is the lapse rate of the nocturnal stable layer
: .
derived from (2-13b) by replacing q(;,t)=Kﬁuc§%§
~or - |
=
o
o)
T
K Pot.Tempéroture
; \__/
Fig. 4.2

Ideal temperature profile with no capping
inversion. : :
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R

g:- ’ X —lerfc(z/h )-erfc(1)] (4-3)
. : Kp.C [1-erfc(1)].
. a ' p
or .
AT, 3
(Ez)zi-coerfc(zi/hi) C, P
. R, ‘ Rerfc(1)
where Co= , Cy=
KRpECP[T—erf¢(1)q KRPBCPI1-erfc(1)]

and C,=Coerfc(1)

By integrating (4-2) with respect to time:

sz (t) dz. e (t)oe ‘o
i @ “4 _ m m _ _
OJ (az)zidt dt_eoj ot dt"em(t) o .
or
z (t) ‘ a
1 ls) - - -
JT 3D, az e (0)-6, (8-)

1

From the relation

_a(R\R/c’
T 6(po) P

we may derive a relation for the lapse rates

or

As a first approximation 6x=T and

/ . 'f—=——+ (4-5)
. P E ' ~ ‘
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~ We substitute (4-5) in')(_4-4):'
« S (t) .
J\zf‘ (2T, 9
0 .

= cp)zidz_fem(‘t)-eo  (4-6)

We substitute (4-3) in its abbreviated form in (4-6) and

get: o i
z (t) z, z (t) z (t)
f‘ Coerfc(z—)dz - f Cidz + | ' dz =6 (t)-o
h. i 1 i m (o}
04 . .10 - 1 c,0 | (/\\ﬂ
or
zi(t) z,
COOJ erfc(H?)dzi—c,zi+§;zi=em(t)—®0
or
2 (t) oz |
COOI ‘ erfc(h—i.)dziﬁ(—cip—c,)zi=§m(t)-6.
or

N

® z, .
Co{oj erfc(E:)dzi- ‘

® Z:
z.(t)f erfc(H%)dzi}+(§;-C1)zi=em(t)-9°

or
- ’ zi zi - 'Zi Z1
c?[oj hi(t)erfc(H?)G(E:)-Zi/hij hierfe (F)8 (50 1+ (E=c )z (6)

=8 ()-8, (a-7)

s o

I
A
S

Since h =f(K ,t) only, we may rewrite (4-7) as
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C hv(t)t Iaerfc(ELdaKiL)- 2y Jmerfc(—-)d(-—)] . SR
°T 0 h, "7 'h (ﬁ_)
h, gt
+( -Cy)z (t)= =8, ()-8,
p

or

t)[( )erfc( / (1-exp(- (——)z)1+<9——c )z (t)
P

=6 (£)-6,(4-8)

Z . : r 4
for z,=0 0 (t)=0,, (;~)=0,erfc(0)=1, exp(-(ﬁ:)=)=1
R, -
Co= ' C1=CoerfC(1), 56=9m(t)-90,
KRpacp[1—erfc(1)]

h=v[4K (£-t )], where t, is the time of the previous day at

which T is maximum and z,=(z /h)
- Then (4-8) becomes:
1 - ." 2 - w9 =
Cohi(t)[z.erfc(z.)+7;(1 exp(-z,2)) erfc(1)2.+c z (t)=68
' P

or
Co ' .
VW[1 exp(-z2)+z /ﬂerfc(z )1- Vﬂerfc(1)z ] (4-9a)

but, accordmg to Anf0551 et 81(1976) “7°'h (tmin) Tmax"Tmn-—AT
and (4- 9a) becomes : . ' 3*
-;?(;y[exp(-z:)-/ﬂz!erfd{z‘)-1t§.2782;?+£L2‘=95_

P
or

0;00982,?AT.[exp(-zj)—1,77252.erfc(z;)+0?2782_-1]¥6. - (4-9b)
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In our case h (t) is conSldel‘ed constant beyond the time at

which the temperature is minimum, Therefore h, (t) ho at

" Oo=Tnin.

To allow h to 1ncrease with time beyond t ., #e should also

allow AT to increase with time by allowing Tmin to continue
decrea51ng with time,. Thls could lead to nonpractical -

‘ assumptions. Therefore h,(t)=h (0) is ggtimated from a T
temperatufe profile at Tmin.

The program "encroachment"” computes the mixing height z.
p ‘ g i

o
P

4.1 General structure entrainment model: Steady étate case

In this model developed by Deardorff(1979) an_ . 4

entralnment layer is con51dered (Fig. 4. 3). We d1st1ngu1sh‘ ;

three ba51c ayers descrlbed by three different processes

HEIGHT
L
X

s

~

Fig. 4.3 Potential temperature and heat flux vs. height for .
the General Structure Entrainment model. s

0
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. Coy Y - B LN
and consequently by three different equations. .
1. Well mixed layer: -8 : constant b B -
de_ o :
?ﬂf—;—( €] ) _ . (4-j0a)

2. Stead?'state entrainment layer:
Deardorff(1979) sugéests for the steady state entrainment

layer, A©: constant and_0.85<G<0.98 forxmean;ngﬁul results.

s

For the steady state case

rd

. Ah__1-G | A - :
’ 3. ‘ZOTG+Y_1 . (4‘ fOb) )
3. Stable Layer: o

( CoerfC(—Qi'A—h')"‘C1

az ZQ+Ah hi
or from (4-5) | - ‘ n
L) : 2g+Ahy_ . .a _
? Fs=(37 zo+Ah™ Cée;fc( h_ ) C‘+cp - (4-10¢)
. ‘ <

From (4;10b)

" . I et C -1—G ——-..r_l <
Ah=gry-720 and Ap=G
then : ' RN
. .Ta _1-G.. a .
. =@ +ia - -
ezo+Ah 6,* 3G G+Y-129
' zQ+Ah 1q 1 G .
° ~
=] l,
We integrate (4-10c) and get: " \"A .

‘6(;0+Ah,tmin)=9(0,t. ) -AT(exp(-z: )-1 7725z, erfc(z .)

+0.278z, —1)+9—(zo+Ah)
) P

-G 1~
By replac1ng Ah-G+Y 120 and §ybst1tute G Zo=gG 2

6+Y-1 h =~ “yTos
- o A

- \w“_‘,..
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.

. _‘,'4 | E
and GrY-1-XL; we get: . T e

e(zngQ,tmm)=9(0,tmw)—eT[exp(-(Ysz)’)

J—1,7725Yszerfc(Ysz) +0.278Y

P

- q. -
Gzo‘ 1]+CPYGZO‘ (4 11).

From {4-10d) we get: o

| ) . G .
. 8(zo+Ah,t)=6(0,t)—AT*{Co[erfc(Ysz)-erfc(1Q]+§—}?¥zo(t)
. "A p

(4—12)

<

We equate (4-11) with (4-12) by making the dssumption that

J

the rate of change of the temperature w1th time in the
stable layer is negllglble after sunrise. If

8 (0,t)-8(0,tmn)=60, we flnally get:
50= —AT[exp(-(Y )’)- : L.
J G :

3

—1h7725(YC-?¥)zmerfc(YGz )+0.278(Y, ——X)z Sy ——l)zo
P

r

or

, G’
) eg=0f0098(YG—?gdzo.-AT,[exp(-(YGzo,)f)‘

height. - e “

‘The equation (4-13) is reduced to the "encroachment"

A;h : ! . — .
R . _ 3 . \‘\ -

- 7725(Y -—1)2 erfc(Y 2, )+0-278$Yg"?¥)zm-1] (4-13)

if we w1ll§d1v1de both 51des‘by h,,the nocturnal inversion

/

v

equation (4—9b) for G=1. | L

 The program "GSE" _computes the myilng helght 2o by means of

(4-13). -

3
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4. 5 Input data and results

The data needed are the nocturnal 1nver51on helght h

at the time with. m1n1mum surface temped&ture, the .
emperature dlfference between the maxlgbm temperature of

the previous day and the minimum temperature of the current

day AT, the temperature dlfference of the current hour and

-
the minimum temperature at” the surface. ThlS temperature

-dlfference is assumed equ1va1ent to-the potentlal

vdlfference, 50’ e (t) ~8,(t), where ©(t)=T

.
min

;The;tlme-and the maximum tempéfature"have'heen selected.from'

‘the climatological data of the International Airport;,of

Edmonton because theu were not available on the Site; The

‘time and the m1n1mum temperature/have been selected from the

_experlmental data collected at Ellerslle.

-~

_Table 4.1 deplcts the 1nput data. It also contalns three

= \

additional cases: from experlments in.the rural area

Ve

surrounding Edmonton and carried out by the Atmospheric

Environment Service. For these three cases the maximum-and

minimum temperatures were selected from‘the’monthly records'

- of Environment Canada, foréthe Ellerslie weather station.

t

‘The times correspohding to the above temperatures was-

&

approximated by the time available on the same days in mbre
receht years,'where'it Las available. Figures 4.4 to 4.14
depietythe‘temperature,profiles.

;In the Elierslie experiments the observed mixihg

he%@hts were estimated for the encroachment model and the
General Structure Entrainment model ( steady state ). Fig.
2et , - ‘ A -

< ! M . -
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r

4. 15 to 4.25 depict the relation of observed and calculatea\* «{
m1x1ng heights. All heights are in .Mmeters.

On November 22, 1974 the model appears to overestimate

"~ the mixing height. ThlS overestimate 1ncreased with tlme.

The'disc:epancy increased as hlgher'mlxlng heights were

diagnosed. ) ‘ S o
| On November 23, 1974 the encroachment model

demqnstrated again a teﬁdency to overestimate the observed

‘mixing height and the discrepancy increesed with time.

On November 27 197% the pattern followed in the “two
Previous days appeared to change. A;thougﬂ the encroachment
model overestimated the observed helght§ the dlscrepancy did
not increase with time. The highest obsgrved mixing height,

actually seems to be underestimated.

2 g Time zi Zi
cO: T MST OBSERVED CALCULATED
N o
2 0715 0 m 0m
37 0828 Om  19m.
~" 0955 36m 88m
22 1100 52m 188m
>~
g i AVERAGE 22m 74m /
&2
O ®7
NJQ . . |
3 o : )
o S
o

L

. T T T - 1
0.0 40.0 800 120.0 160.0 2000
Zi(calculated) )

Fig. 4.15 Observed vs. calculated mixing helghts with the
encroachment model valid for November 22, 1974



s

| \\ | 120

_Time . Zi Zi
MST OBSERVED CALCULATED
o » .
-u 0810 Om . Om
3 0930 ~. 0 m 28m
-~z 1100 44m . . 103m
f
"2<3 1230 82m 260m
Lo ,
a e TTWYERAGE 31m 98m.
)
o
N =
27 o
e
Q
e N T v T T T a 1
0.0 80.0 160.0 ~240.0

Zi(coiculotled)

Flg 4 16 Observed vs. calculated mlxlng heights with the
‘encroachment model valid for November 23,1974

®

Time zi zy
MST OBSERVED  CALCULATED |-
S ® 0700 .0m 0m
*7 0800 0m - 16m |
=L 0930 - 0 m ssm | e
2 _ 1100 - 74m - . 104m :
23] 1230 100m 173m
» b 1400  266m 230m -
L0 '~
.\g’ oz AVERAGE 73m. 9Sm
(\8r—
) Ql
e T N | S B T
‘ 80.0 160.0 - 240.0

\E)

Zi(calculated)

. . . v )
Fig. 4.17 Observed vs. calculated mixing heights with the
encroachment model valid for November 27,1974
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o_ p Time zi Zi

2 MST OBSERVED CALCULATED

o !

Q4 0700 0m 0m
P 0803 0 m-: 38m
o=l 0830 Om 85m
Ya. 0915 0 m 143m

“ o 1000 101m - '288m
n o 1045 138m 390m
Q0o
O 0] T
E‘{'— ] AVERAGE - 40m 157m

e ®

Q

©

-

Q. SN

2 g T T T LE— .
0.0 80.0 160.0 2400 . 320.0 400.0
V'ZKcoknﬂoted)t '

Fig. 4.18 Observed vs. calculated m1x1ng heights with the
encroachment model valid for October 2,1987 .

'On*October 2, 1987 the encroachment model ‘again
overestlmated the observed m1x1ng height and the dlscrepancy

1ncreased wlth tlme. ‘
Odﬁzctober 1, 1987 thelmodel overestimated the observed

s/

'mix;q§\ ight. However, it appears that’the pattern.of )
increasing discrepancy.was not-followed The calculated
height of 38m was very close to the observed value of 35m,
:whereas the disgrepancy decreased towards the h1ghest
_,observed m1x1ng height. |

I4

October 6, 1987 the encroachment model underestimated X
( . oo S

dramatically the observed mixing'heights. As Fig. 4.11

indicates, durlng that day a cool air advection occurred gf°

causing. that- abnormal behaviour of the model.
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P I's
Time‘ Zi Zi
MST OBSERVED CALCULATED
o 0700 0 m " 0m
0803 0 m 15m
0837 35m 38m
0915 49m 102m
1003 83m 122m
AVERAGF.‘ 33m 55m

0.9

Fig. 4.19 Observed vs.

1 M T N
50.0  75.0
Zi(caiculated)

1 25.0

!

1 T 1
00,0 125.0

encroachment model valid for October 3,1987

calculaﬁédwmiking heights with the

-
gq Time zi Zi
M MST OBSERVED  CALCULATED
. R
Q0700 0 m Om
2 0746°. 0 m 3 m
Taq - 0830 85m 22m.
S ¢ 0915 = 187m 67m
o 1000~ 265m  66m-
@g AVERAGE 107m T 32m
K.l 'o_"‘ : .‘ . .
Q
© v 1 N 1 M 1 N 1 T M v 1
0.0 50.0 100.0 150.0 200.0 250.0 300.0
| Zi(calculated)
ng;'4.20 Observed vs. calculated mixing4heights with the

encroachment model valid for October 6,1987
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3 .
ﬁ; L B Time Zi Zi ]
co) ~ MST OBSERVED  CALCULATED
[49) . .
Z o e (070 O0m - 0 m
3 3 | 0726 0 m 7w
8 0853 0m  Som
= ] 0915 ” 56m ~103m
Nad 1000 100m  185m
N o
a AVERAGZ ~ 31m 7 1m
2
o — —— ; - ; . . .
0.0 50.0 100.0 150.0 - 200.0
o Zi(caiculated)

Fig. 4.21 Observed vs. calculated mlxing heights with the
encroachment model valid for October 1987 .

On October 12, 1987 the encroachment model overestlmated
the observed m1x1ng heights. However, the dlscrepancy
appeared to 1ncrease with time at a much smaller rate of‘
‘growth. We could even interpret this growth as negllglble,
in the average, by viewing the dlagram

| On November 22, 1974 the GSE model (Fig. 4.22)
_overestlmated the observed m1x1ng helghts and the
"d1screpancy 1ncreased with tlme. This dlscrepancy appeared
to be greater than the one characterlzlng the .encroachment
model

'On November 23, 1974 ‘the same pattern was observed. The
GSE model overestlmated the observed m1x1ng helghts with an
1hcrea51ng dlscrepancy w1th,t1me. However this discrepancy-

- appeared to be smaller than_thatﬁobserved with the
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%’ ® MST OBSERVED CALCULATZD
—
o .
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L2 . 0828 Om 37m
N 0955 36m 84m
1100 52m 173m
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o & T T \ T N R
0.0 50.0 100.0 - 150.0 200.0

Zi(caiculated)
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Fig. 4.22 Observed vs. calculated mixing heights with the’
G.S.E.-s.s. model valid for quember&22,1974

(=]
o_
=
o [
1
— 0~ .
3 Time zi Zi
> MST OBSERVED ~ CALCULATED
-
D o ’ .
awn 0810 0m 0 m
L 0930 0 m 27m
N2 ~1100 44m . 79m
a7 1230 82m 182m
\
- ] AVERAGE 31m 72m
© —8— T v T —r ~T —/
0o - 50V 100.0. 150.0 200.0
Zi(calculated) B

Fig. 4.23 Observed vs. calculated mixing heights with the

- G.S.E.-c.s. model valid for November 23,1974
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encroachment model. . ,

On November 27, 1974 the GSE model appeared to make
good low mixingvheight estimates, much better than the
eétima:es made by the encroachment médelt However the
highest observedrmixing height was underestimated and its
discrepancy‘was greater than that found:with the
eqcroachment.model. |

On October 2, 1987 the GSE model overestimated the
obser&ed heights and’thg discrepancy increased with time.
However this discrepanéy.yaS'kepf smaller than that found
with the encroachﬁent model. |

On October 3, 1987 we 6bserve a good estimate of the
observed mixing heights made with the GSE model. Although

the model overestimated the observed mixing heights the

(o]
)
9 -
n
]

] Time zi zi
/_ag_ MST  osservep - CALCULATED
S 0700 0 m 0m
Q 0800 . 0m . 22m
3 - 0930 0°m . 46m
o3 1100 74m - 88m -
N2 | 1230 "100m -133m

‘ - 1400 266m 169m

o AVERAGE . '73m 76m
o 7 T T T ] E. 28
0.0 50.0 - 100.0 . 150.0 200.0

Zi(calculated)

Fig. 4.24,'bbserved vs. calculated mixing heights with the

G.S5.E.-s.s. fmodel valid for November 27,1974 . _
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O _
0
|
Time zZi zi
—~C , MST OBSERVED CALCULATED
Egg- o i
S 0709 0 m 0 m
o 0803 0 m 40m
2 0830 0 m 75m
S 0915 0 m - 113m
N 11000 10 1m 198m
1045 138m 390m
- AVERAGE 40m 136m
e v =T T T A
0.0 100.0 200.0-: 300.0 400.0

Zi(calculated)

Fig. 4.25 Observed vs. calculated m1x1ng heights with the
G.S.E.-s.s. model valid for October 2,1987

LU

.

R Time zi . zi
8 MST OBSERVED - CALCULATED
>
[ ;

- e| 0700 0m . 0m
a” 10803 0om 17m |-
S 0837 35m - 36m
N 2 0915 .+ 49m 77m
Y 1003 - 83m - 88m

. . | AVERAGE 33m 44m
e — T T " T T i
'+ 0.0 . 25.0 50.0 75.0 100.0

Zi(colculcted) '

- Fig. 4.26 Observed vs. calculated mixing heights with the
G.S.E.-s.s. model valid for October 3, 1987 '

]
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discrepancy was very small. In fact the estimated mixiné
height was 33% higher than‘the observed, cémpared to 66%
'highe; with the encroachment'model.‘

On October 6, 1987 the GSE model underestimated the
observed mixing heights as a result of the cool air’
advection, ', . J

On October 12, 1987 the GSE modei overestimated the
observed mixihg héights. Howeve; the discrepaﬁcy appeared to
increase with time but with a growth rate smaller in

magnitude compared with the encroachment model.

. . .
8

Time Zi Zi
MST OBSERVED  CALCULATED
0700 - 0 m 0 m
0830 85m 22m
2 | 0915 187m 52m
27 1000 265m  Sim.
| ®
AVERAGE 107m 26m
FEr | .
ISR S 7
> X
O 1
)
8o
= O]
~Ne °®
= .
e T — T M A
0.0 10.0 200 300 400 500 60.0

Zi(calculcted)

Fig. 4.27 Obéerved vs. calculated mixing heights with the
G.S.E.-s.s. model valid for October 6,1987 '
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,_c-; ~ MST OBSERVED CALCULATED
L g ‘
Z o Y 0700 " 0m Om
g’) 8'- 0746 Om 15m
Q 0853 O m - 56m
N 0915 56ém - 87m
~ 3_ 1000 . 100m 138m
] - — .
] AVERAGE 31m 59m .
o : ‘j’
d y

- T T T 71—
0.0 250 500 750 100.0 125.0 150.0

Zi(calculated)

Fig. 4.28 Observed vs. calculated mixing heights with the
G.S.E.-s.s. model valid for October 12,1987

4.6 Estimation qf the nocturnal inversion height and RMSE of
the models. |
- There are actualiy three suggested ways to determine
the nocturnal inversion'height h, at thevtime of minimum
surface températute:: |
a)‘From thé'temperature profiLe corresponding to the minimum
surface temperature or for any practical purpose from the
upper air weather Stationé informatibn'vaiid ét 12002 Of
course spatlal differences always may 1ncorporate an error,
o:;
‘ b) From the ﬁormulé'hi=2(KRAt)h where At is the time bet&éen
ﬁhe maximum temperature of the previous day and the minimum

temperature of the current day. In this case we need also to



129

2
O-‘
2 .
e
P
oo
55
T3
>' [
e ® * e
o
2o
Lo [ ]
O A
2« -
(@]
o
e T T T T T T r T T T T —
0.0 ' 50.0 100.0 150.0 200.0 250.0 300.0 .

Estim. Inver. Height Kr=0.34

Fig. 4. 29 Observed vs. estimated inversion height with
K =0.34m?/sec:

evaluate the radiative diffusivitvaR. Anfossi et al(1976) ~
suggest a value of 0, 34m*s™', The author, based on the
collected data from Ellerslle, derived a value of 0. Tim*s™ ', .

i
and

" ¢c) From Anfossi's assumption that .
Tkm,t)-TMn(mc)=} [TCo.0)-T  (0.e)] .
~with A lying in rhe range 0.5-0.65. Table 4.2 shows values.
| of'h;‘estimatea‘by the above methods. Fig. 4.29 shows that
'thevestimated nocturnal inversion height_underesLimated-

those observed from the temperature profiles. Fig. 4.30

displays the relation of h, estimated with the method (&)
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Table 4.2 Estimation of the nocturnal inversion height

Date of * hi : hs . hi
experiment (profile) }hf0.34 Ke=0.11 T (hi, t)
74-11-22 - 720m ’ 280m 170m 82m
74-11-23 291m . 288 175m 132m
C74-11-27 378m 288m 175m 136m
87-10-02 390m 27 164m 125m
- 87-10-03 270m 28@8m 175m N/A
87-10~-06 200m 27Mm- 164m N/A
87-10-12 435m 280m 170m - 180m

~

and K =0.11m*s" ' and with the method (c)./Although both (b)

and (c) underestimate even more the . observed inversiqn

heights, they appeai/mgi%/comparableuone with the oﬁher.
Tables 4.3 ?ﬁgﬁ4.4 present the calculated :q?t mean

sqguare error foé the two models,

2000
)

0N
11500

. 1000

"ESTIM. INV. HEIGHT Kr
5?..0

0.0

i 'v'. 1§ M T

0.0 250 500 750 100.0 = 125:
ESTIM. INV. HEIGHT

Y

T T —
150.0 175.0 200.0

Fig. 4.30 Relation between estimated inversion heights with
the methods (b) K =0.11m?/sec and (c)
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A=L(dz,)*, B=(Z(4z,)*)/N, C=[(Z(az)?)/N 1*

The overall RMSE for the encroachment model was 88m whereas
for tbe GSE model it was 78m. The combined RMSE for the
complete set‘of the estimated mixing heights by the models
is 83m. | |

It appears therefore that the GSE-s.s. model had the
smallest average error. Vith respect to the average obServed ,
mixing height of 48m both models appear to behave poorly.
Garrett (198f) in his model makes the argument that an
initial mixed-layer height of 50m is assumed as a starting
‘height whereas he refers to the literature pointing .out that
the initial height is difficult to be standarised and
aefined precisely ‘Its value may be varied by 100m or more,
Under this constraint he tested his model with observed data
from four U.S. radiosonde stations for 1978. His annual RMSE
was 41% of the mean observed m1x1ng heights. In addltlon he
excluded cases with maximum mixing heights <400m.

"In this model the observed mixing 1ght has been determlned
as. the 1ntersect10n of the env1ronment w1th a dry adiabat
»drawn from a 30m height. That vas an attempt to mlolmlze_the
effect of the superadiabatic surface layer. However no:
atteﬁpt was ‘made to consider an initial mixed-layer height.
Two more methods were exploited to determine'the observed
mixing heighti These were the capping inversion and the
"kink" method. With the capping inversion method the
observed m1x1ng height was determined at ‘the point where an

1nversaon of the potentlal temperature starts to develop.
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Wifh the "kink" method the mixing height was”determined up
to the point where a "significant" stable layer is
established (Myrick, 1987). By "significant" stable layer is
meant the 1£§er with a potentiai gradient’greater'than

0. 5deg/100m by at least 0. 2deg/100m. The Holzworth method
described in Chapter1 was used, where it was feasible, to
determine the morning and afternoon mixing heights Table
4.5 demonstrates a good correlatlon ‘between the capp1ng
inversion method, the "kink" method and the "30m dry
adiabat” method I used.

Table 4 % -Average observed mixing heights estimated by the
indicated methods 1

[y

[REE

Date Holzworth Capping Kink 30m Dry Encroach GSE-s.s.
.method ., _inversion method adiabat + ment

74‘_1‘1"242 N/A 30m 19m 22m 74m 76m
74-11-23 N/A “66m 31m 31m 98m 72m
74-11-27 N/A 120m 47m 73m 95m 76m
87-10-02 45-315 18m . - 18m 40m 157m 136m
87-10-03 N/A-135 33m - - 28m 33m 55m 44m
87-10-06 160"2-14_2 87m . 58m - 107m 32m 26m
87-10-12 N/A-90 = 27m 27m 3im 71m 59m

I1f we attempt to con51der only mixing helghts greater than

/
50m, and if we exclude data collected on October 6,1987 when
strong thermal advegtlon occurred, we get an 0verall average

of the observed mixing heights of 100m and an RMSE of 100m.

 for the GSE-s.s. model ( 124m for the encroachment ). Given

that Anfossi's analytical solution gave good results up to

heights of the order of 120n, we may expect the discrepancy
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to increase noticeably above that height, something that the

figures demonstrated. : RS
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5{ Summary, COnclusions and Recommendations

Recent prcgresa in the formulation ot entrainment
models for the merning‘erosion of nocturnal radiation
1nver51ons coupled w1th recent experlmental support for
'Brunt s simplified model for the temperature profile in a
nocturnal radlatlon 1nver51on, led the author to try to
combine these 1deas into a model fdr ‘the height of the mixed
layer.
The model is applicable only after the time of minimum
surface temperatures on morninds with well developed
.surface-based inversions. The model aSSumes that the
inversion is purely the result’of“radiative heatlloss from
‘the earth‘s'surfaCe _'In other words it was'aeSUmed that the
skies were clear and that wxnds were 1lght w1th -no thermal
advectlon The analytlcal express1on of Anf0551 et al (1976)
for the nocturnal temperature proflle was used to describe
the temperature proflle of the stable layer durlng the onqpt'
of the convectlve act1v1ty
.Two simple models were'employed: ‘
1. ﬁﬁe-'ENCROACHMENT' model, aSSumingkno Capping.inmersion
(ao=0). R
,2. The STEADY STATE GENERAL STRUCTURE ENTRAINMENT' model,
assumlng Aegz Ah#O but constant ‘ ‘ |

Input for the models 1ncluded the temperature
difference between the maximum o?/the prev1ous day and the .

morning minimum current screen helght temperatures during

the day and the helght of the nocturnal 1nver51on the

135



13

N

"time of the minimum temperature. To evaluate ther"
effectiveness of the models, we ' onducted a series of
experiments. The ;empegature profiles of the lowest 1km were
recorded by releasing minisbhdes into Ehe atmosphefe every
45 min., A sonic éﬁemometer installed at 10m height failed to
provide reliable data of the turbulent heat fluxes over the
- period of the experiments. The interface between the
theodolite B (see Fig. 3.1) and the computef‘failed after
the first experimental day and fbi?ed us to assume an ¢
average rate of rise‘of the minisonde of 3m/s, in order to
éetefmiﬁe the heights on\fhe tempeqqéure records{ The
experiments lasted four days in early October from 0600MST
to 1deMST. Efforts were made to cdmplj’with weather
conditions compar;ble to those assumed by the theory, not |
always successtl;y.
Other suppérting measurements were wind daté at 10m height,
relat}ve humidity;~wet bulb temperature and net and incoming
radiation. \ A
The data Qsed weré the relative temperatures and the
inversion heights. The program estimating‘the'mixing heights
was very simple'and'employed the iterétion.method. Every
_mixing heighf was calculated starting from the initial
‘minimum temperature and not based on the estimated mixing
'_héight~dufing the previous releése. The program halts the
mixed layer growth whén'ﬁhe.inversion height :is reached:
Both models prbvided.similar'results. Both tended to

overestimate the observed mixing heights. However, a
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4

. tendency to underestlmate the observed m1x1ng helghts was
found when cool air advectlon occurred The s1m11ar1ty of
the results, that is overestlmates and increased discrepancy
with time, mg be exp;alned by the fact that the two
expre551ons are reduced to one when the value of the

£y

parameter G is 1. G us~the ratlo of the lapse rates of the
"o : AN

vstable layer aloft to that of the entralnment layer.

Attempts were made to determine G from the tempe;ature
'profiles.'They in@icated that G may become as small as 0.
(sometimes even smaller ), dependlng on the time and the
lapse rate of the nocturnal 1nver51on However, the steady
-state model for G<0.6 1mpllesﬁa negative entrainment height
‘Ah'that cannOt be justified.“The model also4appeared to be
sensitive to’ the nocturnal inversion height which was one of
the- poorly calculated Quantities. Amblgu1t1es as to-the
'approprlate radlatrve dlffu51vity and the weather condltlons
overnight exlsted.pA.very poor’relatlon between the obserwed
_inversion height and that caiculated by method (b) existed.
The 1200Z radiosonde indicated’ Fower 1nver51on helghts
comparable to the ones calculateo by methods (c) and (b)
wlth a low value of K, The model appeared to be sen51t1ve
also to the temperature dlfferences. Even the appearance of
early morning frost ‘may cause consumptlon of energy for
evaporat1on and consequent delay of the m1x1ng helght
growth. As a result the mlxrng hezghts wéuld be
overestlmated ' - .L€J§£¢

Some‘p9551ble reasons.for the modeﬁis discrepancies‘are

.
e
a3
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summarized below:

1. Hour of observation. Early morning. observations on

October indicated‘that no mixing layer had developed. This

also was confirmed with data taken by Alberta Environment

irom fall 1977 to fall 1983 ( Myricﬁ 1987) This is beCause’

A

solar radiation.cannot prov1de adeqpate heat at this hour oﬁ
the day. Summer periods characterized by high temperatures

and significar  heat fluxes, should be more representative
. ; 1l ' S
[

for our.model.

2. Accuracy ,of temperature differences. In situ measurements

3 e , , : LT
of maximum and minimum temperature and their time of

]
B

‘ocuurence are needed. These differences enter in the model
as independent variables tojdetermineythe mixing and the

inversion heights. The model incorporates the ratio of the -

temperature difference and the fnversiod'height. Giveh”that
the temperature difference is of the order of 10 and the
inversion height'of the order of 100 it should not -
underestimate the 1mportance of its accuracy because the
other terms of the analytical expre551on are equally small

The current temperature measurement at the surface is most

L

likely to be higher than the mean potential'teaperaéurelof

the mixed layer due to the development of the superadiabatic

surface layer. Therefore the current surface temperature

-should contrlbute to the overestlmate of the observed m1x1ng

\helght.

3. The G factor. The steady state model is of 11m1ted use.

The ratio of the lapse rates in the stable and the \
! T \

\

¢
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P
entralnmeny layer should be reflected more realistically.

When the actual G value is small, i.e. a relatively strong
lapse rate is present in the entrainment layer, the mixing
height growth should be slow since large turhulent heat
ﬁduxes from below'are needed for effective mixing given that
the heat flux from aloft is relatlvely weak When G is large‘
the m1x1ng helght growth should be faster since the stable
layer entrains more.heat in the mixed layer and more
effective”ﬁi}ln@ is accomplished. Then if we assume .G
greater'than the actual, an overestimate of‘the-mixing
height occurs. |

4. Inver51on helght. The inversion height is. another factor

for wh1ch the model is sensitive. The relatlon between the
m1x1ng helght and the inversion height is not obvious from
the analyt1cal expre551on which appears to be rather

gomplrpated: A change of the inversion height with time may

have therefore positive or negative results. The fact that

P

the 1nver51on helghts that were used were much larger than

those estlmated by the other methods and the fact that the

K models overestimated the observed m1x1ng heights leads to

the op1n}on ‘that h1ghi§ 1nvers1on'he1ghts enhance the

- dlscrepancy between obServed and estimated mixing heights,

An increase offthe:inverSion height with timé may provide

better estimates for large mixing heights. Appropriate care

‘should be taken to ensure that the inversion height is @he

result of radiational cooling with no remaining inversidns

from previous nights or from thermal advection.

V
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The conclusions of*this study are as follous:
(i) The minisonde is an ertellent measuring system for this
problem. ‘
(ii) Temperatures can be directly applied to mixed heigbt
~estimations. in situ meesurements ©0f the maximum and minimum
temperatures should be accurauﬁﬁy recorded as well as the
weather conditions overnlghtH
(iii) The model is in its initial staqg and needs
refinement. However, it s very prattical and may be used
forsg%ick estimates.
(iv) Given‘thaE‘Garrett(1981) has excluded observed mixing
heights <400m from his tests "to remove marginalngrowth days
from the anélisis" leads me to the conclusion that the

errors of this model are reasonable and the model may be

]
o)

more accurate in low heights which are important for
trapping of pollutants. |

(v)The General Structure Entrainment (steady state)model is
more versatile‘and can be improved for more accurate
estimates. . |
(vi) It is cften very difficult to identify A® or Ah with
confidence frow the observed temperature profiles., The very

RiR 5

large temperature gradients in th; Eower part of the
inversions are sensitive to small temperature-height errors.

. ) - ; :

Factors addressed previously need to be understooa.for

accurate mixing height estimations. Suggested future work’to

answer some of the problems encountered in this study are

summarized below:

8
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I.Inversion'height. As mentionedvpreviously the inversion

height is very poorly estlmated The relatlon of bhe
observed inversion helghts and the estlmated should be
established as accurately as possible. Possible add1t1onal

variables may be needed,; e.g. vapor pressure.

2.Entrainment effects. The entrainment process has been

discussed by numerous authors as a factor which afgéctgu
mixiné heights. The entrainment laye: may re?resehﬁfuﬁ$§6
20% of the mixeq:layer height. The unsteady-state General

Structure Entrainment model should be explored for better

estimates of mixing heights.

-3.Temperature difference. Anfossi's asshmption

R h.

\ N . R .
— ‘=7~ needs to be explored. Anfossi
KRpacp(1 erfc(1)} v o _

claimed inability to verify this relation as a result of

‘lack of data. An aftempt to verify this relation by using

overnight net radiation values in the present study revealed
discrepancies.

4.Surface temperature error. Systematic errors incorporated

in the mixing height due to higﬁef surface temperatures in

the superadiabatic layer may contribute in inaccuracies of
[ ’ . .

the model. -
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Qppehdix I

THIS PROGRAM COMPUTES THE MIXING HEIGHT DURING THE ENCRO- "
ACHMENT STAGE.THE NOCTURNAL INVERSION HEIGHT IS ESTIMA-
TED FROM THE TAYLOR'S FORMULA BY REPLACING THE DIFFUSI-
VITY BY THE RADIATIONAL DIFFUSIVITY. THE INITIAL NOCTUR-
NAL HEIGHT IS ESTIMATED FROM THE FIRST MINISONDE RELEASE
BEFORE SUNRISE. THIS FORMULA INVOLVES THE TIME AT WHICH
THE MINIMUM TEMPERATURE WAS REACHED tmgn. .
NIH=SQRT(4°KR*(t-tmin)):t IS’ THE .CURRENT TIME OF TAKING
THE, SURFACE TEMPERATURE. -
N IS THE NUMBER OF DAYS.
M IS THE NUMBER OF SURFACE TEMPERATURES TAKEN AT DIFFERENT
TIMES t, WITH THETAO(I) BEING THE FIRST SURFACE TEMPERATURE
MEASURED AND THETAM(I,J) ALL THE SURFACE TEMPERATURES,
THETAO(T) INCLUDED. THE THETAM(I,J) CORRESPOND TO THE
AVERAGE TEMPERATURES OF THE MIXING LAYER WHEN THAT IS DE-
VELOPPED DURING THE MORNING HOURS.
THE MIXING HEIGHT IS DETERMINED BY ITERATION,.3FROM THE FOR-
MULA OF THETA(I,J) AND ZMX(I,J). . . .
DELT(I) IS THE TEMPERATURE DIFFERENCE BETWEEN THE MAX I MUM
TEMPERATURE OF THE PREVIOUS DAY AND THE MINIMUM OF THE CUR-
RENT DAY . :
CP IS THE SPECIFIC HEAT OF DRY AiR 1004 JOULE/KILOG.DEGREE
KR IS THE RADIATIONAL DIFFUSIVITY 1224 M2/HR: , ACCORDING
TO ANFOSSI, OR 450 M2/HR, ACCORDING TO ELLERSLIE’S EXPE-
RIMENTAL DATA. :
DENSA 1S THE ATIR DENSITY: 1.14Kg/M3
CONSTANTS AND ALL DIMENSIONAL -VARIABLES ARE IN UNITS OF Kg.m,
Hr ,Deg. -
READ(S, "N .
REAL NI+. 7,6),KR,NIHO(7)
DIMENSION THETAO(?),THETAM(7.G).DELT(7)]DTH(7.6),THETAH(7,G).

#25(7,6),ZMX(7.6),DT(4,6)

10

30

40
77

©Zs(1,J)=0.0

111

FORMAT(1X,12) ’
DZS=0.0001 :

' KR=450 . S
KR=1224 = : o .
KR=0Q

DO 11 I=1,N : :
READ(S,30)W.DELT( 1), THETAO(I) NIHO(I)
FORMAT(1X,I1,1X,F4.4,74X ,F5.1, 1X,F5. 1)
00 77 Jy=1 .M . - :
READ(S,40) THETAM(I , U) BT{ L, 0y o oo

CONTINUE -
DO 22 J=1.M

.

NIH(T,J)=NIHO(I)+SQRT(4*KR*DT(1.J)) ,
DTH(I.y)=(THETAM(I,J)~THETAO(I))/NIH(I,y)
THETAH(I;J)-o.oosa-zs(I.d)-(DELT(I}/NIH(I.d))*

50

#(EXP(-2S(T,J)*2S(1 wJ))=1.7725*25(1 JU)*ERFC(Z2S(I.4J))+

#0.278+2S(1,J)-1)- ;G?%@?

15
22
20

- 44
11

IF(ZS(I,J).GE. 1.0 %60 T8 15
zs(r;u)-zs(r.u)*ggéhu .é?
GO TO 111 SO
ZMX(1,J)=2S(1,J)ENTH(I,J) .
CONT INUE BRI FES
DO 44 J={i M Y e .
wRITE(g.zo)I.u.zfoI.p).I.u.THETAH(I.u).I.d.DrH(I.u)

FORMAT( " ., ZMX(" 11,5, 11, )=’ F8. 4. " TTHETAH( ‘. I1,' ., 11,

IF{THETAH(I J).GE ,;ﬁTH'( I;a?!,) JGO TO 15

3

o ¥ )=’ F8.4, " OTHE’ %1.7 7 11,7)=/ f8 4).

CONT INUE . .
CONTINUE . - - - : - P
STOP , o . : B :
END? v ' Ty,

'
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Appendix I1I .

THIS PROGRAM COMPUTES THE MIXING HEIGHT DURING THE EN- -
TRAINMENT STAGE UNDER STAEDY STATE CONGITIONS.

THE NOCTURNAL INVERS)IN HEIGHT IS ESTIMA-

TED FROM THE TAYLOR'S FORMULA BY REPLACING THE DIFFUSI-
VITY BY THE RADIATIONAL DIFFUSIVITY. THE INITIAL NOCTUR-
NAL HEIGHT IS ESTIMATED FROM THE FIRST MINISONDE RELEASE
BEFORE SUNRISE. THIS FORMULA INVOLVES THE TIME AT u#ICH
THE MINIMUM TEMPERATURE WAS REACHED tmin.
NIH=SQRT(4*KR*(t-tmin)):t IS THE CURRENT TIME OF TAKING
THE SURFACE, TEMPERATURE. .

N'IS THE NUMBER OF DAYS.

M IS THE NUMBER OF SURFACE TEMPERATURES TAKEN AT DIFFERENT
TIMES t, WITH THETAO(I) BEING THE FIRST--SURFACE TEMPERATURE

MQASURED AND THETAM(I,J) ALL THE SURFACE TEMPERATURES,

THETAQ(T) INCLUDED. THE THETAM(I,J) CORRESPOND TO THE
AVERAGE TEMPERATURES OF THE MIXING LAYER WHEN THAT IS DE~ -
VELOPPED DURING THE MORNING HOURS.

THE MIXING HEIGHT IS DETERMINED BY ITERATION, FROM THE FOR-
MULA OF THETA(I,J) AND ZMX(I,J). '

DELT(I) IS THE TEMPERATURE DIFFERENCE BETWEEN THE MAX I MUM
TEMPERATURE QF THE PREVIOUS DAY AND THE MINIMUM OF THE CUR-
RENT DAY .-

CP IS THE SPECIFIC HEAT OF DRY AIR 1004 JOULE/KILOG.DEGREE
KR IS THE RADIATIONAL DIFFUSIVITY 1224 M2/HR , "ACCORDING

TO ANFOSSI, OR 450 M2/HR, ACCORDING TO ELLERSLIE’'S EXPE-
RIMENTAL DATA. :

DENSA IS THE AIR DENSITY: 1.14Kg/M3 .

CONSTANTS AND ALL DIMENSIONAL VARIABLES ARE IN UNITS OF Kg,m
Hr ,Deg.

READ(S 10)N’

REAL NIH(7,6),KR,NIHO(7) '
- DIMENSION THETAO(?) THETAM(7,6), DELT(7), DTH(7 6) THETAH(7 6).,

‘\‘

#Z5(7.6),ZMX(7.6).DT(7,6)

FORMAT(1X,12) .

G=0.20 o -

G=0.40 ! ’

G=0.60

G=0.80

G=0.85 . , ] ' .
G=0.90

G=0.98° : N

G=1.00 ’ B -

G=1.20

G=1.40
G=1.50 . ‘ . .
Y=0.55%EXP(-0.27*G) . _— -
YG=Y/(G+Y=-1) : .
GY=(1- G)/(G'(G+Y-1)) : . . -
PZS=0.0001 :

KR=450

KR=1224

KR=0
DO 11 I=4,N

READ(S, 30)M DELT(1), THETAO(I) NIHO(I)
FORMAT(1X,11,1X,F4.1,1X,F5.1,1X,F5.1) ' . o .
DO 77 J=1.M : :
READ(S.ao)THETAM(I.u).DT(I,u) S . . ’ )
FORMAT(1X,F5.1,1X.F4.1) . -
CONTINUE ) ’

DO 22 uU=1 .M
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(cont'd)

2s5(1,u)=0.0 B .
NIH(I.J)-NXHO(I)+SQRT(4‘KR'DT(I.J))
DTH(I;J)-(THETAM(I.d)-THETAO(I))/NIH(de)

111 THETAH(I.u)ro.ooga-(vc-cv)*zS(r.u)- o
I(DELT(I)/NIH(I,J))‘(EXP(-(YG‘ZS(I.d))“2)41;7725'(YG-GY)°
#ZS(I.d)‘ERFC(YG*ZS(I.d))+O.278‘(YG-GY)‘ZS(I.d)-i) .

IF(THETAH(I,J) .GE.DTH(I.J))GO TO 15 .
IF(2S(1,J).GE.1.0)G0 TO 15 by o
ZS(I.J)=2S(1,U)+DZS o .
GO TO 1119 T,
T 15 ZMX(1.J)=ZS(1,J)*NIH(I.J)
22 CONTINUE ' .
00 M y=1. M ' :
.WRITE(4.20)I.J.ZMX(I.d).I.d,THETAH(I.d).I.d;DTH(I.d) . ‘ Coo
20 FORMAT( '« 'ZMX(’,11,’,“ I1,")=" F8.4," THETAH( . 11, .11, :
¥')=’ FB 4, DTH(' , I1,/," . I1,")=" F8.4)
WRITE(4,20)1,0.2MX(1.J),THETA DT
20 FORMAT( ' CLUIMXC I, T, )= FB .4, " THETA=' F8.4,
v DT=’ Fg.4) .
44 CONTINUE . _ > ) 4
11 CONTINUE :
STOP : '
END

aO0o0




