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Abstract 

The Integrated surface sensible heat flux and the maximum mixing depth are obtained 
by routine aerological data and daily maximum and minimum temperature data measured at 
the Tateno Aerological Observatory located 60 km · east of Tokyo. .-\nnual variations of the 

components of the surface heat balance are also estimated from the integrated surface heat 
~yx, net radiation and the downward flux of short-wave radiation. Annual variations of 
the convective velocity scale, the standard deviation of the vertical velocity fluctuations, 
and the eddy diffusi\·ity are estimated by the surface heat flu~: . and mixed layer height. 
The potential temperature gradient of the stable layer capping the mixed layer is 0.003°C/m 
during the winter season, 0.005°C/m in midsummer, and 0.003°C / m under the travelling 
anticyclones. The integrated surface sensible heat flux from sunrise to a time when the 
daily maximum temperature occurs is . largest in early spring (170 ly), smallest in winter 
(50 ly) . The maximum mixing depth is highest in March (1,500 m) and lowest in December 
(700 m) . The surface sensible heat flux is largest in spring because of low temperatures, 
aridity, and a small amount of evapotranspiration. The Bowen ratio is unity in May and 
:'\ovember. The lowest value of the Bowen ratio is 0.-l in july. .-\greement of the above
mentioned values with more accurate observations is reasonably high . So this simple method 
for estimating parameters of the mixed layer structure is ascertained to be useful. 

1. Introduction 
depth .\1\t!D, the diurnal temperature range. 
.dB, and turbulent sensible heat flux from the 
earth's surface H 0 are obtained. Surface heat 
flux H,> is calculated by an area enclosed by 
potential temperature profile B(z), Bmin• and 
Ba (= Bmax - 2°C) in the 8-z plane. (The 
reason we use 0 a is described later. ) Cal
culated values of H 0 are integrated \·alues 
taken from just before sunrise when minimum 
temperatures are measured to a time maximum 
temperarures are reached. This method is 
hereafter simply referred to as the profile
integrated method. 

The vertical distribution of the tropospheric 
temperature shows a slightly stable stratifica
tion resulting from radiati,·e cooling and water 
vapor. On warm, sunny days, the surface 
im·ersion layer formed by nocturnal radiation 
and th abo\' -mentioned stable layer are 
gradually destroyed from the surface by 
thermal free convection caused b)· surface 
h at!ng by the sun. 

In this paper, annual change of the mixed 
layer tructure is estimated by a temperature 
profile from an aerological observation, and 
daily minimum Omin and maximum tempera
tures Omax· for analy i . an encroachment 
model (a model ' here entrainment i not con
sidered) i u ·ed. From th e abo,·e three data, 
the l a p ~e rate of th uppe r table layer capp
in g the mixed layer r. the ma:\"imim mi:\"ing 

The \·alue of H 0 is generally obtained by 
the eddy correlation method or an aerodynamic 
method. such as, the gradient or bulk method. 
High grade techniques are necessary for the 
eddy cc rrelation method, while for the aero
dynamic method , eddy coefficient and many 
other parameters \\-hich vary with meteoro-
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logical, geographical conditions etc. are as
sumed. 

On the other hand, the profile-integrated 
method gives direct integrated Ho values sup
plied from the surface to the mixed layer. 
Thus, this method has no empirical parameters 
and is easy to estimate. Aerological data are 
necessary for this method, and the estimated 
Ho values have representative features which 
cover a comparatively wide area compared 
with the before-mentioned methods. Annual 
and regional changes of the mixed layer struc
ture are also easily estimated. Seasonal varia
tions of energy balance and the intensity of 
convective activities are evaluated by the sur
face sensible heat flux obtained by this method. 

According to the encroachment model (e.g., 
see Garno and Yokoyama, 1979), the mixed layer 
structure: mixing depth, constant potential 
temperature through the mixed layer, and 
turbulence quantities are determined by sur
face heat flux Ho and the lapse rate of the 
upper stable layer r- Therefore, if the annual 
variations of r(z) which is assumed to be con
stant during a day and diurnal course of Ho 
are known, seasonal variations of the daily 
mixing depth variance and the spatial and time 
variations of turbulence, eddy diffusivity, etc. 
can be obtained. 

Pollutants emitted from the surface such 
as smokestacks, cars, etc. are mixed vertically 
in the mixed layer, and materials which cause 
air pollution, such as ozone, are pulled into 
the mixed layer. Thus, the annual variations 
of the mixed layer structure may be useful 
for seasonal simulation of air pollution. Rough 
estimation of the mixed layer structure is 
effective for planning refined boundary layer 
·observations. Besides, the seasonal ,·ariation 
of the mixed layer has influenced the people's 
way because people live near the bottom of 
the mixed layer. 

2. Estimation of surface he~at flux and 
correction of errors 

For the encroachment model, the relation
ship between the potential temperature incre
ment through the mixed layer de in the time 
interval dt, and the surface sensible heat flux 
H 0 is described as 

( 1 ) 

where h m is the mixing depth , p the mean 
air density in the mixed layer, C P the specific 
heat of air at constant pressure. Assuming 
the constant potential temperature through the 
mixed layer increases from el to 82 in the 
time interval t 1 to t2 , the following equation 
is derived: 

\'
2 
H0 dt= pCp \

02 
h m(B)d 8. ( 2 ) 

-'I oS Jot ~K 
where p ( 1,2~ g / m 3

) and Cp (0.24 cal /~ are 
assumed to be constant with height and time. 

As illustrated in Fig. 1, the initial stable 
layer described by the potential temperature 
profile is eroded from the surface and the 
mixed layer develops. Thus, the lined area 
enclosed by the potential temperature profile 
represented by r (z ), 81, and 02, and multiplied 
by pCp gives the integrated surface heat flux 
supplied from the surface in the time inten·al 

between t 1 and t2. 
It is assumed the mixed !eyer is rapidl y 

mixed. If the mixed layer is mixed instan 
taneously, the value of lf0 can be estimated. 
In reality, only the value of !!0 a\·eraged O\·e r 
a period of time (one hour or more) seems to 
be meaningful. 

vVillis and Deardorff (1974) and Yoshikado 
(1980) calculated surface heat flux from the 
temperature profile in a water tank and chan 
nel, respectively. 

Replacing t 1 , t2 , 0 1 and () ~ with t l (time of 
sunrise), ta (time when temperature becomes 

Z (hm ) 

0 

Fig . 1 Re la t ion ship between po ten tia l t e mp e ra
ture in the mixed laye r 0 (z), m ixed la ye r 
he ight h m. and lapse rat e T- The lined a rea 
s hows integ rat ed surface sensi bl e heat fl ux . 
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Fig. 2 Relationship between maximum mixing 
depth YIMD. r, and integrated surface heat 

flux f'a H0dt. A time lag of radiosonde ther-
't 

mometer is assumed to be 100m. The max-
imum potential temperature Oa in the mixed 
layer is assumed to be (Om ax- z•q. 

.0 a). fJ t and fJ a, respectively, equation (2) be
comes: 

r~ Ho dt = pCp~;~ lzm(fJ )d(), ( 3) 

where the units are: H0 [cal / (m 2 s),], hm[nz], 
.0[1(], fJ i[I\], fJ a[K], t[s]. 

scheme of the relationship between () t, 
.o a. and the potential temperature profile re
presented by r IS shown in Fig. 2. The lapse 
rater is obtained from a temperature humidity 
significant level tables of the aerological data. 

Pressure height in the aerological data is 
r placed with height z (in meters) from the 
pressure-height equation. Temperatures of 
the aerological data are replaced with potential 
temperatures (•C) from the equation O= T + 
r dz . where r d is the dry adiabatic lapse rate 
(0.0098 . C/ m). The a lues of ()a. and 0 t are 
.assumed to be the same as the potential tem
peratures because ()max (= ()a + 2.C) and (}i 

a.re observed near the surface in the instru
ment screen shelter. 

Rawinsonde is emitted at 8: 30 every morn
ing at the Tateno leteorological Observatory 
(36.03'1 , 140"08'E. ,25.5 m above sea level ). 
Therefore, the potential temperature profile 
at sunrise is unknown. Here, we adopt the 
minimum temperature() min a a lower boundary 
0 t in the integration of the right side of equa
.tion (3) and assume ()min to be equal to the 

air temperature at sunrise. In Fig. 2, we 
connected the paint represented by (} t with 
the first kink height from the surface of the 
potential temperature and assumed the line 
obtained by the procedure described abo\·e to 
be the potential temperature profile at sunrise 
in the lowest layer. The potential tempera
ture profile above the first kink height is as
sumed to be the same as sunrise. It is as
sumed that this profile is eroded by the de
veloping mixed layer. The temperature ()a is 
defined as the maximum value of the potential 
temperature in the mixed layer and is assumed 
to be constant regardless of its height in the 
mixed layer. 

Thus, the area enclosed by the potential 
temperature profile, () i and ()a equals 

- C
1 

\'a H 0dt, the integrated surface heat flux 
p p J,t 

divided by pC P from sunrise to the time \\·hen 
the daily temperature near the surface reaches 
its peak value. 

A.ccording to Garno et al. (1983), the rela
tionships between MMD, J-!0 , and the potential 
temperature profile which consists of n stable 
layers are as follows: 

where to=ti, tn=ta. rl is the lapse rate of the 
lowest stable layer (surface inversion layer), 
and r n the lapse rate at the height of the 
maxim um mixing depth. Integrated H 0 can 
be obtained by equation (3), or by an area 
enclosed by the potential temperature profile 
at sunrise, ()t (= (}min). and fJa, consists of the 
combination of a triangle and trapezoids. 

The error of the integrated heat flux ob
tained by the above method was checked. 
First, a bimetal thermometer with a large time 
lag is attached to the rawinsonde. Yamamoto 
(1975) theoretically estimated the thermometer 
time lag to be about 80 m. Suzuki et al. (1977) 
obtained a time lag of about 100m by com
paring rawinsonde and kite balloon obsen·a
tions. Here. it is assumed that rawinsonde 
temperature data equals the temperature at a 
height of 100 meters b~low a certain tabled 
altitude in the aerological data. Second. the 
lowest layer of the mixed layer is unstable. 
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Thus in general, the daily maximum tempera
ture is higher than the constant potential 
temperature of the mixed layer. Also, the 
daily maximum temperature ()max seems to 
show the largest instantaneous value, because 
(}max is measured by a maximum and mini
mum thermometer. From a comparison of 
()max and the constant potential temperature 
8 a within the mixed layer measured by raw
i.nsonde at 14: 30 jST at Tateno, fJ a is lower 
than ()max by about z·c. Lee (1983) and Lee 
and Hanafusa (1984) showed by low-level raw
insonde observations above the site of the 
Meteorological Research Institute situated in 
the same area as the Tateno Aerological Ob
servatory that the temperature near the sur
face is l.6-l.7·c higher than the constant 
-potential temperature throughout the mixed 
layer. They also found that the Mi'v!D cal
culated by the surface temperature becomes 
higher than the real MMD at Tateno. There
fore, the constant potential temperature ()a 

within the mixed layer when the mixed layer 
-develops up to MMD is assumed to be ()max 
-z·c. An unstable layer near the surface is 
neglected . Fig. 2 shows the calculation method 
·Of the integrated surface sensible heat flux 
.and MMD, considering the above mentioned 

·COrrection for the two errors. 
Carson (1973) estimated the time change of 

the mixed layer for the temperature jump 
model. Deardorff (1979) presented the real 
mixed layer model. However, these models 
.are too complicated for application to the real 
daily change of the mixed layer because the 
·more accurate the mixed layer model becomes, 
the larger the necessary number of parameters 
for the mixed layer, such as the entrainment 
parameter A ( = - · HJ Ho, Ht is the negative 
heat flux at the mixed layer height) becomes. 
The structure near the mixed layer height is 
.complicated and there is no sufficient model 
at present. Also, errors due to advection, 
subsidence, and air mass modification may 
.affect the results of analyses. The integrated 
surface heat flux Ho is overestimated by sub
sidence , and air mass modification of the 
-anticyclones. The value of H,, in the above
mentioned entrainment, and advection of the 
..cold atmosphere , such as sea breezes are 

underestimated. Since errors are not clear, 
the above errors are assumed to be negligible 

m this paper. 

3. Data 

Annual variations of the mixed layer abO\·e 
Tateno were analyzed. Tateno is located in 
the center of Tsukuba Science City, 20 km 
south of Mt. Tsukuba, 10 km west of Lake 
Kasumigaura. and 40 km west of the Pacific 
Ocean. Tateno is surrounded by pine gro\·es , 
cultivated fields, rice paddies, and rural houses. 
Since about 1978, multi-storied buildings and 
wide streets have been constructed around 
Tateno. An analysis was made for a fifteen 
year period from 1967 to 1981. The fair 
weather days when the mixed layer is well 
developed were selected from the routine 
meteorological observations at the Tateno 
Aerological Observatory (tabulated m the 
Monthly 'v\"eather Bulletin of Ibaraki Prefec
ture), on the following three conditions. First , 
the duration of sunshine was larger than 75 ?o 
of the maximum (averaged 15 years ) in the 
month. Second, the daily mean wind \·elocity 
was less than 3 m/ s. Third. there was no 
daily precipitation. 

The typical mixed layer where there is no 
wind velocity gradient does not exists in the 
real atmosphere. However, the mixed layer 
model may be applied to warm, sunny days 
with slight breezes. A fifteen year total of 
1164 warm, sunny days, and an average annual 
mean total of about 78 means that a typical 
mixed layer develops for one day per five 

days on the average . 
The following three weathe r types a re pre

dominant for the mixed layer developin g day s 
as shown in Fig. 3. First is the winter type 
('vV) during the winter monsoon. The \\·inte r 
weather is governed by the cold Siberian air 
mass (? ,) modified during its path across the 
japan Sea and the central ridge of the japanese 
Islands. Fine weather prevails in districts on 
the Pacific Ocean side of japan , as opposed 
to the snow y weather on the japan Sea side. 
Second is the summer type (S) under the in
fluence of the subtropical air mass locall y 
called the Ogasawara Anticyclone (T m) which 
consists of wet , very warm air. Third is the 
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Fig . 3 A nnual va r iations of numbers of the mixed 

laye r da ys ; W, during t he w inter monsoon; S 
under t he Ogasa wara Hi g h; M, during the 
mi g rator y ant icyclon e pa th across the Japa n 
Is lands. 

mig ratory anticyc lone type (M). ligratory 
anticyclones tha t are cut-off anticyclones from 
the Yangtze River air mass (T c) prevail 
especially in spring and autumn. (A more 
detailed descrip t ion about the climate of Japan 
is g iven in Fukui , 1977). :\s shown in Fig. 3, 
fair weat her days w ith light winds are mainly 

grouped into the above three types. Other 
fair weather types are shown in Garno (1983). 

The number of days when a mixed layer 
developes is large in winter and small in 
summer. Predominant fair weather for each 
month is classified into four groups: (1), types 
W and M are predominant in the winter 
season from November to February, (2), type 
M dominates in March, April, and October, 
(3), type S prevails in midsummer, (4), types 
S and M are predominamt in June and Sep
tember. 

4. Lapse rate of the upper stable layer 

As mentioned before, the lapse rate of the 
upper stable layer capping the mixed layer is 
an important parameter in determining the 
mixed layer structure. Also, r is the param
eter determining the frequency of the Brunt 
Vaisala frequency, mountain waves, gravity 
waves, etc. The value of the upper stable 
layer r is thought to be determined by the 
complex combination of the meteorological, 
geographical and topograph ical conditions. 
Here, we investigated the relationships be
tween the value of r and a prevailing air 
mass or its modification. 

The monthl y mean of the potential tem
perature profile up to a height of 4 km above 
the surface is shown in Fig. 4. Roughl y 
speaking, each potential temperature profile is 
almost parallel except during June which is 
the rainy season. Profiles on fair weather 
days of A pril and May are similar to those 
of November and October, respectively. 

TATE NO 
1967-1981 

Fig . .f ~ l onth l y mean of the potential temperature profile at sun r ise up 
to a height of 4 km above the surface for days wh en the wea the r is 
fair and the mixed layers are well developed. Profile labels give months. 
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Fig. 5 Same as Fig. 4, but for potentia l temperature g radi en t . 

Figure 5 shows the monthly mean potential 
temperature gradient up to a height of 4 km 
above the surface averaged over a fifteen year 
period. Lapse rate r above a height of 3 km 
does not change throughout the season , and 
its yalue corresponding to 5.5- 6oC/(100 m) as 
a value of the temperature lapse rate is nearly 
equal to that of the standard atmosphere. On 
the other hand, r greatly changes below a 
height of 2 km where a mixed layer developes. 
Annual variations of r are classified clearly 
into the following three types: first , the 
winter season type for w inter months from 
December to February; second, t he summer 
season type including early fall f rom July to 
September ; third, the spring and autumn type 
from March to June, and October and ovem
ber. The values of the lapse rate r at 1000 m 
are as follows: 0.003o C/ m in winter, 0.005oC/m 
in summer, and 0.004 oC/ m in spring and 
autumn. Seasonal change of r corresponds 
with observed changes obtained by the dif
ference of temperatures between mountain 
summits and bases summarized by Yoshino 
(1975). T he fa ir weather days under the 
travelling an t icyclones which appear through
ou t the season are shown in Fig. 6. The 

value of r during the w inter f rom December 
to February is about 0.003oC/m and 0.005°C/m 
from July to September. In summer, the num
ber of migratory anticyclones is very small, 
and in winter the value of r is nearly the 
same as that of the w inter monsoon. T he 
reason for th is is probably because the w inter 
monsoon originates in the Siberian cont inenta l 
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Fig. 6 i\1onthly mean of the potential temperature 
gradient at a height of 700 m for the mixed 
layer in the case when the migratory anricy. 
clones bring out a fair weather. 
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anticyclone, and travelling anticyclones in this 
season are cut-off anticyclones of the con
tinental air mass. Two other fair weather 
patterns : S and W are specific to their respec
tive seasons, so we can say that the value of 
r is characteristic of a season. 

One parameter determining the mixed layer 
structure, r, is repreeentative of season. 
Another parameter, surface sensible heat flux 
H0 has, of course, climatological characteristics. 
Therefore, seasonal variation of the mixed 
layer structure should be characteristic for 
each season. We will describe the monthly 
mean mixed layer structure in the following 
section. 

5. Annal variation of MMD and surface 
sensible heat flux 

The seasonal change of the surface sensible 
heat flux J-10, and maximum mixing depth 
which is determined mainly by Ho and the 
lapse late above the mixed layer were ex
amined. According to the hourly surface 
A IeOAS (Automated Meteorological Acquisi
tion System) data for a four year period from 
1978 to 1981 of Shimotsuma 1.5 km northwest 
from Tateno, the annual mean t ime t a when 
the daily maximum temperature f) max appeared 
was 13: 55 jST for the days when the mixed 
layer developed. The monthly means of time 
la are as follows: 

JA FEB MAR .APR MAY jU 
13: 55 14 : 05 14: 10 14: 00 14: 20 13: 45 

JUL AUG SEPT OCT l 0\ DEC 
13 : 55 13 : 20 13 : 35 13 : 40 13 : 35 14 : 00 

The time tiL in Aug ust i · much earlier than 
th annual mean probably because in August 
the condensation level is lO\V and fair weather 
cumulus clouds appear, or sea breezes blow. 

Figure 7 shows the monthly mean varia
tions of the ma. · imum mixing depth ['v!Y!D, 

integrate:i sur face heat flu~.: J: ~ H0 dt supplied 

from the surface to the mixed layer for time 
interval between t 1 and ta, and potential tem
perature gradi nts of the stable layer at a 
height of ~l:..·lD- 100 m above the surface. The 
heigh t ~1\10 - 100 m was sele:: ted because the 
mixed layer does not de\· lop up to this height 
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Fig. 7 Annua l variations of MMD. r at a height 

of MMD-100 m at sunrise, and s:; Hodt. Ob

served values are as follows: Symbol GY shows 
Garno and Yokoyama (1979); G, Garno et al. 

(1976) ; S, Sasano et al. (1983) ; H, Hanafusa 
et al. (1978) ; HF, Hanafusa and Fujitani 
(1979) . Suffixes r. :\I. and H show potential 
temperature gradient, MMD, and integrated 
surface heat flux, respective ly. 
1 cal / cm2 =4 .19 x 10-2 ~!]1m2 • 

at 8: 30 jST when rawinsonde measurement 
begins, the surface strong inversion layer does 
not reach th is height, and the maximum mix
ing depth becomes h igher than this height. 

Since Holzworth (1964) first obtained M\·!D 
from temperature profi les and f) max. many re
searchers have obtained MMD at many sites. 
In this paper, we use Bmax-2°C as the con
stant potential temperature f) a within the 

mixed layer. 
The maximum mixing depth .\IIMD at 

Tateno is about 1,500 m from late winter to 
early summer, 800 m in midsummer, a little 
higher in autumn, and lowest in winter (700 

m). 
As mentioned before, the lapse rate of the 

stable layer above the mixed layer r is lowest 
in the winter season (0.003 °C/ m), increases 
gradually in spring, is highest from july to 
September (0.005°C/ m), and decreases rapidly 

m autumn . 
The integrated surface sensible heat flux 
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.J:~ H0 dt is largest in the early spring (170 ly 

=7.1 Mj / m 2
), small in summer (70 ly=2.9 Mj / 

m 2
) , larger in autumn than in summer, and 

lowest in winter (50 ly= 2.1 Mj / m 2
) . 

As shown in (4), the maximum mixing 
depth MMD is determined by two parameters, 
r and H 0 • The integrated surface heat flux 
shows a relatively wide range with values 
ranging from 50 to 170 ly. On the other hand, 
r changes from 0.003 to 0.005°C/ rn. There
fore, in this study the value of Ho plays more 
important role in determing ~·AMD than r. 

Results of observations are also plotted for 
comparison in Figure 7. Symbol GY represents 
the lapse rate r for March and August ob
tained by the airborne measurements over the 
northern surrounding area of Tokyo (Garno 
and Yokoyama, 1979). The values of r in this 
study agree very well with observed ones. 

Observed results of the sensible heat flux 
J-10 around Tsukuba were obtained by the eddy 
correlation method. Hanafusa and Fujitani 
(1979) (Symbol HF in Fig. 7 ) observed 100 cal / 
em~ in February, and Hanafusa et al. (1 978) 
(Symbol H) measured 60cal/cm 2 in july. These 
results are read roughly from the graph of 
the daily variations of H 0 from sunrise to 
about 14 jST. These observational results 
have the same tendency of the Ho \·ariation 

shown in Fig. 7. 
Finally, symbol G shows the .\tl~ID obtained 

by the airborne measurements over the Kanto 
Plain (Garno et al. , 1976). Symbol S shows 
\{\!D obtained by laser observations at Tateno 
at about 14 JST by Sasano et al . (1.983). The 
values of :..1.\lD in this s tu dy are sl ight ly 
lower than those for A.ug ust. For the ic!eal 
temperature jump mode l, if we assume th e 
generally ac:::epted entrainJ"Tlent parameter .-1 
(=- H d H a) to be 0.2, [v!\10 by aerolog ical 

data becomes about 1.2 times larger than that 
in Fig. 7 (see Garno et af. , 1983) , and cor
responds with ob~ervations. Anyway, the 
\I:..IO in Fig. 7 shows \I\!D when the mixed 
layer develops onl y by the surface sensib le 
heat flux J-10 • The annual variation of the 
:..I\10 at Tateno were obtained by Sugi ura 
(1 972) and Hanafusa (1 979). These r esults, 
excluding rain y or cloudy days, are h igher 

than the results in Fig. 7 by 200- 300 m 
throughout the year probably because Sugiura 
and Hanafusa used f) max as f) a· 

Observed values of the mixed layer struc
ture obtained by the refined direct method 
above Tateno or the Kanto Plain correspond 
comparatively well with annual variations of 
the mixed layer parameters, although the 
number of observations is small. It seems 
that our results represent the seasonal change 
of the mixed layer structure over the Kanto 
Plain. 

Reasons for the annual change of maximum 
mixed layer height MMD in the march of the 
seasons were investigated. The mixed layer 
did not develop very high in midsummer be
cause the surface heat flux Ho was small and 
the lapse rate of the stable layer aloft r \\·as 
large. Conversely, M.\t!D was highest from 
late winter to early spring in spite of t l:e 
strong surface inversion because of a large 
J-10 and small r. M.\I!D in the autumn w as 
not very high compared with the spring t e
cause H 0 was small and r was not very sma ll. 
tvli'v!D in winter was almost the same as tha t 
in midsummer tecause both values of r and 
J-10 were small. We will ~ee why H 0 shO\\"S 
the seasonal change in the next sec tion , con
s idering the heat balance of the mixed layer. 

JO 

75 

I : 

~15 
I :' 

M A 1 J J 
m on 1 h 

TATE NO 
1967-1981 

I 

Fig . 8 :\ nnual \':1;-iations of Umax· (II • '/min· po
tential tempe rature at a heigh of 700 m, ·-u7 . 
and s ur face pressu re P 0 fo r days when the 
mixed laye r s are developed. _ .... 



68 Journal of the Meteorological Society of Japan Vol. 63, No. 1 

Figure 8 shows annual variations of mete
orological elements Bmax. Bmin. diurnal range 
ilf), surface pressure P0 , and potential tem
perature B1oo at 700 m above the surface. The 
present data were obtained from the averages 
for fair weather days with a well developed 
mixed layer over a fifteen year period. In 
many previous researches, however, selection 
of fair weather days was not conducted, and 
various weather conditions were included in 
the analyzed data. Diurnal range i1 f) was 
about 1s·c from winter to spring, and small 
from June to September (10.C), iJf) in autumn 
is smaller than that in spring. From equation 
4, if surface heat flux H 0 is constant through
out the seasons, as r increases, iJf) becomes 
larger. However, this tendency is not ap
parent in Fig. 8 which shows Ho varies re
latively widely in season. 

6. Heat balance of the mixed layer at 
Tateno 

The downward flux of short-wave radiation 
and all-wave net radiation data observed by 
the Aerological Observatory at Tateno were 
analyzed to obtain the annual variation of the 
mixed layer structure from the viewpoint of 
the heat balance. Routine measurements of 
the net radiation have been made since 1977 
and in this report we analyzed the data for 
days when the weather was fair and the 
mixed layers were well developed from 1977 
to 1981. The instrumentation is shown m 
Fujimoto (1974). 

The diurnal variations in the insolation at 
the top of atmosphere Q, downward flux of 
short-wave radiation (including direct scattered 
radiation) I , and net radiation R are shown 
in Fig. 9. In calculating insolation Q, we 
used the solar constant of 1. 97 ly / min (1376 
W / m2

). In general, the seasonal change of 
the insolation at the top of atmosphere Q is 

similar to the sinusoidal curved line where the 
peak value appears in June. The downward 
flux of short-wa e radiation has a flat peak 
from . pril to September. This is probably 
due to the large amount of \\·ater vapor and 
dust in the atmosphere from late spring to 
early autumn. On the other hand, the seasonal 
change in net radiation budget is very similar 
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Fig. 9 Annual variations of the insolation at the 
top of atmosphere Q (top), the downward flux 
of short-wave radiation I (m iddle) , and the 
net radiation R (bottom) for days when the 
mixed layers are developed. Data were ob
tained at the Tateno Aerological Observatory. 
lly = 4.19 x lQ-2 ~!1 / mz_ 

to that in Q. 
Annual variation of rates I / Q, R / I and 

R/ Q at each hour are shown in Fig. 10. All 
three rates are nearly constant from 9-14 ]ST. 

The annual tendency of I /Q is the same as 
that found by Fujimoto (1974). Rate I I Q is 
0.63 from june to August and 0.68 for other 
months. The annual variation of R/ I ranges 
from 0.67 in july and August, to 0.41-0.-!6 
from December to Yfarch. The \ alue of the 
rate R/ Q ranges from 0.25 in December to 

0.43 from summer to early autumn. 
Figure 11 shows the rates of integrated 
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Fig. 10 Annual variations of ratios of the radia
tion budget components: I j Q (top), R! I 
(middle), and R/Q (bottom) at each hour in
terval at Tateno for days when the mixed 
layers are developed . 
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Fig. 11 Annual variations of ratios among XQ, 
XI and l 'R, integrated from sunrise to 13-14 

JST. 

values of Q, I and R from sunrise to 13- 14 
jST (mean values of the integral from sunrise 
to 13 JST and from sunrise to 14 ]ST). .A. 
detailed analysis shows that ratios between 

each int,egrated radiative component approaches 
a constant value at 11 JST and after that 
time the rate of growth becomes very slow. 
These rates have the same tendency as those 
in Fig. 10. This means that the contribution 
of radiation to the integrals of radiation in 
the early morning is negligible, compared to 

those near midday. 
According to Budyko (1971), the heat trans

fer in a soil G is negligible when the annual 
range of air temperature near the ground is 
smaller than 10- 1s·c. As shown in Fig. 8, 
the annual range of air temperature is below 
1s·c at Tateno. Also, G is not large in mid
latitude district$ as shown in Fig. 13. There
fore, hereafter assuming G is negligible, and 
that all net radiation is consumed by turbulent 
sensible and latent heat flux, we will see the 
seasonal change of the heat budget at Tateno. 

Annual variations of the insolation just 
outside the atmosphere }; Q, downward flux of 
shor;t-wave radiation }; I, and net radiation 
}; R at Tateno are shown in Fig. 12. Each 
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Fi g. 12 Annual variations of energy ba lance com 
pon ents integrated from t , to l a a t Tat eno : 
~.'Q , insolation at the top of atmosphere ; X I , 
downward flu x of short -wa ve rad ia t ion ; '5: R , 

net radiation; ~' H( = s:; Hodt ). surface sensi ble 

heat fl ux ; ~' LE (= l'R - ~' 11 ) , surface la ten t 
heat fl ux. 
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radiation component has integrated values from 
sunrise to ta at which the temperature near 
the surface attains the maximum value Bmax· 

Integrated sensible heat flux r: H0 dt (referred 

to as I H) and integrated latent heat flux ob
tained by subtracting the sensible heat flux 
from the net radiation, I LE (=I R-IH), 
are shown in the same figure. 

The seasonal changes of IQ and I I have 
a peak value in May be::ause the time t a in 
June and July is earlier than in May by more 
than 30 minutes. As mentioned before, the 
annual variation of the sensible heat flux I H 
has double maxima and minima. The principal 
maximum occurs in spring and the secondary 
maximum in autumn, the principal minimum 
appears in early winter, and secondary mini
mum in midsummer. Latent heat flux 2: LE 
has one maximum in midsummer. 

On fair summer days, · the latent heat flux 
I: LE takes on a large value, probably due to 
high temperatures, a large amount of evapo
transpiration because the surface is covered 
with thick vegetation and abundant water 
vapor. The small air temperature difference 
between the surface and adjacent atmosphere 
also decrease the sensible heat flux in summer. 
Latent heat flux which does not contribute to 
the developing mixed layer is large in summer. 
Conversely, condensation levels become low. 
After the mixed layer becomes higher than 
the condensation level, fair weather cumulus 
clouds appear which decrease insolation and 
also stop development of the mixed layer. 

From late winter to earl y spring the amount 
of precipitation is small, so the earth's surface 
is dry in the Pacific Ocean side districts of 
japan. vVater vapor amount is small due to 
low air temperatures and a nearly bare soil 
surface. The intensity of solar heating is 
similar to summer (the angle of the sun is the 
arne in pril and August). As a result, 

almost all net radiation seems to be converted 
into sensible heat ftux. 

In autumn, the amount of e apotranspira
tion decreases, but vegetation is much thicker 
than in spring. !though the solar heating 
intensity is much weaker than in spring, the 
air temperature near the urface is much 

higher than in spring (temperature at the· 
autumnal equinox is more than 1o·c higher 
than that at the vernal equinox). Therefore,. 
the value of I H is much smaller than in spring. 

In winter, insolation is the weakest, and. 
sensible heat flux I H is the smallest. How
ever, the amount of I H is similar to that in 
summer because almost all net radiation is. 
converted into sensible heat flux. 

The observed examples of the annual heat 
balance variation over land and rice paddy 
fields were examined. Figure 13-a, b, c, d 
shows monthly means of the heat balance 
components over short grass in the mid 
latitudes, listed from south to north latitudes. 
Figure 13-a was observed at West Palm Beach, 
Florida, USA (Sellers, 1965), Fig. 13-b was. 
observed at Madison, Wisconsin, USA (Sellers, 
1965), Fig. 13-c was observed by Frankenber
ger (1960) near Hanburg, Germany, and Fig. 
13-d was observed· by Aslyng (1960) near 
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Fig. 13 Annual variations of the components of 
the surface energy balance over grass and 
paddy fields: a. West Palm Beach, Florida, 
USA (26.7.N) ; b, Madison , Wisconsin, USA 
(43.1 °0! ) ; c, Hamburg, Germany (53.5.N) ; d, 
Copenhagen, Denmark (55.7• ) ; e, Mito 
(36.4.:'\) ; f , Kumagaya (36.2• , ) . R denotes 
the net radiation , H the sensible turbulent heat 
flux , LE the latent turbulent heat flux, C the 
transfer of heat through the ground. Data 
are dai ly to ta ls. (1 ly / da y =4. 19 x 10 · 2 MJ ( 
(m 2 da y)) . 
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Copenhagen, Denmark. Figures 13-e and 13-f 
show the heat balance over the shallow water 
of the paddy fields without rice plants esti
mated by Uchijima (1969) at Mito (60 km 
northeast of Tateno) and Kumagaya (80 km 
west of Tateno), respectively. The above 
results were estimated by the aerodynamic 

method. 
Annual \·ariation of heat balance at Wis

consin as shown in Figure 13-b, whose latitude 
is nearly the same as that at Tateno, has a 
similar heat balance variation as that at Ta
teno. Sensible heat flux H at Mito and Ku
magaya whose positions are near Tateno is 
lo·wer than that at Tateno probably due to the 
fact that data at Mito and Kumagaya were 
collected over paddy fields and all weather 
conditions were included. However, the 
tendency of the annual variation of H is 

similar to Tateno. 
The rate 2: HI 2: R is larger in our research 

than in other examples shown in Figure 13 
probably because this research selected only 

fine weather. 
Figure 14 shows the seasonal change of 

rates between integrated XQ , XI and XR 
from sunrise to ta, and a Bowen ratio B(XHI 
~ LE ). Approximately 30 % and 10% of the 
insolation at the top of atmosphere Q is con
\·erted into sensible heat flux H, in ~/larch and 
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Fig . 1-! An nua l va r iat ions of the Bowen rati o B ( = 
~.' H/ ~.' LE ) and ratios bet w ee n H( = s:~ ffud t) . 

.:..'Q, _! and .:..·R. \ 'alues .:..·o, ~: 1 and ~: R 
are in teg rated ,·alues f rom tt (sunrise) to la 

(time ''" hen the maximum su r face tempera ure 

occurs) . 

August, resr;ectively. Garno and Yokoyama 
(1979) estimated HI Q = 0. 2 by comparison of 
the mixed layer theory and observed turbulence 
values. While 50 % and 20 % of the downward 
flux of short-wave radiation I is replaced in 
the convective (sensible heat flux in March 
and August, respectively, the Bowen ratio B 
becomes unity in May and ovember. The 
lowest value of B is 0.4 in July. 

7. Annual variation of turbulent structure 
in the mixed layer 

We can estimate the turbulent velocity scale 
W * in the free convection if we have a re
presentative value of the sensible heat flu x: 
H

0
• We can calculate the value of Ho a t the 

time ta , Ha, in the manner described be low. 
Let us assume that the diurnal change of the 
sensible heat flux Ho is represented with a 
sine curve as shown in Fig. 15 as a very 
rough approximation and Ho takes a zero value 
at sunrise ti and sunset t 5 • As the values of 
the integral Ho from t i to ta and the times 
t a and ts are known , the value of H at t= l a. 
Ha , is obtained by the followin g simple cal
culation. Surface sensible heat flu x H ,>(s) in 
time s is calculated by 

\' a H
0
dt X 10 1 

H (s)_ J ,i _____ __ ~ 
0 

- (1- cos M ) (t,- t l) 

1 
·sin s . 

60 

~
ta 

where units are H0 [ cal l(m2 s)], s[ rad ], Hodt 
t , 

[ cal l cm2 ], (t 3 - tJ[min ]. \I is time ta described 
by a radian . The va lue of !1 ,1 is estimated 
by replacing s with .\/ in the above eq ua t io n. 
A free convecti\·e turbu lent sca le W *a (W,. at 
t n) is est imated f rom max imum mix in g depth 

t:::..::::.::::.::::L<:::L<:::£.L.:.<::..<::---;-~s li ME 

;u2 s ! ad] 

Fig. l5 Schematic figu re representing the manner 
ho,,.: to estimate the hour ly va r iation of the 
sensible heat flux fl u from the integrated~one 

(J:': l/ 0dt). Ha is heat flux at time la. 
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MMD and Ha from W*=( p~oP g;om Y'3, 

where g is the gravity acceleration. T 0 is 
the mean temperature (K) within the mixed 
layer. According to Yokoyama et . al. (1979), 
the standard deviation of the vertical velocity 
fluctuations a w at a height ·z is described as 
follows: 

( 
z )1/3( z )1 /3 

aw = Cw}V* -
1
- 1- -h- , 
1m m 

( 5 ) 

where Cw is the universal constant 0. 75 (Garno 
et al ., 1983). From equation (5) a w reaches a 
maximum at a height of hm / 2. Therefore, 
U w at a height of MMD/ 2; awa is as follows: 

Figure 16 shows the annual variations of 
vV *a and a w a· Since the meridian time Ho is 
a little higher than Ha, and the mixing depth 
is a little lower than MMD, a w a has a similar 
maximum value of a w from around 10 to 14 
JST. For comparison, a w selected by Yoko
yama et al . (1979) from airborne measurements 
by Garno et ·a( (1976), are shown in Figure 16. 
Roughly speaking, data in March and August 
correspond with the annual variations of a w a· 

The eddy diffusivity K m according to Yo
koyama and Yoshikado (1977), is described as 
follows: 
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Fig. 17 Annual variations of the eddy diffusivit y 
Km at time ta: 1, Km at a height of 0.8 MMD 
where Km has a peak value; 2, Km at a 
height of 150m; F, thermal diffusivity after 
Fig. 5 of Fujitani (1983). 

( 6 ) 

where Ckm is the universal constant 0.034 
from Garno et al. (1983). The eddy diffusivity 
Km has a peak value at z=0.8hm. Line No. 1 
of Fig. 17 shows the annual variation of K m 

at time t a at a height of 0.8 MMD. Line No. 
2 of Fig. 17 shows Km at a height of 150m 
at time t a· The tendencies and values of 
annual variations of Km at 150m are nearly 
the same as the thermal diffusivity between 
100- 200 m obtained by the Meteorological Ob
servation Tower at Tateno (Fujitani, 1983). 

8. Conclusions 

Annual variations of maximum m1xmg 
depth .\t! MD, sensible heat flux H 0 , lapse rate 
of the upper stable layer above the mixed 
layer 7, heat balance, and turbulence quantities 
were obtained. Fair weather days with light 
winds were selected as the days when mixed 
layers were well developed. The mixed layer 
structure was estimated from the morning 
aerolog ical data, the daily minimum tempera
ture (}min . and maximum e max gained by the 
routine measurements (profile-integrated meth
od) over a fi fteen year period from 1967 to 

1981. 

Here it is assumed tha t the fir st kink 
he igh t of the potentia l temperatu re pro fi le is 
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connected with the daily minimum temperature 
Bmin• and this line is assumed to be the profile 
of potential temperature in the lower layer at 
sunrise. We assume that this modified profile 
of the potential temperature is destroyed ~Y 
sunshine, and the mixed layer develops. 

In the analysis, the following two correc
tions were made. First, the lag of the radio
sonde thermometer was corrected. Second, 
the potential temperature e a in the mixed 
layer at a time when the air temperature be
comes Omax was assumed to be 2oC lower 

than Omax· 

The potential temperature gradient of the 
stable layer just above the mixed layer varies 
seasonally in the heights where the mixed 
layer develops. The value of 7 is small in 
winter, and large in summer, 7 at a height 
Df MMD-100 m is 0.003°C/ m in the winter 
season, 0. 005 under the influence of the Oga
sawara High, and 0.004 in the spring and 
autumn under the travelling anticyclones. The 
integrated surface sensible heat flux from 
sunrise to ta, when the temperature becomes 
e max. is large in spring (170 ly) and small in 
summer (70 ly). 

The rate of integral sensible heat flux Ho 
to the integrated insolation at the top of 
atmosphere is 30% in spring, and 10% in 
summer. The surface latent heat flux obtained 
assuming the net radiation to be completely 
converted into latent and sensible heat flux 
is large in midsummer and low in winter. 
The surface sensible heat flux is large in 
spring due to low temperatures, a small 
amount of evapotranspiration, and aridity. 
On the other hand , in midsummer sensible 
heat flux is small due to moist air, high tem
peratures, and a large amount of evapotrans
piration. That is, a great deal of net radia
tion is consumed in evaporation. Standard 
deviation of vertical velocity fluctuation and 
eddy diffusivity are large in spring, and small 
in midsummer. These results correspond with 
the airborne measurements. 

Annual variations of the mi xed layer struc
ture estimated by the profile-integrated method 
agree reasonabl y well with observations. The 
profil e-in tegrated method has been proven to 

be useful for analys is of the mixed laye r struc-

ture as a firs t order estimation. 
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Abstract 

Hourly and annual variations of the mixed layer characteristics were obtained by coupling the 
temperature profile of routine aerological data to near-surface hourly temperature and dew-point 
temperature, using a practically modified enchroachment mixed-layer model. Net radiation changes 
sign from minus to plus one or two hours after sunrise. This time is regarded as the effective sunrise 
when the mixed layer starts to develop . In most months , the mixed layer develops slowly at the 
beginning and then increases linearly till around noon. The Bowen ratio is unity during daytime in 
May. A large proportion of the net radiation is consumed by the surface latent heat flux during the 
summer season. During the winter season, the surface latent heat flux is larger than the s urface sensible 
heat flux in the morning, but decreases around noon. The convective velocity scale W *increases 
parabolically, and continues to increase up to early afternoon all the year. 

Relative humidity has a peak value at the effective sunrise. On the other hand , specific humidity 
has a peak one or two hours after the effective sunrise, and after the peak it decreases gradually till 
14h-15h local time due to development of the mixed layer. The diurnal patterns of the specific 
humidity are similar during each month, but decrease rate of the specific humidity in the daytime 
from July to September is small. By considering the water vapor budget in the mixed layer , the 
specific humidity profile in the upper stable layer at the effective sunrise. estimated. 

691 

1. Introduction 

Daily variations of the mixed layer structure 
are important for air quality, pollutant disper
sion, prediction of the temperature and humidity 
regimes of the small scale meteorological 
phenomena, etc. According to the mixed-layer 
theory, the mixed layer develops, entraining the 
upper stable layer which generally exists above 
the mixed layer. The potential temperature is 
assumed to be uniform throughout the mixed
layer because of the vertical mixing by free 
convection. Thus, in the mixed-layer model, 
particularly in the encroachment model (e.g., 
Garno and Yokoyama, 1979), the development 
of the mixed-layer and the increase of the 
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potential temperature are simply described by 
the surface sensible heat flux H, and the lapse 
rate of the upper stable layer r. The structure of 
the mixed-layer excluding about 10% of both 
upper and lower layers is explained by an 
encroachment model (Garno et al., 1983). 
Assuming the temperature profile of the upper 
stable layer, Bu. does not change during the 
daytime, the hourly change of the mixed-layer 
characteristics is obtained by combining the early 
morning aerolog\cal data with hourly surface 
temperature data. Hourly changes of the mixed
layer height h, surface sensible heat flux H, 
potential temperature through the mixed-layer, 
f), convective velocity scale W * etc., are ob
tained. Garno (1985) describes the representative 
values of the mixed-layer structure, such as 
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highest value of the mixed-layer hmax (that is, 
maximum mixing depth), and surface sensible 
heat flux integrated from sunrise to a time when 
the daily maximum temperature occurs. In this 
paper, we investigate the hourly change of the 
mixed-layer structure, including daily variability 
of energy budget parameters which are the major 
factors causing climatic differences of the mixed
layer characteristics. 

We also consider the behavior of the water 
vapor in the mixed layer. Water vapor is thought 
of as a passive scalar quantity. However, the 
formation and development of convective 
cumulus clouds are controlled strongly by the 
water vapor content. For air pollution problems, 
the moisture characteristics are important be
cause the water vapor is related to air pollution 
reactions. If a large amount of net radiation is 
converted into latent heat flux, it becomes 
inappropriate to use insolation as the parameter 
of the intensity of turbulence, such as in the 
Pasquill-Gifford stability categories. This paper 
discusses the diurnal course of the water vapor in 
the mixed layer, and estimates the diurnal change 
of the condensation level. In addition, taking 
into consideration the water vapor supply due to 
evaporation from the earth, and the supply due 
to vertical entrainment from above the mixed
layer height, the initial specific humidity profile 
in the early morning is evaluated. 

2. Encroachment model of the mixed-layer 

( 1) Model for the potential temperature profile 

In the present encroachment model, it is 
assumed that the vertical profile of the potential 
temperature in the stable layer over the mixed
layer does not change with time and the vertical 
gradient of the potential temperature, d () 1 d z is 
zero in the mixed-layer. Basic equations of the 
mixed-layer are written as 

h 
d() _ H d() _ dh - ---- rd t - pC p ' d t - d t ' ( 1 ) 

where () i the potential temperature, h the 
depth of the mixed-layer, and t the time. A 
scheme for e timating the hourly chanes of the 
mixed-layer height h, and surface sensible heat 
flux H from around sunrise to the time when the 

daily temperature in the low-level atmosphere 
reaches its peak value is shown in Fig. I. The 
mixed-layer is assumed to be instantaneously 
mixed. A rawinsonde is launched at 08:30JST 
every morning at Tateno Aerological Obser
vatory. Therefore, the potential temperature 
profile around sunrise is unknown. As shown in 
Fig. 1, we connected the point of daily minimum 
temperature near the surface, ()min with the 
lowest kink of the potential temperature profile 
at 08:30JST by a straight line. The vertical 
profile made by the above-mentioned method is 
assumed to be the potential temperature profile 
at t 1, the time when the mixed-layer starts to 
develop (hereafter referred to as effective sun
rise), and is represented by ()u (z). The potential 
temperature profile above the first kink height is 
assumed to be the same as the effective sunrise. 
Here, we assume the minimum temperature 
()min occurs at one or two hours after sunrise. 
This is because, as shown in, for example, 

Bu(Z) 
z 

! { Hd t/pcp 
: tn -t 

......._) 

2°C: 

Fig. 1. The relationship between potential temperature 
in the mixed-layer 8, mixed-layer height h, and lapse 
rate T· t n denotes the n hrs from the effective 
sunrise t I· The hatched area shows the surface heat 
flux supplied into the mixed layer in the time 
interval between ( n - l and ( n. 8 min is the tem
perature at t I· (8 :30) means the time when the 
rawinsonde is launched. T max, and 8max are daily 
ma,'<imum values of low-level temperature, and 
potential temperature throughout the mixed layer. 
hrnax is the maximum mixing depth. 
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Hanafusa (1984), and Kondo and Haginoya 
(1985), surface sensible heat flux and net radia
tion do not change sign from negative to positive 
at sunrise, but one or two hours after sunrise. 
Furthermore, sensible heat flux responds almost 
immediately to changes of the net radiation at 
the surface (e.g. Yap and Oke, 1974). The delay 
times between sunrise and the time when net 
radiation becomes positive vary seasonally. From 
the net radiation data, the delay time is assumed 
to be one hour from May to September, and two 
hours from October to April. 

Next, the potential temperature in the mixed
layer after 1 Oh is assumed to be lower than the 
routinely observed temperature near the surface 
T( 0 C) by 2°C. For the timet n (hr) between the 
effective sunrise t 1 ( h r) to 1 Oh, the potential 
temperature in the mixed layer is assumed to be 

T-2 oC t n- ti 
10-tl' 

( 2) 

where t n means n hours from the effective 
sunrise time t 1 (t n = nhours+ t 1 ). The above 
correction seems to be related to the fact that 
the upward decrease rate of temperature in the 
low-level atmosphere becomes larger with time 
from around sunrise to 1 Oh. These tendencies are 
seen in Rayment and Reading (1974). This 
correction also prevents the discontinuity of 
temperature at the effective sunrise. A bimetal 
thermometer with a large time lag of about 12 
seconds is attached to the rawinsonde. Thus it is 
assumed that rawinsonde temperature data 
equals the temperature at a height of 100 meters 
below a certain tabled altitude in the aerological 
data (in detail, see Garno, 1985). A distance lag 
of 25 meters is assumed from March, 1981, 
because a bimetal thermometer with a shorter 
time lag of about 3-4 seconds was used from that 
time. 

(2) Sensible and latent fluxes 
As shown in Fig. 1, the area enclosed by the 

potential temperature profile, ().u (z)' () (t n-1 )' 

and () (t n) (routinely measured temperature at 
time ln- 1 and ln, respectively), which is shown in 

\tn 
the hatched area, equals Jtn_

1

{H(t)/(pCp)}dt, 

the integrated surface heat flux divided by pC 11 

from time t n _ 1 to time t n . Here p is the air 
density (1.226 kgm-3 at l5 °C) , and C 11 the 
specific heat of air (1.005xl0 3 Jkg- 1 K-1 

). 

The surface latent heat flux ).E is as umed to 
be obtained by subtracting H from the net 
radiation R. That is, the value of the heat 
transfer in a soil, G is assumed to be very small in 
the following surface energy balance equation: 

R = H+ J.E + G ( 3) 

where ). is the latent heat of vaporization of 
water (2.466xl06 Jkg-1 

). Since it is difficult to 
flx a value of G, G is tentatively assumed to be 
negligibly small in this study<"'). Making use of 
Fig. 1 and the equation (3) , hourly values of 
mixed-layer height h, hourly integrated values of 
Hand ).£are obtained. 

( 3) Diurnal variation of specific humidity and 
trial estimation of the vertical profile of 

specific humidity at the effective sunrise 
The specific humidity of overlying air just 

above the surface has a peak value at noon (e.g. 
Geiger, 1959). While the observed q behaves as at 
a high altitude, that is, q has a peak value in early 
morning and after that decreases gradually, here 
it is assumed that the specific humidity q 
calculated by routinely measured temperature 
and dew-point temperature is the specific 
humidity in the mixed-layer. 

We present a model estimating the specific 
humidity profile in the upper stable layer at the 
effective sunrise, taking into consideration the 
budget of the water vapor in the mixed layer. 
That is, the diurnal variation of the moisture 

(*)The value of G is a main term in the energy budget at 
wet surfaces such as irrigated fields (Gadda and Keers, 
1970), or at dry surfaces such as deserts (l ·uchs and 
Hadas, 1972), or above bare soil (Leuning eta/. , 1982), 
or above urban areas (Oke, 1982) . While there are many 
studies whose results show G is small, for example, 
about 5 % of R above the usual surfaces , such as 
vegetation fields, and forests in the mid-latitude , 
according to Sugita (1984 ), G is small with G/R=2% 
above the forest canopy in Tsukuba during the summer 
season. Land use near the Tateno Observatory was 
shared by the forest (19%), grass (18%), bare soil (35 %) 
in October (Kawashima, 1986). 
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content in the mixed-layer is assumed to be 
determined both by the addition of water vapor 
from the surface and by vertical convective 
mixing. The specific humidity q is assumed to be 
constant within the mixed-layer in this model. As 
shown in Fig. 2, we consider a slab of air 
including the mixed layer and the upper stable 
layer above a unit area (1m2

). Water vapor is 
supplied into the mixed layer by the evaporation 
and evapotranspiration from the surface, and at 
the same time by entrainment at the top of the 
mixed-layer from the upper stable layer. If the 
specific humidity in the upper stable layer is qu 1t 

and the mixed-layer increases from h 1 to h2 t and 

h --- --------

qll2 
h2------

F4! . 2 . Schema tic figure representing the manner of 
e timating the pecific humidity of the upper stable 
layer q,.l '"'-' q., 2: q, the specific humidity near the 
urface : h. the mixed la yer height : Suffixes 1. 2, and 

3 denote hours from the effective unrise tIt or from 
any time after t t· q ~ , the pecific humidity at time 
l w when there i no urface la tent hea t flux in the 
time interval between t 1 and tz. q ~. the specific 
humidity at time t, when ther e i no urface latent 
heat flu, in the time interval between t 2 and t 3 • The 
meshed area hows the water vapor upplied from 
the surface to the mi .,ed la yer by the eva poration at 
the urface. 

the specific humidity (gkg-1
) becomes from q 1 to 

qz in a 1-hour interval, the following expression 
is derived: 

( 4) 

where q~ is the specific humidity in the case 
where there is no surface latent heat flux, and is 
estimated by 

where J..£1 (Wm-2
) is the surface latent heat flux 

obtained by 

( 6) 

Here, \ tz Rd t is the integrated net radiation in a J tl 

1-hour interval from t 1 and t z. Thus, q ul is 
derived by the equations ( 4)-(6), because h 1 , /7 2 , 

and J..E 1 are estimated by the method men
tioned before, and q1, and q2 are known data 
values. Next, if the specific humidity above the 
layer where the specific humidity is q ul is q uz, 

as shown in Fig. 2, we have equations (4)-(6) 
where suffixes "1 ", and "2" are replaced by "2 ", 
and "3", respectively. By connecting q ul with 
q uz, we get the initial specific humidity profile 
at time t 1 which is eroded by free convection in 
the 2-hour interval between t 1 and t 3 • 

In general, if the condition of the mixed-layer 
at n hours from the effective sunrise t I, or any 
time after t 1 , is expressed using the subscript n, 
the specific humidity of the upper stable layer 
entrained between n hrs and n+ 1 hrs is expressed 
as follows: 

( 7) 

1 _ - (1000. ln +l - f n )( J..E n ) 
qn+l- q n+l ). -

11
- , 

p n 
( 8) 

where subscript 'n+l' denotes the value at n+l 
hours after the effective sunrise t I. Using the 
continuous set of the above equations obtained 
at every hour , the specific humidity profile at the 
effective sunrise (qu 1, qu 2, ···, qu n ) can be 
evaluated. 
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( 4) Condensation level 
Fair weather cumulus whose scale is small, 

and whose life time is short, seems to appear 
when thermal plumes from the surface penetrate 
into the upper stable layer and move up higher 
than the lifting condensation level he. The value 
of he is derived by 

( 9) 

where r is the dew-point temperature, r d the 
dry adiabatic lapse rate (0.00976 °Cm-1 

), and rr 
the dew-point temperature lapse rate. SuffiX 's' 

denotes the value in the low-level atmosphere of 
the temperature and the dew-point temperature. 
Since rr is 0.00172 Ccm-1

) at 0°C, 0.00184 
at 15°C, 0.00196 at 30°C, 

he= (124.4, 126.2, 128.2)(Ts- 'rs), 

(0, 15 , 30°C). (10) 

3. Data 

An analysis was made for the five years from 
1977 to 1981 at Tsukuba Science Clay (from the 
view point of surface characteristics, Tsukuba 
rural site). Usual data were measured at the 
Tateno Aerological Observatory located in the 
central section of the Tsukuba Science City. 
Principal site characteristics are given in Garno 
(1985). 

The fair-weather days with light winds, when 
the mixed layer was probably well developed, 
were selected from the routine observations at 
Tateno Aerological Observatory under the 
following three conditions. First, the duration of 
sunshine was longer than 7 5% of the maximum 
in the month. Second, the daily mean wind 
velocity was less than 3 ms-1

. Third, there was no 
daily precipitation. 

Vertical profiles of temperature and relative 
humidity were obtained from the rawinsonde 
launched at 08:30 Japan Standard Time (JST). 
Temperature and dew-point temperature at a 
height of 1.5 m were measured by aPt resistance 
bulb and lithium-chloride dew-point cell, 
respectively. Values of temperature and dew
point temperature were read from the chart 
recorder trace on every hour. Net radiation was 
calculated as the difference between upward and 

downward radiation (short wave and long wave 
radiation). 

To know the hourly change of the wind 
speed, wind direction, and insolation duration, 
we used the AMeDAS (Automated Meteorologi
cal Data Aquisition System) at Shimotsuma 
which is located 15 km north-west of Tateno. 
AMeDAS data were used for the four years from 
1978 to 1981 , because AMeDAS data only 
became available from 1978 . Units of wind 
direction, and wind speed of AMeDAS are 16 
directions and (ms-1 

), respectively. Sunshine 
duration indicates the cloud-free time interval 
duration. The value is a unity when the insola
tion exceeds 210 wm-2 throughout the hour. 

4. Results 

We selected as the mixed-layer days the days 
when sunshine duration was over 75% of each 
month. However, on more cloudy days, a mixed 
layer also develops. Thus it seems that a typical 
mixed layer developed for the selected days in 
this paper. The number of fair-weather days for 
each month over the five years from 1977 to 
1981 is shown below: 

JAN FEB MAR APR MAY JUN JUL 
44 37 33 35 26 17 19 

AUG SEPT OCT NOV DEC 
16 11 33 35 51 

First, we will examine the daily patterns of 
general meteorological features, that is, wind 
speed V , wind direction D, and sunshine duration 
S, as the relevant meteorological conditions 
above the Tsukuba area (see Fig. 3). Monthly 
means of diurnal patterns of V, D and S are 
obtained from AMeDAS data at Shimotsuma. 

( 1) Wind speed, wind direction, and sunshine 

duration 
Wind speed V becomes greater as the mixed 

layer develops. As is well known, this is because, 
as the mixed-layer develops, it pulls down the 
momentum flux of the upper stable layer where 
the wind is stronger than in the low-level 
atmosphere, and the wind speed becomes uni
form in the mixed-layer. From December to 
March, V becomes a maximum near the time 
when the mixed-layer becomes highest. For other 
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Fig. 3 . Diurnal variation of the meteorological elements and the daytime trend of the mixed-layer characteristics 
for every month , averaged over five years from 1977 to 1981: V(ms-1 ) , wind speed (AMeDAS) ; D, wind 
direction (AMeDAS) ; S, duration of sunshine (AMeDAS) ; q(gkg- 1 ), specific humidity ; f(%), relative humidity ; 
T(°C) , temperature ; R(Wm-2 ) , net radiation ; H(Wm-2 ) , surface sensible heat flux ; ).£ (Wm-2 ) , surface latent heat 
flux; h(m) , mi xed layer height ; he (m) , lifting condensation level; W*(ms-1 ) , convective velocity scale . The two 
vertical lines in each month show the sunrise and sunse t. 

months , the time when the wind speed becomes 
greatest is about two hours after the temperature 
reaches a maximum, probably because the sea 
breeze starts to blow . 

Next , wind direction D is westerly during 
daytime in January and February. In other 
months , the we terly wind turns to southerly 
during daylight hours , or a southerly wind blows 
throughout the day . The time (hr) when wind 
direction becomes southerly is as follows : 

MAR APR MAY JUN JUL AUG SEPT 
15 16 12 9 14* 12 9 

OCT NOV DEC 
11 15 15 (hr) 

Except from May through October, the 
southerly wind starts to blow after the mixed 
layer reaches its maximum. 

Since the weather is presumably perfectly 
clear when the sunshine duration S is 1.0, the 

(* )In July the southerly wind blows through the day. 
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variation of Sin Fig. 3 shows that high insolation 
days are selected as the days when the typical 

mixed layers develop. 

(2) Temperature 
The monthly mean of the diurnal course of 

the temperature T averaged for five years 
(1977-1981) is also shown in Fig. 3. The diurnal 
cycle of temperature T exhibits a characteristic 
wave pattern. That is, the minimum temperature 
appears about 1 hour after sunrise , and the 
maximum appears in early mid-afternoon. In 
summer, the temperature increases even after the 
wind direction becomes southerly. The 
temperature increases rather gradually in the 
mixed-layer developing hours , and after T be-
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comes maximum, the temperature decreases 
rather rapidly until sunset. Patterns of diurnal 
temperature in each month are similar to each 
other , but there is a seasonal variation in the 
absolute value, and the amplitude of diurnal 
wave. It is therefore meaningful to investigate the 
mixed-layer structure for each month. 

( 3) Humidity 
Through the year, the relative humidity f 

becomes highest 1 or 2 hours after sunrise, and 
after its peak f decreases around midday and 
increases gradually again from early evening to 
around sunrise . Morning peak values of f are 
75-90%. The peak time for f corresponds to the 
time when the mixed-layer starts to develop. The 
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m1mmum relative humidity around midday is 
25-30% from January to March, and 55-60% 
from July to September. 

Every month, the maximum specific humidity 
q is reached 2 or 3 hours after sunrise. This can 
be explained by the following factors . First, 
evaporation of dew, sublimation of frost, or 
evaporation of melted frost occurs. Second, 
evapotranspiration from soil and vegetation 
starts. Third, there is a possibility that the 
developing mixed layer entrains the upper stable 
layer where q is larger than in the low at
mosphere, as is shown later. The specific 
humidity q decreases monotonically from a 
morning maximum value to a minimum value in 
the late afternoon, mainly because the mixing 
space becomes wide as the mixed-layer develops. 
The same tendency of the daily changes in the 
moisture is seen in Sidrov et al. (1984 ). The 
maximum value of q changes from 3 gkg-1 in 
January and February to 15 gkg-1 in July and 
August. The diurnal patterns of q are similar 
during each month, but there is little drop-off in 
moisture from July to September, probably 
because the surface latent heat flux i.E is large 
during these months. 

(4) Mixed layer height 
Next, we will examine the daily pattern of the 

mixed-layer height h. In most months, the 
mixed-layer develops slowly in the early stages 
and after that h continues to increase linearly till 
around noon. Thereafter, the rate of growth of h 
becomes very low, and the mixed-layer becomes 
a maximum in the early afternoon. Especially 
from November to February, the speed of 
development of the mixed-layer is very slow in 
the early morning, probably because the surface 
stable layer is very strong. The maximum mixing 
depth hmax at Tateno is greatest in March 
(1 ,500m), rather low in mid-summer 
(700-800m), and lowest in December (600m). 
The value of hmax in this paper is a little lower 
than that given by Garno (1985), because the 
in tantaneous temperature is read on the hour is 
lower than the daily maximum temperature. 

( 5) Lzfting condensation level 
The pattern of the lifting condensation level 

he during the daytime is sinusoidal throughout 
the year. The difference between he and h is 
small near the effective sunrise, and after that 
becomes larger with time. The maximum lifting 
condensation level he is highest (2,000m) from 
January to April, whereas it is lowest (about 
1,200m) from July to September. In all months, 
h e is higher than the mixed-layer height h 
(around 400,.....,1,000m). Especially from October 
to February, he is about twice as large as h, so 
fair-weather cumulus clouds rarely appear. This is 
presumably because perfectly clear days were 
selected for this paper. 

( 6) Sensible and latent heat fluxes 
Next, we will discuss the daily pattern of 

energy fluxes at the surface. The surface sensible 

that flux H( t n-\n - t ~:: _ 1 H(t)dt) obtained 

by Fig. 1, the net radiation 

R( 1 \'n ) 
t n-tn - 1 J,n - iR(t)dt ' 

and the latent heat flux J-E, derived as the 
residual R-H, are also shown in Fig. 3. Net 
radiation R is represented with a sine curve 
reaching its maximum at mid-day throughout the 
year. As mentioned before, the net radiation 
becomes positive and starts to increase 1 or 2 
hours after sunrise. The diurnal change of energy 
fluxes varies seasonally. Hourly values of H and 
J..E are of almost the same magnitude in May. A 
large proportion of the net radiation is consumed 
in evaporation and evapotranspiration in the 
daytime during the summer season. These results 
are similar to those reported by other researchers 
mentioned below, althugh the sites are different. 
For example, Rayment and Readings (1974) 
observed H/ J..Erv0.5 in May using a method 
similar to the one in this paper. Otaki (1984) 
obtained HrvJ..E over a wheat field in May. Hicks 
and Wisely (1981) measured H/R=0.2 above 
vegetation in the midwestern United States 
during summer. Moores et al. (1979) obtained 
J..E / R'""'-'0.6 above a grass surface in August at 
Cardington, England. 

For the period from November to January, 
J..E increases rather rapidly compared with H in 
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the morning, and starts to decrease around noon, 
while H increases gradually up to mid-afternoon. 
This is probably because, after the evaporation of 
dew or sublimitation of frost in the morning, J..E 
decreases owing to a small amount of water 
content in the soil. A similar tendency was 
observed in winter at Tsukuba by Zhu and 
Yoshino (1986). Also, from February to April, 
J..E decreases around noon when H is the 
dominant term in the energy balance. 

As shown in Garno (1985), the surface 
sensible heat flux H shown in Fig. 3 is pre
dominant in February and March, while J..E is 
the dominant term in the energy balance during 
the summer months. Lee (1985) obtained a 
similar seasonal trend in energy balance terms at 
Tsukuba, using a sensible heat flux gained by the 
eddy correlation method. 

(7) Convective velocity scale 
Next, we will study the convective velocity 

( 
H gh )t /3 . 

scale W * defined as -c T , where g 1s 
p p 

gravity and T (K) is the mean temperature in the 
mixed layer, which is a sign of the strength of the 
mixed layer turbulence. As shown in Fig. 3, W * 
increases parabolically and continues to increase 
up to early afternoon all the year round. The 
maximum value of the daily maximum of W * 
appears in spring (in March, W * peaked at 2.2 
rns-1 ). W *has a relatively small value in summer 
(in July, 1.3 rns-1 ), as shown by Garno (1985). A 
similar tendency of seasonal influence on diurnal 
change of W *was observed at Tsukuba by Lee 

(1986). 

(8) Vertical profiles of specific humidity at the 
effective sunrise 

Fig. 4 shows the monthly means of the q 

profiles at the effective sunrise t 1 estimated by 
the equations (7) and (8), where the initial time 
n=O is the nearest hour from the effective 
sunrise. The specific humidity at the effective 
sunrise decreases a little in the winter, while q 

increases with height from April through October 
in the lower atmosphere layers, probably 
because moisture in the low-level atmosphere 
decreases due to dewfall during the evening and 

1500------------
Z(m) 3 

15 

Pig. 4 . Estimated monthly mean of the specific 
humidity profile estimated at the effective sunrise. 
The numbers on the profiles indicate the month. 

night. According to Fig. 3, the morning peak of 
the specific humidity appears 2 or 3 hours after 
sunrise, that is, 1 or 2 hours after the effective 
sunrise. As shown before, a reasonable explana
tion for this result is that the morning peak of 
the specific humidity can be attributed to en
trainment of air above, where the specific humi
dity is higher than near the surface . These results 
are similar to Moses et al. (1968), where the 
dew-point temperature increases with height 
(dew-point inversion) at about sunrise. The same 
pattern of the specific humidity profile was 
observed in the Wangara data (e.g. Manton, 
1978). It is apparent that more research is 
needed to confirm the specific humidity inver
sion, because it is not clear whether the water 
budget is closed in the early morning. 

A similar method is applied to atmospheric 
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pollutants in Garno (1986), and the vertical 
pollutant profiles were obtained from hourly 
mixed-layer height and hourly surface concentra
tion values. 

5. Conclusions 

Hourly and monthly variations of the mixed
layer characteristics, such as temperature, water 
vapor, energy budget, turbulence, mixed-layer 
height, lifting condensation level etc., were ob
tained. An analysis was made for fine days with 
weak wind during five years from 1977 to 1981 
at Tsukuba. 

The method is the extension of the method 
proposed by Garno (1985) , where the repre
sentative values of the mixed-layer, such as the 
maximum mixing depth, were obtained. 

Net radiation changes sign from negative to 
positive 1 or 2 hours after sunrise. Here, we 
analyze the data assuming that the mixed layer 
starts to develop at a time when the net radiation 
changes sign (effective sunrise). 

In most months, the mixed-layer develops 
slowly in the early morning due to the surface 
stable layer. After that time, the mixed-layer 
increases linearly till around noon. After noon , 
the rate of growth of h becomes very small, and 
mixed layer becomes a maximum in the early 
afternoon. 

Hourly values of the surface sensible and 
latent heat flux in May are of almost the same 
magnitude during the mixed-layer developing 
hours. A large proportion of the net radiation is 
consumed in evaporation and evapotranspiration 
during sununer season. In the winter season the 
urface latent heat flux increases rather rapidly in 

the morning, and starts to decrease around noon. 
This i probably because, after the evaporation of 
dew or the sublimation of frost in the morning, 
evaporation becomes small due to a small 
amount of water content in the soil. 

The convective velocity scale W * increases 
non-linearly with time, and continues to increase 
up to early afternoon throughout the year. 

The specific humidity peaked 2 to 3 hours 
after the effective sunrise. After peaking, the 
specific humidity decreases gradually until late 
afternoon . By taking into account the surface 
latent heat flux and entrainment at the top of 

the mixed layer, the specific humidity profiles at 
the effective sunrise can be roughly estimated. 
The results show that the highest values of 
maximum of the specific humidity 2 or 3 hours 
after sunrise is probably due to evaporation and 
entrainment of the upper stable layer. 

These results are similar to those by other 
researchers, although the sites are different. So 
the encroachment model which assumes that the 
heat and water budgets are closed in the 1-hour 
estimation interval seems to be confirmed to be 
useful. Making use of this method, climatological 
and diurnal features of the convective 
atmospheric boundary layer are able to be 
roughly but easily evaluated, since it requires 
routine standard data, or simply measured 
meteorological data. 
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