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Analysis of the Vertical Eddy Transport of Heat in the Atmospheric 

Boundary Layer for the Early Period of AMTEX' 74 

Suguru ISHIJIMA * 

Abstract 

Vertical eddy heat flux was evaluated for Feb. 16 through Feb. 19, 

1974 in a mesoscale square region taken near Motobu by the use of the heat 

budget equation. The vertical profiles of the obtained heat flux was discussed 

with reference to the cumulus convection activities manifested in the oc­

currences of macroscopic clouds or radar echoes and with comparison to 

the Nitta's result derived from the large scale analysis. 

1. Introduction 

Structure of vertical eddy transport of heat in the atmospheric boundary layer (used here 

as equivalent to planetary boundary layer or lower atmosphere) are investigated, for instance, 

by Lenshow (1970, 1973) with his aircraft measurement as well as by Nitta and Esbensen 

(1974) and Nitta (1975). The latter researchers derived the vertical heat flux as an unknown 

of the budget equation by.determining its all other terms over the main area of about 500x500 

km2 set up in the GATE or AMTEX area. 

Nitta's work (1975) contained some results which are not really warranted for as evidenc­

ed in the disagreements between the surface heat flux obtained in his work and that by 

Kondo (1975) with his aerodynamic bulk method for some cases of the early part of 

AMTEX' 74 period. Nitta attributed this discrepancy to the inadequacy of his kinematic 

analysis of the vertical velocity meanend over the area set up for analysis. The present author 

feels that the difficulty in perfonning kinematic analysis for that period might be due to 

the lack of the uniformity of the relevant variables in the field of analysis. 

During the period from Feb. 16 through Feb. ]9, the author and his colleague (1974) 

conducted wind observations by pilot baloon tracking and lower tropospheric sonde (LTS) 

observations which gave us almost continuous soundings of wet and dry temperatures and the 

pressure at intermittent levels at Motobu, Okinawa as a part of AMTEX '74 program. In this 

paper ~ including the above data in analysis, the author attempts to get the heat flux profile 

over or near one point (Motobu) instead of seeking the result in terms of averages over a 

wider area and to examine the result to be obtained with reference to the macroscopic 

feature of weather condition observed over that point. 
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2. Data and method of analysis 

The aerological data at Naha, Minamidaito, Naze and Keifu-maru and the LTS data at 

Motobu were utilized. The height limit of the LTS observation is irregular ranging from 400 

m to 2400 m, but we attempted to perform the analysis up to the level as high as 1200 m, 
filling out the want of observations, if any, in the upper levels of Motobu data by extrapolating 

or estimating from Naha data. As to the analysis of heat flux from the surface we used the 

sea surface temperature meaned over the whole AMTEX' 74 period analysed by Kondo (1975). 

The analysis was conducted for each 9 hr of Feb. 16 through Feb. 19, 15 hr and 21 hr 

of Feb. 16, and 3 hr of Feb. 17. The surface weather map for 9 hr each day are presented in 

Fig. 1. The analysis was made in the coordinate system shown in Fig. 2, starting with convert-
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Fig. 1. Synoptic weather map for 9 hr each day Feb. 16 through Feb. 19,1974, drawn by Japan Meteorological 
Agency The solid circles near the center indicate the position of Naha. D: Minamidaito, N: Naze, R: 
Ryufu-maru, K: Keifu-maru, M: Miyako, No: Nojima-maru. 
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Fig. 2. The coordinate system used for analysis with the origin at Motobu. 
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ing the data of horizontal wind sp ed air temperature and humidity reported b pressure 

into th e b height for all til Lation f t il present data s urce. The lowest values were 

all assumed t.o refer to the height of 10m di regarding th d iff rences in the gr u nd or ship­

mast lev I f each stations. 1 n terpolation of the value f r I vant variabl s wa made for 

fou r po ition marked by th e lid poin ts in ig. 2 with the data at their three enclosing 

stations forming a triangle. The e four position are apa rted fr 111 the center stati n (Motobu) 

by about 50 I m. The gradients f the m an of the relevant va ('iab les were eva luat d with the 

interpolated values at the e p itions. The v rtica l reso lution of analysis is at mo l 200 m in 

the vertical direction since the a rological b ervations are avaiJable every about 5 mb interval 

in the low level f the atmo ph reo 

ombining the thermod namic equati nand equati n f c ntinuity we htl 

'J l' ~ P T + L ( p ' 'll 'J') + - ( P I' T ) + JL ( P 'U! T ) J = d I (),/ -I- D. c - e) ( 1 ) 
I a t ax ay az d l x 

where T i air (virtual) t mp rature pi obaric specific h at p the air den ity QR the rate of 

heat ing p r unit mass cau d b radiation e evaporati n rat f the liquid wat r in the 

clouds and condensation rate per unit mas f air. "' xpres ing a va riable in term of it mean 

plus flu ctuat ion from the mean and ignoring the terms whos magnitudes are kn wn to be 

small judging fro m the check of their order es Ul11 ati n ( u inge r and Deardo rff (1968) 

L nshow (1970)), Eq. (1) bee me 

- ( DT T e l-- a -:-YJ C"p it+ w &~ - az IV 

J) 

D( 
a - a 

u(j + v ay 

L( c-

3 

where the variables with bar indicate their 111 an and thos with I rimes the f1u ctuation from 

the mean_ Conse rvation of the moisture is written as below 

- ( D - a-
- [ P l Dt + W az ~ W ' q'J = Li e-e) oz 4 

where q i P cific humidity . h n tat ion u ed wi thou t e pl nations in Eqs. I thr ugh (4) 

have c nven ti nal meaning. Multiplying -< q. (4) by L) latent heat of condensation and sub­

tracting it from Eq. (2) we hav 

- --- - - ( D - a J T L- ) Q -p-Z( Cplw' T ' + L w' q') = P l Dt + 'W z \" 1- q = (5 ) 

Integration r Eq. (5) from 0 t z gives 

( Co--;'VT" ~ l_w 'q ')z = ([h LE I - l <Qdz (6) 

where H 'lI1d are the n ibl heat (1ux fr 111 the urfa e and the rate of evap ration at the 
urface . The fir t term of th right hand of q. (6 i evalual d by aerodynami bulk method 

and the second by perfo rming the kinematic analysis in th square area (Fig. 2) with every 
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200 m interval in the vertical direction. 

Vertical velocity was obtained from equation of continuity assuming incompressibility 

of the air, that is, w = l"v. V dz . The local change temlS of air temperature and specific 
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Fig. 3-(a). The time height cross section of air(virtual) temperature at Naha for the period of Feb. 16-19, 1974. 
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Fig. 3-(b). The same as Fig. 3-(a) except for specific humidity. 
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humidity were evaluated from their variation in six hours at Naha drawn in the time 

height cross sections (Figs. 3-(a) and 3-(b )). For this the data of Motobu was not used 

because their height limit as well as times of observations were irregular. 

3. Vertical velocity and eddy heat flux 
In Fig. 4 the surface streamlines are shown for the times of 9 hr Feb. 16 through Feb. 

19. On Feb. 18 and Feb.19 the air flow field is considerably uniform~ whereas uniformity 

is hardly observed on Feb. 16 and Feb. 17. The wind directioq near Okinawa Island on Feb. 

ONr--_~ __ S---:-UR_~_A_C_E----r_S_T_R_E---=-A_M_L_' N_E_S __ ---, 
28· 18. 9 
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Fig. 4. Surface wind field for 9 hr each day of Fe.b. 16-19, 1974. 
lsotachs are shown by dashed lines (m/s). 

o 

130 °E 

18 changes cyclonically from northeast to west as the height increases, while anticyclonically 

from south or southeast to west on other dates. The mean wind vectors in the mesoscale 

square region are shown in Fig. 5. 

Due to the relatively stronger surface wind and the larger sea-air temperature difference 

the turbulent heat transfer from the surface is dominant on Feb. 18. while it is not on Feb. 17 

and Feb. 19. 

The mean vertical velocity is presented in Fig. 6. At 9 hr of Feb. 16 and Feb. 18 the ver­

tical velocity increases as the height increases. However, those on Feb. 16 show the tendency 

to increase linearly with height even above 1000 111 but that on Feb. 18 indicate maximum 

upward velocity around the level of the several hundreds meter and its decreasing tendency 

in the upper levels. At 9 hrs of Feb. 17 and Feb. 19' the weak downward motion is 
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ig. - . aria tion f the m a n wind vector ' \ ith height in th e me os a le r gi n arou nd Motobu f r hr ach 
day of eb . 16-19 , 1974. 

denotes the urface level and hara ter near th e dge of vector indica t the height I vel (xl 0 m). 

observed in the entire boundary layer. The result that the upward vertical velocity at hI eb. 

16 grad uaUy decre ases as time g es n and eventually the sense of vertical velocity be omes 

d wnward around 9 hr Feb. ] 7 showing a consistent sequ ntial change implies the effectiveness 

of the kinematic technique applied to estimate the vert ical velocity. 

In general th local change terms and the term f horizontal and vertical adv clion 

con isting Q in Eq. 5) are all comparable in order of magnitude e cept for the verti al adve -

tion term for Feb. 17 and Feb. 19 wh n the vertical vel city i generally weak in the b undary 

layer. To be detail however, there are predominat t nTI S among these varying fr III one 

occassion to other. At 9 hr Feb. 1 in the whole boundary layer the negative advection term 

is d minant due to the relatively lrong southerly wind and this situation is roughly he"ld 

until hr Feb. 17 . At 9 hr Feb. 17 p itive local change term of especiaUy q exce d ther 
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Fig. 6. Mean verticaJ velocity for 9 hr, 15 hr, 21 hr of Feb. 16 and 3 hr of Feb. 17 in the right and for 9 IllS of 

Feb. 17-19 in the left. 

two terms of horizontal and vertical advection suggesting an active evaporation of the cloud 

droplets. At 9 hr Feb. 18 there is a larger positive local change of T in low levels which might 

be resulted from the diurnal variation and that of q in the upper levels with the dominant 

positive horizontal advection due to the northerly wind. At 9 hr Feb. 19 the larger positive 

local change of T which might also reflect the diurnal effect exists in low levels and the negative 

horizontal advection dominates in higher levels due to the strong southly wind. 

As a result of the contribution of each term described above we gained the vertical 

profile of eddy heat flux as shown in Figs. 7-(a) and 7-(b). At 9 hr Feb. 16 the heat is transport­

ed upward in the whole boundary layer and this continues until 3 hr Feb. 17, being most typi­

cally seen at 15 hr Feb. 16 analysis. The mean of the four cases of 9 hr Feb. 16 through 3 hr 

Feb. 17 indicate the upward heat nux with its amount of about 5 mW/cm2 
, as given by dashed 

curve. At 9 hr Feb. 17 the larger positive local change of q appearing in the whole layer 

brought about the downward heat nux. At 9 hr Feb. 18 the relatively strong northerly wind 

near the surface associal.eu with the approaching of the moving high in the north of Okinawa 

(Fig. 1) caused the strong upward heat flux at the surface. However, this upward heat flux 

was rapidly suppressed as the height increases due to the strong positive local change of T and 

q and to the strong positive advection, and turned out to be downward heat flux increasing 

with height in the upper levels. Entering Feb. 19 the heat flux from the surface to the air 

was damped again as was for the case of Feb. 17 due to the little sea-air temperature difference 

relating to the warm air invasion by southeasterly flow, whereas the upward heatflux was 

intensified in the upper level as a result of the larger negative horizontal advection. 
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ig. 7-(a). ddy heat flu f r 9 hr , 15 hI 21 hr f Feb. 16 and 3 hr of 'eb. 17 1974 . 
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Fig. 7-(b). The sam a' ig. 7-(a) except for 9 hTS of F b. 17-19, 1974. 
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Feb.! 7 

Fig. 8. Itokazu radar echo maps for Feb. 16, Feb. 17 and Feb. 19. Smaller characters denote 
the observation time and larger ones echo height in hundredmeter. The cross area 
shows the mesoscale region around Motobu used for ana1ysis of Eq. (6). 
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Comparing to the resull f ilLa 1 75) eli ag eeme nt are found in v rtical velocit 

obtained f r the cases of feb . (d wnward motion appea r I in the Nitta work) and in 

the heat flux computed for the cases or 9 hrs of Feb. 17 and l~ eb. 19 (strong upward and weak 

downward heat fluxe appeared fo r re p clive case in the Nit ta work) . As for hr eb. 1 
in general, a good agreement is found in the two w rkers' r Lilts. It is natural that 111 di-

agreements can be expected to occur [or Nitta . btained the result averaged over the wide 

area SUff unded by aze Keifu-maru Mi ako , and llinamidait whereas the pr nt auth r 

worked over a point Motobu. 
4. Cumu)u convection activity and its r lation to eddy heat flu 

Rec rd f PPI radar ob ervati n at ltokazu radar it ituated in south rn part of 

Okinawa Island indicated a complete absence of echo signals during the period from 2 1 hr 

F ig. 9. The cloud pj tures taken by APT Satellite over AMTEX area. 
(a) fur 9 hr 30 mil\ or Fe b. 16, (b) for 10 hr 17 min of Feb. :17, 
(e) for 11 hr 8 min of Feb. 18 and (d) for 10 hr 56 min of Feb. 20, 1974 . 
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-l ebo 17 to 9 hr Feb. 19. Considerable intensity of the echoes from the cumulus clouds were 

observed on Feb . 1 and Feb. 17. In thi!: case the douds were not a part of the large scale 

of cloud system but composed of the much smaller scale of cloud-clusters frequently observed 

near Okinawa Island. The recovery of th echoes to k place after 15 hr Feb. 19. In Fig. 8 we 

prepared for Feb. 16, Feb. 17 and Feb . j 9 the appr ximate spread of the cloud clusters with 

estimated height of echo tops u ing th echo record maps available ab LIt every 3 hr with 

the range of 300 km. In Fig. 9 are shown the APT satellite c10ud pi ctures taken around lO 

hr each day of Feb. 16 through Feb. 1 and that of eb. 20 being as an alternative for Feb. 19. 

·In Table 1 is presented the cloud amount roughly corresponding to th area shown in sa ttelite 

pictures reproduced from AMTEX '74 DATA BOOK Vol. 5. These figures and the table given 

above indicate that n Feb. 16 and Feb. 17 the area of active cumulus convection is con­

centrated in the regi n of less than OOx~OO km2 n ar kinawa Island 1nd that there is a large 

variati n of cloud amount and p ibly cloud height if we see them from the standpoint of 

wider area, say , SOOx500 km 2
• 

Table 1. Cloud amount over AM EX area averaged over the mesh 1 deg.x 1 deg. 

E 
124 125 N 126 127 128 129 130 131 132 E 

N 124 125 126 127 128 129 130 13] 132 

30 
1 0 0 1 7 10 10 LO 

29 
4 0 10 10 " 3 1 

28 
0 I 3 LO 7 3 0 0 

27 
4 6 10 LO 3 1 I El 

26 
4 <I 10 8 10 1 1 2 

25 
3 1 8 5 4 3 1 0 

24 
2 2 2 t\ 2 7 J 1 

2:1 

30 
to B 1\ 2 2 7 7 LO 

29 
3 J 1 <I 7 8 3 L 

28 
J 0 1 2 3 1 1 1 

27 
0 0 3 7 6 1 3 7 

26 
0 0 3 4 10 6 9 9 

25 
:I 5 7 7 8 7 10 9 

24 
II 5 5 8 2 4 9 5 

23 

11 26 JS T. Fed. 16 . 1974 1023 J ST, Fed. 17 .1974 

E 
L24 125 N 126 127 128 129 130 131 132 

E 
124 

N 
125 126 127 128 129 J30 J31 132 

30 30 
5 0 0 0 0 0 0 1 10 10 10 10 10 9 2 4 

29 29 
2 3 4 I 1 1 1 2 10 10 JO 10 <I 1 I 1 

28 28 
I 1 <1 3 3 1 1 1 10 8 8 1 9 6 7 10 

27 27 
1 I I 1 1 1 1 1 JO 10 10 10 10 10 10 

26 26 
10 4 I 1 ·1 1 6 I 10 10 10 10 5 8 2 I 

25 25 
10 to B 2 !J 10 2 1 7 5 2 I 2 1 a 0 

24 24 
10 9 8 t\ 1 1 I I 1 1 1 3 2 1 0 0 

23 23 

1114 JST . Fed. 18 .1 974 1102 JST, Fed. 20. 1974 

The intense cumulus activity n eb. 16 corre ponds to the convergence and upward 

heat flux in the whole boundary layer on that date. At hr Feb. 17 the weak downward heat 

flux is obtained although the considerably strong cumulus activity still remained around that 

time as figured out fr m the amount f cloud or radar echo. It might be reasonable for us to 
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think that the downward heat flux preceded the disappearance of the cumulus clouds on the 

following day. The strong downward heat flux computed at 9 hr Feb. 18 in the upper levels 

might relate to the absence of cumulus clouds around that time. The intense upward heat 

flux at 9 hr Feb. 19 observed in the upper layer can be considered to be the sign of the 

recovery of the cumulus activity observed in the rest of hours of Feb. 19 and in the following 

days. 

5. Concluding remarks 

By the inclusion of LTS data at Motobu and the aerological data at Naha which are 

omitted from the Nitta's work the analysis in the mesoscale region taken il! the neighbourhood 

of Mote-bu was made possible. The results are generally acceptable, as agreed with the Nitta's 

result, for the case of Feb. 18 in which the uniformity was found in the field of analysis. No 

assurance is given for the result for those cases of Feb. 16, Feb. 17 and Feb. 19. However, 

if we admit it reasonable that the upward heat flux from the subcloud layer into the 

cloud layer should intensify or weaken in advance of the activation or disappearance of the 

cumulus clouds, the result obtained for these can also be accepted. 
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