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FOREWORD

A recurring theme within the Global Atmospheric
Research Programme is the problem of adequately parameterizing phenomena which take place on a scale not
easily resolvable by the usual grids used in numerical
atmospheric modelling. One of the most important of
these is the phenomenon of a relatively rapid modification of an air mass when it moves from one region to
another with a very different characteristic lower boundary. Nowhere are such effects more marked than where
a relatively cold, and perhaps dry, air mass flows out
from a continent over a warm water mass. Such phenomena can occur over lakes, but the most important
examples occur on the eastern boundaries of continents
at mid latitude in the winter, when cold dry continental
air sweeps out over an ocean which is characterized by
a particularly warm western boundary current. Such a
region is the east coast of Asia, where the oceanic boundary current is the Kuroshio.
The JOC was therefore particularly pleased when the
Japanese National Committee for GARP reported at
the Brussels Planning Conference in 1970 their intention of
conducting a study of this phenomenon. During JOC-V
in Bombay 1971 JOC endorsed a proposed programme
for study over the seas near Japan, and encouraged
Japanese authorities to take the initiative in seeking

cooperation from other countries for planning and
implementing these experiments.
A study conference on this Air-Mass Transformation
Experiment (AMTEX) was called by Japanese authorities
in November 1971, and was attended not only by experts
from Japan, but by myself on behalf of the JOC and
Dr. Dyer from Australia, Dr. Lenschow from the
United States and Dr. McBean from Canada.
The present document was presented by the Japanese
National Committee to JOC-VIII in London, March
1973. It shows a detail of thoughtful consideration in
the planning which may well serve as a model for those
developing plans for other related experiments, and I
wish to express the appreciation of the JOC to the
Japanese authorities for the care and thoroughness with
which they have carried out this preparatory work. This
important experiment will make an invaluable contribution to the progress towards meeting GARP objectives.

R. W. STEWART
Chairman JOC-GARP

SUMMARY

In the introductory Chapter, reference is made to
early recommendations made at sessions of the Joint
Organizing Committee and to the Report of the AMTEX
Study Conference held in Tokyo (November 1971).
Referring to these recommendations and the report, the
need for experiments on air-mass transformation and
clarification of their characteristics are briefly reviewed.
In the second Chapter, Scientific objectives ofAMTEX,
the scientific requirements are presented to make clear
the characteristics of four problems: (1) surface fluxes,
(2) convergence and divergence of the fluxes in the
planetary boundary layer, (3) convective clouds and
(4) the relationship between generation of meso- and
medium-scale disturbances and energy supply from the
underlying surface.
Chapter 3 describes the synoptic climatology of the
AMTEX area around the Southwest Islands of Japan.
The importance of the "Kuroshio" which flows northeastward over the AMTEX area is also discussed.
Chapter 4 discusses existing observational methods
for determining the surface fluxes of momentum, heat
and water vapour in the surface boundary layer, as well
as the direct and indirect methods for measuring turbulent fluxes. A brief summary of the observational studies
of the upper planetary boundary layer is also presented.

In the last section of this chapter, the parameterization
of the planetary boundary layer in numerical models is
discussed.
Chapter 5, Convective clouds and cumulus parameterization, presents parameterization techniques currently
used in the models for large-scale motion. Proposals on
theoretical and observational studies required are also
discussed.
In Chapter 6, Medium and large-scale disturbances,
the large scale aspect ofthe heat budget over the AMTEX
area, the vertical distribution of convective transport of
heat energy, and the relationship between the convective
transport and cumulus convection are discussed. The
synoptic aspect of the wave disturbances of various
scales which develop over the AMTEX area is also
discussed. A brief theoretical discussion is given in
connexion with this problem.
Chapter 7, Theoretical model for AMTEX, briefly
describes the summary of a fine mesh, limited area prediction model which is now under development by the
staff members of the Japan Meteorological Agency.
In Chapter 8, a brief explanation of the AMTEX core
experiment, considered as a system of observations and
theoretical studies, is given.

Le premier chapitre, qui sert d'introduction, fait etat
de recommandations formulees lors de sessions du
Comite mixte d'organisation, ainsi que du rapport de la
Conference d'etudes sur l'AMTEX, tenue a Tokyo au
mois de novembre 1971. La necessite de proceder a des
experiences sur la transformation des masses d'air, de
fa<;:on a en definir les caracteristiques, est brievement
evoquee en fonction de ces recommandations.
Le deuxieme chapitre - Objectifs scientifiques de
I'AMTEX - decrit les etudes scientifiques qu'il convient
d'effectuer pour determiner les caracteristiques des quatre
problemes suivants : 1) flux en surface, 2) convergence et
divergence des flux dans la couche-limite planetaire,
3) nuages de convection et 4) relations existant entre la
formation de perturbations d'echelle moyenne intermediaire et la fourniture d'energie en provenance de la
couche sous-jacente.
Le chapitre 3 decrit la climatologie de la region de
l'AMTEX entourant les lies situees au sud-ouest du
Japon. Il evoque aussi l'importance du « Kuroshio » qui
traverse la zone de l'experience en direction nord-est.
Le chapitre 4 traite des methodes d'observation actuellement utilisees pour determiner les flux de la quantite
de mouvement, de chaleur et de vapeur d'eau a la surface
de la couche-limite, ainsi que les methodes permettant de
mesurer, directement et indirectement, les flux turbulents.
Ce chapitre contient aussi un bref resume des etudes

relatives a la partie superieure de la couche-limite planetaire. Vne derniere section est consacree a la parametrisationde la couche-limite planetaire au moyen de
modeles numeriques.
Le chapitre 5, intitule Parametrisation des nuages de
convection et des cumulus, expose les systemes de parametrisation utilises actuellement pour les modeles relatifs
aux mouvements de grande echelle. Il contient aussi des
propositions quant aux etudes theoriques et pratiques
requises.
Le chapitre 6 - Perturbations de grande et de moyenne
echelle - traite du bilan energ6tique a grande echelle
au-dessus de la zone de l'experience, de la distribution
verticale du transport convectif d'energie thermique, et
des relations existant entre le transport et la convection
dans les cumulus. L'aspect synoptique des perturbations
ondulatoires a diverses echelles qui se forment au-dessus
de la region de l'experience sont egalement etudiees et
font l'objet d'un examen theorique.
Le chapitre 7, intitule M odeles theoriquespour l' AMTEX
decrit brievement le modele de prevision a maille fine,
con<;:u pour une zone restreinte, que le Service meteorologique japonais met actuellement au point.
Enfin, le chapitre 8 explique brievement les aspects
principaux de l'experience consideres comme un systeme
d'observation et une etude theorique.

RESUMEN

En el capitulo de introduccion, se hace referencia alas
primeras recomendaciones formuladas en las reuniones
del Comite Conjunto de Organizacion del GARP y al
informe de la Conferencia encargada del estudio del
Experimento sobre la transformacion de masas de aire
(AMTEX), celebrada en Tokio en noviembre de 1971.
En relacion con esas recomendaciones y con el informe,
se pasan sucintamente en revista la necesidad de llevar
a cabo experimentos sobre la transformacion de masas
de aire y asimismo la necesidad de aclarar las caracteristicas de tales experimentos.
En el segundo capitulo titulado Objetivos cientfjicos
del AMTEX, se exponen las necesidades cientificas de
tal experimento con el fin de aclarar las caracteristicas
de los cuatro problemas siguientes: 1) flujos de superficie, 2) convergencia y divergencia de los flujos en la
capa limite planetaria, 3) nubes convectivas y 4) relacion
existente entre la generacion de perturbaciones mesoescalares y de escala media y el suministro energetico procedente de la superficie subyacente.
En el Capitulo 3 se describe la climatologia sinoptica
de la zona del AMTEX alrededor de las islas sudoccidentales del Japon. Tambien se examina la importancia
del « Kuroshio» que fluye hacia el noroeste en la zona
delAMTEX.
En el Capitulo 4 se examinan los metodos de observacion existentes para determinar los flujos superficiales
de la cantidad de movimiento, del calor y del vapor de
agua en la capa limite de superficie, asi como los metodos
directos e indirectos para la medida de los flujos de

turbulencia. Tambien se expone un breve resumen de
los estudios de observacion relativos a la capa limite
planetaria superior. En la ultima seccion de este capitulo
se examina el tema de la parametrizacion de la capa limite
planetaria en los modelos numericos.
El Capitulo 5 titulado Nubes convectivas y parametrizaci6n de los cumulos da cuenta de las tecnicas de parametrizacion habitualmente utilizadas en los modelos de
movimientos en gran escala. Tambien se examinan propuestas relacionadas tanto con los estudios teoricos
como con los estudios de observacion que se requieren.
En el Capitulo 6 titulado Perturbaciones a escala media
y a gran escala, se estudian los aspectos a gran escala
del balance calorifico en la zona del AMTEX, la distribucion vertical del transporte convectivo de la energia
calorifica y las relaciones que existen entre el transporte
convectivo y la conveccion de los cumulos. El aspecto
sin6ptico de las perturbaciones de ondas de diversas
escalas que se desarrollan en la zona del AMTEX tambien son objeto de examen. En relacion con este problema se incluye un breve estudio teorico.
En el Capitulo 7 titulado Modelo te6rico para el
AMTEX, se describe de manera sucinta un modelo de
rejilla fina para la prediccion en una zona limitada,
modelo que el personal del Servicio Meteorologico
Japones esta actualmente desarrollando y perfeccionando.
En el Capitulo 8 figura una breve explicacion de 10
esencial del experimento AMTEX, considerado como
un sistema de observaciones y de estudios teoricos.

PE3IOME
Bo BBO.o;HOH rJIaBe .o;eJIaeTCH CCbIJIRa Ha rrepBOHa'!aJIhHbIe peROMeH.o;alv·m: ceCCMH OO'he.o;MHeHHoro
opraHMSaIJ;MOIIHOrO ROMMTeTa M .o;ORJIa.o; Hay'!HOH
ROH<pepeHIJ;MM no AMTEX, COCTOHBilleHCJI B TORMO
(HOHOph 1971 r.). B BTOH CBHSIIl RpaTRo paccMaTpIllBaeTCJI Heooxo.o;MMOCTh B BRcrrepIllMeHTax no IIlsY1JeHMIO TpaHc<popMaI:\MM BOS.o;YillHbIX Macc III BhIJICHeHIIlIO
MX xapaRTepHhlx ocooeHHocTeH.
Bo BTOpOH rJIaBe HaY"lNMe lfe.au AMTEX rrpe.o;cTaBJIeHbI HaY1JHbIe TpeooBaHMH .o;JIH MSY1JeHIIlH
1JeTbIpeX rrpOOJIeM: (1) npMseMHbIe nOToRM, (2) ROHBepreH~MH M .o;MBepreH~HH nOTOROB B nJIaHeTapHOM
rrOrpaHM1JHOM CJIoe, (3) ROHBeRTMBHbIe OOJIaRa III
(4) BsaMMOCBHSh Mem.o;y reHepa~MeH Meso- III cpe.o;HeMacillTaoHhlx BosMYlI:\eHIIlH III rrpIllToRoM BHeprMM OT
no.o;cTIIlJIaIOlI:\eH nOBepxHocTM.
B rJIaBe 3 .o;aeTCH CMHOnTH1JeCROe orrIllcaHHe SOHhl
AMTEX, paCrrOJIOIKeHHOH BOKpyr IOro-sana.o;HhIX
OCTpOBOB RnOHIIlM III paCCMaTpIllBaeTCH BamHOCTh
« R'YPOCIIlBO }), ROTopoe Te1JeT B SOHe AMTEX B
ceBepo-BOCT01JHOM HarrpaBJIeHIIlH.
B rJIaBe 4 paccMaTpHBaIOTCJI cYlI:\eCTBYIOlI:\Me MeT0.IJ:bI HaOJIlo.o;eHm'1 .o;JIH onpe.o;eJIeHMH nOTOROB MOMeHTa ROJIM1JeCTBa .o;BMmeHMH, TerrJIa M Bo.o;HHoro
napa B rrpMSeMHOM rrOrpaHM1JHOM CJIoe, a TaRme
rrpHMhIe M ROCBeHHhIe MeTo.o;bI rro MX MSMepeHMIO.
IIpe.o;cTaBJIeH TaKme RpaTRMH oosop MCCJIe.o;oBaHMH
BepXHero nJIaHeTapHoro nOrpaHM1JHOrO CJIOH. B
rrOCJIe.o;HeM pas.o;eJIe BTOH rJIaBbl oocym.o;aIOTcH Me-

TO.o;bI rrapaMeTpMsa~MM rrJIaHeTapHoro rrOrpaHM1JHOrO
CJIOH B 1JMCJIeHHhIX Mo.o;eJIHX.

n

B rJIaBe 5 apa.uempu3alfuJI, lWN8enmU8Nb~X U
ny"le8MX 06J1,an08 npe.o;cTaBJIeHbI MeTo.o;bl rrapaMeTpMsa~MM, MCrrOJIhsyeMbIe B HaCTOHlI:\ee BpeMH B
Mo.o;eJIHX .o;JIH RpyrrHoMacillTaoHblx BosMYlI:\eHMH. PaccMaTpMBaIOTcH TaRme rrpe.o;JIOmeHMH rro TpeoyeMbIM
TeOpeTM1JeCKMM M HaOJIIO.o;aTeJIhHhIM IIlCCJIe.o;OBaHMHM.

B rJIaBe
.A~YUfeNuJl,

CpefJNue U 1l,pynNo.uac:w,ma6Nb~e 803-

6-

-

oocym.o;aIOTCH RpyrrHoMacillTaOHbIe acneRThI TenJIOBOrO OaJIaHCa Ha.o; SOHOH AMTEX, BepTMKaJIhHOe pacrrpe.o;eJIeHMe ROHBeRTMBHoro nepeHoca
TerrJIOBOH BHeprMH M BsaMMOCBHSh Mem.o;y ROHBeKTHBHbIM nepeHOCOM H ROHBeR~HeH RY1JeBbIX OOJIaROB.
,n;aJIee, paCCMaTpHBaIOTCH CHHOrrTM1Jemme acrreKThI
BOJIHOBbIX BOSMYlI:\eHMH paSJIIIl1JHhIX MaCillTaOOB, ROTopbIe paSBHBaIOTCH Ha.o; SOHOH AMTEX. B CBHSH C
BTOH rrpOOJIeJ\lOH .o;aeTCH RpaTKHH TeOpeTH1JeCHMH
oosop.
B

rJIaBe

7

Teopemu"lecnaJl,

.AwfJeJl,b

fJJI,JI,

AMTEX -

.o;aeTCH HpaTHoe onHcamm Mo.o;eJIH C
rycToH ceTHOH .o;JIH rrporHosa rro OrpaHIIl1JeHHOH TeppMTOpHH, ROTopaH B HaCTOHlI:\ee BpeMH paspaoaThIBaeTCH COTpy.o;HHHRMH RrrOHCRoro MeTeOpOJIOrH1JeCROrO areHTCTBa.
B rJIaBe 8 .o;aeTCH RpaTHoe rrOHCHeHHe CYTH BRCrrepJifMeHTa AMTEX, paccMaTpHBaeMoro RaH CHCTeMa
HaOJIIO.o;eHMH H TeOpeTH1JeCHHX HCCJIe.o;oBaHHH.

LIST OF FIGURES
3.1

AMTEX area around the Southwest Islands of Japan

.

3

3.2

Continental shelf in the AMTEX area. . . . . . . . . . . . .

3

3.3

The positions of the Kuroshio axis from July 1965 to March 1968

3

3.4

The velocity cross-section of the Kuroshio in August 1965

4

3.5

The mean sea surface temperature in February from 1953 to 1957

4

3.6

A typical synoptic weather situation at the time of the cold air outbreak.
Surface and 850-mb weather maps at 2100 LST, 20 February 1968 . . . .

5

Meridional distribution of constancy of the wind velocity in January 1968,
.
averaged from 130 E to 140 E. Unit is %

5

3.8

Monthly means of marine meteorological parameters in February

6

3.9

Monthly mean numbers of data

6

3.7

0

0

. . . . . . . . . . . . . . .

3.10 Distribution of sensible and latent heat fluxes in January and February

7

Annual variations of latent and sensible heat, and the net radiation at the
sea-surface
.

7

3.12 The mean temperature, moisture and wind fields for the 20-day period from
6 to 26 February 1968

8

3.13 The vertical distribution of the individual temperature and mixing ratio
change in the large scale motion i5/ i5 tT and i5 / i5t q . . . . . . . . . . . .

8

3.14 Mean cloud amounts (%) in February 1968 . . . . . . . . . . . . . .

8

3.15 Distribution of the amount of low cloud and the appearance frequency of
the stratus-type cloud, undeveloped cumulus and developed cumulus for
February of 1966, 1967 and 1968 . . . . . . . . . . . . . . . . . . .

9

3.16 The appearance frequency of rain and shower for February of 1966, 1967
.
and 1968

9

3.17 Longitude-time sections of the wind between 24°N and 26°N at 850 mb from
12 to 28 February 1968 . . . . . . . . . . . . . . . . . . . . . . .

9

3.11

3.18 Filtered data of cloud amounts in sections of 5° Lat. by 5° Long. at 25°N
35°N
.

r-..J

3.19 Power spectra of cloud amounts in each section of 5° Lat. by 5° Long. . .
4.1
4.2

4.3

10
10

Variation of drag coefficient over the lake surface at the height of 5.7 m
with mean wind speed. (Unpublished data of Kyoto Univ.) . . . . . . .

14

Spectra of ship body motion of Rv. Ryofu of JMA (1400 ton) over the East
China Sea, 17 July 1968. Wind speed was 5.0 m/sec, wind wave 0.3 m
high, 2.0 sec in period and swell being 1.0 m high, 7.0 sec in period (Mitsuta,
1971a) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

15

An example of long period fluctuation of wind speed U, vertical component W
and air temperature T over the Pacific and the time variation of the turbulent fluxes with different sampling durations (5, 10, 15 and 30 min) (Mitsuta, 1971b)
.

17

XII

THE AIR-MASS TRANSFORMATION EXPERIMENT

4.4

Time variation of turbulent fluxes and mean weather conditions over the lake
surface (Lake Biwa, 16-19 November 1972). (Unpublished data of Kyoto
Univ.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

18

4.5

Variation of diffusion coefficient K with height (z). After Yokoyama (1971)

18

6. 1

Vertical distribution of the convective transfer of the total heat energy over
the East China Sea area. . . . . . . . . . . . . . . . . . . . . .

32

6.2

The excess temperature AT in QC and the updraft velocity Aw in mb/min

33

6.3

Vertical distribution of the power spectra of north-south wind and temperature at Ishigakizima

34

Vertical time section of areal mean vertical velocity and mixing ratio q for
the 20-day period from 6 to 26 February 1968 . . . . . . . . . . . . .

34

The power spectrum density of areal mean vertical velocity wand mixing
ratio q at 700 mb. . . . . . . . .

35

6.6

Vertical distribution of the w-spectra

35

6.7

Composite structure of the disturbances with period from 1.5 days to 2.0 days
picked up by the band-pass filter . . . . . . . . . . . . . .

35

6.8

Vertical structure of medium-scale disturbance on the Baiu front

36

6.9

Echo cluster in the centre of a medium-scale cyclone . . . . .

37

6.4
6. 5

6. 10 Temperature and dewpoint soundings from Kadena at 2100 LST, 2 February
1967 . . . . . . . . . . . . . . . . . . . .

37

6.11

PPI-scope at Miyakojima radar observation station . . . . . . . . .

37

6.12 Temperature and dewpoint soundings at 0900 LST, 2 February 1967.

38

6. 13 Vertical profiles of parameters h and m/m . . . . . . . . . . . . .

40

6.14 Growth rate curves when (a) XfJ = X u = 0, (b) XfJ is included but X u = 0
and (c) X u is included but XfJ = O. The ordinate and the abscissa are wave
numbers in the northward (I) and eastward direction (k) respectively. Physical parameters used in the calculation are as follows: f = 10-4 sec-I,
grx (oe/oZ) = 0.5x 10-4 sec-2 , A = ou/oz = 0.5x 10-2 sec-1 • • • • • • •

41

6.15 Vertical cross-section, vertical distribution of amplitude and energy convection terms at the preferred scale of the cases (a), (b) and (c) shown in Fig. 6.14

42

7. 1

Framework of the comprehensive numerical simulation model for AMTEX

44

7.2

Vertical resolution of the model and definition of the variables at information
levels . . . . . . . . . . . . . . . . . . . . . . . . . . .

45

7.3

Forecast domain of the JMA fine mesh numerical forecast model .

45

8.1

Regular observational system

50

8.2

Upper air observational network in the AMTEX

50

8.3

Radar stations in the AMTEX . . . . . . .

51

8.4

Surface observational network in the AMTEX

51

8.5

Observational system in the AMTEX . . . .

52

1. INTRODUCTION

Through the discussions which took place at the Study
Conference on the AMTEX (Tokyo, 1971) the original
programme of AMTEX proposed by the Japanese
National Committee for GARP was refined and improved
as the "core" experiment of AMTEX. It was also
recommended that two bodies should be created for the
management of this experiment: a Steering Committee,
consisting of 4 Japanese representatives and 4 representatives recommended by the National GARP Committees of Australia, Canada, D.S.A. and U.S.S.R., and
a Management Committee, consisting entirely of Japanese members who are making substantial contributions
to the detailed planning of the experiment. The purpose
of the Steering Committee * is to provide the overall
policy and guidelines for the experiment. A summary
of this Study Conference was published as the Provisional Report ofthe AMTEX Study Conference (AMTEX
Report No. 1).
In this report the following points about the observational programme were emphasized:
(a) Since the very purpose of AMTEX is the understanding of the spatial variation of atmospheric variables,
every effort should be made to make the spatial coverage
as complete as possible. For this purpose, simple instrumentation should be developed for use on commercial
>I'

At the present time, the members of the Committee are as
follows:
A. J. Dyer, C.S.I.R.O., Division of Atmospheric Physics,
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A. Sarkissan, Institute of Oceanology, Academy of Science
of the U.S.S.R.; G. Yamamoto, Geophysical Institute, Faculty
of Science, Tohoku University, Japan.

airplanes and ships, including fishing boats, for the
measurement of wind, air temperature, humidity and
sea-surface temperature.
(b) Observational programmes which are not directly
part of the "core" experiment may be included within
the frame of AMTEX, but the priority of the experiments should be carefully considered.

(c) At least some of the data should be processed in
real time or near real time. The selection of one numerical model is recommended and it should be run during
the experiment. It is very important to know whether
or not the data requirements are being met, as well as to
maintain data quality control.
(d) In the area designated for intense study, measurements of net radiation and turbulent fluxes using the
eddy correlation method should be made using ships,
buoys and towers. At the same time simple observations
permitting indirect estimation of fluxes are recommended
on all research vessels of the synoptic scale observation
net. For the study of the upper boundary layer airplanes
and tethered balloons are necessary. Associated information on the state of the sea, ocean currents and ocean
temperature profiles in the whole area are also required.
(e) Cloud population, cloud height and precipitation
should be measured over the whole area using satellites,
aircraft, radar and other methods. In the intensive study
area, the measurement of liquid water content, drop size
distribution, air velocity, temperature, humidity, and
radiative flux within and outside of cloud will be required.

Considering these points, the provisional plan of the
air-mass transformation experiment was prepared. At
its 6th session (Munich, June 1972) JOC approved the
plan mentioned above and the full text of the plan was
published as Appendix H of the JOC-VII Report.

2. SCIENTIFIC OBJECTIVES OF AMTEX
AMTEX is planned as an experiment within the GARP
sUb-programme on air-surface interaction. Its aim is to
clarify the transfer processes by which energy and momentum are supplied from the sea surface to the air and
transported to the free atmosphere through the planetary
boundary layer, especially in areas where the air-mass
transformation is active.

(b) Convergence and divergence offluxes in the planetary
boundaly layer
In the planetary boundary layer above the surface
boundary layer, vertical fluxes vary with height. Measurements are required to clarify the three-dimensional
dynamical and thermal structure of the planetary boundary layer.

From a global point of view, the amount of energy
supplied from the sea surface to the atmosphere is
generally very large over the sea to the east of a continent
in middle latitudes during the winter. The Southwest
Islands of Japan are in just such a situation. The area
is one of remarkable generation and development of
meteorological disturbances on a variety of scales.

(c) Convective clouds
The processes of vertical transfer by cumulus convection, through which energy and momentum are redistributed between the boundary layer and the free atmosphere, require clarification.

One of the objectives of this projects is to study the
connexions between these phenomena and the fluxes of
energy.
The "Kuroshio" flows towards the east or the northeast through this area and the resulting steep horizontal
gradient of sea-surface temperature provides one of the
significant surface conditions (see Figs. 3.3 and 3.5).
An air mass breaking out from the cold continent in
winter is modified rapidly when it encounters the sea
surface, which is wanner and has a large horizontal
gradient of water temperature. Therefore, oceanographic information is very important for this project.
Such being the case, scientific requirements for this
project may be summarized as follows:
(a) SUlface fluxes

The distribution of surface fluxes of momentum, heat
and water vapour must be determined over the whole
area. At the same time, the opportunity may be taken
to extend further the fundamental understanding of the
physical mechanisms of transfer processes in the surface
boundary layer.

(d) Relationship between generation of meso- and
medium-scale disturbances and energy supply from
the underlying sUlface
Meso- and medium-scale disturbances often generate
and develop over an area where the air-mass transformation is active in the lower atmosphere. One aim of
the project is to clarify the role which energy supply from
the sea surface plays in the generation and development
of meso- and medium-scale disturbances.
The first step of AMTEX is to increase our understanding of the physical processes which introduce
energy into the large-scale disturbance in a situation
where an intensive air-mass transformation takes place
due to changing conditions of the underlying surface;
the second is to improve methods of calculating fluxes of
heat, water vapour and momentum through the planetary
boundary layer and the cumulus convection; and the
third is to establish methods for their incorporation in
numerical models in the most realistic marmer. In the
area around the Southwest Islands, meso- and mediumscale disturbances develop most frequently but in practice, few observational data are presently available.
Many disturbances which develop in this area move
eastwards and seriously influence the weather over Japan.
Thus in Japan, AMTEX is important also from a practical point of view.

3. SYNOPTIC CLIMATOLOGY OF THE AMTEX AREA
The AMTEX area, around the Southwest Islands of
Japan, is outlined by the rectangle in Fig. 3.1. The
observational system will be explained in section 8.

"Kurosbio" and flow patterns over the AMTEX area
In the AMTEX area the continental shelf extends to
the middle of the East China Sea, as shown in Fig. 3.2,
and the warm "Kuroshio" flows northeast along the
edge of the continental shelf. The positions of the axis
of the Kuroshio observed during the period from 1965
to 1968 are shown in Fig. 3.3. The maximum speed of
the Kuroshio is estimated at about 2 to 3 kt and its total
flux is about 35 X 106m3 jsec (Nitani, 1972). The cross
section of the current speed near Okinawa (Worthington
and Kawai, 1972) is shown in Fig. 3.4. The sea-surface
temperature over the Kuroshio is as high as 20 C in
winter, resulting in a large temperature gradient on the
East China Sea, as shown in Fig. 3.5 (Kikuchi, 1958).
As an illustration of the flow pattern over the AMTEX
area, a typical example of the cold air outbreak at 2100
D
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Figure 3.1

AMTEX area around the Southwest Islands of Japan.
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Continental shelf in the AMTEX area.

The positions of the Kuroshio axis from July 1965 to
March 1968. The dashed line indicates the 200 m
depth contour. The thick line across the Kuroshio
indicates the location of the velocity cross-section
shown in Fig. 3.4.
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LST 20 February 1968 is shown in Fig. 3.6. Considering
the relation between the sea-surface temperature in
Fig. 3.5 and the flow patterns, such as in Fig. 3.6, we
may easily understand that the winter season is suitable
for the observation of thermal transformation of airmasses which flow out from the Asian continent over
the warm Kuroshio region.

N
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In Fig. 3.7 the constancy of the wind velocity is shown
in a meridional cross-section representing the average
of observations from 1300E to 1400E for January 1968
(Asai, 1972). Constancy is defined as the ratio of the
mean vector to the mean scalar wind velocity expressed
as a percentage. As may be seen in the figure, the lowest
value of constancy is found in the lower atmosphere
near the AMTEX area (25°N-300N). This means that
the variation of wind velocity is relatively large over the
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Figure 3.5 The mean sea surface temperature in February from
1953 to 1957.

400 -:
AMTEX area. In the case of the trade wind area, high
values of constancy are found in the lower atmosphere,
while low values are found in the upper atmosphere. In
this sense the situation over the AMTEX area is in
contrast to that over the zone of the trade winds.
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Figure 3.4 The velocity cross-section of the Kuroshio in August
1965. The location of the cross-section is shown in
Fig. 3.3. Usually the Kuroshio flows along the edge
of the continental shelf in the East China Sea.

The monthly means of the marine meteorological parameters (air-temperature, sea-surface temperature, surface wind speed and wave height) over the seas around
Okinawa for February are shown in Fig. 3.8 (Mitsuta
and Kato, 1972). In this figure, the original data are
averaged over small rectangular sections of 2° Lat. by
5° Long. The averaged number of ship observations is
also shown, in Fig. 3.9. Based on the data such as shown
in Fig. 3.8, the rate of vertical turbulent transport of
sensible and latent heat over the sea-surface was estimated by the bulk method by assuming that the drag
coefficient Cd is 1.05 X 10-3 • The distribution of sensible
and latent heat fluxes thus obtained in January and February is shown in Fig. 3.10. For the sake of convenience,
the annual variation of air-sea exchange of heat and
moisture in the area around Okinawa (24-28°N,
125-1300E) is also shown, in Fig. 3.11 (Mitsuta and
Kato, 1972). As may be seen in this figure, the maximum
values of sensible (continuous line) and latent (dotted
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The mean cloud amount in February 1968 over the
China continent and the Southwest Islands of Japan is
presented in Fig. 3.14 (Nitta, Momose and Gambo,
1973). The cloud amount in the figure was estimated
from the cloud picture obtained by ESSA Ill. As may
be seen in the figure, there is a relatively high value of
cloud amount (> 80%) over the north-east region of
Taiwan. Over this region the so-called "Taiwan depression" appears and develops frequently in winter.
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150E

HOE

2100 LST. 20 FEB 1968
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The distribution of the mean amount of low clouds
whose base is lower than 2,500 m, is presented in
Fig. 3.15 (Ninomiya, 1972). In this figure, the distribution is estimated by using the marine synoptic observation data of the observation ship Chofu Maru and the
synoptic observation data of the land stations in the
three months of February of 1966, 1967 and 1968. As
may be seen in the figure, the low-cloud amount is relatively small, i.e., 2/8-4/8, over the north-western East
China Sea. The largest cloud amount of 6/8-7/8 is found
over the Kuroshio region. In Fig. 3.15, frequency of
appearance of the stratus-type, undeveloped cumulus
and developed cumulus is also shown. Almost all of the
low clouds reported over the China continent are of the
stratus type, while the developed cumulus appears most
frequently over the Kuroshio region.

Figure 3.6 A typical synoptic weather situation at the time of the
cold air outbreak. Surface and 850-mb weather maps
at 2100 LST, 20 February 1968.

line) heat are seen in January. The annual mean incoming solar radiation at the sea surface (line with dot) is
almost balanced to the sum of sensible and latent heat
loss from the surface.

5
\\\\\. \\u.

The mean wind, temperature and moisture fields in the
upper atmosphere up to 500 mb level for the 20-day
period from 6 to 26 February 1958 are presented in
Fig. 3.12 (Ninomiya, 1972). The abscissa in the figure
shows the station number, arranged from the continent
to the AMTEX area. As may be seen, a remarkable
difference of the mixing ratio of the water vapour between the windward side and the leeward side of the
East China Sea area may be observed.
In Fig. 3.13, the mean values of individual temperature and moisture change over the AMTEX area during
the same period as in Fig. 3.12 are shown (Ninomiya,
1972). In this figure, computed values over the Japan
Sea (Ninomiya, 1969) are also presented for comparison.
A detailed explanation on how to estimate the mean
values will be found in section 6.

o

30
Figure 3.7

Meridional distribution of constancy of the wind
velocity in January 1968, averaged from 1300 E to
l40 o E. Unit is %.
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The characteristic features of the precipitation for
February of 1966, 1967 and 1968 are shown in Fig, 3.16.
The types of the precipitation are classified into two
categories, i.e" rain type and shower type, and their
appearance frequencies are presented in Fig, 3.16.
Almost all of the precipitation over the continent is due
to the rain type, while Shower-type precipitation predominates over the Kuroshio region, The numerals in
parentheses indicate the mean precipitation (mm/day)
for February of 1966, 1967 and 1968 and the climatologica1 value of precipitation respectively.
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Wave disturbances over the AMTEX area
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In Fig. 3.17 the latitudinal time section of the mean
wind field between 24°N and 26°N at the 850 mb level
for February 1968 is presented (Nitta, Nanbu and Yoshizaki, 1973). The dotted part corresponds to the southerly wind. It is seen that disturbances of a period of
4-5 days propagate from the China continent to the
AMTEX area. The latitudinal time section of cloud
amount between 25°N and 30 N is also shown in Fig. 3.18
(Nitta, Momose and Gambo, 1973). The data are
obtained from a cloud picture of ESSA III and the cloud
amounts are averaged over the rectangular sections of
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MEAN FIELD
1I00 mb

The ordinate in the figure shows the deviation of cloud
amount from the monthly mean value for February 1968.
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Figure 3.12 The mean temperature, moisture and wind fields for
the 20-day period from 6 to 26 February 1968.

50 Lat. by 50 Long. We pick up the cloud amounts by
applying the band-pass filter in order to examine the
propagation of the 4- to 5-day period disturbances.
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Figure 3. 13 The vertical distribution of the individual temperature
and mixing ratio change in the large scale motion
a/at T and a/lit q. The values over the Japan-Sea for
1965 and 1966 (Ninomiya (1968a)) are also shown for
comparison.
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It may be seen that the disturbance which is observed at

105°E on 11 February, for example, propagates eastward and the cloud amount increases during the process of propagation. The power spectra of time-series
data of cloud amounts in each section of 5° Lat. by
5° Long. are presented in Fig. 3.19 (Nitta, Momose and
Gambo, 1973). The period of 4--5 days becomes clear
over the region of 125°E-1400E and 20 0N-300N. This
might correspond to the development of travelling disturbances from the Asian continent to the AMTEX
area.
In addition to the disturbances with periods of about
4--5 days, relatively small scale disturbances whose wave
lengths are about 1,000 km are observed over the
AMTEX area. A detailed explanation of these waves is
presented in section 5.

POWER SPECTRA OF CLOUD AMOUNTS
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Figure 3.19 Power spectra of cloud amounts in each section of 50 Lat. by 50 Long.
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4. BOUNDARY LAYER PROCESS
4. 1 Observational requirements
In order to fulfil the objectives of AMTEX, observations to determine the surface fluxes of momentum, heat
and water vapour over the whole area of the experiment
and to clarify the three dimensional dynamical and
thermal structure of the planetary boundary layer above
the surface layer are required together with oceanographic and radiation information. Boundary fluxes
must be obtained over the area which are compatible
with the macro-scale observing system, i.e., an area of
about 3,000 km X 3,000 km and time intervals of 3 to
12 hrs. The turbulent fluxes in the surface boundary
layer at one point can be directly measured and related
with the distribution of the mean values of the meteorological parameters. However, this does not represent
the averaged value over the vast area, because the
features of the surface boundary layer, which is very thin
compared to the horizontal scale of the weather phenomenon, are easily modified corresponding to the
changes of the upper and bottom boundary conditions.
The upper boundary condition of the surface boundary
layer, which is sometimes represented by wind and other
measurements at the anemometer level, cannot be
estimated from macro-scale weather conditions without
knowledge of the planetary boundary layer above the
surface layer. The boundary condition at the bottom of
the surface layer or the condition of the ocean surface is
determined by the energy balance equation at the surface and is not uniform over the vast area, especially in
the area of the present experiment, as is easily seen from
Fig. 3.5. Therefore, the importance of the observations
of the planetary boundary layer structure, the radiative
balance at the sea surface, heat transport into the ocean
and heat advection with the ocean current, as well as
that of the boundary fluxes, is highly recognized in the
present experiment.
4. 2 Turbulent floxes in the surface boundary layer
Owing to the recent development of the theory of
atmospheric turbulence and observational techniques,
the turbulent transport process in the surface layer over
a flat land surface is fairly well understood and the turbulent flux, especially that of momentum, can be related
with the vertical profile of the meteorological parameter
(e.g., Businger et aI, 1971). However, sensible and latent
heat fluxes observed by the direct method are, sometimes,

quite different from the values expected from the profile
measurement. The reason for this discrepancy is not
clear at present in most cases. We may think of inaccuracy of the observation, unsteadiness of the state,
effects of sprays from waves in cases over the ocean,
incompleteness of the theory and so on. The relative
importance of these factors is not clear. To solve these
points, direct measurement of the turbulent fluxes must
be made carefully in various weather conditions together
with the related meteorological parameters. The improvement of the hardware of the observational techniques
is especially important in a large experimental programme
of this kind, which is difficult to repeat. If all kinds of
the raw information were properly observed and recorded,
the means of the data processing could be tried as many
times as required until reliable results were obtained.
4.2. 1 Direct measurement of turbulent fluxes

At present, direct measurement of turbulent fluxes can
be made with the aid of recently developed observational instruments. In particular, the accuracy of the
vertical wind component measurement has been greatly
improved by the development of the sonic anemometer
(Mitsuta, 1966). The propeller type (Gill Type) sensor
also provides practically rdiable data. However, it is
rather hard to find a sensor for air temperature and
humidity fluctuation measurement which is compatible
with the sonic anemometer. The temperature output of
the sonic anemometer-thermometer is quick enough in
response but its reading is affected by the air density
fluctuations caused by humidity changes. Fine wire
resistance or a thermocouple thermometer is the only
reliable sensor for air temperature.
The humidity sensor poses more problems than does
the temperature sensor. A recently developed quick
response dew point hygrometer, a Lyman-o: instrument,
and an infrared absorption hygrometer and refractometer
have potential possibility, and several comparison experiments have been made (Chen and Mitsuta, 1967;
Miyake and McBean, 1970; and H. C. Martin, 1971).
However, owing to difficulties in their stability and error
caused by the deposition of sea salt, we cannot find a
reliable sensor for use in the surface layer over the ocean
from amongst these.
The only way we can easily find at present may be
the use of a fine psychrometer. The wet-bulb temperature may also be affected by the deposition of sea salt.
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However the saturation vapour pressure decrement
caused by the salinity is not so large as
e. = ew (1-0.000537 s)
(4.1)
where e. is the saturation vapour pressure over sea-salt
solution at a given temperature, ew the saturation vapour
pressure over a plane surface of pure water at the same
temperature and s the salinity in parts per thousand
(0/00)' Therefore, the error is less than a few per cent of
the water-vapour estimate even when the wet-bulb is
wet by pure sea water, provided that the dry-bulb is clean
enough, which in practice is not easy.
The other problem to be solved in the application of
the direct method of turbulent flux measurements in
the eddy correlation method is the data processing,
which needs a large number of calculations before
obtaining the final result. The analogue computer is one
solution, as shown by Dyer et aI. (1970) and Hanafusa
(1971). However, the method of separating the fluctuating component from the mean value must be the subject
of reconsideration in practical field use, as shown later.
This method is the best way to obtain quick look results
of turbulent fluxes at the observational site and/or to
evaluate the contribution of the turbulent transport
process in the limited frequency range, but it is advisable
to have the back-up system of the proper recording device
for detailed analysis later.
4.2.2

Comparison of turbulent flux sensors

A preliminary experiment for intercomparison of the
turbulent flux measurement techniques to be used in
AMTEX was made at Lake Biwa, the largest lake in
Japan, in the autumn of 1972. Five sonic anemometerthermometers and a propeller type anemometer were
used in this experiment. A short report of the results is
summarized in Table 4-1 (the details will be published
in the near future as an AMTEX Report). All the sonic
anemometers are of the same type (Mitsuta et aI., 1967)
though they are a little different in the shape of the wind
antennae (sound path length being 10-20 cm); however,
the methods of data processing are different. The A,
Band E data were recorded on tape, and digitized and
processed later. The C data were computed by analoguecomputer on site in real time and fluxes were obtained
the same day as the observation. In the case of D and F
data, the covariances were computed by the analogue
computer and the product was recorded.
As is clear from this table, the results reported independently within three weeks after the experiment are not
so consistent with each other, although the sampling
duration has the same time interval as that shown in the
table. These quick reported values are now being
rechecked to find out the causes of discrepancy by

exchanging the data handling processes.
the final conclusion is not obtained, it is
this moment, that the main cause of these
comes from the difference of the definition
Run No.

1

2

3

4

Even though
estimated, at
discrepancies
of zero point
5

6

14
14
Date Nov., 1972
13th
14
14
13
15:00 23:00 03:50 09:00 15:00 21:00
Time of start
Sampling
20 min 20
20
20
20
20
Duration
Mean Wind
Speed; m/sec
2.30
9.58
A (sonic) 5.0 m
6.35
2.19
2.18
C (sonic) 5.7 m
0.99
8.81
5.21
6.40
2.60
2.16
E (sonic) 3.8 m
0.83
8.52
5.11
6.28
Momentum Flux;
dyne/erne
0.02
1.28
A (sonic) 5.0 m
0.45
0.07
1.29
0.66
B (sonic) 2.0 m
0.69
0.28
0.15
C (sonic) 5.7 m
0.10
1.40
0.81
0.16
0.19
0.05
D (sonic) 3.7 m
0.09
1.25
0.50
0.62
0.30
0.10
E (sonic) 3.8 m
0.06
2.04
0.48
0.73
Sensible Heat
Flux; mW/cm2
C (sonic-wire)
5.0m
0.22
1.17 -0.21 -0.97 -0.91
1.21
D (sonic-wire)
1.29
3.7m
0.88
0.38
2.73
2.09
F (sonic-wire)
2.31
2.73
3.7 m
1.05
4.06
4.69
4.19
Latent Heat
Flux; mW/cm2
C (sonic-psy)
8.08 37.5
12.3
4.64
5.0m
3.99
1.50
D (sonic-psy)
4.36
3.7m
3.64
1.73 10.7
3.35
Table 4-1

Summary results of the intercomparison of turbulent
flux measuring methods in Japan. At 40 m offshore of
Lake Biwa, the wind direction was from the water.

of vertical velocity. In fact, in the data handling processes, the zero point is defined in various ways: one is
the carefully checked absolute zero point; others are
the running mean in a certain time interval, the mean in
the total sampling duration, and the output of a Iow pass
filter. The difference becomes significant when very low
frequency fluctuations, which are effective to turbulent
transport, are superimposed on the ordinary turbulence.
Vertical velocity fluctuations of a few minutes are seen in
some cases in this intercomparison.
The other probable cause of discrepancy in sensible
and latent heat fluxes is the difference of temperature and
humidity sensors. Therefore, an intercomparison of
humidity fluctuation sensors over the ocean will be
made on a research vessel over the Pacific in May 1973,
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as the next step in the preparation of the combined
Japan-Canada work.
4.2.3 Platform for direct measurement
The principle difficulty in making a direct measurement
of turbulent fluxes over the ocean is the limitation of the
platform. In the area of AMTEX it is expected that the
mean height of waves is larger than 1 m during the
period of the experiment, as shown in Fig. 3.8. A stabilized platform is very hard to maintain. In the period
of AMTEX, only one SPAR type buoy of the Ocean
Research Institute of the University of Tokyo can be
operated for the study of the turbulent transport measurement near the surface over the ocean. Even this buoy is
swayed by waves and the buoy motion must be measured
for correcting the wind velocity measured by the anemometer fixed to the mast (Takeda, 1971). In order to
obtain more widespread information about turbulent
fluxes, other types of platforms for direct measurements
are prepared.
A direct measurement of turbulent fluxes over the ocean
is made at the top of the mast of a research vessel in the
network. The effect of the ship body upon the wind field
is minimum at the top of the mast and the measurement
can be made even when the ship is cruising if information
on the ship body motion can be obtained. The method
of correcting the platform motion in this case is just the
same as that used in the aircraft measurement of turbulent fluxes. By this method, we can expect to obtain
turbulent fluxes in any conditions over a wide part of
the area under study. An observational technique of this
type was developed by the group of the Disaster Prevention Research Institute of Kyoto University (Mitsuta,
1971a).
Aircraft can also be used as a good platform for the
direct measurement of turbulent fluxes over the ocean.
Two research airplanes from NCAR and an airplane of
the National Research Institute of Pollution and Resources of Japan installed with a sonic anemometer will
be operated during AMTEX. Wind velocity components
relative to airplanes are corrected for airplane motion.
By this measurement, three dimensional distribution
turbulent fluxes in the planetary boundary layer can be
directly observed. However, airplane operation is limited
in time and space, and it is also impossible at night time.
Therefore, a continuous surface observation must also be
incorporated to fill the data gap.
The observational methods shown above are all made
on moving platforms. Therefore, the accuracy of the
results is relatively low when compared to measurements
on the platform fixed to the earth. Therefore, to obtain
the reference value of turbulent fluxes over the sea sur-
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face, two direct measurements of turbulent fluxes are
planned, one on the tower fixed to the bottom and one
offshore on the coral reef, and one measurement on a
high tower on a small island. Each of the movable platforms is supposed to be checked with these fixed observing
points once during the experimental period through
comparative measurements side by side. Continuous
observation will be made on these points to check the
interaction of larger scale weather phenomena and surface fluxes. Even though the turbulent flux near the coast
or on the island is somewhat different from that over the
ocean, it can be corrected by the aid of some related
quantities.
4.2.4 Indirect estimate of turbulent fluxes

Even though several observational points for direct
measurement of turbulent fluxes are planned in AMTEX,
they are not sufficient to obtain the overall information
throughout the experimental area where large horizontal
temperature gradients are expected. In order to supplement the direct measurement, simple indirect methods
of turbulent flux estimation are to be applied at as many
points as possible.
The simplest method is the bulk method, which needs
only information on wind speed, specific humidity, and
air and sea surface temperature. These data can be
obtained as reports from ships other than research vessels, such as merchant ships or fishing boats. The amount
of data can be increased by an effort to stimulate onboard measurements in this area.
However, in the practical application of this method,
the problem exists that the exchange coefficients of
sensible and latent heat (CH and CB) are not well understood at present. Only the drag coefficient (CD) over the
sea surface in the wind speed range from a few meters
per second to about twenty meters per second is fairly
well known to be constant and to be about 1.0-1.2 X 10-3
(Mitsuta,197Ib). Above this range a direct measurement
has never been made, but the times when wind speed
exceeds this limit might be very rare and the coefficient is
practically assumed to be constant without serious error.
In the low wind speed range, the drag coefficient obtained
by direct measurement increases with decreasing wind
speed, as shown in Fig. 4.1.
The exchange coefficients of sensible and latent heat
(CH, CB) are near to the magnitude of the drag coefficient

(CD) but may change appreciably with stability and/or
other parameters. It is one of the principle objectives

of the AMTEX to determine the appropriate values of
the exchange coefficients for use in numerical simulation
of large scale phenomena.
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Therefore, a quick report for near real time analysis
may be made on the assumption that CH/Cn + 1 and
CE/Cn =i= 1, and, resulting from later detailed analysis,
the exchange coefficients will be determined. Thus the
collection of raw data from ships and the compiling of
the original data are the essential requirements in the
experiment.

established methods for this purpose, and was tested in
the preliminary study of AMTEX (Gambo et aI., 1970).
However, its application is limited because the hot wire
anemometer for use in the measurement of high frequency
fluctuations of wind speed is broken by collision with a
raindrop or sea water spray. The new method proposed
by Hicks and Dyer (1972) called NIFTI (Near Isotropic
Flux Turbulence Instrument), which uses the power
spectral density of horizontal wind speed, air temperature and humidity at near isotropic frequency range
(ne = 0.38 H z ), is also promising. However, the frequency range selected is very near to the frequency peak
of ship body motion, as shown in Fig. 4.2, and the wind
speed measurement at this frequency range on the mast
of a ship is erroneous in some cases if no correction for
ship body motion is applied.

As is shown above, the bulk method itself is uncertain
and is to be established as a result of the experiment.
Therefore, it is necessary to have a more dependable
method of indirect measurement of turbulent fluxes which
can also be easily performed on board.
The method of the indirect estimate of turbulent fluxes
from turbulent energy dissipation is one of the most
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Figure 4.1

5.0
Mean wind speed (m/s)

10.0

Variation of drag coefficient over the lake surface at the height of 5.7 m with mean wind speed (unpublished data of
Kyoto Univ.).
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Another approach is under development for AMTEX
and is almost the same as NIFTI but different in the frequency range, which is lower than the peak of ship
motion spectrum and wider than that in NIFTI. However, in this case the stability must be determined independently, because the skilful method used by Hicks and
Dyer cannot be used in this frequency range.

.·J,~o"".
,,"

0\

Rolling,,'

1.0

..

..;

"0

~,

RUN 162

I

0

~

(.0 o,~\

.

ci

~.' .+r
.
o

en
~

-

0\

.~.

Pitchi ~g 0

o.I

.

:"v
0 0

!
\

;/ ..0

.
~

\

\
- - - ' - ' -,

"
-

\\ ~ V,

00. I

1,",

"~

b.,

i,.\.. . . ,:

o.0I

o.I

n(cps)

1.0

Figure 4.2 Spectra of ship body motion of Rv. Ryofu of JMA
(1400 ton) over the East China Sea, 17 July, 1968.
Wind speed was 5.0 m/sec, wind wave, 0.3 m high,
2.0 sec in period and swell being 1. 0 m high, 7.0 sec
in period (Mitsuta, 1971a),

The fluctuations of parameters in the frequency range
can be easily measured and recorded, and the turbulent
fluxes are estimated by the following relation

nrPu (n) /u. = fu (n, Z/L)
nrPo (n) /B. = /0 (n, Z/L)
nrPq (n) /q. = jq (n, Z/L)

(4.2)
(4.3)
(4.4)

where n is the central frequency, rP (n) the power spectrum and f the function to be determined by the experiment. The stability parameter can be estimated based
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on the bulk Richardson Number. Again the function /
must be checked by the results of this experiment; therefore the estimation by this method will be made later
and only the raw records of wind speed, temperature
and humidity will be obtained in the experimental
period.

4.2.5 The air-sea interface
The turbulent fluxes are assumed to be constant within
a shallow layer called the surface layer near the surface.
The surface layer over the ocean is a little different from
that over the land, because the surface topography is
changeable and waves are propagating. The processes
in the layer just above the sea surface are quite different
from those over land. In this interface, the momentum
flux is not constant with height and the effect of the waveinduced motion must be considered. Therefore, in the
treatment of the surface layer over the ocean, its lowest
part, which is compatible with wave height, must be treated
differently. The constant flux layer will start from the level
above this surface interface. The presence ofthis interface
prevents direct application of the profile method, developed over the land, to the phenomena over the ocean.
This problem will be studied in this experiment by the use
of a buoy platform.
However, in the treatment of the higher level phenomena, the existence of the interface may be adjusted by
replacing the zero point of the coordinate in a vertical
direction.
Another problem which is seen over the sea surface is
the existence of water droplets from waves in the surface
layer. When the height of a wave exceeds a certain limit,
the wave top breaks down. According to results of an
experiment by Toba and Kunishi (1970), wave crest
breakdown is seen when an equivalent wind speed at
10 m high exceeds 15 m/sec and the rate of the wave
breakdown increases rapidly with increasing wind speed.
The water droplets, produced at the crest of the wave,
evaporate in the lower part of the surface layer, Therefore, in this part, the state is a co-existence of water
vapour and droplets and the definition of water content
is complex. Moreover, they act as a heat sink and the
air temperature profile changes its shape. The temperature and humidity structures of the lower part of the surface layer are not well understood. This may be the
cause of error of the water surface temperature measurement by the infrared radiation thermometer from aircraft.
It is probable that air temperature decreases and humidity increases at the air-sea interface when water droplets
are formed on the waves by high winds. The magnitude
of correction term for this must be studied in the course
of the present experiment.
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4.2. 6 Effects of rainfall on surface fluxes
As it is difficult to take the measurement of turbulent
fluxes in the rain, the effects of rainfall on turbulent
fluxes have never been studied. However, in the period
of the present experiment it is expected that it will rain
on more than half of the days, because 18.2 are the
expected rainy days (more than 0.1 mm) in February at
Miyakojima. The increase of air density from raindrops
suspended in the air is practically negligible because the
increment of air density caused by the most severe rainfall ever recorded in Japan is estimated to be less than
1% (Mitsuta, 1970). However, the downward motion
of droplets causes a downward current by drag force
and the structure of turbulence in the rain is entirely
different from that of clear air. Moreover, the collision
of droplets with the sea surface suppresses the formation
of ripples on the surface and the drag coefficient may be
changed.
Heat transfer is also affected by rain, just as in the case
of droplets formed from the wave crest. Apparently,
raindrops will be the heat sink and water vapour source
throughout the boundary layer. Therefore, rainfall
might suppress evaporation from the surface and increase
sensible heat flux at the surface. However, the results of
evaporation measurement using a pan evaporimeter with
a rain gauge show that there are cases in which appreciable evaporation is seen even in the rain.
Fog has also the same effects as raindrops. The effect
of water droplets in the air on the turbulent fluxes is one
of the fundamental problems in AMTEX. For this
purpose rainfall intensity and drop size distribution will
be observed. The sonic anemometer-thermometer can
be operated even in the rain, therefore momentum and
sensible heat fluxes in the rain can be estimated to some
extent. The problem is how to measure humidity fluctuations in the rain.
4.2.7 Low frequency fluctuations and their effects on turbulent fluxes

The length of sampling duration is decided by the
maximum size of the fluctuation which contributes to
the transport process of physical entities. In the surface
boundary layer, it was believed that long period fluctuations of vertical component are negligibly small. However, some recent observations show the existence of
low period fluctuations which are effective for turbulent
flux, and the existence of a non-zero vertical component
averaged over a few minutes even in the surface layer.
Fig. 4.3 shows an example of long period changes
observed over the Pacific at the height of 20 ill (Mitsuta, 197Ib). In this case, time changes of one minute
average are shown. The covariance of the temperature

and vertical component is significantly large in spite of
those of the horizontal component, and the vertical
component is negligibly small. As a result, the momentum flux obtained in this time period is not so variable
with the change of the sampling duration in the range of
5 to 30 minutes but the sensible heat flux increases with
increasing sampling duration and that for 30 minutes is
more than four times the average value of 5 minute fluxes
in which the contribution of the long-period changes is
filtered out, as shown in the right half of Fig. 4.3. It is
interesting in this case to report that the sensible heat
flux estimated by the bulk method is almost the same in
magnitude as the averaged value of 5 or 10 minute
fluxes.
As explained before, the same contributions were seen
in the periods of the intercomparison of the turbulent
flux measurement, and the results of the measurement
are different from each other owing to the difference of
the method of data processing.
This shows that long period changes are sometimes
effective on the turbulent transport of sensible heat in
the surface boundary layer. The long period change is
the reflection of the larger scale weather phenomena, as
pointed out in the case of BOMEX (Fleagle, 1971). At
the same time this suggests that there must be large
spatial changes of turbulent fluxes in the surface layer.
Therefore, during AMTEX the turbulent fluxes must
be observed continuously to resolve the long period
changes of fluxes even in the surface layer. The contribution of larger scale phenomena on the surface boundary
layer processes, or the response of the surface layer to
the changes in the free atmosphere, will be observed in
cooperation with large scale observations. Fig. 4.4
shows an example of the continuous measurement of
turbulent fluxes sampled every 30 minutes during the
intercomparison over Lake Biwa in 1972.
4.3 Planetary boundary layer
From results of observational studies of the planetary
boundary layer by Warner and Telford (1963) and Kaimal and Haugen (1967), it is suggested that the upper
limit of the constant flux layer or the surface layer is
about 50 to 100 m high from the ground surface. Above
this level, the free convection becomes predominant and
sensible and latent heat are transported by thermals which
are a few hundreds meters in diameter, until condensation of water vapour begins and the cumulus cloud
convections are formulated. The layer between the surface layer and the free atmosphere or the cloud base may
be called the upper planetary boundary layer. This
layer has not been well known, especially· that part over
the ocean.
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In this layer the flux-to-gradient relation does not hold
good, and the statistically defined diffusion coefficient
decreases with height as observed by Yokoyama (1971),
and shown in Fig. 4.5. Even though the long term mean
lapse rate in this layer is stable, it is true that the sensible
heat is transported upward from the surface layer into
the free atmosphere through this layer. This is the result
of the thermals starting from the top of the surface layer
with a certain initial speed. Therefore the observations
of the upper part of the planetary boundary layer are
partly aimed to clear these phenomena, and a three
dimensional measurement is required for this purpose.
The advective transports of the physical entities in the
upper planetary boundary layer should also not be overlooked, especially those of water vapour, because more
than half of the water vapour content in the atmosphere
is distributed in this part of the planetary boundary layer.
4.3. 1 Aircraft measurement
As shown before, aircraft are the most suitable platform for the study of the planetary boundary layer,

because turbulent fluxes as well as distribution of the mean
state of meteorological parameters including winds in
the whole area can be observed within short time intervals by this means (Lenschow, H. H., 1972 or Miyake
et aI., 1970). The method of the direct measurement of
the turbulent fluxes from aircraft is already used widely
in U.S.A., U.S.S.R., Canada and Japan.
Besides the turbulent fluxes, divergences and rotations
of physical entities in the planetary boundary layer can
be measured from aircraft. It is reported that experience
from BOMEX (Holland, 1971) suggests that the classical
line-integral method for divergence estimate is inferior
to the so-called trend method where the rate of change of
the parallel wind component along the flight track is
used to measure the one-dimensional divergence in each
of two orthogonal directions from aircraft. Vorticity can
also be estimated in this way by measuring the rate of
change of the orthogonal component along the flight
path. This method seems to be especially suitable for
AMTEX, because the study area shows a large horizontal
gradient of surface temperature, and high horizontal
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resolution is required. However, in order to cover the
whole area by the small number of aircraft available for
this experiment, the flight schedule of the research aircraft must be carefully arranged.

z (m)

500

•
4.3 .2 Tethered balloon measurement
Even though the aircraft can cover a vast area in a
short time, the time changes of the planetary boundary
layer characteristics are hard to find out by this means,
because the flight time is limited and night time measurement at low altitude in the boundary layer is almost
impossible. In order to fill the data gaps of the aircraft
measurement, the tethered balloon is valuable. Even
though the payload is limited in the balloon measurement, Yokoyama (1971) has developed an instrumentation package for the turbulent flux measurement. By this
package, the turbulent fluxes at a certain level can be
measured. However, this requires a large balloon to lift
it, which cannot be handled under strong winds. There-
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Figure 4.5
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Variation of diffussion coefficient K with height (z).
After Yokoyama (1971).

fore, another approach to estimate turbulent fluxes by
the NIFTI method is under development. For the simpli-
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fication of balloon handlings, a kite may be used in high
winds.
4.3.3 Indirect measurement of PBL

Measurement of the planetary boundary layer is limited
by the selection of the platform. Therefore, indirect
measurement of the upper part of the planetary boundary
layer is valuable, if it is reliable enough. The recently
developed sonic-radar may be used to find temperature
discontinuity and wind speed. Measurement of the propagation of the pressure disturbance or wind gust can be
used to find out phenomena in the upper part of the
planetary boundary layer.
4.3.4 Surface wind and friction free wind
In the analysis or the simulation of the planetary
boundary layer, the ratio of the surface wind and the
friction free wind, represented by the gradient or 850 mb
wind, can be used. The characteristics of this ratio have
been studied, but reliable results are seldom reported.
This is also a subject of AMTEX.

4

19

system including the Kuroshio often varies over periods
from days to weeks, it is planned to check such oceanic
changes by oceanographic observations on board several
fixed research vessels. Besides the inherent oceanic
variations, the structure of the surface layers of the ocean
responds quickly to the variable meteorological conditions. Observations at the oceanic weather stations
show that the sea surface temperature depends not
only on heat exchange through the sea surface but also
on the development of the surface mixing layers, and
that the response of the sea surface temperature to the
change in meteorological conditions is of a complicated
nature. In order to clarify the response characteristics
of the oceanic surface layer, we have a plan to take
detailed and dense measurements on the structure of the
surface layer by using XBT, STD and so on. At the same
time, measurements on the wave properties (especially
properties of wave breakings) will be made, which seem
to be the main energy source of the mixing process of the
oceanic surface layers.
4. 6 Parameterization of the planetary boundary layer

4. 4

Radiation in the surface layer

For the purpose ofthe heat budget studies on the ocean
surface, radiative flux measurements are planned besides
observation of the vertical profiles of solar and infrared
radiative flux divergence by radiation sonde. Knowledge
of the upward and downward solar and infra-red radiant
fluxes near the ocean surface is required over the whole
area of the experiment.
However, direct measurements of radiant flux are
possible only on research vessels, just as in the case of
turbulent fluxes. Therefore, the radiant flux over the
whole area of the experiment should be estimated from
synoptic weather information, such as cloud amount, air
and water surface temperatures, humidity and so on,
by use of the experimental formulae obtained previously.
Results of other programmes of GARP, for example,
CAENEX, are also valuable. However, the parameters
in the experimental formulae are to be reconfirmed by
results of the direct measurement in this experiment.
4.5

Parameterization of the planetary boundary layer
mainly concerns an estimation of the turbulent vertical
fluxes of momentum, sensible heat and water vapour in
the planetary boundary layer in terms of observable
large-scale quantities. For convenience, the planetary
boundary layer is divided into two layers: the constant
flux layer or the surface layer and the upper planetary
boundary layer as explained in 4.3.
4.6. 1 Bulk formulae for the surface layer

As regards the surface layer, the constant flux assumption and the Monin-Obukhov's similarity concept can be
applied to the fullest extent and there are massive data
of observation. Therefore, the almost characteristic
features of this layer have been clarified except for the
surface layer above the ocean.
To estimate the vertical fluxes of momentum ('ro) ,
sensible heat (Ho) and water vapour (Eo) in the surface
layer, the bulk method may be most the profitable for
large-scale phenomena; that is,

Oceanic measurement

To investigate air-mass transformations on the ocean,
we need precise temperature data at the sea surface as a
lowermost boundary condition. Sea surface temperature
cannot be considered constant for the time scale under
consideration. In the AMTEX area, the warm and saline
Kuroshio water is adjacent to the cold and less saline
coastal water, and the strong Kuroshio flows along the
boundary between these two waters. As the current

'ro/p

= Ca

U~

(4.5)

Ho/pCp = C,,«(Jo - Ba) Ua

(4.6)

Eo/p

(4.7)

= CE (qo - qa) Ua

where Ca is the drag coefficient or the transfer coefficient
of momentum, C" and CE are the transfer or exchange
coefficients of sensible heat and water vapour, respectively. The suffixes 0 and a refer to the quantities at Zo
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(roug4ness length) and at some reference level Za in the
surface layer, respectively. The other symbols are conventional. If the transfer coefficients are given by observations or theoretical studies, To, Ho and Eo can be calculated in terms of large-scale properties: Ua" ()o - ea
and qo - qa'
The values of the transfer coefficients have been obtained by a number of investigators, based on field observations. However, the relatively large differences in
estimating the transfer coefficients are reported even if
the observations are performed under the same mean
wind conditions. The numerical modellers are most
unhappy with this situation. In this sense it is desirable
to determine the adequate value of transfer coefficients,
especially over oceans, as a function of stability and wind
condition.
Another hopeful approach is the combination of the
similarity concept and observations. On the basis of the
similarity hypothesis, the non-dimensional vertical profiles of wind speed (l/J m), potential temperature (l/J h ) and
specific humidity (l/J q) are universally expressed as the
functions of non-dimensional height Z/L. Here L is the
Monin-Obukhov's stability length. l/Jm, l/Jh and l/Jq are
defined by:

given by the fixed empirical values based on the observation, except for the UCLA general circulation model
where the transfer coefficients are determined by the
latter process.
4.6.2 Ekman layer

In contrast to the surface layer, there are few satisfactory theories about the eddy transport of heat and
momentum in the Ekman layer even for the steady state
condition and there is no adequate observational knowledge. Although various kinds of parameterization
schemes have been proposed, it is difficult to select one
that is adequate. The accumulation of suitable observations and the development of a theoretical study are
strongly desired. The present situation is that a comprehensive theory of the planetary boundary layer might
not even be constructed within the next few years. Considering this difficult situation, we may have to adopt a
"trial and error method" to choose an apropriate parameterization scheme, comparing the results obtained by
numerical simulation experiments with the observation.
Here the various parameterization schemes are reviewed
briefly, divided into black-box and white-box models.
(a) Black-box models

where k is von Karmln's constant, u* is the frictional
velocity defined by (To/prh., ()* = -Ho/(PCpu*) and
q*

= - Eo/(pu*).

However, the functional forms of l/J are undetermined
when using the similarity theory. Various forms have
been proposed on a semi-theoretical or observational
basis; for example, KEYPS profile, modified KEYPS by
Yamamoto and Shimanuki (1966), the empirical formulae by Charnock (1967), Swinbank (1968), Dyer
(1968), Bushinger et al. (1971), and so on. Using the
relations obtained by integrations of l/Jm, l/Jh and l/Jq
from Zo to Za with respect to height, the transfer coefficients Ca, Ch and Cq can be numerically expressed as a
function of Za/Zo and the bulk Richardson number RiB
defined by
(4.9)
Following this procedure, Deardorff (1972) has presented
the semi-empirical formulae using the expressions of l/Jm,
l/Jh and l/J q proposed by Businger et al. (1971).
The present general circulation models (GCM) and
the conventional numerical prediction models usually
use the bulk formula where the transfer coefficients are

On the basis of the similarity concept, the properties
of the planetary boundary layer as a whole are assumed
to be determined by two non-dimensional external parameters such as the surface Rossby number (R o) and a
stability parameter (S), defined by
(4.10)

where Vg is the geostrophic wind speed at the top of the
boundary layer, f is the Coriolis parameter, and !J..() is
the difference of the potential temperature between the
surface and the top of the layer.
Many proposals have been presented to obtain the
universal non-dimensional vertical profiles of wind velocity and potential temperature as a function of R o and S
in the case of steady and homogeneous conditions.
Although Clarke's works (1970a, 1970b) have thrown
light on this subject, no reliable profile was obtained.
Therefore, it may be more profitable to use the bulk
representation of the boundary layer which is consistent
with the empirical information. In this case, we assume
that the detailed structures in the boundary layer are not
well defined. In this sense, the planetary boundary layer
is regarded as the black-box. However, the black-box
schemes may be useful when the planetary boundary
layer is treated as a single layer in a numerical experiment
model.
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(i) Resistance law model

Combining the similarity concept and the asymptotic
matching principle in such a way that the properties of
the surface layer overlap asymptotically with those of
the Ekman layer, Lettau (1959), Kazansky-Monin
(1961), Csamidy (1967, 1972), Gill (1968) and Blackadar-Tennekes (1968) have independently obtained the
following forms of resistance law in distinctly different
ways:
Ug/U*

= [In (U*IfZo) - A]/k

(4.11)

Vg/U*

= -B/k

(4.12)

/).0/0*

= [In (U*IfZo) - C]/ak

(4.13)

where Ug and Vg are the x and y components of Vg
respectively and the x-axis is aligned in the direction of
the surface wind, and the y-axis is directed at right
angles. A, Band C are the universal constants and
should be determined observationally as a function of
the stability parameter. a is equal to c[J,)c[Jm' If A, B
and C are given, we can estimate Ho and 1"0 for the
external properties of /)'0, Vg and Zoo A, Band C were
estimated by Monin-Zilitinkevich (1967) and Clarke
(1970a) from the field observations. This scheme may
be worth testing within the framework of the numerical
simulation experiment.
(ii) Deardorff's model
Deardorff (1971) designed a new parameterization
model of the planetary boundary layer assuming that
the bulk properties of the Ekman layer should be determined by hB/L(hB is the thickness of the Ekman layer).
His proposal is mainly based on his numerical simulation of the turbulent motion in the planetary boundary
layer (Deardorff, 1972) and observational results
obtained by Clarke (1970). By connecting the nondimensional profiles of the surface layer proposed by
Businger et al. (1971), Deardorff gave the expressions
of the bulk properties of the planetary boundary layer,
Um/U* and (Om - ( 0)/0* as a function of hB/ZO and
hB/L, where Um and Om are the vertically averaged
values of u and 0 through the Ekman layer, respectively.
Furthermore, he stressed that the height of the
boundary layer may not be always determined as
hB ~ U*1f and proposed the prognostic equation of
hB .
This scheme can easily incorporate the baroclinic
effect in the boundary layer and can be applied over
the equatorial zone, in contrast to the resistance law
model. Although many assumptions are introduced
in designing the model, it might be possible to improve
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the assumptions without altering the basic approach.
Considering these situations, it may be more profitable
to incorporate Deardorff's model with the numerical
model of large-scale dynamics with coarse vertical
resolution.
(b) White-box method

If it is permitted to place several levels within the
lowest 2 or 3 kilometers above the surface in order to
resolve the vertical structure of the planetary boundary
layer explicitly, the associated vertical fluxes of heat,
momentum and water vapour should be parameterized
in a manner consistent with our knowledge of the boundary layer. Here, for convenience, we call such a parameterization scheme the white-box model, as against the
black-box model mentioned before. Almost all whitebox models proposed until now are concerned with the
determination of turbulent exchange coefficient which
is used in the form of diffusion expression in the treatment of vertical fluxes of heat, momentum and water
vapour. Although many formulae have been presented
semi-theoretically or empirically, there is no generally
acceptable formula which might be valid in most circumstances.
(i) Mixing length model

On the basis of the mixing length concept, the vertical
turbulent exchange coefficient (K) is expressed as
K '" 100w or K = 12 1f!. Here I is the mixing length, O'w is
the standard deviation of the vertical fluctuation of the
wind speed, and If! is defined as follows:
2

dV 1
If! = [ dZ -

I

0:

edZ + KP dZd ( K dZde)] V

g dO

2

(4.14)

where e is the eddy kinetic energy. The last term in the
right hand side of the above relation is commonly
ignored without any guarantee only because of difficulty of estimation.
As for the mixing length I, various kinds of expression have been proposed; that is, the generalized von
Karman's formula, Blackadar's interpolation formula
(1962), Clarke's similarity formula (1970b), the twolayered model and so on. As for O'w, there are a few
studies by Monin (1959), Hanna (1968), YokoyamaGamo (1971) and others. Yokoyama and Gamo
obtained the simple relation O'w = 0.04 Vg - V
from observations by aircraft and tethered balloon.

I

I

(H) Empirical formulae

Apart from the mixing length theory, many attempts
have been made in which the exchange coefficients are
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determined purely empirically to get a better simulation of the phenomena under consideration. For
example, Asai (1965) obtained successful results in a
study of the air-mass transformation in winter over
the Japan Sea using the expression of the exchange
coefficient of heat by
KH

oB\
= K H* / ( 1 + 0: ()z)

(4.15)

with Kll and 0: constant. Considering that a countergradient upward heat flux appears to occur above the
lowest 100 m or so under unstable stratification of the
planetary boundary layer in bulk, Deardorff (1967)
proposed a slightly different definition of KH by
(4.16)
where H is the sensible heat flux and Ye is a small positive threshold potential temperature lapse rate. The
expression of KH is similar to that proposed by Asai.
He obtained reasonable results in a case of air mass
modification over the western Atlantic. It seems to
be valuable to examine the validity of these formulae
in the case of AMTEX.
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5. CONVECTIVE CLOUDS AND CUMULUS PARAMETERIZATION
5. 1 Introduction
A large amount of heat transferred from the sea to the
atmosphere through the air-sea interface destabilizes the
lowest atmospheric layer and enhances convective activity.
Water vapour as well as heat stored in the lowest atmospheric layer is pumped up to the free atmosphere mainly
through convective clouds which liberate a considerable
amount of the latent heat. The convective clouds play
an important role in transforming a deep atmospheric
layer and sometimes enhance large-scale atmospheric
disturbances. Examining previous studies of an air-mass
transformation based on the theory of heat conduction,
Asai (1965) indicated that an effect of convective transfer
of heat should be incorporated into a model to simulate
a rapid air-mass transformation over the Sea of Japan
in winter. Hence, it is indispensable for the study of airmass transformation to evaluate the effects of cumulus
convection, which is a so-called sub-grid-scale motion.
Our primary efforts in AMTEX are to be devoted to
the examination of different formulations proposed so
far on the following concepts to parameterize the effects
of cumulus convection on large-scale motion: (a) convective adjustment, (b) penetrative convection, (c) cellular
cumulus convection, and some others. The formulations
are examined in connexion with the characteristics of
cumulus convection. Information on statistical properties of the cumulus ensemble derived indirectly from
budget calculations of mass, heat, moisture and momentum made in cooperation with direct observations of
convective clouds is significant, not only for improving
the parameterization but also for understanding the
physical mechanism involved in the cumulus ensemble.
5.2 General features of convective clouds in the AMTEX
area and related studies
Two different types of cloud distribution are often
observed in the AMTEX area in winter: (a) one is a
cellular and/or band structure, and (b) the other is the
organization of clouds into a cluster. The former is
associated with a rather shallow cloud layer topped with
an inversion layer around the 800 mb level which distinctly separates a moist unstable lower layer from an
extremely dry upper layer, while the latter is found in
the presence of a deep moist layer reaching up to the
500 mb level without a noticeable inversion layer (e.g.,
Asai 1972b).

Some observational and theoretical studies made so
far suggest that the former (a) is controlled by an amount
of heat and water vapour supplied from the sea and the
prevailing wind with vertical shear in the cloud layer,
while the latter (b) is associated with large- or meso-scale
atmospheric disturbances which are capable of collecting
a sufficiently large amount of water vapour to develop
many huge convective clouds. One of the objectives of
AMTEX is to describe features of convective clouds and
related atmospheric conditions to establish the relationship among them.
(a) Cellular and band clouds
It has been well established that cellular convection,
i.e., Benard type convection, takes place in a fluid layer
heated from below when the adverse temperature gradient exceeds a certain critical value. The horizontal
size of a cell is two to three times larger than the depth
of the convection layer. When a flow with vertical shear
is introduced in the convection layer, the convection cells
are replaced by longitudinal rolls parallel to the flow.
A linear stability analysis for an unstably stratified plane
Couette flow indicates that the vertical shear has a stabilizing effect on perturbations and the effect is striking for
perturbations of short wavelength and of transverse
mode perpendicular to the flow (e.g., Kuo, 1963; Asai,
1970a). Hence the longitudinal roll convection is most
favourable for development in the shear flow. This was
also supported by a non-linear numerical study of thermal convection in a Couette flow (Lipps, 1971).
The study of a thermally unstable Couette flow was
extended to shear flows with various velocity profiles by
Asai (1970b, 1972). An inertial instability favouring the
transverse mode of perturbation may be present for a
curved wind profile having an inflection point for a certain range of the Richardson number. As for a shear
flow changing direction as well as speed with respect to
height, the preferred mode of thermal convection is the
roll along which the vertical shear of the velocity component of the wind perpendicular to the roll axis is minimum and thus the vertical shear vector plays the most
important role in aligning convective clouds.
The instability of the Ekman boundary layer flow
originated differently from the thermal instability yields
roll structure of developing perturbation which is oriented
at an angle to the left of the geostrophic flow at the top
of the boundary layer (Faller, 1963; Faller and Kaylor,
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1966; Lilly, 1966; etc.). Quite recently Kaylor and Faller
(1972) investigated the stability of the Ekman boundary
layer flow with stable density stratification and elucidated a possible resonance of the Ekman flow instability
with an internal gravity wave. Asai and Nakasuji (1973)
made an examination of the stability of the unstably
stratified Ekman flow and showed that preference of
the inertial instability over the thermal instability depends
upon the Richardson number.
A number of observational studies have been made of
cloud distribution in relation to prevailing wind (e.g.,
Kuettner, 1959 and 1971; Malkus and Riehl, 1964;
Tsuchiya and Fujita, 1967). Some confusion and ambiguity about the relation between cloud distribution and
prevailing wind still remains to be solved.
(b) Cloud cluster

As is well known, most convective clouds are not
randomly distributed but are likely to be related intimately to a synoptic-scale disturbance. An extensive
aerial photographic observation over the tropical Pacific
Ocean made by Malkus and Riehl (1964) and others
showed that enhancement or suppression of convective
clouds is subject to the large-scale flow pattern in which
they form. Based on a series of studies of heavy snowfall along the Japan Sea coastal region of the Japanese
Islands in winter, Matsumoto et aI. (1967) demonstrated
that well-developed cumulus clouds are mostly confined
to the area of low-level convergence associated with a
meso-scale disturbance. Employing a composite technique, Williams (1970) derived valuable information concerning bulk properties of tropical cloud clusters. In any
case it appears that the ascending motion associated with
a large- or meso-scale disturbance plays an important
role in developing and maintaining organized convective
clouds. However, little is known quantitatively about the
characteristics of cloud clusters and the effect of a largerscale motion on cumulus-scale convection which is
embedded in the larger-scale motion.
5.3 Specification of problems
We shall define the following space averaging operator,
denoted by a bar, which is applied to a variable A

A=

_1_jjrr
A
'J

dx dy

Llx Lly

(5.1)

D

over the domain D with the sides of the grid length Llx
and Lly in Cartesian coordinates x and y directed eastward ~nd northward, respectively. The ~eviation of A
from A is denoted by A', Le., A' = A-A.
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When we apply the averaging operator (5.1) to the
equations for large-scale motions of the atmosphere, we
obtain
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-pQ
11:
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(5.2)

PF)

pM
o
S = SeA, V, w) + S' (A', V', w')

The equation (5.2) is given just to reveal general features
of the way in which so-called subgrid-scale motions
influence the large-scale motions (Kasahara and Asai,
1967). Here V and ware the horizontal and vertical
components of velocity, p is the density, P the pressure,
e the potential temperature, q the specific humidity,
m the cloud water content, 11: the Exner function which
is defined as Cp (P/PO)R/C Q the diabatic heating rate
and M the condensation rate; the other symbols have
their usual meanings. The terms on the right-hand side
of (5.2) contain the effects of subgrid-scale motions, and
there is no obvious way to evaluate these terms. In
dealing with the air-mass transformation, the diabatic
heating term Q and the transports of heat, moisture and
momentum due to subgrid-scale motions should not be
neglected. Thus the problem to be solved is to represent
the apparent sources of heat, moisture and momentum,
i.e., the right-hand side of (5.2), in terms of variables
describing large-scale motions.
p ,

In the lowest atmospheric layer above the earth's surface the vertical transport process depends primarily on
small-scale eddies, while cumulus-scale convection is one
of the most significant eddies to transport heat as well as
to release latent heat of water vapour in the cloud layer
above the underlying lowest layer. In the following discussion we assume that deviations here denoted by primes
are due solely to the presence of cumulus clouds, and
the horizontal transport terms due to subgrid-scale eddies
are not taken into account.
Here we employ an heuristic assumption that a unit
area containing each of the grid-points used for describing large-scale motion is filled with a number of
cumulus convective elements characterized by a certain
representative mode disregarding how different they are
from one another in their size and stage of evolution
(Asai and Kasahara, 1967). We assume a number of
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cumulus towers of updraft which are a circular column
surrounded by descending motion associated with the
updraft. The radii of the updraft column and the surrounding annular column are denoted by a and b, respectively. The ratio of a2 to b 2 is denoted by (la which
represents the fraction ofthe total horizontal area covered
by cumulus updrafts. Thus the vertical transport due to
cumulus convection through a unit horizontal area per
unit time may be represented by summation of upward
transport by the updraft and downward transport by
descending motion, i.e.,
A'w' = (la (Aa -A) (w a - ~ + (1- (la) (Ab -A) (Wb- w)
= (la (1 - (la) (Aa - Ab) (W a - Wb)
=

(5.3)

(la (Aa - Ab) (W a - w)

where
and Aa and Ab denote the values of A inside and outside
the cumulus updraft , respectively. Since the average
vertical velocity Hi is much smaller compared with the
updraft of cumulus clouds, (5.3) may be written as
(5.4)
Consequently, the convective transport of a quantity A
is proportional to a fraction of a grid module occupied
by cumulus updraft (la, the updraft veloc~ty Wa (or the
updraft mass flux, (la wa) and the excess value (Aa - Ab)'
The condensation rate of water vapour through cumulus
convection and the heating rate due to the condensation
can also be evaluated by using the characteristic values
of the updrafts described above.
We can now state more specifically that the objective
of the present study is to find the characteristics of a
representative mode of cumulus convection in a unit area
containing each of the grid-points used for describing
large-scale motion.
5.4 Examination of cumulus parameterization

One of the main tasks to be undertaken in AMTEX is
to examine the following different formulations proposed
so far to parameterize the heating due to cumulus convection in terms of variables relevant to the large-scale
motion in which cumulus clouds are embedded. We
should emphasize that an appropriate examination is
valuable not only to improve the parameterization but
also to better understand physical mechanisms involved
in a cumulus ensemble.
Convective adjustment

One of the simplest ways to incorporate the heating due
to cumulus convection into large-scale dynamics is the

convective adjustment, which was introduced by Mintz
(1964) and Manabe et al. (1965) into their general circulation models. It should be noted here that the essentially
same idea as the convective adjustment had been applied
to the transformation process of the cold and dry air
mass flowing over warm sea by Takahashi (1940).
The idea of the convective adjustment is based on the
fact that thermal convection develops when the lapse rate
of temperature exceeds a certain neutral value. Manabe
et al. assumed that when the lapse rate, r, in an area
saturated with water vapour exceeds the moist adiabatic
lapse rate, rB> it is reduced to that of the moist adiabatic.
Convective clouds may be observed in a certain domain of
the atmosphere where the mean relative humidity is
below 100% because of the presence of a cloud-free
portion. Miyakoda et al. (1969) adopted the procedure
that water vapour in excess of 80% of saturation precipitated out of the atmosphere provides a better simulation of water balance of the real atmosphere. Katayama
(1967) and Gadd and Keers (1970) pointed out that
Manabe's scheme had the disadvantage that unrealistically rapid changes in r might be implied when air
achieves saturation in a large-scale field and that the
sudden changes over a limited area could produce serious
defects in computed forecast, in particular with a finemesh model. A threshold relative humidity Ye smaller
than unity was introduced to avoid the disadvantage of
Manabe's scheme. Bushby et al. (1967) adopted the
following definition of the critical lapse rate re instead
of r B :

re = r a

G :J + G ~:)
TB

for Y

~ Ye

where r is the relative humidity and r a is the dry adiabatic
lapse rate. The value of Ye is taken to be 0.5 in the
experiments so far conducted by Bushby et al.
Although the convective adjustment is skilful in parameterizing the effect of cumulus convection and is used
fairly successfully in simulating large-scale motion, the
physical meaning of parameters such as Ye and re is still
ambiguous because of by-passing physical problems concerning cumulus ensemble. Another ambiguity in the
convective adjustment is related to the relaxation time, <,
required to adjust an unstable stratification. The relaxation time may not be an important factor in a general
circulation of the atmosphere, while it may play a significant role in disturbances of rather a short life time.
Gambo (1969) regarded < as the ratio of the depth of
convection layer to the representative velocity of cumulus
updraft which was determined as a function of the static
stability under the energy conservation principle. In the
adjustment scheme, however,Gambo assumed a constant
fractional area occupied by cumulus updraft· which
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remained undetermined. In any case an attempt to
introduce the characteristics of cumulus convection into
the adjustment scheme should be encouraged to make
clear the physical processes involved in the adjustment
hypothesis.
A mixed layer model formulated by Ball (1960) was
extended by Lilly (1968) to a convectively active cloud
layer under an inversion. The vertically integrated properties in the mixed layer can be altered by fluxes through
the lower and the upper boundaries. Lilly indicated that
a quasi-stationary convective cloud layer cannot exist if
the equivalent potential temperature decreases upward at
its top and suggested a possibility of predicting the
break-up of stratiform cloud layers into convective ones.
Betts (1971) presented another version of the mixed layer
model based on the concepts of cloud, environment and
circulation inherent in mass transport model (PraseI',
1968; Haman, 1969). Then Betts formulated a timedependent model of a non-precipitating convective layer
in terms of the surface boundary condition and the largescale vertical motion. The mixed layer modelling
approach may be useful in the air-mass transformation
process of a cold subsiding flow over a warm sea. An
extension of the model to an incompletely mixed layer
may lead to better understanding of the physical process
involved in the convective adjustment.
Problems to be examined in association with the hypothesis of convective adjustment are:
(i) to determine the values of Ya' r a and 'r and to relate
them to the physical properties of a cumulus
ensemble,
(ii) to make clear the water budget and to deal with
cloud water content.
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layer accompanying low-level horizontal convergence.
The unknown paraineter 1] is specified more or less intuitively by many authors (Kuo, 1965b; Yamasaki, 1968;
Rosenthal, 1970; Sundqvist, 1970, etc.). Each method
is partially successful in simulating the development of a
tropical cyclone. Quite recently the physical meaning of
the formulation (5.5) and specification of the dimensionless parameter 1] has been discussed by Ooyama (1969,
1971) and Arakawa (1969, 1972) to improve the cumulus
parameterization based on the hypothesis of penetrative
convection.
Provided that a cumulus ensemble embedded in largescale motion is in a statistically steady state over a time
scale describing the behaviour of large-scale motion,
there will be no accumulation of heat and moisture in
the cumulus ensemble during a period of the time. Using
a one-dimensional entraining cumulus model in the steady
state, we obtain

~~ =

- u (Ba - Bb) -

~ u (qa -

qb)

+ ::Va M 1

Jqa
1
JZ = - u (qa - qb) - W M
a

where u = _1_ !Z (era Wa) which denotes the entrainment
eraWa 0
rate, and u is regarded as zero in the detrainment layer
in which u < O. Consequently the apparent sources of
heat and water vapour which consist of the true source
and the accumulation of vertical flux due to cumulus
convection are
(5.7)

for

Penetrative convection

The idea of the conditional instability of the second
kind (CISK) originated from Ooyama (1964) and Charney
and Eliasen (1964) who attempted to study the growth
of tropical cyclones. The CISK mechanism assumes that
the heating rate due to cumulus convection Qa is represented by

JB - . .
Qa= 1r.1]- w'"
JZ

for

w*::::'" 0

(5.6)

u::::'"

0

>

0

for u

(5.8)
for

u::::'"

0

(5.5)

where w* is the vertical velocity at the top of the planetary
boundary layer and 1] is a dimensionless parameter which
determines the vertical distribution of heating. In contrast with the hypothesis of convective adjustment in
which instability is assumed to occur only in moist
unstable domains in the sense of Y > Ya and r > ra, the
hypothesis of penetrative convection assumes that cumulus convection develops only in a conditionally unstable

for u

<0

Assuming that Bb = B and the second term on the right
hand side of (5.7) is much smaller than the first term,
and comparing (5.7) with (5.5), we can find tlw relation-. Therelore
~ JZ
J1].IS SI1ru
. '1 ~r to a l'
. 1] = era Wa/1r.W"'.
ShIp,
un'd
of entrainment rate. The para,meter 1] may be evaluated
by analysis. of the large-scale heat. and moisture budgets.
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Subsequently the characteristic values of the potential
temperature ea and the specific humidity qa of the updraft
as well as the vertical mass flux are determined by the
use of (5.6).
Yanai et aI. (1973) are trying to determine bulk properties of tropical cloud clusters, such as the vertical
mass flux, the excess temperature and moisture and the
liquid water content of the clouds from a combination
of the observed large-scale heat and moisture budgets and
an entrainment model of convective cloud. Some diagnostic analyses have been made so far to estimate the
vertical transfer of heat and water vapour due to smallscale eddies from conventional surface and aerological
observations. Above all, Matsumoto (1967a, b), Matsumoto et aI. (1966, 1967) and Ninomiya (1968a, b, 1972)
demonstrated the controlling influences of the environmental condition on convective activity based on the
extensive budget analysis in both meso- and large-scale
over the Japan Sea and the East China Sea during the
winter monsoon season. One of the most remarkable
results obtained by Matsumoto and Ninomiya is that
enhanced convective clouds are observed in the presence
of horizontal convergence of the order of 10-4 sec-1 at
low levels. Theoretical study of cumulus convection made
by Asai (1969) suggests that a kind of threshold value of
low-level horizontal convergence may exist for the
enhancement of the convective activity. In any case the
diagnostic study of this budget analysis is very useful as
an indirect method to obtain information on statistical
properties of a cumulus ensemble and to improve its
parameterization.
Problems to be examined in association with the hypothesis of penetrative convection are:
(i) vertical profile of 11 which determines the vertical
distribution of heating rate due to cumulus convection,
(ii) to determine condensation efficiency of water
vapour supplied to the domain concerned.
Preferred mode of cellular cumulus convection

A more direct way to clarify the characteristics of a
cumulus ensemble, rather comparable with the black-box
methods mentioned above, is to investigate the dynamics
of cumulus convection in a conditionally unstable
atmosphere.
Based on the linear theory for marginal stability, Kuo
(1961, 1965a) was unable to determine a preferred mode
of a cumulus convection cell consisting of moist ascending
and dry descending motions. Then Kuo suggested that
the concept of marginal stability is inadequate for determination of a preferred mode, especially when the static
stability is far beyond its critical value. Re-examining

Kuo's linear stability study, Yamasaki (1972) demonstrated that the preferred horizontal size of an ascending
area was determinable while that of a descending area
still remained undetermined even when adopting an
additional boundary condition between an ascending and
a descending region, which was not used by Kuo. Kitade
(1972) extended Kuo's model to a case with mean vertical
motion and showed that the critical Rayleigh number for
cumulus convection to form is smaller and the fraction of
an ascending area is larger in the mean upward motion
than in a still state.
Asai and Kasahara (1967) derived a cloud model which
consists of two circular concentric air columns, the
inside column corresponding to the updraft (cloud)
region and the outside concentric annular column to the
downward motion region. Then Asai and Kasahara
attempted to determine a preferred mode of cumulus
convection (aa) imposing the hypothesis that the convection transports heat upward most efficiently. Extending the cumulus model which combined Bjerknes' slice
theory with the entrainment concept of a buoyant plume,
Asai (1967) demonstrated a preferred mode of cumulus
convection (aa' a) as well as the characteristic values of
the clouds, W a and (Aa - Ab), in terms of the static stability and the entrainment constant. A next and more
important subject, some studies of which have been
undertaken (e.g., Asai, 1968a, 1969), is to relate a preferred mode of cumulus convection to the amount of
heat and moisture supplied through different processes.
More sophisticated cloud models have been formulated
by taking into account microphysical processes (e.g.,
Simpson and Wiggart, 1969; Weinstein, 1970; Ogura and
Takahashi, 1971) and multi-annular columns consisting
of three separate regions (Wang, 1968). Considerable
simplification and refinement are still required for these
models to be applied to cumulus parameterization.
Problems to be examined are:
(1) The selection hypothesis of a preferred mode of
cumulus convection is not justified yet. Different approaches such as imposing a constraint to satisfy the heat
and moisture budgets should be examined.
(2) To deal with multiple modes of cumulus convection
and to evaluate the influence of spectra of clouds of
different dimensions as observed in the atmosphere.
Convective transport of horizontal momentum

Another role played by cumulus convection in a flow
with vertical shear is in transporting momentum in the
vertical direction. Most of the ways of parameterizing
convective transport of momentum suggested or adopted
in the theoretical and experimental studies may be
reduced to a sort of mixing length hypothesis (Newton,
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1966; Ingersoll, 1966; Gray, 1967; Matsumoto et aI.,
1970; Rosenthal, 1970; etc.). Based on the perturbation
analysis of an unstably stratified shear flow, Asai (1970)
showed that vertical transfer of horizontal momentum
depends crucially on the three-dimensional structure of
the perturbation. Asai elucidated that vertical transport
of horizontal momentum is against the shear of the basic
flow for transverse perturbation, while the reverse is true
for a longitudinal perturbation which is most favourable
fcir development. However, no definite formulation of
parameterizing vertical transport of momentum due to
convection is proposed. Studies of cumulus convection
in a shear flow and its simple modelling should be
encouraged.
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6. MEDIUM AND LARGE-SCALE DISTURBANCES
6. 1 Introduction
In this section we will discuss the large-scale aspect of
the heat and moisture budget over the Kuroshio region,
the vertical distribution of convective transport of heat
energy and the relation between the convective transport
and property of cumulus convections.
Also discussed are the statistical and synoptical
aspects of the wave disturbances of various scales which
develop over the AMTEX area.
We will use the large and medium scale classification
in the discussions. However, in order to clarify the discussion, we should explain this. The disturbances
observed in the atmosphere will be classified in accordance
to horizontal scales as follows:
(a) Large-scale disturbances

Disturbances whose wavelength is larger than 3,000 km
are regarded as large-scale disturbances. The mechanism
of development will be considered as explained by the
so-called baroclinic instability.

The heat energy budget and the air-mass transformation in the Japan Sea region have been studied by several
authors such as Miyazaki (1949), Aldashina (1957),
Manabe (1957 and 1958), Matsumoto (1967a) and Ninomiya (1968a and b).
The East China Sea, where the AMTEX will be carried
out, is also another interesting and important area in
which to study the air-mass transformation because the
very warm Kuroshio current is predominant. Nevertheless, the number of reliable analyses of the heat energy
budget in this region is very small. In the present report,
problems regarding the large-scale aspects of the airmass transformation over the Kuroshio region will be discussed mainly from the report by Ninomiya (1972).
The thermodynamic equation and continuity equation
of water-vapour relevant to the area under consideration
are

and

The phenomena of this scale have a wavelength of
about 1,000 km. They are sometimes observed as a
family of cyclones along the frontal zone or as an isolated
small cyclone.

where

(d) Cumulus convection

This phenomenon has been studied theoretically and
observationally in many respects, even though quantitative
and physical descriptions are still inconclusive. The scale
is of the order of 1-10 km. It is important to note that
the cumulus convection is organized frequently into a
medium-scale and/or a mesoscale convective system
(sometimes called cloud clusters).
6.2 Heat and moisture budget over the Kuroshio region
As already discussed in section 3, air-mass transformation is very remarkable over the east coast of the Asian
continent.

- q + - m' q' = - m*
&
op

(6.2)

(~) T (individual temperature change) and

(£) q

(individual moisture change) are defined as
bl

(c) Mesa-scale disturbances

Meso-scale disturbances are defined as disturbances
whose wavelength is between 50 and 300 km. The disturbances are often recognized as a group of organized
cumulus convections.

0

b -

(b) Medium-scale disturbances

0 -
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P

and

0-
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0-

& q = ot q + V .Vq + op m q

(6.4)

respectively. In these equations, the bar (-) and the
prime (') denote the areal mean value and the deviation
from the mean. The data of aerological observations
surrounding the East China Sea (see Fig. 3.1) every
12-hours are used to evaluate (bl/bt) T and (b/bt)q. The
obtained values were already presented in Fig. 3.12 in
section 3.
By integrating vertically eqs. (6.1) and (6.2) from the
surface to 500-mb surface, we have
Cp

(Ps

(~) T dp +

g J 500 mb &

= LiPS
g

500mb

m* dp -

C p (m' T')

g

Ij;SP
-

g

500mb

Ps

QR dp

(6.5)
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and
1

(P,

g)50omb

where

(J)11 (PB
Ji qdp+ (m'q')P'=-g)50omb m *dp
g

- Cp/g (m' T')P.

and

-

ference between their results and the results given in
Table 2. This is due to the differences in the data source.
(6.6)

g1(m'-q')p,

are the sensible heat supply and the evaporation in the
area under consideration. In order to evaluate - Cp/g
(m'T')p. and _l/g (m' q')pJrom eqs. (6.5) and (6.6), we
have to know the value of the amount of precipitation
(i.e.! (P

B

g) 500mb

m* dp). It is difficult to estimate the amount

of precipitation over the sea area. From the data on the
islands and land area, we estimate that the mean amount
of precipitation would be 6 mm/day.
The results of budget calculation are given in Table 1.
TABLE 1
Results of budget calculation (Ninomiya 1972)
Sensible heat supply from the sea

340 ly day

Evaporation

10.8 mm/day

Bowen's ratio

0.58

Total heat energy supply

980 1y day

6 .3 Convective transport of heat energy
The convective transport of sensible and latent heat
across a certain pressure surface is evaluated by integrating vertically eqs. (6.1) and (6.2) from 500 mb to p on
the assumption that the convective transport vanishes at
the 500-mb surface as
-!(Cpm'T')p=! (P

g

g) 500mb

and

[J- + Lm*
-] dp

1
1 (P
- g (Lm' q')p = g) 500mb L & q

Qs = 5.5 VeTs - Ta)
and
are used.
The results of evaluation using the marine observation
data obtained by the Chofu Maru are shown in Table 2.

(6.8)

It should be noted that the vertical distribution of the

condensation m* cannot be evaluated. Consequently,
we cannot obtain the convective transport of sensible
and latent heat from eqs. (6.7) and (6.8). If we add
eq. (6.7) to eq. (6.8), we can eliminate the term of
condensations as
1
--Fc = ~ g- [Cp m' T' + L m' q'] p
1

(P

g) 500mb
It is also possible to estimate the energy supply by the
bulk method based on the marine observation data. For
this, Jacob's formula (1951)

[Cp~tT-L;*+QR]dP
(6.7)
u

[J
J- ]
C & T + L & q + QR dp
1 -

p

(6.9)

From eq. (6.9), we can evaluate the convective transport
oftotal heat energy Fe. The result is presented in Fig. 6. 1.
The figure shows that about 50% and 20% of the heat
energy supplied from the surface is transported upward
across the 850 mb and 700 mb surface respectively.

Fe

mb

=·_'t

(Cp w'T'+ Lw'q')

500
TABLE 2
Results of the bulk method
Sensible heat supply

270 ly day

Evaporation

11.2 mm/day

Bowen's ratio

0.39

Total heat energy supply

9301y day

By comparing the results in Table 1 with these in Table 2,
we find that evaluation by budget calculation coincides
with that by the bulk method.
Similar evaluations were also made by Mitsuta and
Kato (1973) (see section 3) when they used the data from
fishing vessels and merchant ships. There is some dif-

700
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1000

I

o

20

~

40
-I

Iy· hour
Figure 6.1

Vertical distribution of the convective transfer of the
total heat energy over the East China Sea area.
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Now let us consider the meaning of the convective
transport. According to Matsumoto (1967b) and Ninomiya (1968a), the convective heat transport is given as *
w' T'=w T-m T= oA1-O'c)(wc- wf)(Tc - Tf )
R::! O'c Wc I1T

where O'c and at = (l - oc) are the area ratio of the area
of the convective upward motion and that of the compensating downward motion respectively. T c' Tt> WC,
wt> and I1T are the air temperature and the vertical
velocity in and out the core of convective motion and
the excess temperature (I1T = T c - Tf ) respectively.
The convective vertical velocity Wc, excess temperature
I1T, and excess mixing ratio of water-vapour I1q would
possibly be measured directly by the observational flight
across the convective clouds. In our recent experiment
over the Japan Sea in the winter season, the information
about these matters was obtained by using dropsonde
observations. The difference between the upward velocity
in the cumulus and descending velocity out of the cumulus I1w and the excess temperature I1w is estimated by
comparing the descending dropsonde which falls in and
out of the cumulus core. The results of an analysis made
by Matsumoto, Ninomiya and Nakagaki (1967) are
quoted in Fig. 6.3. If the relative humidity in and out
of the cumulus core is assumed as 100% and 85% respectively, I1q is estimated as q8 (Tc) - 0.85 q8 (Tf ). From
these values the convective transport is estimated as
1--1
- - (Cp w' T'
L w' q') ~ - O'c Wc (Cp I1T LI1 q) ~
g
g
20 ly.houc1 • This value may be said to coincide well
with the value shown in Fig. 6.2.

+

+

6 .4 Problems in the budget analyses
The large-scale aspects of air-mass transformation are
very briefly described in the previous sections. Now we
will discuss the problems in the further studies.
(a) Evaluation ofprecipitation over the sea
In order to evaluate the sensible heat supply and evaporation by atmospheric budget calculation, a precise
evaluation of precipitation over the sea area is necessary.
A specially designed rain gauge on board the observation ship would be necessary. An estimation of precipitation by the iso-echo observation of radar would be
more important.
(b) Vertical distribution of the condensation
In order to evaluate the convective transport of the
heat energy and water vapour, information on the ver-

*

A similar equation is used in (5.3).
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Figure 6.:2 The excess temperature I1T in cC (broken line) and
the updraft velocity I1w in mb/min (solid line).

tical distribution of the condensation is necessary. Isoecho observation of RHI would give information on the
vertical distribution of the precipitation and thereby the
areas of condensation can be defined.
(c) Direct measurement of the energy supply and the
convective transport
The results of the large scale atmospheric budget calculation should be compared with the results of direct
measurement on the eddy transport in the boundary
layer and those on the convective transport in the planetary boundary layer.
(d) Atmospheric budget calculation within the medium
and meso-scale region

In the present report we discuss the large-scale atmospheric budget calculation only. The budget calculation
in medium and/or meso-scale region seems, however,
to be more interesting and more important, since the
activity of convective motion is deeply related to the
mesa-scale and/or medium-scale disturbances. One of
the difficulties in the quantitative analyses in the relatively
small area is to evaluate properly the vertical velocity.
In order to obtain reliable results of heat and energy
budget, evaluation of the reliable vertical velocity is
essential.
6.5 Statistical feature of large-scale disturbances
A medium-scale cyclone whose wavelength is about
1,000 km appears frequently in the Kuroshio region from
January to April. Coupling with the upper westerly
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trough, the medium-scale cyclone sometimes develops
into a strong large-scale cyclone.
In order to clarify the statistical features of these disturbances, the power-spectrum analysis would be one
suitable method of study. Shown in Fig. 6.3 is the
vertical distribution of the power spectrum of V and T
at Ishigakizima (24°N, 124°E) in February 1968 (Nitta,
Nanbu and Yoshizaki, 1973). Relatively large period
variations, i.e., longer than 10-days, seem to be unreasonable because the total period of the time series data is
29 days in this case. On the other hand, a weak peak
exists in a 4- to 5-day period in the lower atmosphere
below 500 mb. The spectral peaks in the figure may correspond to the disturbances with the period of 4-5 days
as shown in Fig. 3.17.

ISHIGAKIZIMA (N24". E124°)

T'2
(DEG)2·DAY

The vertical time sections of the· areal mean vertical
velocity wand mixing ratio q over the AMTEX area in
February 1968 are also shown in Fig. 6.4 (Ninomiya,
1972). Disturbances with the period of 4-5 days are also
clearly observed in the figure. The simultaneous occurrence of the maximum mixing ratio q and maximum
upward velocity (J) suggests the reliability of the evaluation of w. Shown in Fig. 6.5 is the power spectrum of
700 mb and q 700 mb obtained by Ninomiya (1972).
It is seen that the variation with a period of about 4 days
is predominant. Within the period range from 3 to
5 days, the coherence between q and is more than 0.9
and the phase difference between them is very small. A
more extensive spectrum analysis on this kind of disturbance has been made by Nitta, Nanbu and Yoshizaki
(1973). They conclude that disturbances with the wavelength of 4.........5,000 km develop during the passage over
the Kuroshio region. The dynamical structure of these
disturbances indicates, according to their analysis, the
characteristics of a baroclinic wave.

w

w

In order to pick up a smaller disturbance, analysis of
the velocity divergence or vertical velocity within the
small area would be useful. Nitta, Nanbu and Yoshizaki
(1973) showed the existence of the medium-scale disturbance with a period of about 2 days by the power
spectrum analysis of the vertical velocity which is calculated over the small region around NAHA, MINAMIDAITO and KADENA (see also Fig. 3.1). The
vertical distribution of the power spectrum of is shown
in Fig. 6.6. They also showed the structure of the
disturbance as presented in Fig. 6.7. Comparing the
analysed structure with the results of a theoretical study
by Gambo (1970a and b) and Tokioka (1970), they sug-

co

2010 5 4 3
PERIOD DAYS
Figure 6.3

2

2010 5 4 3
PERIOD DAYS

2

Vertical distributions of the power spectra of northsouth wind and temperature at Ishigakizima.
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gested that the medium-scale disturbance over the Kuroshio region would be the baroclinic wave in the layer
with the small Richardson number. The results on the
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mechanism and structure of the medium-scale disturbances mentioned above seem, however, not yet to be
conclusive, since the analyses were made by using the
data from a routine aerological network whose horizontal
spacing and observation intervals are several hundred km
and 12 hours. More accurate analyses, especially on the
energetic structure, are needed in further studies.
This kind of medium-scale disturbance is also found
in another season. For example, a medium-scale wave
cyclone with a wavelength of about 1,000 km frequently
appears along the Raiu front, a stationary sub-tropical
front in the pre-summer rain season in the Far East. As
for the characteristic features and dynamical structure,
the detailed analyses by Matsumoto, Yoshizumi and
Takeuchi (1970), Matsumoto, Ninomiya and Yoshizumi
(1971) can be referred to. Shown in Fig. 6.8 is the structure of the medium-scale cyclone in the Raiu frontal zone
observed by Yoshizumi (1973).
It is seen that the cyclone on the Raiu frontal zone has
a different thermal structure from that shown in Fig. 6.7;
that is, over the cyclone there exists a warm core with its
maximum intensity at about 500 mb and cooler air
occupies the lower layers in front of the cyclone centre.
The through line tilts forwards.
mb
400 ·

...

--

6. 6 Synoptic and radar observational features of mediumscale disturbances

As discussed in section 6.4, the structure of the mediumscale disturbances seems to be similar to the baroclinic
disturbances. However, it would also be related to the
smaller scale phenomena (i.e., cumulus convection or
the meso-scale cluster of organized convection), since it
has been observed that the medium-scale disturbances
are accompanied by heavy precipitation in most cases
(Inagaki (1962), Imakado (1966), Nozumi (1966),
Ninomiya and Akiyama (1971)). Consequently, various
kinds of observation by use of radar, satellites and aircraft are also needed to know the interaction between
the medium-scale cyclone and organized cumulus convections.
In the present section, radar and synoptic aspects of
the medium-scale disturbance will be described very
briefly by introducing several preliminary reports.
The medium-scale cyclone is sometimes associated with
a well organized cluster of convective clouds. Shown in
Fig. 6.9 is a PPI picture of the small cyclone of
9 March 1960 (Inagaki (1962)). It should be noted that
the diameter of the echo cluster is only about 100 km.
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Vertical structure of medium-scale disturbance on the Baiu-front. Solid lines indicate height anomalies. Area of negative
temperature anomaly is stippled.
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The organized echo cluster sometimes causes intense
precipitation in the vicinity of the cyclone centre. In
the observational case study on the development of a
medium-scale cyclone of 2 February 1967, Ninomiya and
Akiyama (1971) reported that a strong precipitation of
80 mm/day occurred in the vicinity of the cyclone centre.
Shown in Fig. 6.10 is a sounding at Kadena, on
2 February 1967, which indicated typical situations of
thermal stratification in the echo cluster.
It will also be necessary to describe the situation in the
formation or pre-development stage of the medium-scale
disturbance. It is reported that the scattered echo or
line echo is gradually organized as the disturbance
develops. The PPI observation presented in Fig. 6.11 is
one example of the echo system associated with the medium-scale disturbance in its formation stage.

Except in the case of a developed large and mediumscale cyclone, well developed inversion is usually observed
over the Kuroshio region. A typical situation of the
inversion is presented in Fig. 6.12 (Ninomiya and
Akiyama, 1971). The features of the inversion are
similar to those found over the winter Japan Sea area
(Matsumoto and Ninomiya, 1966b).

1000

Figure 6. 10 Temperature and dewpoint soundings from Kadena
at 2100 LST, 2 February 1967.

6. 7 Meso-scale disturbance

In section 6. 6 it was noted that the medium-scale disturbance is associated with the meso-scale echo (i.e.,
cumulus) cluster. Several analytical studies over the warm
sea current in winter Japan Sea (Matsumoto and Ninomiya, 1966a; Matsumoto, Ninomiya and Akiyama,
1967) indicate that the remarkably developed penetrative

0905 LST. FEB 02 1967

100

Figure 6.11

200KM

PPI-scope at Miyakojima radar observation station.
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Figure 6.12 Temperature and dewpoint soundings at 0900 LST, 2 February 1967.

convection is not organized into a medium-scale cluster
but into a meso-scale cluster.

6.8 Problems in the further studies on the medium-scale
disturbance

Interaction between the cumulus convection and the
meso-scale disturbance carries on through the vertical
transport of sensible heat and momentum (Matsumoto
and Ninomiya, 1969). On the other hand, the conver~
gence of the water vapour flux accompanying the mesoscale disturbance is known to rule the development of
cumulus convection or to organize it in the meso-scale
convective system.

The observational and analytical facts about the medium-scale disturbance over the Kuroshio region were
very briefly described in the previous sections. Now we
will note the important problems in the further analytical
studies.

However, it is necessary to directly bind interactions
of large and medium-scale to cumulus convection for a
certain purpose. For example, the use of so-called convective adjustment in the numerical model of the large
scale motion, or the CISK method for the formation of
a typhoon is a venture to directly bind the interactions
between large (or medium) scale disturbances and cumulus convection. These successes seem to indicate that the
role of meso-scale disturbance in the interaction process
is insignificant. However it should be carefully examined
whether an accurate result can be obtained without
further studying the role of the meso-scale disturbance.

(a) Accurate analysis of the dynamical and energy
structure of the medium-scale disturbance
In order to understand the mechanism of the development, an accurate analysis of the dynamical and energy
structure of the medium-scale disturbance is most important. By comparing the results of theoretical or numerical
studies with those of an accurate analysis, our understanding will be increased.
(b) Interaction between medium (or meso) scale 'disturbance and cumulus convection
In order to make clear the characteristics of a cumulus
group, the cumulus spectrum within the area which corresponds to the disturbance must be clarified and also
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investigations are to be made on the area of upward
current ac , the vertical velocity Wc and the excess temperature AT. With the representative values mentioned
above, it is necessary to clarify whether the relation
w' T' = a c WC AT can be obtained or not.
The analysis of velocity convergence and also moisture
convergence must be made within the medium (or meso)
scale disturbance because these quantities would be
closely connected with the characteristics of a cumulus
group.
6 . 9 Theoretical basis of the medium-scale disturbances
As described in the preceding section, the analytical
characteristics of the medium-scale disturbances over the
AMTEX area can be summarized as follows:
(a) The characteristic scale of the disturbances is
1,000 km - 2,000 km in the east-west direction.
(b) These disturbances become active in a moist lower
troposphere under conditions of a less stable thermal
stratification.
(c) These disturbances do not appear to be associated
with an upper tropospheric trough.

(d) The radar observations indicate that the cumulus
convective activity seems to be closely associated with the
generation and development of these disturbances.
(e) The numerical analyses suggest that the kinetic
energy of these disturbances may be supplied from the
eddy available potential energy as is the case with the
convectional baroclinic wave. However, due to the lack
of observational data, the essential physical processes
which control their generation are only poorly understood and remain to be solved.

One powerful approach to this problem is the instability treatment. What kind of instability does contribute
to the generation and development of such medium-scale
disturbances? Hereafter are presented recent studies
which appear to be related to this problem.
6.9. 1 Instability ofnon-geostrophic baroclinic atmosphere
The usual baroclinic wave in the middle latitudes
develops in the atmosphere where the Rossby number
(R o) and Richardson number (Ri) are of the order of
10-1 and 10-2 , respectively. On the other hand, the
medium-scale disturbance seems to be characterized as a
phenomenon in the atmosphere where both R o and Ri
approach the order of unity. The larger Rossby number
and smaller Richardson number imply that the nongeostrophic effect is important for instability of the
medium-scale disturbance.

6
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To investigate the non-geostrophic baroclinic instability, Stone (1966) extended the solution of Eady's
model (1949) where the vertical shear is uniform.
Recently, more detailed studies have been undertaken
for the instability properties of perturbation in a flow
with uniform vertical shear for the non-geostrophic
adiabatic model as a function of the longitudinal and
latitudinal Rossby numbers and Richardson number by
Gambo (1970), Stone (1970, 1971) and Tokioka (1970,
1971). Their results are summarized as follows:
(a) When Rt is larger than unity, the unstable waves are
associated with the conventional baroclinic instability.
The scale of the unstable wave with a maximum growth
rate decreases and approaches 1,000 km - 2,000 km in
the east-west direction as Rt decreases and approaches
unity, leaving the characteristics of the baroclinic instability wave which kinetic energy supplies from available
potential energy.

(b) When Rt is smaller than unity, another kind of
unstable mode appears due to the symmetric instability
of the circular vortex, in addition to the baroclinic mode.
The wave of the symmetric mode is supplied by some part
of its kinetic energy from the kinetic energy of the
unperturbed zonal flow. The growth rate of this mode
increases as the scale in the east-west direction increases
and that in the north-south direction decreases. If Rt
becomes smaller than 0.95, the symmetric mode has a
larger maximum growth rate than that of the baroclinic
mode. This mode does not have a finite preferred scale
in the north-south direction. However, there is a possibility to have a finite preferred scale including some
effects (for example, meridional variation of zonal wind
of basic field) in their model.
6.9.2

Instability ofnon-geostrophic baroclinic atmosphere
with cumulus activity

The value of the Richardson number for a dry atmosphere in a real situation is of the order of at least unity
over an extended area. Therefore, the results obtained
by a simple linearized model may suggest that any
different mode of disturbance from the conventional
baroclinic waves does not develop in a real situation.
The Richardson number can be small for a moist atmosphere if it is computed when using the equivalent potential temperature instead of the potential temperature.
In this sense, the condition of symmetric instability is
frequently satisfied in a lower troposphere where the
air-mass transformation is active. However, it is not clear
how an adiabatic model in which such a re-defined
Richardson number is introduced can represent the physical situation in the real moist atmosphere.
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To clarify this problem, the effects of cumulus activity
on the instability characteristics should be studied for
the medium-scale motion. Recently, Tokioka (1972) has
approached this problem using a non-geostrophic, baroclinic model. He introduced both the effects of heating
and momentum redistribution due to cumulus convection
in essentially the same way as that proposed by Ooyama
(1964); that is, the heating rate (Xo) was given by
X o = h (Z)

Je w*

(6.10)

JZ

and the accumulation rate of momentum by cumulus
convection (Xu ) was assumed as follows in a similar way:
(Z) Jfj
X u-m
w*

(6.11)

JZ

where w* is the vertical velocity at the top of the planetary
boundary layer. h (Z) and m (Z) are the prescribed
dimensionless parameters, which respectively determine
the vertical distributions of heating and momentum accumulation due to cumulus convection. These parameters
are given in Fig. 6.13, were mo is the arbitrary constant
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which is a measure of mixing activity. The preliminary
results are summarized as follows:
(a) When the heating effect is introduced, the growth
rate of the conventional baroclinic wave increases and

the preferred scale slightly decreases compared with
those of the adiabatic model for the same Richardson
number (compare Fig. 6.14a with Fig. 6. 14b). As the
Richardson number decreases, the preferred scale in the
east-west direction becomes shorter but that in the northsouth direction does not change so much. However, if the
Richardson number becomes smaller than some critical
value (R i *), the preferred scale in the north-south direction starts to decrease and the vertical structure of this
baroclinic wave is significantly deformed from the convectional baroclinic wave as shown in Fig. 6.15 (compare
Fig. 6.15a with Fig. 6.15b). The vertical axis of the
trough tilts eastward in the lower layer because a relatively
cold area exists in front of the trough. The value of R!*
changes depending on the heating rate in the lower layer
but it may be of the order of unity, say about 5.
(b) Introducing the momentum mixing effect alone,
the preferred scale and the maximum growth rate do not
differ so much from those of the adiabatic model shown
in Figs. 6.14 and 6.15. As for the effect of momentum
exchange due to convective activity, Matsumoto, Yoshizumi and Takeuchi (1970) and Matsumoto, Ninomiya
and Yoshizumi (1971) have stressed that this effect might
be important in the evolution of a medium-scale disturbance on the quasi-stationary "Baiu-front", in contrast to the above theoretical result based on a linearized
model. There is a possibility that the vertical shear of
the disturbance itself also affects the momentum exchange.
Therefore, further study based on a nonlinear model will
be desired.

The above preliminary results suggest that the instability of a non-geostrophic baroclinic atmosphere including the heating effect by cumulus activity under the
condition Ri < R i* is an alternative possible mechanism
to generate and develop a different type of mediumscale disturbance from conventional baroclinic waves.
This seems to be the most probable mode for the instability of the medium-scale disturbance as far as the
Richardson number and the preferred scale in the northsouth direction are concerned but the present observational analyses are very poor to verify this problem.
One of the important properties of the medium-scale
disturbance is the smallness of the scale in the northsouth direction. However, it is not clear whether the
smallness of the scale is determined by the property of
the disturbance itself even in a homogeneous basic field
as discussed above or by the inhomogeneity of the basic
field. We also need to study the possibility of shearing
instability ignored in the above model. To resolve these
two problems, it is desirable to use a three-dimensional
model.
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Growth rate curves when (a) Xo = X u = 0, (b) Xo is included but X u = 0 and (c) X u is included but Xo = O. The ordinate
and the abscissa are wave numbers in the northward (l) and eastward direction (k) respectively. Physical parameters used
in the calculation are as follows:
f = 10-4 sec-I, glX «()8/()z) = 0.5 X 10-4 sec-2 , A = iii/():I = 0.5 X 10-2 sec-I.

6.9. 3 Discussion

In contrast to the preceding models where the vertical
shear is uniform, Eliasen (1960) and Orlanski (1968) have
discussed the instability for the model atmosphere where
the vertical and horizontal shears of the basic flow are
entirely concentrated in a frontal discontinuity. They
found a new type of instability which combines baroclinic instability with Helmholtz instability and the barotropic instability of the Rayleigh type under a condition
where Ro is of the order of unity and Ri approaches unity.
This instability is also a possible mechanism to stimulate
a medium-scale disturbance.
The medium-scale disturbances over the AMTEX area
in the winter season are sometimes observed as isolated
small cyclones or family cyclones on the frontal zone.
Therefore, different modes of instability might be active
in different cases. To clarify this problem observational
analyses of the vertical structure of medium-scale disturbances should be undertaken and compared with
theoretical results. Numerical experimentation using a
fine mesh model is also an effective way to resolve the
problem.
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glXlzBco*: potential energy release due to convective heating, CUM: a contribution of momentum mixing.
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7. THEORETICAL MODEL FOR AMTEX

One of the main purposes of AMTEX is to study
adequate parameterization schemes of the effect of
cumulus convection and the planetary boundary layer.
As described in sections 4.9 and 5.3, various schemes
have been proposed up to the present but the applicability of these schemes remains as a future problem to
be solved. Therefore, it is quite difficult to select a
unique scheme objectively to design a comprehensive
theoretical (numerical) model for AMTEX. We should
aim at examining the merits and demerits of existing
parameterization models in the light of the AMTEX
observations and at clarifying the problems to be solved
in future development.

7 . 1 Numerical prediction model
A fine mesh, limited area prediction model is under
development by the staff members of the Electronic
Computation Centre at the Japan Meteorological Agency
(JMA) for operational use. The model is acceptable also
for research purposes without any essential change. We
are planning to adopt this model as the prototype of the
dynamical part in the framework of the comprehensive
theoretical model for AMTEX (cf. Fig. 7.1).
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The usual method of verification of a parameterization
model is to compare the results obtained from each model
directly with observations. However, most of the
proposed models were designed assuming a quasistationary and horizontally homogeneous condition.
Because the observed field in the real atmosphere is never
steady or homogeneous, it is doubtful whether a correct
justification of a model can be given by direct comparison with an observation. The cumulus activity and the
state of the planetary boundary layer over the AMTEX
area are controlled by the large-scale atmospheric motion.
On the other hand, variation of the cumulus activity
forces a change of the large-scale motion field. A progressive approach of verification of parameterization
schemes in such a feedback system is to carry out a
numerical simulation experiment which considers the
interaction between those changing fields and to examine
what kind of parameterization model is most profitable
to stimulate the observed medium- or meso-scale meteorological field. All existing studies about numerical simulation of air-mass transformation are based on a onedimensional equation assuming that an air mass moves
with a constant velocity. Such a simulation model does
not correctly incorporate the effect of a large-scale
divergent field which may be an important factor in
controlling the cumulus activity. It is desirable to use a
three-dimensional numerical experimentation model
whose grid interval is finer than 200 km to describe at
least the medium-scale field. The comprehensive numerical model for AMTEX consists of the dynamical part
(adiabatic numerical forecasting model) and the physical
part (group of parameterization models).
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The framework of the comprehensive numerical simulation model for AMTEX.

Coarse andfine meshes in the numerical model

As shown in Fig. 7.2, the model atmosphere between
200 mb and the earth's surface is unequally resolved into
six layers, the vertical level interval being reduced to a
half below 600 mb. The model is based on the p-coordinate system whose lowest level is the earth's surface.
The horizontal grid interval is 152.4 km at the latitude of
map factor being unity. The numerical integration of the
primitive equation model is carried out with a time step
of 3.75 min. over the limited domain covered with fine
mesh as shown in Fig. 7.3 (a smaller domain such as
shown by the heavy line in Fig. 7.3 may be suitable for
AMTEX purposes). A quasi-geostrophic model on a
coarse mesh (i.e., 304.8 km) with the same vertical resolution is integrated using a time step of one hour over
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the broader domain indicated in Fig. 7.3. As for the
finite difference scheme, an energy preserving scheme is
used for the non-linear advection term and the Euler
backward scheme is adopted for time integration.
7 . 1.2 Boundary condition
At the upper boundary of 200 mb, the vertical p-velocity
is forced to be zero and the lowest boundary condition is
-V","lr

;,

I

I

,,

I

I

,

I

I
I

I

,

.
- I-

..

I
I
I

I

I

I

_!

i

1'1

1<,

I

f..!-

1I
, I

•

~IIII

45

assumed as W s = Jps!Jf + Vs' 'liPs, where W s and ps are
= 0 '/1//1/1// L the vertical p-velocity and the pressure at the earth's surface respectively and Vs is the wind velocity in the lowest

mb
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layer. The lateral boundary condition for the fine mesh
domain, especially the inflow boundary condition, should
be given meteorologically. In the present computation,
forecast by the quasi-geostrophic model is performed in
advance and results are stored in the historical tape.
Information about the lateral boundary value is provided
from this quasi-geostrophic prediction to the primitive
equation model everyone hour and kept constant during
one hour. The wind field outside the boundary is estimated as follows: the tangential component of wind along
the direction of the boundary is geostrophic wind and
the normal component of the wind to the direction of
the boundary is obtained from the continuity equation
using the quasi-geostrophic vertical p-velocity. To
eliminate the noise which may be generated near the
boundary, a relatively larger diffusion coefficient is given
near and along the lateral boundary.
7 . 1 .3 Initialization scheme
In order to provide the initial values for the fine mesh
model, an objective analysis is being developed by the
staff members of the Electronic Computation Centre,
JMA. The technique is mainly based on the correction
method proposed by Masuda and Arakawa (1962).
A difficult problem in the objective analysis mentioned
above is that wind observations are very few over the
Pacific Ocean. Nevertheless, we have to determine the
initial wind field over the Pacific Ocean in order to
perform the numerical prediction. This problem becomes
more serious when we need wind data in low latitudes,
because the geostrophic adjustment between the mass
and wind fields in low latitudes is a complicated one
(Nitta, 1969; 0kland, 1970). An eventual solution of
this problem may be the accurate observation of wind in
the sparse data area. However, this is not necessarily
feasible and in general almost impossible under the
operational network. As a practical method, three techniques are conceivable. Assuming that the wind field
consists of the non-divergent component (V IJI = k X VIf!)
and the irrotational component CV", = vx), where If! is
the stream function and x the velocity potential, we
obtain:
(method 1)

- -II

I

Figure 7.3 The forecast domain of the JMA fine mesh numerical
forecast model. The hexagonally arranged dark points
show the aerological stations over the AMTEX area.

(method 2)

If! from the geopotential by means of the
balance equation and x from the quasigeostrophic w-equation;
If! from the geopotential using the geostrophic relation with a constant Coriolis
parameter and x from the quasi-geostrophic
w-equation;
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(method 3)

lfI from the objectively analyzed wind (a
geostrophic wind as an initial guess) and x
from the quasi-geostrophic co-equation.
These three techniques are now being examined by staff
members of the Electronic Computation Centre, JMA.

7.2 Parameterization models
The parameterization models to be examined by means
of numerical simulation in the AMTEX project may be
summarized as follows:
7.2. 1 Planetary boundary layer
(a) Black-box model
(i) Resistance law model- To introduce this
model, the necessary variables are the wind velocity,
temperature and specific humidity at the top of the
boundary layer, and the temperature and specific
humidity at the earth's surface specifying the roughness
parameter. These are all predictable variables. The
problem is how to determine the top of the boundary
layer.
(ii) Deardorff's model- This model needs to give
the vertically averaged wind velocity, temperature and
specific humidity within the planetary boundary layer.
Because our numerical prediction model does not predict the temperature and specific humidity in the lowest
layer between 950 mb and the earth's surface, a minor
change of this parameterization model may be necessary. This model seems to be a promising one.
(b) White-box model
Because of the poor vertical resolution of our numerical
prediction model in the planetary boundary layer, direct
introduction of various white-box models into the prediction model may not give a reasonable verification. It
is necessary to resolve the layer below 850 mb into more
than three or five layers. Such vertical nesting should be
limited over the AMTEX area in order to save computational time.
7.2.2

Cumulus convection

(a) Convective adjustment model
The convective adjustment treatment is one of the
simplest ways of incorporating the effects of cumulus
convection into large-scale dynamics. Therefore, it is
valuable to examine the applicability of the model to
the medium-scale disturbances, changing the values or
expressions of the threshold relative humidity and temperature lapse rate, and considering also the relaxation
time of convective adjustment.

(b) Penetrative convection model
This treatment was successful to some extent in simulating the development of a tropical cyclone, even though
the non-dimensional parameter 'fJ in Eq. (5.5) was specified more or less intuitively. Such existing schemes
should be examined in simulating the medium-scale disturbances over the AMTEX area. The new promising
approaches of the penetrative convection model are based
on the entrainment-detrainment concept which was
developed by Ooyama (1971) and Arakawa (1969, 1972).
It is interesting to introduce their models into our numerical model after some simplifications.
(c) Cellular convection model
These models have never been applied to the numerical
simulation model. To be applied to cumulus parameterization, considerable simplification and refinement are
still required for these models. It is desirable to exert
all possible efforts to design at least one model before
theAMTEX.
7.2.3 Joint model
Cumulus convection models are usually constructed in
close coupling with the boundary layer characteristics.
For example, the total heating rate due to a cumulus
convective ensemble is determined by the total mass
convergence within the boundary layer. Arakawa (1972)
is trying to connect the properties of cumulus activity
with an unstable boundary layer presenting a model of
sub-cloud mixed layer which is similar to those given
by Lilly (1968), Deardorff (1972) and Betts (1972). The
dispatcher function proposed by Ooyama (1971) should
be determined from the turbulent characteristics in the
boundary layer even though it leaves an unanswered
question at the present time. Such a model by which the
cumulus convection model is consistently associated
with the boundary layer characteristics is named "Joint
model" in the framework of the comprehensive theoretical
model.

7 . 3 Comprehensive theoretical model for AMTEX
The framework of the comprehensive theoretical model
for numerical simulation of the large-scale disturbances
over the AMTEX area is shown in Fig. 7.7. The parameterization part consists of three groups: the cumulus
convection model, the boundary layer model and the
joint model. A simplified scheme for the radiation
processes will be prepared, if necessary. More than
three different kinds of schemes should be prepared as
sub-routines for each group.
Using the same numerical forecasting model and the
same initial condition, numerical experiments will be
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repeated for different possible combinations of subroutines between three parameterization groups. By
comparing the calculated results with the observations,
we can clarify the applicability of each parameterization
model.
The fine mesh numerical prediction model proposed in
section 7.1 does not describe the meso-scale disturbances.
AMTEX will present a more dense observation of the
evolution of the radar echo group than the aerological
observations both in space and time. It is desirable to
design a finer mesh model with a grid interval of about
50 km and to nest it over the AMTEX area shown by
the shaded domain in Fig. 7.3.
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8. CORE EXPERIMENT PROGRAMME
The AMTEX core experiment is a system of observations and theoretical studies arranged so as to serve
primarily for the objectives of AMTEX. It is planned to
be carried out with the international collaboration of
many universities and research institutes. A theoretical
model should be chosen, which can serve as a guide to the
design of observations of the core experiment. If this
theoretical model could be operated in near-real time, it
would be very useful in assuring the completeness and
the quality control of the data.
8. 1 AMTEX core experiment

The objectives of AMTEX are to clarify the comprehensive processes by which energy and momentum
are transported from the sea surface to the free atmosphere through the planetary boundary layer and contribute to the generation and development of meso- and
medium-scale disturbances over areas where the air-mass
transformation is active. The observations in the core
experiment are carried out concentrating on the following
four problems:
(a) To estimate the average amount of energy supply
from the open sea surface;
(b) To clarify the process of vertical transfer in the
upper part of the planetary boundary layer;
(c) To clarify the effect of cumulus convection;
(d) To clarify the mechanism of generation and development of medium-scale disturbances.
(Cr. BOMEX core experiment: Holland, 1971.)
Some explanations of these problems are given:
(a) Estimations of the average amount of energy supply
from the open sea sUlface
The most fundamental problem in the programme is
to estimate the amount of energy exchange between air
and sea at their interface all over the region concerned.
The primary objective of this study is to establish a
method estimating the average energy fluxes over a wide
region by using synoptic scale data. In order to establish
such a method, it is necessary to clarify the transfer processes by measuring exactly the energy fluxes in the
surface boundary layer. In this case, fluctuations with
some long periods should also be noted to clarify the
relation between convective or meso-scale phenomena
and distributions of fluxes on the sea surface. It is also

necessary to know about effective radiation at the sea
surface, condition of the sea surface and motion of the
sea water, in order to clarify the boundary conditions on
the interface necessary for an estimation of the energy
supply from the sea surface. The following observations
are required for this subject:
(1) Exact direct measurements of the vertical turbulent transfer by the eddy correlation method as
follows:
i} Observations at fixed points by making use of
stabilized buoys on the open sea, poles· fixed in
the shallow sea, towers on land, etc.
ii) Moving observations by aircraft and observation ships.
(2) Indirect measurements by the variance method
which are carried out on as many ships and islands
as possible, even though the accuracy may be
somewhat lower.
(3) Estimation ofturbulent transfer by the bulk method
using all possible meteorological data on the ocean,
including those supplied by commercial ships and
meteorological buoys.
(4) Observations of long- and short-wave radiation
both on ships and islands.
(5) Measurements of horizontal distribution of the sea
surface temperature both by ships and aircraft.
(6) Marine observations of ocean currents, ocean
waves, salinity, etc.
(b) Processes of vertical transfer in the upper part of the
planetary boundary layer

Atmospheric structures and vertical transfer processes
in the upper part of the planetary boundary layer just
above the surface layer have remained almost unclarified.
Several numerical models of the planetary boundary
layer have been proposed under an uncertain assumption
for the upper part of this layer. To investigate the validity
of these models, the vertical structure of the planetary
boundary layer should be precisely examined. Heat,
momentum and water vapour are transferred upward
by turbulent motion in the surface boundary layer and
further transported to the free atmosphere through the
upper part of the planetary boundary layer. In this case,
turbulent transfer, cumulus convection and vertical
advection of these physical quantities play essential roles,
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and it is important to clarify the physical function of the
planetary boundary layer for these processes. Thus the
following observations are required:
(1) Measurement of wide horizontal distribution of
turbulent transfer by use of aircraft.
(2) Measurement of meteorological elements and their
turbulent transfer by use of tethered balloons.
(3) Higher resolution of routine aerological observations in the planetary boundary layer.

(c) Effect of cumulus convections

The purposes of experiments under this heading are to
clarify the processes and mechanisms of latent heat
release and vertical transport of heat, water vapour and
momentum in the free atmosphere due to cumulus convections and to parameterize these processes in terms of
variables relevant to large-scale motion.
The vertical transport of heat and water vapour can be
estimated as the residual terms in the budget analysis by
using the aerological data, if the amounts of sensible and
latent heat supplied from the sea surface, precipitation
and radiative cooling are obtained within the area
concerned.
On the other hand, in order to study the characteristics of a cumulus group, cloud population, the size
spectrum of cloud, vertical velocities, and excess values
of temperature and moisture should be investigated.
Then it should be examined whether or not the vertical
transport of energy and momentum is related to the
representative values of the convective clouds mentioned
above. Another important problem is to make clear the
effects of the large-scale parameters such as static stability
and convergence in a lower layer of the atmosphere on the
activity of a cumulus group. The following observations
are required for this subject:
(1) Observation to evaluate the amounts of sensible

and latent heat supplied from the sea surface, and
of precipitation on the sea.
(2) Observation to evaluate the vertical distribution of
radiative cooling.
(3) Observation of horizontal distribution of cloud
height, vertical velocity in- and outside of the
cloud, excess temperature and moisture, liquid
water content in the cloud by means of aircraft,
dropsonde and doppler radar.
(4) Observation of convective clouds in the mediumscale area using weather radar (pPI and RHI).
(5) Observation of clouds by meteorological satellite.
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Cd) Clarification of the generation and development of
medium-scale disturbances
Over the Southwest Islands of Japan in winter, two
kinds of meteorological disturbances have been detected.
One is the usual baroclinic wave with a period of 4 to
5 days and a wavelength of 4,000-5,000 km. The other
is a disturbance which has a period of 1.5-2 days and a
wavelength around 2,000 km. The latter also has the
structure of a baroclinic wave but is regarded as a phenomenon related to a moist process such as cumulus
convection in the lower atmosphere. The core experiment is centered upon the latter medium-scale disturbance. To clarify its dynamical properties and its generation and development in connexion with the activity of
cumulus convection and energy supply from the sea
surface, the following observations are required:
(1) Aerological observations at stations arranged in a
polygonal network with a mean distance of 200300 km. The time interval of observations should
be 6 hours, but 3 hours during the intensive
experiment period.
(2) Measurement of average heat supply from the sea
surface over the area concerned.
(3) Utilization of meteorological radar and satellite.

8.2 Observing system in AMTEX
The plan of the Japanese participation plays the most
important part in AMTEX. The Japanese plan on the
observing system is explained in sections 8.2. 1 to 8.2. 5.
Participation plans of other countries will be mentioned
in the remaining part of this section.
8.2. 1 Regular observational network in the AMTEX
area
A regular observational network in this area is laid
along the many islands running from northeast to southwest. Many meteorological disturbances passing over
this area cannot be sufficiently watched because of a
lack of observational networks over the sea. The observations by meteorological satellite make up for the lack
of these networks over the sea. Fig. 8.1 shows the regular
observational network including surface, upper-air and
radar observations.
8.2.2

Observational network for the meso-, medium- and
large-scale disturbances

An upper-air observational network at intervals of
50 km and 3 hours would be necessary to watch the three
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dimensional meso-scale disturbances but it is very difficult to lay such a dense network over the sea. Fig. 8.2
shows the upper-air observational network in the
AMTEX. It is planned to increase the frequency of
observations at the regular stations and to carry out the
temporary observations on three ships: Ojika, Ryofu
Maru and Keifu Maru, and on an island, Miyako. A
method which is independent of the influences of the
drift, pitching and rolling of a ship, is desirable to be
used for the upper wind observation on the ships. As
for the Ojika, observations of pressure, temperature and
humidity in the upper air will be made by radiosonde,
but it has no equipment for measurement of the upper
wind. A stabilized system for the echo-type rawinsonde
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Figure 8.2 Upper air observational network in the AMTEX.

is installed on the Keifu Maru in order to remove the
effects of the pitching and rolling to the upper wind
observation. In this case the ship does not remain
stationary but drifts at an unknown velocity under the
influence of the sea current and wind during the ascent
of a sonde. As a method which is independent of these
movements of the ship, there is a system utilizing the
LORAN radio navigation signals (Harmantas, 1968).
However, this system will be replaced by one which
utilizes the OMEGA navigation signals which are expected
to give world-wide coverage by 1973. On the Ryofu
Maru, the OMEGA system is planned to be used for
the upper wind observations in the AMTEX. This
navigation is accomplished by phase comparisons of the
signals received from two pairs of stations. One common
station in each of the two pairs is normally used and the
phase difference between the two stations is measured
to give a hyperbolic line of position. The same is done
with the other pair and the intersection of the two lines
of position establishes a fixed position. Thus 3 OMEGA
stations are necessary to determine the position of the
balloon. The available range of the OMEGA wave is
8,000-10,000 km and navigation can be accomplished
all over the world by utilizing the OMEGA signals from
the 8 stations. The places of the 8 stations, their distance
from the location of the Ryofu Maru in the AMTEX and
their availability are as follows:

Identification

OMEGA Station

Distance
from the
Observation

AvailabiIity

8,360 km

0

A

AIdra Is. (Norway)

B

Trinidad

C

Haiku (Hawaii)

7,380 »

0

D

North Dakota

10,000 »

-

E

Le Reunion

9,900 »

0

F

Buenos Aires (Argentina)

19,640 »

-

G

Melbourne (Australia)

7,990 »

0

H

Tsushima (Japan)

500 »

0

15,500 »

-

In the AMTEX, the conventional radiosonde S56C is
frequency modulated to relay the OMEGA signals and
the normal function of the sonde in transmitting meteorological data is not interrupted. The OMEGA signals
are received at the balloon-borne sonde and re-transmitted to the ship station.
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Radar stations in the AMTEX.

Next, Fig. 8.3 shows the weather radar observation
stations in the AMTEX. Radars in these stations are of
the 5.7 cm type and equipped with PPI. PPI echo
pictures will be taken at definite time intervals in each
station to make a composite echo map. Next, it is
important for the heat and water budget analysis to
estimate the precipitation over the sea. Measurement of
the echo intensity will be used for this purpose. Radars
at Miyako, Ishigaki and on the Ryofu Maru are not
equipped with apparatus for measuring echo intensity.
On the other hand, RHI echo is useful for the analysis
of vertical structures of the cumulus clouds.
SURFACE OBSERVATIONAL NETlM>RI( IN THE AMTEX

Figure 8.4 Surface observational network in the AMTEX.
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Fig. 8.4 shows the surface observation network, where
the regular observation network will be supplemented by
ship observations. It would be desirable to utilize commercial ships and fishing boats to further supplement the
above network in order to observe the meso-scale phenomena. The above observational network is not
necessarily satisfactory to analyze the generation of a
cyclone. Meteorological satellite and aircraft observations will be used to cover this observational defect.
Pictures of clouds by satellite are useful to watch the
overall behaviour of disturbances over a wide area.
Dropsonde observation by aircraft will help to analyze
the main parts of the disturbances which cannot be
watched by the observational net covering the fixed
stations.

8.2.3

Observational problems on the air-sea interaction
and the planetary boundmy layer
From the meteorological and oceanographical points
of view, an important problem in the air-sea interaction
is to clarify the physical mechanism of transfer processes
of momentum, heat and water vapour from the sea to
the free atmosphere. The following four processes play
the main roles in this problem:
(i) Surface boundary layer
(ii) Planetary boundary layer
(iii) Oceanographic conditions
(iv) Radiation
Some problems about the surface boundary layer
observations on a ship will first be discussed. The first
problem is to measure the vertical distributions of the
average wind, temperature and humidity in order to
estimate fluxes of momentum, heat and water vapour by
the bulk method. The second is to measure the precise
fluctuations of wind, temperature and humidity in order
to calculate directly the fluxes by the eddy correlation
method. Some sets of conventional anemometers and
thermometers in the former case and also sonic anemometer-thermometer (Mitsuta, 1966) in the latter case are
installed on the ship. In these observations the errors due
to the rolling and pitching and the influence of the ship to
the natural wind field must be noted. Observational
values should be corrected by the effects of rolling and
pitching. According to recent research the permitted
value for the inclination of the ship should be less than
1/100 radian so that the error in measuring fluxes may be
reduced to within 10%.
In order to minimize the influence of the ship to the
natural wind field, it is known to be effective that the
observing instrument should be installed at the end of a
long pole pushed about 10 m out of the bow windward. It is desirable to find a place such as the mast
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where the natural wind is not much influenced by the
ship.
Tethered balloons, towers and aircraft may be used to
make observations in the planetary boundary layer
above the surface boundary layer, although tethered
balloons will be mainly used in the AMTEX. It is necessary to observe not only the vertical distribution of the
mean values of wind, temperature and humidity, but also
the precise fluctuations of each of the elements in order
to estimate the vertical fluxes of momentum, heat and
water vapour in the planetary boundary layer by the eddy
correlation method. The following are the difficulties in
making the observations by a tethered balloon
(yokoyama, 1969):
(i) It is difficult to fly a tethered balloon under strong
surface winds over 10 m/so
(ii) The number and weight of the balloon-borne instruments are limited.
(iii) Observational values must be corrected by the
effects of the motion of the instruments. Observations of the fluctuations by the tethered balloon
are very difficult for this effect.
Aircraft observations and new instruments are desirable and should be developed to make observations in
the planetary boundary layer.
Vertical flux measurements have so far been made
primarily under fair weather conditions. It is necessary
to extend these measurements to bad weather conditions,
that is, to cases with strong wind, precipitation and
waves. For this purpose, difficult instrumental problems
must be solved.

It is important to study the oceanographic conditions
for the transfer of momentum, heat and water vapour.
For this purpose, temperature, salinity and horizontal
velocity profiles in the upper-ocean layers should be
combined with observations of wind, temperature,
humidity and precipitation in the lower atmosphere.
Observation of sea waves is also important for the surface
boundary layer condition. It is desirable to map the seasurface temperature field from dedicated aircraft by the
infrared radiometer.
Finally, radiation observations will be made to study
the heat balance in the atmosphere. As for the surface
heat balance, up and down radiations of short and long
waves are measured. It is also necessary that the radiation effect of clouds be clarified; however, observation
on the structure of clouds is difficult without highly
efficient observational aircraft. Special sondes for the
observation of short and long waves radiation are desirable and should be developed.

8.2.4 Observational problems on convective clouds
Momentum, heat and water vapour are transported
through the boundary layer and further to the free atmosphere by the cumulus convections. An important problem in the AMTEX is to clarify the effects of the cumulus
convection to the vertical transfer from the boundary
layer to the free atmosphere. It is difficult to observe
precisely the vertical velocity, temperature, humidity,
water content and condensation amount in and around
a cumulus convection. Doppler radar, RHI radar and
special sondes will be used in Miyako-jima, in order to
observe vertical velocity, temperature, humidity and
water content in and around the cumulus convection.
Doppler and RHI radars in this case are of the 3.2 cm
type and useful for the measurement of the precise structure of cumulus clouds at a short distance. It would be
possible to estimate the energy fluxes by the cumulus
ensemble if the horizontal distribution of cumulus convection is observed, assuming the dynamical structure
of each cumulus. It is desirable to study the horizontal
distribution of the cumulus convections in comparison
with the synoptic weather state. For this purpose, cloud
pictures by satellite, aircraft and radar observations
would be very useful.
8.2.5 Summarized Japanese plan of AMTEX
Fig. 8.5 is the summarized observational plan. Problems to be solved in the observational instruments in this
plan are as follows:
(i) Upper wind observation on the ships:
Two methods will be used to observe the upper
wind on the ships in the AMTEX. A stabilizer is
OBSERVATIONAL SYSTEM IN THE AMTEX
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Obesrvational system in the AMTEX.

CHAPTER

installed to remove the effects of the roIling and
pitching on the Keifu Maru, and OMEGA
sondes will be used on the Ryofu Maru. The two
methods will be tested for comparison of accuracy
before the AMTEX.
(ii) Observation in the upper part of the planetary

boundary layer:
Tethered balloons may be available for this kind
of observation. However, it is really difficult for
instruments which shake to observe the precise
fluctuations of wind, temperature and humidity
and further there is a technical difficulty in lifting
them in strong surface winds over 10 m/so There
is no instrument other than the tethered balloon
at the present time.
(iii) Effects of the rolling and pitching of ships:
It is necessary that observations by an instrument
installed on a ship be corrected without the
influence of rolling and pitching. This problem
must be solved.
(iv) Utilization of aircraft:
Aircraft are available for observation of fine
structures of cumulus clouds, observation of turbulent structure in the upper part of the planetary
boundary layer and dropsonde observation. However, the observational technique by aircraft is not
improving satisfactorily and there are no highly
efficient observational aircraft in Japan. The
positive cooperation of the other countries should
be expected in order to solve the above difficult
problems (Lenschow, 1971).
(v) The satellite system in U.S.A. which might be
available in AMTEX, will be as follows:
1. Operational polar-orbiting satellite "ITOS"
series
(a) Vertical temperature sounding.
(b) Sea-surface temperature.
(c) Cloud pictures with estimates of cloudtop heights.
2. Experimental polar-orbiting satellite "Nimbus-F"
(a) Refined vertical temperature sounding.
(b) Water vapour, cloud water content and
areas of precipitation.
(c) Incoming and outgoing short wave radiation and emitted long wave radiation flux.
These satellite data should be utilized in combination
with the usual observational data.
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8 . 3 Possible contributions from other countries

In connexion with the Second Study Conference on
AMTEX in Tokyo (May 1973) several representatives
from other countries indicated in what way they intend
to participate in the AMTEX. A brief summary of these
statements is presented below.
8. 3 . 1 Australia

The CSIRO Division of Atmospheric Physics intends
to make a substantial contribution to the measurement
of eddy fluxes. With the techniques now developed using
chart recorder output, measurements can be taken continuously around the clock without the need for constant
attention by an operator.
The Australian team will consist of two or possibly
three scientists, and we hope to secure the help of three
Japanese assistants. The group will bring with them six
instruments, three of which (Fluxatron) will be capable
of directly measuring three fluxes instantaneously (sensible heat, evaporation and momentum). The other three
instruments (NIFTI) will also attempt to measure the
three fluxes, but by the indirect method of measuring
the variance of the turbulent fluctuations in a narrow
spectral band in or near the isotropic region.
It is planned that the Australian team arrive approxi~
mately one week before the beginning of the AMTEX
experiment, and assemble all the instruments at one
location for purposes of comparison and checking.
Three pairs of instruments will then be installed on
towers at Okinawa, Miyako and Tarama Islands.
If possible, it is intended also that one of the NIFTI
instruments could be used on the research vessel. All
measurements will be taken continuously for 24 hours
a day.
The measurements of the various eddy fluxes will be
tabulated immediately on the spot, verified as soon as
possible after the termination of the experiment, and will
then be available for use by Japanese scientists in the
wider context of evaluation of the AMTEX programme.

8.3.2 Canada
The intention is to make a contribution to both the
1974 and 1975 programmes.
(i) Boundary layer measurements. It is intended to
carry out three experiments:
- A Micro Process Experiment. Measurements of
the flux of the momentum, heat and moisture will
be carried out by a four-member team at one
location within the AMTEX area.
- A Captive Balloon System Experiment. With the
aid of a captive balloon, measurement of the wind,
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temperature and humidity profiles will be carried
out. Measurements of the fluctuations of the
temperature and the wind in the region from the
surface up to 1,000 metres will also be attempted.
The preferred location for this activity is the
southern corner of the triangle formed by the main
island of Okinawa and research ship Reifu and
Miyako Island.
A Low Level Sounder. It is planned to develop
(together with Japanese scientists) a low level
sounder which can measure the humidity, wind
and temperature profiles up to 3,000 metres before
the 1975 Experiment.

-

(ii) Oceanographic data analysis. Consideration is
given to participation in the activity of evaluating the
time series of STD data obtained from more than one
ship in the vicinity of the meteorological measurement
triangle and to assessing the surface modification and
the degree of the advection of the heat associated with
Kuroshio. Consideration is also given to participation
in the development of numerical models for the simulation of upper ocean layer modifications.
(iii) Numerical fine mesh model experiments. The
University of Waterloo will be engaged in numerical
computations with the aid of a fine mesh, eight level
primitive equation model developed to describe air-mass
transformation in the Great Lakes of North America.
This model can conveniently be trans-Iocated to the
AMTEX area.
8.3.3

U.S.A.

The present plan for U.S. participation includes the
NCAR Buffalo Aircraft which can be used in three
different ways:
(i) To determine the overall air-mass modification of
the boundary layer within the experimental area
in both the upwind and cross-wind directions.
Quantities measured would include mean air and
surface temperature, humidity and winds, as well
as fluxes of heat and momentum.
(ii) To investigate areas of special interest such as
fronts and meso-scale phenomena. Unlike (i)
above, this programme would be difficult to plan
in detail in advance, but would depend on the
investigation being able to take advantage at
short notice of special situations.

(iii) To investigate the physics and dynamics of individual clouds. This programme would also have
to be of an unplanned nature, and would depend
on decisions being made in flight. This was considered in discussion to be a very useful part of
the programme in helping to elucidate the processes involved in the air-mass transformation area.
The Texas A and M University will participate in connexion with the utilization of the information which is
available and which will become available from meteorological satellites. These data will include mappings of
cloud distribution, cloud type and height, sea-surface
temperature and atmospheric temperature soundings. It
is also intended to investigate selected phenomena such
as frontal behaviour, cyclone development and behaviour.
8.3.4

U.S.S.R.

According to preliminary information, the P. P. Shirshov Institute of Oceanology intends to send six scientists
to the 1974 experiment. Measurements of temperature
salinity and currents will be carried out in the Ryukyu
Trench area. Furthermore, computations will be carried
out with the aid of a theoretical model which takes into
account the bottom relief and makes it possible to
investigate the ocean reaction to the variations of the
heat and salt fluxes through the ocean surface.
An expanded programme for participation in the 1975
experiment is being considered.

8.4 Period of AMTEX
The AMTEX is planned to be carried out for about
two weeks in February of 1974 and 1975.
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