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On the Structure of the Trade Wind Moist Layer 

Joanne S. MalkuS 

Abstract 

Comparison of the lower trade-wind air under conditions of 

strong versus weak circulation is continued, Moisture and thermal 

structure and transports from the top of the mixed layer up to the 

trade-wind inversion are investigated. Much less difference is 

found at those levels between weak and strong circulation period 

than was found in the lowest or mixed layer. It is shown that the 

development of trade cumulus convection is dependent primarily upon 

conditions below cloud while for immense cumulonimbus build-ups 

convergence in the large-scale flow appears to be necessary. 

A physical model of the moist layer is constructed which 

describes the interaction of cloud populations with their sur-

roundings, It shows how the cloud groups, though they average 

level-for-level both virtually and potentially colder than the 

clear, are thermally direct circulations providing heat and 

moisture to the trade. The model is built up from numerical 

calculations based primarily upon the aircraft soundings made 

in the undisturbed trade near Puerto Rico in April 1946 and 

March - April, 1953. 
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I. INTRODUCTION 

One of the outstanding features of tropical meteorology 

is the vertically differentiated structure of the air, with a 

lower moist layer up to about 2 km, topped by a much drier layer 

above. The transition zone, a few hundred meters in thickness, 

is called the trade-wind inversion. It is a region of rapid drying 

and stabilization in temperature lapse rate but is usually not a 

discontinuity in wind speed or direction. In the moist layer, 

convection and convective turbulence are the dominant processes; 

the air is humid, well-stirred in the vertical and has nearly 

neutral static stability. Synoptic disturbances are damped down-

ward through the inversion and are generally weak in the surface 

layer. Above the inversion the air is dry, small-scale convective 

motions fail to penetrate, and synoptic disturbances are more 

pronounced. 

The trade-wind moist layer forms an early link in the chain 

of the atmospheric energy supply originating in evaporation from 

the tropical oceans. The amount of latent energy later released 

and supplied aloft to the westerlies across the subtropical ridge 

depends initially upon the accumulation by the lower trades, which 

in turn depends upon the efficacy of small-scale turbulent and con-

vective processes at the air-sea boundary. 

Thus the energy supply for larger-scale circulations, ranging 

from tropical storms to zonal westerlies, may be partially con-

trolled by fluctuations at the source region. For this reason a 
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study has been undertaken of the varying structure of the low-level 

trade-wind air. Fortunately, suitable data are now available from 

one location and season in the Western Atlantic trade in such widely 

different phases of the index cycle that a maximum contrast should 

be possible. 

Two sets of aircraft temperature and moisture soundings 

were obtained over the oceans near Puerto Rico (lat. 19 °N.,. 66°w) 

in the spring season of different years. The first series was 

obtained during April 1946 by the Wyman-Woodcock expedition (Woods 

Hole Oceanographic Institution) and later analyzed by Bunker, 

Haurwitz, Malkus, and Stommel (1949). During this period the 

trades were strong from the northeast and trade cumulus convection 

was vigorous. Disturbances were few and relatively weak. Seven 

years later, in March - April, 1953, the Woods Hole group again 

visited the region, in collaboration with the Department of Meteor-

ology of the Imperial College, London, and the British National 

Institute of Oceanography. This time the trades were subnormal 

and were veered around to south of east for most of the period. 

Ordinary trade cumulus convection was feeble, although several 

intense disturbances accompanied by cumulonimbus build-ups passed 

through. 

In a previous report (lialkus, 1956) hereinafter referred to 

as I, comparison of these two sets of measurements was begun. 

Synoptic and cross sectional charts were analyzed and it was shown 

that the 1946 period was typical of high zonal index and strong 



13- 

trade (see Riehl, 1954) while that of 1953, increasingly toward 

its end, was typical of low index and a trade-wind cell which was 

running down. In I, the subject of concentration was the tempera- 

ture and moisture structure in the lowest 500 - 600 m. This report 

will carry the study on upward throughout the moist layer to the 

base of the trade inversion, after a brief recapitulation of the 

problems we desire to illuminate thereby and the results of the 

preceding studies. 

The trade-wind moist layer is itself subdivided in the verti-

cal into two superposed layers of different convective regime, 

because of the occurrence of water vapor condensation at about 

650 in above the tropical oceans. Below the condensation level, in 

the so-called "subcloud" layer, unsaturated convective turbulence 

predominates. Eddies 50 - 150 in across are characteristic and 

recent studies (Malkus, 1957) suggest that larger scales of motion 

with dimensions 10 - 50 km (size of cloud clusters) are also signi-

ficant. No evidence of cloud-scale motions below cloud base has 

been found, except in precipitating downdrafts. Above the conden-

sation level cumulus convection is the major transport process; 

small-scale turbulence is confined to the neighborhood of clouds, 

which form in bunches separated by wider weakly subsiding clear areas. 

The lower 4/5 of the subcloud layer is well stirred and has 

been christened the "mixed layer". The lapse rate is close to dry 

adiabatic and the moisture content of the air is nearly constant, 

decreasing only 3 - 6% from 15 m above the sea to its top at about 
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550 m. The thickness of the mixed layer commonly shows variations 

of 20% in space and as much as 100% in time, with extreme day to 

day variations of about 300 - 700 m. Recent evidence suggests that 

its space variations on a 10 - 50 km horizontal scale are associated 

with the bunchy grouping of trade cumuli. It appears that the 

cloud groups are situated in places where the mixed layer is thick-

ened, reaching close to the condensation level of the air within it. 

Of the vast energy accumulated by the trade, about 75% is 

latent in water vapor form, and persuasive evidence is appearing 

that even the 25% increment that is sensible heat is merely an indi- 

rect by-product, or the excess of condensation warming over radiative 

and other losses. It is thus increasingly clear that the main 

function of the mixed layer in controlling the energy supply to 

motions ranging in scale from cumuli to global circulations con-

sists in regulating evaporation and carrying upward the evaporated 

moisture. 

The comparison between the 1946 (called series H for high 

index) and 1953 (called series L for low index) subcloud layers was 

made in this context with the following specific questions in mind: 

1) Why were trade cumuli both sparse and poorly developed 

in L compared to H? 

2) Did the structure of the subcloud air differ markedly 

between L and H? If so, what were the differences and 

how might they affect and be affected by larger scale 

circulations? 
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The results were presented in I, from which the summarizing tables 

are reproduced here (Tables ,1 and 2, at the back). The mixed layer 

in the weak trade period was shallower and much less homogeneous 

moisture-wise, averaging a mixing ratio lapse rate 3.5 times that 

of the strong trade period. On the poorest days for convection, 

the condensation level exceeded its top by more than 200 m in clear 

regions. In the sparsely scattered cloudy regions, the mixed layer 

top coincided with the condensation level, while in the strong 

trade situation it fell 87 m short, suggesting the important contri-

bution of wind stirring in carrying subcloud eddies above their 

equilibrium level. Diminished evaporation during series L was 

indicated by higher relative humidity at low levels and phenomenally 

calm seas without white caps. Thus the normal removal of water from 

the oceans and its upward pumping through the tropical moist layer 

appears to have been throttled at the input stage during this low 

index period. The consequences to the remainder of the moist layer 

will be examined here, and the structure of the cloud layer studied 

for each period separately and compared. 

II. The cloud layer during a period of well-developed trade (April, 1946) 

The twenty-five Wyman-Woodcock soundings (methods, instru-

mentation, and accuracy described by Bunker et al... 1 1949) were obtained 

between April 10 - 28, 1946. The time cross section for this period 

is reproduced in Fig. lA and a typical surface map in Fig. 2A. Six-

teen of the soundings were made in clear areas and nine in cloudy, 

generally one or more of each type on the same observing day. 
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Conditions varied relatively little during the observation 

period, as will be seen when the soundings are studied in detail. 

Therefore mean clear and cloudy area soundings constructed from the 

entire series are meaningful, useful in defining terms, and in 

illustrating the structure of the lower air under conditions of 

well-developed trade. These mean soundings are presented in Fig. 3. 

The typical cloudy area sounding (3A) shows a well-mixed layer 

averaging 625 in depth, with a temperature and virtual temperature 

lapse rate 85% and 87% dry adiabatic, respectively. The mixing 

ratio decreases about 0.3 gm/kgm from 15 in to the top, which is 

the same amount as its average fluctuations. This layer has been 

studied in detail by Bunker et al. and in I, so is only briefly 

reviewed here. Cumulus base averages 80 in above the top of the 

mixed layer, which is defined by a sudden increase in mixing ratio 

lapse rate and a slight stabilization of temperature lapse rate, 

which is much more pronounced in clear areas than in cloudy. 

The cloud layer is defined for both clear and cloudy areas 

as the region from the condensation level to the base of the trade- 

wind inversion, regardless of whether the cloud tops are found below 

or above. In the cloud layer, the lapse rates of temperature, virtual 

temperature, and mixing ratio are just in excess of moist adiabatic. 

A significant feature of the cloudy region cloud layer is that the 

moisture lapse rate in the upper two thirds averages only 28% that 

of the lower third, which may thus be regarded as an extended 

(^- Loo m) transition zone between saturated and unsaturated con- 
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vective regimes. The trade inversion is defined by an abrupt 

increase in moisture lapse rate by a factor of about five and a 

concomitant stabilization in temperature lapse rate. 

In clear areas (Fig. 3B) the mixed layer is 75 m shallower 

than in cloudy areas and has a 15% steeper moisture lapse rate and 

6 - 7% steeper temperature and virtual temperature lapse rates. 

The main distinction between clear and cloudy soundings lies, 

however, in the presence of a pronounced shallow transition zone 

between the mixed and cloud layers. This zone was studied by 

Bunker et al., who called it the "stable layer". Re-examination 

of the data in the light of present knowledge has suggested some 

revisions in nomenclature and interpretation. The "transition layer" 

will be defined as a narrow stratum just below or above the height 

of cumulus base in which the moisture lapse rate is not less than 

twice the average in the cloud layer and an order of magnitude 

greater than that in the mixed layer below, while the temperature 

lapse rate is concomitantly more stable than the average for either 

mixed or cloud layer. Due to the rapid drying, the virtual tempera-

ture lapse rate is generally rather steep in the transition zone, 

of the order of its magnitude in the cloud layer. The latter led to 

preference for the term "transition" rather than "stable" layer. 

Using these criteria, we found that a transition layer was always 

(100%) present in clear zones and generally (55%) absent in cloudy 

ones. In clear zones, it averaged 200 in in depth, had a moisture 

lapse rate 22.5 times that in the mixed layer, and temperature and 
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virtual temperature lapse rates 47% and 70% dry adiabatic, respectively. 

In the cloud layer, the temperature and virtual temperature lapse rates 

differed only about 3% between cloudy and clear zones, but the moisture 

lapse rate was half as great in clear areas as in cloudy, partly be-

cause in the clear the most rapid drying was confined to the narrow 

stratum defined as a separate transition zone. Interpretation of 

these distributions in terms of mechanism will be attempted in the 

closing sections of this paper. This section will present the data 

and some calculations therefrom for the transition and cloud layers 

of the series H (1946) soundings. 

For each sounding, the temperatures, virtual temperatures, and 

mixing ratios were plotted against height and the vertical extent of 

the transition and cloud layers was determined according to the above 

definitions. The average lapse rates of temperature, T, virtual 

temperature, T*, and mixing ratio, w, and average relative humidity, 

rh, were carefully determined for each layer as a whole. The results 

for all the soundings are presented in Table 3 (at the back) and 

summarized in Table 3A. 

The criteria stated previously for the transition layer were 

met in only four out of nine cloudy area soundings. In four of the 

remaining five a layer of either somewhat more stable temperature 

lapse rate or somewhat steeper moisture lapse rate intervened between 

the top of the mixed layer and the main body of the cloud layer. 

These cases are included in the averages in Tables 3 and 3A. The pro-

blem may be summarized for the present by saying that the transition 
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Table 3A 

Summary of Temperature and Moisture Structure of 

Transition and Cloudy Layers 

Series H 

Transition Layer Cloud Layer 

Depth A e --9-9/aa 	441‘. rh Depth -07-/az 	 rh I Height 
m 	°C ocpmh, Dow. -10 % 	m 004m 004" I b 	% trade 

crIci 	 crrri 	inversion 

Avoclear 197 1.6 0.47 0.70 14.4 81 

Av.cloudy 138* 0.4 0.79 0.995 9.0  88 

Overall 
Av, 	177 1.2 0.57 0.80 12.6 84 1328 

*Effectively or totally missing in 5 cases out of 9. Average given 
for 8 cases out of 9. See text, 

is much more sharply confined into a limited height in clear spaces 

and gradually spread out over the lower 400 m or so of the cloud layer 

in cloudy spaces. The reasons for this will be examined in Section IV. 

The faster upward decrease of moisture in cloudy areas than in 

the clear appeared intriguing and it was necessary to determine 

whether this resulted primarily from the spreading out of the tran-

sition zone through the lower cloud layer in cloudy areas. The 

cloud layer was therefore divided into thirds for each sounding and 

the moisture lapse rate, --'6w/az, calculated separately for each 

height interval. The results are summarized in Table 4. 

The marked difference at all levels between clear and cloudy 

areas is believed to be a significant key to the processes at work 

in the trade-wind moist layer and will be dwelt on in detail later. 



Table 4 

Moisture Structure of Cloud Layer. Broken Down into 

Height Intervals 

Series H 

- zw/90 10 8  cm -1 

Lower Third 	Middle Third 	Upper Third 

Av.Cloudy 	8.8 	 4.8 	0.3 

Av.Clear 	2.9 	 O. 	 -0.8 

Overall Av. 	5.6 	 2.5 	 -0.2 

(saturated adiabatic - w/a a . 108  cm-1 f-.3=-". 2 .4) 

Further comparisons between clear and cloudy areas may 

now be used to resolve a previously disturbing paradox which 

has misled many tropical meteorologists. All evidence points 

to mean convergence and ascent in cloudy regions. Despite this, 

many observers have brought back persuasive evidence that, level 

for level, cloudy areas are colder than nearby clear areas. Some 

have brought back measurements inside tropical cumuli showing 

that the clouds they observed were colder and denser than the 

surrounding air. The conclusion has been sometimes ventured, 

therefore, that tropical cumulus and cumulus groups must be 

thermally indirect circulations, running against negative 

buoyancy and drawing energy from the kinetic energy of the 

overall wind flow by some mysteriously produced convergence 

therein. This misconception has probably contributed to the 

circuitous philosophy of the general circulation which requires 
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that the trades be maintained by energy conversions outside 

the tropics and that the oceanic source is drawn on in the 

indirect and backhanded manner whereby the energy is exported 

from the trades in latent or potential form, and converted in 

middle latitudes, whose circulations must then maintain the 

kinetic energy of the trades which in turn maintain the up-

ward latent energy transport. The grounds for this view col-

lapsed when it was shown (Riehl and Malkus, 1957) that the 

pressure gradients maintaining the trades are created by energy 

conversions within them, but the paradox concerning the cloud 

groups apparently heightened, since it was shown that the cumulus 

populations were responsible for the net non-adiabatic heating 

which maintained these pressure gradients! Fortunately enough 

data has now been gathered to resolve the difficulty. 

It is first necessary to establish whether or not cloudy 

areas indeed average, level for level, both cooler and denser 

than the surrounding clear spaces. The 1946 data provide this 

opportunity. There were eight observing days in relatively 

undisturbed, well-developed trade on which soundings were taken 

nearly simultaneously in contiguous clear and cloudy areas. 

Average cloud layer temperatures, virtual temperatures, and 

mixing ratios were calculated for the same height interval of 

each sounding on a given day and the values for clear and cloudy 

areas compared, first considering cloudy area soundings made 

outside actual clouds. On seven out of the eight days the cloudy 



areas were colder than the clear by an average of 0.34 °C. 

Since cloudy area soundings averaged 1 gm/kgm wetter than 

clear, virtual temperatures were next compared. The air near 

clouds was denser than in clear areas on six out of eight cases, 

and averaged a virtual temperature 0.27 °C less than the clear. 

Considering the in-cloud soundings themselves, clouds averaged 

0.4°C colder than clear areas, 2 gm/kgm wetter and had an 

average virtual temperature within computational error  of the 

clear area mean for the same day, individual cloud soundings 

ranging from about 1 °C virtually colder to 2°C virtually warmer. 

Clearly, cloud virtual temperatures could be and often were 

warmer than the immediate surroundings but colder than the clear 

areas. Since the expedition deliberately tried to select active 

clouds it seems proven beyond doubt that averaged space-wise, 

cloudy areas are both colder and denser than nearby clear areas 

in the undisturbed trade, regardless of the exact proportion of 

cloud to clear in cloudy areas. This conclusion is supported by 

later trade cumulus data obtained by the Woods Hole Oceanographic 

Institution, using both time-lapse photography and individual 

cloud traverses in which simultaneous temperature)  moisture, and 

vertical motion profiles were made in selected clouds. 

Cloud areas average about a 50% cloud cover. Of the area 

covered by clouds, about 1/10 is occupied by actively rising 

towers with a 1 - 2 °C positive virtual temperature anomaly, 

another 1/10 by actively descending downdrafts with a virtual 



temperature deficiency of about 1 °C, and the remaining cloud 

matter is weakly negatively buoyant (AT* 0.1 °C), so that, 

space-averaged, cloudy areas have a virtual temperature deficiency 

of 0.1 - 0.3°C. Since all evidence points to mean ascent in 

cloudy regions, the existence of the paradox seems confirmed. 

However, the same cloud cross sections point the way out of the 

confusion. On examining simultaneous virtual temperature-draft 

profiles, we find that on no occasion was an active updraft nega-

tively buoyant. A few situations of rising, negatively buoyant 

air were observed, but in each case the updraft was decaying with 

height or time and just temporarily "'overshooting" on its own 

inertia. Cloud matter was found to be composed of a snail fraction 

of actively buoyant, rapidly rising updrafts, an approximately 

equal small fraction of actively sinking negatively buoyant down-

drafts and a great predominance area-wise of weakly subsiding, 

slightly negatively buoyant air. A small fraction of these data 

have been published (Malkus, 1954, 1955) and the remainder is on 

file at the Woods Hole Oceanographic Institution. The following 

approximately representative figures in Table 5 are enough to 

resolve the paradox. 

It may be concluded that trade-mind cumulus and cumulus  

groups are thermally direct motion systems. They run on buoyancy 

obtained from release of the latent heat of condensation derived 

from water vapor transported upward from the sea by a combination 

of turbulent convection and larger-scale (cloud group sized) 
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Table 5 

Distribution of Drafts, Virtual Temperature, and Mixing Ratio 

Anomalies within a Cloudy Area 

Category Fraction of Draft Mixing ratio Virtual temperature 
cloudy area cm/sec anomaly anomaly 

(versus clear) (versus clear) 
oc  

Active updraft 

Active 
downdraft 

Inactive cloud 
matter 

Clear spaces 
between clouds 

Space average 

1/20 	+330 

1/20 	-150 

4/10 	- 5 

+2.0 

-1.0 

-0. 1 

+5 cm/sec +1.5 gm/kgm -0.14 °C 

circulations. The erroneous impression to the contrary was derived 

from a faulty averaging procedure, understandably arising from a 

lack of direct draft measurements to correlate with these of temper-

ature and humidity. 

The corollary paradox of how a net non-adiabatic heating 

of trade-wind air is produced by flow through cloudy zones them-

selves level for level both potentially and virtually colder than 

their surroundings is now resolvable, but its discussion is reserved 

for the closing section. 

In I it was shown that the air near the ocean surface averaged 

about 0.1 °C warmer in cloudy regions than in clear. At the same time 

the series H observations showed slightly greater stability in the 

cloudy region subcloud layer, suggesting that the temperature excess 
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was even a bit greater at cloud base. A study of cloud base 

level properties confirmed this, showing an excess temperature 

of 002 °C, excess moisture of 1 gm/kgm and excess virtual temper-

ature of 0.4° C in cloud zones (away from actual clouds) compared 

to clear. Evidence published elsewhere (Malkus, 1957) accounts 

for the excess moisture in cloudy zone subcloud layer in terms 

of gradual circulations on a 10 - 50 km scale, which appear to 

be associated with warmer regions in the ocean below. Accounting 

for the excess temperatures at cloud base in cloud zones will not 

prove so straightforward and will be attempted here. The verti-

cal motions on the scale associated with cloud groups were deduced 

to be of the order of L. cm/sec upward in cloudy areas at cloud 

base level. Thus if the motions were adiabatic we should expect 

cooler rather than warmer air at cloud base. If cloudy zones are 

10 - 20 km across the cooling should amount to roughly 0,1 ° C. 

Since instead we observe relative warming of about 002 °C, con-

siderable non-adiabatic heating is suggested. The phrasing is 

made in this way because we know from other data (Riehl et al., 

1951) that the trade-wind subcloud layer is accumulating rather 

than losing sensible heat as it flows downstream (at a rate in the 

Pacific 	0.6°C per day). The present data therefore suggest that 

near cloud base the warming is occurring more rapidly in cloudy 

than in clear areas, which in fact must be cooling at this level 

to give a reasonable net heating downstream. A warming of 0.3 °C 

in 4,000 sec (roughly the time for the trade to traverse a cloudy 
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area) is much larger than the daily rate of non-adiabatic heating 

required to overcome radiation loss, leaving a net potential temper-

ature increase of 0.6°C per day. 

We may now inquire how a large warming at cloud base in cloudy 

areas could be caused. If real it must be the result of a sensible 

heat flux convergence. This may be accomplished by radiation, or 

by motions on a turbulent eddy (50 - 150 m) scale or a cloud group 

(--10 km) scale or some combination. Due to lack of knowledge we 

shall unjustifiably ignore radiation (implicitly assuming that the 

radiative fluxes vary little at this level between cloud and clear) 

and inquire into the other two processes. The alternatives are an 

upward decrease of upward heat flux or a downward decrease of down-

ward heat flux. The evidence greatly favors the latter. Recent 

measurements (from a 1956 expedition to the area, only partly 

analyzed so far) indicate that above 30 in or so eddy sensible heat 

fluxes are downward, of about 10 - 15% the size of the upward 

latent heat fluxes. While the flux due to the 10-km scale motion 

is probably upward, the sign of its divergence at cloud base is 

doubtful. Even if negative a stretching of plausible figures could 

account at most for one-half the observed warming. On the other 

hand, fragmentary observations suggest that the convergence at that 

level of downward eddy flux is of the correct sign and magnitude. 

The model suggested by these data is as follows: Some of 

the condensation heat released in the cloudy zone cloud layer is 

transported down the potential temperature gradient (downward) 
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by eddy fluxes, which decrease rapidly through cloud base level 

and toward the surface. In the intervening clear spaces the down-

ward fluxes through the subcloud layer are roughly the same, while 

the downward flux through the cloud layer is much smaller (due to 

absence of turbulence away from clouds) and so a flux divergence 

occurs near cloud base, cooling the air at that level. The net 

downstream warming indicates that the cooling between cloudy areas 

is smaller than the warming in cloudy areas and that most of the 

subcloud layer is being warmed indirectly by precipitation heat-

ing. These statements should be regarded as hypotheses only, to 

be tested further both observationally and theoretically, and not 

intended to be generalized to all portions of the trades. Supple-

mentary evidence is presented in the closing section, where it is 

shown that convective precipitation in the cloud layer may warm 

the air sufficiently to overcome radiation losses and provide enough 

sensible heat excess for some to be transported down through cloud 

base level by turbulence. 

III. The cloud layer during a period of weak trade (March - April, 

1953) 

The nine L period soundings were obtained between March 18 - 

April 7, 1953 in nearly the same locality as those of 1946, The 

prevailing circulation pattern was, however, markedly different, 

as demonstrated in I. The time section for the period is reproduced 

in Fig. 1B and a typical surface chart in Fig. 213. Briefly we may 
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summarize the differences in overall situation by saying that 

the L period (1953) trade was weaker, more southerly, and more 

disturbed than in the H (19)46) period. Visuafly (as recorded by 

human Observer and aircraft nose camera) the striking difference 

in the 1953 cloud layer was the sparseness of trade cumulus groups. 

Some evidence also exists to suggest that the L period trade cumuli 

that did occur were weaker and more poorly developed than those of 

series H. Camparison of cloud photographs (see Figs. )4A and 4.13) 

suggests that the 1953 cumuli were generally less well organized 

aggregations of fragments and bubbles, while those of 1946 more 

often organized into sturdy looking vigorous chimneys. Due to the 

sampling problem and to the absence of actual draft measurements 

in 1946, however, this comment may only be regarded as a somewhat 

subjective impression. 

In 1953 only one sounding was made on each observing day, 

and therefore clear and cloudy areas cannot be compared as was 

done for 1946. The L soundings were made in cloudy areas on those 

days when trade cumulus were well developed enough for cloud groups 

to be easily accessible to the aircraft and in clear regions on 

those days when trade cumuli were sparse or totally absent. Thus 

the 1953 data was used in I to compare the mixed layer structure 

on days favorable to trade cumulus and days unfavorable to trade 

cumulus. The evidence in I (see Tables 1 and 2 reproduced here) 

strongly suggested that the sparseness of trade cumuli was explaina-

ble in terms of processes occurring below cloud. On poor convective 
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days the absence of wind stirring and diminished evaporation 

restricted the height of the mixed layer well below the con-

densation level and suppressed the turbulent upflux of moisture 

through it. This was so pronounced on the two poorest convection 

days (April )4 and 5, 1953) that no trade cumulus at all were ob-

served over the oceans! In the 100 odd days that the group has 

observed in the area, such total absence of oceanic clouds was 

never duplicated. 

The transition and cloud layers for the 1953 period have 

now been studied. The results are presented in Table 6 (back)and 

summarized in comparison with the 1946 figures in Table 6A. 

Table 6A 

Comparison of Series L and H 

Transition and Cloud Layers 

Transition Layer 	 Cloud Layer 

/ 
Depth 6,84gWa -ayt e 	rh Depth -9.& 	-aw/h. rh Height 
m 	°C.,44 t, 	do 	% 	in tA om  ochom  1?„7„: 1  % trade 60,., loom Cm ., 

inversion 
in  

1946 

clear 	197 1, 6  .47 .70 14.4 81 	063  .69 2.4  76 	 
cloudy  138 0.4 079 .995 9.0  88 	.61 .71 5.2 79  
overall 177 1.2 	.80 12.6 84 1328 .62 .70 3.5 77 2080 

1953 

clear 	125 0.6  .51 .88  24.5 80 	63.69  3.1 77  
cloudy   Missing 	 .52 .60 4.6 81 	 
overall 	 1343 .58 .65 3.6 79 1932 

The striking feature of Table 6A is the similarity of the average 

figures for the two periods, particularly for the cloud layer. 
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In series L, the transition layer was totally missing in all but 

one of the cloudy soundings, in that one it was effectively missing. 

In the clear soundings it was shallower and had a much greater 

moisture and virtual temperature lapse rate, which in three cases 

was 96% dry adiabatic or greater, while the temperature lapse rate 

itself averaged only slightly less stable than in series H. Those 

properties calculated in the table for the cloud layer are almost 

identical for the two periods. On the three worst days for trade 

cumulus convection, namely April 5, L. and 2 (in that order) the 

cloud layer was somewhat shallower, drier, and less stable than 

the average for either year. These differences must be regarded 

as consequences rather than causes of poor cumulus development, 

since on two of those days no oceanic clouds whatsoever were observed. 

If we break down the cloud layer moisture structure by height 

intervals (presented in Table 7) and compare with series H, we 

find some differences. These are, as will be seen in section IV, 

probably also a consequence of poor convection. 

Table 7 

Moisture Structure of Cloud Layer Broken Down by Height Intervals 

Series L 

108  cm-1  

Lower Third Middle Third Upper Third 

Av.Cloudy 4.7 5.1 5.9 

Av.Clear 3.5 2.3 5.8 

Overall Av. 3.6 3.6 5.8 

So far all the evidence suggests that the major reason for 

the sparseness of trade cumuli in the L period is to be found in 
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the subcloud layer. It further suggests that the shallowness and 

ineffective transports of that layer were due to a combination of 

weak flow and southerly flow, the former removing wind stirring 

and surface roughness, apparently important in evaporation and up-

ward moisture transport, the latter reducing the air-sea moisture 

and temperature difference (the last is a supposition with no direct 

evidence to check it). One further important untested possibility 

remains, namely the degree of convergence or divergence in the 

large-scale flow. Divergence has been indicated as a major brake 

upon convection; it acts to bring down drier air, to stabilize, 

and to widen the spaces between updrafts. When produced offshore 

of a heated island (horizontal scale smaller than synoptic )  magni-

tude of divergence about ten times synoptic scale) it creates wide 

cloud-free rings (Malkus, 1955a)primarily by lowering the top of 

the mixed layer below the condensation level. A priori, therefore, 

we must consider whether synoptic-scale divergence may not have 

contributed to a shallower mixed layer during the "poor convection" 

period of the L series. If we may ignore the relative vorticity 

compared to that of the earth, the planetary divergence may be 

estimated from the expression 

where dIVON/ is the horizontal velocity divergence, (9 is the 

rate of change of the Coriolis parameter, , with latitude and 

V is the meridional wind velocity, positive from the south. These 

results have been entered for each day in Table 6. Examination of 
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the synoptic charts for the period assures that these values are 

almost surely of the correct sign, although on the disturbed days 

of March 30 and April 1 the actual convergence was probably about 

double that given, due to a contribution from cyclonic curvature 

in the flow. Surprisingly enough we find the exact opposite of 

what might have been expected: namely, a clearly inverse relation 

between synoptic-scale convergence and the development of trade 

cumulus: This apparently horrifying result is clarified, however, 

by further consideration. It must be recalled that we have been 

studying the oceanic trade-wind cumulus cloud and not land cumulus 

nor large oceanic cumulonimbus. The oceanic trade cumulus may be 

defined as a species of cumulus ranging from about 100 in - 2 km 

across, 300 m - 3 km in vertical thickness, possessing updrafts 

from 0.5 - 5 m/sec and exhibiting the typical appearance shown in 

Fig. 4. We saw that the development of these is largely controlled 

by the subcloud layer, which is generally most favorable when the 

flow is rather strongly from the north of east. This maximizes 

evaporation and upward vapor transport by wind stirring, surface 

roughness, and maximum air-sea temperature and moisture contrast. 

With those conditions favorable the trade cumuli seem to function 

quite well in the face of the average divergence which is of the 

order of 10 	-1-6  am (descentrN.,  0.1 cm/sec). If, however, the diver- 

gence is stepped up by an order of magnitude, as just seaward of a 

heated island, the mixed layer shrinks and trade cumuli are suppressed. 

Oceanic cumulonimbus build-ups, however, are definitely associ-

ated with synoptic-scale convergence produced by travelling disturbances. 

1111•11•••••■_ 



On the most disturbed days of the L period (March 30 and April 1) 

cumulonimbus were common over the oceans but the ordinary trade 

cumuli were very poor. April 1 is particularly interesting. A 

large line of precipitating cumulonimbi 100 miles east-northeast 

of Puerto Rico were studied in detail (Malkus and Ronne, 1954). 

These clouds reached an elevation of nearly 50,000 ft, were 9 km 

across, and the towers had measured ascent rates of 12 m/sec. 

At the same time, ordinary trade cumuli were sparse and poorly 

developed; the aircraft had insurmountable difficulties in obtaining 

cross sections through any one before it dissipated. If indeed 

oceanic trade cumulus and cumulonimbus are to some extent mutually 

exclusive (this is clearly not always so since a good mixed layer 

and large scale convergence may often coincide, as the writer has 

frequently observed in the summer season) a very important ques-

tion is raised: Namely what fraction of tropical oceanic precipi-

tation falls from trade cumulus and what proportion only from 

cumulonimbus under disturbed situations? This question has enor-

mous implications for the maintenance and steadiness of the trades, 

and can never be answered from land observations, even those from  

tiny islands. Tropical island precipitation patterns are controlled 

by interaction of island effect and trade flow. Their diurnal pat-

tern of cloud production is enormously sensitive to convergence in 

the large-scale flow. Over islands such as Puerto Rico or Jamaica, 

in the dry season anyway, even the mountain cumuli rarely reach 

the cumulonimbus or precipitation stage without the help of at least 
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a weak synoptic disturbance. This observation has been summed up 

quantitatively over a number of years by Riehl (1950) who shows 

that 50% of the precipitation of Puerto Rico comes from 10% of the 

days on which rain fell. The present study suggests that it is 

not necessarily safe to expect similar curves to prevail over the 

tropical oceans. 

We may now turn our attention to the 1953 trade cumulus 

clouds themselves and attempt to learn something about their 

dynamics. It has frequently been stated that on a given day the 

tops of oceanic clouds are randomly varied downward from the tallest 

which reach or overshoot the level of zero buoyancy for undilute 

cores. The reason for the spectrum of heights has been sought. 

Fortunately the 1953 data was supplemented by a complete series of 

wide angle motion pictures obtained from the nose of the aircraft 

during each sounding, on which heights were noted at frequent 

intervals. A study of these films was made to relate the height 

of cloud tops to the features of the sounding. For the region and 

time studied, no continuous spectrum was found on any one day. 

Masses of small cloudlets generally occupied the lower third of 

the layer, with their tops occurring at the first rapid drying, 

ranging from 700 - 1200 m. Tops of medium and larger clouds were 

generally found associated with regions of rapid drying higher up. 

On a few occasions when the moisture lapse rate was small and con-

stant, tops of the sizeable clouds were rather uniformly found 

near the inversion base. On other occasions two or three levels 
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were found within the cloud layer where cloud tops occurred. 

These levels were readily identifiable as regions of marked drying 

on the sounding and those clouds which stopped at a given dry 

layer were generally smaller in cross section than those attaining 

the next higher level. A very small fraction of the biggest clouds, 

probably about 1/10 the active population, penetrated a few hun-

dred meters into the inversion layer. In general, however, cloud 

top distribution gave the appearance of a series of steps rather 

than a Gaussian curve. This means, of course, that actively rising 

towers are rare, and that the growth phase of each cloud is short 

compared to the mature and dissipating period, which has already 

been indicated in Section II. 

Another significant point arising from comparison of the 

sounding records with the films concerns certain very moist strata 

of air that were often found near the trade inversion base or 

sometimes well above it, giving the impression of a multiple inver-

sion. These were usually found to be associated with thin stratus 

streamers spreading out from the tops of cumuli. Langmuir (during 

a lecture at Woods Hole, September, 1956) has proposed that this 

spreading of cumulus tops is important in lateral moisture transfer. 

It will later be re-examined in this light. 

The impression that the cumuli observed during the L series 

contained weaker and less well organized updrafts than those of the 

H series has not yet been analyzed. It may have arisen entirely 

from the sampling problem, in that the sparseness of clouds often 
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forced the observers to settle gratefully for any they could find, 

or that the few active ones were so far away that they began to die 

before the aircraft penetrated them. If true, it could be due merely 

to a poorer supply of fuel (latent heat) from below, or it could be 

due to an unfavorable wind and/or wind shear field, which has been 

omitted from Table 6A. The wind field has not been considered pre-

viously because proper wind data was not available for the H period, 

the San Juan RAWINS being neither representative nor detailed enough. 

In 1953, the British group obtained frequent double theodolite 

pilot balloon runs from the small island of Anegada (18 °50/N; 64°201W), 

so that a detailed wind sounding was generally available within a 

20 mile distance and one hour time interval from the aircraft 

sounding. The wind observations have been analyzed and shearing 

stresses calculated and reported on in detail by Charnock, Francis, 

and Sheppard (1956). Although even such a small island produces 

a marked sea breeze (Malkus, 1957), when we reach the height of 

cloud base its effect on the shearing field should have diminished. 

Furthermore, we shall be comparing wind fields within the 1953 

sounding series, which were all taken near the middle of the day, 

so that the sea breeze effect should be approximately constant. 

Table 8 summarizes the wind structure for the L period cloud layer, 

the values given in each case being taken from the run nearest in 

time to the aircraft sounding. 

The most striking difference between the good convection 

and poor convection days (average cloudy versus average clear in 
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Table 8 

Wind Structure of L Period Cloud Layer 

Date 
Mean 

Wind Speed 
V 

m/sec 
_ 

Mean Shear 
av/a2 

m/sec/km 

Height 
MAXiMUM1 

Wind 
m 

Shear Lowest 
100M above 

!Cloud Base I m/sec/km 

Remarks 

Mar.18 
I___

4  5 780 	1-2 Little turning below 
inversion 

Mar.21 6 1 750 	i0.2 Weak shear 
Little turning 

Mar.25 10 3 936 	0 Little turning 

Mar.30 2 ^-, 2 0(?) 	? Very disturbed 
Westerlies above 
300 m. 

April 1 3 3 225 -3.3 Strong veer 
through cloud layer 

April 2 3.5 3 936 -2.6 Wind max 312m 
at 1600 LST 

April 4 6 1.7 624 -4 Wind increase 
through inversion 

April 5 2.7 6 312 -9 90°  veer upper 
cloud layer 

April 7 3.4 3.5 330 -4 45° veer upper 
cloud layer 

Av.clear 	3.8 
----- 3.4 524 4.7 	, 
Avocloudy 	5.8 3.1 699 1.5 

Overall Av. 	4.8 3.2 611 3.1 

Table 8) lies in the height of the maximum wind and the shear in the 

lowest 100 in of the cloud layer, which are probably closely related. 

The mean wind shear in the whole cloud layer averaged around 3m sec -1km71 

for both subgroups, and the best day for cumulus (March 18) had a very 

large mean shear. The shear in the lowest 100 m of the cloud layer, 
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however, averaged greater by a factor of three on the poor days 

for convection. On these days, the trade wind maximum fell con-

siderably below cumulus base and the shear in the lower cloud 

layer was strongly negative. On the good days for cumulus (except 

April 7) the wind maximum was usually near or well above cloud base, 

so that the lower cloud layer was in the region of minimum shear 

near the turning point. Re-examination of the aircraft cumulus 

penetrations suggests that vigorous trade cumuli were generally 

easy to find on days with weak shear near cloud base, although 

rather strong shears higher up were not fatally inhibitory. Even 

April 7 fitted in, because by the time the cloud penetrations were 

made on that day (a few published by Malkus, 1955) the wind maximum 

was above cloud base and the wind shear in the lower cloud layer 

was an order of magnitude less (and of opposite sign) than that in 

Table 8. 

Care should be exerted, however, in drawing causal conclu-

sions from the above relations without more controlled and quantita-

tive testing. It may be that strong shear (vorticity about a hori-

zontal axis) at cloud base level inhibits the organization and 

aggregation of buoyant cloudlets into larger cloud towers and some 

theoretical evidence (Holmboe, 1955) exists to back this view. It 

may equally well be, however, that wind maximum at a higher elevation 

is only a part of the complex of phenomena concomitant with a strongly 

developed trade situation, other properties of which, such as a good 

mixed layer, are dominant in determining trade cumulus development. 

•••■•■■_ 
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IV. Moisture transport and its mechanisms in the cloud layer 

A physical model describing the processes at work in the 

cloud layer will be constructed here, primarily for the strong trade 

situation in which the transports by trade cumulus convection are 

operating vigorously. The aim will be to explain the distributions 

observed in the mean soundings for clear and cloudy areas (Figs. 3B 

and 3A) in terms of mechanism and thus to illuminate the role of 

the moist layer in the fuel supply for larger scale circulations. 

In the previous work by Bunker et al. (1949), a first ori-

culation calculation was made to account for the moisture distribu-

tion in the cloud layer in clear areas. The authors considered 

that in the clear zones two processes were at work transporting 

moisture, namely small-scale turbulence carrying moisture upward 

and cloud-group-scale subsidence (compensating for the net upward 

motion in cloudy areas) carrying it down. They assumed, for want 

of better information at that time, that the observed nearly steady 

distribution was achieved in situ  by a balanced opposition of these 

two processes. The subsidence rates and eddy transport coefficients 

obtained were consistent with observed moisture gradients and of a 

plausible order of magnitude. It was tacitly assumed, although 

not stated by them, that any net upward flux of vapor was achieved 

in cloudy areas, the transports in which were not treated then 

due to insufficient knowledge about cumulus convection. 

Observational material obtained since then permits us now 

to modify and extend their work to construct at least a crude model 
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of clear and cloudy areas together. A large fraction of this 

material comes from studies of the northern Pacific trade. A 

vertical section along a trajectory (Riehl et al., 1951) shows 

that the lower trade accumulates vast amounts of latent heat in 

flowing downstream. Numerically, the amount is enough to deepen 

the moist layer by 1 km in 2500 km horizontal travel, and at the 

same time increase its average mixing ratio by about 1 gm/kgm. 

In combination this means that an average air parcel increases its 

mixing ratio by about 0.6 gm/kgm per day. The budget study made of 

this Pacific section showed that the accumulation was achieved by 

a convergence of upward moisture flux in excess of that required 

for precipitation. Those calculations showed that only about 3/4 

the water vapor evaporated from the sea surface was carried upward 

through cloud base, and only about 1/5 that evaporated escaped up-

ward through the inversion. Thus about 25% of the vapor evaporated 

was exported downstream in the subcloud layer. In the cloud layer, 

about one-half the gain (55% that evaporated) was recondensed and 

precipitated and one-half exported downstream. The authors of the 

Pacific study further showed that cumulus convection alone was 

easily adequate for the net upward vapor flux through mid cloud 

layer and to account for the downstream rise in height of its upper 

boundary. Their picture can be extended and filled in from our 

more detailed data on the Atlantic trade, provided we can carry over 

the rough framework of their flux distribution. This is, on the 

average, clearly well justified since the evaporation rates in the 
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two regions are closely similar and in both regions only a small 

fraction of the evaporated moisture escapes upward through the 

inversion base in undisturbed situations. Although this fraction 

reaching the upper troposphere in the more northerly trade is 

undoubtedly of considerable importance in the long run, we shall 

set it equal to zero for the present first orientation, thus 

assuming that all the moisture evaporated is accumulated in the 

moist layer and, to maintain the steady state, exported downstream. 

This implies an upward diminution in net upward moisture flux, 

roughly as outlined in Table 9 below. 

Table 9 

Approximate Vertical Distribution of Net Upward Moisture Flux 

Evaporation from sea surface= 6.0 x 10 -6 gm cm72 sec
-1 

Flux upward through cloud base level =I= 4.5 x 10 -6 gm cm72sec-1 

Flux:upward through inversion 

The proportion of evaporated moisture getting up through cloud base 

has been carried over by assumption from the Pacific trade study; 

direct vapor flux measurements have been recently made in the 

Atlantic in 1956 and may be used eventually to check this assumption. 

In attempting to explain the moisture distributions of 

Fig. 3 in relation to these net fluxes, we must bear in mind the 

observation that in the cloud layer, small-scale turbulence is 

found only in nearby association with active or recently dissolved 

clouds. This leads to the following formulation, with which any 
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physical or mathematical description of the cloud layer must be 

consistant. Eddy turbulent transport is of mall importance in 

clear areas. In cloudy areas it is of importance mainly as a 

brake upon convection and in achieving exchange of properties 

between clouds and surroundings. Vertical transports are effected 

by cumulus and cumulus group scale motions. This will guide us 

to a model describing the coupling between cloudy and clear areas 

and the transfer of water and heat from cloudy to clear zones 

independent of strong lateral mixing and dependent only upon con-

vective circulations superposed on the trade-wind flow. Thus 

for present purposes, use of eddy exchange or Austausch coeffi-

cients for the cloud layer will be avoided, and attention will 

be concentrated instead upon fluxes and gradients, using what 

we have deduced above about the former to evolve a mechanistic 

explanation of the latter. 

We shall first show that the upward moisture flux probably 

occurs entirely in cloudy areas and that the vertical flux in 

clear zones is almost surely down. For Series H the average 

mixing ratio in the cloudy zone cloud layer was 11.6 gm/kgm while 

that in corresponding clear zones was 10.1 gm/kgm. If clear 

zones average 1.5 times the area of cloudy, the average descent 

rate in the clear (from Table 5 to meet continuity) is 1,3 am/sec. 

Thus the net upward moisture flux near the middle of the cloud 

layer is 

Aci fICIAArcivv.c, — 	e wvv = 	net upward flux (1) 
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where the subscript " ci " denotes cloudy area properties and the 

symbols without subscript refer to clear area properties. The iq 

in each case denotes the fraction of the total area; fi  is the 

air density;Wis the vertical velocity in cm/sec; andul is the 

mixing ratio in gmigm. The result of (1) can be crudely approx-

imated by 

1A1-  vvc , 	—71 piltrw 	fo v v 	, t  A p 	(la) 

0.4x10-3x5x11.6x10-3-0.6x10-3x3.3x10.1x10-3  

- 	-1 = 23.2x10-6-20.0x10-6 = 3.2x10-6gm an 2  sec 

which compares well with the average between cloud base value of 

-2 -1 
4.5x10

-6 
gm cm sec and cloud top value of zero. However, it may 

be objected that setting &Ai  %A/c!  ,-‘_, 10 -14-,Vvc s  suffers from the 

same averaging difficulties as discussed in Section II where we 

showed the serious error in equating 	to W.  7 , except that 

in the present case the result of (la) must be at least qualita-

tively correct since even the driest air (between clouds) in 

cloudy zones is moister than the clear. Indeed, breaking down 

the cloudy zone flux into transports by strong updrafts, strong 

downdrafts and weakly subsiding air using Table 5 gives a net flux 

similar to but somewhat larger than that of (la), a small differ-

ence between large upward transport in cloudy zones and nearly 

equally large downward transport in intervening clear spaces. 

More physical insight, however, is gained if we subdivide 

the cloud layer vertically into thirds and discuss the flux 
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distribution in terms of gradients of w and W„ referring back to 

Table 4. Table 9 tells us that there is a net flux convergence in 

the cloud layer averaging about 3.4 x 10 -11 gm cm
-3

sec
-1 

or if uni-

form, the net upward flux would decrease 1.5 x 10
-6 gm cm72 sec in 

each third (r•-430 in height interval) of the cloud layer. Presumably 

this may again be a net difference between a rapid upward decrease 

of upward flux in cloudy zones and nearly equally rapid downward 

increase of downward flux in the clear. If, as other evidence 

suggests, the mean ascent rate in the cloud layer increases upward . 

slightly between cloud base and mid cloud layer and then decreases 

rapidly toward the inversion, we can readily see the necessity for 

a rapid upward moisture decay in the lower cloud layer superseded 

by a more gradual one higher up. For the upward flux to decrease 

from cloud base to mid cloud layer in the face of constant or 

increasing upward motion, rapid drying must occur. Similarly, 

subsiding clear areas must average drier than cloudy for a net 

upward flux and must dry more slowly with height for a smaller 

flux divergence. A quantitative break down of fluxes as a function 

of height is attempted in Table 10 (back). 

In Table 10, the values of the distribution of average 

vertical motion in cloudy areas was estimated using the suggestion 

in Table 5 that the mean value is about 5 am/sec and evidence 

(presented by Malkus, 1957) that it increases from a figure of 

3 - 5 cm/sec at cloud base to a maximum somewhere between 1 - 1.3 km 

elevation and then decreases to about zero by inversion base. The 

mixing ratio values are the observed means from Series H soundings. 
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The total net flux convergence arrived at in the last column 

agrees well with the values of Table 9. Since nothing about 

mechanism has been said, these calculations can in no way be 

regarded as an "explanation" of fluxes or gradients, even if 

these very rough figures prove accurate. They merely show that 

the assumption that the Atlantic trade is accumulating moisture 

in a similar way to the Pacific trade is consistent with observed 

gradients and plausible estimates of vertical motions. The ver-

tical motions deduced therein will be used later in a discussion 

of mechanism. 

The striking feature of the moisture transports in the 

cloud layer revealed so far is the large up and down flux and 

flux convergence compared to the net transport. The calculated 

upward transport in cloud areas exceeds the evaporation rate by 

an order of magnitude. It appears that the moist layer is carry-

ing out a very complex internal re-arrangement of moisture for 

a small net gain. Actually, a fairly simple and straightforward 

interpretation of this flux distribution is possible in terms 

of the scales of motion operating, which forms part of a mechan-

istic model relating many features and processes in the trades. 

It will be described here, with the reservation that it is not 

so firmly established at present that alternatives may be ignored. 

Reasonably enough, our physical interpretation of the results of 

Table 10 (and of many other properties of the moist layer) depends 

upon our views concerning the structure and life cycles of trade 
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cumulus populations, and strangely perhaps, primarily upon 

whether or not these populations move along with the trade or 

whether the air moves through them. The alternative models 

which can be used in accounting for the fluxes of Table 10 are 

as follows: 

1) Individual cloud groups are stationary or moving down-

stream very slowly, so that the trade moves on the average 

through them, first undergoing a net rise and then a nearly 

equal net subsidence (ignoring the overall mean subsidence 

of 0.1 cm/sec as much smaller). A mean trajectory would 

look like the sketch in Fig. 5. If trajectories everywhere 

coincided with mixing ratio isopleths, Table 10 would be 

superficially little changed, except that the small net flux 

convergence in the last column would disappear. Moistening 

, at each level would occur in cloudy zones due to convergence 

and ascent and divergence and descent would undo this in the 

clear. Actually, the small net accumulation must show up 

as a slight crossing of trajectory toward higher mixing ratio 

isopleths in cloudy zones, the two sets of lines becoming 

parallel on the descent portion in the clear, so that at 

point B the air at any level is wetter than at A. 

2) No relative motion between individual cloud groups and 

trade winds, but new cloud groups break out and die at rather 

rapid intervals randomly as the air flows downstream, so that 

an average trajectory would still look qualitatively like the 
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sketch in Fig. 5, with more irregular amplitude and spacing 

of ascent and descent, but still with a hypothetical typical 

air parcel spending about 4/10 of its time in cloudy regions 

and 6/10 of its time in clear. 

3) Cloud groups occupying the same air for a long time in its 

travel downstream so that an average air parcel might make one 

or several complete circuits from the base of the cloud layer 

to the top and back to the base in clear as the cloudy zone 

drifts with the wind. This would require the same air to be 

occupied by cloud for a major fraction of 24 hours; to pro-

duce the observed lapse rates of temperature and moisture 

saturated ascent, mixing, and condensation are required in 

cloudy areas, and nearly saturated descent with evaporation 

and mixing are required in the clear. Extended influx of 

clear air into cloudy regions is necessary near cloud base and 

horizontal quasi-laminar efflux from cloudy regions at the top 

of the cloud layer, 

4) Cloud groups occupy the same air for long periods and 

impart moisture and other properties to the clear by lateral 

mixing. 

Model 4 may be discarded without further discussion due to 

the absence of turbulence in clear areas. Model 3 may be discarded, 

although less categorically, because in undsturbed situations it 

is doubtful whether evaporation and nearly saturated descent can be 
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occurring far from clouds; it thus becomes difficult to avoid 

very high stability and low moisture in the clear. Nevertheless, 

one of this model's required mechanisms, namely quasi-laminar 

efflux of moisture from cloud groups at high levels will be recon-

sidered later in a different connection. 

We are therefore led to conclude that in the cloud layer 

moisture is communicated between cloudy and clear areas - i.e., 

their structure differs as little as it does - because any given 

batch of air alternates frequently between being clear and being 

occupied by cumuli. Whether this is achieved by the trades' flow-

ing through more slowly moving cloud groups, or whether each cloud 

group drifts with the wind in its lifetime and when it dies a new 

group forms in different air remains to be seen. A quantitative 

development of Model I will show that it accounts simply for many 

features of the moist layer and tentatively suggests its prefer-

ence over Model 2. 

Let us consider that trade cumulus groups are either sta-

tionary in space or travelling very slowly downwind, so that the 

air is moving at roughly 5 in/sec relative to the distribution of 

clear and cloudy areas, Let us suppose that cloudy areas are 

20 km across and clear areas 30 km across. An average trajectory 

in the mid cloud layer would look something like that sketched in 

Fig. 5, rising about 200 m in the cloudy zone and descending the 

same amount more graduPlly in the clear. Of course, any real bunch 

of air molecules may go up and down several times in clouds, may 



rise all the way to the inversion, or may actually undergo contin-

uous descent; the mean trajectory only represents an average which 

becomes more meaningful the wider the cloud group compared to indi-

vidual clouds and the longer time spent crossing it compared to 

their lifetimes. 

The first step towards a quantitative model is made as follows: 

We take the vertical distribution of moisture at the downstream 

edge of a cloud group as given, established by the convection 

within the cloudy region and past history of the air. We work 

out the trajectories at selected levels through the next (down-

stream) clear area, taking a horizontal velocity of 5 m/sec and 

the vertical motions given in Table 100 Since in its crossing of 

the clear area the model assumes that trajectories and isopleths of 

mixing ratio nearly coincide, we get a section like that shown in 

Fig. 6A. 

Only the cloudy area moisture structure and clear area 

descent rates have been given and yet we arrive at a very realistic 

clear area moisture structure) averaging drier than cloudy, possess-

ing a rapid-drying transition region in the lower third and an upper 

portion with a more gradual moisture lapse rate than in cloudy 

zones, with actual mixing ratio values typical of clear areas. 

More important, we gain physical insight into the difference between 

the vertical moisture structure in cloudy and clear areas. If the 

mean vertical motions first increase with height in the cloud layer 

and then increase toward the inversion, the necessity for a stronger 



decay (transition zone) at the base of the layer and a weaker 

lapse rate above in clear compared to cloudy follows naturally. 

The close agreement between clear zone figures in Fig. 6 and 3B 

suggest that the chosen magnitudes for air-cloud group relative 

motions are reasonable. 

In Fig. 6B, 6A is amended to show a more schematic average 

trajectory through the preceding (upstream) cloud group, giving 

a 0.1 gm/kgm increase of moisture on each trajectory during its 

passage through the cloud group. This is roughly consistent with 

the net flux convergence in Table 10 allowing for precipitation 

loss. It may thus be useful to regard the flux convergences cal-

culated in Table 10 as largely the result of convergences and 

vertical motions on a cloud group scale which on the average cancel 

out as the air moves up and down passing from cloudy area to 

adjacent clear. In other words, they appear as a consequence of 

the upward and downward motions of the air trajectories through 

fixed levels and would disappear if we followed a trajectory. 

The important small net flux convergence is more profitably viewed 

as the slight crossing of the trajectories toward higher moisture 

which is accomplished by cumulus-scale motions, in a manner we 

shall attempt to describe presently. 

First, however, the numbers in Fig. 6B suggest a probable 

but not conclusive preference of Model 1 to Model 2. If as in the 

latter, a given cloud group drifted with the air during its entire 

life, and if the typical lifetime of a cloud group is as long as 
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3 - 5 hours, the vertical amplitude of the trajectories would be 

so great that the differences between typical clear and cloudy 

area soundings would be much larger than observed. The loopholes 

in this argument are still numerous enough to preclude discarding 

Model 2. They are as follows: 

1. The observations of stationary oceanic cloud groups with 

lifetimes of 3 - 5 hours have been made from islands and good 

estimates of population motions and durations over open sea are 

not yet available. If the latter average as short as 1 - 2 

hours, the trajectory amplitude of Model 2 becomes close to 

that of Fig. 6B, and therefore consistent with soundings. 

2. The vertical motions used in Fig. 6B may conceivably be too 

large. Reduction by a factor of two would also bring the 

trajectory amplitude of Model 2 close to that in Fig. 6B. 

3. Fig. 6B may itself be an understatement of the differences 

in structure between the downstream end of a cloudy area com-

pared to the downstream end of a clear area, which should be 

a maximum. The average clear and cloudy area soundings used 

in the figure were compiled from aircraft ascents located 

randomly within clear and cloudy areas. Since the mean dif-

ference may be considerably less than the downstream ends' 

extreme, longer average times spent in each type of area than 

those shown in Fig. 6B are not precluded. 

Thus the decision between models 1 and 2 for the undisturbed trade 
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must await further observations on cumulus populations, preferably 

by photography from a stationary ship. The real situation may lie 

part way between the extremes, with variations in time and space. 

In any case, the mean trajectory must qualitatively resemble that 

of Fig. 6B. In many tropical disturbances, such as slow-moving 

easterly waves, we can be confident that the trade moves westward 

through the convective zones and a model of this type will be 

useful in describing their effect upon the air structure. 

The previous paragraphs focuss attention on the vertical 

moisture structure in cloudy areas, from which, once established, 

the distribution in clear areas follows simply. We may use recently 

acquired knowledge of the structure of trade cumulus clouds and 

cloud groups to evolve a crude qualitative picture of the mainte-

nance of the vertical moisture structure in cloudy regions. Fig. 3A 

was compiled from soundings in cloudy areas but away from clouds. 

The moisture distribution in inactive clouds, however, is found to 

be little different. Therefore, since clear spaces and inactive 

cloud matter constitute about 9/10 of a typical cloudy area, we 

may regard for the present rough purposes that the average moisture 

distribution in cloudy regions is given by Fig. 3A. Nevertheless, 

it is the active clouds which produce this distribution. 

From a study of nine cloud cross sections we find an aver-

age vertical moisture lapse rate in active drafts of 3.8x10 -8cm-1, 

with a tendency to be somewhat steeper in lower and upper portions 

of the draft than in the middle. In the small sample studied, 



downdrafts showed only a slightly greater drying rate with height 

than updrafts. This moisture lapse rate, 160% saturated adiabatic, 

is established by mixing between clouds and surroundings, the 

dynamics of which is not yet well known and is beyond the scope of 

this discussion. 

The outstanding features of the moisture structure of the 

cloud layer as a whole are: The large upward gradient in the lower 

third, of 8.8 x 10
-8

cm
71 (nearly four times moist adiabatic, which 

2.4 x 10
- 8

cm 1), diminishing to about half this value in the 

middle third, and almost vanishing in the upper third. This up-

ward reduction in moisture lapse rate can be explained qualitatively 

in terms of present incomplete knowledge of cumulus dynamics. A 

clue to the rapid decrease in the lower third is provided by the 

photographs in Fig. 4 or in fact any typical photograph of trade 

cumuli. For every medium and large-sized cloud we see enormous 

numbers of small cloudlets, only a few hundred meters in diameter 

and thickness. These are commonly found in the lower Cloud layer, 

often clustered around the bases of the larger clouds. It is be-

lieved (Malkus, 1954) that the big clouds form from an aggregation 

of these smaller cloudlets or "bubbles". Photographic evidence 

strongly suggests that the beginning stages of a cloud population 

consist of a large number of these, formed from the wetter eddies 

below cloud achieving condensation in the thicker portions of the 

mixed layer. Cross sections through individual middle-sized trade 

cumuli showed that below about 1000 in (above sea level, about 400 in 
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above cloud base) the cloud was composed of several small buoyant 

elements, which appeared to have fused together into a single 

more vigorous draft higher up. 

The lower third of the cloud layer, then, we may describe 

as a region of organization, a few strong drafts aggregating from 

many small cloudlets whose tops vary from heights of about 800 - 

1100 m. A region of rapid upward drying is associated with a 

level where cloud tops are found, the trade inversion itself being 

the most striking. A rough calculation illustrates the point in 

the lower cloud layer: Let us suppose there is 5/6 cloudiness at 

850 m in a typical cloud group. The cloudy air has a mixing ratio, 

say, of about 13 gm/kgm and the air which has recently been clear 

has a mixing ratio of 11.2 gm/kgm (Fig. 3B). The average is 

12.7 gm/kgm. These small cloudlets have a lifetime of 5 - 10 min-

utes, so that air spending one hour or so in a cloudy area should 

have experienced about ten of them. Turbulent mixing is relatively 

strong between them and we find consequently that the moisture 

fluctuations in a traverse through the lower cloud layer are rather 

small (r,..el gm/kgm). If at 1100 m, the active cloudiness is re-

duced to 1/4, with clouds averaging 12 gm/kgm mixing ratio and 

air recently clear 10 gm/kgm, the average vapor content becomes 

10.5 gm/kgm. These figures agree well with cloud cross sections 

and the mean moisture distributions of Fig. 3. It may at first 

seem contradictory that the lower cloud layer is the region of very 

rapid upward intensification of active updrafts. The cloud cross 
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sections show that the main updraft in a given cumulus may increase 

by a factor of 3 or even 5 between cloud base and 1 km. However, 

if the number of updrafts per unit area decreases by almost this 

proportion, the small calculated increase in net ascent rate from 

5 to 6 cm/sec between cloud base and 1100 m is well accounted for. 

The middle-sized clouds reaching mid-cloud layer or higher have 

lifetimes of 15 - 30 minutes, so that an average air parcel may 

enter only 3 or 4 of them during its time spent in a cloudy area. 

This, plus greatly reduced turbulence aloft between clouds accounts 

for the larger moisture fluctuations (2 - 3 gm/kgm) on a horizontal 

cloud area traverse in mid cloud layer, which in fact become even 

larger as inversion base is approached. The observation that in 

mid cloud layer the overall average moisture lapse rate exceeds 

that in active saturated drafts by only about 20% suggests that a 

considerable fraction of the trade cumuli which get above 1100 m 

penetrate all the way to the trade inversion, although on indivi-

dual days regions of rapid drying are often found apparently asso-

ciated with a "top limit" for certain sizes of clouds. This point 

cannot be framed more quantitatively at present without more know-

ledge of cumulus dynamics. 

The nearly constant vertical distribution of moisture away 

from active clouds in the upper portion of the cloud layer is 

probably produced by the spreading out of cumulus tops. Shelves 

or streamers of stratus emerging from the upper parts of cumuli 

are frequently seen to creep gradually across an entire cloud area 



and even far into adjoining clear spaces. They may be composed 

of water droplets or ice crystals depending on the elevation. 

The importance of this phenomenon was suggested by Langmuir 1  . 

Physically it is envisaged as a nearly laminar spreading out of 

the cloudy matter as it encounters a stable layer. A similar 

phenomenon was observed in laboratory experiments on convection 

at the Imperial College, London (described by Scorer and Ronne 

1956). Bubbles of mud slurry were released into a resting water 

tank. These moved downward due to excess density. On several 

occasions the tank contained a lower salty layer which was denser 

than the bubble fluid, so that each element very abruptly en-

countered a sudden stabilization of its environment. A typical 

bubble penetrated only a small fraction of its diameter into the 

stable layer, and sank back, spreading its material rapidly out 

laterally above the interface (i.e. on the less stable side). 

After a few bubbles, the water above the interface became ex-

tremely muddied through a considerable depth, while that below 

the interface remained transparent. It seems likely that a 

similar mechanism is often at work in the upper trade-wind cloud 

layer. In this way, even in the absence of wind or wind shear, 

cloud matter can be dispersed to considerable distances. A crude 

calculation employing the continuity relation suggests that if a 

2 - 3 m/sec updraft 1 square km in cross section is killed in 

200 in vertical ascent and if the air spreads out in a wafer 200 in 

thick in the vertical (this figure is suggested by the depth of 

1
In lecture and conversations at Woods Hole during September 1956. 
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moist wafers on soundings and observed thicknesses of the stratus 

sheets), the horizontal velocity of spread is of the order of 

4 m/sec at first, or comparable to the original speed of the up-

draft. Due to the very low values of turbulent friction near 

inversion base, it is readily shown that the cloud matter may 

spread several 10 Is of kilometers before being brought to rest 

and losing identity by mixing with the surroundings, although 

the visible cloud particles may not remain that long. Strong 

wind shear introduces asymmetry and the spreading in one direction 

may be greatly emphasized (see Fig. 4B). 

The moisture gradients in the upper cloud layer and their 

variations between cloudy and clear zones are thus qualitatively 

understandable. In cloudy zones the upward moisture decrease 

becomes very small as inversion base is approached, but does not 

vanish because new moisture is continually being supplied by cloud 

activity from below. In the clear, moisture is not being pumped 

upward from below and the only source is, in fact, in injections 

at upper levels from cloudy regions. A slight amount of downward 

diffusion may actually be occurring in addition to the mean trans-

port downward by subsidence of the air itself. Thus in Figs. 5-6, 

the upper trajectories should perhaps be crossing moisture iso-

pleths toward higher values even in the clear. 

All the foregoing discussion has concerned the strong trade 

situation, when cumulus convection was active. Comparing the cloud 

layer moisture gradients of the L period with those of the H period 
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(Table 7 compared to Table 4) we find that in the period of weak 

trade and poor convection the cloud layer moisture lapse rate 

averaged only about 10% steeper than the H period but it was much 

more nearly uniform in the vertical and actually increased from 

the middle to the top third of the layer. The physical model 

evolved suggests that the reason was that a smaller fraction of 

the cumuli penetrated the upper cloud layer and spread out just 

below the inversion. This is in good agreement with the 1953 cloud 

photographs and observers impressions. 

Thus the moist layer in the L period was drier (average about 

0.5 gm/kgm) than in the H period. The trade was also weaker. 

The combination gives a much reduced downstream moisture export. 

In the L period a section 1 cm wide and 2 km deep with a wind of 

5.7 m/sec and an average mixing ratio of 12.3 gm/kgm exports 

140 gm/sec water vapor. The corresponding H period section of 

the same dimensions (average depths of the moist layer were 

nearly the same) having a mixing ratio of 12.8 gm and a wind of 

9.1 m/sec would export 233 gm/sec. Although these absolute values 

are too high, since the surface winds for the two periods were 

used, the point is made that this portion of the trade exported 

only about 60% of the moisture in the L period as it did in the 

H period. This figure agrees extremely well with our estimates 

in I of the reduction in evaporation during the L period. All 

evidence put together suggests that the Atlantic trade latent 

heat supply was producing at a significantly reduced rate during 
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at least a month in the spring of 1953. This period of time is 

long enough and the Atlantic trade a large enough circulation 

branch to suspect consequences in other portions of the general 

circulation. It is suggested that the same period and some weeks 

subsequent be examined further in the equatorial Atlantic, the 

upper tropical Atlantic and even in the Westerlies and Pacific 

trade with this background in mind. 

Further insight into the actual process of accumulation 

of latent heat by the trade can be gained from inquiring how trade 

cumuli actually bring it about. We saw that the net accumulation 

showed up as a crossing of mean trajectories toward higher moisture 

content so that after each passage through cloudy plus subsequent 

clear zone the air returns to its original level slightly wetter 

than it left. Because of the up and down motion of the trajectories, 

air leaving the downstream edge of a cloud group at any level must 

be about 0.2 gm/kgm wetter than air at the same level at the up-

stream edge for individual parcels to have gained 0.1 gm/kgm. 

It is readily shown that the shedding of moist air from the active 

cumuli is an adequate supply. If we take the active drafts (up and 

down) to occupy 1/10 the area, and if they are 0.8 gm/kgm wetter 

than their surroundings, normal rates of exchange of air or 

"erosion" of cloudy matter supplies 0.13 x 10-3 gm/sec to a slice 

of air 20 km long, I am deep and 1 cm thick. If the mass flux 

through the slice corresponds to a 5 m/sec wind, the air emerges 

0.2 gm/kgm wetter than the air at the same level at the entrance edge. 
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Thus by bringing up wetter air from below and at any given level 

exchanging some of this with the drier air at that level, the 

cumuli act as snail "sources" of water vapor for the trade at 

each height. We may regard this as the accumulation process in 

the lower and middle cloud layer. 

Near the level of cloud tops where the moist layer is in-

creasing in thickness the physical mechanism differs somewhat. 

In Fig. 5 - 6, except for the slight moistening of the top stream-

line we have ignored the downstream increase in depth of the moist 

layer, which Should be recalled occurs again by wetting along the 

trajectories, in the face of actual mean subsidence. As was shown 

in the Pacific study, this is a very important feature of the 

trades and was related there to the process of cumulus convection. 

If this thickening takes place mainly in cloudy regions, it should 

average about 20 m in each cloud group. That is to say, a wafer 

of air just above inversion base which on entrance dries about 

0.5 gm/kgm through its thickness (from .-•-• 8.5 to 8.0 gm/kgm) 

leaves the cloudy area with uniform moisture content. Using the 

figures presented here, we find that if 10% of the active clouds 

in the midcloud layer penetrates a net distance of 20 in into the 

inversion layer and dissolves there, the required moistening is 

achieved, Clearly individual towers frequently shoot 300 m or 

more into the inversion layer and they or their dissolved remnants 

descend back all or most of the way. It is thus better to say 

that the required moistening is achieved if 10% of the active cloud 
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matter in mid-cloud layer, with allowance for dilution on the 

way up, is left above the inversion base in the process of cloud 

tower dissipation. 

Thus the net moistening of the air is easily accounted 

for by ordinary trade cumulus convection and it is not required 

to call upon cumulonimbus build-ups or disturbances to explain 

the water vapor accumulation and export by the trade. The ques-

tion of whether or not we may ignore these for precipitation, 

however, is considerably more doubtful. Recent studies of tropical 

oceanic precipitation (Battan and Braham, 1956) indicate that the 

expectation of precipitation from tropical cumuli is less than 

50% if their tops are below about 3 km, probably because the 

coalescence process requires a minimum time for droplets to spend 

in cloud. Leaving precipitation physics outside the scope of 

this discussion, however, it is possible to inquire whether 

ordinary trade cumuli are able to release adequate liquid water 

for the observed mean precipitation, even assuming the mechanism 

for coalescence and fall out is always available. To produce the 

mean daily rainfall of 0.13 cm (Riehl et al, 1951) each cloud 

group 20 km on a side must produce about 5 x 1010 gins of pre-

cipitation. If active trade cumuli have liquid water contents 

of 2 gm/kgm (result from unpublished observations at the Woods 

Hole Oceanographic Institution) and if 1/20 the area is occupied 

by updrafts 303 m/sec strong we find that 52 x 10 10 gins of water 

are condensed and pumped upward in the time the air takes in passing 
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through the cloud group. A study of cumulus downdraft main-

tenance, however, (Malkus, 1955) suggests that a very large 

fraction of the liquid water released is consumed by evapora-

tion in downdrafts. Nevertheless, since only 10% of the total 

is adequate for precipitation, we conclude that ordinary trade 

cumuli may release enough water to contribute at least a signi-

ficant fraction of tropical oceanic precipitation. The crux of 

the entire matter hangs upon the physics of the precipitation 

mechanism. If a 3 km cloud depth is indeed required, the average 

undisturbed dry season moist layer 2 km deep is inadequate, and 

at least a weak disturbance is needed. This is not necessarily 

true in the wet season, when the undisturbed moist layer is much 

deeper. The final section illustrates the importance of this 

question in regard to the non-adiabatic heating of trade-wind air. 

V. The production of downstream warming in the trades 

The trades are gaining sensible heat as they flow west-

ward and equatorward. This shows up by a motion of the average 

trajectories toward higher potential temperature, amounting to 

about 0.6°C per day in the summer season. Riehl and Malkus (1957) 

showed that this sensible heat accumulation amounted to 25% the 

latent and was vital in creating the downstream pressure drop 

required to maintain the trade against friction. A heat budget 

calculation showed that the net warming was accomplished primarily 

by an excess of precipitation heating over radiation loss and that 
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the sensible heat provided directly by the ocean was negligible 

in comparison. 

If the addition of heat to the air is accomplished by 

release of latent heat, it must occur entirely in zones of pre-

cipitating clouds. This deduction was apparently paradoxical 

when compared with the observation that cloudy zones average both 

potentially and virtually colder than the surroundings. This 

difference was particularly pronounced in the convective zones 

of disturbances (Riehl„ 1948). The difficulty, however, is readily 

resolved if we recognize that, particularly in disturbances, the 

air moves downstream through the more nearly stationary convective 

zones, first upward in the cloudy region and then downward in the 

succeeding clear as sketched schematically in Fig. 5. Level for 

level, therefore, it is potentially and virtually colder within the 

cloudy zone, but if precipitation occurs the sir returns to its 

initial level potentially warmer than it left. This reasoning 

can be framed quantitatively for the passage of normal trade-wind 

air through a group of precipitating trade cumuli 20 km across 

followed by a clear zone 30 km across. Fig. 7 shows a vertical plot 

of typical clear and cloudy temperatures and potential temperatures 

as a function of height (taken from Figs. 3B and 3A respectively) 

with the calculated trajectories of Fig. 6B superposed. The air 

ascends in the cloudy region and descends in the clear with the 

mean velocities of Table 10. While crossing the cloudy zone the  

trajectories cross isentropes towards higher potential temperature.  
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Thus the air cools as it rises, but at a rate more nearly moist 

than dry adiabatic. If the descent in the clear were isentropic, 

the air would arrive at its original pressure considerably warmed. 

The consequent warming as a function of height is plotted in the in-

set graph at the top of Fig. 7. It averages 003 °C per passage 

through a cloudy and succeeding clear zone. If the air crosses 

ten of these in 24 hours, it would gain 3 °C per days  which allows 

for approximately 2 °C per day radiation loss and 1 °C per day left 

over for net heating in the cloud and subcloud layer. We have 

discussed earlier the probable downward flux by eddying of part of 

this heat to warm the subcloud layer, and the numbers in Fig. 7 

are approximately right so when this gain is redistributed it 

slightly exceeds radiation loss in the observed fashion. 

Furthermore, the average precipitation over the tropical 

oceans, when distributed through the cloud layer in roughly the 

manner of Fig. 7 is adequate in magnitude to account for the 

heating, although it remains to be seen whether Fig. 7 applies 

to areas of typical undisturbed trade cumuli or whether most of 

the rainfall and heating should be confined to disturbances which 

would give rarer but much more intense lifting and heating. The 

proportion contributed by disturbances may differ widely from 

the dry to wet season and from the upstream to the downstream 

portion of the trades. That rainfall occurs from ordinary trade 

cumuli under undisturbed conditions is finally well documented 

(Palmer, 1956) and the Woods Hole group have obtained several 
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cross sections through such clouds which were precipitating 

heavily. The question has resolved itself from "whether" to 

"how much". It is interesting to note that in the relatively 

undisturbed H period, oceanic cumulonimbus buildups were reported 

on one day (April 23) and swelling cumulus with tops over 6000 ft 

on three days (April 23, 27, 28) in each case associated with a 

weak trough passing the region (Fig. 1A). No information on 

oceanic precipitation was available. In the L series, precipitating 

oceanic cumulonimbus were noted on the two most disturbed days 

(March 30 and April 1) and a large precipitating swelling cumulus 

reaching 7000 ft was studied in detail on March 21, on which 

occasion the trade inversion was found at its normal undisturbed 

height of 2 km. 

VI. Concluding remarks 

A study of the moist layer in the wet season in the same 

area, and in other portions of the trade are now required and, 

in particular, a survey of precipitation as a function of cloud 

structure and synoptic situation over wide portions of the trade-

wind oceans. Fortunately, data suitable to begin such analyses 

are, or soon will be, available. It is hoped that the physical 

picture constructed herein may serve as a rough framework to relate 

these observations, which in turn should be used to improve the 

physical picture and to fill in many of the vast gaps still visible. 
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Titles for Figures  

Fig. 1. Time cross sections for the two observing periods 

April 10 - 28, 1946 (H) Fig. 1A, and March 18 - April 7, 

1953 (L), Fig. 1E, covering observation days only. Upper 

winds are RAWINS. A short barb indicates a speed of 5 mph, 

a long barb 10 mph. Surface winds are in Beaufort scale. The 

hatched region is the moist layer, the top of which is repre-

sented by a dotted line. The base of the westerlies is indi-

cated by a dashed line. The greater strength of disturbances 

in the 1953 (L) period is suggested by more middle and upper 

cloudiness. 

Fig. 2. 	Typical surface charts for the two observing periods. 

In each case the heavy solid line denotes a polar trough. 

Fig. 2A is the chart for April 12, 1946, 1230 GCT, chosen as 

typical of period H and Fig. 2B is the chart for March 29, 1953, 

1830 GCT, chosen as typical of period L. Note the weaker sub-

tropical high cell and relative north-south elongation of 

pressure systems on the latter. 

Fig. 3. Average soundings for H period, compiled by taking the 

average temperature,T 1  virtual temperature, T*, and mixing 

ratio, w, at the base of each layer (see text), the average 

lapse rate within the layer of each property and the average 

vertical thickness of the layer. Height in meters is the ordinate. 

Fig. 3A is the average cloudy area sounding (compiled from nine 



- 67 - 

individual soundings) and Fig. 3B is the average clear area 

sounding (compiled from sixteen individual soundings). 

Generally one or more soundings of each type was made on a 

given observing day. 

Fig. 4A. Typical trade cumulus cloud photograph of the H period. 

Made on April 25 5  1946 from 20,000 ft altitude. The wind blows 

from left to right and decreases upward. Note the many vigorous 

looking chimney-like clouds. 

Fig. 4B. Typical trade cumulus cloud photograph of the L period. 

Made from 6500 ft on March 21, 1953, looking north, so that the 

trade blows from right to left. The trade inversion is at 2 km 

(,-.■6500 ft) and the cauliflowerlike top of the cloud is penetrating 

the drier air. The shelf to the right is formed by the spreading 

of cloud matter out, primarily downshear, just below inversion 

base. The "black stratus" in the background was formed in a 

similar manner. Although this was one of the best days for trade 

cumulus during the entire L period, the cloud has a holey, frag- 

mentary appearance typical of that observation series. The top 

continued growing even after the lower portions were almost 

entirely dissipated. 

Fig. 5. Schematic cross section through the moist layer in the plane 

of the lower trade based on the assumption that cloud groups are 

stationary or move downstream more slowly than the wind. The 

solid line (with arrowheads) is an average trajectory, which 
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ascends in cloudy areas and descends an equal amount in the clear. 

Fig. 6. Schematic cross section in the plane of the trade wind 

showing the average trajectories at several heights (solid lines 

with arrowheads) and the distribution of mixing ratio in gm/kgm 

(numbers with decimal points). Fig. 6A shows a clear area. The 

moisture distribution at its upstream (left) boundary is typical 

of a cloudy area, while that at its downstream (right) boundary 

has been rearranged by the descent and its variations with height 

to be typical of the observed clear area stratification. Fig.6B 

has Fig. 6A as its right-hand portion but adds a cloudy area on 

the left-hand side. Note the slight increase in moisture along 

the trajectories in the cloudy area. The times are those which 

the air would spend crossing an area of the given size if it 

moved through it at 5 m/sec. 

Fig. 7. The main portion of the diagram is a vertical cross section 

in the plane of the trade similar to 6B, with the same average 

trajectories drawn as the solid lines with arrowheads. This time 

the three figure numbers (T) with decimal points (to the left of the 

vertical solid lines) are temperatures in °C and those to the left 

(6) are potential temperatures in °A. The column on the far left 

(upwind side of cloudy area) was taken from Fig. 3B as typical of 

a clear area and those on the middle vertical line (downwind side 

of cloudy area) are taken from 3A as typical of a cloudy area. 

Those on the far right (downstream edge of the following clear 
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area) were derived by isentropic descent from the downstream 

edge of the cloudy region. The graph inset above is the 

resulting net non-adiabatic warming, or the difference in 

potential temperature on a given trajectory between the far 

right and the far left, i.e0 after a complete passage through 

a cloudy area and the clear area downstream of it. 
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