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ABSTRACT

This paper presents observational evidence in support of the existence of a large diurnal cycle (one daily
maximum and one daily minimum) of oceanic, tropical, deep cumulus convection. The more intense the
" deep convection and the more associated it is with organized weather systems, the more evident is a diurnal
cycle with a maximum in the morning. At many places heavy rainfall is 2-3 times greater in the morning
than in the late afternoon-evening. Many land stations also show morning maxima of heavy rainfall.
The GATE observations show a similar diurnal range in heavy rainfall, but the time of maximum occur-
rence is in the afterncon. This occurrence is 6-7 h later than in most other oceanic regions and is probably
a result of downwind influences from Africa and the fact that the GATE heavy rainfall was often asso-
ciated with squall lines.

Diurnal variations in low-level, layered and total cloudiness show a much smaller range. The variability
of deep convection and heavy rainfall is not readily observable from those satellite pictures which cannot
well resolve individual convective cells nor is it easily obtained from surface cbservations of .the percent
of sky coverage which are heavily weighted to the presence of low-level and layered clouds. A comparison
of previous observational studies is made. It is hypothesized that the diurnal cycle in deep convection
with a morning maximum is associated with organized weather disturbances. This diurnal cycle likely
results from day versus night variations in tropospheric radiational cooling between the weather system
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and its surrounding cloud-free region.

1. Introduction

It is generally thought that there is not a very large
diurnal variation in oceanic deep cumulus convection
because oceanic lower tropospheric lapse-rate stability
does not undergo significant diurnal variation. Over
land, deep cumulus convection (especially in summer)
is generally conceived as having an afternoon-early
evening maximum due to daytime boundary layer

heating. This land afternoon-evening convective maxi-
" mum is thought to decrease with decreasing cloudiness
and degree of weather system organization. Summer-
time observations over the United States support this
general concept of an over land diurnal cycle.

This paper is written to demonstrate the basic in-
accuracy of the above concept of the diurnal variation
of deep convection for the tropics in general and for the
middle latitudes in places and seasons without large
diurnal boundary layer heating cycles. Observations
are presented which show that a large diurnal varia-
bility of heavy rainfall occurs in the western Pacific, in
the GATE region and at other locations. Other observa-
tions indicate that deep convection over land areas
often shows an early or late morning maximum and

! Present affiliation: NOAA, Anchorage Forecast Office,
Weather Bureau, Anchorage, Alaska.

that the supposition of a typical afternoon-evening peak
of deep convection cannot be demonstrated in a general .
sense. Deep cumulus convection over land can have
either a morning maximum or an afternoon-evening
maximum, It is not well related to surface solar heating
or lapse-rate stability, and when correlations exist, they
are often negative.

Observations show that the more intense the oceanic
convection, the larger the diurnal variation of convec-
tion, Weak oceanic convection shows little diurnal cycle.
Deep oceanic convection not associated with an organ-
ized weather system typically does not show as large a
diurnal variation, while over land the nonorganized
deep convection typically has the expected afternoon
maximum. :

It must be emphasized that we are discussing the
diurnal variation of deep cumulus convection and heavy
rainfall and not that of light rain, shallow cumulus or
layered cloudiness. This deep cumulus convection
variation is not accurately observable from satellite
pictures which cannot resolve the individual cumulo-
nimbus elements or by surface cloudiness observations
where the percent sky coverage is primarily determined
by layer type clouds. It is well known that cluster
cirrus and middle-level layer cloudiness can persist for
many hours in the absence of deep cumulus convection.
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TasLe 1. Comparison of morning vs evening occurrence of
various rainfall intensities for western Pacific cloud clusters
(from Ruprecht and Gray, 1976).

Percent of total
precipitation recorded
for both 5 h periods

Five hours Five hours
centered at centered at
0000 GMT 1200 GMT
(0700~ (1900
Rain intensity 1200 LT) 2400 LT)
Cluster precipitation
>1.0cm h™ ~75 ~25
0.25-1.0 cm h! ~60 ~A40
trace—0.1 cm h™! ~55 ~A45
Total ~70 ~30
All 13 years of precipitation
whether associated with
cluster precipitation or not
>2.0cm h! 70 30
1.0 20 cm ht 60 40
0.5 -1.0 cm h™! 57 43
0.1 -0.5 cm h? 55 45
trace-0.1 cm h™! 50 50
Total 57 43

Thus, reports indicating only very small diurnal varia-
tions in total cloudiness should not be interpreted as
meaning that a significant diurnal variation in deep
cumulus clouds does not exist.

2. Analysis of tropical oceanic precipitation
a. Tropical west Pacific

In a study of western Pacific tropical cloud clusters,
Ruprecht and Gray (1976) found a large difference in
heavy convective rainfall between the 5 h period cen-
tered at 0000 GMT [~ 1000 Local Time (LT)] versus
the period around 1200 GMT (~2200 LT). They re-
ported over twice as much rainfall from cloud clusters
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in the morning (0700-1200 LT) as in the evening
(1900-2400 LT). The diurnal variation of the heaviest
rainfall was most pronounced (see Table 1). Such large
variations were quite unexpected. Heavy rain from the
cloud clusters (>1.0 cm h™) was nearly three times as
prevalent in the morning. As the precipitation inten-
sities became. smaller, the dominance of the morning
rainfall maximum decreased. The tropospheric diver-
gence profiles relative to cloud clusters for 0000 and
1200 GMT also showed significant differences in 0000
vs 1200 GMT moisture convergence and corroborated
the rainfall observations. The diurnal variation of cloud
cluster to surrounding pressure gradients also support
this observation.

This research was undertaken to further investigate
diurnal variations of heavy rainfall and deep cumulus
convection. The report by Jacobson and Gray (1976)

. gives more detailed information on some of the data

which is summarized in this paper.

1) HOURLY PRECIPITATION -DATA

Hourly “precipitation data were obtained from the
National Climatic Center, Asheville, N. C., and
analyzed by month (March—-October) and season
(spring, summer and fall) for the period 1961-73 for
the eight stations shown in Fig. 1. The hourly totals
were smoothed and plotted for each station. In the
course of this procedure it was noted that the precipita-
tion curves for the eight stations followed two separate
patterns. Four stations (Koror, Yap, Guam, Ponape)
showed distinct morning and afternoon peaks through-
out the year. The other four stations (Johnston Island,
Majuro, Wake, Truk) had only a peak around sunrise
and a pronounced evening minimum. Figs. 2 and 3
show the hourly distribution of the 13-year average
precipitation for the spring season (March-May) for
the four small stations (Fig. 2) and the four large sta-
tions (Fig. 3). The summer (July-August) and autumn
(September-November) 13-year rainfall total (not
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o ® ) o
Truk Majuro

Fic. 1. Western Pacific upper air stations for which hourly rainfall data were available (1961-1973).
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F16. 2. Precipitation curve for small islands in spring.

shown) showed very similar results. The reason for the
afternoon differences is apparently due to the size and
elevation of the islands. The larger stations experience
an afternoon heat island influence which is not present
in the smaller atolls [see the report of Jacobson and
Gray (1976)]. .

It is seen that in all cases an early morning maximum
occurs between 0300 and 0600 LT. Even when the
largest precipitation maximum is observed in the after-
noon, this early morning peak is apparent. Also, an
evening minimum is found in each instance between
1800 and 2300 LT. The differences between the maxima
and minima are on the order of 55%, for the small
islands. If the afternoon rainfall maximums on the
large islands are neglected, as in Fig. 4, morning versus
evening differences for these islands are ~309%.

It is possible to stratify these results further to show
the association between rainfall intensity and the
diurnal pattern. Stratifications were made for intensities
20.3 inch h! (27.6 mm h™) and £0.1 inch h—!
(£2.5 mm h™?). This coincides with the definitions of
heavy and light rain offered in the Federal Meteorological
Handbook No. 1 (1970). Comparisons of the heavy,
light and total rainfall amounts are depicted in Figs. 5
and 6. Superimposed on these curves are graphs showing
6 h precipitation totals caused by rainfall with intensi-
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F16. 3. As in Fig. 2 except for large islands.
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F16. 4. Large-island rainfall neglecting the afternoon maximum.

ties of 2 1.0 inch h™ (225 mm h™). It was necessary
to group the very heavy rain in 6 h increments because
the frequency of occurrence was much lower than in the
other rainfall categories. It is seen that the percentage
differences between the morning (0000-0600 or 0600
1200 LT) precipitation maxima and evening (1800-2400
LT) minima are significantly larger than those of the
total rainfall curves. The light rain curves are almost
flat and show a negligible diurnal variation. The heavy
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F16. 5. Rainfall by intensity on small islands
for three seasons (13-year average).
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Fic. 6. As in Fig. 5 except for large islands.

rain accounts for the predominance of morning over
evening convective activity. '

2) SIX HOURLY RAINFALL OBSERVATIONS

To supplement the hourly data, 6 h precipitation
reports for the 8-month period April-November 1967
were analyzed for nine other island stations shown in
Fig. 7. These stations were also divided into categories
based on rainfall distribution.

Fig. 8 portrays the 6 h Trainfall occurrences of >0.5
inch (12.5 mm) adjusted to local times. By subsequently
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summing the number of occurrences for each hour, an
indication of the variation in rain was found. Again, the
highest frequency is in the morning with a distinct
evening (1800-2400 LT) minimum.

b. Other supporting information

The following additional data sources also lend much
support to the prevalence of a western Pacific oceanic
morning maximum of deep convection :

1) A new compositing of rawinsonde reports within
and surrounding west Pacific satellite-observed cloud
clusters, independent of the Ruprecht and Gray (1976)
cloud cluster rawinsonde composite, verifies significant
differences in morning versus early evening cloud
cluster mass convergence-divergence. These composites
are shown in Fig. 9. They were obtained from a current
10-year rawinsonde composite study of intensifying and
non-intensifying cloud clusters being performed on our
research project. Diagram A of this figure shows 0000
GMT (1000 LT) vs 1200 GMT (2200 LT) kinematic
determined divergence on a space scale of 4° for cloud
clusters which do not develop into tropical cyclones.
Diagrams B and C portray the same types of 0000 vs
1200 GMT divergence profiles relative to intensifying
cloud clusters which later become tropical storms.
Diagram B represents the very early stages of the
cluster genesis when the maximum sustained cloud
cluster winds are less than 12-15 m s~ Diagram C
represents the time period when the cloud clusters have
intensified to the stage where their maximum sustained
surface winds are ~20 m s™1. Note that in all three
cases the strength of the low-level 0000 GMT (1000 LT)
convergence pattern is approximately 13-2 times that
of 1200 GMT circulation. These low-level mass (and
hence water vapor) convergence differences should
cause similar differences in morning versus evening
convective activity.

2) A kinetic energy .study has recently been per-
formed by Kung .(1975) using 130 days of rawinsonde
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F1c. 7. West Pacific upper air stations for which 6 h rainfall data were available.
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Fic. 8. Rainfall occurrences with rates >0.5 inch (6 h)™! at the various stations with the top curve showing
the overlapping average of these stations. -

data in a 15° by 15° area in the Marshall Island region
which was gathered in conjunction with the 1958
nuclear tests. He found that the integrated 1000-100
mb generation of kinetic energy within the large-scale
disturbances of this region was nearly three times larger
at 0000 GMT (1000 LT) (0.33 W m™2) than that at
1200 GMT (2200 LT) (0.13 W m™2). Also the distur-
bance divergence of kinetic energy between 1000 and
100 mb was an order of magnitude larger at 0000 than
at 1200 GMT. -

3) Takeuchi and Nagatani (1974) studied sferics
observations for 10 days from the equator to the Fiji
Islands, for 32 days between Japan and Guam, and for

7 days between the Philippine Islands and Japan. They
concluded :

“The diurnal variation of the ocean thunderstorm
activity shows different patterns as compared with
that of the ordinary land storm. The peak activity
of the oceanic storm appears in the time between
midnight and early in the morning.”

¢. General oceanic observations

1) Trent and Gathman (1972) made a massive
observational study of thunderstorm occurrence from
surface ship observations over the global oceans. Their
data sample included more than 7 million surface
vessel reports from 1949 to 1963. Unfortunately, they
stratified most of their reports in GMT rather than
local time. They did, however, stratify a portion of
the data by local time.

As thunderstorms are more easily detectable by
lightning discharge at night, their nighttime total far
exceeded daytime reports. Thus, one cannot accept
their direct comparison of day versus night frequencies.
It is possible, however, to compare their 1800-2400 vs
0000-0600 LT nighttime thunderstorm occurrences and
their measured 0600-1200 and 1200-1800 LT daytime
values. Of 559956 ocean ship reports which they
stratified by local time, thunderstorms were reported
on ~19%, of all observations. Table 2 lists the local time
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F16. 9. Average divergence profiles at 0000 and 1200 GMT for
three groups of west Pacific cloud clusters: A, nonintensifying

_cloud clusters; B and C, cloud clusters which later developinto

tropical cyclones. B is for clusters whose maximum sustained
winds are less than 12-15 m s72, C for clusters whose maximum
sustained winds are ~20 m s™.
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TasLE 2. Local-time percentage thunderstorm occurrences.

All morning vs

Nighttime Daytime afternoon—evening
0000- vs 1800- 0600 vs 1200- 0000— vs 1200-
0600 2400 1200 " 1800 1200 2400

62 38 64 36 63 37

percentage occurrences in these various 6 and 12 h time
segments. The much higher late morning versus after-
noon and early morning versus early evening thunder-
storm occurrences are obvious.

2) In his middle-latitude weather ship study Kraus
(1963) attempted to distinguish between convective
and nonconvective precipitation at nine weather ships
in the Atlantic and Pacific from 3 h July reports for the
period 1950-61. His findings indicate a 509, greater
frequency of nighttime (21000600 LT) shower precipi-
tation in comparison with daytime (0900-1800 LT)
values. In. general, this agrees with our tropical
observations. '

d. Atlantic Ocean

1) Weickmann ef al. (1977) have investigated rapidly
expanding cirrus shields of cloud clusters within and
surrounding the GATE A-B array during the GATE
period with the use of geosyrichronous satellite data.
These so-called “super nova” storms appeared to
expand greatly in area in 4-8 h. Nearly twice as many
of these rapidly expanding cluster cases occurred be-
tween 2300-0600 LT as compared with 0600-1300 LT
or 1300-2000 LT. If the time of maximum deep-
convection associated with these initial cloud forma-
tions were to lag their initial appearance time by 4-6 h,
then an early to midmorning maximum in deep-
convection should be expected.

2) Martin (1975) has indicated that the time of
initial appearance of cloud clusters that later cover an
area of more than 1°X1° in the eastern tropical North
Atlantic (mean area 20° latitude, 35° longitude) during
the GATE period was nearly twice as frequent during
the evening and early morning as compared with the
late morning and afternocon. If the time of maximum
deep convection associated with these initial cloud
formation were also- to lag their first appearance time
by 4-6 h, then a near midnight to midmorning maxi-
mum in convection should be expected. This is in
agreement with the Weickmann e al. (1977)
observations.

3) Smith and Vonder Haar (personal communica-
tion) have also studied the diurnal range of cloudiness
from geosynchronous IR data between 0-20°N, 5-50°W
during all days of the GATE period. They found an
overall preference for more morning high clouds.
Although some locations within their grid showed an
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afternoon high cloud maximum preference, thlS was
not typical.

4) Holle’s (1968a) radar echo statistics over the sea
40-100 n mi east of Miami showed an over-ocean morn-
ing peak in deep convection. This contrasted with his
overland measurements which show a strong late
afternoon peak in convection.

5) Nitta and Esbensen (1974) observed significant
diurnal variations of tropospheric divergence over five
days of undisturbed conditions during the BOMEX
Project. Their variations occurred through a deep layer
of the troposphere and were of the magnitude of
~3X107% 57, Their hours of maximum relative upward
and downward velocity were approximately midnight
and noon, which is about 6 h earlier than the near
sunrise peaks observed by other investigators. They
concluded:

“The diurnal variations of the large-scale hori-
zontal divergence, large-scale vertical velocity and
wind over the Atlantic trade wind region are ex-
amined. Maximum amplitude of the diurnal
“variation of the vertical velocity is 1 mb h™! which
is nearly half of the mean downward velocity under
the undisturbed weather situation (22-26 June,
1969). The amplitude of diurnal variations in this
study is one order magnitude larger than that of
the diurnal tide obtained theoretically by Lindzen
(1967) . . ..
“The large amplitude of the diurnal variations in
the large-scale divergence ﬁeld may affect the
activity of cumulus convection.”

6) Browner et al. (1977), using SMS satellite observa-
tions at 90 min intervals, documented the existence of
a 50~75% increase of the cirrus canopy for 16 days of
eight Atlantic tropical cyclones from a minimum value
of cirrus canopy at 0300 LT to a maximum value at
1500 LT. Their tentative explanation is as follows:

“we postulate that the tropical storm reaches a
convective peak during the early morning hours
with the debris from this convection advected
outward over a 12 h period as air expands the
cirrus canopy.”

This would agree with the time scale of outward
transport of inner storm core Cb generated cirrus as
discussed by Merritt and Wexler (1967).

1t is of interest to note also that V. Dvorak of NOAA
NSL (1976, personal communication) observes a
distinct diurnal range in the inner core upper level IR
temperatures of Northeast Pacific tropical cyclones.
Coldest temperatures occur near 0300 LT and presum-
ably result from deeper more intense Cb convection at
that time in contrast with warmer inner core tempera-~
tures and presumably less deep convection at 1500 LT.

e. GATE rainfall observations

‘Information is now available (Seguin and Sabol,
1976) on the hours, amounts and intensities of GATE






