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ABSTRACT

A global archive of high-resolution (3-hourly, 0.5° latitude-longitude grid) window (11-12 um) brightness
temperature (T,) data from multiple satellites is being developed by the European Union Cloud Archive User
Service (CLAUS) project. It has been used to construct a climatology of the diurna cycle in convection,
cloudiness, and surface temperature for all regions of the Tropics. An example of the application of the climatol ogy
to the evaluation of the climate version of the U.K. Met. Office Unified Model (UM), version HadAM3, is
presented.

The characteristics of the diurnal cycle described by the CLAUS data agree with previous observational
studies, demonstrating the universality of the characteristics of the diurnal cycle for land versus ocean, clear
sky versus convective regimes. It is shown that oceanic deep convection tends to reach its maximum in the
early morning. Continental convection generally peaks in the evening, although there are interesting regional
variations, indicative of the effects of complex land—sea and mountain—valley breezes, as well as the life cycle
of mesoscale convective systems. A striking result from the analysis of the CLAUS data has been the extent to
which the strong diurnal signal over land is spread out over the adjacent oceans, probably through gravity waves
of varying depths. These coherent signals can be seen for several hundred kilometers and in some instances,
such as over the Bay of Bengal, can lead to substantial diurnal variations in convection and precipitation.

The example of the use of the CLAUS data in the evaluation of the Met. Office UM has demonstrated that
the model has considerable difficulty in capturing the observed phase of the diurnal cycle in convection, which
suggests some fundamental difficulties in the model’s physical parameterizations. Analysis of the diurnal cycle
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represents a powerful tool for identifying and correcting model deficiencies.

1. Introduction

The most fundamental modes of variability of the
global climate system are the diurnal and seasonal cy-
cles, which are associated with large and well-defined
variations in the solar forcing. As basic, forced modes
of the climate system, the ability of general circulation
models to represent these cycles should be a key test of
the correctness of any model. On both diurnal and sea-
sonal timescales, the proper representation of the inter-
action between the various elements of the atmosphere—
land—ocean—cryosphere system is crucial for achieving
the correct amplitude and phase of these forced modes.
In particular, an accurate representation of the diurnal
cycle over land and ocean provides a key test of many
aspects of the physical parametrizations in a climate
model, from radiative transfer and surface exchanges
through to boundary layer, convective, and cloud pro-
cesses. It could be argued, therefore, that the simulation
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of the amplitude and phase of the diurnal cycle provides
an ideal test bed for model parametrizations and for the
representation of the interactions between the surface,
the boundary layer, and the free atmosphere.

The diurnal cycle in tropical cloudiness and precip-
itation has been extensively studied for several decades,
but because of the scarcity of observational data, es-
pecially over the tropical oceans, these studies have used
different data sources and have mostly been confined
to limited regions. The earlier studies primarily used
surface observations (e.g., Gray and Jacobson 1977,
McGarry and Reed 1978; Albright et al. 1981), while
later studies used various forms of satellite or radar-
derived cloudiness and precipitation (e.g., Albright et
al. 1985; Hendon and Woodberry 1993; Chang et al.
1995; Chen and Houze 1997; Sui et al. 1997; Garreaud
and Wallace 1997). Most of these studies showed that
the convective or precipitation maximum tended to oc-
cur in the early morning over the open oceans and in
the late afternoon/early evening over land. However,
some studies also showed an afternoon maximum in
precipitation and cloudiness over the oceans (e.g.,
McGarry and Reed 1978; Augustine 1984; Shin et al.
1990). Janowiak et al. (1994) provided an extensive



APRIL 2001

analysis of the diurnal cycle of cold clouds in the global
tropics based on 3-hourly geostationary satellite data
that had been averaged on to a 2.5° latitude— ongitude
grid. Their results confirmed the existence of an early
morning maximum in the extent of the coldest cloud
tops (temperatures <230 K) but also demonstrated that
warmer clouds, typical of midlevel convection, were
most prevalent in the afternoon.

Nevertheless, despite these studies, no climatology
exists of all aspects of the diurnal cyclein tropical con-
vection, cloudiness, and surface temperature that isrep-
resentative for all regions of the Tropics and for all
seasons, and that would be suitable, therefore, for cli-
mate model evaluation. Recent advances in the avail-
ability of global, and high spatial and temporal reso-
lution satellite data have made it feasible to perform a
comprehensive analysis of the diurnal cycle in cloudi-
ness and surface temperature. Following the pioneering
work of Salby et a. (1991), who created and demon-
strated the utility of a global cloud imagery dataset
based on multiple satellites, the European Union funded
aproject entitled Cloud Archive User Service (CLAUS),
to construct an archive of global window brightness
temperature (T,) for the period 1983—present. The ar-
chive is based on the International Satellite Cloud Cli-
matology Project (ISCCP) level B3 data (Rossow et al.
1997; Brest et a. 1997), which are then synthesised to
provide a global dataset on a regular 0.5° latitude—lon-
gitude grid at 3-hourly intervals, the temporal sampling
being sufficient to enable diagnosis of diurnal variabil-
ity.

In this study, the CLAUS data are used to investigate
the diurnal variation of tropical convection (and by im-
plication precipitation), cloudiness, and surface tem-
perature, and to provide a climatology of the amplitude
and phase of the diurnal cycle for al regions of the
Tropics (30°N-30°S). As an example of the application
of the results to model evaluation, a diagnosis of the
diurnal cycle in the Met. Office Unified Model has been
performed and the results will be described briefly. The
development of the CLAUS archiveis described in sec-
tion 2 and the methodology used to analyse the diurnal
cycle will be given in section 3. Section 4 will present
the main results of the analysis of the observed diurnal
cycle, while an example of its application to model eval-
uation is given in section 5. Conclusions and discussion
will be given in section 6.

2. Description of the CLAUS dataset

The aim of the CLAUS project is to create a global,
long-term archive of window (11-12 pm) brightness
temperature using the ISCCP intermediate level (B3)
products (reduced resolution radiance data) from 1983
onward. The ISCCP data come from a variety of geo-
stationary and polar orbiting satellites. These data are
then resampled onto a global grid at aresolution of 0.5°
latitude—longitude every 3 h beginning at 0000 UTC.
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As part of the CLAUS project, a series of algorithms
has been developed to minimize the effects of missing
dataand the varying geometries of the satellite sampling
and viewing characteristics.* Although the approach
used issimilar to that of Salby et al. (1991), animproved
algorithm for synthesizing the data from the various
satellites has been developed and is described in detail
in Hodges et a. (2000). This algorithm uses the window
brightness temperatures from the multiple satellites,
both geostationary and polar orbiting, which have al-
ready been navigated and normalized to the measure-
ments from the National Oceanic and Atmospheric Ad-
ministration’s Advanced Very High Resolution Radi-
ometer. The gridding involves a hierarchical scheme
based on spherical kernel estimators. The geostationary
data are corrected for limb effects using a simple em-
pirical correction to the radiances. The polar orbiter data
are windowed on the target time with temporal weight-
ing to account for the nonlocal temporal nature of the
data. To account for incomplete satellite coverage and
for missing data, a combination of spatial and temporal
interpolation has been applied to obtain continuity over
space and time whenever possible. Large regions of
missing data are interpolated from adjacent processed
images using a form of motion compensated interpo-
lation (Hodges et al. 2000).

As well as the brightness temperature data, quality
control data are also generated to indicate (i) the degree
of confidence of the interpolation at the pixel level, and
(ii) the primary satellite being used in the generation of
that data pixel. Most of the Tropics is well sampled by
geostationary satellites except for the Indian Ocean
where datafrom the Indian satellite were not made avail -
able to ISCCP. For a narrow swath centered on 70°E,
data from polar orbiting satellites have been used in-
stead. Due to the twice-daily crossing of these satellites,
astrong semidiurnal harmonic is evident in the CLAUS
data, which is an artifact of the sampling.

It is important to note here that the packing density
of the ISCCP B3 data was relatively coarse, so that the
precision of the gridded window brightness temperature
in the CLAUS dataset is only of the order of 0.7 K.
This is adequate for diagnosing the diurna cycle in
cumulus convection and land surface temperature, but
may not be sufficient to delineate the subtle diurna
variations in sea surface temperatures (SSTs) and stra-
tocumulus decks.

CLAUS data for four winters (Dec—Feb 1984/85,
1986/87, 1987/88, and 1991/92) and four summers
(Jun—Aug 1985, 1986, 1987, and 1992) are currently
available and have been used in this study. All results
are based on an average over the four winters and four
summers, respectively. There is considerable consisten-
cy between the characteristics of the diurnal cycle from

1 See the CLAUS Web site at http://www.nerc-essc.ac.uk/CLAUS.



786

MONTHLY WEATHER REVIEW

VoLuMmE 129

90E 120E 150E

180 150W

120W

DJF: Total Standard Deviation (K)

. Ni

Q 30E 60E 90E 120E 150E

180 150W

DJF: % of total variance explained by intradiurnal timescales

120w 9w 60W 30w

MR

\éw; SRR

?\12'50%32

Cs ‘e\é V' oy | ').\ . S ‘go
v . RS -
ﬁz .:‘Ao - . &4‘;“( y

0!

T
150E

108 Yo e -

I ) )‘aj . B \
208 o 1 . 30
NS GEG
0 30E 60E 90E 120E

180 150W

120W 90w 60W 30w

Fic. 1. Seasona mean brightness temperature (K), total standard deviation (K), and percentage of
total variance explained by intradiurnal (<1 day) timescales for (a)—(c) DJF and (d)—(f) JJA.

year to year, which suggests that 4 yr of data are suf-
ficient to provide a useful climatology.

Figure 1 shows the seasonal mean brightness tem-
perature for northern winter and summer, as well asthe
total standard deviation of the 3-hourly samples and the
percentage of the total variance that is associated with
intradiurnal (lessthan or equal to 1 day) timescales. The
intradiurnal variance was computed by performing a
spectral analysis of the brightness temperature time se-
ries at each grid point and then averaging the power for
timescales less than or equal to 1 day. To perform this
calculation accurately, it requires a complete time series
at each grid point; grid points where thisis not the case
are therefore treated as missing data in Fig. 1.2

As expected, the seasonal mean brightness tempera-
ture distribution (Figs. 1a and 1d) follows the clima-
tological distributions of outgoing longwave radiation

2 The percentage variance explained by intradiurnal timescales was
only computed for the three summers of 1986, 1987, and 1992 due
to large areas of missing data during the summer of 1985. The winter
datasets were al complete.

(OLR) derived from broadband satellite measurements
(e.g., Harrison et al. 1990) and also those of precipi-
tation (e.g., Xie and Arkin 1996), with the coldest tem-
peratures coincident with the minimain OLR and max-
imain precipitation. The change in the mean brightness
temperature field between December—January—February
(DJF) and June-July—-August (JJA) shows the seasonal
transition of the intertropical convergence zone (ITCZ)
and the movement of the major areas of convection
associated with summertime continental convection and
monsoons. In both seasons, the highest brightness tem-
peratures tend to occur during summer over the desert
areas of Australia and North Africa. High temperatures
are also seen in the subsiding, dry, and predominantly
cloud-free regions of the subtropical anticyclones.
Comparison of the total standard deviation of the
brightness temperature (Figs. 1b and 1€) with the sea-
sonal mean field shows that most of the convective re-
gions, defined by low brightness temperatures, are co-
incident with regions of large standard deviation. This
is in agreement with other observational and modeling
studies (e.g., Salby et al. 1991; Slingo et al. 1992). Also
it can be seen that for most of the nonconvectiveregions,
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such as the subtropical anticyclones, the standard de-
viation is small, the exceptions being the clear sky land
regions, where the standard deviation is aimost entirely
related to intradiurnal timescales (Figs. 1c and 1f). Over
the deep convective regions of the tropical oceans, in-
tradiurnal timescales only account for between 15% and
20% of thetotal variability. Asshown by several authors
(e.g., Saby et al. 1991; Slingo et al. 1994) most of the
variability in tropical oceanic convection is associated
with synoptic systems (e.g., easterly waves) and intra-
seasonal phenomena (e.g., Madden—Julian oscillation).
For land-based tropical convection, the intradiurnal
timescal es account for much more of the total variance,
typically between 30% and 40%.

The results shown in Fig. 1 demonstrate that the
CLAUS dataset provides a good climatology of tropical
brightness temperature and therefore, by inference, con-
vective activity and land surface temperatures. Through
its high temporal sampling and global coverage, it also
provides a good measure of tropical variability, in par-
ticular the degree to which that variability is associated
with intradiurnal timescales. In the following section
the methodology used to analyze the coherent diurnal
cycle will be described.

180 150w

Fic. 1. (Continued)

120W 90w 80W

3. Methodology for analyzing the diurnal cycle

Time series analysis and evolutionary histogramswill
be used to study the coherent diurnal cycle in tropical
convection and land surface temperature. By computing
the long-term (seasonal) mean for each of the eight times
of the day (3-hourly intervals), the coherent diurnal var-
iation, which is directly linked to the response of the
surface—atmosphere system to the diurnal cycle in the
solar radiation, can be obtained. The amplitude and
phase of the diurnal and semidiurnal harmonics can then
be calculated using Fourier analysis. The phase of the
diurnal harmonic indicates the local time of the maxi-
mum in the variable considered. Cal cul ation of the semi-
diurnal and 8-h harmonics showed that the amplitudes
of these harmonics are much smaller, generally about
40% and 15% of that for the diurna harmonic.

The evolutionary histogram approach, which hasbeen
used in several studies for analyzing the diurnal cycle
(e.g., Morcrette 1991), will be used to show the com-
posite diurnal evolution of convection and land surface
temperature over various selected, nearly homogeneous,
regions. In an evolution histogram of brightness tem-
perature (T,), the number of pixels (grid points) within
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each T, interval is plotted as a function of time of day.
In general, high values of T, correspond to radiation
emitted from at or near the surface, and lower values
to radiation emitted from clouds. This technique pro-
vides a clear overview of the evolution of surface tem-
perature and convection with time of day. In this study,
the evolution histograms are constructed by binning the
3-hourly T, data into 4-K bins. The diurnal variation in
the histogram of T, is identified more clearly by com-
puting the percentage anomaly at each 3-h interval
against the daily mean histogram of T,.

Currently, models do not diagnose a window bright-
ness temperature comparable to that observed by sat-
ellites, although algorithms are being devel oped and im-
plemented. Therefore, for the application of the CLAUS
datato model evaluation, it has been necessary to trans-
form the model output and the CLAUS datato common
variables. First, the model’s OLR has been converted to
an equivalent brightness temperature using the relation-
ship between the observed window brightness temper-
ature (T,) and the flux equivalent brightnesstemperature
(T;), as proposed by Ohring and Gruber (1984):

T, = Ty(a + bTy), (€]

wherea = 1.228 and b = —1.106 X 102 K-, Then
T, isrelated to OLR hy

OLR = oT%, )

where o is the Planck constant. Second, the CLAUS
data have been converted to equivalent precipitation on
the basis that the coverage of cold clouds (with bright-
ness temperature or equivalent blackbody temperature
less than some threshold) is correlated with accumula-
tions of precipitation during some period (e.g., Richards
and Arkin 1981; Hendon and Woodberry 1993; Good-
man et al. 1993). In this study, a threshold technique
for estimating tropical deep convective precipitation, de-
veloped by Hendon and Woodberry (1993) and used for
studying the diurnal cycle in tropical convection, has
been applied to the CLAUS data. Known as the deep
convective activity (DCA) index, it relates brightness
temperature to an equivalent precipitation rate:

a(230 — T,) for T, < 230K
0 otherwise,

DCA = { (©)]
where a = 0.29 mm h=* K-, and the choice of the
230-K threshold is based on thework of Fu et al. (1990).
The seasonal mean precipitation rate produced by ap-
plying Eg. (3) to the CLAUS data compares well with
other precipitation climatologies (e.g., Xie and Arkin
1996). The advantage of converting the observed bright-
ness temperature to an equivalent precipitation rate is
that it provides a different view of the diurnal cycle; it
delineatesthediurnal cyclein deep convection (i.e., cold
cloud tops) from that in land surface temperatures. As
already discussed in section 2, the transient character-
istics of convective and nonconvective regimes are dif-
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ferent, with the variability over clear sky land areas
being dominated by intradiurnal timescales (Fig. 1).

4. Observed diurnal cyclein brightness
temperature and derived precipitation

a. Amplitude and phase of the diurnal cycle

Figure 2 shows the amplitude of the diurnal (24 h)
harmonic in brightness temperature (T,) and estimated
precipitation (DCA agorithm) for northern winter (DJF)
and northern summer (JJA), respectively.® For both sea-
sons, the largest amplitude of T, occurs over land clear
sKky regions, as a result of the large response of the
surface temperature to daytime solar heating. The max-
ima in the amplitude of the diurnal cycle in T, occur
over the Atacama and Namib Deserts in DJF and over
Saudi Arabia and the Sahara and Kalahari Deserts in
JJA. The convective regions over land (e.g., South
Americain DJF, Indian subcontinent in JJA, Indonesian
Islands) also show large amplitudes for T,, consistent
with the forcing of convection by the diurnal cycle in
land surface heating. This is particularly pronounced
over northeast India during the summer monsoon season
and demonstrates the importance of the diurnal cyclein
modulating monsoon rainfall. An interesting feature of
Fig. 2 is the spreading of the diurnal amplitude from
land convective regions out over the adjacent oceans,
suggestive of complex land—sea-breeze effects. Thisis
especially marked around the Indonesian Islandsin DJR
and over the northern Bay of Benga and aong the
Central American and Mexican coasts in JJA.

Over the majority of the tropical oceans, the diurnal
cycle is much more subtle and is best captured by the
estimated precipitation field, which focuses on the var-
iations in the cold cloud amounts. The results shown in
Figs. 2c and 2d demonstrate that there is a small but
significant diurnal variation in oceanic precipitation of
the order of 3-6 mm day—* along the ITCZ and South
Pacific convergence zone (SPCZ) in both seasons. The
amplitude of the diurnal cycleinferred fromthe CLAUS
data is similar to that suggested by Janowiak et al.
(1994) and Chang et a. (1995) based on Special Sensor
Microwave/lmager data.

The phase of the diurnal harmonic of brightness tem-
perature and estimated precipitation for DJF and JJA is
given in Fig. 3 in terms of the local time of the maxi-
mum. Over clear sky land regions, such as the Sahara,
the maximum in T, occurs consistently about 1-2 h after
the peak in the solar heating, indicative of a slight lag
in the land surface heating due to the thermal inertia of
the soil. In comparison, over oceanic clear sky/noncon-
vective regions, such as the subtropical anticyclonesand

3 The diagnosis was also completed for the transition seasons,
March—May and September—November. The results were similar and
will not be shown here.
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FiG. 2. Seasonal mean amplitude of the diurna harmonic in brightness temperature (K) and
estimated precipitation (mm day-*) for DJF and JJA.

the stratocumulus regions off the western seaboards, the
maximum in T, occurs in the mid- to late afternoon.
However, this result may not be very robust since the
amplitude of the diurnal cycleis small and the precision
of the raw T, data is rather poor, due to the packing
density of the ISCCP B3 data (see section 2). Never-
theless, the phase results are entirely consistent with
other observations of the diurnal cycle in marine stra-
tocumulus (e.g., Hignett 1991; Bergman and Salby
1996), which have shown a minimum in cloud optical

depth/amount in the late afternoon. This has been ex-
plained by, first, the decoupling of the surface and plan-
etary boundary layers during the day, which leads to a
reduction in the surface moisture supply to the cloud
layer, and second, by the shortwave radiative warming
of the cloud layer itself (e.g., Smith and Kao 1996).
The phase of the diurnal harmonic in the estimated
precipitation (Figs. 3c and 3d) emphasizes the timing
of the maximum in deep convection. The continental
areas show that the maximum in deep convection/pre-
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Fic. 3. Seasonal mean phase of the diurnal harmonic of brightness temperature and estimated
precipitation for DJF and JJA. Local time of the maximum is given.

cipitation tends to occur in the late afternoon and even-
ing, between 1700 and midnight local time. However,
there are some interesting regional variations (e.g., cen-
tral Africa, 0°—20°N, in JJA) which suggest that orog-
raphy may play an important part in modulating the
phase of the diurnal cycle. Over Africa, mesoscale con-
vective systems (MCSs; e.g., squall lines) are often trig-
gered by orography and elevated daytime heating (e.g.,
Rowell and Milford 1993; Hodges and Thorncroft
1997). In Fig. 2d, there is a good correspondence be-
tween the maxima in the amplitude of the diurnal har-

monic and the elevated terrain of the Ethiopian High-
lands, the Cameroon Highlands, Jos, Air, and the Guinea
Highlands. Hodges and Thorncroft (1997) show that
these MCSsaretypically initiated around 1700 and 1800
local time, and that their lifetime variesfrom afew hours
to morethan aday. Their propagation, usually westward
away from their source regions, means that the phase
of the diurnal harmonic may portray a later and later
time as the MCS moves farther and farther away from
its source region. McGarry and Reed (1978) offer this
explanation for the near-midnight maximum in precip-
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itation that was observed over West Africa during the
Global Atmospheric Research Programme (GARP) At-
lantic Tropical Experiment (GATE). The results from
this analysis of the CLAUS data, combined with the
initiation and lifetime of MCSs given by Hodges and
Thorncroft (1997), appear to support this explanation.

Similar interactions between orography and diurnal
heating are also suggested by the rather complex vari-
ations in the phase of the diurnal harmonic over South
America, for example along the Andes in DJF. Kousky
(1980) describes a detailed analysis of the diurnal rain-
fall variations over northeast Brazil, which suggests a
complex arrangement of land—sea and mountain—valley
breezes. The CLAUS results shown in Fig. 3 provide
further evidence that the phase of the diurnal cyclein
precipitation/convection is much more variable than the
late afternoon/evening maximum suggested by, for ex-
ample, Wallace (1975), who related it to daytime bound-
ary layer heating.

Nevertheless, over quite extensive areas of South Af-
rica, and South and Central America, where orographic
influences are small and convection is less well orga-
nized than over central and West Africa, thereisastrong
tendency for the maximum in precipitation/convection
to occur between 1700 and 2000 local time. Thistiming
is consistent with the results of Gray and Jacobson
(1977) who analyzed the incidence of moderateto heavy
precipitation using the present weather codes reported
by a large number of land surface stations from South
America and Africa

Over the oceans, the phase of the diurna cycle is
very variable, although for regions of deep convection
(characterized by low T, in Fig. 1), away from any in-
fluence of land-forced diurnal variations, the precipi-
tation tends to peak in the early morning, around 0600
local time, as noted by Janowiak et al. (1994) using
satellite measurements of cold clouds. However, this
result needs to be treated with caution since there are
potential inconsistencies between the actual timing of
the precipitation maximum and that inferred from the
brightness temperature using Eq. (3). Janowiak et al.
(1994) present resultsfrom in situ measurements of rain-
fall during Tropical Ocean Global Atmosphere Coupled
Ocean—-Atmosphere Response Experiment (TOGA
COARE), which show that, in disturbed conditions, the
maximum precipitation generally occurred near 0300
local time, some 3 h earlier than the maximum extent
of cold clouds (T, < 230 K). Gray and Jacobson (1977)
also report oceanic precipitation maxima prior to 0600
local time, nearer 0400 local time. Similarly, McGarry
and Reed (1978) noted that, over West Africa, the rain-
fall maxima preceded the convective cloud maxima by
up to 2 h, which they associated with the spreading out
of the convective cloud tops after the peak in precipi-
tation. This apparent discrepancy between the actual and
inferred timing of the precipitation maximum is im-
portant when satellite data are used to evaluate model
behavior.
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The rather variable phase results over the oceanic
convective regions are perhaps not surprising bearing
in mind the complex diurnal cycles in tropical convec-
tion described by Sui et al. (1997) based on TOGA
COARE observations. They noted that only the deep,
organized convection tended to show an early morning
maximum whereas submesoscal e convection, typical of
suppressed conditions, tended to show a late afternoon
maximum, much more similar to land-based convection.
They relate this to the diurnal cycle in the ocean skin
temperature, which can be pronounced in light wind
conditions (e.g., Weller and Anderson 1996). Similarly,
Janowiak et al. (1994) noted that, whereas the coldest
clouds (T, < 230 K) tended to show an early morning
maximum, warmer clouds (T, > 235 K) were most prev-
alent in the afternoon.

The CLAUS results al so suggest that thereisanotable
difference in the phasing of the diurnal cycle between
the Atlantic sector and the Pacific and Indian Oceans.
In JJA (Figs. 3b and 3d), there is a uniform signal over
the Caribbean, Gulf of Mexico, and the northwest At-
lantic of a maximum in T, near midnight. The most
likely explanation is that these regions are dominated
by warmer clouds whose behavior is more similar to
the submesoscale cumulus congestus extensively ob-
served in TOGA COARE (Johnson et al. 1999), and
whose diurnal variation is more typical of land-based
convection with maximum cloudiness in the late after-
noon (e.g., Sui et al. 1997).

A notable feature of the GATE results was the ten-
dency for the precipitation over the ship array (5°-12°N,
20°-27°W) to occur in the afternoon (M cGarry and Reed
1978; Albright et al. 1981), at odds with the oceanic
early morning maximum suggested by Gray and Jacob-
son (1977). The CLAUS results for JJA show a similar
pattern, with an afternoon maximum being more likely
east of 30°W (Fig. 3d).

The spreading of the diurnal cycle from coastal re-
gions out over the surrounding oceans has already been
noted in Fig. 2. This effect is particularly striking in the
phase of the diurnal harmonic. Closer examination of
Fig. 3 shows coherent diurnal variations propagating
away from the coasts of the Indonesian islands in DJR
down the Bay of Bengal in JJA, southwestward away
from the Mexican coast in JJA, and off the West African
coast in JJA. In many cases these coherent diurnal var-
iations spread out for many hundreds of kilometers. It
is clear, particularly from the results for T, (Fig. 3b),
that the phase of the diurnal cycle over the GATE ship
array, noted above, may well be associated with the
remote effects of the diurnal cycle over the adjacent
West African landmass.

From the timing of the lines of constant phase seen
in Fig. 3, it is possible to estimate the propagation speed
of the signal as it moves away from the coast. Figure
4 shows a close-up view of the phase of the maximum
brightness temperature over the Bay of Bengal in JJA.
Starting from the northeast coast of India, lines of con-
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FiG. 4. Phase of the diurnal harmonic of brightness temperature
over the Bay of Bengal in JJA in terms of the loca time of the
maximum. The coastline is marked in white.

stant phase spread out southeastward across the Bay of
Bengal. The inferred propagation speed is between 15
and 20 m s%, in line with those of coherent disturbances
that were observed propagating rapidly southward over
the Bay of Bengal during the recent Joint Air—SeaMon-
soon Interaction Experiment (JASMINE; P Webster
2000, personal communication). As shown in Fig. 2d,
these propagating disturbances generate significant di-
urnal variationsin precipitation over the Bay of Bengal,
suggesting that these waves have afairly deep structure.
In fact, the inferred propagation speed is consistent with
that expected for a diurnally generated gravity wave
whose equivalent depth is 40 m and whose spatial scale
is wavenumber 20. The fact that the lines of constant
phase tend to run parallel to the coast in Fig. 4 suggests
that this coherent diurnal variation is probably triggered
by the diurnal cycle over the land. Figure 2d has aready
shown a maximum in the diurnal amplitude of precip-
itation over northeast India; its spatial scale is about
10°, consistent with the inferred gravity wave spatia
scale noted above.

The lines of constant phase around the islands of
Indonesia in DJF (Figs. 3a and 3c) suggest a complex
system of diurnally varying convection over the Mar-
itime Continent. Here the inferred propagation speed
away from the islands is slower than over the Bay of
Bengal case, being typically nearer 10 m s~*. Again the
signal is evident for many hundreds of kilometers, for
example, northeastward of New Guinea in DJF (Figs.
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3aand 3c). Similarly the lines of constant phase spread-
ing away from the Mexican coast in JJA also suggest
a slower propagation speed than seen in Fig. 4 for the
Bay of Bengal. If the signal is associated with a gravity
wave, then the slower speed is probably indicative of a
shallower wave, more typical of a sea-and-breeze ef-
fect. Thisis consistent with the amplitude of the signal
in precipitation/deep convection being weaker for the
Indonesian islands and Mexican coast than for the Bay
of Bengal (Fig. 2).

During the Winter Monsoon Experiment, pronounced
diurnal variations around Borneo were observed (Houze
et al. 1981; Williams and Houze 1987), similar to those
described here. A morning maximum in convection was
noted off the northwest coast of Borneo, which Johnson
and Kriete (1982) interpreted as an interaction between
the northeast monsoon flow and the nighttime land
breeze off Borneo. They noted that the structure of the
disturbance was very similar to a squall line, much as
was observed over the Bay of Bengal during JASMINE.
In addition, Mapes and Houze (1993) have commented
on the afternoon maximum in convection over the is-
lands of the Maritime Continent with arelated, but less-
er, peak over the surrounding seas during the night and
morning. The results from this analysis of the CLAUS
data show that these coherent diurnal variations around
the islands are widespread and ubiquitous, indicating
that diurnally forced sea—land breezes and their influ-
ence on organized convection may be an important com-
ponent of the hydrological cycle and energy budget of
the Maritime Continent.

b. Evolution histograms for selected regions with
different characteristics

To investigate the diurnal cycle in more detail for
particular regions with different characteristics, evolu-
tion histograms have been constructed. Based on the
seasonal mean field T, and its variability (Fig. 1), var-
ious regions have been selected whose characteristics
are nearly homogeneous and that represent different cli-
matic regimes (e.g., deep oceanic convection, clear sky
land). Figures 5 and 6 show the evolution histograms
of T, over three* particular regions for DJF and JJA,
respectively. These have been constructed as described
in section 3; since the areas chosen cover a minimum
of 1200 data points, which are sampled over 3 months
and over the 4 yr available, the histograms are well
sampled. These results complement those shown earlier
for the diurnal harmonic and demonstrate how well the
diurnal cycle can be represented by aharmonic analysis.
They also show the more general characteristics of the
diurnal cycle for a particular climatic regime and are
therefore particularly useful for model evaluation.

4 Several others were also studied but will not be shown here since
the results are very similar.
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(a) Clear sky land
N. Africa: 0°-30°E, 10°N-30°N
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(b) Land Convection
South America: 50°W-70°W, 0°-25°S
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(c) Ocean Convection
Indian Ocean: 55°E-95°E, 0°-15°S
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Fic. 5. Seasonal mean evolution histograms of the diurnal variation in brightness temperature for DJF The contours represent percentage
departures from the daily mean histogram of brightness temperature.

For clear sky land conditions (Figs. 5a and 6a), the
evolution histograms confirm that the maximum bright-
ness temperature occurs just after noon, consistent with
the phase of the diurnal harmonic in T, seen in Fig. 3.
However, the evolution histograms suggest that the min-
imum T, occurs between 0400 and 0600 local time, just
before dawn, with a diurnal range in T, of typically
around 30 K. This timing of the maximum T, and the
evolution of T,, as shown in Figs. 5a and 6a, are in
agreement with the detailed study of the diurnal cycle
over Kansas, observed during the First International Sat-
ellite Land Surface Climatology Project (ISLSCP) Field
Experiment and described by Betts and Ball (1995).

(a) Clear sky land
S. Africa: 15°E-35°E, 5°S-30°S

(b) Land Convection
Central Africa: 15°E-35°E, 0°-15°N

They report a minimum 2-m temperature just before
sunrise, between 0500 and 0600 local time, and a max-
imum temperature 1-2 h after local noon.

Comparison of theland convection with theland clear
sky examples (Figs. 5a,b and 6ab) demonstrates, as
expected, the importance of the warming of the land
surface in triggering convection. Over both South Amer-
icain DJF and central Africain JJA, deep convection
develops in the late afternoon and reaches a maximum
in the evening. Thereafter the histograms suggest that
the clouds decay during the early morning hours, dis-
sipating at or just before sunrise. This allows the land
surface temperatures to increase in the morning hours,

(c) Ocean Convection
West Pacific: 160°E-180°, 10°N-10°S
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Fic. 6. Asin Fig. 5 but for JJA.
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and the whole cycle repeats itself. Again, these results
are broadly consistent with the phases of the diurnal
harmonics of T, and estimated precipitation shown in
Fig. 3.

Even though the amplitude of the diurnal harmonic
in T, is small over the tropical oceans (Fig. 2), the size
of the sample used to construct the evolution histograms
has enabled a clear signal of the diurnal cycle in deep
convection to be identified (Figs. 5c and 6c). As sug-
gested by the phase of the diurnal harmonic in estimated
precipitation (Fig. 3), which focuses on cold clouds, the
evolution histograms confirm that deep convection tends
to peak during the early morning. The coldest clouds,
with T, near 200 K, always occur preferentially between
0200 and 0600 local time. Where the convection tends
to be dlightly less deep (T, between 200 and 220 K) the
maximum occurrence of cold clouds is slightly later,
between 0600 and 1000 local time. This is typical of
the Atlantic ITCZ in JJA and the SPCZ in DJF

The histograms also show that the very coldest clouds
occur over the west Pacific in DJF, consistent with the
maximum height and coldness of the tropopause, as
diagnosed by Highwood and Hoskins (1998). Converse-
ly, convection in the Atlantic ITCZ is never as deep as
over the west Pacific; the coldest T, over the Atlantic
istypically 10-20 K warmer than over the west Pacific.
Again, this result is consistent with the lower/warmer
tropopause over the Atlantic (Highwood and Hoskins
1998).

The histograms for regimes with oceanic deep con-
vection (Figs. 5¢ and 6¢) also show that, while the deep-
est clouds are most prevalent in the early morning, mid-
dle- and low-level clouds appear most commonly during
the afternoon and evening. Thisresult is consistent with
the characteristics of the diurnal cycle in mesoscale and
submesoscale convective events reported by Ricken-
bach (1996) and Sui et a. (1997) based on TOGA
COARE measurements. Rickenbach (1996) showed that
submesoscale clouds typically extend only to the mid-
troposphere, near the freezing-level inversion (Johnson
et a. 1999), and have their maximum amounts during
afternoon and evening, much moretypical of land-based
convection. This is in contrast to the larger, mesoscale
convective systems whose cloud tops often reach the
upper troposphere. These systems display an early
morning maximum in precipitation, consistent with the
behavior of the cold clouds, asidentified by the CLAUS
precipitation algorithm and seen in the phase of diurnal
harmonic (Figs. 3c and 3d). Similarly, Sui et al. (1997)
describe the diurnal cycle in convection as one in which
warm cumuli occur preferentially in the morning, con-
vective showers in the afternoon, and organized con-
vection, with heavy precipitation, at night. They note,
in agreement with other studies, that the afternoon con-
vective showers are most evident in undisturbed con-
ditions, typical of the surpressed phase of the Madden—
Julian oscillation.
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5. Example of the use of CLAUS data to evaluate
the simulated diurnal cycle

As noted in the introduction, the ability of a GCM
to simulate correctly the phase and amplitude of the
response of the land—ocean—atmosphere system to the
diurnal cycle of solar radiation should be an important
test of physical parameterization schemes. Here we
show an example of the application of the CLAUS data
to the evaluation of the diurnal cycle simulated by the
climate, atmosphere-only version (HadAM3) of the Met.
Office Unified Model (UM). To provide similar statistics
on the diurnal cycle, the UM was integrated for a year
with observed SSTs for 1991-92; 3-hourly diagnostics
of OLR and precipitation were archived. Consequently
the sample size from the model is rather limited, but
future studies will focus on examining the diurnal cycle
in the model in much more detail.

A full description of the model and its basic climate
can be found in Pope et al. (2000). It contains a com-
prehensive suite of physical parametrizations, including
state-of -the-art radiative transfer (Edwards and Slingo
1996), a fully interactive soil and vegetation land sur-
face scheme (Cox et al. 1999), and a mass-flux con-
vection scheme that is closed on buoyancy and includes
convective momentum transport (Gregory et al. 1997).
As described by Pope et al. (2000), this version of the
UM provides a reasonable simulation of the tropical
precipitation and circulation, although it still tends to
underestimate the rainfall over the Maritime Continent
and to overestimate the rainfall over the western Indian
Ocean. These deficiencies are common to earlier ver-
sions of the UM and appear to be associated with the
representation of the complex land—ocean system that
exists around the Indonesian islands. In this study, the
horizontal resolution of the model is 3.75° longitude by
2.5° latitude, its typical climate resolution. Versions of
the model with 30 (L30) and 19 vertical levels have
been evaluated. Since the results were found to be in-
sensitive to vertical resolution, only those from the L30
version will be presented here.

The previous section has described the observed be-
havior of the diurnal cycle in radiation and convection
in the CLAUS data. In this section, similar diagnostics
will be presented based on the OLR and precipitation
fields generated by the UM. To allow direct comparison
with the CLAUS results, the model’'s OLR has been
converted to an equivalent brightness temperature using
Egs. (1) and (2). When considering the model resuilts,
it is important to note that, whereas precipitation and
T, are uniquely related in the analysis of the CLAUS
data through the use of Eq. (3), the same does not nec-
essarily apply in the model. Variations in OLR, and
hence equivalent T,, will depend on how well the
model’s cloud scheme relates to the convection scheme.

The amplitudes of the diurnal harmonic in the sim-
ulated equivalent T, and precipitation for DJF and JJA
are shown in Fig. 7. In comparison with the results from
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FiG. 7. Seasonal means amplitude of the diurnal harmonic of estimated brightness temperature
(K) and precipitation (mm day—*) from the L30 version of the Met. Office Unified Model for DJF
and JJA.

CLAUS (Fig. 2), the model has successfully simulated
many aspects of the amplitude of the diurnal harmonic.
The spatial patterns are slightly different, which may
be associated partly with systematic errors in the
model’s basic climate (Pope et a. 2000) and partly with
the limited sample size. The amplitudes of the diurnal
harmonic in equivalent T, are generally well captured
over the clear sky land areas of North Africa, but are
underestimated for Australia, particularly during south-

ern winter. The diurnal amplitude in precipitation over
continental convective regions, such as South Africain
DJF and central Africa in JJA, is generally well cap-
tured. Obvious discrepancies are over the islands of the
Maritime Continent in DJF and over the Indian monsoon
region in JJA. The model has failed to capture the pro-
nounced diurnal cycle over northern India, but has sim-
ulated rather large amplitudes in equivalent T, over the
Arabian Sea and Bay of Bengal (Fig. 7b), which are
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Fic. 8. Seasonal mean phase of the diurnal harmonic of estimated brightness temperature and
precipitation from the L30 version of the Met. Office Unified Model for DJF and JJA. The local

time of maximum is given.

not collocated with those in precipitation (Fig. 7d), nor
seen in the CLAUS results (Fig. 2). Over the open
oceans, the model appearsto have slightly overestimated
the amplitude of the diurnal harmonic in equivalent T,
but underestimated it in precipitation, although the lim-
itations of the CLAUS results should be noted, since
they rely on simple algorithms to relate T, to precipi-
tation.

The phase of the diurnal harmonic of equivalent T,
and precipitation from the UM is shown in Fig. 8. In
comparison with the CLAUS results (Fig. 3), it is ev-

ident that the UM poorly simulates the phase of the
diurnal harmonic of the equivalent T, and precipitation
in the Tropics for both seasons. The most marked dis-
crepancy occurs for convective regimes. According to
Fig. 8, for land convective regimes, the diurnal maxi-
mum in the simulated precipitation occurs before noon,
instead of in the |ate afternoon and evening as indicated
in the CLAUS data (Fig. 3). The model is more suc-
cessful at simulating the time of maximum equivalent
Ty, which generally in the midmorning is in agreement
with the CLAUS results. A notable exception is over
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(a) DJF, S. Africa: 15°E-40°E, 0°N-25°S
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(b) DJF, South America: 50°W-70°W, 0°-25°S
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(¢) JJA, C. Africa: 15°E-35°E, 0°-15°N

180 180

200 2007

220

180

240

26

28

30

3207

340

T T T T T 11 840

12 14 16 18 20 22 24

[
4 6

8 10 12 14 16 18 20 22 24

T T T T

FTTd
0 2 4 6 8 10 12 14 16 18 20 22 24

Local Time (Hrs.)

Fic. 9. Seasonal mean evolution histograms of the diurnal variation in estimated brightness temperature from the Unified Model for land
convective regimes. The contours represent percentage departures from the daily mean histogram of estimated brightness temperature.

Brazil in JJA where the model gives a near-midnight
maximum in equivalent T, that is quite different from
any of the other land convective regions.

The UM also advances the timing of the simulated
diurnal maximum in oceanic precipitation, which ap-
pears around midnight, in contrast to the estimatesfrom
the CLAUS data where the maximum convection occurs
typically about 6 h later in the early morning. Even
allowing for the likelihood that the phase results for
precipitation, estimated from the CLAUS data, may be
later than reality by up to 3 h (e.g., Janowiak et al.
1994), it is clear that the UM produces a diurnal max-
imum in precipitation that is too early in the day. There
is also alesser discrepancy over land clear sky regions,
where the model gives a maximum in equivalent T,
coincident with the peak in solar heating, 1-2 h earlier
than that observed in the CLAUS data.

Using 3-hourly diagnostics of equivalent T, from the
UM, evolution histograms typical of continental and
oceanic convection have been constructed in a similar
manner to those based on T, from the CLAUS dataset.
Although the histograms are not nearly as well sampled
as in the CLAUS results (coarser grid, 1 yr only), the
results nevertheless reveal systematic errorsin the mod-
el. Figure 9 shows three examples of the histograms for
land convective regimes that are characterised by apre-
cipitation maximum near noon in Fig. 8. All show a
very similar behavior that does not compare well with
the CLAUS results shown in Figs. 5 and 6. As soon as
the land surface begins to warm up in the morning,
convection is initiated that reaches to the midtropos-
phere. Soon after, the convection extends to the upper
troposphere with the lowest values of equivalent T, typ-
ically occurring in the midafternoon, compared to the
evening in the CLAUS data.

For oceanic convection (Fig. 10), the histograms are

quite noisy since the diurnal cycle is quite weak and
therefore difficult to sample. Nevertheless, the results
given in Fig. 10, for two oceanic convective regimes,
again show similar characteristics that support the phase
results shown in Fig. 8. The deepest convection tends
to occur in the late afternoon in the model compared
with the early morning in the CLAUS data (Figs. 5 and
6).

6. Discussion and conclusions

The CLAUS multiyear, high spatial and temporal res-
olution global dataset of brightness temperature has pro-
vided a unique opportunity to carry out a systematic
investigation of the diurnal variation in convection and
radiation over the whole Tropics. The characteristics of
the diurnal cycle described by the CLAUS data agree
with previous observational studies cited in the intro-
duction. Whereas those studies were mostly for limited
regions and short time samples, the CLAUS results have
demonstrated the universality of the characteristics of
the diurnal cycle for land versus ocean, clear sky versus
convective regimes. They have also shown some inter-
esting regional variations indicative of the effects of
complex land—sea and mountain—valley breezes, aswell
as the life cycle of mesoscale convective systems.

A striking result from the analysis of the CLAUS data
has been the extent to which the strong diurnal signal
over land is spread out over the adjacent oceans, prob-
ably through gravity waves of varying depths. These
coherent signals can be seen for several hundred kilo-
meters and in some instances, such as over the Bay of
Bengal, can lead to substantial diurnal variationsin con-
vection and precipitation. Over the complex system of
islands that make up the Maritime Continent, these co-
herent signals in the diurnal cycle represent important
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(a) DJF, Indian Ocean: 55°E-95°E, 0°-15°S
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(b) JJA, W. Pacific: 160°E-180°, 10°N-10°S
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Fic. 10. Asin Fig. 9 but for oceanic convective regions.

land—sea-breeze effects that may play a crucial rolein
the heat and moisture budget of this key region for the
tropical and global circulation.

The results have shown that the diurnal cycle for
various tropical regions with different characteristicsis
substantially different. The largest amplitudes of the di-
urnal harmonic of T, occur over the clear sky continents
with a maximum in T, in the early afternoon, 1-2 h
after the maximum in solar heating. For convective re-
gimes, the diurnal amplitudeislarger and more spatially
consistent over the continents than over the oceans. For
both DJF and JJA, oceanic deep convection tends to
reach its maximum in the early morning, while conti-
nental convection typically peaks in the evening.

The phase of the diurnal harmonic suggests that the
mechanisms for the observed diurnal variation in con-
vection over land and ocean are very different. The
diurnal cycle of convection over land isbasically alow-
level themodynamical response to the radiative heating
cycle. During the day, solar heating over land surface
increases the lower-tropospheric temperature (and mois-
ture) and hence instability, leading to development of
convection, the resulting convective precipitation max-
imum tending to occur in the evening. In contrast, ra-
diative cooling of the land surface at night enhances the
stahility, suppressing convection and leading to a min-
imum in the early morning. This idealized view of the
diurnal cycle over land is modified by local orography
and by the initiation, propagation, and decay of meso-
scale convective systems, such as squall lines.

For deep oceanic convection, which typically peaks
in the early morning, the situation is much more com-
plicated, and there may be several mechanisms respon-
sible for the behavior of the diurnal cycle. The first
involves a direct radiation—convection interaction
(Randall et al. 1991). At night, infrared cooling at the
cloud top is greater than at cloud base resulting in des-

tablization of the upper troposphere, leading to cloud
development with a maximum occurring in the early
morning; during the day, warming at cloud top due to
solar absorption increases the stability and therefore re-
stricts convective activity.

The second possible mechanism involves the cloud
versus cloud-free radiation difference in the horizontal
(Gray and Jacobson 1977). The radiative cooling of the
cirrostratus at upper-tropospheric levels is greater than
the radiative cooling in the surrounding less cloudy or
clear sky regions, whereas during the day the situation
is reversed. This day—night differential heating cycle
results in a daily variation in the horizontal divergence
field that may give rise to a diurnal variation in con-
vective activity. Recently, Liu and Moncrieff (1998)
used an idealized two-dimensional cloud resolving nu-
merical model to simulate the diurnal variation of trop-
ical oceanic deep convection. The model gave a pre-
dawn maximum and late afternoon minimum in con-
vection intensity for highly organized as well as less
organized convection. Liu and Moncrieff (1998) con-
cluded that this diurnal variation was primarily con-
trolled by the direct radiation—convection interaction;
the cloud versus cloud-free radiation difference was of
secondary importance.

However, Chen and Houze (1997) have suggested that
the mechanism for the diurnal cycle of tropical oceanic
deep convection involves a rather complex surface—
cloud—radiation interaction, not just a cloud-radiation
interaction. They argue that the cloud—radiation inter-
action mechanism can only partially explain the diurnal
cycle of the tropical oceanic deep convection. It does
not explain why the large-scale convective systems,
which contribute most to the observed night-to-dawn
maximum in cold cloud cover and precipitation, usually
start preferentialy in the afternoon, a time that is un-
favorable in terms of atmospheric radiative processes.
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Chen and Houze (1997) point out that surface and near-
surface thermal variables relevant to convective vari-
ability (i.e., skin sea surface temperature and surface air
temperature) consistently reach their maximum in the
afternoon and that the phasing of the diurnal cycle in
these variables is favorable to the afternoon initiation
of convective systems. Some of these convective sys-
tems, under optimal environmental conditions, continue
to grow and reach their mature stage some time later
during the night and early morning.

Chen and Houze (1997) also suggest that besides the
nature of the underlying surface, an additional factor
affecting the diurnal cycle in tropical deep convection
is the life cycle of cloud systems themselves. Because
the life cycle of large convective systems can take up
to a day, they leave the boundary layer filled with air
of lower moist-static energy and a cloud canopy that
partially shades the ocean surface from the sunlight the
following day. Since the surface conditions are unfa-
vorable for another round of widespread convection, the
next day’s convection tends to occur in neighboring re-
gions unaffected by the previous convective systems.
They call this spatial variability of the diurnal cycle of
the large convective systems ‘“diurnal dancing,” which
may trigger and phase lock with westward propagating
inertio—gravity waves of similar 2-day period.

The example of the use of the CLAUS data in the
evaluation of the Met. Office Unified Model has dem-
onstrated that the model has considerable difficulty in
capturing the observed phase of the diurnal cycle in
convection. This has been noted aso in numerical
weather prediction applications of the model (Ringer
1998). This may suggest some fundamental difficulties
in the model’s physical parameterizations. Possible can-
didates to be considered are the land surface scheme
and its response to solar heating, the planetary boundary
layer and its communication with the surface and the
free troposphere, and the convection scheme and its
response to near-surface buoyancy.

However, some of the problems in the phase of the
diurnal cyclein the UM may be related to the technical
implementation of the radiation scheme. Comprehensive
radiation calculations are computationally demanding
and, in common with many other atmospheric GCMs
(see Phillips 1994), the UM only calls the full radiation
scheme every 3 h. At intermediate time steps, a simple
radiation calculation is made, based on the shortwave
and longwave fluxes from the full radiation calculation.
To alow for the diurnal variation in the incoming solar
radiation, the shortwave fluxes are adjusted by the solar
zenith angle on the intermediate time steps but the
clouds and the temperatures essentially remain fixed be-
tween the 3-hourly callsto the full radiation calculation.
Thismay have seriousimplicationsfor thediurnal cycle,
particularly over land where the surface temperature
should respond rapidly to the diurnal cyclein solar forc-
ing. Also the use of fixed clouds essentially means that
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the cloud field can be on average 1.5 h out of phase
with the solar forcing.

To investigate how much of the discrepancy between
the observed and simulated diurnal cycles might be ex-
plained by the technical implementation of the radiation
code, a year's integration was performed in which the
full radiation calculation was made every time step and,
hence, was as accurate as possible. In terms of both the
amplitude and the phase of the diurnal harmonic, the
results were quite similar, except over clear sky land
(desert) regions where the time of maximum inferred
brightness temperature was 1-2 h later, in better agree-
ment with the CLAUS data. This is well demonstrated
in Figs. 11a and 11b. With the standard 3-hourly calls
to the full radiation calculation (Fig. 11a), the model
has produced its warmest land surface temperatures be-
fore noon, due to the imbalance between the solar heat-
ing and the longwave cooling. When the radiation is
calculated accurately (Fig. 11b), the shape of the evo-
lution histogram ismuch closer to the observed behavior
(cf. Fig. 7a), with the warmest temperatures occurring
in the early afternoon. As is also evident in Figs. 11a
and 11b, the amplitude of the diurnal cycle is dslightly
reduced with the full radiation calculation.

For land convective regimes, the implementation of
an accurate radiation calculation has had little impact
on the model’s major systematic error in the phase of
diurnal cycle in precipitation. The rainfall still occurs
preferentially before noon. However, the evolution his-
togram shown in Fig. 11c does suggest that the detailed
behavior of the diurnal cycleis affected by the accuracy
of theradiation calculation. Thereisnow amore gradual
evolution of the cloud field and the tendency for large
amounts of middle-level cloudiness to appear suddenly
just before noon has been removed (cf. Fig. 9). Nev-
ertheless, the fact that the model’s rainfall still occurs
preferentially before noon suggests that there are fun-
damental shortcomings in the response of the surface,
boundary layer, and convective parametrizations to the
diurnal cycle in shortwave heating.

The implementation of an accurate radiation calcu-
lation has also had little impact on the simulated diurnal
cycle in oceanic convection. Returning to the results of
Chen and Houze (1997) discussed above, it is clear that
the Unified Model (and indeed other atmospheric
GCMs) may lack potential key ingredients to produce
the correct diurnal cycle in convection over the oceans.
First, the model uses a fixed SST and so there is no
allowance for diurnal variationsin skin sea surface tem-
perature such as was observed during TOGA COARE
(e.g., Weller and Anderson 1996). These variations in
skin temperature can be large (>1 K), particularly in
light wind, undisturbed conditions (e.g., Webster et al.
1996), and appear to be important for triggering con-
vection. Second, the model’s convective parameteriza-
tion involves an instantaneous adjustment and is there-
fore unlikely to represent the gradual growth of a con-
vective system as described by Chen and Houze (1997).
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(a) Clear sky land: 3-hourly radiation
South Africa: 15°E-35°E, 5°S-30°S
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(b) Clear sky land: Accurate radiation
South Africa: 15°E-35°E, 5°S-30°S
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(c) Land convection: Accurate radiation
Central Africa:15°E-35°E, 0°-15°N
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Fic. 11. Evolution histograms showing the effect of performing a full radiation calculation every model time step. (a) and (b) Evolution
of the estimated brightness temperature for a land clear sky regime (South Africa in JJA) for 3-hourly and accurate radiation calculations,
respectively. (c) Evolution of the estimated brightness temperature for a land convective regime (central Africa in JJA) from the accurate

radiation calculation. It can be compared with Fig. 9c.

It is possible that the convective parameterization may
need to carry a history of the life cycle of the cloud
systems, suggesting major changes in our current ap-
proach to convective parametrization.

This paper has shown the considerable potential that
diurnal cycle diagnostics possess for demonstrating
model deficiencies. The results support the argument
that as a basic, forced mode of the climate system, the
ability of general circulation models to represent the
diurnal cycle should be a key test of the correctness of
any model. Future research will involve amore-detailed
analysis of the diurnal cycle in the Unified Model, as
well as experimentation with a hierarchy of models,
including a cloud resolving model, to investigate the
coupling between the surface, boundary layer, and free
troposphere on diurnal timescales.
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