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ABSTRACT

The diurnal cycle of tropical convection and its relationship to the atmospheric tides is investigated using an
aquaplanet GCM.

The diurnal and semidiurnal harmonics of precipitation are both found to contribute significantly to the total
diurnal variability of precipitation in the model, which is broadly consistent with observations of the diurnal
cycle of convection over the open ocean. The semidiurnal tide is found to be the dominant forcing for the
semidiurnal harmonic of precipitation. In contrast the diurnal tide plays only a small role in forcing the diurnal
harmonic of precipitation, which is dominated by the variations in shortwave and longwave heating. In both the
diurnal and semidiurnal harmonics, the feedback onto the convection by the humidity tendencies due to the
convection is found to be important in determining the phase of the harmonics. Further experiments show that
the diurnal cycle of precipitation is sensitive to the choice of closure in the convection scheme.

While the surface pressure signal of the simulated atmospheric tides in the model agree well with both theory
and observations in their magnitude and phase, sensitivity experiments suggest that the role of the stratospheric
ozone in forcing the semidiurnal tide is much reduced compared to theoretical predictions. Furthermore, the
influence of the cloud radiative effects seems small. It is suggested that the radiative heating profile in the
troposphere, associated primarily with the water vapor distribution, is more important than previously thought
for driving the semidiurnal tide. However, this result may be sensitive to the vertical resolution and extent of
the model.

1. Introduction

The diurnal1 cycle of solar insolation provides a
strong forcing of variability on the climate system. The
climate system responds to this forcing in a number of
ways, including significant diurnal variations in tropical
precipitation and surface pressure (a manifestation of
the atmospheric tides). This paper explores the rela-
tionship between the diurnal cycle of precipitation and
the atmospheric tides in the context of an idealized at-
mospheric model.

While there are a number of studies of the diurnal
cycle of precipitation over land [see, e.g., Dai (2001)

1 In this paper the word diurnal will be used to describe variations
with periods of 24 h or less, except in the phrases ‘‘diurnal harmonic’’
and ‘‘diurnal tide’’ where it will refer to variations with a period of
24 h only.
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for a summary], until recently, the scarcity of obser-
vational data over the oceans has meant that detailed
studies of the oceanic diurnal cycle of convection have
been difficult. Following the advent of satellite obser-
vations, a more global picture of the diurnal cycle of
convection has developed (e.g., Janowiak et al. 1994;
Yang and Slingo 2001). These studies have used satellite
radiances to infer properties of the cloud field and then
to relate these cloud fields to the precipitation. Direct
comparisons between in situ observations and satellite
observations over both ocean and land (e.g., McGarry
and Reed 1978; Janowiak et al. 1994) and a recent mod-
eling study by Slingo et al. (2004) suggest that precip-
itation peaks some 2–3 h before cold cloud maxima.
Such an effect has implications for estimates of the
phase of the diurnal cycle of precipitation made from
satellite observations. More recently the use of space-
borne rain radar and passive microwave instruments as
part of the Tropical Rainfall Measuring Mission
(TRMM) has allowed an analysis of the diurnal cycle
of a more directly measured precipitation dataset over
the global Tropics (e.g., Nesbitt and Zipser 2003). How-
ever, because of the temporal resolution of the TRMM
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dataset in the Tropics (approximately one observation
at any point every two days) the diurnal cycle is sub-
sampled and there is a risk of aliasing longer-time-scale
variability onto the diurnal cycle.

Within the limits imposed by the observational and
analysis techniques a relatively consistent picture of the
diurnal variability of tropical precipitation has devel-
oped. Over the tropical landmasses convective precip-
itation is generally thought to peak in late afternoon and
early evening, primarily driven by the daytime heating
of the boundary layer. However, there are regional var-
iations that suggest, for example, that orography and the
presence of mesoscale convective systems may play a
role in determining the timing of convection (e.g., Yang
and Slingo 2001; Nesbitt and Zipser 2003).

Over the oceans the diurnal cycle of precipitation is
much smaller in magnitude with an amplitude corre-
sponding to about 15% of the daily mean rate (e.g.,
Nesbitt and Zipser 2003). Over the open ocean away
from the influence of land the precipitation typically
peaks in the early hours of the morning (e.g., Gray and
Jacobson 1977; Yang and Slingo 2001; Nesbitt and Zip-
ser 2003). Nesbitt and Zipser (2003) found a late af-
ternoon minimum in oceanic precipitation, suggesting
that the diurnal cycle in precipitation has significant
contributions from higher harmonics than the diurnal
harmonic. Yang and Slingo (2001) found that around
the coastal areas there are interesting signals of prop-
agation of the phase of the diurnal cycle of convection,
probably associated with the land–sea breeze circula-
tions. The influence of these may spread for hundreds
of kilometers. In some warmer ocean areas the obser-
vations suggest that at least at times, particularly in
undisturbed conditions, the diurnal cycle of convection
may be more characteristic of the land diurnal cycle
with convective maxima in late afternoon and early
evening (Sui et al. 1997; Yang and Slingo 2001), pos-
sibly indicating a role for the underlying ocean surface
in driving the diurnal variations in these regions.

The relatively poor observational data of the diurnal
cycle of convection and, in particular, the fields poten-
tially related to its cause over the ocean has made de-
termining the mechanisms of the oceanic diurnal cycle
difficult. A number of hypotheses for the later peak in
convection over the ocean have been proposed including
nighttime destabilization of the profile by infrared cool-
ing of the clouds as opposed to daytime stabilization of
the profile by shortwave absorption (Randall et al.
1991), vertical circulations induced by differences in
cloudy and cloud-free heating rates (Gray and Jacobson
1977), and the lifetime associated with convective sys-
tems triggered in the afternoon by near-surface heating
(Chen and Houze 1997).

Many of the possible mechanisms for producing a
diurnal cycle in convection may be poorly represented
or absent in GCMs; however, there are limited studies
of the modeled diurnal cycle of precipitation. Yang and
Slingo (2001) and Slingo et al. (2004) have made com-

parisons of the Met Office Unified Model diurnal cycle
of convection with satellite observations. They found
that over land convective precipitation in GCMs typi-
cally peaks too early in the day, often before noon. Over
the ocean the model was able to reproduce at least the
gross features of the diurnal cycle of convection with
a maximum in the early hours of the morning. However,
it was generally unable to capture the regional variations
associated with land–sea breezes and surface-forced di-
urnal cycles as these processes are not represented in
the model. Dai and Trenberth (2004) found broadly sim-
ilar behavior of the diurnal cycle of convection in a
study of the Community Climate System Model.

In contrast to the diurnal cycle of precipitation, the
diurnal variations of surface pressure or ‘‘atmospheric
tides’’ and the processes that drive the atmospheric tides
are generally considered to be well understood. Chap-
man and Lindzen (1970) reported early observations of
the atmospheric tides (e.g., Haurwitz 1956, 1965) and
largely accounted for their amplitude and phase by con-
sidering the dynamical response (through the generation
and propagation of internal gravity waves) to the diurnal
and semidiurnal harmonics of solar heating.

The semidiurnal tide has a surface pressure signal
peaking at the equator, decaying with latitude as ap-
proximately cos3f. It is a westward propagating zonal
wavenumber-2 signal with some longitudinal variations
in amplitude and phase within the Tropics. Haurwitz
(1956) found that an equatorial amplitude of 1.16 mb
best described his data, with maxima at around 0945
and 2145 LT. A more recent study by Dai and Wang
(1999) found spatial variations of the order of 20% in
the amplitude of the semidiurnal tide but was generally
in agreement with earlier observations.

The surface pressure signal of the diurnal tide has a
smaller amplitude: Haurwitz (1965) found an amplitude
of 0.593 mb with a maximum around 0500 LT for the
zonal wave-1 traveling wave. However, the amplitude
and phase of the surface pressure signal of the diurnal
tide shows much larger longitudinal and temporal var-
iations. For example, Dai and Wang (1999) found am-
plitudes in excess of 1 mb for the diurnal harmonic of
surface pressure over the tropical continents and North
America.

The generally large amplitude of the semidiurnal har-
monic of surface pressure compared to the diurnal har-
monic (despite the larger diurnal harmonic of the solar
forcing) have been explained by consideration of the
propagation characteristics of the wave modes respon-
sible for the tides. Most of the forcing of the diurnal
harmonic projects onto wave modes that are vertically
trapped. As a result the surface pressure signal is mainly
a response to tropospheric heating. The theoretical cal-
culations discussed in the review of Chapman and Lind-
zen (1970) underpredict the amplitude of the surface
pressure signal of the diurnal tide by about 30%. How-
ever, Braswell and Lindzen (1998) reported that possible
discrepancies between radiative models and observa-
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tions might largely account for the differences between
the predicted and observed magnitude of the diurnal
tide. Because the diurnal harmonic of surface pressure
is largely driven by tropospheric heating, there can be
large spatial variations in the forcing, associated with
variations in the absorption of the shortwave radiation
by clouds and water vapor. Other sources of heating
with large spatial inhomogeneities in their diurnal har-
monics (e.g., sensible heat transfer from the surface or
latent heating) may contribute to the forcing of the di-
urnal tide.

In contrast the wave modes responsible for the semi-
diurnal tide have a large vertical wavelength and as such
interfere constructively, leading to a large signal at the
surface. According to the theory discussed in Chapman
and Lindzen (1970), the deep heating that forces these
waves is dominated by the ozone heating in the strato-
sphere: they predict that about 70% of the semidiurnal
surface pressure signal is forced by this ozone heating.
There are some small discrepancies between the pre-
dicted semidiurnal tide and that observed, including a
phase error of about 45 min. Lindzen (1978) and Ham-
ilton (1981) have suggested that these discrepancies can
be accounted for if, in addition, there is a semidiurnal
harmonic of latent heating corresponding to a semidi-
urnal harmonic of precipitation of about 1.2 mm day21

with a maximum about 0330 LT. Limited observations
available at the time of their studies showed evidence
of a semidiurnal harmonic of precipitation with ap-
proximately the correct phase and amplitude to account
for the phase error and some other discrepancies in the
earlier predictions. A more recent study by Dai (2001)
with a much larger dataset of weather reports confirmed
the existence of a semidiurnal harmonic in the frequency
of showery precipitation with the required phase, but
was not able to comment on the magnitude of any pre-
cipitation anomaly associated with this mode. Lindzen
(1978) argued that the convergence associated with the
semidiurnal tide was too small and of the wrong phase
to drive the the semidiurnal harmonic of precipitation
required from his calculations. However, he did not rule
out the possible role of the semidiurnal tide in providing
a trigger for the semidiurnal harmonic of precipitation.

In this paper the diurnal cycle of convection and the
atmospheric tides are investigated using an aquaplanet
version of the Met Office Unified Model. With pre-
scribed zonally uniform sea surface temperatures this
provides a relatively simple method to explore the basic
diurnal response of the model over tropical oceans. The
relative importance of different aspects of the explicit
and parameterized physics, including the role of the
atmospheric tides in the diurnal cycle of precipitation,
can be assessed and the sensitivity to the parameteri-
zation techniques can be explored. These experiments
are the first step in understanding the diurnal cycle of
convection over the oceans in the full model. In partic-
ular they provide an understanding of the basic response
of the model to the diurnal forcing against which the

role of variations in the forcing (e.g., the proximity to
land masses or the effect of a diurnal cycle in SST) in
determining the diurnal cycle of convection in the full
model can be addressed. As more confidence is gained
in the observations of the diurnal cycle of precipitation,
the understanding obtained in studies such as that de-
scribed here should enable changes to the parameteri-
zation in full GCMs leading to improved performance.

The model and some aspects of its climatology are
described in section 2 along with a description of the
technique for isolating the diurnal cycle. The diurnal
cycle of convection and the surface pressure signal of
the atmospheric tides2 in the model are described in
section 3 and the relationship between them discussed.
A more detailed analysis of the behavior of the con-
vection scheme and its response to the diurnal forcing
is presented in section 4. The implications of the results
are discussed in section 5.

2. Model description

The numerical model used in this study is an aqua-
planet version of the Met Office Unified Model version
HadAM3 (Hadley Centre Atmospheric Model). A de-
tailed description of the components of the model can
be found in Pope et al. (2000) and references therein.
The model is run with a horizontal resolution of 2.58
latitude and 3.758 longitude with 30 levels in the ver-
tical, corresponding to a layer thickness of about 50 hPa
in the midtroposphere, with higher resolution in the
boundary layer and around the tropopause. There are
five model levels above 100 hPa at approximately 77,
52, 30, 15, and 4.5 hPa. A ¹6 horizontal damping with
a time scale equivalent to 12 h on the shortest resolved
wavelength is applied at all the levels except the top
level where it is replaced by a ¹2 damping with a time
scale of 1 h on the shortest resolved wavelength. For
wavelengths that dominate the tidal forcing (;4000 km
or greater) the damping time scale is in excess of 1 day
in the top level. The upper boundary condition (Dp/Dt
5 0) is applied at p 5 0.5 hPa.

Because of the nature of the present study it is worth
summarizing the convection scheme here. It is the mass-
flux scheme of Gregory and Rowntree (1990) including
a representation of convective downdrafts (Gregory and
Allen 1991) and the vertical transport of momentum by
convection (Gregory et al. 1997). The scheme uses a
bulk cloud model, based on parcel theory and taking
into account the effects of mixing entrainment and de-
trainment between the cloud parcel and the environment,
to represent an ensemble of convecting plumes within
the grid box.

Convection is initiated if a parcel with a prescribed
small buoyancy excess (equivalent to 0.2 K) in one layer

2 In the following sections references to the amplitude and phase
of the tides will refer to the surface pressure signal associated with
the tide.



2562 VOLUME 61J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S

FIG. 1. Zonal mean precipitation climatology from 90 days of the
control integration. The solid line shows the total precipitation, the
dashed line shows the precipitation from the convection scheme, and
the dotted line shows the precipitation from the large-scale cloud
scheme.

retains its buoyancy excess after lifting to the next layer,
taking account of latent heat release and entrainment of
environmental air. Once convection is initiated the par-
cel continues to ascend, mixing by entrainment and de-
trainment with the environmental air. If the parcels
buoyancy excess falls below the critical value on lifting
from level k to k 1 1, then a proportion of the cloud
parcel is detrained into level k, such that the parcel’s
buoyancy excess in level k 1 1 is greater than the critical
value. This forced detrainment represents the termina-
tion of less buoyant plumes within the ensemble. The
convection is terminated at the zero buoyancy level of
an undiluted parcel lifted from the initial convective
starting level, or if the mass flux falls below a prescribed
minimum level. On termination of the convection, the
convecting plume is detrained into the termination level
and the level above. The initial mass flux is determined
from the buoyancy excess of the parcel after lifting from
the initiation level to the next level. The environmental
profiles of moisture, temperature, and momentum are
modified by the effects of the detrainment and the com-
pensating subsidence within the cloud-free area. The
downdraft scheme works in the same way, but for an
inverted plume. The negative buoyancy of the down-
draft is maintained by evaporation of falling precipi-
tation.

As well as the standard buoyancy closed version of
the scheme, an alternative closure is available, based on
requiring the convection to remove convective available
potential energy (CAPE) from the profile on a prescribed
time scale with the mass flux being scaled to achieve
this rate of change of CAPE.

The aquaplanet model has been successfully used to
investigate aspects of tropical intraseasonal variability
of convection associated with the Madden–Julian os-
cillation (e.g., Woolnough et al. 2001; Inness et al.
2001).

Experimental technique

The control integration of the model is a 90-day inte-
gration with the buoyancy-based closure for the convection
scheme, forced by a zonal mean SST given by

2 4sin (f/608) 1 sin (f/608)
SST 5 298C 2 298C[ ]2

between 6608 of latitude and 08C poleward of this. This
profile is used by Woolnough et al. (2001) and Inness
et al. (2001) as representative of the SST profile in the
Indo–Pacific warm pool region. The solar forcing is
fixed to the March equinox conditions and the ozone
climatology is a zonally symmetric version of the cli-
matology of Li and Shine (1995). The model’s ozone
profile is constructed from a mass-weighted integral of
the ozone climatology within each model layer (rather
than by interpolation) to conserve the total column
ozone.

In addition to the control integration a number of
sensitivity experiments were performed with either al-
terations in the nature of the diurnal forcing or changes
to the closure of the convection scheme.

Figure 1 shows the zonal mean precipitation clima-
tology of the control integration of the model. The pre-
cipitation has a broad maximum 108 either side of the
equator with a slight local minimum on the equator. The
maximum zonal mean precipitation rates are around 10–
12 mm day21, which is comparable to the observed
precipitation rates in the tropical western Pacific. The
tropical precipitation is almost completely produced by
the parameterized convection rather than the large-scale
rain.

To efficiently isolate the diurnal cycle of a field, the
diurnal and semidiurnal harmonics were calculated at
each grid point from 3-hourly mean diagnostics, and
composite harmonics produced by averaging these har-
monics at each grid point accounting for the longitudinal
variations in local time of day. The use of 3-hourly mean
diagnostics can be shown to result in an amplitude loss
of 2.5% and 10% for the diurnal and semidiurnal har-
monics, respectively, compared to using instantaneous
fields.

3. The diurnal cycle of surface pressure and
precipitation

Figure 2 shows the composite diurnal and semidiurnal
harmonics of surface pressure and precipitation for the
control integration. Also shown is the sum of these two
precipitation harmonics, which gives about 80% of the
variability associated with the diurnal cycle of precip-
itation in this model. As indicated on the figure, these
composites may be viewed in two ways, either as a
horizontal plot of the 3-h mean anomalies associated
with each harmonic for the period 2100–0000 UTC, or
as a time–latitude plot at a particular longitude.

The magnitude and phase of the semidiurnal tide in
this model is in good agreement with the observed semi-
diurnal tide, with an amplitude of 1.15 hPa and maxima
at 0930 and 2130 local time (LT). The diurnal tide has
an amplitude of about 0.38 hPa, which is less than ob-
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FIG. 2. Composite diurnal and semidiurnal harmonics of surface
pressure and precipitation from the control integration. (bottom) The
sum of the diurnal and semidiurnal harmonics of precipitation. The
lower horizontal axis represents the longitude for the averaging period
2100–0000 UTC, and the upper axis represents local time for a par-
ticular longitude. The contour intervals are shown on the figure; for
each plot the contours are offset from zero by half the contour interval,
and negative contours are dashed.

served [and similar to the theory reported in Chapman
and Lindzen (1970)] but its phase, with a maximum at
around 0545 LT, is consistent with both observations
and theory. The meridional structure of the diurnal tide,
with off-equatorial peaks, is in contrast to both theory
and observations, which suggest an equatorial maxi-
mum in the amplitude of the tide. However, a significant
negative contribution from the propagating modes,
which have a similar meridional structure to the latent
heating (and associated cloud cover) in the Tropics,
could modify the surface response in this way.

The diurnal cycle of precipitation, with a magnitude
of about 2 mm day21, accounts for only 3%–4% of the
total variance in this integration. These figures are small
in comparison to the 15%–20% of the total variance in
brightness temperature explained by intradiurnal time
scales and an implied diurnal cycle of precipitation of
between 3–6 mm day21 found by Yang and Slingo
(2001), but the magnitude is comparable to that of the

diurnal cycle of precipitation over the oceanic regions
in the full version of this model and in reasonable agree-
ment with the 15% of the daily mean observed by Nes-
bitt and Zipser (2003) over oceanic regions based on
TRMM data.

The diurnal harmonic of precipitation has its maxi-
mum amplitude off the equator, collocated with the max-
imum in the mean precipitation, with a magnitude of
1.9 mm day21 corresponding to about 15% of the mean
precipitation at this location, occurring at about 0130
LT. The magnitude of the diurnal harmonic shows larger
latitudinal variations than the mean precipitation and
the maximum on the equator is about 1.3 mm day21.
The semidiurnal harmonic of precipitation has its largest
signal on the equator with an amplitude of 0.75 mm
day21, corresponding to about 7.5% of the mean daily
precipitation, and with maxima at around noon and mid-
night. This combination gives a diurnal cycle that shows
a strong peak in precipitation during the early hours of
the morning (between 0000 and 0300 LT) and a broader,
weaker minimum in precipitation in the late afternoon
(between 1500 and 1800 LT).

The phase of the diurnal harmonic of precipitation is
consistent with the limited observations over open ocean
areas. The modeled semidiurnal harmonic of precipi-
tation does not agree well with the phase of the few
reported observations of the semidiurnal harmonic of
precipitation, but these observations are based either on
a limited number of stations or on precipitation fre-
quency rather than amount. Hence, comparisons be-
tween the model and these observations may not be
useful.

Understanding the diurnal cycle of precipitation in
this model clearly requires an understanding of both
semidiurnal and diurnal harmonics of precipitation. The
phase relationships between the semidiurnal harmonics
of precipitation and surface pressure are very different
from those of the diurnal harmonics of these fields. The
maximum of the diurnal harmonic of precipitation oc-
curs just before the maximum in surface pressure as-
sociated with the diurnal tide, but the maxima in the
semidiurnal precipitation is associated with maxima in
the rate of decrease of surface pressure.

Because theory suggests a strong forcing of the at-
mospheric tides (particularly the semidiurnal harmonic)
by the diurnal cycle of heating in the stratosphere, it is
possible to change the magnitude of the tides in this
model by removing the diurnal variations in solar heat-
ing in the model stratosphere without directly changing
the tropospheric heating rates (Fig. 3 shows the diurnal
and semidiurnal harmonics of solar heating at the equa-
tor from the control integration). Any change in the
diurnal cycle of precipitation in such an integration will
highlight the role of the atmospheric tides in forcing the
diurnal cycle of precipitation. Figure 4 shows the diurnal
and semidiurnal harmonics of surface pressure and pre-
cipitation from an integration of the model in which the
shortwave heating rates in the top five model levels
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FIG. 3. The amplitude of the diurnal (solid line) and semidiurnal
(dashed line) harmonics of shortwave heating at the equator from the
control integration of the model. The horizontal dotted lines show
the levels at which the diurnal variations in heating are removed in
the perturbation experiment. (The height coordinate is based on a
scale height of 7.5 km.)

FIG. 4. As in Fig. 2 but for the integration with no diurnal variations
of shortwave heating above 80 hPa. Note that the contour interval
for the semidiurnal harmonic of precipitation is half that in Fig. 2.

(shown by the horizontal dotted lines in Fig. 3) are
overwritten by the time mean shortwave heating rates
from the control integration. Because the full radiation
calculations are carried out at these levels (the calculated
heating rates are just discarded), the shortwave radiation
in the troposphere is unaffected by these changes. There
is a small reduction, of about 15% in the amplitude of
the diurnal tide when the diurnal variations in the strato-
spheric heating are removed. This small reduction is
consistent with the strong tropospheric forcing of the
diurnal tide predicted by theory. The semidiurnal tide
shows a larger reduction in amplitude of about 30%.
However, this reduction is small in comparison to that
which would be expected given the theoretical estimates
reported in Chapman and Lindzen (1970) that approx-
imately 70% of the semidiurnal tide is forced by ozone
heating. The results found here are in good agreement
with those of a similar experiment by Hunt and Manabe
(1968).

The discrepancies between the theoretical predictions
and this numerical model, despite the apparent consis-
tency of both with the observations, raises some ques-
tions about the forcing of the semidiurnal tide. Either
the theoretical predictions discussed in Chapman and
Lindzen (1970) have overestimated the role of the
stratosphere in generating the semidiurnal tide and un-
derestimated the role of the troposphere or the model’s
representation of the heating, or its response to it, is
inaccurate. Because the semidiurnal variations in solar
heating are dominated by the progression of the sun, an
incorrect representation of the semidiurnal harmonic of
solar heating in the model would also imply an inac-

curate representation of the mean heating profile. This
model has its top level at about 40 km, well below the
maximum in ozone heating, and Zwiers and Hamilton
(1986) showed that excluding the ozone heating above
10 hPa could lead to a 43% reduction in the amplitude
of the semidiurnal tide. However, the radiation scheme
has been designed to account for the solar heating above
these levels to ensure that the total column heating is
correctly represented. It is possible that the poor rep-
resentation of the vertical profile of the stratospheric
heating in the model could be responsible for the weak
forcing of the tides by the stratosphere in the model,
but it cannot account for the relatively strong forcing
from the troposphere that would be needed to compen-
sate for this in giving the observed amplitude.

To probe the importance of tropospheric processes,
an additional integration was performed in which the
cloud radiative effects were removed in both longwave
and shortwave heating by replacing the cloudy radiative
heating profile with that computed for clear skies. Figure
5 shows the harmonics of surface pressure and precip-
itation for this integration. The surface pressure signal
of the semidiurnal tide in this case has an amplitude of
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FIG. 5. As in Fig. 2 but for the integration with no cloud radiative
effects. Contour intervals are as in Fig. 2.

1.05 hPa. This represents a reduction of only 10% com-
pared with the control integration, indicating that the
cloud radiative effects are not strong enough to com-
pensate for the smaller impact of the ozone heating than
in the predictions discussed in Chapman and Lindzen
(1970).

In the aquaplanet GCM there must therefore be an
enhanced response to the same thermal forcing, a stron-
ger heating due to water vapor absorption or an addi-
tional heat source not included in the theory (e.g., long-
wave radiation or latent heating). The vertical profile of
shortwave heating in this model is indeed very different
from that used in the results reported by Chapman and
Lindzen (1970). In the aquaplanet model the maximum
heating rates are at about 750 mb (Fig. 3) and are rel-
atively uniform throughout the depth of the troposphere,
in good agreement with radiative transfer models of the
tropical atmosphere (e.g., Liou 1980). In contrast the
profile shown in Chapman and Lindzen (1970, their Fig.
3.2) has its peak at the surface and decays exponentially
with height. Such differences in vertical profile may
account for some of the differences between theory and
the model. Alternatively, Zwiers and Hamilton (1986)
found that the presence of a rigid lid in the model am-

plified the surface pressure signal of the semidiurnal
tide by about 30% due to the reflection of vertically
propagating waves. It cannot be ruled out that some or
all of the additional forcing or response required in this
model to compensate for the apparently weak ozone
forcing comes from such a spurious numerical mecha-
nism.

In addition to the changes in the amplitude of the
tides in the integration with no diurnal cycle of ozone
heating there are changes in the diurnal cycle of pre-
cipitation. The diurnal harmonic of precipitation (Fig.
4) shows no change in phase as a result of the change
in the amplitude of the tide, but does show some changes
in amplitude. On the equator there is an increase in the
magnitude of the diurnal harmonic of about 15% but,
just off the equator (at about 658 where the mean pre-
cipitation is a maximum) there is a decrease in amplitude
of about 5%. These changes are comparable in mag-
nitude to the small changes that arise in the mean pre-
cipitation of the model between these two integrations
as a result of the relatively short averaging periods for
the statistics. It is difficult therefore to separate the role
of the small changes in the diurnal tide from the impact
of the small changes in the mean precipitation.

The semidiurnal harmonic of precipitation in this in-
tegration (Fig. 4) shows a much larger reduction in am-
plitude of between 40%–60% within the main tropical
convective region, but with little or no change in phase.
The maximum reduction occurs on the equator with the
smallest changes occurring just off the equator where
the mean precipitation has its maximum. The semidi-
urnal tide clearly plays a large role in determining the
semidiurnal harmonic of precipitation in this model. The
effect of these changes in the semidiurnal harmonic of
precipitation is to give a diurnal cycle of precipitation
that is more symmetric between its positive and negative
phases.

The experiment with no cloud radiative effects (Fig.
5) shows only a small reduction in the magnitudes of
the surface pressure harmonics compared with the con-
trol integration (about 10% for both diurnal and semi-
diurnal harmonics). However, there are significant
changes to both diurnal and semidiurnal harmonics of
precipitation in this integration. The diurnal harmonic
of precipitation has a large increase in its maximum
amplitude to 2.7 mm day21, but with very little change
at the equator. However, the phase of the diurnal har-
monic is relatively unaffected by the exclusion of the
cloud radiative effects. The semidiurnal harmonic of
precipitation shows a large reduction in magnitude on
the equator to about 0.4 mm day21, but very little change
off the equator; the phase of the semidiurnal harmonic
in this integration is shifted to later in the day with
maxima occuring at around 0200 and 1400 LT (cf. 0000
and 1200 LT for the control integration). However, the
changes in the diurnal cycle of precipitation should be
viewed in the context of the significant changes in the
mean precipitation in this experiment. The equatorial
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FIG. 6. Scatterplot of 3-hourly mean updraft mass flux at model
level 10 (580 hPa) against precipitation for a sample of equatorial
points for the control integration.

FIG. 7. (a) Zonal and time mean updraft mass flux from the convection scheme on the equator.
(b) The fraction of grid points at which there is a nonzero updraft mass flux at that level. In both
plots the dotted lines represent the location of the model levels.

precipitation is reduced by 20% to 8 mm day21 and the
off-equatorial maxima are shifted poleward relative to
the control integration with a much broader band of
tropical convection. These changes to the mean climate
of the model make it difficult to determine whether the
changes in the diurnal cycle arise as a direct result of
the absence of the cloud radiative effects or as an in-
direct effect associated with the change in the mean
climate in this experiment.

4. The convective response in the model

The results presented in section 3 indicate which as-
pects of the diurnal forcing might be responsible for
driving the diurnal cycle of convection, but do not in-
dicate how the convection scheme responds to the forc-
ing. In this section a detailed analysis of the convective
response to the diurnal forcing in the control integration
will be presented. Section 4a describes some general
aspects of the behavior of the convection scheme in this
model. In sections 4b and 4c, the semidiurnal and di-

urnal harmonics of precipitation are investigated in the
context of this behavior. Finally, section 4d describes
the diurnal cycle of precipitation in experiments in
which the convective closure was changed.

a. Behavior of the convection scheme

The convective precipitation in the aquaplanet version
of HadAM3 shows variability on a range of time scales,
from intraseasonal time scales down to the time step–
by–time step variability typical of most convection
schemes in GCMs. In order to discuss the processes that
govern the diurnal variability of precipitation it is useful
to determine some of the processes that govern the var-
iability of precipitation on all of these time scales.

Figure 6 shows a scatterplot of the 3-hourly mean
updraft mass flux at model level 10 (mean pressure 580
hPa) against the 3-hourly mean precipitation rates for a
sample of one-sixth of the equatorial grid points. A clear
relationship exists between the mass flux at this level
and the precipitation. In fact the correlation coefficient
between precipitation and mass flux at a given model
level is in excess of 0.9 for levels 7 (733 hPa) to 18
(279 hPa) inclusive, with a maximum value of 0.97 at
level 10. Similar relationships between the mass flux
and the precipitation hold for the other latitudes within
the model’s tropical precipitation band. Given this
strong relationship between mass flux and precipitation
it would seem that the key to understanding variability
in the precipitation, within the context of this convection
scheme, is to understand the variability in midlevel up-
draft mass flux.

Figure 7a shows the time and zonal mean updraft
mass flux profile from the convection scheme for the
equatorial grid points. Also shown in Fig. 7b is the
fraction of time steps at which there is a nonzero updraft
mass flux at each level, based on a 10-day sample from
nine equatorial grid points (a total of 4320 samples). At
most time steps convection is initiated at level 1 and
extends to model level 3, but only extends beyond level
3 about half of the time. Once the convection has pen-
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FIG. 8. The semidiurnal harmonics of (top) temperature, (second)
humidity at model levels 1 (solid line) and 3 (dashed line), and (third)
surface pressure from the control integration. (bottom) The effect of
these variations on the buoyancy of a parcel lifted pseudoadiabatically
from level 1 to level 3 (solid line) and the contributions from the
temperature perturbations (dashed line), humidity perturbations (dot-
ted–dashed line), and pressure perturbations (dotted line). Note that
only the period 0000–1200 LT is shown.

etrated beyond level 3 (about 950 hPa), it generally
extends throughout the depth of the troposphere with a
small fraction (about 15% of the convection penetrating
above level 3) terminating around the freezing level
(550 hPa). The vertical profile of the mass flux and
convecting fraction describes a modeled climate in
which there is almost ubiquitous convection in the Trop-
ics, with deep convection occuring about 50% of the
time, but with very little variability in the depth of the
deep convection. This is consistent with the warm pool
regions of the western Pacific and Indian Oceans that
the SST profile was designed to mimic.

For the buoyancy-based closure the midlevel mass
flux is dependent on two quantities: First, it depends on
the buoyancy excess as the parcel is lifted from the
lowest convecting level (almost always model level 1
in this integration) to the next level, which controls the
initial mass flux of the updraft. Second, the entrainment
and detrainment profiles control the rate of change of
the mass flux profiles with height.

The most important levels for determining the mid-
level 3-hourly mean mass flux are the level at which
the convection is initiated (and the initial mass flux is
determined) and model level 3, which is where the shal-
low convection is capped in this integration. Whether
the convection is shallow or deep and if it does extend
beyond this layer, the strength of forced detrainment
(and hence the mass flux above this level) will depend
on the buoyancy of the lifted parcel at level 3.

The buoyancy of the convective parcel at any level
will depend on the initial properties of the parcel, the
properties of the air entrained from the levels during the
ascent, and the properties of the environment at that
level. It is therefore a function of many variables. This
complexity can be reduced by considering the buoyancy
of an undilute parcel, as this depends only on the initial
parcel properties (which for this convection scheme are
related to the environmental properties at the level at
which the convection is initiated) and on the environ-
mental properties at the level under consideration. The
buoyancy of a such a pseudoadiabatically lifted parcel
can be evaluated numerically; for the mean climatolog-
ical profiles of humidity and temperature, a parcel lifted
from the surface has a minimum buoyancy at model
level 3. The minimum in the parcel buoyancy at this
level means that this is a level that will be sensitive to
perturbations in the buoyancy and hence is likely to be
a significant level in determining whether the convection
is shallow or deep, as well as the strength of any deep
convection that occurs.

The analysis in the appendix gives an approximate
expression for the perturbation buoyancy of a pseu-
doadiabatically lifted parcel as a function of perturba-
tions in the environmental profiles of temperature and
humidity. Warming or moistening the initial parcel,
without changing the profile above, will lead to an in-
creased buoyancy of the lifted parcel at levels above.
However, for a vertically uniform profile of warming,

the buoyancy of a lifted parcel is reduced; the increase
in temperature of the initial parcel is partly offset by
the increase in lifting condensation level (and hence a
reduction in the latent heating in the parcel).

This relationship between the parcel buoyancy and
the environmental profile means that heating processes
that lead to a near uniform warming of the lower tro-
posphere will tend to decrease the buoyancy of the con-
vective parcel at the top of the boundary layer and re-
duce the amount of convection that penetrates above
this level.

b. The semidiurnal harmonic of precipitation

Given the behavior of the convection scheme de-
scribed above, the semidiurnal variations in midlevel
mass flux and, hence, the semidiurnal harmonic of pre-
cipitation will be strongly dependent on variations in
the mass flux penetrating through the boundary layer
(i.e., through level 3).

Figure 8 shows the semidiurnal harmonics of tem-
perature and specific humidity at model levels 1 and 3
(corresponding to the levels at which the convection is
initiated and the level at which the shallow convection
typically terminates) and the surface pressure (because
the model uses a s coordinate in the vertical near the
surface, the pressure variations at these levels are in
phase with the surface pressure). Also shown is the
effect of these variations on the parcel buoyancy at level
3 (as calculated by performing undilute parcel ascents
with the perturbed profiles).

The semidiurnal variations in temperature at these
levels (Fig. 8, top) are very similar in both magnitude
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FIG. 9. The semidiurnal harmonics of the tendencies of (top) tem-
perature at model level 1 and (middle) model level 3, and (bottom)
specific humidity at model level 1 from the control integration (for
a 12-h period only). The individual terms shown include the dynamics
(DYN), shortwave radiation (SW), longwave radiation (LW), con-
vection (CONV), and boundary layer scheme (BL); terms that are
less than 10% of the total are not shown. The thick solid line shows
the total tendency (including those terms that are not shown individ-
ually).

and phase. This relationship between the temperature at
these two levels means that the dominant impact on the
buoyancy of the temperature variations (dashed line in
the bottom panel) is through variations in the height of
the lifting condensation level (through changes in the
relative humidity of the parcel). As the lowest level
warms, the relative humidity decreases and the lifting
condensation level increases, leading to a reduction in
the buoyancy of a parcel lifted from the surface to model
level 3 when the surface temperature is at a maximum.
The specific humidity variations (second panel) lead to
an increase in the buoyancy (dotted–dashed line in the
bottom panel) for positive specific humidity variations
through a lowering of the lifting condensation level. The
buoyancy effects of the temperature and humidity are
of similar magnitude (0.04 K) and are approximately
out of phase. The semidiurnal variations in pressure
(third panel) have a smaller effect on the buoyancy (dot-
ted line in the bottom panel) than either the temperature
or humidity effects, but have a comparable magnitude
to the total buoyancy perturbation. The resulting buoy-
ancy perturbation accounting for all of these effects has
a magnitude of approximately 0.01 K with maximum
just before noon and midnight local time. The maxima
in buoyancy perturbations occur at the same time as the
maxima in precipitation. The magnitude of the pertur-
bations corresponds to 8% of the buoyancy of a parcel
lifted through the time-mean environmental profile,
compared with a magnitude of the semidiurnal harmonic
of precipitation of 8.6% of the mean precipitation on
the equator and a semidiurnal variation in the mass flux
at level 4 of 8.6% of the mean mass flux at level 4.

Having diagnosed the variations in the profile that are
responsible for the semidiurnal variations in precipita-
tion we need to determine the processes that lead to the
change in the temperature, humidity and pressure. Scale
analysis of the linearized equations for the buoyancy
perturbation shows that the sensitivity to the humidity
variations at model level 3 is about one-third of that to
the humidity variations at model level 1. As the hu-
midity perturbations at level 3 shown in Fig. 8 are only
one-third of the magnitude of those at level 1 they will
not be considered further.

Figure 9 shows the semidiurnal variations of the tem-
perature tendencies at model levels 1 and 3 and the
humidity tendencies at level 1. For clarity, terms that
have a magnitude less than 10% of the total have been
excluded from the plots. The largest semidiurnal tem-
perature tendency perturbation comes from the dynam-
ical processes (which includes the advective tendencies
and the adiabatic tendencies associated with pressure
changes), but there are significant contributions from
both the shortwave radiation and the convection at both
levels, and longwave and boundary layer schemes at
model level 1. The total humidity tendency is essentially
the residual of large and nearly out of phase contribu-
tions from the convection and boundary layer schemes.

The large dynamical tendency of temperature arises as

a result of the atmospheric semidiurnal tide shown in Fig.
2. The pressure signal associated with the semidiurnal
tide arises predominantly through horizontal contraction
and expansion of the atmospheric column. The pressure
change Dp leads to a temperature change, kTDp/p. Sub-
stituting the observed magnitude of the aquaplanet’s
semidiurnal tide gives an amplitude of the semidiurnal
harmonic of temperature due to the semidiurnal tide of
about 1.2 K day21, which is comparable to the magnitude
of the dynamics term shown in Fig. 9.

For the boundary layer variations that drive the semi-
diurnal harmonic of precipitation, the temperature can
be thought of as being forced by factors that act inde-
pendently of the convection, that is, the semidiurnal tide
and the local radiative heating. In contrast the humidity
variations are dominated by terms that arise as a result
of the convection. The boundary layer scheme redis-
tributes the strong drying of the lowest model level due
to the convection throughout the depth of the boundary
layer.

We now give a summary of the processes that gen-
erate the semidiurnal harmonic of convection in the
model. The semidiurnal tide and semidiurnal variations
in the radiation generate a temperature anomaly in the
boundary layer that acts to increase the buoyancy of a
parcel lifted to the top of the boundary layer, thereby
increasing the amount of deep convection. However, the
increase in deep convection tends to dry the boundary
layer, which acts to decrease the buoyancy of the parcel
and reduce the amount of deep convection. The com-
petition between the temperature and humidity effects
on the buoyancy means that the resulting buoyancy per-
turbation (and hence convective anomaly) is smaller
than that which would occur due to temperature vari-
ations alone and causes the maximum in convection to
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FIG. 10. The diurnal variations in buoyancy of a parcel lifted pseu-
doadiabatically from the surface to model level 3 (solid line) and the
contributions to this buoyancy anomaly from the temperature (dashed
line), humidity (dotted–dashed line), and pressure (dotted line) var-
iations.

FIG. 11. The diurnal harmonic of the tendencies of temperature at
(top) model level 1 and (middle) model level 3, and (bottom) specific
humidity at model level 1 from the control integration. The individual
terms shown include the dynamics (DYN), shortwave radiation (SW),
longwave radiation (LW), convection (CONV), and boundary layer
scheme (BL); terms less than 10% of the total are not shown. The
thick solid line shows the total tendency (including those terms not
shown individually).

occur earlier than it would have in the absence of the
humidity feedback.

c. The diurnal harmonic of precipitation

A similar analysis can be performed for the diurnal
harmonic of precipitation. The diurnal harmonic of the
mass flux at model level 4 (the first level above the
boundary layer) has a maximum at 0130 LT, the same
time as the precipitation maximum. But, unlike the
semidiurnal harmonic, the diurnal harmonic of convec-
tive mass flux shows small phase variations with height.
The time of the maximum mass flux varies between
0100 and 0145 LT through the depth of the troposphere.
These phase variations indicate that, in addition to pro-
cesses in the boundary layer modify the mass flux out
of the boundary layer, there are also variations in the
free troposphere that affect the parcel ascent throughout
the depth. However, the dominant mechanism control-
ling the diurnal harmonic of precipitation is again the
variation in mass flux out of the boundary layer (i.e.,
through level 3). The variations in the mass flux profile
arise because the longer time scale, compared to the
semidiurnal harmonic, allows the diurnal variations of
convection to modify the profile more and hence feed-
back on the convection.

Figure 10 shows the diurnal harmonic of the buoy-
ancy at model level 3 for a parcel lifted pseudoadi-
abatically from the surface, arising from the diurnal har-
monics of temperature, pressure, and humidity. The
buoyancy of the pseudoadiabatically lifted parcel has a
maximum at about 0300 LT, some 1 h after the max-1

2

imum in mass flux at level 4. This discrepancy suggests
that either the mass flux variations at the top of the
boundary layer are related to changes in the initial parcel
mass flux (rather than the buoyancy variations at the
top of the boundary layer) or that the assumption that
the buoyancy variations can be explained by the pseu-
doadiabatic parcel ascent does not hold for the diurnal
harmonic. Examination of the mass flux profile in the
boundary layer reveals much smaller variability in the
mass flux at level 3 than at level 4, suggesting that the
variations in mass flux above the boundary layer are
driven primarily by the amount of detrainment at level
3 rather than by changes in the mass flux at or below
level 3. Variations in the modification of the parcel prop-

erties by the entrainment are sufficient to slightly alter
the phase of the buoyancy perturbation at the top of the
boundary layer.

Figure 11 shows the diurnal harmonic of the tenden-
cies of the low-level temperature and humidity. The
source of the temperature variations within the boundary
layer for the diurnal harmonic is less clearly dominated
by an individual process than for the semidiurnal har-
monic. The single largest term is the shortwave heating,
which is in phase with the top-of-atmosphere radiation.
The phase of the shortwave heating and the insensitivity
of the phase of the diurnal harmonic of precipitation to
the exclusion of the cloud radiative effects suggest that
it is variations in the incoming solar radiation rather
than changes in the vertical profile of absorption or re-
flection (i.e., by clouds or water vapor), which are im-
portant in determining the phase of the diurnal harmonic
of precipitation, although the magnitude may be sen-
sitive to changes in, for example, cloud cover. At model
level 1 the diurnal harmonic in longwave radiation, con-
vective, and boundary layer tendencies have similar
magnitudes to those of the solar heating. In contrast to
the semidiurnal tide, the dynamical forcing of the di-
urnal harmonic of temperature is small. As with the
semidiurnal harmonic, the humidity variations at model
level 1 are driven by large and nearly out of phase
convective and boundary layer terms.

In summary, the processes that drive the diurnal har-
monic of convection in the model are not as straight-
forward as for the semidiurnal harmonic. The net forc-
ing of the boundary layer buoyancy is through a com-
plicated balance of terms that act independently of the
convection, such as the shortwave and longwave radi-
ation (although even the phase of the longwave radiation
variations may in part be determined by the phase of
the convection through its effect on the temperature and
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FIG. 12. Diurnal and semidiurnal harmonics of precipitation from
the integration C1. The contour intervals are shown on the figure;
for each plot the contours are offset from zero by half the contour
interval, and the zero contour is not shown. Negative contours are
dashed.

FIG. 13. As in Fig. 12 except for the C2 integration. Note that the
contour interval for the semidiurnal harmonic is different from that
in Fig. 12.

FIG. 14. As in Fig. 12 except for the C4 integration. Note that the
contour intervals for both harmonics are different from that in Fig.
12.

clouds) and those determined by the convection or pro-
cesses strongly linked to it.

d. Sensitivity experiments

We have shown that a priori prediction of the phase
and magnitude of the diurnal cycle in convection is
difficult, even given a good understanding of the details
of the individual components of the model. However,
examining the sensitivity of the modeled diurnal cycle
to changes in different components of the model pa-
rameterization schemes can suggest areas of study that
could lead to improvements in the representation of the
diurnal cycle of precipitation, and the representation of
convection in general.

Figures 12–14 show the diurnal and semidiurnal har-
monics of precipitation in integrations of the model with
the alternative CAPE closure version of the convection
scheme, rather than the buoyancy closure used in the
control integration. The parcel ascent is performed in
the same way for both versions of the convection
scheme, but the initial mass flux is determined such that
the convection acts to remove CAPE over a given time
scale. Three experiments are shown in which the time
scales for the destruction of CAPE are 1 h (experiment
C1), 2 h (C2), and 4 h (C4). The experiment C1 (Fig.
12) behaves very much like the control integration, with
the phase and magnitude of both the semidiurnal and
diurnal harmonics of precipitation almost identical to
those for the control integration. In an aquaplanet con-
figuration the variety of forcing for convection is re-
duced compared to a GCM with a realistic surface spec-
ification, and it is possible for there to exist an approx-
imately linear relationship between the buoyancy of a
parcel at low levels and the CAPE in the profile. In such
circumstances there can be a particular closure time
scale for the convection that would produce a mass flux
scaling equivalent to the buoyancy closure and, hence,
the two integrations would be similar. For this particular
setup this time scale appears to be close to 1 h. As well

as the similar behavior for the diurnal cycle of convec-
tion, the climatology of the C1 and control integrations
are very similar.

The C2 integration has a very different climatology
from the control integration: The convective precipi-
tation has a single peak on the equator (cf. the double
peak of the control integration) and the maximum pre-
cipitation rate is increased. The strong relationship be-
tween the convective mass flux and the precipitation
that exists in the control integration and the C1 inte-
gration is less marked in the C2 integration; the cor-
relation between midtropospheric mass flux and the pre-
cipitation is of the order of 0.5 (cf. 0.95 for the control
integration and C1). In this integration (Fig. 13) the
diurnal harmonic of equatorial precipitation has a sim-
ilar magnitude to that for the control integration, but
this represents a smaller fraction of the daily mean pre-
cipitation compared to the control integration. Also, the
phase is shifted to slightly later in the day. The semi-
diurnal harmonic shows a large absolute reduction in
magnitude to about 0.25 mm day21 (cf. 0.75 mm day21

for the control integration) and also has a phase shift
to later in the day.

Although the relationship between the precipitation
and mass flux is much weaker for this integration, some
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of the variance in precipitation can be explained by
variations in mass flux. The mean equatorial profile of
this integration is such that there is no buoyancy min-
imum for a pseudoadiabatic parcel ascent at the top of
the boundary layer, so the convection is less likely to
terminate at the top of the boundary. In such circum-
stances the variations in mass flux are much more likely
to be driven by variations in the initial mass flux. The
variations in initial mass flux depend on the CAPE but,
as this is an integrated measure of the buoyancy of a
parcel lifted from the level at which the convection is
initiated, it will still depend to some degree on the prop-
erties of the parcel and the environment in the same
way as for the control integration. Because the time scale
of the convection is longer than for the C1 integration,
the precipitation response to a given forcing will be
smaller, hence the reduction in the magnitude of the
semidiurnal harmonic. This reduced sensitivity to the
forcing will mean that the strength of the feedback due
to the humidity variations, which are driven by the con-
vection, will be reduced and the phase of the convection
will shift closer to that forced by the temperature var-
iations alone.

The C4 integration shows even greater differences in
terms of its tropical climate. A significant component
of tropical precipitation now comes from the large-scale
precipitation scheme (about 20%) and there is increased
large-scale cloud. The diurnal harmonic for the C4 in-
tegration (Fig. 14) shows a large reduction in magnitude
(about 30%) compared to the C2 integration and a phase
shift to later in the day. The semidiurnal harmonic, al-
though it has a similar magnitude to the C2 integration,
occurs later than would be expected from consideration
of the response to the semidiurnal tide in the control,
C1, and C2 integrations. These large changes in the
diurnal cycle of convection reflect, in part, the large
changes in the climatology of the model. In particular
the presence of a significant amount of large-scale cloud
in the Tropics will reduce the amplitude of the diurnal
variability of the shortwave heating in the boundary
layer as well as its mean.

5. Discussion and conclusions

The control integration of the aquaplanet version of
HadAM3 has a realistic representation of the surface
pressure signal of the diurnal and semidiurnal atmo-
spheric tides, as well as a diurnal cycle of precipitation
that is qualitatively in good agreement with the limited
observations of the diurnal cycle of convection over the
open tropical oceans. The results presented here provide
an understanding of the basic response of the model’s
convection scheme to the diurnal forcing over the ocean
and provide a basis for developing an understanding of
the more complex system that includes the effects of,
for example, land–ocean diurnal circulations or the di-
urnal cycle of sea surface temperature.

The diurnal cycle of the model precipitation has a

significant contribution from both the diurnal and semi-
diurnal harmonics. The diurnal harmonic in precipita-
tion, with a peak in the early hours of the morning, is
strongly forced by the diurnal harmonic of solar radi-
ation. The semidiurnal harmonic is strongly forced by
the semidiurnal atmospheric tide through the adiabatic
temperature changes associated with the pressure vari-
ations, which lead to variations in the relative humidity
in the boundary. The response to the semidiurnal pres-
sure tide found here, with convection favored by the
adiabatic expansion associated with divergence, is in
contrast to the mechanism proposed by Dai et al. (1999)
for the diurnal cycle of precipitation over the United
States. They argued that the divergence associated with
the diurnal pressure tide suppressed convection. The
resultant phase of both of the diurnal and semidiurnal
harmonics is strongly influenced by the convection
through its impact on the humidity. The convective re-
sponse to the diurnal forcing in the control integration
arises primarily through the sensitivity of the proportion
of deep and shallow convection to the boundary layer
properties.

An experiment in which the cloud radiative effects
were removed showed very little change in the phase
of the diurnal harmonic of precipitation, although the
phase of the semidiurnal harmonic did change. The rel-
ative insensitivity of the phase of the diurnal harmonic
of precipitation in this integration suggests that, in this
model at least, the cloud radiative effects do not play a
significant role in determining the phase of the diurnal
cycle of precipitation. The lack of impact of the cloud–
radiative effects on the phase of the diurnal cycle of
precipitation is in agreement with the results of a similar
experiment reported by Randall et al. (1991). However,
Randall et al. (1991) also reported a reduction in the
amplitude of the diurnal cycle of convection in a ‘‘sea-
world’’ integration in which the cloud radiative effects
were removed, in contrast to the experiments reported
here, which showed a large increase in the amplitude
of the diurnal cycle when the cloud radiative effects
were removed.

The sensitivity studies have shown that both phase
and magnitude of the diurnal cycle of convection are
sensitive to the closure of the convection scheme, but
the changes in the climatology of the model make un-
derstanding the mechanisms through which this sensi-
tivity arises difficult to determine. As observations of
the oceanic diurnal cycle of precipitation improve, then
comparisons between the observed and modeled diurnal
cycle could provide some insight into the choice of con-
vection parameterizations for GCMs.

An integration in which the diurnal cycle of strato-
spheric shortwave heating was removed highlighted
some discrepancies between the theoretical description
of the forcing of the semidiurnal tide and the modeled
semidiurnal tide, which need further investigation. From
the results presented in this paper, it can be hypothesized
that
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1) the water vapor shortwave absorption in the tropo-
sphere is deeper than in classical tidal theory and
may therefore be more important in forcing the semi-
diurnal tide than previously thought,

2) stratospheric ozone heating may be rather less dom-
inant in forcing the semidiurnal tide than previously
thought, and

3) cloud radiative effects have a small impact on the
forcing of the semidiurnal tide.

These results may be sensitive to the details of the rep-
resentation of the stratosphere in the model and, in par-
ticular, the vertical profile of the ozone and the effects
of the rigid lid boundary condition discussed by Zwiers
and Hamilton (1986). As such they require further test-
ing in a version of the model more suited to the task,
that is, with a more realistic representation of the strato-
sphere including much better vertical resolution and an
extended domain, and in more idealized experiments
with imposed heating profiles. Nevertheless these ex-
periments have demonstrated that the aquaplanet con-
figuration provides an efficient framework for investi-
gating the interaction between different components of
the both the resolved and parameterized atmospheric
processes. In particular, the study of a basic forced mode
of variability, such as the diurnal cycle, has provided
interesting information and highlighted some features
of the sensitivity of the convection scheme, which may
have more general implications for the variability of
convection in the model.
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APPENDIX

The Buoyancy of a Pseudoadiabatically
Lifted Parcel

Consider the variables that will affect the buoyancy
of an undilute (for simplicity) parcel lifted from the
lowest model level to a model level, k, above the lifting
condensation level. The buoyancy perturbation, Bk, of
a parcel lifted from level 1 to level k is defined by the
model as

kp0P E P EB 5 u 2 u 5 (T 2 T ), (A1)k yk yk yk yk1 2pk

where and are the parcel and environmental vir-P ET Ty y

tual temperatures. Linearizing Eq. (A1) about a mean
state such that, for example, B 5 1 DB, then theB
perturbation buoyancy DB is given by

kp Dp P E0 kP EDB 5 DT 2 DT 2 k (T 2 T ) . (A2)k yk yk yk yk1 2 [ ]p pk k

The virtual temperature is given by Ty 5 T(1 1 er),
where e 5 Rd/Ry and r is the humidity mixing ratio. To
simplify the analysis the humidity mixing ratio in this
equation is replaced by the specific humidity (although
the calculations shown in section 3 will use the mixing
ratio). This approximation is not expected to affect the
qualitative results of the following analysis. Linearizing
the approximated form of the virtual temperature gives

DT 5 (1 1 eq)DT 1 TDq.y (A3)

The parcel temperature and humidity at model level
k are given by

kp Lk yP P P PT 5 T 1 (q 2 q ), (A4)k 1 1 k1 2p C1 p

P Pq 5 q (T , p ). (A5)k s k k

Linearizing Eqs. (A4) and (A5) gives

k
P p P Dp Dpk k 1P PT 1 DT 5 T 1 DT 1 kT 2k k 1 1 11 2 1 2[ ]p p p1 k 1

Ly P PP P1 [q 1 Dq 2 (q 1 Dq )], (A6)1 1 k kCp

]q ]qs sP PDq 5 DT 1 Dp . (A7)k k k]T ]p

This analysis will be applied at levels at which the ver-
tical coordinate is (p/ps); hence (Dpk/pk 2 Dp1/p1) [
0. Using this expression in Eq. (A6) and rearranging
gives

21L ]qy sPDT 5 1 1k 1 2C ]Tp

kp L ]qk y sP P3 DT 1 Dq 2 Dp . (A8)1 1 k1 2 1 2[ ]p C ]p1 p

Substituting Eqs. (A7) and (A8) into the linearized
equation for the virtual temperature [Eq. (A3)] and then
into the equation for the perturbation buoyancy [Eq.
(A2)] gives an expression for the perturbation buoyancy
of a parcel lifted pseudoadiabatically from one level to
another in terms of the environmental variables (assum-
ing the initial parcel properties are related to the envi-
ronmental profile).

The expressions can be simplified by considering the
relative magnitude of the terms involving the pressure
perturbations. At the levels of interest (i.e., where the
parcel is only marginally buoyant) 2 ; 0.2 KP ET Ty y

and the term involving the pressure perturbation in Eq.
(A2) will scale as 0.2kDpk/ k ; 5 3 1027Dp in thep
lower troposphere. The term involving the pressure per-
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turbations in Eq. (A8), when substituted into the ex-
pression for the buoyancy perturbation, will scale as

21L ]q L ]qy s y s 241 1 Dp ; 10 Dp1 2C ]p C ]Tp p

for typical lower tropospheric values. Neglecting the
pressure term in Eq. (A2) and dropping the overbar for
mean values gives the following expression for the per-
turbation buoyancy:

kp ]q ]q0 s sP P P PDB 5 1 1 eq 1 T DT 1 T Dpk k k k k k1 2 1 2[p ]T ]pk

E E E E2 (1 1 eq )DT 2 T Dq , (A9)k k k k ]
where D is given by Eq. (A8).PT k

In practice it is easier to calculate this buoyancy per-
turbation by performing a parcel ascent numerically
rather than through this analysis. The advantage of hav-
ing an analytical expression such as Eq. (A9) is that it
enables an analysis of the source of the buoyancy per-
turbations.
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