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Diurnal cycles of precipitation in the Tropics

• Early morning peak over the ocean

• Late afternoon peak over the land

FIG. 17. (top) Mean diurnal cycle of precipitation from observations [black solid line: surface-observed precipi-
tation frequency from Dai (2001b); black dashed line: TRMM 3B42 dataset, 1998–2003 mean] and five coupled
models averaged at each local time over (left) land and (right) ocean within the indicated zones and seasons (JJA,
DJF). Each colored curve is for one model: CCSM2 (red solid), GFDL-CM2.0 (green solid), GISS-ER (blue),
MIROC3.2 (red dashed), and MRI-CGCM2.3.2a (green dashed). (bottom) Color maps of local solar time (h) of
the maximum of the diurnal harmonic of JJA precipitation from five models and observations [TRMM and
surface-observed nondrizzle and showery or convective precipitation frequencies from Dai (2001b), bottom pan-
els].
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Reproducibility in the global model

Motivation of this study 
• Super-high resolution global simulation can reproduce the diurnal cycle of 

the precipitation well? 
• How fine resolution is required to reproduce?

DIURNAL CYCLE OF DEEP PRECIPITATING CONVECTION 3167

Figure 19. Schematic view of the diurnal cycle of precipitating convection, as simulated by the CRMs and
several SCMs. The boundary-layer convection (thermals) is represented by the dotted curves on both schemes, as

it partly relies on the turbulence in the CRMs with a two-kilometre horizontal resolution.

triggering criteria in this model differ from the ones used in most other schemes, indeed
the timing of convection is quite sensitive to small changes in this trigger function,
as has also been stressed by Jakob and Siebesma (2003). The progressive growth of
convective clouds was only captured by PLUMES, a unified moist convection scheme,
which is still a research SCM. Consistent with the occurrence of convective rainfall in
the morning, several SCMs predicted an instantaneous growth of deep convective clouds
whose tops reached the neutral buoyancy level within one time step. Thus, deficiencies
of convection schemes cannot be resolved only by a choice of better criteria to activate
deep convection. The problem involves representing a succession of regimes, from dry to
moist non-precipitating to precipitating convection (see the analysis of Chaboureau et al.
(2004)). All of them equally play a part in this complex transitory phenomenon; their
representation involves an ensemble of parametrizations, and how they interact together.
Concerning deep convection more precisely, one might expect improvements from (i)
the introduction of triggering factors relying more on the boundary-layer convective
activity than simply on low-level convective instability criteria, (ii) stronger sensitivity
of convection to the moisture field, (iii) a better treatment of convective downdraughts,
and (iv) the representation of the finite time of cloud development.

Finally, during the course of the project, specific limitations of the CRMs have been
identified, in particular the sensitivity of the timing of precipitating convection to the res-
olution (Petch et al. 2002), and to the representation of subgrid-scale processes (e.g. the

Guichard et al., 2004

Too early 
start

Diurnal cycle of precipitation over the land is 
poorly reproduced in conventional GCMs

Meteorological Society of Japan

NII-Electronic Library Service

Sato et al., 2008

Low-resolution Global Cloud-Resolving 
Simulation shows late peak of precipitation
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NICAM (Satoh et al., 2014, PEPS) 
• Horizontal resolution : 14km, 7km, 3.5km, 1.7km, 0.87km 
• Vertical : 94layers up to 40km 
• Same slope of topography and land-ocean distribution are used in all 

experiments 
• Physics 

• No convection parameterization schemes 
• Cloud microphysics: one-moment bulk (Tomita et al., 2008) 

• Radiation : mstrnX (Sekiguchi and Nakajima, 2008) 

• Surface flux : Louis-type scheme (Uno et al.,1995) 

• Turbulence : MYNN lv.2  (Nakanishi and Niino, 2006; Noda et al., 2010) 

• Land: bucket, Ocean: slab ocean 

Simulations on the K computer 
• 3-days spin-up with lower resolution from 20120822UTC 
• 2-days simulation 
• 163840 cores are used for 0.87km run with 230 TFLOPS

Experimental Setting
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“Big-data” analysis

Every 30min Snapshot for 0.87km run: ~3TB

x 48 steps (for last 1day output) = 160TB

Grid remapping

from icosahedral  

to latitude-longitude

Analysis on  
latitude-longitude grid

2 months on the post-process cluster

2 months on the post-process cluster

Analysis on  
icosahedral grid

1 hour on the K computer
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Animation of total hydrometeors (00-24UTC)
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Simulated Diurnal Cycles of the Precipitation

In the tropics (15˚N-15˚S) 
• Early morning peak over the ocean is well reproduced 
• Diurnal cycles over the land show resolution dependency  

: the peak maximum appears earlier and larger with increasing the horizontal 
resolution

TRMM data was compiled by A.T.Noda(JAMSTEC)
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Diurnal Cycles over the land in the tropics
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Lower resolution experiments  
• Larger CAPE in daily mean 

: The large grid spacing needs more energy to 
activate the convection


• Precipitation starts after decreasing 
CAPE and the boundary layer height 
: Mechanical forcing such as orographic lift is more 
important


Higher resolution experiments  
• Rapid increase of CAPE in the morning


• One possible cause : resolved small local 
convergence of moisture?



Diurnal Cycles over the land in the tropics
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Resolution dependency of the 
precipitable water 
• Daily mean PW increases with increasing 

the horizontal resolution from Δ14 to Δ3.5

• The difference between Δ3.5 and Δ1.7 is 

not so large


Resolution dependency of the 
start time of peak 

• The precipitation starts earlier in Δ1.7 and 
Δ0.87. The convection activities also 
shows early start



Diurnal Cycles over the land in the tropics
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What is the cause of change 
between Δ3.5 and Δ1.7? 

• Δ3.5 showed the same RH level as 
Δ1.7 in the middle troposphere in 
the morning, but precipitation was 
not significant until the afternoon


• The grid spacing affects not only 
moisture transport from the 
boundary layer to the middle 
troposphere, but also the rapid 
formation of rain



Summary

The diurnal cycles of precipitation over the land in the tropics 
(15˚N~15˚S) show clear resolution dependency

• In the lower resolution experiments (Δ14~Δ7), precipitation peak appears around 

midnight and peak amplitude is weak 
→ Suggesting that the orographic lift of water vapor plays an important role 


• With increasing the horizontal resolution, the timing of precipitation peak appears 
earlier and the peak amplitude becomes larger 


• The higher resolution experiments (Δ1.7~Δ0.87) have the ability to reproduce 
weak convection with precipitation in the late morning 
→ Contributing to the good representation of diurnal precipitation cycle 


• The characteristics of the diurnal precipitation cycle changed at a grid spacing of 
around 2−3 km.  
→ The change of expression of convection shown by Minamoto et al. (2013) can 
be affected to the change of diurnal cycle in this study
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Possible cause of overestimation of the precipitation maximum 

Δ1.7~Δ0.87 experiments overestimate precipitation maximum?

• In this study, no schemes to explain the sub-grid scale 

entrainment were adopted

• The artificial fourth-order hyper-diffusion term can act as an entrainment/

detrainment term


• The simulation resolved the deep convection with multiple grids 
in the Δ1.7 and Δ0.87 

• Scale-selective hyper-viscosity can lose the role of the entrainment term at 

these resolutions?

• We have to incorporate eddy-viscosity term to explain the effect of lateral 

mixing



systems related to the diurnal cycle over land tend to be
transformed from shallow cumulus clouds near the top
of the mixed layer to well-developed cumulonimbus
clouds within the diurnal time scale. At the initial stage
of the daytime convection, the shallow cumulus clouds
and associated vertical circulation are not resolved by a
coarse mesh size. As a result, vertical moisture transport
by the grid-scale upward motion is not sufficient, in-
ducing the phase delay in convective initiation (Petch
et al. 2002; Sato et al. 2008). Therefore, the peak time
and initiation of convection over land tend to be delayed
compared to observations. On the other hand, convec-
tive systems over the open ocean, far away from the
coastlines, often behave as well-organized features, such
as MCSs and cloud clusters. The lifetime of such orga-
nized convective systems is generally longer than a day
and influenced by large-scale atmospheric conditions.
The convective systems over ocean undergo active and
inactive phases because of the longwave/shortwave ra-
diative forcing. Such organized systems can be somehow
resolvable by NICAM-14km, and thus the diurnal cycle
is less sensitive to the horizontal resolution. Near the
coastlines, however, the resolution dependence is not
negligible because the diurnal cycle is strongly affected
by the land–sea breeze and the propagation of convec-
tive systems that is generated over land. To examine
the phase difference along the coastal areas, longer in-
tegration is needed to collect enough samples of the
convective systems.

5. Regional characteristics

In the previous section, we discussed the precipitation
diurnal cycle in NICAM as a global averaged view in the

tropics and compared it with the TRMM observations.
Here, we focus on regional characteristics of the pre-
cipitation diurnal cycle. The horizontal pattern of the
simulated precipitation diurnal cycle and the associated
atmospheric circulation in several regions are discussed
in this section. The result from NICAM-7km run is mainly
used. The diurnal cycle over the Maritime Continent in
NICAM-3.5km run is available in Satoh (2008).

The diurnal change of precipitation intensity over the
Maritime Continent is shown in Fig. 6. The most pre-
dominant characteristics, the early morning peak over
ocean and the afternoon peak over land, are simulated
well in the NICAM-7km run. During 0600–0900 LT, the
precipitation intensity over land becomes low, whereas,
over ocean, the precipitation intensity increases along the
coastlines. This pattern remains similar until 1200 LT;
however, it changes dramatically at 1500 LT. Precipita-
tion intensity over land increases during 1200–1500 LT,
in particular in the coastal areas over islands. Mean-
while, precipitation intensity is decaying over oceans.
During 1500–1800 LT, the rapid increase in precipita-
tion intensity becomes evident over large islands, such as
New Guinea, Sumatra, and Borneo. The exception is
near the central regions of Borneo where the intensity is
still weak. Precipitation intensity over the ocean is quite
weak, giving rise to a remarkable land–ocean contrast.
In the middle of the night around 2100–2400 LT, con-
vective systems are only present in the central regions of
large islands, such as New Guinea and Borneo, and re-
main intense until 0300 LT. Overall these characteris-
tics are very similar to the TRMM observations. Hence,
the NICAM-7km run well captures the diurnal cycle
of precipitation over the Maritime Continent. Another
marked diurnal change appears over the Cape York
Peninsula in northeast Australia. The precipitation peaks
around 1500 LT over the peninsula and propagates
westward in the environmental easterly wind. The pre-
cipitation peaks at 0300 LT in the central regions of the
Gulf of Carpentaria.

Remarkable contrast of the diurnal cycle between land
and ocean in the Maritime Continent is associated with
the land–sea breeze (Houze et al. 1981; Saito et al. 2001)
as well as the mountain slope flow (Zhou and Wang
2006). Satellite observations, such as TRMM, provide
spatial distributions of precipitation features. However,
the mesoscale atmospheric circulation, which is closely
linked to the diurnal cycle, is difficult to observe by sat-
ellite remote sensing. Recently, Gille et al. (2005) esti-
mated the characteristics of the land breeze using the
SeaWinds scatterometers onboard Quick Scatterometer
(QuikSCAT) and Advanced Earth Observing Satellite II
(ADEOS-II) satellites. However, the temporal resolu-
tion is not high enough for studying the diurnal cycle, and

FIG. 5. Diurnal cycle of the precipitation intensity anomaly in the
NICAM-3.5km (circles), NICAM-7km (crosses), NICAM-14km
(squares), and 3G68 (filled triangles) runs averaged over 158S–158N.
Red lines indicate land grids and blue lines indicate ocean grids.
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Over land (Fig. 3b), both models show a delay in the
phase of diurnal variations. R14 shows maximum and
minimum values at 2100–2400 and 1200–1500 LT, re-
spectively, which are about 6 h later than those in the
3B42 result. R7 shows a phase delay of about 3 h. Pre-
vious studies using idealized simulations also reported
a similar issue of the delay in the development of con-
tinental convection in the case of reduced horizontal
resolution (e.g., Grabowski et al. 2006). The resolution
dependence is more prominent over land than over

ocean. The reasons for these resolution-related differ-
ences over land and ocean are explored in section 3c.
Figure 3b also shows an interesting feature, in that the
phase in R7 from 2400 to 1200 LT is similar to that in
R14; in contrast to the precipitation maximum, the dif-
ference in resolution has relatively little effect on the
phase delay of the minimum. The reason for this simi-
larity in phase change between the two resolutions is
discussed below.

Figure 4 compares the horizontal distribution of the
periods in which maximum precipitation occurs at each
grid point. For the 3B42 result over ocean (Fig. 4a), the
precipitation is intensified before dawn; the modeled
results show similar features in this regard (as indicated
by the green and orange colors in the figure; see also Fig.
1a). Several systematic differences are apparent be-
tween the datasets, such as the region off the coast of
Peru, where the maximum modeled precipitation is
delayed by 3 h relative to 3B42, although this makes
only a small contribution to the total amount of tropical
precipitation (Fig. 1a). The departures from observed
values may reflect the difficulty encountered in simu-
lating detailed local circulations. The reasons for these
discrepancies should be investigated in a future study.
Note that striped patterns appear at latitudes higher
than 208S, presumably representing less meaningful
modes compared with the dominant lower-frequency
modes due to baroclinic instability waves. Similar pat-
terns were reported by S09.

Many previous studies have reported a variety of
precipitating events caused by diurnal variations related
to land–sea breezes, local circulations oscillated by
gravity waves, or migrating precipitating systems influ-
enced by terrain (e.g., Houze et al. 1981; Nitta and
Sekine 1994; Yang and Slingo 2001; Wang et al. 2007;
Takayabu and Kimoto 2008). Although these are im-
portant elements in understanding the variability in

FIG. 2. Comparison of observed and modeled frequency (%) for
the daily precipitation rate over (a) land and (b) ocean in the
tropics (6108 of latitude) from 1 Jun 2004 to 31 Aug 2004. Figure is
constructed with the same horizontal resolution in all cases (18).

FIG. 3. Temporal changes in surface precipitation (mm day21) over (a) ocean and (b) land in
the tropics (6108 of latitude). Lines with 1 symbols represents data from TRMM 3B42. Lines
with circles and squares represent data from R14 and R7, respectively.
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