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Abstract 35 

 36 

The dual peak semidiurnal variation in surface rainfall rate over the tropics, simulated by a 37 

3.5-km mesh Non-hydrostatic Icosahedral Atmospheric Model (NICAM) for 26–31 December 2006, 38 

is analyzed and compared with data from the 17-year winter precipitation climatology of Tropical 39 

Rainfall Measuring Mission (TRMM) TMI (TRMM Microwave Imager), Precipitation Radar (PR), 40 

and the same 6-day data of Global Satellite Mapping of Precipitation, as well as infrared data from 41 

geostationary satellites. 42 

We focus on land areas including southern Africa and the Amazon. Over these land areas, 43 

the NICAM simulation captures the primary peak in the afternoon and the secondary peak in the early 44 

morning, at similar times to those captured by TRMM data. In the PR observation, the primary peak 45 

of rainfall is mainly due to convective rain, whereas the secondary peak is due to stratiform rain. In 46 

the NICAM simulation, if a simple method is used for classification of convective/stratiform rain, 47 

convective rain is dominant all day long and the rainfall rate is generally higher than in the PR 48 

observation. However, an analysis of deep convection (DC) areas indicates consistency between the 49 

observation and NICAM; the primary peak of rainfall rate occurs at the mature stage of the number 50 

of DC areas, while the secondary peak occurs when the mean size of DC areas is almost at its highest 51 

point. In the NICAM simulation, however, the relative magnitudes of the two peaks are not 52 

represented well, and the contribution of the stratiform rain is underestimated. 53 
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The present study indicates that a high-resolution global nonhydrostatic model like NICAM 54 

has the potential to overcome the limitations of coarse-resolution general circulation models by 55 

reproducing semi-diurnal variation of deep convection, though there is room for improvement. 56 

 57 

Keywords semidiurnal variation, surface rainfall, cloud resolving model, Tropical Rainfall 58 

Measuring Mission, deep convection 59 

 60 

 61 

1. Introduction 62 

Rainfall over the tropics plays an important role in the transport of heat and moisture in the 63 

atmosphere. Latent heat release by deep convection (DC) over the tropics is the major energy source 64 

for the general circulation of the atmosphere. There has been a large number of studies on the diurnal 65 

variation in rainfall rate (e.g., Kraus 1963; Andersson 1970; Wallace 1975; Gray and Jacobson 1977; 66 

Mapes and Houze 1993; Janowiak et al. 1994; Sui et al. 1997; Dai 2001; Takayabu 2002; Hirose and 67 

Nakamura 2005; Yamamoto et al. 2008; Schroder et al. 2009). These studies used a variety of 68 

observations, ranging from regional rainfall data in a limited area and time to global satellite datasets. 69 

Mechanisms of the diurnal variation in rainfall rate are summarized and reviewed in Yang and Smith 70 

(2006). For the most part, however, they focused on the highest peak of rainfall rate in a day and a 71 
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few studies noticed on semidiurnal variation in rainfall rate. 72 

Nitta and Sekine (1994) proposed that there is semidiurnal variation in convective activity over the 73 

Intertropical Convergence Zone (ITCZ) and the South Pacific Convergence Zone (SPCZ) based on 74 

the Fourier analysis of infrared data observed by the Geostationary Meteorological Satellite (GMS) 75 

of Japan. Yang and Smith (2008) showed the importance of the study of convective/stratiform rain 76 

and noted the secondary peak of rainfall with seasonal variation using the global observations of 77 

rainfall by the Tropical Rainfall Measuring Mission (TRMM). Kikuchi and Wang (2008) studied the 78 

daily variation in rainfall rate using 8 years of TRMM data. Their empirical orthogonal function 79 

(EOF) analysis also indicated semidiurnal variation, although it was marginal compared to the diurnal 80 

component of the EOFs. Furthermore, Yang et al. (2008) showed the persistent nature of the globally 81 

prevalent semidiurnal variation in rainfall using 8 years of TRMM data.  82 

Previously, Brier and Simpson (1969) showed the existence of semidiurnal variation in cloudiness 83 

and rainfall over the tropical western Pacific and linked with the solar atmospheric tide. Lindzen and 84 

Chapman (1969) explained that the semidiurnal mode is caused mainly by heating of stratospheric 85 

ozone. Lindzen (1978) studied semidiurnal atmospheric tide using rainfall data at several small 86 

tropical islands.  87 

Diagnostic analysis of the simulation of diurnal variation in rainfall rate is important for the 88 

verification and improvement of numerical models. General circulation models (GCMs) or global 89 

climate models generally do not represent diurnal variations very well (Lin et al. 2000; Covey et al. 90 

https://link.springer.com/article/10.1007/s00382-019-04943-6#ref-CR35
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2016; Yuan et al. 2013). Improper representation of the diurnal cycle of convection in GCMs affects 91 

surface water balance and shortwave cloud forcing (Del Genio and Wu, 2010). Woolnough et al. 92 

(2004) studied the diurnal and semidiurnal variations of precipitation using an aqua-planet GCM, 93 

which is beneficial for isolating these variations from other fluctuations in rainfall. Dirmeyer et al. 94 

(2011) studied the diurnal variation in rainfall rate using GCMs. One reason that GCMs have 95 

difficulty reproducing diurnal variations is related to the representation of cumulus parameterization 96 

(e.g., Yang and Slingo, 2001; Takayabu and Kimoto, 2008). One way to overcome this cumulus 97 

parameterization problem is to use a finer mesh non-hydrostatic model with explicit cloud processes. 98 

Del Genio and Wu (2010) used a cloud resolving model to improve the simulation of the diurnal 99 

mode in terms of the entrainment rate by focusing on the representation of the transition of continental 100 

convection from shallow to deep.  101 

It is expected that high-resolution non-hydrostatic models over the global domain capture the 102 

diurnal cycle of the rainfall rate well compared to GCMs. In fact, Sato et al. (2009) showed that the 103 

phase of the diurnal cycle of rainfall rate was well simulated by the Nonhydrostatic Icosahedral 104 

Atmospheric Model (NICAM; Tomita and Satoh 2004; Satoh et al. 2008a; Satoh et al. 2014), although 105 

NICAM overestimates mean rainfall and the magnitude of the diurnal variation (Dirmeyer et al. 2011). 106 

Various studies of the features of diurnal variation in rainfall rate using NICAM simulations have 107 

considered resolution dependency of horizontal grid size in the non-hydrostatic regime less than about 108 

5 km (e.g., Sato et al. 2009; Noda et al. 2012; Yashiro et al. 2016). Such high-resolution global 109 

https://link.springer.com/article/10.1007/s00382-019-04943-6#ref-CR68
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atmospheric models are becoming more popular (Satoh et al. 2019). The inter-comparison study of 110 

the high-resolution global atmospheric model, called DYAMOND (The DYnamics of the 111 

Atmospheric general circulation Modeled On Non-hydrostatic Domains), used global models with 112 

mesh size less than 5 km. Almost all these models were found to capture diurnal variation very well 113 

(Stevens et al. 2019).  114 

Better representation of the semidiurnal variation in rainfall rate is also important for GCMs. 115 

Tomita et al. (2005) showed that the semidiurnal variation in rainfall rate is accurately represented in 116 

the NICAM aqua-planet experiment. Yasunaga et al. (2013) proposed a squeezing mechanism to 117 

account for the afternoon peak in the NICAM aqua-planet experiment; that is, condensation of water 118 

vapor is enhanced and more water vapor is squeezed within a cloud due to reduced temperature. 119 

However, the semidiurnal variation in more realistic representations with a land and sea contrast has 120 

not yet been analyzed and compared with observations. 121 

Miura et al. (2007) simulated the realistic structure of a Madden-Julian Oscillation (MJO) event 122 

that occurred in December 2006 with 3.5-km and 7-km mesh versions of NICAM. Using this dataset, 123 

Sato et al. (2009) analyzed the diurnal cycle of precipitation and found that the phase and amplitude 124 

of the diurnal cycle of precipitation over land has dependency on the horizontal resolution. The 3.5-125 

km mesh simulation produced the peak time and amplitude that are closer to those in the TRMM 126 

Precipitation Radar (PR) observations. In the present study, we analyze data from the NICAM 3.5-127 

km mesh hindcast experiment performed by Miura et al. (2007). Inoue et al. (2012) analyzed the 128 
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semidiurnal variation in surface rainfall rate in the NICAM 3.5-km mesh simulation by Miura et al. 129 

(2007) and compared it with satellite observations. Here, as a follow-up study of Inoue et al. (2012), 130 

we extend the diagnostic study to analyze the characteristics of the semidiurnal variation in rainfall 131 

rate simulated by the NICAM in detail and compare them with TRMM and infrared data from a 132 

geostationary satellite.  133 

The structure of the paper is as follows. The model, experimental design and observation datasets 134 

are presented in Section 2. The overall characteristics of the global rainfall distribution and the 135 

semidiurnal variation in rainfall rate are analyzed in Section 3. Detailed analysis of the semidiurnal 136 

variation in rainfall rate is provided separately for different areas: first we focus on the land areas 137 

including southern Africa and the Amazon, and then compare them with the eastern Pacific Ocean 138 

areas and the maritime continent areas in Supplement. In Section 4, we present our concludes. 139 

 140 

2. Model, Simulation and Datasets 141 

2.1 NICAM 142 

NICAM is configured to run with an explicit cloud microphysics scheme using a mesh size of a 143 

few kilometers without using a cumulus parameterization scheme. The cloud microphysics scheme 144 

by Grabowski (1998) is employed in the simulation data used for this study (Miura et al. 2007). It is 145 

a simple three-category scheme in which airborne and precipitating hydrometeors are prognostic 146 

variables. Cloud ice and snow are diagnosed by the temperature-dependent ratio between liquid and 147 
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ice phases from airborne and precipitating hydrometeors. The vertical grid size is 40 levels from 80.8 148 

m at the lowest level to 38.1 km above ground level. Miura et al. (2007) integrated a 3.5-km mesh 149 

configuration of NICAM globally for a week [00 UTC on 26 December 2006 to 24 UTC on 31 150 

December 2006, for the period of an active MJO event] with an initial condition of National Centers 151 

for Environmental Prediction (NCEP) global analysis data at 00UTC on 25 December 2006. The 152 

multi-scale organization of convection associated with MJO was analyzed by Nasuno et al. (2009).  153 

In this study, the output data of the 3.5-km mesh NICAM for the one-week simulation is analyzed 154 

to understand the representation of semidiurnal variation. Although this is a short integration, the high 155 

resolution simulation provides a lot of samples from which to obtain statistical behaviors of cloud 156 

systems, and they can be compared directly with those of the real world as observed by satellite. We 157 

have constructed two-dimensional fields of mean surface rainfall rate and outgoing longwave 158 

radiation (OLR) on a 0.05  0.05 latitude-longitude grid at 1.5-hour temporal resolution. 159 

 160 

2.2 TRMM data 161 

The TRMM 3G68 version 7 data from 1998–2014 are used in this study. The 3G68 data were 162 

constructed from the precipitation data observed by PR and TRMM Microwave Imager (TMI). 163 

Although spatial and temporal coverage of observations is limited along the satellite orbitals (PR: 164 

220km swath; TMI :760 km swath), many samples have been collected over more than a decade. The 165 

TRMM satellite was launched on 28 November 1997, and observations stopped on 8 April 2015; the 166 
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Global Precipitation Measurement Mission (GPM) succeeded the TRMM observation (Hou et al. 167 

2014). Because the period of the present simulation overlaps the TRMM observation, we used almost 168 

the whole life-time observational data from TRMM to construct composite diurnal variations in area 169 

mean rainfall rate. The precipitation data from TRMM was considered as the most reliable rainfall 170 

measurements over the global domain and was succeeded by GPM (Seto et al. 2021). The TRMM 171 

3G68 provides us with orbital rainfall information at 0.05  0.05 longitude-latitude grids based on 172 

the standard products of 2A25 (radar algorithm; Iguchi et al. 2000), 2A12 (passive microwave 173 

algorithm; Kummerow et al. 2001) and 2B31 (combined algorithm; Haddad et al. 1997). We construct 174 

the hourly area mean rainfall rate over tropics observed by PR and TMI (Rajendran and Nakazawa 175 

2005). In this study, we use PR and TMI data as standard datasets of TRMM. Here, we use the 17-176 

year data for the total period 1998–2014 for PR and TMI. 177 

 178 

2.3 Infrared data from the geostationary satellite 179 

Infrared data from Spinning Enhanced Visible and Infrared Imager (SEVIRI) onboard Meteosat-180 

8 (Schmetz et al. 2002) and TRMM ancillary data (Janowiak et al. 2017) constructed from infrared 181 

data from all geostationary satellites in 26-31 December 2006 are also gridded onto a 0.05  0.05 182 

latitude-longitude grid. Split window data of the SEVIRI is used to classify optically thicker and 183 

thinner clouds (Inoue, 1985; Inoue 1987a) over southern Africa. Infrared data from TRMM ancillary 184 

data are used for the analysis of DC over Amazon. 185 
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We also constructed a cumulative frequency histogram for both 11m brightness temperature (TB), 186 

and NICAM-simulated OLR to find the corresponding OLR value for specific TB. The TBs of 213, 187 

235, and 253 K are conventionally used to define DC. OLR values corresponding to the above TBs 188 

in NICAM are determined from the accumulated frequency of TB with that of NICAM simulated 189 

OLR (Inoue et al. 2008), although the values are slightly different region by region. 190 

 191 

2.4 GSMaP data 192 

The Global Satellite Mapping of Precipitation (GSMaP) is a precipitation product that uses 193 

combined data from passive microwave (PMW) sensors in low Earth orbit and infrared radiometers 194 

in geostationary Earth orbit (Kubota et al. 2020). The GSMaP dataset is based on a Kalman filter 195 

model that refines the precipitation rate by using the cloud moving vector derived from two successive 196 

infrared images (Ushio et al. 2009). 197 

  The GSMaP was developed by the Japan Aerospace Exploration Agency (JAXA) for the GPM 198 

mission as the Japanese GPM standard product. The horizontal resolution is a 0.1 × 0.1 latitude-199 

longitude grid, and the temporal resolution is 1 hour. The GSMaP_Gauge is a product adjusted with 200 

the National Oceanic and Atmospheric Administration/Climate Prediction Center (NOAA/CPC) 201 

unified gauge-based analysis of global daily precipitation (Mega et al. 2019). The algorithm uses an 202 

optical estimation scheme, in which the solution is calculated by maximizing the probability density 203 
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function defined in the system model. Here, we use the reanalysis version of the GSMaP_Gauge 204 

(GSMaP_Gauge_reanal) hourly data in 26-31 December 2006. 205 

 206 

3. Background Characteristics 207 

3.1 Mean rainfall rate over global tropics 208 

Figure 1 shows the spatial distribution of mean rainfall rates from PR (a) and TMI (b) observations 209 

and mean rainfall rate estimated from the 3.5-km mesh NICAM simulation (c) for the period of 00 210 

UTC on 26 December 2006 to 24 UTC on 31 December 2006. The rainfall rate is averaged over each 211 

0.5  0.5 latitude-longitude grid. Both TMI and PR indicate slightly noisy spatial patterns due to 212 

limited observation time and coverage area by the TRMM satellite (PR: 220 km swath; TMI: 760 km 213 

swath). However, the major rainfall areas in the NICAM simulation over ITCZ, SPCZ, southern 214 

Africa, the maritime continent, and the Amazon correspond well to the PR and TMI observations. 215 

There are some differences over latitudes higher than 30N (the TRMM observation is limited to 216 

latitudes lower than 35N/S), particularly over the eastern part of the USA and the Atlantic Ocean. 217 

The rainfall rate simulated by NICAM is slightly higher than the rate observed over the northern parts 218 

(Equator–15S) of South America (hereafter Eq. is used to denote Equator).  219 

 220 

3.2 Semidiurnal variation in surface rainfall rate from TRMM (TMI, PR) and NICAM  221 
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Yang et al. (2008) first showed that the secondary peak is globally prevalent and widespread in 222 

nature using 8 years of TRMM data. They studied the diurnal variation in rainfall rate at 20  30, 223 

10  10 and 5  5 latitude-longitude grid arrays over the area covered by the TRMM observation. 224 

They found that the semidiurnal mode appears in 78% of the boxes in the 20  30, 69% in the 10 225 

 10, and 65% in the 5  5 grid arrays.  226 

We also construct the global view of daily variation in rainfall rate normalized with the maximum 227 

rainfall rate at each grid, from 17 years of TMI (Fig.2a: green) and PR (Fig.2a: blue) data from TRMM 228 

3G68 for the period covering December, January, and February (DJF). Each figure in Fig. 2 consists 229 

of a 10  15 latitude/longitude grid array over 20N–20S (24  4 grid boxes). The abscissa of each 230 

grid box indicates the local standard time (LST) from 0 to 23 hours. The ordinate of each grid box is 231 

the daily mean rainfall rate normalized to the maximum rainfall rate with a range of 0–1 and we 232 

applied a three-time-step running mean twice to smooth out noisy variations. Inspection of the grid 233 

boxes shows that many have a semidiurnal variation (two local peaks a day) in rainfall rate, especially 234 

over Africa, the maritime continent, and the Amazon. There are some grids where diurnal variation 235 

differs between the PR and TMI datasets, probably due to the difference in observation coverage 236 

between PR and TMI. There also are few grids that indicate more than two peaks. Nonetheless, we 237 

have validated each box using harmonic analysis. Here, we assigned A1 as the amplitude of the 238 

diurnal (one peak a day) mode and A2 as the amplitude of the semidiurnal (two peaks a day) mode. 239 

Hereafter, we refer to these modes as “diurnal variation” and “semidiurnal variation”, respectively, 240 
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and refer to the variation in a day as “daily variation”. We computed the amplitude of A1 and A2 241 

over all 96 boxes and found that the amplitude of A2 is comparable to that of A1; the amplitude of 242 

A2 is larger than that of A1 for 26 (29) boxes and is larger than two-thirds of the amplitude of A1 for 243 

42 (44) boxes for TMI (PR) observations in the tropics. Figure 2b shows the distribution of the ratio 244 

of amplitudes (A2/A1) greater than 0.5 corresponding to the areas shown in Fig. 2a. Note that x-axis 245 

(longitude) is 0–360 in Fig. 2b. We can see from Figs. 2a, b that it is likely for rainfall rate to peak 246 

twice a day over the tropics in 10  15 latitude/longitude boxes from 17 years of the TRMM data. 247 

Figure 2c shows the global view of daily variation in rainfall rate normalized to the maximum value 248 

in each grid from the NICAM simulation. Figure 2d shows the distribution of the amplitude ratio of 249 

(semidiurnal vatiation)/(diurnal variation) derived from the harmonic analysis for NICAM. We can 250 

see that NICAM simulates the semidiurnal variation in rainfall rate over Africa, the maritime 251 

continent, and the Amazon. However, the semidiurnal variation is not reproduced by the NICAM 252 

simulation over some basins such as the South Pacific and the Indian Ocean where TMI and PR 253 

indicate a relatively smaller signature of semidiurnal variation. In the next section, we focus on the 254 

semidiurnal variation in rainfall rate over southern Africa and the Amazon where the dual peaks are 255 

clearly seen in the NICAM simulation as well as in the observations, and compare the areal 256 

characteristics of the semidiurnal variations. The additional analyses on the eastern Pacific Ocean 257 

area and the maritime continent area are also given in Supplement.  258 

 259 
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4.  Areal characteristics of semidiurnal variation in rainfall rate 260 

4.1 Southern Africa  261 

As shown in Fig. 1, NICAM reproduces a realistic distribution of mean rainfall over southern 262 

Africa and the adjacent coastal areas and the oceanic rain belt along the east coast of Africa by 263 

comparing with the PR and TMI observations. To analyze in detail the features of rainfall over 264 

southern Africa, we selected the area of (15–28E, Eq.–20S) avoiding large lakes and higher 265 

mountains to capture the overall characteristics of NICAM performance in simulating rainfall for 266 

relatively smooth land area. The day-to-day variation in simulated mean surface rainfall rate 267 

averaged over this region on 26–31 December 2006 in UTC is shown in Fig. 3 (NICAM in red and 268 

GSMaP in purple). We can see the obvious differences between NICAM and GSMaP for 269 

magnitudes on 26 and 27, mismatch of one peak on 29 and 31 December. However, as implied by 270 

Fig. 2c, the two local peaks of rainfall rate per day in the NICAM simulation in a day are clearly 271 

seen during this six-day period except on 28 December, which is consistent with the GSMaP data, 272 

which also shows two local peaks on several days (26, 29, and 30 December).   273 

Figure 4 shows the mean daily variation in rainfall rate by the NICAM simulation (red), and the 274 

TMI (green), PR (blue), and GSMaP (purple) observations over the southern African area. Here the 275 

NICAM data and the GSMaP data are mean values computed from one week during 26–31 December, 276 

while the TMI and PR data are the mean evolution of the diurnal cycle averaged for the 17 years of 277 

data. We can see two peaks at 4.5 LST and 15 LST in the NICAM simulation. Two local peaks of 278 
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rainfall rate from PR (TMI) are also seen at 3.5 (0.5) LST and 15.5 (15.5) LST, although the morning 279 

peak is tiny. We note that rainfall rate in the NICAM simulation is generally higher than that in the 280 

PR, TMI, and GSMaP observation, especially in the morning. The time of the afternoon peak of 281 

rainfall rate simulated by NICAM is close to that of PR, TMI and GSMaP. The NICAM simulation 282 

and the TRMM and GSMaP all indicate semidiurnal variations for this area.  283 

The relative magnitude of the two peaks of the semidiurnal variation and their timings are similar 284 

between NICAM and PR, although the rainfall rate simulated by NICAM is higher than the rate in 285 

the PR observation at all times of the day. TMI rainfall rate is much higher than PR rainfall rate in the 286 

afternoon, although their peak times coincide. The TMI rainfall rate is generally higher than the PR 287 

rainfall rate during the afternoon over land and cold surfaces. Furuzawa and Nakamura (2005) and 288 

Rajendran and Nakazawa (2005) suspected that the systematic difference in rainfall rate between PR 289 

and TMI, especially over land, might be caused by the life stage of DC. They suggested that scattering 290 

signals from anvil cloud associated with afternoon DC caused a higher rainfall rate for the estimations 291 

of the TMI rainfall rate than the PR rainfall rate.  292 

To further explore the contributions of DC to the semidiurnal cycle, we examine the detailed 293 

features of DC which is closely related to rainfall over the tropics. Figure 5a shows the spatial 294 

distribution of DC over southern Africa at 03, 06, 09, 12, 15, 18, 21 and 24 UTC on 26 December 295 

2006, based on Meteosat-8 infrared data. Here, we use UTC instead of LST; the area is close to the 296 

prime meridian (the time difference between UTC and LST is about 1.5 hour (that is, 00 UTC is about 297 
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1.5 LST). The DC is defined as a cloud grid colder than 253 K in TB. Further split-window (11 m 298 

and 12 m) data from SEVIRI is used to classify optically thicker or thinner parts within the DC 299 

(Inoue, 1987a). In Fig 5a, green (blue) represents an optically thinner (thicker) part within the DC, 300 

while purple represents cloud top colder than 213 K. By this color coding, we can see the inner 301 

structure within the DC with the edge of 253 K. Figure 5a exemplifies the diurnal variation in the 302 

spatial distribution of DC. The size of DC is largest at about 03 UTC (~4.5 LST), decreases towards 303 

12 UTC (~13.5 LST), especially in the southern part of the figure (12°–27°S), and then expands 304 

rapidly at 18 UTC (~19.5 LST). The size of DC decreases again towards 24 UTC (~1.5 LST). The 305 

thinner part of the DC area (shown in green in Fig. 5a) is smallest at 12 UTC (~13.5 LST) and  larger 306 

towards 18 UTC (~19.5 LST). Then this area of DC shrinks toward 24 UTC (1.5 LST) on this day. 307 

Figure 5b illustrates simulated DC defined by OLR less than 210, 165 and 102 W m-2, which 308 

correspond to 253, 235, and 213 K of TB in the geostationary satellite, respectively, using the 309 

relationship between the cumulative frequencies of TB and OLR in NICAM (Inoue et al. 2008). Note 310 

that the OLR in NICAM is not directly related to the optical thickness of the cloud; we simply used 311 

green, blue, and purple to show the DC with OLR less than 210, 165, and 102 W m-2, respectively in 312 

Fig. 5b. The large DC area at 03 UTC (~4.5 LST) shrinks toward 09 UTC (~10.5 LST). At 12UTC 313 

(~13.5 LST), a large number of DCs of small size (blue and green) are represented, whereas at 18 314 

UTC, a DC of large area (blue) is dominant. Then the areas of DC shrink toward 24 UTC (~1.5 LST). 315 

Such evolution of size and number of DC areas is similar to the characteristics seen in TB (Fig. 5a). 316 
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The 3.5-km mesh NICAM successfully captures the aforementioned characteristics of diurnal 317 

variation in DC over the southern African region on this day. The realistic representation of the 318 

diurnal variation in DC is one of the advantages of global cloud-resolving models (Satoh et al. 2019; 319 

Stevens et al. 2019).  320 

The coverage of cold clouds over an analysis area has frequently been used to infer rainfall from 321 

infrared data (e.g., Arkin and Meisner 1987). Figure 6 shows the observed diurnal variation for the 322 

anomaly of number of DC grids (0.05  0.05 in latitude-longitude) defined by infrared data over 323 

the analysis area (15–28E, Eq.–20S) for 26–31 December 2006 in UTC. The DC grid is defined by 324 

TB colder than 213, 235, and 253K. In addition, we define the 253K-Cb and 253K-Ci cloud grids to 325 

represent optically thick and thin clouds, respectively; these are defined as a cloud with TB that is 326 

colder than 253 K with a relatively small or large TB difference for the split window, respectively 327 

(Inoue, 1987a, b). Since the number of cloud grid over the analysis area is different depending on the 328 

threshold, an anomaly from the daily mean is used in Fig.6. From this diurnal variation in cold cloud 329 

grid, however, the semidiurnal mode of rainfall rate (cloud coverage) is not seen, although there is a 330 

slight secondary peak at 24 UTC (~1.5 LST) in 253 K-Cb. Here, we note the difference in variation 331 

between 253 K cloud (green) and 253 K-Cb cloud (red). The diurnal variation in 253 K-Cb appears 332 

to be similar to that of 235 K (blue) and 213 K (purple), while the 253 K (green) peak is broad at 16–333 

22 UTC and similar to that of 253 K-Ci. This suggests that 253 K DC includes optically thinner anvil 334 

that prevails for a longer period as seen in 253K-Ci. The 213 K peak appears earlier, around 14.5 335 
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UTC than the 235 K peak (at 15.5 UTC), and has timing similar to that of the 253 K-Cb peak; this 336 

also suggests that the vertical enhancement of DC comes earlier than anvil expansion over southern 337 

Africa. 338 

Next, we investigated the size and number of DC areas, which are defined by the connected areas 339 

of a specific TB. We utilize this method because the total area of DC identified by using a simple TB 340 

threshold does not clearly show the semidiurnal variation. The analysis method is explained in 341 

Appendix. We define a DC area as comprising all connected adjacent grids that have a TB below 213 342 

K. The size of each DC area is defined by the number of grids in that area. The number of DC areas 343 

includes only those DC areas whose centers are located within the analysis area. The mean size of 344 

DC area is the average size of all DC areas whose centers are located within the analysis area. Figure 345 

7a shows the daily variation in the number and mean size of DC areas. The analysis target is the area 346 

(15–28E, Eq.–20S) during the period of 26–31 December 2006, and the Meteosat-8 observation 347 

data is used. The mean size of the DC areas (green) clearly has two local peaks in the early morning 348 

and late afternoon, while the number of DC areas (blue) has a peak in the afternoon and a small 349 

secondary peak early morning. The primary peak of the number of DC areas appears at 15.5 LST, 350 

which is almost the same time as the PR rainfall peak (13.5–15.5 LST) in Fig. 4. The morning peak 351 

of the mean size of the DC area at 4.5 LST almost coincides with the secondary peak of the PR rainfall 352 

at 3.5 LST in Fig. 4. The primary peak of the rainfall rate observed by PR over this area coincides 353 

with the primary peak of the number of DC areas which are rapidly expanding in size. This is 354 
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consistent with the finding by Inoue et al. (2009) that the rainfall rate is high at the earlier stage of 355 

DC, based on a comparison between the life stage defined by the split-window and PR rainfall data. 356 

Using SEVIRI data, Schroder et al. (2009) also found that deep convective systems start with high 357 

rates of change in infrared TB in the formative stage, then continue with the minimum infrared TB 358 

around 15.5 LST. Thus, it is important to note that the areal peak of rainfall is caused by a large 359 

number of developing stages of DC. Figure 7a also suggests that large cloud size at 18 LST does not 360 

necessarily coincide with a high rainfall rate in the late afternoon. The mean size of DC area is 361 

expected to be large in the early morning due to radiation cooling at the cloud top (Gray and Jacobson 362 

1977). The early morning peak of rainfall rate in PR seems to occur almost at the same time as the 363 

secondary peak of the mean size of DC area. 364 

Figure 7b shows the daily variation in mean size and number of DC areas defined by an OLR less 365 

than 102 W m-2 (correspond to 213 K from cumulative analysis) in the NICAM simulation. We can 366 

see the semidiurnal mode for both mean size and number of DC area; similar feature appear in the 367 

infrared data for observations, although the peak times are slightly different. The primary peak of the 368 

size of DC area appears later than the primary peak of the number of DC areas. The primary peak of 369 

the number of DC areas coincides with the time at which the DC area increases in size. The morning 370 

peak of the rainfall rate in the NICAM simulation (red curve in Fig.4) occurs slightly later than the 371 

peak of size and number of DC area defined by OLR. 372 

  To examine how much DC contributes to the semidiurnal variations, we analyzed the diurnal 373 
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variations in convective/stratiform rain in PR observations and the NICAM simulation. Takayabu 374 

(2002) showed that the convective rain in PR, defined by a rain type classification (Awaka et al. 1997; 375 

2007), has a distinct maximum in the afternoon (15–18 LST), while stratiform rain has a maximum 376 

over land around midnight (24–03LST). Figure 7c shows the daily variation in convective (blue) and 377 

stratiform (green) rainfall rates defined by the PR observation (solid line) and the OLR of the NICAM 378 

simulation (dotted line) over southern Africa (15–28E, Eq.–20S). Convective/stratiform rainfall 379 

rates in PR observations are defined by an algorithm based on Awaka et al. (1997, 2007). The 380 

convective rainfall rate in PR data has a primary peak at 15.5 LST and a weak secondary peak at 3.5 381 

LST. By contrast, stratiform rainfall rate is higher than the convective rainfall rate during the morning. 382 

In PR observations, the primary peak of stratiform rainfall rate in the early morning (3.5 LST) 383 

coincides with the secondary peak of convective rainfall rate. The secondary peak of total rainfall rate 384 

in PR observations corresponds to both morning peaks of stratiform and convective rainfall rates. 385 

For numerical simulation data, there are several methods for classifying convective/stratiform rain 386 

types (Lang et al. 2003). Satoh et al. (2008b) used the rainfall rate of 10 mm hr-1 as a threshold to 387 

define convective rain following Grabowski (2003), and compared the rainfall statistics between the 388 

NICAM 3.5-km mesh aqua-planet simulation and PR observations. From an analysis of the 389 

probability distribution function of rainfall rates, they showed that the probability of rainfall rates for 390 

heavy rain in NICAM simulations is similar to that of PR data. For the classification of stratiform 391 

rain types, we use a threshold of 5 mm hr-1 following evidence from Yang and Nesbitt (2014), based 392 
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on 13 years of PR observations, that 93% (92%) of stratiform rain events over the land (ocean) area 393 

has a rainfall rate less than 5 mm hr-1.  394 

We use the threshold of 10 mm hr-1 (5mm hr-1) as an index for classifying of the convective 395 

(stratiform) rain. The diurnal variation in convective and stratiform rainfall rates for the NICAM 396 

simulation over the southern Africa analysis area is shown in Fig.7c by blue and green dotted lines, 397 

respectively. For the convective rain, both the NICAM simulation and PR observations show the two 398 

peaks, with similar local time maxima, but different magnitudes in the morning peaks. For the 399 

stratiform rain, the NICAM simulation shows no clear peaks but with a flat peak between 3 and 15 400 

LST. On the contrary, the PR observations show the morning peak at 3 LST, with no afternoon peak 401 

in the stratiform rain rate. Further study is required for this difference between NICAM and PR 402 

observation in terms of convective/stratiform rain.  403 

To further understand the rainfall characteristics of the semidiurnal variation, we next studied the 404 

size of the rainfall area in the NICAM simulation, as we did for the DC area (Figs. 7a, b). The rainfall 405 

area is defined as the connected grids with a rainfall rate greater than 1 mm hr-1. As before, a 406 

convective rain grid is defined as a grid in which the rainfall rate is greater than 10 mm hr-1. Figure 407 

7d shows the daily variation in the size of the rainfall area (green, right ordinate: number of grid) and 408 

the mean percentage of convective rain area within all the rain area (blue, left ordinate). This shows 409 

that the size of the rain area is high during the morning and that the mean percentage of convective 410 

rain areas within each rain area is large during the afternoon. The percentage of rain area without a 411 
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convective rain grid is large during the morning (not shown). These results suggest that the rainfall 412 

in the morning is characterized by stratiform rain to some extent, whereas the rainfall in the afternoon 413 

is characterized by convective rain. Therefore, in some measures, it can be said that the NICAM 414 

simulation reproduces the daily variation in convective/stratiform rain. 415 

In summary, the semidiurnal variation in rainfall is seen both in the observation and the NICAM 416 

simulation over southern Africa. From the PR observation, we found that the afternoon peak is due 417 

to convective rain and that the morning peak is due to stratiform rain. For the NICAM simulation, as 418 

seen in Fig.7c, the contribution of convective/stratiform rain over the analysis area is different from 419 

the PR observations if a simple rain classification method with a threshold of 10 mm hr-1 is used. 420 

However, when we classify based on rain area, the NICAM simulation captured the characterization 421 

of stratiform rain type in the morning and convective rain type in the afternoon. For the rainfall rate 422 

intensity, the NICAM simulation overestimates the morning peak. This difference from the PR 423 

observation could be related to the known bias of the NICAM simulation of reproducing stronger 424 

convective rainfall rate than observed (Masunaga et al.; 2006, Satoh et al. 2010; Nasuno and Satoh, 425 

2011). The difference might also be related to the time difference between the NICAM one-week 426 

simulation and the 17-year dataset of the TRMM observations. 427 

 428 

4.2 Amazon Region 429 
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As shown in Fig. 1, the spatial distribution of mean rainfall rate over the Amazon is simulated well 430 

by NICAM, although the rainfall rate of NICAM is higher (warmer colors) than in the TRMM PR 431 

observations. Here, we analyze the characteristics of daily variation in rainfall rate, focusing on the 432 

area of (75–65W, Eq.–10S), to avoid the Andes Mountain area. Figure 8 shows the day-to-day 433 

variation in mean rainfall date over the area of the NICAM simulation (red) during 26–31 December 434 

2006 compares it to GSMaP data. The NICAM simulation indicates clear semidiurnal variation (i.e., 435 

two-peaks a day) except for 30 December 2006. The GSMaP (purple) shows two local peaks per day 436 

on 26, 27, 29, and 31 December. 437 

Figure 9 shows the mean daily variation in rainfall rate in NICAM (red), PR (blue), TMI (green), 438 

and GSMaP (purple) over the Amazon region. NICAM and PR clearly show two local peaks, but the 439 

morning peaks in the TMI and GSMaP are not clear. The NICAM simulation shows significantly 440 

higher rainfall rate than the TRMM and GSMaP daily observations. In situ observation over the 441 

Amazon is provided by a Peruvian project of the Hydro-geochemistry of the Amazonian Basin 442 

(HYBAM) (https://hybam.obs-mip.fr/data/daily-rainfall-1980-2009-over-the-entire-amazon-basin/). 443 

The mean rainfall rate over the analysis area is estimated as 0.32 mm hr-1 for December 26–31 2006. 444 

Figure 9 indicates that this value of the observed mean rainfall rate is closer to that of the TRMM PR, 445 

TMI, and GSMaP data.  446 

Both TRMM PR and NICAM show the semidiurnal variation in rainfall rate, although the NICAM 447 

simulation shows a higher rainfall rate than PR. The semidiurnal variation is not clear in GSMaP; in 448 

https://hybam.obs-mip.fr/data/daily-rainfall-1980-2009-over-the-entire-amazon-basin/
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particular, the morning peak is unclear. The NICAM simulation shows the primary peak at 15 LST 449 

and a secondary peak at around 3–6 LST. TRMM PR indicates the primary peak at around 13.5–15.5 450 

LST and a secondary peak at 2.5 LST. In TMI, the primary peak appears at 15.5 LST. The amplitude 451 

of rainfall rate is similar between PR and TMI.  452 

Figure 10a shows the daily variation in size (green) and number (blue) of DCs defined by 235K 453 

TB over the Amazon using TRMM ancillary data. Note that we used 235 K to define DC over the 454 

Amazon because cold clouds (< 213 K), which was used for southern Africa (Fig. 7), are rare over 455 

the Amazon during this period. The size of the DC indicates a peak at 21.5 LST. There is also one 456 

tiny peak at 4.5 LST. The number of DC areas shows one afternoon peak at 15.5 LST. The afternoon 457 

peak of rainfall observed by TRMM at around 11.5–14.5 LST (Fig.9) corresponds to the timing at 458 

which a large number of DC areas increase in size. The morning peak at around 3.5–6.5 LST in PR 459 

is after the size of DC areas becomes largest at 21.5–24 LST. The daily variation in size and number 460 

of DC areas defined by 253 K of TB infrared data are consistent with those found over southern 461 

Africa (Fig.7a) for the afternoon rainfall peak. 462 

Figure 10b shows a diurnal variation in size (green) and number (blue) of DC areas defined by 463 

NICAM OLR less than 150 W m-2. There is one broad peak of the size of DC area during the night, 464 

although there is a tiny minimum at 22.5 LST. The peak of the rainfall rate in the afternoon at 15 LST 465 

(Fig. 9) corresponds to the larger number of DC areas. This feature is similar to the observed evolution 466 

of the size and number of DC areas. 467 
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Figure 10c shows the diurnal variation in convective (blue) and stratiform (green) rain in the PR 468 

observation (solid line) and the NICAM simulation (dotted line). The convective rain in PR indicates 469 

a semidiurnal mode with a primary peak at 13.5 LST and a secondary peak at 2.5 LST, although the 470 

morning peak is small. In the PR observation, stratiform rainfall rate is higher during the late evening 471 

to morning compared with convective rainfall rate. 472 

Daily variation in convective (> 10 mm hr-1) and stratiform (< 5 mm hr-1) rainfall rate simulated 473 

by NICAM is shown in blue and green dotted lines, respectively, in Fig 10c. The primary peak of 474 

convective rainfall rate in the NICAM simulation is slightly later than that in the PR observation. The 475 

morning peak of convective rainfall rate is higher in the NICAM simulation than in the PR 476 

observation, similar to that seen over southern Africa (Fig. 7d). The stratiform rainfall rate in the  477 

NICAM simulation is comparable to that in the PR observation, although it is much lower than the 478 

convective rainfall rate in the NICAM simulation. 479 

Figure 10d shows the daily variation in the rain area size (right ordinate) and the mean percentage 480 

of convective rain area (left ordinate) within the rain area. The rain area size is large during the 481 

morning over the Amazon. The mean percentage of convective rain area within the rain area is high 482 

during the afternoon, similar to that seen over southern Africa (Fig. 7d). Although the classification 483 

of convective/stratiform rain types is not unique, if we use the percentage of convective rain within 484 

each rain area to define each rain type, then the NICAM simulation indicates that the afternoon peak 485 
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is characterized by convective rain, whereas the morning peak is characterized by stratiform rain, 486 

consistent with the PR observation. 487 

 488 

5. Conclusions 489 

We analyzed the semidiurnal (two peaks per day) variation in surface rainfall rate simulated by the 490 

NICAM 3.5-km mesh global cloud resolving model for 26-31 December 2006 and compared it with 491 

observations from TRMM PR/TMI, GSMaP, and infrared data from geostationary satellites. The 492 

hourly data on a 0.05 latitude/longitude grid from the NICAM one-week simulation and infrared 493 

data from a geostationary satellite are constructed for 26-31 December 2006. We also construct the 494 

climatological hourly data on a 0.5  0.5 latitude-longitude grid from 17 years of 3G68 data of TMI 495 

and PR observations during December, January, and February. The global hourly data with 0.1  496 

0.1 latitude-longitude grids of GSMaP for the same period of the NICAM simulation are used as 497 

well. The timing of the two peaks may be influenced by many factors such as cloud–radiation 498 

interactions, air–sea and air–land interactions and large-scale disturbances. The difference in the 499 

analysis period between the NICAM one-week simulation and the 17-year TRMM climatology may 500 

also affect the nature of the semidiurnal variation in surface precipitation. Thus, we also used the 501 

hourly data of GSMaP for the same one-week period as the NICAM simulation. The rainfall rate of 502 

the TRMM PR/TMI is more reliable, while the quality of the GSMaP rainfall may be affected by the 503 

availability of satellite passive microwave measurements, which are used to calibrate rain retrievals 504 
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from Infrared measurements.  505 

We first confirm the persistent nature of the semidiurnal variation in mean rainfall rate in the 506 

daily time series on a 10  15 latitude-longitude grid array over the tropics (20N–20S) using 507 

TRMM data. Using harmonic analysis, we show that about 45% of grids show an amplitude of the 508 

semidiurnal mode that is more than two-thirds of the amplitude of the diurnal mode in daily variation. 509 

The TRMM data implies that there are generally two peaks of rainfall rate a day over the tropics. 510 

The semidiurnal variation in rainfall is analyzed over land areas including southern Africa 511 

and the Amazon. Over southern Africa, the mean rainfall data in the NICAM simulation have two 512 

peaks a day, with a primary peak in the afternoon at 15 LST and a secondary peak in the morning at 513 

4.5 LST; in PR (TMI) observations, there is a primary peak in the afternoon at 15.5 (15.5) LST and a 514 

secondary peak at 3.5 (0.5) LST. Similarly in the other areas, the primary and secondary peaks 515 

simulated by NICAM are very close to those observed by PR/TMI, although the timing of the two 516 

peaks are different. Generally, the rainfall rate is higher in the NICAM simulation than in the PR/TMI 517 

observations, but the rainfall rate of NICAM simulation is closer to the GSMaP rainfall rate over 518 

some areas particularly over the oceans.  519 

We then analyzed the characteristics of daily variation by evolution of DC over southern 520 

Africa and the Amazon, since DC is closely related to rainfall over the tropics. The DC area is defined 521 

as grids with the specific thresholds of the observed TBs and OLR of the NICAM simulation. The 522 

temporal variation and spatial distribution of DCs defined by NICAM is similar for DC defined by 523 
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TB. The size and number of DC areas within the analysis area of southern Africa and the Amazon are 524 

analyzed as well. The two peaks in the morning and afternoon are seen in the mean size and number 525 

of DC area, both in the observation and the simulation over southern Africa, although they are not 526 

clear over the Amazon. The primary peak of total rainfall rate in the afternoon in PR and TMI 527 

coincides with the time at which there are a large number of DC areas whose mean size are rapidly 528 

increasing over both southern Africa and the Amazon (Figs. 7a, b and Figs. 10a, b). 529 

Diurnal variation in convective and stratiform rainfall dates is also examined over southern Africa 530 

and the Amazon using PR data. The present analysis shows that convective rainfall rate is significant 531 

in the afternoon, while stratiform rainfall rate is larger than convective rainfall rate in the morning 532 

over both southern Africa and the Amazon in the PR observation. Although the classification of 533 

convective and stratiform rains in the simulation is not unique, if a simple rainfall threshold is used 534 

for this classification, then the afternoon peak of convective rainfall rate in NICAM is close to that in 535 

the PR observation. However, the daily variation in stratiform rainfall rate in NICAM is generally 536 

smaller than the daily variation in convective rainfall rate in NICAM. 537 

As another method of classification of rain types, we analyzed the rain area size and the percentage 538 

of convective rain within the rain area simulated by NICAM over southern Africa and the Amazon. 539 

The mean size of the rain area simulated by NICAM is large in the morning. The mean percentage of 540 

convective rain area simulated by NICAM within each rain area is large in the afternoon (Figs. 7d, 541 
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10d). These results indicate that NICAM could be able to reproduce stratiform rain occurrence in the 542 

morning and convective rain occurrence in the afternoon. 543 

Although the classification of convective and stratiform rain types in the NICAM simulation is 544 

somewhat arbitrary, stratiform rainfall rates tend to be lower and convective rainfall rates are 545 

generally higher. This characteristic of rainfall in the NICAM simulation is similar to that reported in 546 

the previous studies of NICAM (Masunaga et al. 2006; Satoh et al. 2010; Nasuno and Satoh 2011). 547 

The improvement of precipitation in the numerical model needs more evaluation using observation 548 

data and detailed process studies, and the cloud microphysics schemes in NICAM are being improved 549 

(Satoh et al. 2014; Roh and Satoh 2014; Roh et al. 2017; Kodama et al. 2021).  550 

In this study, as a representative of global cloud–resolving models, we showed for the first time 551 

that NICAM simulates the major features of the semidiurnal variation in rainfall and DCs in realistic 552 

configuration. Our analysis shows that spatial and temporal variation in DCs simulated by NICAM 553 

corresponds well to the DCs defined by TBs using infrared data from geostationary satellites. The 554 

benefit of NICAM is that evolution of DCs is reproduced well, where a DC is associated with 555 

mesoscale circulation which consists of convective and stratiform rains. We believe that accurate 556 

simulations of DCs are required to reproduce the semidiurnal variation in surface rainfall rate, 557 

although DCs and rainfall are different. For the morning peak, however, NICAM overestimates 558 

rainfall rate over land areas. Continued efforts to improve cloud and precipitation processes are 559 
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required to better reproduce the semidiurnal variation in rainfall rate, particularly for the 560 

representation of stratiform rainfall in NICAM. 561 

 562 

Supplement 563 

Analyses on the eastern Pacific Ocean areas (S.1) and the maritime continent area (S.2) are given 564 

with Figures S1-S10. 565 

 566 

Appendix: Calculating the number and mean size of DC areas 567 

 A DC area is defined as an area comprising all connected adjacent grids that have a TB 568 

below 213 K. The suitable value of the threshold of TB may depend on the analysis target. The size 569 

of each DC area is defined by the number of grids in that area. The center of each DC area is 570 

located by averaging the longitude and latitude of all grids in that area. The number and mean size 571 

of DC areas are counted only for those DC areas whose centers are located within the analysis area. 572 

Figure A shows a sample case for the definitions of the size and number of DC areas. 573 
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Figure captions 776 

 777 

Figure 1: 778 

(a) Spatial distribution of mean surface rainfall rate averaged for the period 00UTC on 26 779 

December 2006 to 24 UTC on 31 December 2006 by TRMM PR. (b) Same as (a) but for TMI. 780 

(c)Same as (a) but for the NICAM simulation. 781 

 782 

Figure 2: 783 

(a)Map of the time series of mean rainfall over the 10  15 latitude-longitude grid arrays (boxes) 784 

over the tropics (20N-20S) constructed from the TMI (green) and PR (blue) observations. In each 785 

grid box, x-axis spans 0-23 LST, and the y-axis is rainfall rate normarilzed to the maximum rainfall 786 
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rate that box. (b) Distribution of the amplitude ratio of (semidiurnal vatiation)/(diurnal variation) 787 

derived from the harmonic analysis for TRMM PR (top) and TRMM TMI (bottom). (c) Same as (a) 788 

but for the NICAM simulation. (d) Same as (b) but for the NICAM simulation. 789 

 790 

 791 

 792 

 793 

 794 

 795 

 796 

Figure 3: 797 

Day-to-day variation of mean rainfall rate averaged over southern Africa (15-28E, Eq.-20S) during 798 

26 – 31 December 2006 represented by the NICAM simulation (red) and GSMaP (purple) in UTC. 799 

The x-axis starts at 0.5 LST with vertical lines indicating 3-hour periods. 800 

 801 

Figure 4: 802 

Composite of daily variation in mean rainfall rate over the southern Africa (15-28E, Eq.-20S) by 803 

PR (blue), TMI (green), GSMaP (purple), and the NICAM simulation (red). 804 

 805 

Figure 5: 806 

(a) Spatial distribution of DC observed over southern Africa by Meteosat-8 infrared data at 03, 06, 807 

09, 12, 15, 18, 21, and 24 UTC on 26 December 2006. (Note that LST over this area is close to UTC.) 808 
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DC is defined by TB colder than 253K. Optically thick (cumulonimbus type) cloud shown in blue 809 

and optically thinner (cirrus type) cloud (green) are classified by the split-window method. Cloud 810 

colder than 213K within DC is shown in purple. (b) Same as (a) but for the NICAM simulation. DC 811 

is defined by OLR less than 210 W m-2. 812 

 813 

Figure 6: 814 

Daily variation in cold cloud (DC) grid number anomaly constructed from the 6-day period of 26 - 815 

31 December 2006 over Southern Africa (15-28E, Eq.-20S). Cold cloud is defined by various TB 816 

from Meteosat-8 data. Five classes of DC are defined: three classes colder than the threshold TB of 817 

213 K (purple), 235 K (blue), 253 K (green) and two other classes 253 K-Cb (red) and 253 K-Ci 818 

(green dashed), for optically thick and  thin cloud colder than 253K, respectively. 819 

 820 

Figure 7: 821 

Daily variation in characteristics of DC over southern Africa (15-28E, Eq.-20S). (a) Daily 822 

variation in mean size (green) and number (blue) of DC defined by TB of infrared data from Meteosat-823 

8 constructed for 26 –31 December 2006. The DC area is defined by the connected grids colder than 824 

213 K. (b) Same as (a) except for OLR less than 102 W m-2 (dotted line) in the NICAM simulation.(c) 825 

Daily variation in rainfall rate of convective rain (blue) and stratiform rain (green) observed by 826 

TRMM PR (solid line) or simulated by NICAM (dotted line). Convective rain in the NICAM 827 

simulation is defined as rainfall rate higher than 10mm hr-1 and stratiform rain is defined as rainfall 828 

rate lower than 5 mm hr-1. (d) Daily variation in the size of the rain area in grid number (green: right 829 
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ordinate) and the mean percentage of convective rain area within each rain area (blue: left ordinate) 830 

in the NICAM simulation. Rain area is defined as the connected rain grid. 831 

 832 

Figure 8: 833 

Same as Fig. 3 but for over the Amazon (75-65W, Eq.-10S). The x-axis starts at 19.5 LST. 834 

 835 

Figure 9: 836 

Same as Fig. 4 but for over the Amazon (75-65W, Eq.-10S). 837 

 838 

Figure 10: 839 

Same as Fig. 7 but for the Amazon (75-65W, Eq.-10 S) with DCs defined by the threshold values 840 

of 235 K and 150 W m-2 for TB of TRMM ancillary data and OLR of NICAM, respectively. 841 

 842 

Figure A: 843 

A sample case for calculating the number and mean size of DC areas. In this case, four DC areas are 844 

defined: DC-1, DC-2, DC-3, and DC-4. However, as the center of DC-1 is outside the analysis area 845 

(indicated by the rectangle), the number of DC areas is three. The mean size of DC areas is the average 846 

of the sizes of DC-2, DC-3, and DC-4. 847 

 848 



 

Figure1: 

(a) Spatial distribution of mean surface rainfall rate averaged for the period 00UTC on 

26 December 2006 to 24 UTC on 31 December 2006 by TRMM PR. (b) Same as (a) 

but for TMI. (c) Same as (a) but for the NICAM simulation. 
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Figure 2: 

(a) Map of the time series of mean rainfall over the 10  15 latitude/longitude grid arrays 



(boxes) over the tropics (20N-20S) constructed from the TMI (green) and PR (blue) 

observations constructed from 17 years TRMM data. In each grid box,x-axis spans 0-

23 LST, and y-axis is rainfall rate normarilzed by the maximum rainfall rate at each 

grid box (0-1). 

(b) Distribution of the amplitude ratio of (semidiurnal vatiation)/(diurnal variation) 

derived from the harmonic analysis for TRMM PR (top) and TMI (bottom). 

(c)  Same as (a) but for the NICAM simulation.  

(d)  Same as (b) but for the NICAM simulation.  

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 3: 

Day-to-day variation of mean rainfall rate averaged over southern Africa (15E-28E and 

Eq.-20S) during 26 – 31 December 2006 represented by the NICAM simulation (red) 

and GSMaP (purple) data in UTC. The x-axis starts at 0.5 LST with vertical lines 

indicating 3-hour periods.  

 

 

 

 

 

 



 

Figure 4: 

Daily variation of mean rainfall rate over the southern Africa (15E-28E and Eq.-20S) 

by TRMM PR (blue), TMI (green), GSMaP (purple), and the NICAM simulation (red).  
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 Figure 5: 

(a)Spatial distribution of DC observed over southern Africa by Meteosat-8 infrared data 

at 03, 06, 09, 12, 15, 18, 21 and 24UTC on 26 December 2006. (Note that LST over this 

area is close to UTC.) DC is defined by TB colder than 253K. Optically thick 

(cumulonimbus type) cloud shown in blue and optically thinner (cirrus type) cloud shown 

in green classified by the split window method. Cloud colder than 213K within DC is 

shown in purple. (b) Same as (a) but for the NICAM simulation. DC is defined by OLR 

smaller than 210W m-2. 



 

 

Figure 6: 

Daily variation of cold cloud (DC) grid number anomaly constructed from the 6-day 

period 26-31 December 2006 over Southern Africa (15E-28E: Eq.-20S). Cold cloud is 

defined by various brightness temperatures of Meteosat-8. Five classes of DCs are 

defined: the three class are those colder than the threshold brightness temperatures of 

213, 235, 253K and the two classes are 253K-Cb and 253K-Ci (optically thick and thin 

cloud colder than 253K). 

 

 



 

 

Figure 7: 

Daily variation of characteristics of DC over southern Africa (15-28E, Eq.-20S). (a) 

Daily variation of mean size of DC (green) and number of DC (blue) defined by TB of 

infrared data of Meteosat constructed for 26 -31 December 2006. DC is defined as 

connected adjacent grids colder than 213K. (b) Same as (a) except for OLR less than 102 

W m-2 (dotted line) in the NICAM simulation. (c) Daily variation of rainfall rate of 

convective rain (blue) and stratiform rain (green) observed by TRMM PR (solid line) and 

the NICAM simulation (dotted line). Convective rain in NICAM is defined as rainfall rate 

greater than 10mm hr-1 and stratiform rain is defined as rainfall rate less than 5 mm hr-1.  

(d) Daily variation of the size of the rain area in grid number (green: right ordinate) and 

the mean percentage of convective rain area within each rain area (blue: left ordinate) in 



the NICAM one-week simulation. Rain area is defined as the adjacent connected rain grid. 

 

 

 

 

 

 

Figure 8: 

Same as Fig3 but for over Amazon (75-65W and Eq.-10S) and x-axis starts at 19.5 

LST.  

 



 

Figure 9: 

Same as Fig.4 but for over Amazon (75-65W and Eq.-10S).  

 

Figure 10: 

Same as Fig. 7 but for Amazon (75-65W, Eq.-10S) with DCs defined by the threshold 



values of 235 K and 150W m-2 for TB of TRMM ancillary data and (b) OLR of NICAM, 

respectively. 

 

 

Figure A: 

A sample case for calculating the number and mean size of DC areas. In this case, four 

DC areas are defined: DC-1, DC-2, DC-3, and DC-4. However, as the center of DC-1 is 

outside the analysis area (indicated by the rectangle), the number of DC areas is three. 

The mean size of DC areas is the average of the sizes of DC-2, DC-3, and DC-4. 

 

 

 


