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high clouds decreases over land and mid-level clouds 
appear. Note that the lower cloud layers are not shown 
in the present results when high clouds are overlying 
the lower clouds. This inability in showing the prop-

erties of lower cloud layers is one of the limitations 
of passive remote sensing. The growth of relatively 
small-scale convective clouds occurs from 1500 to 
1800 LST. Afterwards, the cells increase in size and 

Fig. 10. Time series of COT and CTH estimated by ICAS for the New Guinea region. Results are shown every 
3 hours from 1500 UTC on January 14, 2016. The local time is calculated at 135°E longitude.
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become organized to form larger scale systems. Sev-
eral mesoscale convective systems with circular shape 
and size of about 100 – 200 km are fi nally formed at 
2100 LST. From 0000 to 0900 LST, large convective 
clouds with spreading cirrus anvils in their peripheries 
are seen over land. 

The diurnal characteristics of the above cloud sys-
tems can be assessed quantitatively by calculating the 
cloud fraction of different cloud types, as shown in 
Figs. 11a, 11c, and 11e. Here, the CTP values at 680 
and 440 hPa are used as the boundaries for separating 
the clouds into low, middle and high cloud types. In 

addition, the high clouds are further separated into 
cirrus, cirrostratus, and opaque high clouds (OHCs) 
according to their COT, by using COT boundaries at 
1 and 6. Cloud fractions are calculated separately for 
data over land, coasts and ocean. The coastal region is 
defi ned as the water within 100 km from the coastline, 
while the ocean is over 100 km from the coastline. 
The cloud fractions are calculated every 10 minutes in 
LST, averaged over the eight day period. The tempo-
ral variation for each cloud type is smoothed using a 
moving average approach with a full width window of 
50 minutes. 

Fig. 11. Temporal variation of (a, c, e) cloud fractions for low and middle clouds, cirrus (Ci), cirrostratus (Cs), 
and opaque high cloud (OHC); and (b, d, f) brightness temperature at AHI band 13 (10.5 µm) over (a, b) land, 
(c, d) coast and (e, f) ocean. The temporal variation is calculated for eight days of January 12–19, 2016 over 
the region shown in Fig. 10. For the brightness temperature, the cumulative distribution function is calculated 
at every 10 minutes, with the occurrence fractions of the brightness temperature below 213, 233, 253, 273, and 
293 K are shown on the vertical axis.
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Over land, the amount of OHCs is the smallest 
around 1000 – 1200 LST (Fig. 11a). Low and middle 
clouds over land exhibit the maximum peaks at around 
1200 LST. Subsequently, the fraction of middle clouds 
experiences a sharp decrease, while the amount of 
OHCs increases rapidly from 1200 to 1700 LST. The 
amount of the OHCs decreases slowly from 1800 to 
0900 LST. The cirrostratus clouds show a maximum 
at 1900 LST, which corresponds to about 2 hours after 
the maximum of the OHCs. The cirrostratus clouds 
are likely associated with the peripheries of deep con-
vective cloud, when the anvil grows over time. Previ-
ous studies have shown that the presence of spreading 
cirrus clouds generated from deep convection is the 
characteristic in mature and dissipation stages of 
deep convective system. The area covered by cirrus 
grows in the mature stage of deep convective system, 
for 1 – 2 hours after the surface convective rainfall 
began to weaken. The diurnal cycle of the cirrus cloud 
fraction is similar in shape to those of cirrostratus 
clouds, but there is a time lag of 2 – 3 hours. Over 
coasts, cirrostratus and cirrus clouds are spreading at 
around 1900 and 2100 LSTs, respectively (Fig. 11c), 
and it seems that these clouds are mostly associated 
with the deep convective clouds formed over land. 
The diurnal cycle of the OHC is less pronounced over 
coasts than over land. Although the areal fraction of 
OHC is generally small (less than 7 %), a wide peak is 
seen from 0300 to 0800 LST. Over ocean, the diurnal 
cycles of every cloud type seem to be less pronounced 
than those over land. Coverage of cirrostratus clouds 
shows a maximum at about 1900 LST. These results 
seem to exhibit the typical diurnal cycle of the cloud 
system in this region, despite the short analysis period 
of only eight days.

Previous studies have examined the temporal 
evolution of the convective cloud from the change in 
the brightness temperature in the 11-µm band or the 
occurrence frequency of pixels whose brightness tem-
perature is lower than a threshold (Chen and Houze 
1997; Yang and Slingo 2001). Similarly, we examine 
the brightness temperature at the AHI band 13 (10.5 
µm) over the study area for the eight days from Jan-
uary 12 to 19, 2016. Figures 11b, 11d, and 11f show 
the cumulative distribution functions of the brightness 
temperature every 10 minutes for land, coasts, and 
ocean, respectively. The occurrence fractions of the 
brightness temperature below 213, 233, 253, 273, 
and 293 K are shown on the vertical axis. Very low 
brightness temperature is considered to be associated 
with an opaque cold cloud. Indeed, the variation in the 
cloud amount of OHC (Figs. 11a, c, e) is very similar 

to the change in the occurrence of brightness tempera-
ture less than 233 K. However, when the brightness 
temperature is moderately low, a variety of cloud 
types may be present. For example, the occurrence 
of brightness temperature in the range of 233 – 253 or 
253 – 273 K does not correspond to a variation of any 
particular cloud type. As shown by Inoue et al. (2006), 
the use of higher threshold for TIR window measure-
ment results in the inclusion of optically thicker cirrus 
cloud rather than cumulonimbus cloud. Analysis using 
only the variations in brightness temperature may not 
be sufficient to capture the temporal variation of a 
cloud type other than deep convective cloud (OHCs). 
By using the retrieved properties of the clouds, an ac-
curate identification of various cloud types is possible, 
thus the temporal evolution of these clouds can be 
investigated more thoroughly.

5.  Conclusions

The method to estimate macroscopic, microphys-
ical and optical properties of clouds from infrared 
measurement data was applied to the measurements 
from AHI onboard the Himawari-8 satellite. The high 
spatial resolution and multichannel measurements 
by Himawari-8 are used to estimate various cloud 
properties with high accuracy using our OE algorithm 
known as the ICAS. For application to AHI, the mea-
surement–model error covariance matrix used in the 
inversion algorithm is computed based on the compar-
ison of clear-sky data over ocean between observation 
data and model calculations. From a sensitivity test, 
we demonstrated that the CTH can be estimated 
accurately by using the 13.3-µm CO2 band available 
in the AHI. The retrieved CTH, COT, and CER were 
verified by comparison with active remote sensing 
products from DARDAR. The cloud properties are 
fairly accurate in single-layer cloud cases. In multi-
layer cloud cases when an optically thin high-level 
cloud overlies a lower cloud layer, the estimated CTH 
is located between the heights of the two cloud layers, 
depending on the optical thickness of the uppermost 
layer. The presence of multilayered clouds can result 
in large CTH errors. Future improvement on the 
analysis of multilayer clouds is a high priority task. 
CTH estimation for lower-level clouds, particularly in 
marine environments where stratocumulus dominates, 
is also uncertain when there is a temperature inversion 
layer near the cloud top. Since the current algorithm 
assumes a homogeneous cloud, sensitivity is low 
when the cloud is optically thick (COT > 5); the COT 
may be underestimated for high COT. Estimation of 
the cloud properties including CTH, COT and CER is 
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biased when vertical inhomogeneity is present in the 
cloud layer. Improvement of CER retrieval accuracy 
is expected by incorporating vertical inhomogeneity 
into the cloud model used in the inversion process. 
As shown in this study, there are multiple possible 
methods to compare cloud-column-mean CER based 
on active sensor measurements (such as DARDAR) 
with or without considering the sensitivity of infra-
red measurements. There is no consensus yet in the 
community on the best method for comparison with 
active remote sensing, making the comparison should 
be addressed with more attention in the future. Com-
parison between different cloud products should be 
done continuously as it holds a great importance for 
understanding the advantages and limitations of each 
product.

As an application example, we analyzed data for 
eight full days from January 12 to 19, 2016 to inves-
tigate the diurnal cycle of the cloud system over the 
New Guinea region. Our cloud analysis permits the 
study on the cloud evolution of multiple cloud types. 
Over land, high clouds are at a minimum around noon, 
middle clouds increase from 900 to 1200 LST, and 
deep convective clouds develop rapidly in the after-
noon (during 1200 – 1700 LST), with a subsequent in-
crease in upper clouds such as cirrus clouds. Over the 
coastal areas, the peak of cirrostratus and cirrus clouds 
from the land-originated deep convection appears to 
spread in the late afternoon (1800 – 2400 LST), and a 
broad peak of convective cloud fraction is seen in the 
early morning. These features are consistent with typ-
ical diurnal cycle of cloud systems in a tropical area. 
The present study demonstrates the feasibility of using 
Himawari-8 for studies on the cloud system evolution 
with high temporal resolution. Achieving an advanced 
understanding on the physics and dynamics of the 
diurnal and life cycles of the cloud–precipitation 
systems will be more convenient on account of the 
measurement data by Himawari-8, which is available 
every 10 minutes for the full disk area.
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