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Abstract
We have been performing radiative budget measurements at a 

ground-based observatory located on Fukue Island. In this study, 
we analyzed the data from instruments installed in the observatory 
and the data observed by MODIS, the satellite-borne imager, to 
evaluate cirrus cloud radiative forcing (CRF). The result shows 
that CRF took a large positive value as 127.98 W m−2 at the top of 
the atmosphere (TOA) and a small positive value as 13.2 W m−2 at 
the surface. As a result, it was found that optically very thin cirrus 
clouds exert a strong warming effect on the Earth’s system and a 
weak warming effect on the Earth’s surface when aerosols are not 
taken into account.

1. Introduction

Cirrus clouds play an important role in the radiative forcing 
on the Earth’s climate (Liou 1986; Schlimme et al. 2005). Cirrus 
clouds affect climate in two opposite ways such as reflecting sun-
light, i.e., the albedo effect, and absorbing terrestrial radiation, i.e. 
the greenhouse effect. The balance between these two processes 
determines the net impact of cirrus clouds. Therefore, CRF is a 
very important parameter to quantify the impact of cirrus clouds 
(Chen et al. 2000; Chylek and Wong 1998). The net CRF at TOA 
in the Indian Ocean region was studied using ERBE satellite data 
and was found to be strongly affected by the high cloud amount, 
but to weakly depend on the changes in low or middle clouds (Pai 
and Rajeevan 1998). Therefore, to understand the climate system 
the role of cirrus clouds has to be comprehended, though this task 
is not easy to manage because we need observation from both the 
ground and aircrafts or satellites to fully depict radiative budget 
change in all altitudes. 

In this paper, we reconstructed a radiative field observed at 
the Fukue Observatory and evaluated the CRF caused by cirrus 
clouds.

2. Data source and radiative transfer model

We have observed several radiative properties at the observa-
tory located on Fukue Island as illustrated in Fig. 1 (referred to as 
the Fukue site hereafter). In this study, we used ground-based data 
obtained from a Kip & Zonen CM21 pyranometer, a Kip & Zonen 
CG4 pyrgeometer, and a RPG microwave radiometer. The lidar 
data was provided by the NIES (the National Institute for Envi-
ronmental Studies). This lidar system was developed by the NIES 
with wavelengths of 532 nm and 1,064 nm and with a depolariza-

tion measurement capability at 532 nm. The all-sky photographs 
were taken by a PREDE Sky View camera.

Besides the ground-based data, we used data, derived from 
satellite observation by the Moderate Resolution Imaging Spec-
troradiometer (MODIS), such as cloud optical thickness (COT), 
cloud effective radius (RE), aerosol optical thickness (AOT), 
and Ångström parameter (ANG). COT and RE were derived 
from a solar reflective method for water clouds, named the Com-
prehensive Analysis Program for Cloud Optical Measurements 
(CAPCOM) (Nakajima and Nakajima 1995; Kawamoto et al. 
2001). The aerosol parameters, AOT and ANG, were retrieved 
with the two-channel aerosol retrieval algorithm (Higurashi and 
Nakajima 1999; Higurashi et al. 2000).

We used the FSTAR code of OpenCLASTR for radiative 
flux calculation (Nakajima and Tanaka 1986, 1988) with the 
LOWTRN-7 gas absorption model (Kneizys et al. 1988). The 
look-up tables were used for MODIS data retrievals of the cloud 
parameters and the aerosol parameters were also constructed using 
OpenCLASTR RSTAR code.

3. Observed parameters at the Fukue observatory

Figure 1 shows a visible composite of MODIS data obtained 
at around 10:30 a.m. JST on April 16, 2004, in which the Fukue 
site (encircled) is almost covered by the optically thin cloud. 
Therefore, we were able to derive both the cloud and aerosol 
microphysical parameters near the Fukue site from MODIS data 
analysis and simultaneously compare the ground-based observa-
tion data. The photograph of the entire sky above the Fukue site 
is shown in Fig. 2, which also consistently indicates existence 
of the cirrus above the Fukue site. The horizontal distribution of 
AOT and ANG derived from MODIS data are shown in Fig. 3, 
from which we obtained AOT and ANG values as 0.55 and 0.7 
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Fig. 1. A visible composite scene from MODIS data over the Fukue site as 
encircled. The cirrus edge covers the site.
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then we obtained REpseudo = 20.5 µm. The actual size of the ice 
particle, REice, is larger than REpseudo and smaller than RE (= 26 
µm) because the larger scattering efficiency factor of ice particles 
reduces the value of LWP, from the microwave radiometer. The 
smaller reflectivity also increases the value of RE derived from 
MODIS with the reflection method, e.g., a 10 percent reduction 
of reflectance in near infrared causes an RE increase of about 50 
percent for each 20 µm particle. Therefore, we assumed REice as 
24 µm for flux calculations. This assumption will not cause a large 
error because differences among satellite and ground-based esti-
mates are within 20 percent of 24 µm.

above the Fukue site, respectively. Figure 3 also shows the opti-
cally equivalent aerosol types from MODIS data, in which four 
colors—red, yellow, green, and blue—express soil dust, carbona-
ceous, sulfate, and sea salt aerosols, respectively. Sulfate aerosol 
is seen around the Fukue site in the figure.

We obtained the sum value of the optical thickness of clouds 
and aerosols (CAOT) and RE at the Fukue site as 3.88 and 26 
µm, respectively, though they are not shown in the figures. Here, 
we have to note that the algorithm used for this cloud analysis 
was the algorithm for water clouds (CAPCOM). Figure 4 shows 
NIES lidar data of lidar intensity at 532 nm, depolarization ratio 
at 532 nm, and intensity ratio between 1064 nm and 532 nm, from 
which we recognized the top and bottom height of cirrus are 10 
km and 8 km, respectively. The figure also shows existence of an 
aerosol layer below the height of 3 km over the Fukue site. Large 
depolarization ratio suggests this aerosol layer is composed of 
non-spherical dust aerosol. The dust aerosol layer is covered and 
mixed by a small and spherical aerosol layer, but we were not able 
to discriminate the species of this spherical aerosol. Analysis of 
the lidar data with forward calculation is shown in Fig. 5 (Shimizu 
A. et al. 2004; Nishizawa et al. 2007). Observed radiative fluxes at 
the Fukue site are shown in Table 1, i.e., the shortwave flux from 
the pyranometer was 832.7 W m−2 and the longwave flux from 
the pyrgeometer was 297.1 W m−2. We also summarized obtained 
parameters of the cloud and aerosol in Table 1. There are several 
inconsistencies between the data from the satellite and the ground-
based measurements. AOT value of 0.55 observed by MODIS is 
larger than 0.23, the total amount of AOT for dust and spherical 
types observed by the lidar. Figure 4 suggests that optically thin 
cirrus contaminated satellite retrievals in the region close to Fukue 
site. ANG was also contaminated by cirrus and therefore estimated 
to be a smaller value.

On the other hand, the MODIS AOT value of about 0.35 in 
the region off Fukue Island toward North is considered to be a cir-
rus free value and is more consistent with the lidar value. CAOT 
value from MODIS is the sum of COT of the cirrus and AOT of 
both dust and spherical aerosols so that the value of 3.88 should 
be regarded as the total optical thickness at the Fukue site. 

If we subtract AOT = 0.23 from the lidar, we have a cirrus 
optical thickness of 3.65. The liquid water path (LWP) can be re-
trieved by a microwave radiometer as 50 g m−2 at the Fukue site. 
It is, however, difficult to estimate the ice water path (IWP) in the 
case of cirrus because the scattering efficiency factor depends on 
the shape and orientation of ice particles, and usually it is larger 
than that of a water cloud.

In this study, we assume the ice particle of the cirrus as spheri-
cal and as having the same scattering efficiency factor as that of 
the water particle. The pseudo water particle size, REpseudo can be 
calculated by

Fig. 2. An all-sky view from the Fukue site shot at almost the same time as 
when MODIS crossed over. The Fukue site was covered by the edge of the 
cirrus at 10:30 a.m. JST on April 16, 2004.

Fig. 3. Aerosol parameters derived from MODIS: AOT (top), ANG (mid-
dle), and aerosol type (bottom). Aerosol types of soil dust, carbonaceous, 
sulfate, and sea salt are indicated in red, yellow, green, and blue, respec-
tively. The red arrow points at the Fukue site.
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4. Flux calculations

We tried to reproduce the fluxes, 832.7 W m−2 and 297.1 W m−2, 
obtained by the pyranometer and the pyrgeometer on the ground, 
respectively, with the other observed data as listed in Table 1 us-
ing the FSTAR code. In the first calculation, we assumed COTcirrus 
= 3.65 and REcirrus = 24 µm, and calculated a total cloudy case. We 
also assumed a two-component aerosol mixture of non-spherical 
Asian sand particles (yellow sand model of FSTAR) with AOT = 
0.126 and spherical sulfate aerosol with AOT = 0.107.

Then, we obtained a smaller shortwave flux (787.0 W m−2) and 
a larger longwave flux (308.0 W m−2). This type of discrepancy 
can be caused by overestimation of COTcirrus. Hence, we reduced 
COTcirrus from 3.65 to 2.01, which resulted in shortwave and long-
wave fluxes of 832.6 and 300.4, respectively, which are very close 
to the observed values on the ground.

The calculation described above indicates that there exists an 
inconsistency between MODIS-derived COT and radiative fluxes 
observed on the ground. We are not able to identify the cause of 
this error, but there must be several causes, such as cloud inhomo-
geneity in the horizontal distribution of COT and errors caused by 
the shape and/or the orientation of ice crystals. The radiative prop-
erties of cirrus depend on the shapes and sizes of ice crystals, such 
that the cirrus cloud albedo varies largely according to its shape 
when the total volume is the same.

Fig. 4. Lidar observation at Fukue site. Backscattering lidar intensity at 
532 nm, depolarization ratio at 532 nm, and intensity ratio between 1064 
nm and 532 nm are shown in top, middle, and bottom panels, respectively. 
Arrows indicate the crossing time of MODIS over the Fukue site.

Fig. 5. Extinction coefficient profiles derived from the Lidar data. Dashes 
and solid lines indicate the extinction coefficient of dust and spherical 
aerosols, respectively.

Fig. 6. Calculated Cirrus Cloud Radiative Forcing including the aerosol in 
the lower atmosphere. Green, red, and blue lines show net CRF, longwave 
CRF, and shortwave CRF, respectively. The solid lines show cases of COT 
= 2.01, and the dashed lines show cases of COT = 3.65.

Table 1. Summary of Data for Flux Calculations.

Parameters Values unit

RE from MODIS
RE from Microwave Radiometer
COT from MODIS
AOT from MODIS
AOT (dust) form Lidar
AOT (sphere) form Lidar
ANG from MODIS
Pyranometer
Pyrgeometer
LWP from Microwave Radiometer
IWV from Microwave Radiometer
Cloud Top Temperature form MODIS
Cloud Top Height from Lidar
Cloud Bottom Height from Lidar
Surface Temperature
Aerosol Species from MODIS

26
20.5

3.88 (3.65)(2.01)
0.55 (0.35)

0.1263
0.1068

0.7 (larger)
832.7
297.1

50
8.8
220
10
8

293.5
Sulfate

µm
µm

W m−2

W m−2

g m−2

kg m−2

K
km
km
K
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Figure 6 shows calculated cirrus CRF profiles assuming COT 
= 2.01 at the time of MODIS crossing over the Fukue site, where 
the green, red, and blue lines show the total CRF, the shortwave 
CRF, and the longwave CRF, respectively. Figure 7 shows the 
same as Fig. 6, but without aerosol in the lower part of the atmo-
sphere. We can see that the cirrus exerts a strong warming effect 
on the Earth’s system and a weak warming effect on the ground. 
In this case, aerosols exert a weak cooling effect. Mace et al. (2006) 
also found that thin high clouds (base > 6.5 km, τ < 5) resulted in 
warming 25 W m−2 at TOA during 2000.

In Fig. 7, the shortwave CRF indicates a weak reflection of 9.0 
W m−2 by cirrus clouds, while the longwave CRF indicates strong 
absorption of 155.1 W m−2. The largest net CRF is about 140 
W m−2 at an altitude of 11 km, heating the upper atmosphere sig-
nificantly. Its effect extends down to the ground surface level. We 
have the net CRF of 127.98 W m−2 and 13.2 W m−2 at TOA and 
at the surface, respectively. In another calculation of the CRF in 
Fig. 6 with the aerosol layer in the lower atmosphere, we had the 
net CRF of 118.98 W m−2 at TOA and −12.0 W m−2 on the surface, 
respectively.

5. Conclusion

The calculated cirrus CRF indicates that optically thin cirrus 
can impact the Earth’s climate warming the atmosphere, especial-
ly at high altitudes. This large positive forcing will be significantly 
reduced when the satellite value of COT = 3.65 is adopted. This 
fact clearly suggests that a synergetic use of satellite and surface 
measurements of pyranometer, pyrgeometer, and lidar is very 
important when confirming that the satellite COT and RE are con-
sistent with the surface-observed radiative flux, hence the validity 
of CRF derived from satellite-only measurement. It is, therefore, 
very important to advance collocation of the surface radiative flux 
network, such as the BSRN, lidar network, and SKYNET, which 
uses these two instruments (Nakajima et al. 2007).
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Fig. 7. Same as Fig. 6 but in the case of COT = 2.01 and without aerosol in 
lower part of the atmosphere.


