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Abstract— Two methods of cloud masking tuned to tropical 

conditions have been developed, based on spectral analysis and 

Principal Components Analysis (PCA) of Moderate Resolution 

Imaging Spectroradiometer (MODIS) data. In the spectral 

approach, thresholds were applied to four reflective bands (1, 2, 

3, and 4), three thermal bands (29, 31 and 32), the band 2/band 1 

ratio, and the difference between band 29 and 31 in order to 

detect clouds. The PCA approach applied a threshold to the first 

principal component derived from the seven quantities used for 

spectral analysis. Cloud detections were compared with the 

standard MODIS cloud mask, and their accuracy was assessed 

using reference images and geographical information on the 

study area.  
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I. INTRODUCTION 

Typically, 50% of the Earth’s surface is covered by clouds 
at any given time, where a cloud is defined as a visible mass of 
condensed water droplets or ice crystals suspended in the 
atmosphere above the Earth's surface. In remote sensing, 
clouds are generally characterized by higher reflectance and 
lower temperature than the background. A thick opaque cloud 
blocks almost all information from the surface or near surface, 
while a thin cloud has some physical characteristics similar to 
other atmospheric constituents. Misinterpretation of clouds 
may result in inaccuracy of various remote sensing 
applications, ranging from land cover classification to retrieval 
of atmospheric constituents (e.g. in air pollution studies).  

Several cloud detection and masking studies have been 
reported in the literature. However, most of these algorithms 
were designed for a global scale [1-2], and little effort has been 
devoted to optimising regional methods. Some regional cloud 
masking algorithms have been designed for high, low and mid 
latitude regions, and these customised cloud masking 
algorithms tend to work best for such regions [3-4]. Little 
serious effort has been applied to the equatorial regions, 
especially South-east Asia [5-6]. This study considers this issue 
for the particular case of Malaysia. It uses MODIS Terra data 
to examine the spectral behaviour of cloud, identify effective 
MODIS bands for cloud detection and determine suitable cloud 
detection and masking methods in this region. 

II. MATERIALS AND METHODS 

This study is based on the MOD021KM product from 
MODIS Terra. A major advantage of MODIS is its wide range 
of spectral bands, with 36 spectral bands covering the visible, 
near infrared and thermal infrared wavelengths. In addition, 
MODIS, with its swath width of 2330 km, is capable of 
recording every point on the Earth at least once every two days 
and has an equatorial crossing time of 10:30 a.m. local time. 
Thus, it can cover the whole study area (Peninsular Malaysia) 
in a single day pass with a high frequency of revisit. 
MOD021KM contains data in the form of: (1) radiance (Wm

-

2µm
-1

sr
-1

) for reflective bands; (2) radiances (Wm
-2µm

-1
sr

-1
) for 

emissive bands; and (3) reflectance (dimensionless) for 
reflective bands. Peninsular Malaysia is located within 6

o
47’ N, 

88
o
25’ E (upper left), and 1

o
21’ N, 106

o
20’ E (lower right) as 

shown in Figure 1. The haze-free data used in this study is 
within the South-east Monsoon season dated 30

th
 January 2004. 

Visual analysis was carried out on individual bands and on 
band combinations (i.e. three bands displayed simultaneously 
in the red, green and blue channels) prior to further processing. 
Cloud appears brighter than the surrounding background in the 
visible spectral region, while it appears darker in the thermal 
spectral region because of its low cloud-top temperature. This 
guided the development of cloud detection methods based on 
spectral analysis; principal component analysis (PCA) was also 
assessed. The results were then compared with the standard 
MODIS cloud mask. 

 

 

Fig. 1.  Map of Peninsular Malaysia. 
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A. Spectral Analysis 

Cloud detection was carried out using tests based on 
reflective bands, ratios of reflective bands, thermal bands and 
differences of thermal bands. 

1) Cloud detection using reflective bands 
The selection of the reflective bands for cloud detection 

was based on their spectral response to cloud, their separability 
efficiency (the capability of discriminating cloud and other 
features based on means) and their data quality. The spectral 
response to cloud and separability efficiency are interrelated as 
they provide information on the contrast between clouds and 
other features [2, 7]. Band data quality refers to the radiometric 
aspects of the data recorded by the bands. From these selection 
criteria, bands 1-4 were found to be the most useful for our 
purpose. An outcome from the separability analysis for the 
selected MODIS bands is shown in Figure 2 - cloud exhibits 
much higher reflectance than land for bands 1-4; therefore has 
a high capability of discriminating cloud and land compared to 
bands 5-7. 

 

Fig. 2.  Plot of mean reflectance versus selected MODIS reflective bands 

dated 30 January 2004 

For each band, visual discrimination of clouds allowed the 
histogram of their reflectance values to be determined. A 
preliminary threshold to separate cloud from land and ocean 
features was determined based on the minimum reflectance 
value of the cloud histogram. The cloud, land and ocean 
histograms for band 2 are shown in Figure 3. In the 
corresponding image, pixels with reflectance larger than the 
threshold were labelled as cloud and masked in red; the cloud 
threshold is 0.36. This analysis was repeated for band 1 (0.31), 
band 3 (0.35) and band 4 (0.32). 

 

  
Fig. 3.  Histogram of cloud, land and ocean reflectance values and the 

corresponding cloud mask (masked in red). 

For clouds, the band 1/band 2 ratio tends to be close to 
unity [2], and applying a pair of thresholds to this ratio is a 
widely used method of detecting clouds [7-8]. Based on 
histograms of this ratio for cloud, land and ocean pixels, 
determination of a suitable threshold and generation of the 
cloud mask were carried out as in the previous section. It was 
found that cloud pixels have reflectance ratio values from 0.87 
to 1.34. 

2) Cloud detection using thermal bands 
Detection of clouds using satellite thermal infrared 

measurements has been used as a gross cloud check in the past 
[3, 8]. It has been shown to perform well at equatorial latitudes 
because of the low average variation of air temperature [5] and 
of the fact that there are few high altitude areas in these regions 
[6]. The cloud threshold and cloud mask were determined after 
converting the radiance data to brightness temperature for all 
16 thermal bands (band 20 to 25 and band 27 to 36) using: 

 









−
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−
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      (1) 

where: L = radiance (Wm-2µm-1sr-1)  

    h = Planck's constant (Js) = 6.626 x 10
-34

 Js 

    c = speed of light in vacuum (ms-1) = 3 x 10
8
 ms-1 

    k = Boltzmann gas constant (JK
-1

) = 1.381 × 10
-23

 JK
-1

 

    λ = band or detector centre wavelength (µm)  

    T = brightness temperature (K) 

 

B. Principal Component Analysis 

PCA is a technique that transforms an original set of 
correlated variables into a set of uncorrelated variables called 
principal components (PCs). It can simplify multivariate data 
by reducing its dimensionality and bringing out hidden features 
in the original datasets [9]. It makes use of statistical quantities 
known as eigenvectors which are derived from the covariance 
matrix of the original datasets. Each PC is a linear combination 
of the original variables (typically in remote sensing, spectral 
bands). The PCs are ordered by the amount of variance they 
explain in the data, with successive PCs having progressively 
lower variation [10].  

PCA was carried out using the seven bands selected for 
spectral analysis, namely bands 1-4 from the reflective bands 
and 29, 31 and 32 from the thermal bands. For simplicity, these 
are kept as radiances [10]. Seven PCs (PC1-7) were then 
generated from the covariance matrix. These PCs store 
information as transformed radiance or PCA brightness 
(dimensionless) which can be either positive or negative. It was 
found that the difference between cloud and land was biggest in 
PC1 and very small in other PCs (Figure 4); hence PC1 was 
preferred for cloud detection. The cloud thresholds and cloud 
masks were then determined by analysing the histograms of 
PC1. 
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Fig. 4.  Histogram of cloud, land and ocean reflectance values and the 

corresponding cloud mask (marked in red). 

III. EXPERIMENTS AND RESULTS 

The thresholds applied to bands 1-4, 29, 31, 32, the band 
1/band 2 ratio, the brightness temperature difference band 29 – 
band 31 and the first principal component (PC1) are shown in 
Table I. A pixel was labelled as cloudy if it was identified as 
cloud by at least one of these tests.  

IV. ACCURACY ASSESSMENT 

The standard MODIS algorithms for detecting daytime 
cloud over land involves bands 1, 26, 27, 35, the ratio of band 2 
and 1, the ratio of band 18 and 2, the difference of band 29 and 
31, the difference of band 31 and 32, the difference of band 22 
and 31 and the difference of band 20 and 22 [2]. 

TABLE I.  SUMMARY OF CLOUD MASKING TESTS USED  

Group Test Cloud threshold 

RBand2(R0.865)  

RBand1(R0.659)  

RBand4(R0.555)  
RBand3(R0.470)  

RCloud ≥ 0.36 

RCloud ≥ 0.31 

RCloud ≥ 0.32 

RCloud ≥ 0.35 

RBand2(R0.865)/RBand1(R0.659) 0.87 ≤ BTCloud < 1.34 

BTBand31(BT11.030)  

BTBand32(BT12.020) 
BTBand29 (BT8.550)  

BTCloud ≤ 259   

BTCloud ≤ 257  

BTCloud ≤ 260  

S
p

ec
tr

al
  

A
n

al
y

si
s 

BTBand29(BT8.550) – BTBand31(BT11.030) BTCloud ≥ 2.5  

P
C

A
  

 PCA applied to bands 1- 4, 29, 31 

and 32 to produce PC1 
PCA brightness ≥ -90 

 

 
Sea could be masked out by making use of the MODIS 

land-water mask [13], so the following analysis is for the land 
areas only. The results of the spectral analysis were compared 
with those from the standard MODIS algorithm by categorising 
pixels into four types: (1) detected as cloud by both 
approaches; (2) detected as cloud by the spectral analysis but 
noncloud by the MODIS standard cloud mask; (3) detected as 
cloud by the standard MODIS cloud mask but noncloud by the 
spectral analysis; and (4) not detected as cloud by both. The 
results are summarised in Table II. 20.8% of the pixels over 
land were detected as cloud and 69.1% as noncloud pixels by 
both the spectral analysis and the MODIS cloud mask. Results 
are also depicted in Figure 5. 9.5% of the pixels were detected 
as cloud by the spectral analysis but noncloud by the MODIS 
cloud mask, while 0.6% were detected as noncloud by the 

spectral analysis but cloud by the MODIS cloud mask. The 
outcomes of the PCA were compared with those from the 
standard MODIS algorithm in a similar way, with results 
summarised in Table III. 19.8 % of the pixels over land were 
detected as cloud and 71.9 % as noncloud pixels by both the 
PCA and the MODIS cloud mask, as shown in Figure 6. By 
comparing both methods, more cloud pixels were detected by 
the spectral analysis than the PCA. It was also found that the 
spectral analysis detected more cloud pixels than the MODIS 
cloud mask. 

Objective methods for assessing the accuracy of the 
analyses are not available, so we have based our assessment of 
the different methods on visual inspection of reference images 
containing sparse cloud patches (an example is shown in Figure 
7a; bands 1, 2 and 3 displayed in channels red, green and blue 
respectively). It was found that in most places, the spectral 
analysis (shown in Figure 7c) is capable of detecting more 
cloud than the standard MODIS cloud mask (shown in Figure 
7b) and yields a better match to the reference image. This is 
easily seen in the blue rectangle in Figure 7, where the clearly 
visible cloud cover is detected by the spectral analysis but 
missed by the MODIS cloud mask. This area consists of a 
mountainous range known as the Kledang Range, where 
conditions are suitable for the development of stratus and 
lenticular cloud. When the mountain is warmer than the 
surrounding air, cumulonimbus and cumulus clouds also tend 
to form.  

Subsequently, we compared our analysis with a cloud mask 
produced using a supervised classification algorithm 
(maximum likelihood). Training pixels were obtained by 
manually delineating cloud and cloud free polygons within the 
scene [14]. Undeniably, this cloud mask cannot be considered 
as a reference cloud mask per se, since it does not necessarily 
possess a better precision than our cloud mask and its accuracy 
is unknown. However the level of agreement of two cloud 
masks created with different approaches provides valuable 
information about the performance of both cloud masks. The 
agreement between both cloud masks was described by a 
confusion matrix (for cloud and non cloud), in which 
classification accuracy and kappa coefficient were used as 
performance indicator [15]. The spectral analysis produced 
classification accuracy of 98% with kappa coefficient 0.95, 
whereas the MODIS cloud mask yielded classification 
accuracy of 87% with kappa coefficient of 0.75. Hence, the 
spectral analysis is seen to perform better than the MODIS 
cloud mask. 

V. DISCUSSION 

The high level of agreement (89.9%) between the spectral 
analysis and the standard MODIS cloud mask was expected, as 
both use similar spectral approaches and they share tests based 
on the band 2/band 1 ratio. Band 1 provides good contrast 
between cloud and land, since land surfaces are less reflective 

below 0.72 µm; it has also proved effective in detecting low 
clouds [2]. The band 2/band 1 ratio is useful since cloud has 
similar reflectance properties in both bands and its presence 
can be indicated by a ratio close to unity. 
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The spectral analysis and the MODIS cloud mask disagree 
on 10.1% of the pixels because of differences between the 
individual tests used in both methods and how they are 
combined. Consequently, they tend to be sensitive to different 
types of clouds. Unlike the spectral analysis, the MODIS cloud 
mask does not use band 2 to 4 (for low cloud) and band 29 to 
32 (for high cloud), which has a high separability between 
cloud and noncloud features, thus tend to miss certain types of 
clouds. 

TABLE II.  CONFUSION MATRIX OF MODIS CLOUD MASK AND SPECTRAL 

ANALYSIS 

 Spectral Analysis (%) 

 Cloud Non cloud Total 

Cloud  20.8  0.6  21.4 

M
O

D
IS

 

C
lo

u
d
 

M
a
sk

 

(%
) 

Non cloud  9.5  69.1  78.6 

 Total  30.3  69.7  100 

 

 

 No Data  

Water body  

Detected as cloud by both spectral/PCA mask and MODIS Cloud Mask  

Detected as cloud by spectral/PCA mask but not cloud by MODIS Cloud Mask  

Detected as cloud by MODIS Cloud Mask but not cloud by spectral/PCA mask  

Not detected as cloud in both spectral/PCA mask and MODIS Cloud Mask  

 
 

Fig. 5.  Comparison between cloud cover detected by the standard MODIS 

cloud mask and by the spectral analysis. 

 

TABLE III.  CONFUSION MATRIX OF MODIS CLOUD MASK AND PCA 

 PCA (%) 

 Cloud Non cloud Total 

Cloud 19.8 1.6 21.4 

M
O

D
IS

 

C
lo

u
d

 

M
as

k
 

(%
) 

Non cloud 6.7 71.9 78.6 

 Total 26.5 73.5 100 

 

Fig. 6.  Comparison between clouds detected by the standard MODIS 

cloud mask and the PCA. 

 

 

   
(a)  (b) (c) 

Fig. 7.  Reference image (a), the MODIS cloud mask (b) and the mask 

derived from the spectral analysis (c). Cloud is indicated by bright areas in (a) 
and red areas in (b) and (c). 

The MODIS cloud mask is designed for global applications, 
and hence contains features that are irrelevant in tropical 
latitudes (e.g., tests to distinguish cloud from snow cover). 
Thus it may not be well suited to such regions, with their 
special geographical (location and topography), weather 
(atmospheric water vapor and aerosol concentrations) and 
radiative transfer conditions (variable path length, emissivity 
and reflectance) [11-12]. Consequently, the optimal spectral 
thresholds for tropical areas do not necessarily serve for other 
latitudes [5].  

Despite the quite different approach used in the PCA, 
surprisingly good agreement (91.7%) with the MODIS cloud 
mask was found. This indicates that cloud and noncloud have 
distinct signatures that emerge in the statistical data-based 
approach of PCA, as well as in the rule-based approach of the 
spectral analysis. Further work is needed to investigate the 
weightings of the channels in the PCA analysis, and to compare 
them with how information is exploited in the spectral rule-
based approach.  

The comparison of the spectral analysis and PCA with the 
standard MODIS cloud mask shows that the spectral analysis is 
more reliable when assessed against reference images. The 
spectral analysis is simpler than the MODIS cloud mask 
because contains fewer tests, yet gives a higher agreement 
when compared against the mask produced using a supervised 
classification algorithm. 

VI. CONCLUSION 

A spectral analysis based on histogram analysis to set 
thresholds for detection of clouds is found to be more suitable 
for tropical conditions than the global MODIS cloud mask, due 
its implicit allowance for local conditions. Cloud detection by 
the use of the PCA indicates that cloud regions have distinct 
statistical signatures, but the spectral analysis is more reliable. 
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