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Abstract 
 
This thesis tests a technique based on objectively identified tropical cloud regimes, in 
which some cloud characteristics are extrapolated from a single site in the tropics to 
the entire tropics. Information on cloud top pressure, cloud optical thickness and 
total cloud cover from 1985-2000 has been derived from the ISCCP D1 data set and 
has been used to create maps of tropical cloud regimes and maps of total cloud cover 
over the tropics. The distribution and characteristics of the tropical cloud regimes has 
been discussed after which total cloud cover values were extrapolated to the cloud 
regimes over the tropics. After a qualitative and quantitative assessment was used to 
evaluate the success of the extrapolating method, it was found that the method 
worked especially well for time averaged extrapolated data sets using the median 
values of total cloud cover values.  
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Sammanfattning 

 
I detta magisterexamensarbete testas en metod som baseras på objektivt framtagna 
molnregimer, där några molnegenskaper extrapoleras från en plats i tropikerna till 
resten av tropikerna. Informationen om molntoppstrycket, molnens optiska djup och 
det totala molntäcket från 1985-2000 har hämtats från ISCCP D1 data set och har 
använts till att skapa kartor för tropiska molnregimer och för det totala molntäcket 
över tropikerna. Distributionen och egenskaperna av de tropiska molnregimerna har 
diskuterats och användes sedan för att extrapolera det totala molntäcket över 
tropikerna. En kvalitativ och kvantitativ undersökning användes för att utvärdera 
framgångarna med extrapoleringsmetoden. Det framkom att metoden fungerade 
särskilt bra för extrapolerade data set med median totala molntäcksvärden över 
längre tidsperioder. 
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Chapter 1 
 
Introduction 
 
Clouds and weather have fascinated us since the dawn of man. Their awesome 
magnificence and spectacular power has frightened and inspired countless people 
through the ages. They have often been depicted as acts of higher beings by cultures 
across the globe. As time has evolved, the importance of clouds, weather and climate 
to our day-to-day life, our past and future, has been recognized.    
 
The different climates on the earth are cornerstones to whom and what living 
organisms thrive in that climate. Therefore gaining knowledge about the 
mechanisms and sensitivities of the climate systems should be of essence to society. 
A major driving force for the distribution of climate over the earth is the global 
circulation. The global circulation is responsible for transporting, amongst other 
things, momentum, water vapor and heat. The location of the major driving force of 
the global circulation is in the tropics. This thesis will concentrate on tropical clouds 
and their variability as well as trying to find a way of determining some of their 
characteristics. 
 
1.1 Brief overview of the tropics 
 
The sun is always in zenith somewhere between the Tropics of Capricorn and 
Cancer. This leads to the tropics receiving large doses of incoming solar radiation, 
keeping the tropics constantly warm. This warmth creates a zone of thermal low 
pressure often centered over ‘hot spots’ called ‘heat lows’. The Monsoon Trough, 
known for the remainder of the thesis as the Intertropical Convergence Zone (ITCZ), 
generally lies near the warmest areas of the tropics. In the vicinity of ITCZ is a region 
of convergence and convection. Within this convergence zone convective clouds are 
abundant. (Riehl, 1954) 
 
The ITCZ is essentially the source of the global circulation and is often referred to as 
the global heat engine. The Southern Pacific Convergence Zone (SPCZ) is also 
another important convergence zone that arises through the converging wind fields 
in the Southern Pacific. One region in particular is very important climatically, the 
Tropical Warm Pool (TWP). The TWP is the warm waters of the tropical eastern 
Indian Ocean, the tropical western Pacific Ocean and the Indonesian archipelago. 
Very warm Sea Surface Temperatures (SST), frequent heavy rainfall and strong 
atmospheric heating characterize the TWP region. The heating from this area plays a 
key roll in driving the global climate and heating of the tropical atmosphere is 
primarily through convective processes, usually from convective cells that are short 
lived and have relatively small dimensions. The poor resolution of measurements in 
the tropics makes global observations of these convective cells difficult. 
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1.2 Definition of the tropics 
 
The Definition of the tropics varies slightly. Some say that the tropics lie between the 
Tropics of Cancer and Capricorn. Others point out that because the 30th parallels 
divide the earth’s hemispheres into equal- area halves, the 30th parallels are our 
tropical boundaries. A good meteorological definition of the boundaries of the 
tropics is the dividing lines between easterlies and westerlies in the middle 
troposphere (H. Riehl, 1953).  
 
Wladimir Köppen devised a climate definition (1936) that is still widely used. 
Köppens climatological definition of tropical climate is that every month of the year 
has to have an average temperature of at least 18◦C. A range of tropical climate zones 
fulfills this criterion. There are two main wet tropical climates, tropical rainforest 
(Af), tropical monsoon (Am) and two main dryer tropical climates, tropical savanna 
(Aw) with a dry winter and tropical savanna (As) with a dry summer  
 
Areas with (Af) climate receive at least 60 mm of rain in all months of the year and 
are generally found within 5-10o latitude of the equator. This climate is dominated by 
convective clouds within the Intertropical Convergence Zone (ITCZ) all year round, 
with an average annual rainfall of around 2500 mm and has no pronounced 
seasonality. Areas with (Am) climate have on the other hand some strong 
seasonality, with a pronounced ‘dry’ and ‘wet’ season. Some areas with this climate 
receive an average annual rainfall of 4000mm. If a tropical area’s climate does not 
fulfill the minimum rainfall criterion, then it is in a tropical savanna climate. This 
climate has very pronounced ‘dry’ and ‘wet’ seasons and is usually found at the 
fringes of the tropics. The (Aw) tropical savanna climate has a relatively long winter 
dry season, whereas (As) also has a relatively long dry season in summer. In Darwin, 
Australia we find a good example of the tropical savanna (Aw) climate zone. 
 
Figure 1.1 shows the tropics defined by the area between the Tropics of Cancer and 
Capricorn and the tropics definition according to Köppens. The area that is loosely 
referred to as the tropics in this thesis ( )SN °−° 1515  is also marked out. 
 

Definition of the Tropics 

 
 
Figure 1.1 shows Köppens (Af) and (Am) climates as dark green and Aw as light green. 
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One interesting observation from Figure 1.1 is that the area Köppen defines the 
tropics is smaller in area than the tropics as defined by the Tropics of Cancer and 
Capricorn, but larger than the area this thesis will focus on. 
 
1.3 Goal of this thesis 
 
While satellites provide the most complete picture of the spatial distribution of 
clouds, many important cloud characteristics, such as the vertical distribution of 
clouds or their water and ice content, are currently very difficult to remotely measure 
from satellites. However, such measurements can be taken at selected sites using 
ground-based active remote sensors, such as cloud RADARs and LIDARs. Satellite 
data from the International Cloud Climatology Project (ISCCP) has recently been 
used to objectively identify cloud regimes (Jakob et al., 2005: Rossow et al., 2005) 
 
The major goal of this thesis is to test if we can use these cloud regimes and their 
known relationships to cloud characteristics to extrapolate observations at a single 
point to the entire tropics. Can just knowing which tropical cloud regimes occur 
where and their frequency of occurrences allow us to understand the characteristics 
and variability of the tropical atmosphere?  
 
To test this, we apply our proposed extrapolation technique (see chapter 4.3) to a 
characteristic that actually can be remotely measured from satellite, namely Total 
Cloud Cover (TCC). TCC averages will be tied to the cloud regimes they appear in, 
after first establishing the relationship between TCC and the cloud regimes at a 
single location. Using this relationship we will then attempt to extrapolate the single 
point TCC measurements to the entire tropics. This is done by first determining the 
weather states (cloud regimes) of the tropics for every day. Then the TCC values at 
each location in the tropics are replaced with TCC values from the picked site for the 
cloud regime present at that location using the TCC-cloud regime relationship 
established at a single location. A comparison is then made between the extrapolated 
TCC values and tropical map with TCC values, those directly remotely measured by 
satellite. We want to discern by comparison if the extrapolated TCC values and their 
remotely sensed TCC equivalents are ‘close enough’. If they are we can do a ‘leap of 
faith’ and assume that characteristics that can’t be remotely measured from satellites 
can be extrapolated from single locations where these characteristics can be 
measured. 
 
I 
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n this thesis we will be comparing the use of mean values of TCC per cloud regime to 
median values, as well as looking at how different time scales affect the confidence in 
the statistics derived from the site chosen. 
 
Chapter 2 will look at the background to describe the data derived from the ISCCP 
D1 data set that has been used for this thesis. Chapter 3 will introduce the concept of 
cloud regimes that is used throughout the thesis. This chapter will also describe the 
geographical distribution of the cloud regimes. Chapter 4 forms the core of this 
thesis. Here the extrapolation from point to tropical TCC will be carried out. The 
extrapolated values will be compared to satellite observations using a number of 
statistical measures to assess the success of the proposed method. Chapter 5 provides 
a summary of the work carried out in this thesis as well as some conclusions. 
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Chapter 2 
 
ISCCP data set 
 
Large quantities of incoming solar radiation energy is absorbed in the tropics. There 
is a zonal average absorption of around 300 W/m2 with 15 degrees latitude of the 
equator, whilst the same area emits a zonal average of around 240 W/m2 of thermal 
infrared flux at the top of the atmosphere (Liou, 1992). This leads to large net gain of 
energy with in the tropics.  
 
Clouds play an important roll in this energy balance, hence the climate system. One 
of the most prominent roles of clouds is their modification of the radiative fluxes 
throughout the atmosphere and the surface of the earth. (Jakob, et al., 2004). The 
clouds produce a net loss or gain to the atmosphere-earth system. A considerable 
amount of heat is also released into the atmosphere through the cloud generation 
and dissipation processes. This latent heat is released from the process of 
condensation of water vapor into cloud water droplets or ice crystals and consumed 
during evaporation and sublimation of cloud condensate back to water vapor. The 
distribution and multi-scale variations of cloudiness over the globe make 
determining the details of this roll on the climate rather difficult. The impact and 
variations of clouds have the potential to amplify or reduce climate change (Zhang, 
2005). 
 
2.1 ISCCP D1 data set 
 
The World Climate Research Programme (WCRP) was established in 1980 under the 
joint sponsorship of International Council for Science (ICSU) and the World 
Meteorological Organization (WMO). The primary objectives of WCRP are to create a 
scientific understanding of the physical climate system and the climate processes 
needed to determine to what extent climate can be predicted and to what extent 
human influence can affect the climate. (WCRP, 1996) 
Amongst other projects WCRP established the International Satellite Cloud 
Climatology Project (ISCCP) to find the global distribution, properties and temporal 
variations of clouds by collecting and analyzing satellite radiance data. 
 
The ISCCP project was established in 1982. Data collection commenced from the 1st 
July 1983 and is currently planned to continue through 30th June 2010. The ISCCP 
data provides three-hourly global information on several cloud parameters retrieved 
from a combination of visible and infrared channels from up to two polar orbiting 
and five geostationary satellites.  (ISCCP, 2005) 
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Most of the data used for this thesis is derived from the ISCCP D1 data set.  
The D1 data set is a newer version of the original C1 data set. The Stage D1 data set is 
produced by summarizing the pixel-level results every 3 hours on an equal area grid 
map with a resolution of 280x280km2 from the merged results of separate satellites. 
These will be referred to as grid boxes for the remainder of this thesis. A pixel 
approximately represents an area of 5x5km2. Only one sample- pixel within each 
30x30km2 area is analyzed. (Rossow and Schiffer, 1991)  
 
2.2 Description of used ISCCP D1 product  
 
Two major components of the ISCCP D1 data set are used in this thesis. The Total 
Cloud Cover (TCC) and joint frequency distributions of Cloud Top Pressure and 
optical thickness (CTP-τ) also referred to as CTP-τ histograms. 
 
The initial step in ISCCP analysis is to determine if an individual satellite pixel is 
cloudy or clear. Findings have shown that the radiances associated with clear pixels 
are generally less variable in space and time than those associated with cloudy pixels 
(Rossow et al., 1985). To determine if the pixels in the grid boxes are cloudy, the 
pixels are tested for high spatial and temporal variability in radiance. This method 
assumes that if a pixel is determined to be cloudy it is also completely covered by 
clouds. 
 
Cloud cover is estimated using VIS (0.6μm) and IR (11μm) channels from the 
satellites used in ISCCP. The fraction of cloud cover in each grid box is attained by 
adding the number of pixels determined to be cloudy and then dividing by the total 
number of pixels.  
  
Cloud optical thickness is derived from measuring the solar reflectivity of the clouds 
in the grid box. The assumptions made here are that clouds colder than 260K are 
composed of ice crystals with a fractional shape and an effective radius of 30μm and 
clouds warmer than 260K are made up of spherical water droplets with an effective 
radius of 10μm. Since the derivation of cloud optical thickness relies on reflectivity 
measurements it requires information in the visible channel. Hence, optical thickness 
values can only be obtained during the daytime. 
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CTP is derived from translating the Outgoing Long Wave Radiation (OLR) emitted 
from the top of the cloud, i.e. temperature of the cloud top, into pressure height. This 
method unfortunately has its limitations. The assumption made when converting 
cloud top temperature to cloud top pressure is that the cloud radiates ‘black bodied’. 
This assumption is good for dense clouds, like cumulonimbus clouds that have a 
high optical thickness. The assumption is however not as good for optically thin 
clouds, like thin cirrus clouds, tending to place their CTP at much lower pressure 
heights than the actual CTP of the cloud. As a consequence the ISCCP thermal-
infrared method can underestimate a large fraction of high clouds misplacing their 
altitudes at some lower altitudes (Chang and Li, 2005). Another problem with this 
method is that optically thick clouds, which give accurate cloud top pressures, 
prohibit satellites from sensing the CTP of any potential clouds underneath.  
 
From the CTP measurements and the optical thickness (τ) measurements retrieved 
from the ISCCP D1 data set, we can create 2-dimensional histograms for a visual 
interpretation of the cloud characteristics within each grid box. 
 
2.3 CTP-τ Histograms 
 
The ISCCP D1 data set contains CTP-τ histograms for each 280x280 km2 grid box 
during daytime in three-hourly intervals. Each of the CTP-τ histograms created for 
the tropics is made up of 42 combinations of CTP- τ values. In this study 3-hourly 
histograms are extracted for each of the 1708 grid boxes in the tropics. As τ cannot be 
found during nighttime, there are 3 histograms per box and day. All in all there are 
nearly 30 million histograms for the period 1985 to 2000. The value of each CTP-τ 
interval in the histogram represents the relative frequency of pixels with a certain 
CTP-τ combination within an ISCCP grid box.    
 
The sum of the values of all of the 42 CTP-τ combinations gives the Total Cloud 
Cover (TCC) for that 3-hour period. Clouds types can be classified from the CTP-τ 
information retrieved from the ISCCP D1 data set giving a more physical 
interpretation.  
 
A CTP-τ histogram is illustrated in Figure 2.1. Figure 2.1 represents the mean CTP-τ 
for the tropics (15N-15S) from July 1983- September 2001. A cloud classification chart 
to visualize which cloud types are expected for certain CTP-τ combinations is given 
in Figure 2.2 
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 Figure 2.1              Figure 2.2 
 
Figure 2.1 shows a mean CTP-τ histogram for the entire tropics averaged in time for the entire data set (July 1983-September 
2001). Figure 2.2 is a radiometric classification of cloudy pixels based on the documentation from ISCCP data products 
(reproduced after Rossow and Schiffer, 2001) that can be used as a physical interpretation of CTP-τ histogram. Abbreviations 
index for figure 2.2: Cirrus (Ci), Cirrocumulus (Cc), Cirrostratus (Cs), Deep convection (Dcv (abbreviation used in this thesis)), 
Altostratus (As), Altocumulus (Ac), Nimbostratus (Ns), Cumulus (Cu), Stratocumulus (Sc) and Stratus (St). 

  
Basically Figure 2.2 (reproduced from Figure 4 ISCCP data products, Rossow and Schiffer, 
1991) gives an approximate view of the cloud types one would expect to find with 
the given CTP-τ combinations of Figure 2.1 (reproduced from Jakob, 2006). We can 
see that deep convective clouds have large optical depths and often very high cloud 
tops. Thin cirrus clouds have very small optical depths, but appear at very high 
altitudes. Another example is cumulus and stratocumulus clouds, which have low 
cloud tops (high CTP) and low optical thickness. 
 
Using a combination of Figure 2.1 and Figure 2.2, one can derive the frequency of 
occurrence of the dominating tropical cloud types. The most common cloud type in 
the tropics is cirrus, especially thin cirrus. There certainly is a fair amount of low 
clouds such as Cumulus, Stratocumulus and Stratus. Thick cirrus is also fairly 
common. Note that because low clouds are difficult to trace in the presence of thick 
high clouds, the amount of low cloud is likely to be an underestimate.  
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Chapter 3 
 
Cloud regimes 
 
 
Understanding the atmospheric circulations of the tropics can be quite difficult. One 
of the major complicating factors is the fact that an important interaction with the 
large-scale atmospheric circulations takes place via small-scale convective processes, 
as mentioned earlier. That is, a bulk of the heat exchange between the boundary layer 
and the atmosphere is achieved via convective cells, each individual convective cell 
having a relatively small in area.  
 
In the midlatitudes, it is easier to take a more direct approach in understanding the 
atmosphere by combining wind and/or pressure measurements to cloud, radiation 
and precipitation observations than in the tropics. Due to the remoteness of the 
tropics and the fact that large a very large area is composed of oceans, direct 
meteorological measurements are harder to come by than in the midlatitudes. The 
total atmospheric picture of the tropics is therefore comparatively sparse and lacking 
in detail. 
 
3.1 Tropical weather defined as distinct weather states. 
 
One way of attacking this problem is to look for a small number of distinct weather 
patterns that link their cloud properties to particular atmospheric motions. 
Atmospheric conditions of the entire tropics can then be represented by these 
weather patterns of mesoscale size (Rossow et al., 2005).   
 
A valid question is if the mean CTP-τ histogram of the tropics is just a collection of 
random cloud occurrences or if it is made up of a combination of a few distinct 
weather states?  
 
It has been shown in previous studies (e.g. Jakob and Tselioudis, 2003) that mean 
CTP-τ histograms such as Figure 2.1 are not composed of a collection of random (in 
space and time) cloud situations but rather distinct reoccurring cloud regimes. The 
statistical method used to find these cloud regimes is cluster analysis. Each CTP-τ 
histogram is represented as a vector with 42 variables representing the 42 
combinations of CTP-τ. The KMEANS (Anderberg, 1973) clustering algorithm is used 
on all the histograms in the tropics from the ISCCP D1 data set (Rossow and Schiffer, 
1999) to find the optimum number of cluster centroids in which 4 criterions, 
described later must be fulfilled. 
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3.2 Methodology 
 
Tropical weather states from the ISCCP D1 cloud data set have been identified by 
(Rossow et al., 2005) and tropical clouds regimes were found using the K-MEANS 
clustering algorithm (Anderberg, 1973). In simple terms the first step of the K-
MEANS clustering algorithm requires to choose a number of cluster centroids (k). 
The algorithm selects (k) vectors randomly to serve as initial centroids. Then the 
algorithm assigns every histogram vector to the nearest cluster centroid. In this 
context nearest is depicted as the Euclidean distance between a histogram vector and 
the closest cluster centroid vector. The next step is to calculate the mean vector of all 
the histogram vectors assigned to a cluster centroid. This set of (k) mean vectors, now 
become the new initial cluster centroid vectors. This process is iterated until the 
cluster centroids move less than a small number epsilon, usually requiring 
approximately 200 iterations. The number of clusters searched for (k) is varied. In 
this case the numbers (k) from 2 to 10 were used. 
 
After the iterations are completed and the loop is terminated, the resulting cluster 
centroids, for all values of (k), are tested by four criterions. The final cluster 
centroids’ CTP-τ patterns that best pass the criterions are essentially the CTP-τ 
patters of the tropical cloud regimes that best represent the weather of the tropics.  
 
The four criterion that have to be fulfilled are: 1) the resulting centroid histogram 
patterns must not change significantly (as judged by the patterns of correlations 
amongst the centroids) if for the same number (k) a different set of histograms is 
chosen as the initial cluster centroids. If the resulting cluster centroid patterns do 
change significantly, the result is deemed unstable and the first step in the algorithm 
is repeated with (k+1) centroid clusters chosen. 2) The resulting centroid patterns 
should differ significantly from each other. If the correlations between the centroids 
are greater than 0.6, the centroids are too similar and the algorithm should be redone 
for (k+1) cluster centroids. 3) The spatial and temporal correlations of the cluster 
centroids should also be low. This can be seen and tested by maps of frequency of 
occurrences (FOCC) of the resulting cloud regimes. The resulting cloud regimes and 
their FOCCs over the tropics are presented later in this thesis. 4) The distance 
between the cluster centroids should be bigger than the dispersions of the cluster 
member distances from the centroid. This criterion is always fulfilled if the first three 
are passed and it is merely used to optimize the cluster set.  
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For the tropics, it turns out that the best number of cluster centroids is six. Tests show 
that the first criterion is violated if the number of clusters is less than six. If there 
were more than six clusters, then two or more of the cluster centroids become highly 
correlated in their CTP-τ patterns as well as being highly correlated spatially and 
temporally. Generally there was a decreasing dispersion-to-separation distance ratio 
as the number of clusters increased (criterion 4). For (k = 6) the average dispersion-
to-separation distance ratio is less than one half (ISCCP data products, Rossow et. al, 
2005). It is concluded that the weather of the tropics can be represented by six 
tropical cloud regimes. 
 
3.3 Cloud regimes of the tropics 
 
Now we can assign every CTP-τ histogram for each oo 5.25.2 ×  area grid box in the 
entire region of the tropics to one of the six tropical cloud regimes. The resulting 
tropical cloud regime CTP-τ patterns are represented in Figure 3.1 
 

 
 
Figure 3.1: The six tropical cloud regimes represented by their CTP-τ characteristics. They have been created using the K-
MEANS clustering algorithm (Anderberg, 1973). Abbreviations for the cloud regimes follow. 
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What we can see from the histograms is that three tropical cloud regimes (CD, CC 
and MIX) have a higher frequency of occurrences of clouds with high cloud top 
pressures and an optical thickness ranging from medium to high values. The 
physical interpretation from the cloud classification chart (Figure 2.2) shows that 
these regimes have a fair amount of thick cirrus and other optically thick clouds. 
These regimes are the convectively active regimes (where ‘convective’ especially 
refers to having deep convection). The remaining three are suppressed cloud regimes 
often associated with trade wind influences. They have very few clouds with the 
combination of high cloud top pressure and high optical thickness. This suggests a 
suppressed weather state with very little convection. These regimes are known as 
‘convectively inactive’ cloud regimes. 
 
The Deep Convective (CD) cloud regime is relatively rare with an average FOCC of 
7.2%. It has the most vigorous deep convective systems and is often associated with 
larger mesoscale systems. Large amounts of deep convective and cirrostratus clouds 
amount to an average Total Cloud Cover (TCC) of 95.3% for the entire tropics, 
making it the cloudiest regime. Not only is this the cloudiest regime but also the 
densest, with a cloud optical thickness generally ranging from medium to high. 
 
The Convectively active Cirrus (CC) cloud regime is only slightly more common than 
CD with a FOCC of 7.9%, but is similarly cloudy with a TCC of 92.1%. This deep 
convective regime is less deep convective and has less thick anvil clouds than the CD 
regime, but has more cirrus. 
 
The Mixed (MIX) cloud regime is the most common of the convective regimes with a 
FOCC of 26.7% but the least cloudy with a TCC of 76.7%. This regime has many low-
clouds with cloud tops at a median optical thickness, presumably Cumulus 
Congestus (Johnson et al. 1999). It also has some deep convective clouds with very 
high CTP. This suggests there are more isolated, small-scaled convective systems 
with cloud tops at a range of altitudes. 
  
The Suppressed Thin Cirrus (STC) cloud regime is the least common of the 
convectively inactive cloud regimes with a FOCC of only 8.3% and a TCC of 71.2% .It 
is primarily made up of thin cirrus with some shallow Cumulus. The thin cirrus in 
this regime has probably originated from distant convection or has been generated in 
isolation by other atmospheric motions (cf. Lou and Rossow 2004). 
 
The Suppressed Shallow Cloud with Low total cloud cover (SSCL) cloud regime has 
a TCC of 32.2% and a FOCC of 40.4% which makes this cloud regime the most 
common a least cloudy cloud regime in the tropics. It is dominated by shallow, low-
top Cumulus clouds with low to medium optical thickness, but it also has some thin 
cirrus.  
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The Suppressed Shallow Clouds with High total cloud cover (SSCH) cloud regime 
has a FOCC of 9.4%. This cloud regime’s characteristics resemble that of SSCL, but it 
has a much higher TCC amounting to 67.2%. The major difference between them is 
that SSCH has a higher occurrence of low Cumulus and Stratocumulus with median 
optical thickness. This is a maritime cloud regime and it mainly occurs over the 
relatively cold ocean waters in the tropics (see below). This gives it a very distinct 
distribution pattern.  
 
The FOCC of cloud regimes show that the most frequently occurring cloud regimes 
are the convectively active MIX regime and the convectively inactive SSCL regime. 
This gives the indication that the general weather state of the tropics is that of smaller 
scale convective clouds with a range of tops and shallow boundary layer convection. 
The three ‘convectively active’ cloud regimes account for 41.8%, whereas the 
‘inactive regimes account for a 58.1% FOCC. This suggests that deep convective 
clouds with their associated heavy rainfall are relatively uncommon in the tropics. 
The most common state of the tropical atmosphere is rather one of shallow 
convection suppressed by trade winds.  
 
3.4 Distribution of cloud regimes 
 
The variations of the tropical climate can be described in terms of changes in FOCC 
of these cloud regimes, at least on a longer time scale (Rossow et al., 2005). The actual 
distribution of the tropical cloud regimes is strongly influenced by the boundary and 
atmospheric conditions in the region. One important boundary condition is the 
oceans Sea Surface Temperature (SST). Figure 2.2 shows a comparison between 
tropical SSTs and the Outgoing Long wave Radiation (OLR) of the tropics. OLR 
represents CTP (see chapter 2). Both maps show mean values from Jan 1985-Dec 
2000. 
 

  
 
Figure 3.2: The top map of the tropics (15N-15S) shows the average SST of the tropical oceans (Jan 1985-Dec 2000). The bottom 
map shows the average OLR values of the tropics for the same period. (Both maps were created from the NOAA website) 
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Figure 3.2 shows a clear relationship between the regions of the tropics with high SST 
and regions of high OLR or CTP (see chapter 2). This implies that cloud regimes with 
a dominating frequency of clouds with very high cloud tops should be found in these 
regions, e.g. deep convective regimes. Another observation is that there are large 
areas in the eastern Pacific Ocean and eastern Indian Ocean with relatively low CTP 
values, suggesting a dominance of suppressed regimes. 
 
To test this we created a map of FOCC of the cloud regimes showing their 
distributions in the tropics. Figureure 3.3 is a contour plot of the FOCC of cloud 
regimes for every grid box in the tropics from the period 1985-2000. The FOCC of 
cloud regimes are found for every grid box simply by dividing the number of 
occurrences of a cloud regime by the total number of days in that period. 
 

  
Figure 3.3: Each map represents the FOCC of the cloud regime titled. The top three maps of the tropics are the ‘convectively 
active’ cloud regimes and the bottom three maps are the ‘convectively inactive’ cloud regimes. 

 
Looking at Figure 3.3 one can analyze that the area the lowest values of average OLR, 
depicting the highest cloud tops, also have the largest FOCC of the ‘convectively 
active’ regimes. Predictably the Tropical Warm Pool (TWP) has the greatest number 
of occurrences of these regimes. Interestingly it appears that the CC regime appears 
nearly exclusively in TWP and the Tropical Western Pacific, whereas deep 
convection over large landmasses is primarily through the MIX cloud regime. The 
SSCH is very common over the coldest oceans (e.g. west of South America and 
Africa) in the tropics with a FOCC of over 60%, whereas SSCH is excruciatingly rare 
over and near the very warm waters, such as in the Tropical Warm Pool (TWP).  
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The distribution of this cloud regime is problematic for this study, which will be 
described more in depth in the following chapter. There is a distinct maximum of the 
FOCC of SSCL regimes (Rossow et al., 2005).  
Figure 3.3 was the mean FOCC map for the total period 1985-2000, but does the 
distribution and FOCC of cloud regimes depend on perturbations of large-scale 
circulations?  
 
3.5 Cloud regimes and ENSO events   
 
The El Nino/Southern Oscillation (ENSO) phenomenon is a natural part of the global 
climate system resulting from large-scale interactions between the oceans and the 
atmosphere. ENSO consists of El Nino, La Nina and neutral periods. In simple terms 
an El Nino event is when the pressure gradient between the general high pressure of 
the eastern Pacific and the general low pressure of the TWP diminishes or in extreme 
cases, is reversed. This causes the easterly winds towards the TWP to wane or 
become westerly, weakening the easterly Equatorial Pacific Current and 
strengthening the westerly Pacific Counter Currents. This allows the warm oceans of 
the TWP to flow to the eastern Pacific, warming it to above average temperatures.  
 
During El Nino events, warming of the otherwise relatively cool eastern Pacific and 
western Indian oceans leads to a displacement of major rainfall-producing systems, 
causing massive redistributions of climatic regions. A La Nina event is El Nino’s 
opposite counterpart. In a La Nina event there is a tendency of rainfall-producing 
systems over continental areas and the maritime continent of the Indonesian 
archipelago area increase in intensity and the aforementioned ocean areas receive a 
decrease in rainfall producing systems. (Diaz and Markgraf, 2000: and references 
therein) 
 
The focus region of the ENSO is the tropical-subtropical Pacific and Indian Ocean. As 
a consequence, ENSO events can have large impacts in and over countries bordering 
the Indo-Pacific sector of the planet e.g. eastern Australia and western South 
America. The variations of mass, energy and momentum resulting from the 
redistribution of the equatorial rainfall have the potential to extend the influence 
from ENSO events beyond the tropics, causing near-global modulations of the 
climate. (Diaz and Markgraf, 2000: and references therein).  
 
One interesting question that can be asked about the distribution of tropical cloud 
regimes is, if the distribution and total FOCC of each cloud regime during ENSO 
events differs from the mean distribution and mean FOCC from 1985-2000. The two 
strongest ENSO 12-month periods from 1985-2000 where chosen. The El Nino of May 
1997-April 1998 and the La Nina of July 1988-June 1989 are good examples of ENSO 
events for case studies (Höglund, 2005). Figureure 3.4 is a FOCC map for the 
aforementioned El Nino year and Figureure 3.5 is the same but for the 
aforementioned La Nina year. 
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Figure 3.4: FOCC of tropical cloud regimes in the El Nino year May 1997-Aprl 1998 
 

 
Figure 3.5: FOCC of tropical cloud regimes in the La Nina year July 1988-June 1989 
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Figureures 3.4 and 3.5 have distinct differences. In the El Nino event, the two most 
‘convectively active’ regimes (CD and CC) are much less frequent over the TWP 
whereas the belt of these cloud regimes over the central Pacific is much broader. 
Visually we can derive that these convective regimes have generally moved 
eastwards towards the anomalously warm eastern Pacific Ocean. The ‘convectively 
active’ MIX regime is also less common over the TWP but more common over the 
eastern Pacific. The ‘convectively inactive’ STC cloud regime has become very rare 
over the TWP during this El Nino event, probably a signal of a lack of outflow cirrus 
because of the diminished supply from convective clouds. The SSCH tropical cloud 
regime also shows significant distribution changes. The anomalously warm tropical 
eastern Pacific Ocean in this El Nino event has pushed the distribution of SSCH far to 
the southeast. No change in the distribution of SSCH in the southern tropical Atlantic 
Ocean is evident and a distinct increase of occurrences of SSCH over land in the TWP 
is evident.  
 
Another interesting comparative observation between the two ENSO extremes is that 
the distinct SSCL area in over the Pacific’s central east, is greatly diminished in this El 
Nino event compared to the average FOCC for the whole period and is sharply 
increased during the La Nina event investigated. This is consistent with the shifts of 
the ITCZ, SPCZ and associated trade wind regions. A valid question would be 
whether there is a change in the total number of individual cloud regimes or if the 
cloud regimes merely are redistributed during ENSO events. Figure 3.6 shows a bar 
graph comparing the absolute frequencies of each cloud regime between the El Nino 
and La Nina years chosen. 
 

 
 
Figure 3.6 shows a comparison between the El Nino event of May 1997-Aprl 1998 and the La Nina event of July 1988-June 1989 
of the absolute occurrences of tropical cloud regimes 
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From looking at the bar plots one can visually derive that there are no major 
differences in the absolute frequencies of cloud regimes between El Nino and La 
Nina events. It rather appears that the cloud regimes have been ‘relocated’ around 
the tropical Pacific during ENSO events. Note that only two ENSO events have been 
analyzed here and no major conclusions can therefore be drawn, instead this section 
showed that it seems that there is at least a visual correlation between the changed 
surface and atmospheric conditions and the distribution of tropical cloud regimes. 
 
In the next chapter we will use the cloud regimes described in this chapter and ‘tie’ 
Total Cloud Cover (TCC) distributions to a point in the tropics. These values will be 
extrapolated to the entire tropics and compared visually and statistically to assess the 
success of this method proposed in this thesis. 



 27

Chapter 4 
 
Data extrapolation and its evaluation 
 
4.1 Data used for extrapolation 
 
The ISCCP D1 data set was used to test the hypothesis of this thesis, i.e. to test if we 
can use the known cloud characteristics tied to the tropical cloud regimes to 
extrapolate observations from a single point to the entire tropics. The ISCCP D1 data 
set contains many variables, but only variables used to define the cloud regimes and 
the total cloud cover mentioned in chapter 2 were used for this thesis. Using the 
clustering algorithm, a cloud regime number between 1 and 6 was assigned to every 
grid point within the tropics, one value for every day from 1985 to 2000. Regime 1 is 
the SSCH regime (see chapter 3). Regime 2 is the CD regime, regime 3 is the STC 
regime, regime 4 is the CC regime, regime 5 is the MIX regime and regime 6 is the 
SSCL regime. 
 
The total cloud cover values for each day are also attained from the D1 data set. 
These are direct measurements from satellite IR and VIS (during daylight hours) 
channels, which indicate the cloudiness of the grid point, which is simply the ratio of 
cloudy pixels divided by number of pixels in a ISCCP grid box. Every point (grid 
box) in the tropics is assigned one cloud regime number and one TCC value for 1985-
2000. 
Missing data points in either the TCC data set or the cloud regime data set have been 
removed. 
 
4.2 Choice of extrapolation site 
  
The purpose of the thesis is to examine if we can extrapolate cloud characteristics 
from one grid point in the tropics to the whole tropics and to examine for what time 
averaging this extrapolation works.  
 
The Atmospheric Radiation Measurement (ARM) Program was created in 1989 with 
funding from the U.S. Department of Energy (DOE). ARM maintains several 
measure sites across the globe, whose aim is to measure all components of the 
surface radiation balance as well as all atmospheric quantities that affect it, including 
water vapor and clouds. The ARM sites in the tropics are in Nauru, Manus and 
Darwin. All of the tropical ARM sites are situated in an area known as the Tropical 
Western Pacific. The area within the Tropical Western pacific includes a region that 
plays an important role in the global climates interannual variability. For instance, 
the ENSO events that feature in the area, as earlier discussed have far reaching 
implications of weather patterns over much of the northern hemisphere and perhaps 
the entire planet (ARM, 2005).  
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The ARM site in Manus is one of a few sites in the tropics that have the capacity to 
measure a wide range of meteorological variables that are difficult to measure from 
space. An example of such an important meteorological measurement is the vertical 
structure of clouds. From the ground the vertical structure of the clouds can be 
measured using LIDAR and or RADAR instruments. Future work related to this 
study will use variables related to vertical cloud structure from these sites for 
extrapolation to the rest of the tropics. This is why the Manus site has been chosen to 
extrapolate TCC from. The ISCCP grid box with its center nearest the ARM site on 
Manus has its center at °3.1 S and °8.143 E. 
 
The extrapolation relies on the relationship between the cloud regimes and the cloud 
characteristic we wish to extrapolate. Therefore a disadvantage in choosing only one 
grid point to extrapolate cloud characteristics from is that some cloud regimes may 
be poorly represented there. The extrapolation based on those cloud regimes is likely 
to be more unreliable as for the cloud regimes with a high FOCC in that particular 
grid box. As mentioned earlier, Manus is situated in the very warm waters of the 
Western Tropical Pacific. As a consequence the SSCH regime is very poorly 
represented (see Figure 3.3) and therefore no usable statistics can be derived for this 
regime from the ISCCP grid box in which Manus is situated. Figure 4.1 highlights 
this problem. This is a recurring problem for all three ARM sites in the tropics. The 
method in addressing this problem is mentioned further down. 
 
Figure 4.1 shows a comparison of the absolute number of occurrences of each cloud 
regime between the entire tropics and the Manus site. It highlights the poor 
representation of the SSCH regime in Manus, but it also highlights that all other 
cloud regimes at Manus are represented by at least 700 cases each and therefore have 
a large enough sample to carry out the analysis. 
 

 
 
Figure 4.1 shows the absolute FOCC of the cloud regimes for the entire tropics (left) and for Manus (right). 
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4.3 The cloud-regime to TCC relationship at Manus 
 
To establish the required relationship between cloud regimes and TCC first the 
distribution of TCC within each tropical cloud regime is derived. For that purpose, 
the TCC of each cloud regime is sorted into ten percent TCC intervals from 0-10% to 
90-100% and represented as relative frequencies of the total number of occurrences of 
that cloud regime. Figure 4.2 shows the TCC-distribution within each cloud regime 
for the tropics between °15 S- °15 N (left) and Manus (right) as bar charts. 

 
Figure 4.2: Bar charts showing the distribution of TCC for each cloud regime. The left three bar charts for both the tropics (left) 
and Manus (right) are the ‘convectively active’ regimes. 

 
A comparison between the bar charts of the tropics and the bar charts for Manus 
shows that all the cloud regimes except the SSCH regimes have similar TCC 
distributions at Manus as for the entire tropics. This is an important finding since it 
provides confidence into using the Manus values for those five regimes for 
extrapolation.  
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Another important observation from looking at these bar charts is that there is a 
wider variance of TCC for the ‘convectively inactive’ cloud regimes in comparison to 
the ‘convectively active’ cloud regimes. Looking at SSCH for the tropics we can see 
that 50% of the occurrences had a total cloud cover within the large interval of 60%-
100%, whereas for the deep convective cloud regime CD, around 70% of the 
occurrences in the tropics had a total cloud cover of over 90%.  
 
One can also observe from these bar plots that the TCC distributions for each cloud 
regime do not have a statistically normal distribution. This would imply that using 
mean values for TCC extrapolation might not be suitable, and that maybe the use of 
median TCC values would be more appropriate. Instead of choosing whether to use 
mean or median values of TCC for extrapolation, it was decided to create both mean 
and median TCC data sets for extrapolation to the rest of the tropics and compare the 
results for both sets of values. 
 
Mean and median TCC values were calculated for each cloud regime in Manus for 
the entire period (1985-2000). To find mean TCC values for each cloud regime, we 
find the sum of all TCC values in a cloud regime and then divided by the number 
occurrences of the cloud regime. The median value is simply calculated by sorting all 
the TCC occurrences in a cloud regime in ascending order, naming the middle value 
the median TCC value for that cloud regime. 
 
Means and medians derived from Manus for the SSCH regime were not used 
because of the very low number of occurrences of SSCH regime in Manus. In this 
thesis, a mean TCC value for the SSCH regime was derived from all points in the 
tropics combined and this value replaced the statistically unreliable mean and 
median SSCH values from Manus. Naturally this is can only be contemplated 
because we are testing TCC and therefore have an adequate source of data from all 
grid boxes in the tropics. This is a serious shortcoming for the application of the 
extrapolation method using Manus data only. Alleviating this problem is beyond the 
scope of this work and will be the subject of future research.  
 
Table 4.1 shows the values of median and mean values derived from Manus cloud 
regimes TCC distributions that have been used for extrapolation to the rest of the 
tropics. Note that, as mentioned earlier mean values from the entire tropics have 
been used as the mean and median TCC values, which will be extrapolated to all grid 
points with the SSCH cloud regime. 
 
Table 4.1: The mean and median values of each cloud regime derived from Manus tropical cloud regimes, which will be used to 
extrapolate to the tropics.  
* The SSCH values shown here are not derived from Manus, instead they are the mean TCC distributions averaged over the 
entire tropics. 

 
Tropical cloud regimes: CD CC MIX STC SSCL SSCH* 
Mean TCC (%) 95.5059 90.5112 72.2287 75.4755 32.7070 67.1918 
Median TCC (%) 98.6640 94.8130 76.1670 80.3240 29.2020 67.1918 
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4.4 TCC extrapolation and qualitative evaluation  
 
Having established the mean and median cloud regime – TCC relationships at 
Manus, we can start to visually assess the extrapolating method by creating maps of 
the extrapolated data to compare them to maps ‘real’ remotely sensed TCC values, 
from the remainder of the thesis known as, observed TCC values. First we create 
daily maps of total cloud cover.  
 
To do this we assign the derived TCC values to their corresponding cloud regime. 
The method in doing this is as follows: A data set containing a tropical cloud regime 
number for each grid box in the tropics ( °15 S- °15 N) is used as a base map. This map 
of cloud regimes in the tropics has been derived from the observed CTP-τ values of 
the ISCCP D1 data set (see chapter 2). Using the values in Table 4.1 above, we assign 
the derived TCC values of a certain regime to where ever that particular cloud 
regime occurs. Essentially we replace the cloud regime numbers of the map of cloud 
regimes with their corresponding derived TCC value. This method is referred to as 
extrapolation.  
 
Mean daily maps and median daily maps data sets are created using this method. 
From the newly created extrapolated data sets we can create contour maps of the 
tropics. Figure 4.3 shows an example of the daily maps for the 10th February 1986. It 
is a comparison of observed TCC, derived TCC values using the mean from Manus 
and the derived TCC values using the median from Manus.  
 

 
 
Figure 4.3: Sample of daily maps of TCC from 10/02/1986. Observed TCC (top), extrapolated mean values (middle) and 
extrapolated median values.  
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As can be seen from the daily maps, both maps with the extrapolated averages are 
first order replicas of the observed map, with the general areas of high and low TCC 
well reproduced. However, it is evident that the variability of the observed map 
cannot be fully reproduced by the extrapolation technique. This is due to the fact that 
each extrapolated map only uses 6 different values, one value for each cloud regime, 
whereas naturally in reality the range of TCC in a cloud regime varies rather 
substantially (see Figure 4.2). We can see the large variance in the observed daily 
map of TCC with areas of clear sky (white) and very cloudy areas (dark). The 
extrapolated maps are smoother due to being restricted to only 6 values (see Table 
4.1). It appears that the map of extrapolated median values is a slightly better 
representation than its mean value equivalent.  
 
Time averaging of the daily maps should smooth the observed and extrapolated 
maps of TCC. It is likely that time averaging will improve the results of the 
extrapolated maps due to the similar TCC distributions of each cloud regime (but not 
SSCH) of the tropics and Manus (see Figure 4.2). To test this we create monthly maps 
data sets of observed maps and extrapolated maps for a comparison to the daily 
maps data sets of observed and extrapolated TCC. Monthly maps are created by 
averaging TCC values for every grid point on a monthly basis, i.e. for every grid 
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We expect the extrapolated monthly maps to be better representatives of the ‘real’ 
observed monthly maps than the extrapolated daily maps are to observed daily 
maps. Figure 4.4 shows an example from the monthly maps data set (February 1986) 
with TCC averages for observed (top), derived from Manus mean (middle) and 
Manus median (bottom).   
 
 

 
Figure 4.4: A sample from the monthly maps data set of TCC from February 1986. Observed monthly map (top) extrapolated 
mean monthly map (middle) and extrapolated median monthly map (bottom).  
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The extrapolated monthly maps have ‘smoother’ contours and are qualitatively a 
much better representation of the observed monthly maps than the extrapolated 
daily maps are to the observed daily maps. From comparing the daily and monthly 
maps, one can conclude that averaging the extrapolated daily maps to monthly 
averages provides a much better approximation of the observations. This will be 
confirmed in a more quantitative assessment below. Although the extrapolated 
monthly map derived from Manus mean values looks to be a much better 
representation of the observed monthly map was the case for the daily maps, even 
here extrapolation using median values seems to be the better choice. As expected it 
seems that time averaging of the extrapolated TCC values increase their validity.  
 
Introducing spatial averaging can further aggregate the observed and derived data. 
Here, zonal means of the observed data, the extrapolated mean and the extrapolated 
median data for 1985-2000 were created for the entire tropics. Figure 4.5 shows how 
closely the extrapolated zonal mean and median values follow the observed zonal 
averages. 

 
Figure 4.5: The zonal means of the observed (thick line), the extrapolated mean data set (dashed black) and the extrapolated 
median data set (dashed gray).  
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Notably the extrapolated data sets do fairly well as they are appear to have no worse 
than a 5% error from the observed data set. There are some other interesting features 
that can be seen from Figure 4.5. The median TCC zonal averages always seem to be 
closer to the observed TCC zonal averages, also the extrapolated data sets diverge 
somewhat from the observed data set over at the latitudes where the zonal TCC 
increases radically. The increase in TCC for 3N-9N is likely to arise from the ITCZ in 
the Pacific Ocean (see also Figure 3.2) and from the influence of the TWP and central 
African ‘convectively active’ cloud regimes (see Figure 3.3). The vast areas of oceans 
in the southern hemisphere with the predominance of the SSCL cloud regime would 
account for the lower zonal mean TCC values. 
    
Displaying and evaluating the extrapolated data sets through contour plots and 
zonal mean plots is a good way of visualizing their validity, but that is not enough. 
The extrapolated data sets have to be validated by some statistical criteria. The next 
subsection will carry out such a quantitative evaluation. 
 
 
4.5 Quantitative evaluation of results 
 
In this section the qualitative assessment of the extrapolation results is extended to a 
more rigorous evaluation using certain statistical tests. The key statistical measures 
used to compare the extrapolated data sets to the observed data sets are Mean Error 
(ME), Mean Absolute Error (MAE), Root Mean Square Error (RMSE), standard 
deviation (σ) and correlation (R). These statistical measures are often used when 
comparing models, e.g. Global Circulation Models (GCM’s), to observations.  
 
 
ME is a measure of error, which indicates if the derived data sets are biased, i.e. 
whether they tend to be disproportionately positive or negative. The mathematical 
definition of ME (4.1) is presented below. Here, ix  represents an extrapolated data 
point and iy  represents the same location but with the observed data (remotely 
sensed). 
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Daily map data sets where averaged monthly and compared to the biases of the 
monthly maps data sets. The monthly maps data sets have the same ME as the 
monthly means of the daily maps data sets. This is because the monthly maps are 
averaged over all points, which is the same operation as averaging the daily maps 
over the days of the month. This relationship can be seen in the following formula:  
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Figure 4.6 shows how the bias of the extrapolated monthly mean and median maps 
varies over the whole period. Thin lines indicate individual years, while the thick 
lines represent the average over the entire period (1985-2000). Solid lines indicate the 
ME when using the mean and dashed lines the median values. 
 

 
Figure 4.6 The Mean Errors are represented by one thin line per year and a thick line averaged over all years. Data sets using 
median values are represented by dashed lines. 
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Naturally one would strive for a small bias in the derived data sets and the average 
ME for the mean and median data set for the whole period is appears to be small and 
only slightly negative. Daily and monthly biases are the sum of many individual data 
points that can be both positive and negative. This causes a cancellation of averaging 
in time and space. ME alone is not a good measure of error for the data sets here and 
other measurements need to be applied.  
 
MAE and RMSE are not sensitive to error cancellation due to the varying sign of the 
error in space and time. The RMSE is the statistical measure that is widely used to 
evaluate error in data sets and models. The MAE is usually of similar magnitude, but 
slightly smaller than the RMSE. For RMSE and MAE monthly map data sets and 
daily map data sets averaged monthly are no longer equal as was for ME. Therefore 
MAE and RMSE will provide a test if the use of time averaged extrapolated maps 
improves the results over the original daily maps. The mathematical definitions of 
MAE and RMSE are presented bellow in (4.3) and (4.4), again ix  represent an 
extrapolated data point and iy  represents ix  observed equivalent. 
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Figure 4.7 shows the MAE and RMSE of every year side by side. The mean and 
median daily maps averaged monthly are plotted as solid lines and the mean and 
median monthly maps are plotted as dashed lines. Median data sets are represented 
in gray, and mean data sets are represented in black. 
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Figure 4.7: The MAE (left) and RMSE (right) plots show the errors of the mean (black) and median (gray) data sets. The daily 
maps data set is represented as lines and the monthly maps data set is represented as dashed lines.  

  
The MAE and RMSE plots have similar patterns. Interestingly the mean and median 
daily map data sets appear resistant to seasonality, whereas the monthly maps are 
sensitive to seasonality with 2 distinct error peaks. These peaks coincide with the 
peak monsoon of the southern tropics and the northern tropics. In both the MAE and 
RMSE the median monthly maps data sets performed slightly better. One difference 
in using MAE instead of RMSE is that RMSE is much more sensitive to occasional 
large errors, because the squaring process gives disproportionate weight to any large 
errors. (D.U., 2006) There is a larger difference between the RMSE and MAE for the 
daily maps data sets than for monthly maps, suggesting larger or more frequent 
occasional errors in the daily data sets than in the monthly maps data sets. 
 
The major conclusion drawn from Figure 4.7 is that the time-averaged monthly maps 
data set has approximately half the error of the daily maps, which one may have 
expected from the qualitative comparison carried out in the previous subsection (see 
Figure 4.4).  
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Another statistical measure often applied to compare data sets is the correlation 
coefficient. Correlation is the statistical measure that measures the similarity between 
the patterns in two data sets. That is, when the observed data set deviates from the 
mean value of the data set, does the derived data set also deviate in the same 
direction from the mean value of the derived data set? The mathematical definition 
of correlation (R) follows below. 
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 Figure 4.8 shows the correlations of the monthly maps and daily maps data sets, 
with mean data sets shown in black and median data sets shown in gray 
 

 
Figure 4.8 Lines represent the correlations of daily map data sets and dotted lines represent the correlations of the monthly map 
data sets. Mean data sets are black and median data sets are depicted in gray. 

 
As Figure 4.8 clearly indicates, the monthly map data sets are highly correlated with 
the observed monthly maps. The extrapolated daily maps are significantly less 
correlated, but are also reasonably correlated with the remotely measured monthly 
averages. One can also see that the difference is negligible between the mean and 
median data sets.  
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The correlation and RMSE together provide quantified information on the 
correspondence between the data sets, but for a more complete characterization of 
the data sets, the variances (σ) must also be given. Testing the variances of derived 
data sets compared to observed data sets is an important measure of how closely the 
derived data sets resemble the ‘real’ observed data sets. The mathematical definition 
of variance follows in (4.6). The index (x) represents extrapolated values.  
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A visualization of a combination of some of these statistical measures can be 
achieved through a Taylor diagram (Taylor, 2001). The Taylor diagram provides a 
statistical summary of how accurately the extrapolated TCC fields match the 
observations in terms of their correlation (R), their standard deviations (σ) and a 
decomposition of the root mean square error (RMSE) (Taylor, 2001). The Taylor 
diagram is especially useful in evaluating complex models, such as GCM’s. Here, the 
Taylor diagram is a good visualization of the statistical comparison between the 
extrapolated monthly maps and daily maps data sets compared to their observed 
counterparts. 
 
The Taylor diagram uses a generalized RMSE formula containing a term called the 
‘centered pattern RMSE’ ( E′ ). This allows for the Taylor diagram to be used for cases 
when grid boxes are weighted unequally (not here). This generalized version of 
RMSE is expressed as 222 )(bias)mean (RMSE E′+= , where the mean bias is defined 

)( yx − . The variable E′ is defined in by the following formula: 
 

( ) ( )( )∑
=

−−−=′
n

i
ii yyxx

n
E

1

21  (4.7) 

 
With the Taylor diagram we can display R, σx, σy and E′  all on a single easily 
interpreted diagram. The diagram is plotted on polar coordinate system using the 
recognized relationship E′ 2= σx2+ σy2-2 σxσyR. The geometric relationships of R, σx, σy 
and E′ are shown in Figure 4.9. 
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Figure 4.9 Geometric relationships of R, σx, σy and E′ (reproduced after Taylor, 2001) 

 
 
The Taylor diagram is created from the geometric relationships shown in Figure 4.9. 
For this thesis the x-axis in the Taylor diagram has been normalized and has the 

polar arguments 
y

xr σ
σ= and )R(cos 1−=α , where (r) is the Euclidean distance from 

the origin of the circle and represents the quotient between the standard deviations 
and (R) is the correlation. Figure 4.10 shows all 4 extrapolated data sets to see how 
well the extrapolated data sets compare to the observed data. 
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Figure 4.10 Dots represent the spread of values for the daily map data sets and asterisks represent the spread of monthly map 
data values. Black represents the mean data sets and gray represents the median data sets. 

  
As shown by Taylor (2001), E′ , which is related to the RMSE, can be derived from 
the Euclidean distance from the ideal point (marked out as a black dot on the x-axis). 
The perfect extrapolated data set would have the same variation as the observed 
values, i.e. the same standard deviation. Likewise the perfect data set would deviate 
from its average value equally to the observed data set giving it a correlation value of 
1. Both the dot-clusters of the median daily maps and asterisk-clusters of median 
monthly maps have better standard deviations than the clusters of results from the 
mean values. 
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Approximating the RMSE by the Euclidean distances from the nominal point on x-
axis shows that the average RMSE for the monthly maps are much better than the 
daily maps, but for the mean and median data sets the differences in RMSE are too 
small to approximate visually from the Taylor diagram. To find the correct RMSE we 
would have to remove the overall biases from the ‘centered pattern’ RMSE. After 
doing so we would find that the RMSE is slightly better for the median data sets 
compared to the mean data sets (as can be also be derived from Figure 4.7). The 
correlation of the derived mean values and median values are almost identical for 
monthly maps and for daily maps (as can be seen in Figure 4.8). 
 
However, it is evident that the median data set provides a better estimate of the 
standard deviation of the observed data. This is evident by its points lying closer to 
the circle marking the value of one in standard deviation ration. The ratio of standard 
deviations between the extrapolated and observed data is good indication of how 
well the extrapolated data sets resemble reality. Hence, even if the RMSE using the 
median to extrapolate is only slightly better than using the mean, the better match of 
the standard deviation makes this a much better representation of the observations.  
 
In summary, the Taylor plots do indicate that the extrapolated data sets using 
median values are indeed better than those using the mean values. It is also clear to 
see that data from the time averaged extrapolated monthly maps fair much better 
than the data from the daily maps.  
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Summary and Conclusions 
 
Chapter 1 gave a general overview of the tropics and introduced the reader to the 
main goal of the thesis. The main goal of the thesis was to test if the method of 
extrapolating cloud characteristics from a single location in the tropics to the entire 
tropics based on tropical cloud regimes is feasible. A short description of ISCCP D1 
data set and the variables used in this thesis followed in chapter 2. In chapter 3, the 
objectively defined tropical cloud regimes on which this thesis is based on, were 
introduced. Then the KMEANS clustering algorithm used to find these tropical cloud 
regimes was described. The typical cloud types within each tropical cloud regime 
were described by comparing Cloud Top Pressure-optical thickness (CTP-τ) 
histograms to a CTP-τ cloud classification chart. The spatial distributions of the 
tropical cloud regimes were shown using Frequency of Occurrences (FOCC) maps 
and their distribution related to Sea Surface Temperature (SST) and Outgoing Long 
wave Radiation (OLR) maps. Finally in chapter 3 an example of two opposite ENSO 
events where compared using FOCC maps of the tropical cloud regimes. 
 
The Data Extrapolation and Evaluation chapter was where the hypothesis of this 
thesis was tested. First we motivated why the ARM site on Manus was selected to 
extrapolate from, after which the advantages and disadvantages associated in 
choosing a single site was elaborated. Using the Total Cloud Cover (TCC) 
distributions of each cloud regime in Manus, data sets of mean and median values 
were created. Extrapolated daily and monthly maps were created from the daily 
maps of satellite-observed cloud regimes in the tropics and the derived TCC data sets 
from Manus. This tested both the use of extrapolations with mean vs. median values 
of TCC and the use of extrapolated daily maps vs. extrapolated time averaged maps 
of TCC. Monthly maps in this thesis represented time-averaged maps although 
qualitative studies of 5-day maps, seasonal maps and yearly maps were also carried 
out at a later stage.  
 
To test the extrapolation method, we first performed a qualitative assessment of the 
results by visually evaluating the method through contour maps of the tropics 
showing the observed and extrapolated mean and median maps side by side. The 
daily map comparison showed that the extrapolated maps performed well in 
reproducing general areas of relative high and low TCC, but their variance was 
lacking in comparison to the observed daily map. The qualitative assessment of 
monthly maps showed that generally the extrapolated TCC maps represented the 
observed monthly maps very well. The monthly map with extrapolated median 
values appeared to perform somewhat better than the monthly map with 
extrapolated mean values. 
 
To verify how well the extrapolating method worked in this thesis, the derived data 
sets were tested quantitatively using a range of statistics comparing the extrapolated 
data sets to their observed counterparts. They were tested using the Mean Error 
(ME), Mean Absolute Error (MAE), Root Mean Square Error (RMSE), correlation (R) 
and variance (σ). 
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All the statistical criteria tested in this thesis showed, not surprisingly that averaging 
in time, i.e. using extrapolated monthly maps instead of extrapolated daily maps 
significantly decreased the degree of error in the derived data sets. The Monthly 
maps had a high correlation of over 0.9. The daily maps had a correlation coefficient 
of around 0.8, which is also quite high.  
 
The Taylor diagram quantified that the use of extrapolated monthly TCC maps 
represented the observed data set much better than the extrapolated daily maps did. 
Importantly it was discovered that using extrapolated maps with median values of 
TCC was a better representation of the observed values of TCC than the use of 
extrapolated maps using mean TCC values. All of the time averaged maps showed 
the same signal that was found when using monthly maps. The extrapolated five-day 
maps performed worse than the extrapolated monthly maps, but for longer time 
averaging the extrapolated data sets showed less error than for shorter time 
averaging.   
 
One drawback in using the method of extrapolating cloud characteristics from a 
single location is that cloud characteristics cannot be derived for all tropical cloud 
regimes. In Manus and the other tropical ARM sites, the Suppressed Shallow Cloud 
regime with High total cloud cover (SSCH) is very poorly represented. As a 
consequence the extrapolating method used here is ineffectual in areas where the 
SSCH cloud regime is a dominating cloud regime. That area includes large areas in 
the tropical eastern Pacific Ocean and the tropical eastern Atlantic Ocean. Unless a 
feasible solution is found to eradicate this problem, the proposed extrapolation 
method will not work in areas of high FOCC of this regime.  
 
The errors of the extrapolated maps are actually small in comparison to many Global 
Circulation Models (GCMs) (Zhang, 2005) and therefore models can potentially 
afford to make use of the extrapolation used in this thesis after more tests on the 
method are carried out. 
 
Further tests should be performed to verify the extrapolation method used in this 
thesis. To gain further confidence in this method, other cloud characteristics that can 
be verified by satellite measurements should be tested as performed in this thesis 
with TCC. Outgoing Long-wave Radiation (OLR) is a suggested cloud characteristic 
that can be tested by the same method used for TCC in this thesis. When enough 
cloud characteristics have tested using this method and we can trust the method. We 
can then do a ‘leap of faith’ and apply this extrapolation method to a cloud 
characteristic that is difficult to measure globally, like vertical cloud profiles.  
Producing a tropics-wide data set for vertical cloud structure would be a major 
contribution to the evaluation of GCMs, since no such data exists at this point in 
time.  
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