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1. Introduction 

Global environmental change has recently pushed the scientific community in the quest for 

more comprehensive spatial information on the continental biosphere. In terms of climate 

change, ecosystem monitoring has become one of the priorities to better understand the 

evolution of terrestrial carbon stocks, as well as to foster conservation policies for these 

carbon stocks. According to IPCC (2002), deforestation and land clearing activities, mostly 

from sub-tropical regions, contributed with one fifth of the greenhouse gas emission during 

the 1990s. 

The tropical dry forests are one of the most extended tropical forested ecosystems, and yet 

have received only recent attention from the scientific community. This ecosystem is also 

scarcely represented in the international protection schemes, which perhaps causes 

increased vulnerability of this ecosystem to the tropical fingerprint of global human 

development. Additionally, the climatic conditions are relatively attractive for human 

settlement and the ecosystem has historically supported dense agriculture activity. In 

megadiverse Mexico for example, these forests extend up to 60% of tropical forests, and 

an estimated 30% of this extent is considered as highly modified under anthropic 

pressure. The annual deforestation rate of the deciduous tropical dry forest in Mexico has 

been evaluated at around 1.4 - 2 %. The contribution of the latter to climate change is 

manifolds, including carbon emissions, increased albedo and regional hydrographic cycle 

alteration. Moreover, the very loss of biodiversity derived from the conversion of forest to 

grassland for pasture is considered as a triggering factor for future forest fires and 

conversion to more grassland. 

The monitoring and analysis of the forest distribution pattern, including phenological and 

anthropogenic modifications, contributes to the uneasy task of slowing down the 

tendency of forest loss. Remote sensing has proved a fundamental tool for such 

monitoring, owing to its contribution to the study and understanding of the global 

environment through time, and the calibration of models which help building 

environmental scenarios in the future.  
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However, in the case of tropical dry forests, remote-sensing based studies report high levels 

of error for its detection and mapping. One of the reasons for this is associated with the 

seasonality of the vegetation: During the wet season, cloud–free satellite imagery is difficult 

to acquire, while during the dry season when the imagery is more available, the leaf off 

configuration of the forest causes misclassification with savanna, shrubland or grassland 

ecosystems. Other sources of uncertainty are related to tropical dry forest definitions and 

classification methodology. For example, classification schemes at regional scales have 

mainly been calibrated on other, better studied, ecosystems, and have led to poor accuracy 

results for tropical dry forests and there is no widely accepted, standard methodology so far 

for the monitoring of this forest type. 

This chapter focuses on the specificity of the tropical dry forest ecosystem and its related 

challenge for remote-sensing based mapping and monitoring. An emphasis is laid on the 

exploration of change detection techniques in tropical dry environments. The first section of 

the chapter relates to the global importance and specificity of the tropical dry forest, in terms 

of biophysical features, ecological function, and role in climate change. In the second 

section, remote sensing as a tool to monitor forested ecosystems is reviewed. We discuss the 

difficulties for monitoring tropical dry forests, among which methodological difficulties of 

change detection techniques, and the potential of the Multivariate Alteration Detection 

(MAD) as an efficient technique in this case. In the third section, a comparative study of 

change detection techniques is presented for Landsat ETM+ imagery on a portion of the 

tropical dry forest along the western coast of Mexico. Finally, a discussion is proposed on 

the perspectives learned for dry tropical forest monitoring. 

2. Global importance and specificity of tropical dry forest 

Most tropical ecosystems have been subjected to a diminishment of their extension due to 

the impact of human being’s colonization. Murphy & Lugo (1986) report that about 40% of 

the earth's subtropical landmass is dominated by open or closed forest, and, out of this 

landmass, 42% would be tropical dry forest (TDF), 33% would be moist forest, and only 25% 

would be wet and rain forest. Large patches of TDF in the Americas are located in 

Northeastern Brazil and Southeastern Bolivia, Paraguay, and Northern Argentina (52.4%). 

The rest of the existing TDF is found in highly fragmented landscapes in Mexico and Central 

America (Sánchez-Azofeifa et al., 2009).  

Since there is a need to generate scientific knowledge on the tropical dry forest, a series of 

studies regarding its structure (plant height, density), functioning and composition have 

already been reported. Several efforts have been made at a local and regional level in 

Central America and the Caribbean (Murphy & Lugo, 1995; Griscom & Ashton, 1995)), 

Brazilian caatinga (Sampaio, 1995), Africa (Menaut, 1995) and Thailand (Rundel & 

Boonpragob, 1995), Costa Rica (Sánchez-Azofeifa et al., 2009), islands in Lago Guri, 

Venezuela (Feeley et al., 2005) and Mexico (Maas, 1995; Martínez-Yrízar, 1995; Trejo & Dirzo, 

2000). In order to monitor their extent, global distribution maps of TDF were built based on 

the MODIS Vegetation Continuous Fields (VCF) product; an estimated 1,048,700 km2 of 

tropical dry forest remains distributed throughout the three sub-tropical regions. More than 

half of the forest area (54.2%) is located within South America, the remaining area being 

almost equally divided among North and Central America, Africa and Eurasia, with a 

relatively small proportion (3.8%) within Australasia and Southeast Asia (Miles et al., 2006). 
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The TDF is one of the most predominant types of tropical vegetation in Mexico (Trejo & 
Dirzo, 2000). It is distributed in Mexico along the Pacific Coast where it covers large, 
practically uninterrupted extensions from the South of Sonora and Southeast Chihuahua 
all the way down to Chiapas, continuing to Central America. It also exists in patches on 
the Southern most point of Baja California. It takes up a large portion of Chiapas in the 
Isthmus of Tehuantepec, also including the Gulf’ side in Southern Tamaulipas, 
Southeastern San Luis Potosí, Northern Veracruz, Yucatán and Campeche (Rzedowsky, 
1978). This type of vegetation develops in Mexico in regions of warm sub-humid weather, 
with an annual average temperature above 20 to 29°C, an annual rainfall of maximum 
1200 mm and between 0 and 1700 m.a.s.l and its spatial distribution is characterized by a 
heterogeneous matrix of topographic, aspect, climatic and edaphic conditions 
(Rzedowsky, 1978; Trejo & Dirzo, 2000). These types of forests generally present only one 
arborous stratum, the height of the trees generally oscillates between 5 and 15 m, the 
treetops are convex or flat and their width sometimes matches or surpasses the height of 
the trees (Rzedowsky, 1978). 
According to Rzedowsky (1978) the impact of human activities on this type of vegetation 
had been considerably less than in other types of vegetation due to the shallow, rocky 
floors, stating that they are not good for the development of agriculture even though there 
were regions of TDF which were exploited for livestock farming, selective woodcutting 
and affected by forest fires. Still, TDF covered around 14% of the Mexican territory. 
However, Janzen (1988) assured that the TDF is the most threatened of the major tropical 
forest types and that this type of vegetation has declined from an original area of 550,000 
km2 and only 0.09% has been granted a conservation status. Later in the 80’s and 90’s 
Flores & Gerez (1994) reported a reduction of 5.42% of its surface between 1981 and 1992. 
Ceballos & García (1995) stated that there is no consensus about the rates of deforestation 
in the Neotropics. However, large dry forest patches had disappeared mainly to support 
agriculture and cattle ranching activities. Trejo & Dirzo (2000) found that in Mexico 73% 
of the TDF has been altered, degraded or converted mainly into agricultural or livestock 
grasslands. 
Quadri de la Torre (2000) states that this ecosystem took up an area of approximately 16 
million hectares in the 1950’s, of which less of a third remained in that time due to 
deforestation. One of the last studies made and one of the first to use remote sensing 
(Miles et al, 2006) demonstrates that in Latin America TDF experienced the greatest 
decreases between 1980 and 2000 in percentage of forested area, with an estimated figure 
of 12%, and the main causes for change and loss in these type of ecosystems were mainly 
due to climatic changes, fires, forest fragmentation, conversion to agriculture and 
population growth. 

2.1 Ecological functions and ecosystem services 
The relatively simple structure of dry forests makes them more suitable to unravel 

ecological functions, patterns and processes than their wet counterparts, and, indeed, some 

of the most significant insights into ecosystem structure and function in the tropics have had 

their basis in research conducted in dry rather than in wet forests (Bullock et al., 1995). 

The distinctive characteristic of TDF is the availability of humidity. It creates a very clear 

physiognomic contrast between the dry and rainy seasons. The dry season has a length of 7 

to 8 months and the vegetation formations lose their leaves (Rzedowsky, 1978). This creates 
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a vegetation’s hydric and available mineral nutrients deficit, giving as a result a highly 

complex and diverse ecosystem (Bullock et al., 1995). The seasonality that the TDF presents 

becomes a dominant ecological force when temporal patterns of biological activity such as 

growth or reproduction become synchronized with the availability of water or when the 

geographic distributions of plant or animal taxa are constrained by moisture limitations 

during certain times of the year (Murphy & Lugo, 1986). 

Ecosystem services refer to the biological properties or processes in forests. They also 

represent human population benefits derived directly or indirectly from ecosystem 

functions. Ecosystem services consist of flows of materials, energy, and information from 

natural capital stocks combined with manufactured and human capital services to produce 

human welfare (Constanza et al., 1987). For example, forest ecosystems may absorb 

significant quantities of carbon dioxide. As a result of this, in the last decades a considerable 

amount of interest has appeared to increase the amount of carbon content in the land 

vegetation by means of forest preservation, reforestation, agroforestry and other methods of 

land use. 

Tropical dry forests are less diverse than wet forests; total biomass of trees and net annual 
primary productivity (NPP) are also lower, but the diversity of plant life forms is greater. 
Improved measurements of NPP have included annual litterfall and have suggested high 
values of forest biomass (Martínez-Yrízar et al., 1996; Bullock et al., 1995). TDF presents well 
defined phenological cycles, which make them potential proxies for the biological response 
to climate change and specifically to drought effects. According to Maass et al. (2005) little 
research has been conducted therefore, little is known about the ecosystem services 
provided by the TDF. 
Kalacska et al. (2008) point out the need of characterizing, as accurately as possible, the 
initial state and extent of the forest to estimate the payments for environmental services. 
On his own, it studies one of the most important ecosystem services of the TDF: Carbon 
sequestration. 
Maass et al. (2005) provide a conceptual framework to construct an integrated 

understanding of ecosystem services delivered by tropical dry forest of the Pacific Coast of 

Western Mexico. In order to explain this, the structural and functional aspects of the natural 

and transformed ecosystems were considered, as well as a more recent understanding 

regarding social dimensions of ecosystem management. Maass et al. (2005) identified nine 

main services in the Chamela Region, Jalisco, Mexico, which are fresh water, agricultural 

and pastoral goods, diverse resource provisioning, biodiversity, climate regulation, soil 

fertility maintenance, flood control, bio-regulation and scenic beauty. Additionally, Pielke et 

al. (2002) also claim that the climate-related ecosystem services that tropical forests provide 

include the maintenance of elevated soil moisture and surface air humidity, reduced 

sunlight penetration, weaker near-surface winds and the inhibition of anaerobic soil 

conditions. 

2.2 Tropical dry forest removal in the context of global warming 
The human activity is causing deforestation at global scale. The main driver of deforestation 

is land use change, including conversion to grasslands and to agricultural land, forest fires 

and irrational woodcutting, among others. The conversion through shifting cultivation and 

clearing of secondary vegetation makes significant contributions to global emissions of 

greenhouse gases today, and has the potential for large additional emissions in future 
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decades. Additionally, the non-sustainable exploitation of timber where extraction exceeds 

regeneration and reforestation implies a surplus of emissions of greenhouse gases 

(Intersecretarial Commission of Climatic Change 2009). 

The consequences of deforestation are multifold: Firstly the production of considerable 
carbon emissions due to the combustion and decomposition of vegetable biomass and also 
to the loss of organic carbon located in the soil. 
Deforestation also impacts on regional and global climates, not only because of emissions of 

the greenhouse gases, but also because of the increased albedo and evapotranspiration 

derived (IPCC, climate change and biodiversity, 2009). The regional consequences of the 

future climate change are not yet known, but it is highly probable that the changes in 

variables induced by climate change may modify in turn the regional climates and may 

induce unexpected effects over the weather conditions in different regions. Local and 

regional climate changes may consist of alterations in the length of the agricultural 

seasons, in the availability of water or in a greater incidence of perturbation regimes 

(extreme values of high temperatures, flooding, droughts, forest fires or plagues), which 

will, in turn, notably impact the structure and function of the natural and artificial 

environments (IPCC, 1997). 

Strictly in terms of CO2 emissions in the world which seem to prevail in the factors of global 

warming (Mintzer, 1992, as cited in Ordoñez, 1999), deforestation contributes roughly one 

fourth of the emissions while fossil fuel consumption by humans contributes roughly three 

fourths (IPCC, 2009). However, deforestation has consequences beyond global warming, 

much further into the multi-threatening global change: for example, the fragmentation of 

habitats and conversion of extensive land uses to intensive ones cause a severe loss in 

biodiversity. In fact, changes in ecosystems may have important consequences within global 

warming. For example, the alteration of tropical landscapes, primarily the conversion of 

forests to agriculture or pasture, changes the partitioning of insolation into sensible and 

latent turbulent heat forms. Less transpiration associated with the agricultural and pasture 

regions results in less thunderstorm activity over this landscape (Pielke et al., 2002). Each 

change in the quantity or quality of types of natural capital and ecosystem services may 

impact human welfare. These are part of both small changes at large scales and large 

changes at small scales; in other words changes in particular forms of natural capital and 

ecosystem services which both alter the costs or benefits of maintaining human welfare 

(Constanza et al., 1987). 

From the strict global warming perspective, tropical ecosystems in general, and forests in 

particular, can accumulate a significant amount of the global carbon in biomass (Pfaff, 2000). 

As a consequence, there is a great need to estimate, map and monitor with greater precision 

the accumulated carbon in the forests (Goetz, 2009). The amount of biomass is generally 

much greater in tropical rainforests than in tropical dry forests. However, worldwide many 

tropical rainforests are replaced by TDF (William, 1985), especially in South America and 

Africa. Rainforests are converted to Savanna and other dry tropical forest types, often 

irreversibly, because of fire events. This phenomenon justifies the importance of studying 

TDF carbon stocks in spite of their lesser content with respect to rainforests. 

In Mexico, TDF, described as a low size tropical deciduous forest, has been one of the 

ecosystems most affected by land use change. It is also likely that in the future, an increasing 

land use change trend will continue due to the increasing demand over ecosystem services 

and natural resources. Burgos and Maass (2004) unveil the causes and consequences of 
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tropical dry forest conversion into other types of land use in Mexico. They show how much 

of the TDF has already been converted to pasture and agricultural land. Human settlements 

surrounding the reserve of Chamela (Jalisco, Mexico) are organized under the Ejido land 

tenure system where peasants have tended to clear TDF for slash and burn cropping and 

pasture for cattle grazing. Ejidos are considered land use administrative units under the 

control of local peasant communities. Decisions on land use change at the Ejido level are 

mostly driven by the needs to fill local market expectations. The decisions are nevertheless 

controlled and/or motivated by Mexican agrarian and environmental regulations (Sánchez-

Azofeifa, 2009). 

Ordoñez & Masera (2001) report that one of the main emitters of greenhouse gases in 
Mexico is land use change: 30.2 million tons of carbon released each year; the total emissions 
produced in Mexico represent 1.4% of the total carbon emissions around the globe. The 
greenhouse gas which contributes the most to global warming is CO2 and tropical forests 
are said to play a very important role in the cycle of this gas. They claim deforestation 
produced 69.5% of the reported CO2 emissions in Mexico in 2006.  
In order to quantify the TDF ecosystem’s biomass, carbon (C) and nitrogen (N) pools of both 
intact forests and converted sites, Jaramillo et al (2003) sampled the total aboveground 
biomass (TAGB), and the N and C pools of two floodplain forests, three upland dry forests, 
and four graze lands that had been dry forest extents. The lack of a consistent decrease in 
soil pools caused by land-use change suggests that C and N losses result from the burning of 
aboveground biomass. It is estimated that in México dry forest landscapes store 
approximately 2.3 Pg C, which is about the same C stored by the evergreen forests in that 
country (approximately 2.4 Pg C). Potential C emissions to the atmosphere from the burning 
of biomass in the dry tropical landscapes of Mexico may be higher (708 Tg C), as compared 
with from evergreen forests (569 Tg C). Efforts to determine the status of TDFs in Mexico are 
particularly critical in certain regions with the highest diversity and endemism of TDF in the 
world. These regions include the Yucatan Peninsula, the coast of the State of Jalisco, the 
Balsas and Santiago river basins and scattered areas along the Gulf coast (Trejo & Dirzo, 
2000, 2002). 

3. Remote sensing as a tool to monitor forested ecosystem 

Given the need to create a strategy to go deeper into the behavior of TDF, it is necessary to 
go further into characterization through the dominion of a spatial and temporal scale. In this 
work, the resources of geospatial information such as satellite images are used. The 
identification of places is essential in the determination of spatial patterns. The related 
images are connected to the geographical characteristics of the place. Nowadays, satellite 
images are tools which help us to identify geographic features or places that are associated 
to a certain type of application; provide a context of the place as well as helping us identify 
natural and environmental aspects of the geographical space. However, there are different 
ways to approach the geospatial problem in a more integral way, such as using more 
technological, geospatial tools that allow organizing and optimizing the use in the handling 
of the information. This is presented within a conceptual framework in Geomatics where the 
interaction of the changes in landscape is motivated with the appropriate models in order to 
simulate identified social, economic and ecological processes, and their dynamics and 
interactions given by the social actors as well as the government itself, from a territorial 
point of view (Reyes et al., 2006). 
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The identification, follow-up and notification of the changes experienced by the terrestrial 

cover may be made through field information, geographic statistics, models based on forest 

inventories, remote sensing techniques, flow measurements, soil sampling and ecological 

studies (IPCC, 2002). In Mexico, as in the world, the ecosystems are in permanent change 

due to natural causes and the pressure exercised upon them by human beings. Remote 

sensing and geographic information systems have been fundamental tools in monitoring 

these changes throughout the years. 

These sciences allow the pinpointing and following-up of these changes from a historical 

perspective due to their temporal resolution. Remote sensing has been a very valuable 

instrument in the observation and follow-up of Earth and one of its most relevant 

contributions is the study of the weather and the following-up of the processes happening 

on it (Chuvieco, 2002). However, there are several challenges associated with developing the 

remote sensing inputs needed to understand landscape dynamics. Land use and land cover 

change studies are often based on information about landscape structure and composition at 

different spatial and temporal resolutions derived from remotely sensed data. 

There are two change detection approaches according to Chuvieco (2002) considering a 

temporal aspect: a multiseasonal and a multiannual approach. The first one refers to 

following patterns by seasons in the same year where, for example, the changes in the 

phenology of the vegetation can be analyzed. The multiannual approach refers to the 

detection of changes happening between two or more dates. This last approach is the one 

this work is focussed on in order to monitor the changes in soil cover and its implication in 

climatic change. 

The changes in the terrestrial cover and the changes in land use have important 
implications for the future climatic changes on Earth. This is why the need to understand 
the interactions between human activity and natural resources appears. These same 
interactions are seen reflected in the change patterns of land use/terrestrial cover. These 
changes are a process widely distributed, accelerated and significant, mainly caused by 
human actions and, in many cases, also bring about changes which impact on humanity 
(Rosete et al., 2008). This is why remote sensing proves to be fundamental in the 
evaluation of changes in the patterns of deforestation and changes in land use, because 
this allows a qualitative and quantitative analysis of the changes happening in the 
ecosystems. 
Remote sensing has been used for the extraction of information from the environment. 
Within the most common applications we find coverage mapping, changes in land use, 
weather monitoring, biomass accounting, vegetation phenology, desertification, 
deforestation, monitoring of forest fires and natural disaster prevention, all of which are 
closely linked to climatic change. 
There are several sensors which have made possible all the studies above mentioned. 

However, it is noteworthy to mention that the Landsat program has a compilation of images 

dating 40 years, which represents the lengthiest registry of information of the Earth’s surface 

obtained in a global and repetitive way from space (USGS, 2010). The availability of periodic 

data obtained through satellite observation has made possible for climatic change detection 

to be one of the most important applications in remote sensing. Since 2009, the information 

obtained from this program has become available providing a lot of material to make 

scientific studies, as well as the advance and implementation of new methodologies to study 

Earth’s surface from different fields.  
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3.1 Importance of change detection for ecosystem monitoring 
Mapping TDF distribution remains a difficult challenge in spite of the diversity and 
potential of the remote sensing data that have been employed for this task so far. Parts of the 
challenge are because most of the studies have been performed in tropical evergreen forest, 
these studies are successful in the characterization of this forest and they obtained good 
results in accuracy (e.g. user’s accuracy of MODIS derived global map for broadleaf 
evergreen forests: MODIS team, 2003). TDF has received considerably less attention and the 
extraction of TDF information from remote sensing imagery has been hampered by at least 
three factors: 
1. The difference in the classification method for TDF cover extraction. 
2. The difference in definitions of TDF among countries and scientists. 
3. The difficulty in mapping or characterizing TDF with remote sensing data. 
Regarding points 1 and 2, the extraction of the distribution of ecosystems is in general a 
complex task because vegetation classification systems differ (e.g. bioclimatic types, global 
biogeographic classifications, vegetation types according to the Marrakech's accords, etc.) 
along with natural boundaries of these ecosystems (Miles et al., 2006; Kalacska et al., 2008). 
Another interesting difference reported by Lucas et al. (2004) is related to natural boundaries 
of tropical ecosystems, due to excessive loss and fragmentation. 
With regard to point 3, the noise in the remote sensing data due to atmospheric conditions 

causes more problems than for evergreen forests (Lucas et al. 2004), because of the 

seasonal phenology of the forest. During wet season, the acquisition of the imagery is 

hampered by cloud cover. During dry season, when more imagery are available, a 

varying percentage of trees is leafless which causes the forest to be possibly 

misinterpreted, because of a similar spectral signature, with non treed ecosystems or with 

highly modified evergreen forests. 

Couturier (2010) assessed the accuracy of the MODIS derived global map MOD12Q1 for the 

major forest biomes in the total extent of mega-diverse Mexico. He found that the greatest 

amount of error occurred for the broadleaf deciduous forests while evergreen forests were 

relatively well mapped; oak forests tended to be confused with grassland and TDF tended to 

be confused with evergreen forests. Only 39% of the TDF in Mexico were correctly mapped. 

His findings corroborated Kalacska et al. (2007), who found only 36% accuracy for the TDF 

class in Mexico’s Chamela Natural reserve and Costa Rica. The TDF was significantly 

underrepresented in the land cover maps. In the case of confusion with evergreen forests, 

this means that carbon stock estimations derived from the maps are optimistically flawed by 

a significant amount. 

In the perspective of precise ecosystem service tracking and global warming mitigation 

models, there seems to be a need for enhancing classification methods or/and optimizing 

remote sensing inputs for the estimation of TDF extent.   

3.2 Difficulties for monitoring dry forest 
In order to estimate the total value of ecosystem services, it is necessary to estimate the total 

global extent of the ecosystem (Constanza et al., 1987) and the rate of changes of the 

ecosystem extent (Kalacska et al., 2008). In the last few years efforts have been focused in the 

creation of models that help to create future scenarios which can help in the management of 

issues related to the preservation of the biodiversity and sustainable management of natural 

resources (Lambin, 1997). 
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The changes in vegetation cover and land use are dynamic processes. Therefore, the 
transitions are produced in different ways and in different places within its own limitations, 
as a response to social, economic or environmental factors. Change analyses provides 
fundamental information for the managing and planning of territory, the comparison in 
landscaping dynamics, in environmental impact studies (Serra et al., 2001), the detection of 
modifications in the conditions, abundance and distribution of species and the updating and 
systematization of natural resources inventories, among others. 
This information, in order to determine significant changes in those critical components in 
an ecosystem, is one of the initial conditions and it will assist as a basis for the 
development of managing and preservation plans for ecosystems and the preservation 
throughout time of the natural resources sustaining these ecosystems (Ramírez-Bojórquez 
et al., 2006). Balance between the natural habitat and human landscape could determine 
the future of the conservation of biological diversity in large areas of the planet. For this 
reason, it is important to monitor these conversions in the habitats. (Lee et al., 1995 as 
cited in López et al., 2001). 
Transformation in ecosystems should be handled taking into account three main questions: 
Which environmental and cultural variables are mainly contributing to the changes on 
Earth’s cover? Which are the places affected by these type of changes? How is the progress 
of these changes? The challenge, in order to model and monitor the terrestrial cover, is 
answering these questions in such a way that these studies become crucial for any decision-
making (Lambin, 1997). 
Because of all the above mentioned, the importance of monitoring natural environments 
and the research and improvement of change detection methods are an issue under 
constant development in order to insert itself in the decision-making processes and 
investigation lines which interest the scientific community and society as well as is the 
case of climatic change. 
It is important to note that a better change detection is based on the better understanding of 
the process and driving force of change (Sui et al., 2008). This is why it is interesting to know 
the behavior of the TDF because proposing efforts towards the conservation of the tropical 
dry forest would help alleviate, among other things, the emission of greenhouse gases. This 
is important because it has been demonstrated that changes in these kinds of ecosystems 
have caused changes in the carbon deposits (Estrada-Salvador & Navar, 2009). 
In order to analyze and understand the ecosystem services like the capture of carbon that is 
in the TDF, it is necessary to know the intrinsic characteristics of the forests such as 
temperature, rainfall, soil characteristics and —of course and most importantly for the 
information within this chapter— the changes in land cover as well as the change in land 
use. With this, the number of biomes is calculated as well as the changes they have suffered 
throughout time in order to make estimations in these ecosystem services. The most 
significant impact of human activities on C storage comes through deforestation (Houghton 
et al., 1999, as cited in Pfaff et al., 2000). It is necessary for this to know the baselines for land 
use and translate observable land use and physical characteristics of sites into measures of 
carbon (Pfaff et al., 2000). 
Land-cover change provides an additional major forcing of climate, through changes in the 
physical properties of the land surface (Pielke et al., 2002). 
To estimate the change in cover and to understand the forces and factors related to these 
changes can be important measures to decrease these practices and in this way minimize the 
carbon emissions which would help to alleviate climatic change, biodiversity and endemic 
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species conservation, keep land in natural conditions, regulate the water cycle with direct 
benefits in a better microclimate and a better recharge of aquifers, among others (Estrada-
Salvador & Navar, 2009).There are many ways to tackle a change detection study and they 
should work mainly towards the proposed study’s objectives, without leaving aside 
technical matters such as the equipment’s availability, images and processing software. This 
line of investigation through remote sensing has become essential for several applications. 
Table 1 (below) shows the relationship between the most explored applications in change 
detection and the methods being used for each one of them. 
 

Typical applications Used Methods 

Change in land use or 
landscape cover 

Post-classification comparison, indirect classification of 
multi-temporal images, visual interpretation 

Change in vegetation 
Image differencing, images rationing, post-classification 
comparison 

Monitoring of natural disasters 
Image differencing, images rationing, regression, fire 
models, visual interpretation 

Changes in urban zones and 
SIG updates 

Image differencing, images rationing, object-oriented 
methods, visual interpretation 

Object follow-up and 
monitoring 

Image differencing, images rationing, post-classification 
comparison, object-oriented methods, visual 
interpretation  

Research and monitoring for 
military applications 

Image differencing, images rationing, object-oriented 
methods, visual interpretation, time series analysis 

Other applications (e.g. changes 
in wetlands and landscape, 
crop monitoring, etc.) 

Image differencing, images rationing, post-classification 
comparison, object-oriented methods, visual 
interpretation 

Table 1. Typical applications in change detection studies and used methods. 

4. Potential monitoring techniques 

In order to analyze the dynamic characteristics of the land covers, a great quantity of 
techniques has been developed for the extraction of information to allow visualization and 
understanding of the terrestrial cover through time. Change detection methods have been 
developed over the last decades and have been improved through time. The techniques 
being used to make change detection studies are focused on showing the transformations or 
modifications that have happened in a determined area as a consequence of natural 
phenomena or man-made actions. 
Digital change detection analysis is affected by spatial, spectral and temporal factors 
(Coppin et al., 2004). The type of method used may give different final results; therefore 
choosing an effective technique becomes crucial depending on the study’s objectives, the 
case to be studied, the phenological characteristics of the area, etc. The limitations, 
advantages and disadvantages of each technique must be important points to consider in 
the analysis, so that the right choice is made with the one that covers the necessary 
characteristics to get a good result in the change analysis. 
Several existing methodologies have been proposed for change detection analyses, which 
have been modified with the making of different works. They are not exclusive 
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methodologies, meaning that some of them use concepts from others and in this way they 
have evolved in the improvement and development of them. Whichever combination of 
change detection algorithms and classification routine is applied, it is evident that several 
alternatives exist and all of them have different degrees of flexibility and availability 
(Coppin et al., 2004). 
New methods and techniques are in constant development and invention (Lu et al., 2004), 
and it is sought that they are widely used in fields such as the detection, follow-up and 
modeling of the changes in land use and land cover, forests, ecosystems, natural disasters 
and urban areas (Sui et al., 2008). 
The techniques for the change detection analysis, through digital analysis, have been 
divided or categorized and described by different authors (Chuvieco, 1998; Coppin et al., 
2004; Pacifici, 2007; Niemeyer et al., 2008; Lu et al., 2004) according to the involved processes 
and the algorithms’ characteristics. Each method has a different degree of robustness, 
flexibility and significance. However, since the change detection techniques require making 
a complete and complex analysis of multi-temporal, multispectral images with several 
spatial resolutions and geographic data, nowadays no classification is enough to frame all 
the algorithms’ bases or the developing methods. 
Singh (1989) classified the methods in two categories: post-classification change detection 
and direct comparison with multi-temporal data. Lu et al. (2003) grouped the methods into 
seven categories: algebra, transformation, classification, advanced models, geographical 
information system approaches, visual analysis and other approaches. Wyatt (2000) 
basically groups them in two: post-classification methods and algorithms for quantifying 
change. Coppin et al. (2004) classified the methods in two large groups: bi-temporal change 
detection and temporal trajectory analysis. Sui et al. (2008), in turn, classified the methods in 
seven categories: direct comparison, classification methods, object-oriented methods, time 
series analysis, visual methods and the hybrid method. These seven categories are classified 
within the Coppin et al. (2004) classification. 
The direct comparison methods use algebraic operations, trying to compare arithmetically 
bands derived from two different dates (Chuvieco, 1998). These methodologies include 
image differencing and image rationing, correlation coefficient methods, biophysical 
variables used to compare values from two images from different years; Coppin et al. (2004) 
calls this univariate image differencing. The most widely used biophysical variables for this 
type of analysis are the vegetation indexes, e.g. Normalized Difference Vegetation Index 
(NDVI), Principal components analysis (PCA), etc. (Coppin et al., 2004). 
The research in change detection techniques is still very active  as new techniques should be 
developed to effectively use both the available data obtained through remote sensing, which 
is increasingly diverse and complex, and expected data from airborne and space-borne 
sensors under development. 
Even a glimpse of the remote sensing literature provides enough evidence to conclude that 
the images obtained through satellites at different dates may be used to detect and monitor 
changes happening in the ecosystems (Coppin et al., 2004). However, the efforts towards 
developing a better understanding of the change detection process should not decrease so 
that a better understanding of the applications and methodologies on this matter continue to 
be made. 
It is also important to mention that the change detection techniques may focus on three 
fundamental aspects: “if it changed”, which means whether there has been a change in the 
images or not; “what is changed”, which determines which characteristics are changing, 
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meaning that it identifies the “from-to” change; and lastly “how it changed”, which 
identifies the change process and trajectories (Sui et al., 2008). 

4.1 Post-classification  
One of the most frequently used methodologies is the post-classification change detection 
method which involves two steps: In the first step, images acquired at two times comprising 
the time period of interest are classified independently. In the second step, a pixel-by-pixel 
or segment-by-segment comparison is carried out in order to determine the type of changes 
in land cover class. This method has the advantage of minimizing impacts of atmospheric, 
sensor and environmental differences between multi-temporal images; it provides complete 
matrix of change information, whereas its disadvantages are the need of a great amount of 
time and expertise to create accurate classification products (Lu et al., 2004). By adequately 
coding the classification results, a complete change matrix is obtained, and change classes 
can be defined by the analyst (Coppin et al., 2004). This method has been applied in studies 
on land cover change, forest or vegetation change, and urban change (Sui et al., 2008). It is 
important to mention that the accuracy of this method depends on the accuracy of the 
classification. The final accuracy resembles very closely to that resulting from the 
multiplication of the accuracies of each individual classification and may be considered 
intrinsically low (Coppin et al., 2004). 
In order to make image classification, the spectral information is used by a pattern 
recognition technique. This means that the objects’ spectral response is analyzed and 
separated into classes. The objective of this process is to assign a class to all the image pixels 
(e.g. bodies of water, types of vegetation, bare soil, and so forth). This way a thematic map is 
obtained, which means that we get an image with a mosaic of pixels, each one belonging to 
a particular class. (Ortiz, 2005). 
One of the advantages of this method is that the classification of multitemporal images 
avoids the need to normalize for atmospheric conditions and sensor differences, between 
the acquisitions. However, the biggest disadvantage is that the performances of the post-
classification comparison technique critically depend on the accuracies of the classification 
maps (Jensen, 1996). In particular, the final change detection map exhibits an accuracy close 
to the product of the accuracies yielded at the two times. This is due to the fact that post-
classification comparison does not take into account the dependence existing between two 
images of the same area acquired at two different times (Pacifici, 2007). The effectiveness of 
this alternative depends on how the change classes are spectrally differentiated from the no 
change classes. 

 

 

Fig. 1. Scheme of post-classification techniques.  
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4.2 Multivariate Alteration Detection 
The Multivariate Alteration Detection (MAD) (Nielsen and Conradsen, 1997) procedure is 
based on a classic statistical transformation, referred to as canonical correlation analysis, to 
enhance the change information in the different images. The property of the Multivariate 
Alteration Detection transformation is the linear scale invariance. Therefore, with the use of 
MAD, the preprocessing by linear radiometric normalization becomes unnecessary, 
meaning that this implies insensitivity to linear differences in atmospheric conditions or 
sensor calibration at the two different image times. 
Canonical correlation analysis investigates the relationship between two groups of several 

variables. It finds two sets of linear combinations of the original variables, one for each 

group. Canonical correlation analysis (CCA) is used to measure the strength of association 

between two sets of variables. The first two linear combinations are the ones with the largest 

correlation. This correlation is called the first canonical correlation and the two linear 

combinations are called the first canonical variates. The second two linear combinations are 

the ones with the largest correlation subject with the condition that they are orthogonal to 

the first canonical variates. This correlation is called the second canonical correlation and the 

two linear combinations are called the second canonical variates. Higher order canonical 

correlations and canonical variates are defined similarly. Nielsen (1998), looks for canonical 

variates that are as similar as possible as measured by correlation, so he requests positive 

canonical correlations. 

The essence of this method is to transform two groups of multispectral data (two images in 

time 1 and time 2 in such a way that they show the maximum change (variance) in all the 

bands in a new set of images (MAD components), so that the change may be seen at the 

same time in various resulting MADs showing the changes of the different characteristics of 

the image (Fig. 2). 

 

 

Fig. 2. Scheme of Multivariate Alteration Detection technique.  

The mathematical expression of the MAD transformation is:  

 T TZ a X b Y   (1) 

where X and Y are the two multivariates of two images, a and b are coefficient vectors of 

linear combinations, and Z is the difference variable. Variance of Z is to be the maximized 

subject to constrain that both Ta X and Tb Y have unit variances. (Zhang, 2007) 

Vectors a and b could be solved by employing the established Canonical Correlation 

Analysis in multivariate statistics (Thompson, 1984). The correlation between Ta X y Tb Y is 
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called canonical correlation. The lower canonical correlation is the larger variance of Z. 

Therefore, the core idea of MAD is to find out maximum differences between two images by 

removing correlations between them as much as possible. 

 
1 1

1 1

...

...

T
p p

T
q q

a X a X a X

b Y b Y b Y

  

  
 (2) 

To find a and b is to define a set of a and b simultaneously, to let us maximize the variance 

with  T TVar a X b X . A multiplication of a and b with a constant c will multiply the 

variance with c2. Therefore a choice concerning a and b must be made and natural choices in 

this case are requesting unit variance of Ta X  and Tb Y . The criterion then is: maximize 

 T TVar a X b X   with     1T TVar a X Var b X  . By choosing this, we have 

        2 ,T T T T T TVar a X b X Var a X Var b X Cov a X b X     (3) 

    2(1 , )T T T TVar a X b X Cov a X b X     (4) 

Also, to find a and b a principal component (PC) analysis can be used. Doing PC 

transformation generates linear combinations of multiespectral pixel intensities which have 

maximum variance. The difference between MAD and PC is that PC does not intend to 

retain the common information between dates, but actually the one that changes. The first 

PC gathers the stability dimension of the image (stable brightness). The secondary 

components offer the change which is what interests us (Chuvieco, 2002). The second 

corresponds to the change between dates with clarity, since the coefficients that are negative 

represent the change in brightness. The third shows the contrast between the IRC and the 

other bands and it can be defined as stable greenery. The fourth, according to Chuvieco 

(2002) may refer to the transition from dry vegetation to a vigorous one. 

Theoretically, among all MAD components, the first one with largest variance ought to 

contain most of the change information, while others contain change information in 

decreasing order. In practice, in order to understand the physical content of the MAD 

components, it is possible do correlations between the change areas of the MADs and the 

original bands (wavelength regions) (Nori et al., 2008). However in this study a supervised 

classification of MAD components was done in order to understand better those 

components. 

However, this is not the case in practice by visual inspection due to noise in remotely sensed 
images. Noise may often be modeled as random variables uncorrelated with signals. During 
MAD transformation, this noise will be concentrated in those MAD components with low 
canonical correlations, which will result in a deviation of change information distribution 
from theoretical model, so as to hinder subsequent interpretations of change detection 
results (Zhang et al., 2007). To solve such a problem, Canty (2010) introduced another 
orthogonal multivariate linear transformation, called Minimum Noise Fraction (MNF), into 
change detection as a post-processing step for MAD transformation (Canty, 2010). The 
objective of MNF transformation is to separate signal from noise as much as possible. 
An important problem in satellite images change detection is the one produced by the 
variations introduced by the observation conditions, atmospheric conditions or the sensor’s 
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calibration. These effects modify the spectral signatures of land cover classes; therefore it is 
necessary to homogenize the images through conversion models to physical parameters 
incorporating the parameters of atmospheric correction and lighting. The MAD components 
are robust in this aspect, which means they are invariant under any linear transformation 
including any linear atmospheric corrections that may be made to the data. Therefore such 
corrections are not necessary (Nielsen, 1998; Canty et al., 2004). Other advantages of this 
algorithm are that it doesn’t require parameters to adjust, it can be applied at an object level, 
and it can be iterated on no change probability (Canty & Nielsen, 2008). 

4.2.1 MAD & thresholding 
The MADs are separated into change and no change classes (the change and no-change), 

and change thresholds are established. There are different methods to implement the change 

thresholds. The main idea in the choice of thresholds is to detezct significant changes 

thrown by the results in the change detection. In order to exploit the change information 

yielded by the MAD components, statistic criteria have been frequently used, assuming a 

normal distribution of the MAD components, based on the average standard deviation 

(Figure 3). 

 

 

Fig. 3. Definition of Threshold (T). The curve shows MAD components distribution. The 
centre of the curve represents the “stable areas” or “areas of no change”, whilst the areas 
from the sides represent the “dynamic areas” or “areas of changes detected”. The omission 
and commission areas of the curve represent “over or under estimations” of possible 
changes detected. 

There are several authors who suggest improvements to the threshold by applying 

unsupervised classification (Canty  et al., 2006), or applying different algorithms such as the 

expectation-maximization algorithm (EM) (Bruzzone & Fernandez-Prieto 2000). One 

method is to determine a threshold based on standard deviations (σ). The value of the 

thresholds is placed separately for each MAD component, considering that the intensity 

values are at ± 2σ of zero, which corresponds to the unchanged pixels. 

4.3 Comparative study of change detection techniques 
To develop models that allow observing the change dynamics is necessary to understand 
the causes and consequences of processes linked to global warming. In this study, two 
different change detection techniques were applied in order to assess land cover changes in 
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the Jalisco Coast (Pacific Ocean). First, we focused on change detection based on post-
classification comparison. Second, we investigated the usefulness of Multivariate Alteration 
Detection technique. 
The Jalisco Coast, Mexico, has a surface of 1,451,465.85 hectares, corresponding to 17.5% of 
the State of Jalisco surface (Fig. 4). Up to 18 types of vegetation can be found in the area, 
being the most important and representative the tropical dry forest (Castillo et al., 2007). 
 

 

Fig. 4. Research area. 

For a complete land cover change detection analysis, four basic remote sensing processes 
were used. First, a phase is allocated for satellite definition (for its orbital perception and 
repetition time) and for the sensor (for the desired properties in the image). Afterwards, the 
pre-processing takes place for the image correction. Thirdly, analysis techniques are used to 
outline the areas with significant alterations, which is what strictly concerns change 
detection. Finally, the analysis and validation should be performed with the use of the 
ancillary data, which can be field or official statistical data, and using techniques to estimate 
the precision of the whole process. (Singh et al., 1989; Lu et al., 2004; Chuvieco, 1998; Coppin 
et al., 2004). 
In this study, two Landsat ETM+ images acquired in 2000 and 2003 were used. In order to 
minimize the effects from atmospheric effects and seasonal differences (phenotype 
differences), images from the same time of the year, or as close as possible, were obtained. In 
the Figure 5 is shown the methodological approach. Two approaches were compared in 
order to assess differences between both methodologies. The steps followed were: 1) the 
acquisition and pre-processing; 2) changes analyses made through MAD and Post-
classification, 3) MAD classification in order to compare with Post-classification technique; 
4) A change matrix acquisition was undertaken followed by; 5) Result analysis and 
qualitative comparison. 
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Fig. 5. Methodological approach. The figure shows the methodology followed for MAD in 
the left and Post classification in the right. 

4.3.1 Results of the comparative study 
We selected a set of three areas where notorious land cover change had occurred. The 
change map was extracted from the 6 components of the MAD transformation and the Chi 
square probability image, using a maximum likelihood algorithm and a threshold method. 
The change classes were the following: 
1. TDF to bare soil and agriculture crop 
Other vegetation to bare soil and agriculture crop 
2. Agriculture crop to other vegetation  
First of all, the Landsat imagery shows greater greenness in the year 2000 than in the year 
2003. However, this trend, which holds for the bulk of TDF, may be explained by a 
difference in forest phenology stages between March 2000 and February 2003, because of 
greater precipitations earlier in year 2000 than in year 2003. Indeed, the rivers and water 
bodies are wider in 2000 than in 2003. 
Most changes due to deforestation seemed to have occurred in easily accessible sites, within 
few pixels of human settlements, water bodies and agricultural areas in 2000. This indicated 
deforestation processes associated with an expansion of agricultural activity. 
Three image subsets are shown in figures 6, 7 and 8, where a visual inspection helped the 
interpretation of the change detection. Red, orange and green colors referred respectively to 
deforestation of the TDF, removal of other vegetation types to a land use, and conversion of 
agriculture crop to a type of vegetation cover. 
A visual inspection reveals that the post-classification approach yielded a much larger 
change surface than the MAD approach. 
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Fig. 6. Inset 1: a) Original Landsat ETM+ 2000; b) Original Landsat ETM+ 2003; c) Post-
classification change map; d) Multivariate Alteration Detection change map. 

 

 
 

Fig. 7. Inset 2: a) Original Landsat ETM+ 2000; b) Original Landsat ETM+ 2003; c) Post-
classification change map; d) Multivariate Alteration Detection change map. 

a) b) 

c) d) 

a) b) 

c) d)
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A close qualitative analysis of the MAD change map indicated a relatively good match 

between large red patches with actual occurrences of removal of TDF. By contrast, there 

seem to be a few inconsistencies for classes indicated in orange and green. Much green 

occurrence corresponded to a change of soil moisture or vegetative state of a crop field 

(agricultural crop in 2000 and 2003). The spectral signatures of some of these crop fields are 

indeed close to that of a TDF, which makes it difficult to detect by any of the methods. In 

figure 8, many patches detected as deforestation by the post-classification method are in fact 

changes in crop conditions. 

 
 

 

 

Fig. 8. Inset 3: a) Original Landsat ETM+ 2000; b) Original Landsat ETM+ 2003; c) Post-
classification change map; d) Multivariate Alteration Detection change map. 

In the mountainous area, where TDF prevails (see figures 7), red spots would indicate 

many small change patches according to the post-classification method, and less so 

according to the MAD approach. These red spot most likely correspond to false changes 

due to misregistration errors of pixels located in steep terrain or near to a river bank. 

Overall, it is likely that the post-classification method largely overestimates total land 

cover change. 

The directionality of changes is observed on the change matrices (Tables 2 and 3). From 

the first method (MAD), the results showed a total area of 247.2 km2 of deforestation, 

whereas the post-classification method resulted in a higher change with 294.7 km2. 

Regarding to the areas with the opposite process (“forestation”), the matrix showed an 

area of 89 km2 and 29 km2 for MAD and for post-classification, respectively. 

a) b) 

c) d)
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MAD 
Other 

vegetation 
Agriculture 

Bare 
land 

Deforested 
area [km2] 

Regenerated 
area [km2] 

Tropical Dry Forest NA 144145 55641 179.8074  

Other vegetation NA 41773 33218 67.4919  

Agriculture 99021 NA NA  89.1189 

 
Total 247.2993 89.1189 

Table 2. Change matrix resulted from MAD technique. 

 

Post-classification 
Other 

vegetation 
Agriculture 

Bare 
land 

Deforested 
area [km2] 

Regenerated 
area [km2] 

Tropical Dry Forest NA 274459 3211 249.903  

Other vegetation NA 49551 316 44.8803  

Agriculture 32698 NA NA  29.4282 

 
Total 294.7833 29.4282 

Table 3. Change matrix resulted from Post-Classification technique. 

5. Conclusion 

Society faces the challenge of developing strategies to reduce the negative environmental 

impacts of land use change across multiple services and scales while maintaining social and 

economic benefits. This is why it is important to measure changes and find optimal 

techniques to measure them. Remote sensing is a valuable tool for monitoring land use and 

land cover. In the case of Tropical Dry Forests, the change in land cover is challenging 

because of its unsteady reflectance characteristics. Within a context of climatic change, the 

TDF is an important ecosystem for its preservation due to the ecosystem services it presents 

as well as for its high value in carbon capturing. It is necessary to diminish the land use and 

land cover changes in the TDF because of its high value in content of carbon. One of the 

necessary tasks to diminish climatic change is the creation of studies that focus on specific 

ecosystems where the changes in land use dynamics are made at a local and regional level. 

This research contributes by exploring change detection techniques in the challenging 
settings of tropical sub-humid conditions, towards an optimization of tropical land use 
change detection. The Multivariate Alteration Detection technique was tested against a more 
conventional technique (Post-classification), on a pilot area where TDF prevails in Mexico.  
In the case of post-classification detection, the high amount of detected change could be 
interpreted as a large overestimation of change. In both approaches, classes of potential 
change included false change, such as pixels affected by small misregistration errors in 
heterogeneous landscapes and next to steep terrain, and signal change within a particular 
class (change of soil moisture conditions within the agriculture class for example). A 
possible interpretation was that many categories of false changes were difficult to handle 
with post-classification whereas they could be handled better with the MAD technique.  
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Indeed, post-classification is a three step process (classification of the first image, 
classification of the second image, and then comparison of two layers) where the interpreter 
has to 'foresee' potential detection problems at each step. By contrast, each component of the 
MAD data represented a potential change type. This change type could have been a kind of 
false change, or a change within a particular class. In each case, the interpreter could directly 
handle the potential problem of the change type in a supervised manner. Instead of this, in 
post-classification, the change within a particular class would have to be detected 
('foreseen') at the classification step. 
In the case of TDF landscapes, where the phenology causes forests to be confounded with 
grassland or cropland, the characterization of each class is in itself a difficult task, which 
needs a certain amount of supervision. In such case, it is worth concentrating the efforts of 
the interpreter directly on change classes rather than first on thematic classes and then on 
change classes. 
The global environmental challenge includes maintaining land use surfaces below a 
reasonable level, intending to reach a trade-off between immediate human needs and the 
capacity of ecosystems to provide goods and services in the future. Studies in 
deforestation and land use/land cover change made at a regional and local level have 
more and more importance every day creating models that help understand the climatic 
variations. 
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