
 

 

Cora J ane C. Lawas 

March 2 016 

SUPERVISORS: 

Drs. E. H. Kloosterman 

Dr. Y. A. Hussin 

COMPLEMENTARY USE OF 

AIRBORNE LiDAR AND 

TERRESTRIAL LASER 

SCANNER TO ASSESS ABOVE 

GROUN 
       D BIOMASS/CARBON IN 

AY 
  
ER HITAM TROPICAL RAIN  

 

FOREST RESERVE  



 

 

 

  

COMPLEMENTARY USE OF 

AIRBORNE LiDAR AND 

TERRESTRIAL LASER 

SCANNER TO ASSESS ABOVE 

GROUND BIOMASS/CARBON 

IN AYER HITAM TROPICAL 

RAIN FOREST RESERVE  

 
CORA JANE C. LAWAS 

Enschede, The Netherlands, 2016 

Thesis submitted to the Faculty of Geo-Information Science and Earth Observation of 

the University of Twente in partial fulfilment of the  

requirements for the degree of Master of Science in Geo-information Science  

and Earth Observation. 

Specialization: Natural Resource Management 

 
 

SUPERVISORS: 

Drs. E. H. Kloosterman 

Dr. Y. A. Hussin 

 

THESIS ASSESSMENT BOARD: 

Prof. Dr. A.D. Nelson (Chairman) 

Dr. Mohd Hasmadi Ismail  (External Examiner, 

University of Putra Malaysia) 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

  



   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DISCLAIMER 

This document describes work undertaken as part of a programme of study at the Faculty of Geo-Information Science and 

Earth Observation of the University of Twente. All views and opinions expressed therein remain the sole responsibility of the 

author, and do not necessarily represent those of the Faculty. 
 





i 

ABSTRACT 

The mitigating instrument to address global deforestation under the UNFCCC and Kyoto Protocol is the 

implementation of the reducing emission from deforestation and forest degradation (REDD+), plus 

(conserving and enhancing forest stocks and sustainable management of forests) program. To achieve the 

objectives of this program functional and sustainable monitoring, reporting and verification (MRV) system 

needs to be implemented. In tropical countries where there is widespread forest degradation and 

deforestation, the implementation of the REDD+ program needs an updated inventories of the carbon 

stock in their forests. Moreover, there is a great need for accurate method for assessment of complex multi-

layered tropical rain forests. 

 

This study aimed to develop a novel method of accurately assessing the AGB/carbon stock of a tropical  

lowland rainforest with a vertically complex structure. The complementary strengths of airborne LiDAR 

and terrestrial laser scanning system to assess the upper and lower canopies of the forest achieved reasonable 

and robust results.  

 

The upper canopy layer was assessed by generating tree parameters using airborne LiDAR to obtain height 

from CHM and segmenting the Orthophoto to obtain CPA. DBH was modelled through multiple 

regression using the derived parameters as independent variables and the field DBH as the dependent 

variable. The modelled DBH achieved an R2 value of 0.90 and RMSE of 0.02 cm for the 16 plots. To 

estimate the AGB an allometric equation was applied to the modelled DBH together with LIDAR derived 

height. The modelled AGB was validated using the field DBH and LiDAR derived height. A robust model  

with an R2 of 0.98 and RMSE of 69.44 Kg was achieved for the 16 plots.  

 

The lower canopy layer was assessed using the registered scene from the TLS. This is to complement the 

trees that were not identified from the upper canopy layer. Scanned trees in the plot were extracted. Then 

DBH and height parameters were measured using RiSCAN Pro software interface. These parameters were 

then used for the allometric equation to estimate the AGB for the lower canopy. The correlation of the TLS 

measured DBH and field measured DBH was established and achieved an R2 value of 0.99 and RMSE of 

1.03 cm. The modelled AGB was estimated using the TLS measured height and DBH by applying the 

allometric equation. The model was validated using the field measured DBH and TLS derived height. The 

result was a robust model with an R2 value of 0.99 and RMSE of 19.23 Kg for the 16 plots.  

 

The derived AGB from the upper and lower canopies were combined. The accuracy of the complementary 

method of deriving the estimated AGB from the two sensors was assessed by obtaining the R2 and RMSE 

of the two sensors. The achieved R2 and RMSE is 0.98 and 188.35 kg respectively for the 16 plots.  

  

Based on the robust results this study presented a novel method to address the need of the REDD+ program 

to provide accurate AGB/carbon assessment for a complex multi-layered tropical rain forest. 

 

Keywords: Complementary, Airborne LiDAR, Terrestrial laser scanner (TLS), Segment, AGB, allometric 

equation. 
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1. INTRODUCTION 

1.1.   Background 

The ecosystem function of forests to store carbon has an important role in the global agenda of climate 

change. Carbon stored in above ground biomass, litter and soils in the world’s forests is around 652 tons 

with an average carbon content of 161.8 tons per hectare as estimated by Global Forest Resource 

Assessment (FRA) (FAO, 2006). The function of forests to store more carbon than any other terrestrial 

ecosystem serve as an important natural brake on climate change (Gibbs, et al., 2007).  The disruption of 

this ecosystem function through anthropogenic activities such as deforestation and forest degradation have 

an adverse impact on the ecosystem. Deforested and degraded forests wil l serve as carbon sources instead 

of sinks due to the release of carbon dioxide (CO2) in the atmosphere. Increased levels of carbon dioxide 

in the atmosphere is one of the main drivers of climate change. It is estimated that approximately 20% of 

global CO2 emission comes from tropical deforestation and degradation which ranked as the second largest 

source of emission from fossil fuels (Hirata et al., 2012). Further the Intergovernmental Panel on Climate 

Change (IPCC) reported on their Third Assessment Report (2001) that CO2 emissions due to deforestation 

and forest degradation in developing countries have a large impact on the global climate change (Houghton 

et al., 2001). 

 

The  mitigating instrument  to be implemented to address the land use related emissions from developing 

countries is reducing emissions from deforestation and forest degradation (REDD+), conserving and 

enhancing forest stocks and sustainable management of forests  (Corbera & Schroeder, 2011; Pistorius, 

2012). The REDD+ mitigation framework started as one of the agenda concerning the climate change 

mitigation under the United Nations Framework for Climate Change (UNFCC). It was further modified to 

include bilateral and multilateral activities  by Parties of Convention and private activities (UNFCC, 2010). 

Recent forest conservation activities to mitigate climate change in developing countries come under the 

REDD+ framework. It is the acknowledged framework that provide incentives (credits, funds, etc.) for 

reducing CO2  removals by enhancing forest carbon stocks (Hirata et al., 2012).  

 

Achieving the objectives of the REDD+ framework which is the sustainable and time bound reductions in 

forest related greenhouse gas emissions require a functional and sustainable national monitoring, reporting 

and verification (MRV) systems. The challenge however is the reliability to  account for the amount of 

forest carbon stock that includes changes over time as defined according to the greenhouse gas (GHG) 

reporting standards (2000) and IPCC guidelines (2006) (UN-REDD Programme, 2015).  The UNFCC 

methodological guidance calls countries to use the most recent IPCC guidelines as basis for estimating forest 

related GHG emissions and to use a combination  of remote sensing and ground based forest carbon 

inventory for obtaining the estimates. Further, remote sensing must be used for the clarification of forest 

cover types and the area occupied by each type (Hirata et al., 2012). 

 

Estimating carbon stocks on REDD+ recommends the application of remote sensing methods due to 

constrained access to forest areas and the difficulty of extracting the area to be sampled  (Bhattarai1, et al., 

2015). The application of remote sensing would also provide retrieval of forest attributes at varying levels 

of accuracy with due cost effectiveness (Tokola & Hou, 2012). Indeed remote sensing is an alternative 

method in the retrieval of forest structural parameters. However, the applicability of the method of 

assessment is dependent on the specific type of forest, the complexity of the geographical location and 
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conditions of the forest (Ediriweera et al., 2014; Tonolli et al., 2011). These situations poses the primary 

challenge in the assessment of a lowland tropical rainforest like Ayer Hitam Forest Reserve (AHFR) in 

Malaysia. A typical structure of this type of forest is shown in Figure 1. Due to its geographical location with 

high rainfall and constant warm temperatures, it provides the best condition for rapid plant growth and 

reproduction that consequently produces a highly diverse types of plants and animals. Moreover this 

condition of rapid plant growth and competition promotes the distinct stratification of trees contained in 

this type of forest. According to Walter, (1974) the structure of this type of forest are classified in different 

layers (Figure 1). Namely as an emergent layer that occupied the highest stratum, of heights ranging from 

40-50m. Followed by a canopy layer of heights that range from 30-40m, the understory that range from 20-

30m and the forest floor of 10m.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Structure of a tropical lowland rain forest 

 

Under the REDD+ framework monetary incentives can only be provided for carbon reduction initiatives 

if above ground biomass (AGB) of forests with these characteristics will be accurately accounted through 

remote sensing methods. This poses the greater challenge because current studies on remote sensing 

application to assess AGB as per review is for a reforested tropical forest such as the work of (Baral, 2011;  

Karna et al., 2015; Mbaabu, et al., 2014).  The remote sensing methods employed are to assess a reforested 

upland forest which is different in terms of geographical location and structure. Moreover, recent studies 

done  by Sium, (2015) and  Prasad, (2015) was done in a tropical rainforest however on a highland location 

that implements the application of remote sensing methods specific for that  forest condition. A 

comprehensive review done by Koch, (2010) on the application of remote sensing  for forest biomass 

mapping pointed out there is a very limited information on LiDAR derived  data for forest biomass mapping 

in the tropics. Moreover, Hirata et al., (2012) cited that there is a need for separate biomass assessment 

methods to appropriately assess multi-layered tropical forests. As emphasized by Chambers et al., (2007)the 

most effective use of remote sensing data towards developing a novel understanding of tropical forest 

structure and dynamics  is to combine the most appropriate ecological field investigations and an effective 

balance with remote sensing to overcome  spatial, temporal and logistical challenges. For this reason a novel 

approach of accurately assessing the AGB of a vertically complex tropical rainforest has to be developed in 

answer to the REDD+ requirement. The overall concept of this study is the synergistic use of airborne 

LiDAR with an Orthophoto for the assessment of the emergent and canopy layers of the forest. 

Canopy 

40 m 

Understory               
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Complementary to this, is the use of a terrestrial laser scanner for the assessment of the understory layer of 

the forest. Due to the distinct vertical structure of this type of forest its assessment would require both 

airborne and terrestrial remote sensors that can detect tree structural parameters across different layers.  As 

reviewed by Van Leeuwen et al., (2011) these laser sensors have their inherent strength and weakness when 

applied to temperate forests. Airborne laser sensors have limitations to characterize vegetation structure in 

the lower canopy. Whereas terrestrial laser sensors are biased towards lower parts of the canopy (Hilker et 

al., 2010). Studies on the integration of these technologies in temperate forests by Chasmer et al., (2006) and 

Hilker et al., (2010) enhances the detail of structural information. The complementary application of these 

remote sensing technologies in a lowland tropical rainforest as of this writing has yet to be tested. This 

innovative concept will be studied if this have potential to provide a robust information on the accurate 

assessment of AGB for a vertically complex tropical rain forest for the application of REDD+ program.  

1.2.   Problem Statement 

The implementation of the REDD+ program to address global tropical deforestation and degradation 

initiates the need for the development of robust and transparent national forest monitoring systems  (Goetz 

& Dubayah, 2011). Assessment of AHFR having a complex vertical structure of trees would make an 

important research case on the complementary applicability of using both airborne and terrestrial laser 

sensors to obtain forestry metrics to assess its overall AGB. This complementary method of using two laser 

sensors have the potential to fully account the AGB contributed by the trees from the different canopy 

layers. A portion of the forest canopy height model (CHM) generated in 3D is shown in Figure 2. This 

graphical representation would confirm to the description by Nurul Shida et al., (2014) that the forest have 

distinct emergent and canopy layers as well as a thick lower canopy layers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Canopy structure of AHFR. 

Accurate assessment of the carbon stock would therefore take into account the trees in all the canopy layers 

of this vertically complex forest. Remotely sensed data according to the REDD+ framework can be applied 

using the indirect method of estimating carbon stocks per unit area. This can be done through use of the 

over story height model and crown diameter model Hirata et al., (2012). Forest structural height can be 

accurately measured using airborne LiDAR (Gibbs, et al., 2007). Using canopy height models (CHM) from 

LiDAR derived heights to estimate carbon stocks in temperate forests provided accurate results  (Patenaude 

et al., 2004; Koch et al., 2006;  Popescu, 2007) as well as in subtropical forest (Bautista, 2012; Karna et al., 

2015; Mbaabu et al., 2014). On the other hand research on tree crown delineation using aerial imagery like 
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Orthophoto has been studied by (Gougeon, 1995; Culvenor, 2002; Wang et al., 2004) to estimate forest and 

tree parameters. Further, Holopainen & Talvitie, (2012) pointed out that these are two promising remote 

sensing technologies that would increase accuracy and efficiency of forest inventory on tree and stand wise 

measurements. Thus, these methods have greater applicability to assess the AGB of the trees that belong to 

the emergent and canopy layers of AHFR. Moreover, recent advances in terrestrial laser scanning technology 

utilizes tree data acquisition to determine accurate information on tree structural metrics (Kankare et al., 

2013). The use of this method have the potential for the accurate assessment of AGB of trees that belong 

to the understory layer of the forest. To rationalize, assessment of AHFR a vertically complex tropical rain 

forest system would entail the acquisition of complementary tree metrics that can be derived from airborne 

LiDAR which is the height and crown projected area from Orthophoto in quantifying AGB for higher tree 

canopies. Based on the findings of  Chasmer, et al., (2006) laser pulse return from airborne LiDAR system 

is biased towards the top of the tree canopy thus making this suitable to estimate the height from the upper 

layers. Complementary to this, to derive tree metrics for lower tree canopies diameter at breast height (DBH) 

and height can be acquired through the use of the terrestrial laser scanner (TLS). Based on the revealed 

results by Kankare et al., (2013)they pointed out that the system could be used to measure DBH and height 

and even stem volume accurately in estimating individual tree biomass. 

  

Researches on the complementary use of the airborne and terrestrial laser systems has been done in 

temperate forests. As described by Hilker et al., (2010) the fundamental difference between these two 

systems in the measurement of the foliage elements is according to random media model (Poisson 

distribution). Objects closer to the instrument have a greater of chance of measurable return. As a 

consequence airborne laser system can provide detailed information on the upper canopy. On the other 

hand terrestrial laser system can provide a detailed assessment of the lower canopy. As pointed out by (Van 

Leeuwen et al., 2011) there are intrinsic strengths and weaknesses of these two systems and that they must 

be treated in a complementary manner to overcome the challenges in obtaining forest metrics. To illustrate 

Figure 3 show the complementary use of the two sensors.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 
Figure 3. Complementary use of airborne LiDAR and terrestrial laser scanning system. 

The application of this complementary approach to assess a verticall y complex tropical rain forest like 

AHFR has not been tested. Acquiring a primary data like this poses greater challenges due to the logistical 

and geographical limitations of the forest.  An innovative way to quantify all the AGB that can be derived 

from the different layers of the forest has to be developed. The robust information that can be derived from 
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this study have a greater potential to provide better evidence in the assessment of AGB for the application 

of REDD+ program. 

 

1.3.   Research Objective, Research questions and Hypothesis 

 

General objective 

AHFR in Malaysia is a tropical lowland rain forest with a complex vertical structure of trees. To accurately 

assess the AGB of this forest this would entail measurement of trees from the emergent and canopy layer 

as well as the understory layer of trees. The primary objective of this research is therefore to develop an 

accurate assessment of the carbon stock through the use of Airborne LiDAR and Orthophoto to assess the 

trees from the higher canopy and Terrestrial Laser Scanner to assess the trees from the lower canopy. 

 

Specific Objectives 

1. To assess relationship between CHM from Airborne LiDAR and CPA from the segmented Orthophoto 

and field measured DBH to model the DBH of trees from the higher canopy structure. 

2. To assess the relationship between the modelled DBH and field DBH to estimate the AGB of the trees 

from the higher canopy structure.  

3. To assess the relationship between the modelled AGB measured using the TLS measured DBH and 

height and field measured DBH and TLS height to estimate AGB of trees from the lower canopy structure.  

4. To quantify the AGB of the whole area from the measured AGB both from trees from higher and lower 

canopies of the forest.   

 

Research Question 

1. How accurate is the modelled DBH from CHM derived from airborne LiDAR derived CHM and 

segmented CPA from Orthophoto and field measured DBH?   

2. How accurate is the modelled AGB compared to the estimated AGB from field measured DBH and 

airborne LiDAR derived height of trees from higher canopy? 

3. How accurate is the TLS modelled AGB compared to the field estimated AGB of trees from lower 

canopy? 

4. How accurate is the estimated AGB combined from both TLS and airborne LiDAR based models to 

assess the biomass/carbon stock of the study area? 

 

Research Hypothesis 

1. Ho: The accuracy for the modelled DBH derived from airborne LiDAR and CPA from Orthophoto and    

field measured DBH is ≥70% at 95% level of significance. 

Ha: Accuracy for the modelled DBH from airborne LiDAR and CPA from Orthophoto and field measured 

DBH  <70%. 

2. Ho: Accuracy of the modelled DBH and airborne LiDAR height to measure AGB of trees from the 

higher canopy is ≥70% at 95% level of significance.    

Ha: Accuracy of the modelled DBH and airborne LiDAR height to measure AGB of trees from the higher 

canopy is <70% at 95% level of significance. 

3. Ho: At 95% level of significance the modelled AGB from TLS compared to field measured AGB is  

90 >%. 

Ha: At 95% level of significance the modelled AGB from TLS compared to the field measured AGB is 

90<%. 

4. Ho: At 95% level of significance the combined models to estimate the AGB/carbon stock of the study 

area compared to the field measured AGB is 80 >%. 
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Ha: At 95% level of significance the combined models to estimate the AGB/carbon stock of the study area 

compared to the field measured AGB is 80<%. 

1.4. Theoretical Framework of the Research 

Relevant related literature of the study was conducted and the research problem was identified. The 

identification of the research problem served as the basis for defining the research objectives and research 

questions. The pertinent secondary data needed was requested and acquired for this served as basis to 

conduct the fieldwork. The acquired primary data were analysed and research results were discussed and 

concluded based on the results. The graphical presentation is presented in Figure 4.    

 
 

 

 

 

 

 

Figure 4.  Theoretical framework of the research. 
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2. LITERATURE REVIEW 

2.1. Concepts and Definitions 

2.1.1. Structure of a lowland tropical rainforest 

Lowland tropical rainforests generally are composed of broadleaved trees found in wet lowlands around the 

Equator (Smith, 2015). The high rainfall and constant warm temperature provides the optimal condition for 

animal and plant growth that in turn promotes high biological diversity in the forest and define its vertical 

structure. A particular striking feature of this forest is the complex pattern of distribution between the 

ground and canopy (Bourgeron, 1983). Hogan, (2011) described the vertical structure of a typical tropical  

rainforest to have the following tiers: emergent canopy, base canopy, middle tier and forest understory. The 

emergent may attain heights of 35 to 50 meters. Followed by the canopy whose heights typically about 25-

30 meters. Then followed by the midtier plants that have heights between 20-25 meters and the forest floor 

of about 10 meters. According to Walter, et al., (1973) in spite of the species richness of tropical rainforest, 

the physiognomy of this type of forest in the different parts of the world are similar. To illustrate the vertical 

structure of a typical lowland tropical rainforest is presented in Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5. Illustration of the vertical structure of a lowland tropical rainforest.  

2.1.2. Biomass 

As defined by Condit, (2008) biomass is the mass of the living organisms in the forest which are the trees. 

Quantifying biomass of a forest involves an efficient method of measuring the size of the tree and from its 

dimensions to estimate the weight. Biomass estimation mainly focuses on the above ground biomass (AGB) 

because it is where the largest pool of carbon is stored and also the most vulnerable to deforestation and 

degradation (Gibbs et al., 2007). Moreover in a forest ecosystem it is an important measure of forest 

productivity and sustainability Vashum, (2012).  Figure 6 is an illustration by Gschwantner et al., (2009) 

showing how the tree is partitioned to demarcate the above and below ground biomass. Through the 

Emergent 35-50 m 

Canopy 30 m 

Canopy 25 m 

Mid-tier 20-25m 

Forest floor 10 m 
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estimation of AGB forest carbon can then be estimated by multiplying a 50% factor of dry woody biomass 

(Drake et al., 2003). 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Above and below biomass of a tree Source: (Gschwantner et al., (2009) 

2.1.3. Allometric Equation 

The use of allometric equation is a common method of estimating forest biomass that relate individual tree 

biomass to obtain non-destructive tree parameters such as diameter (Ketterings et al., 2001). It is an equation 

that relates to tree structural parameters that can be repeatedly measured in the field. One of the key 

consideration in the selection of allometric equation is the suitability of the type of forest and the 

geographical location (Hoover, 2008). Further selecting the  appropriate allometric equation is essential in 

AGB/carbon estimation to ascertain the quantitative contribution of carbon stored in tropical forests 

(Chave et al., 2005). The allometric equation developed by Chave et al., (2014) has been adapted for this 

study. 

2.1.4. Crown Projected Area (CPA) 

Crown projected area is the proportional area covered on the ground by a vertical projection of the canopy 

(Jennings, et al.,1999). The relationship between tree crown size and stem size is useful in deriving volume 

from aerial photographs. This is useful to define the relationship between diameter at breast height (DBH) 

and crown (Wile, 1964). The calculation of CPA assumes a circular crown projection from the maximum 

crown diameter (Kuuluvainen, 1991). The graphical illustration of CPA is shown in Figure 7. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7. Crown projection area, Source: (Gschwantner et al., (2009). 

2.1.5. Object Based Image Analysis 

The development of acquiring quality georeferenced high spatial resolution aerial multispectral digital images 

is one of the ways that lead to the development of obtaining automatic forest management inventories  

(Gougeon, 1995). Remote sensing has evolved from what was predominantly per-pixel multispectral based 
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approaches to a multiscale object-based methods (Hay, et al.,2005). This development became a necessity 

as availability of higher and higher resolution images became available and the need for improved methods 

of analysis also arises. This technique differ from the traditional pixel based classification methods because 

it entails the grouping of neighbouring pixels into distinct image objects within designated parameters  

(Riggan & Weih, 2009). In order to obtain image objects, object based classification starts by segmenting 

the image. Segmenting will subdivide the image into homogenous groups of pixel to form image objects. 

The next step is the classification of the object based on spectral, textural, shape and contextual information 

(Hay et al., 2005; Li & Zhang, 2009) 

 

2.1.6. Airborne LiDAR or Airborne Laser Scanning 

Laser altimetry or Light Detection and Ranging (LiDAR) is an active remote sensing technology the 
determines distances by using the speed of light and the time required for the emitted laser to travel to a 

target object (Lim, et al., 2003). Measurement of the time elapsed when a laser is emitted from a sensor and 

intercepts an object can be used either by 1) pulsed ranging where travel time of a laser pulse from a sensor 
to a target object is recorded or 2) continuous wave ranging where phase change is transmitted via a 

sinusoidal signal produced via a continuously emitted laser converted to travel time (Wehr & Lohr, 1999). 

An airborne LiDAR system operates from an airborne platform that carries a set of instruments: laser device, 
an inertial navigational measurement unit (IMU), which continuously records the aircraft’s attitude vectors 

(orientation); a high-precision airborne global positioning system (GPS) unit, which records the three-
dimensional position of the aircraft; and a computer interface that manages communication among devices 

and data storage (Gatziolis & Andersen, 2008). Further this requires a GPS base station installed at a known 

location on the ground and in the vicinity (within 50 km) of the aircraft, to operate simultaneously in order 
to differentially correct, and thus improve the precision of, the airborne GPS data (Gatziolis & Andersen, 

2008). Figure 8 is an illustration of a typical airborne LiDAR survey. 

 

 

 

 

 

 

 

Figure 8. Typical airborne LiDAR survey Source (Heritage & Large, 2009) 

2.1.7. Airborne LiDAR in Forestry Application 

 

The Airborne LiDAR technology is an alternative remote sensing technology that have the potential to  

increase the accuracy of  biophysical measurements and extend spatial analysis into the third (z) dimension  

(Lefsky et al., 2002). Further, it measures directly the three dimensional distribution of plant canopies as 

well as subcanopy topography that will produce high resolution topographic maps and vegetation heights, 

cover and canopy structure of high accuracy (Lefsky et al., 2002).  The application of this technology in 

topographic mapping and forestry applications, have wavelength pulses in the near-infrared part of the 

spectrum typically between 1040 and 1065 nm (Gatziolis & Andersen, 2008). For forestry applications the 

two types of LiDAR data acquisition is differentiated based on the backscattered laser energy that is recorded 

by the system's receiver. The energy reflected back to the sensor as a continuous signal is called waveform 
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LiDAR. Whereas the reflected energy quantized at amplitude intervals is recorded at precisely referenced 

points in time and space is called discrete-return, small-footprint LiDAR or point cloud (Gatziolis & 

Andersen, 2008). For this study discrete-return LiDAR data is used. A conceptual illustration from Lefsky 

et al., (2002) of the difference between how the two types of LiDAR data acquired is shown in Figure 9.  

 

 

 

 

 

 

 

 

 

Figure 9. Conceptual illustration of the difference between discrete and waveform LiDAR Source (Lefsky et al., 
2002).   

2.1.8. Terrestrial Laser Scanning (TLS) 

 
Terrestrial laser scanning uses a terrestrial laser scanner instrument that enable the non- destructive, rapid 

and precise digitisation of physical scenes into three-dimensional (3D) point clouds (Dassot, et  al., 2011). 

The principle behind TLS as described by (Kankare et al., 2013) is the high assemblage of laser beam scans 

over a predefined solid angle in a regular scanning pattern and measures the time of flight of the laser signal. 

Further, the distance that can be measured of the scanning range of midrange terrestrial system is between 

2 to 800 meters. The principle of distance measurement can be categorised based on how the system 

correlates to both range and resulting accuracy. Frohlich & Mettenleiter, (2004) summarises the three 

technologies for range measurement for laser scanners. The most popular measurement system is the flight 

principle. The technique is a clear cut measurement of distances up to several hundred meters. The long 

range measurement has the advantage for reasonable accuracy. The phase measurement is limited to one 

hundred meters and the accuracy of measured distances within millimeters are possible. Close range laser 

scanners used for industrial applications uses optical triangulation having accuracies to some micro meters. 

Laser scanners are classified according this measurement principle. This study uses RIEGL VZ 400 which 

falls under the time of flight classification. Pfeifer & Briese, (2007) described pulse time of flight ranging 

scanners as suited better for outdoor operation where longer ranges have to be measured and are typically 

panoramic scanners, with a field of view of 360◦. Figure 9 is RIEGL VZ 400 used to implement this study 

and the specification of the instrument. 
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Figure 10 RIEGL VZ 400 and the specifications of the instrument (RIEGL, 2013). 

2.1.9. Terrestrial Laser Scanning (TLS) for Forestry Applications 

Terrestrial laser scanning technology is used in forestry applications to bridge the gap between conventional 

inventory methods and airborne laser scanning data processing to facilitate three dimensional tree geometry 

parameters in large plots (Maas, et al., 2008). Detailed discussion on the application of this technology to 

forest inventory measurements such as plot cartography, species recognition, DBH, tree height stem density, 

basal area and plot level wood volume estimates as well as canopy characterisation such as virtual 

projections, gap fraction and three-dimensional foliage distribution is done by Dassot et al., (2011). The 

review revealed that there is a significant improvement of the technology however the use for measurements 

purpose is dependent on the device specification and objective of the study. Further automation and reliable 

programs are still needed for forestry applications to fill the gap between manual methods and the wide 

scale airborne LiDAR scanning. It is interesting to note that applications using this technology in forestry is 

mainly done in temperate zone.    

2.1.11. Complementary Applications of Airborne LiDAR and TLS Forestry  

The review done by Dassot et al., (2011) foresees that the future development of TLS is on its 

complementary application with airborne LiDAR. The system can provide different information but it can 

complement the airborne LiDAR data. The synergistic use of these two technologies will have a 

complementary effect on its strengths and weakness for forestry applications (Van Leeuwen et al., 2011). 

The strength of airborne LiDAR is to estimate structural parameters such as stand height, gap probability 

and canopy volume however it has limitations to characterize lower canopy vegetation structure  

(Hopkinson, et al., 2004; Lovell et. al., 2003). This is because the capability of airborne LiDAR to 

characterize forest canopy height profiles is dependent on point density of laser returns (Lovell et al., 2003) 

As a consequence the vegetation understorey is often under-represented by airborne LiDAR due to the top-

down perspective and resultant bias towards the upper part of the canopy (Van Leeuwen et al., 2011). 

Moreover for forests with extremely dense over storey canopies infrequency of laser returns is obvious from 

the mid and understorey layers (Van Leeuwen et al., 2011). Another limitation of airborne LiDAR is the 

restricted view angles to near-nadir (±20◦), which are less suitable for the estimation of canopy clumping 

and leaf angle distribution (Chen, et al., 2003; Ni-Meister et al., 2008). Lastly, airborne LiDAR has limitations 

on its ability to characterize woody component of vegetation, because the vertical projection of the stem 

contains very limited information on bole size (diameter) and shape (Van Leeuwen et al., 2011). 

 

On the other hand the primary limitations of TLS is the limited range to obtain tree and stand structural 

characteristics. This is dependent on stand density wherein a typical range of TLS acquisitions is less than 

100m from the sensor position. The decline in point densities with distance will limit the processing of TLS 

data to range distances not exceeding 10-30m (Maas et al., 2008). Since static TLS features a radial field of 

view, the point cloud densities will decline markedly with distance from the sensor due to near field 

obstruction. This bias has to be taken into account when trying to derive stand-level estimates from TLS 

data (Hilker et al., 2010) Since TLS  returns are typically biased towards lower parts of the canopy, and as a 
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result the upper crown structure and tree heights are often difficult to assess (Hilker et al., 2010; Chasmer 

et al., 2006). In comparison to airborne LiDAR most TLS systems are able to describe vegetation structure 

from a broad range of view angles (Côté, et al., 2009; Jupp et al., 2008) 

 

Integrating these two technologies to a common coordinate frame enhances the detail of structural 

information obtained and overcomes the above mentioned challenges with respect to either technique  

(Chasmer et al., 2006; Lindberg et al., 2012; Hilker et al., 2010). The method of co-registering the two 

techniques successfully enables the study of tree-level structure by combining the complementary values of 

airborne LiDAR and TLS in one dataset. This facilitated the study of tree allometry using LiDAR remote 

sensing or enhances leaf area estimates at various canopy strata done by (Huang & Pretzsch, 2010). Lastly, 

the study of Lindberg et al., (2012) revealed the important advantage of integrating airborne LiDAR and 

TLS is that TLS allows calibration and validation of airborne data in an accurate and rapid manner. It is 

important to note that these studies are mostly done and applied in temperate forests which have different 

environmental characteristics compared to tropical forests. There is therefore a big potential for the 

application of these complementary techniques in tropical rainforests.    
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 3. STUDY AREA, MATERIALS AND METHODS 

3.1. Study Area 

3.1.1. Criteria for Study Area Selection 

Study area selection was based was based on the following criteria. 

Logistics  

Logistical requirement is the primary reason for the study area selection. Implementing this complex study, 

requires the collaborative partnership of the University of Putra Malaysia who is managing the  study area, 

which is Ayer Hitam tropical rain Forest Reserve. Local knowledge to navigate where to establish the plots 

and species identification was very important. Further, local help was needed to clear the thick undergrowth 

to establish the TLS plots otherwise scan output will render poor results and more difficulty in tree 

extraction would be experienced. 

Availability of data  

WorldView3 of the area was purchased and served as base map source for field work plan. After fieldwork 

additional data from UPM was acquired which are the Airborne LiDAR Data and Orthophoto. 

3.1.2. Geographic Location of Ayer Hitam Forest Reserve 

Ayer Hitam tropical rain Forest Reserve (AHFR) is a logged over lowland mixed-dipterocarp forest in the 

State of Selangor, Malaysia which covers an area of 1,248 hectares (Ibrahim, 1999). The forest is one of the 

three remaining lowland dipterocarp forests in the Klang Valley. It has been isolated from the neighbouring 

forests due to the residential and other economic development that surrounds the whole forested area  

(Nurul Shida et al., 2014). AHFR’s location is 3° 01' N and 101° 39' E is shown in Figure 11. This forest 

reserve has been leased to the University of Putra in Malaysia (UPM) for 80 years for education, research 

and extension purposes (Ibrahim, 1999). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 11. Location map of Ayer Hitam Forest Reserve. 
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3.1.3. Topography and Meteorology 

The topographical and meteorological description of the study area is adapted from the description of  

(Nurul Shida et al., 2014) because the original document is in Malay language. AHFR have distinct 

topographical characteristics namely ridge, hillside and valley. The elevation ranges from 15m to 233m.  The 

slope of the terrain is 34o. Figure 12 shows the 3D digital terrain of the area. The temperature would range 

from 22 to 32 oC, the average relative humidity is 83% and the annual rainfall is 2,178 mm.  There are two 

rivers that flow in this forest namely Rasau and Bohol. The soil type is derived from metamorphic and 

sedimentary rocks. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 12. Digital terrain of Ayer Hitam Forest Reserve. 

3.1.4. Vegetation Diversity and Structure 

The preliminary assessment done by Ibrahim, (1999) on the plant diversity of the forest has identified 430 

species of seed plants in 203 genera and 73 families. There are 33 species of ferns and fern allies. Of the 

trees assessed 127 are timber species, 29 are fruit tree species and 98 have medicinal val ues. As described by 

Ibrahim, (1999) the forest it is at the late stage of regeneration in terms of forest recovery. Nurul Shida et 

al., (2014) described the forest with distinct emergent and canopy layers as well as a thick lower canopy 

layers. Figure 13 is the 3D graphical representation of the canopy structure of the forest. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 13. Three dimensional graphical representation of the canopy structure of the forest.  
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3.2. Materials 

3.2.1. Remote Sensing Data 

Airborne LiDAR  

The raw airborne LiDAR data was provided by the University of Putra Malaysia. The point cloud density 
of the data is 5-6 points per square meter. The data was collected by the vendor using LiteMapper 5600 a 

waveform-digitizing LiDAR for terrain and vegetation mapping system. Based on the description of the 
data supplier, the study site was flown over with 80–100 knot speed at 600m–1000 m above the ground. 

This manoeuvre would provide data with sufficient point densities and footprint sizes to achieve at least 3 

points/m2. The laser footprint covered targeted areas with an average overlapping of 50% between adjacent 
flight lines. The maximum scan was set at 11°; pulses transmitted at scan angles that exceeded 8° were 

excluded from the final data in order to avoid low-quality data at the edge of strips (Hug et al., 2004). The 

technical parameters for Lite Mapper 5600 system provided by the data supplier is presented in Table 1. 

 

Table 1. Technical parameters of Lite Mapper 5600 system. 

Pulse rate Scan Range between 70 kHz and 240 kHz (normal 70 kHz) 

Scan angle  60°  

Scan pattern  Regular 

Effective rate  46,667 Hz 

Beam divergence 0.5 mrad 

Line/sec Max 160 

A/c ground speed 90 kts 

Target reflectivity Min 20% max 60% (vegetation 30%, cliff 60%)  

Flying height 700 m–1000 m 

Laser points/m2 0.9 to 1.2 points with swath width 808 m to 1155 m 

Spot diameter (laser) 0.35 to 0.50 m 1040 

Max (above ground level) 1040 m (3411ft) 

3.2.2. Orthophoto Image 

The Orthophoto was taken simultaneously with the acquisition of the airborne LiDAR data. The spatial  

resolution of the image is 13 cm.  The Lite Mapper-5600 system is equipped with an IGI DigiCAM to 

complement the LiDAR data. The coverage of the camera is the same swath as what the LiDAR system 

sees. This provided a high resolution imagery of the surface in true color to aid surface classification and to 

provide extra planimetric resolution (Hug et al., 2004). Further, the calibrated lenses of the DigiCAM is 

tightly integrated with the LiteMapper-5600 and the IGI CCNS-4 flight management systems to facilitate 

reliable and easy operation. The camera is mounted together and boresighted with the laser scanner and the 

IMU to enable direct georeferencing of its images and automated orthoimage generation using the DSM 

output of the LIDAR system (Hug et al., 2004).The technical specification of the digital camera is presented 

in Table 2. 
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Table 2. Specification of DigiCAM-H (Hasselblad camera). 

 

DigiCAM-H (Hasselblad camera) Modified imacon 39 m pixel CCD backplane with 

4080 x 5440 pixels at 6 µm. Digi-control computer 

with resolution of 8 mm at an altitude of 600 m at 

mean sea level 

DigiCam total pixel 39mp Total pixels that can be projected on the internal  

sensor 

Pixel size 6.8um (micron): each pixel has a size of 6.8um. 

Sensor size 36.8mm x 49.07mm: true size of the internal sensor 

Image size 7216 x 5412 pixels: size of the image produced in 

terms of width x length in pixel unit 

(7216x5412=39052992 = 39mp) 

Lens: Focal length 50 mm  

Max aperture 3.5 mm 

Forward cross track Forward 52° 

Forward along track 40° 

 

3.2.3. Field Instruments 

The field instruments that worked during field work and their corresponding application in the field is 

presented in Table 3. During pre-field work preparation 5 types of navigating instruments were prepared 

namely iPAQ, Magellan GPS, Etrex GPS, Google Nexus Tablet, and Experia Smart phone. This was to 

ensure that alternative instruments are available for navigation since it was already pre-empted that this is a 

thick forest with occlusions. Further, for height measurements Leica laser distance meter as well as Nikon 

laser range finder was prepared. TLS was used to scan the trees in the plot. 

 
Table 3. . Field Instruments. 

Item 

No. 

Instrument Application 

1 RIEGL VZ 400 TLS Tree scanning within plots 

2 Leica DISTO D510 Laser Ranger Tree height measurement 

3 Diameter tape  Tree girth measurement 

4 Measuring tape (30 and 50 m) Plot diameter measurement 

5 Suunto Clinometer Bearing measurement 

6 Suunto compass Slope measurement 

7 Spherical densiometer Measure canopy density 

8 Fieldwork datasheet Field Data recording 

9 Magellan  GPS Navigation and plot location 

10 Google Nexus Tablet Navigation and plot location 

11 Sony Experia Smart Phone Navigation and plot location 

 

3.2.4. Software 

The research uses various software needed for data analysis and their respective application is presented 

Table in Table 4.  Statistical data analysis was mostly done in MS Excel 2013 and SPSS 23. For laser data 
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analysis, LP 360 (trial version) LAS tools was used to process airborne LiDAR data. Whereas for the 

terrestrial laser data was processed using RiScanPro software. For the segmentation of the Orthophoto 

eCognition 9.1.2 was used. For image data analysis ERDAS, LPS 2015.1, and for GIS analysis ArcGIS 10.3.1 

were used respectively. Carry Map Observer (trial version) extension tool for ArcGIS for map file 

conversion. For three dimensional visualization of images ArcScene 10.3.1 was used. For the construction 

of charts Click Chart Diagram (Trial version) was used. To compile and synthesize the research output into 

formal document MS Word 2013 was used. To present the output of the research MS Power point 2013 

was used.  

 

            Table 4. List of software used in the study 

Software Application 

MS Excel and SPSS 23 Statistical Analysis 

LP 360 LiDAR data format conversion 

LAS tools LiDAR data analysis 

RiScanPro TLS data processing 

eCognition 9.1.2 Image segmentation 

ERDAS, LPS 2015.1 Image processing 

CarryMap Observer (trial version) ArcGIS extension tool  

ArcGIS 10.3.1 GIS analysis 

ArcScene 10.3.1 3D visualization 

Click Chart Diagram Construction of Charts 

MS Word 2013 Word processing 

MS Power point 2013 Presentation 

 

3.3. Research Methods 

 
The activities conducted to carry out this study are the following: remote sensing, field data collection, 

statistical analysis and biomass and carbon estimation. Using the remotely sensed data upper canopy tree 

parameters were obtained namely height from the CHM which was derived from the airborne LiDAR and 

CPA from the Orthophoto were used as independent variables to model the DBH parameters. The height 

from CHM and modelled DBH parameters consequently were used to derive the modelled AGB for the 

upper canopy using the allometric equation. Whereas for the lower canopy tree height and DBH were 

obtained from TLS point cloud data. Using these two parameters lower tree canopy AGB was modelled 

using the allometric equation. Field data collection involved biometrics data collection by measuring the 

DBH and height as ground truth data. Using the field DBH, the accuracy of the modelled DBH was 

validated. Further using the same field DBH and the height from CHM the field AGB for the upper canopy 

was estimated to validate the modelled upper canopy AGB. Whereas the TLS height and field DBH was 

used to estimate field lower tree canopy AGB to validate the accuracy of the modelled lower tree canopy 

AGB. Statistical analysis were done to establish the relationship between the dependent and independent 

variables as well as model accuracy. The process in detail is presented in Figure 14.  
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Figure 14. Flowchart of the research method. 

3.3.1. Pre-fieldwork 

 Preparing the equipment for navigation. Worldview3 image was converted into .cmf (Carry Map 

File) a file format. This is the compatible format for the Google Nexus tablet and the Sony Experia 

Smart phone. This tool is an Arcmap extension from Dataeast. Accordingly the stratified grid was 

converted into this format to overlay the Worldview 3 image. Likewise the same dataset were 

converted to ECW format and uploaded to iPAQ.   

 In the field during the topography shape file of the area was acquired and accessibility inside the 

forest reserve was derived based on how the forest is managed. These two additional information 
was converted to shapefiles because these are essential information for navigating through the 

forest.  Accordingly these were converted into a .cmf file format and overlayed on the Worldview 
3 image and uploaded into the Google Nexus Tablet.  

3.3.2. Sampling Design 

 

The sampling strategy done for this research is purposive. This is a non-probability method of sample 

selection based on the strategic choices of the researcher. The way the sampling is done is based on the 

objectives of the researcher that will be achieved. This method was implemented because in the field 

navigating and carrying a 23 kg TLS system into the forest is a very challenging task. The primary 

consideration was then the accessibility to establish the plot based on the slope and terrain of the area.  

Moreover, the thickness of the undergrowth was another factor considered because clearing the area must 

be done to prevent occlusions from the small stems during scanning. Plot distribution and distances between 

plots was based on the prepared grids and was confirmed in the field through the use of the tablet. This was  
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to ensure that the distance from one plot to another is more than 50 m. The established 26 plots had a total  

area of 500 m2 per plot. In each plot, central location was established that provides the most suitable viewing 

position of the TLS.  Layout of the sampled plots is shown in Appendix 5. 

 

3.3.3. Field data collection 

3.3.3.1. Biometrics Data  

The actual field work was done from Sept. 29 to Oct. 12, 2015. This is to collect the ground truth primary 

data of the study area. Circular plots of 12.62 m was demarcated. The plots was established based on the 

layout of the area to be sampled. Using a circular plot has its advantage. The geometric shape represents the 

smallest perimeter that allows the production of the lowest number of borderline tree than other plots shape 

of the same size (Asmare, 2013). Slope correction was done for plots established with elevation. For each 

established plot the central coordinates were taken. The DBH of trees within the plot having a 10 cm or 

greater DBH were measured. To obtain uniform DBH from the ground a 1.3 m measured stick was used 

as standard measuring guide above the buttress of each tree (Maas et al., 2008). Trees with less than 10 cm 

girth were not considered because they do not contribute much to the carbon of the forest (Brown, 1999). 

Moreover the height of these measured trees were measured using Leica DISTO D510 Laser Ranger. The 

purpose of which was to establish primary ground height data.   

3.3.3.2. TLS Data Acquisition  

The following sub sections will discuss the methods of acquiring the TLS data. Prior to the actual tree 

scanning appropriate steps must be done to ensure the quality of the TLS point cloud data.  

 

Plot preparation 

The central part of the plot was located by taking into consideration minimal occlusion, blind spot in the 

case of the sloping terrain, as well as trees very near the centre during scanning. Once the central location 

was identified clearing of the thick undergrowth was essential. Otherwise quality of the gathered point cloud 

will be compromised. Moreover, this forest has a very thick undergrowth that was a hindrance in 

demarcating the area where to establish the outer scan positions. To determine the 3 outer scan positions, 

3 suitable locations were identified from the centre location and accordingly 15 m radius was measured. This 

is also done to identify where to establish the retro reflectors as shown in Figure 15. 

 

 

 

 

 

 

 

 

 

 

Figure 15. TLS Plot preparation. 

Outer scan position 

Plot centre 
Plot radius=12.62 
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Tree Tagging 

 

The trees inside the plot (Figure 16) with measured 

 biometrics and species identified were tagged with  

plastic laminated numbers so that during the scanning  

process, they will be identified. This is to ensure that  

the tree metrics from the actual field measurement will  

correspond from the tree metrics derived from TLS. 
                                                                                                 

                                                                                                  Figure 16. Tagged trees in the plot. 

Setting up the scan position 

There are two approaches in obtaining terrestrial laser point cloud data namely single and multiple scan 

mode. Single scan mode allows fast and easy recording however the level of detail for multiple scan mode 

is higher (Maas et al., 2008).  To illustrate, Figure 17 shows the comparison between the two techniques. 

This study employed the multiple scan technique to ensure that there is sufficient overlap of the scanned 

data, better canopy height, quality of the point cloud data will not be compromised and consequently  better 

three dimensional representation of the scanned object (Watt & Donoghue, 2005). Moreover, employing 

multiple scans will improve DBH measurement accuracy compared to single scans  (Kankare et al., 2013).  

Multiple scanning generally took four scans around the object. Accordingly the point c louds from these 

different scans were merged into a single point cloud. At the minimum, three retro reflectors were placed 

for the purpose of registration and to ensure complete 3D point targets.  

 

 

 

 

 

 

 

 

 

Figure 17. Depiction on how multiple scan positions is set up source (Bienert et al., 2006).  

Establishment of retro-reflective objects or tie points 

Retro-reflective objects (tie points) were established which serve as reference points for co-registration of 

the multiple scans. Establishment of these object is to be done because this study implemented a tie point 
based registration since the potential of misdetection by the sensor or obstruction by trees is considered. 

There were 15 tie points established for each plot, these were cylindrical (3 dimensional) and circular (2 
dimensional) retro-reflectors. The circular tie points were pinned into the tree stem near the central location 

of the scanner whereas the cylindrical tie points were positioned on approximately 1 m height sticks to 

establish elevation from the ground (Figure 18). To ensure that these tie points were recognized during 
scanning, the position of these tie points were based on the following conditions: levelling on the tripod, 

even distribution with a linear pattern, they are within the scanning range, stability of their position and 

visibility from all scanning positions.    
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Figure 18. Set up of cylindrical and circular reflectors in the plot. 

Setting the TLS and scanning 

The TLS instrument RIEGL-VZ-400 was set on the tripod with the NIKON D610 camera mounted on 

top. Levelling was done by adjusting the legs of the tripod to align the instrument vertically and horizontally. 

The scan position for each plot was set as a new project with the specified scanner settings as shown in 

Table 5. To fix the scan position, each plot was saved as new scan position prior to setting the instrument 

for pulse ranging. Then after fixing the scan position, fine scanning of reflectors was done for automatic 

registration of multiple scans. This is done for reflector identification and marking them manually. For fine 

scanning of the reflectors fine scanning mode of the scanner was set automatically.   

                                           Table 5. RIEGL-VZ-400 scanner settings for data acquisition. 

Sensor settings 

Image acquisition Accurate 

Reflector threshold 0.05db 

Scan mode Panorama-60 

Range 50m 

Scan form Range 

Reflector size >10 cm 

 

3.3.3.3. Field Data Analysis 

Generating Pit free CHM  

The airborne LiDAR data was provided by the University of Putra Malaysia. The data provided had two file 

folders that contain raw and processed format. The processed folder contains a point cloud data in .xyz 

format. For further processing in LAS tools this file format was converted to .las file format using the LP 

360 (trial version). The CHM was then generated by adapting the method of Khosravipour, et al., (2014) 

using the algorithm to create a pit free raster CHM. This method employ the direct processing of point 

cloud data in into raster format unlike another method of subtracting the DTM from DSM. Using LAS tool  

lasground the converted files were classified into ground and non-ground points. Then using the las height 

tool height was normalized by replacing the elevation of each point with its height above the ground. Using 

the las2dem partial CHMs were generated then the pit free algorithm was used to convert the partial CHMs 

into a pit free raster CHM. It is important to note that pit free CHM is a new method of creating CHMs as 

pointed out by Khosravipour, et al., (2014) and detailed comparison of the method had proven that it can 

provide better height metrics. Moreover, in this study adapting the method of generating better height 

metrics was essential because of the reliability of the primary ground data that was acquired. 

Manual Identification and Delineation of Trees 

One of the many challenges encountered in this study is the identification of trees. This is because, the 

handheld GPS system used could not function properly under thick tree canopy conditions. Moreover, for 

the terrestrial laser scanner, converting the scanner's local coordinate system into a global coordinate system 

also had conversion problems even though this was referred to the instrument supplier. A reasonable 
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solution to this challenge was to reconstruct the plot in the generated CHM and Orthophoto. Based on the 

acquired centre plot location, and geotagged tree points near the centre plot, individual trees were identified 

first using the images derived from the TLS. Its relative location was identified in RiSCAN software. Based 

on that information location of the tree was identified into the reconstructed plots in the Orthophoto using 

plot bearing as a guide to locate the tree. Using the height information of the tree from the TLS its location 

was further verified using the generated CHM. Tree crown delineation per plot was subsequently done using 

manually identified trees in the Orthophoto. 

Layer stacking of CHM and Orthophoto in eCognition 

The generated CHM and Orthophoto was co-registered into the same coordinate system before creating a 

project in eCognition. This is a prerequisite step in eCognition prior to combining two datasets with different 

resolutions. Layer stacking of the two images was done to combine the two datasets for subsequent 

segmentation. This is a data fusion method in eCognition to establish the same rulesets prior to the 

segmentation process (http://www.americaview.org/event/data-fusion-ecognition-webinar-2-pm-edt 

Retrieved 12/15/2015). Moreover the technique is applied to identify features using the scale and 

homogeneity parameters obtained from the spectral reflectance values from the Orthophoto and the 

elevation from the CHM (Suárez, et al., 2005). 

3.3.3.4. Segmentation 

Dividing an image into spatially continuous, disjoint and homogeneous regions is the principle behind image 

segmentation (Cheng, et al., 2001). The process of segmentation is one of the primary steps in object based 

classification with the assumption that the segmentation resul ts will directly affect the performance of the 

subsequent classification (Gao, et al., 2001). Defining an object is a basic step in the segmentation process 

(Kim, et al., 2008) because image objects with defined homogeneity, size and shape are the building blocks 

for further image operations (Definiens, 2009). There are two basic segmentation approaches namely the 

top- down and the bottom-up approach. Top down approach splits the larger object into smaller objects. A 

typical example is the chessboard or quad tree based segmentation (Definiens, 2012). On the other hand 

bottom up approach or region based merges smaller objects into larger objects based on the homogeneity 

criteria. The procedure starts with a single image object and repeatedly merges them on a pairwise loops to 

larger units as long as it does not exceed the upper threshold of local homogeneity. Multi-resolution 

segmentation is one example of this approach  (Definiens, 2012). 

 

Multi-resolution Segmentation 

 

Multi-resolution segmentation is a region based algorithm used for successfully implementing image 

segmentation applications. The algorithm locally minimizes the average heterogeneity of image objects for 

a given resolution of image objects. The process can be done at the object or pixel level  for creating new 

image object  (Definiens, 2012). The method consecutively merges the best fitting neighbouring pixel in the 

creation of the image object within a defined minimum heterogeneity (Benz, et al., 2004). The initial step of 

the procedure is with a single image object of one pixel and repeatedly combines them in several loops in 

pairs to form larger objects on the condition that the upper threshold of homogeneity is not locally exceeded. 

The homogeneity criterion is the combination of the spectral and shape homogeneity that can be influenced 

by the user (Definiens, 2012). An illustration of the process is shown in Figure 19. The method has been 

implemented as an approach to forest biomass estimation (Van Aardt, et al., 2004). Subsequently, this study 

applied this method using eCognition 9.1.2. 
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Figure 19. Illustration of multi-resolution segmentation (Benz et al., 2004) 

Scale parameter 

 

Scale parameter determines the upper limit for the permitted change of the heterogeneity throughout the 

segmentation process. This also determines the average size of the object thus, higher scale parameter will 

allow more merging that would result to bigger objects and vice versa (Rahman and Saha, 2008). This 

parameter is dependent on the judgment of the user because it is a subjective measure of real world to 

generate image objects. Therefore obtaining the appropriate scale entails an iterative process of trial and 

error to determine the appropriate scale. The Composition of homogeneity criterion is the object 

homogeneity which the scale parameter refers to. The three criteria for homogeneity, that are internally 

computed, are color (spectral response), smoothness and compactness (shape) (Definiens, 2012). The 

concept of Multiresolution is presented in a flow diagram in Figure 20. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 20. Conceptual flow diagram of Multiresolution. 

ESP tool for Estimation of Scale Parameter 

 

The application of multi scale image segmentation as a fundamental step to object based image analysis 

needs a tool to objectively guide in the selection of the appropriate scale for segmentation. (Drǎgut et al., 

2010) developed an estimation parameter tool (ESP) a technique for estimating the scale parameter in image 

segmentation of remotely sensed data with Definiens Developer. This is based on the local variance (LV) 

of object heterogeneity within the scene. The tool generates image objects at an iterative process at multiscale 

levels in a bottom up approach and calculates the LV for each scale. The ROC-LV values are plotted against 

a scale value where it shows peaks of multi scales. This indicates the suitable level which the image can be 

segmented. The ESP tool is shown in (Figure 21). 
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Figure 21. ESP tool for determining scale parameter (Definiens, 2012). 

 

Masking out of Shadow, Urban Area and Water Bodies 

 

Due to the viewing angle on the acquisition of the Orthophoto shadow areas were observed. Moreover 

there are parts of the forest that have concrete and asphalted roads as well as some water bodies. These 

areas were masked out based on the brightness values of the objects. The reflectance values of these objects 

were checked and determined using the image object information. These reflectance values were used to 

develop the ruleset to masked out these objects. The obtained reflectance values for water bodies  and 

shadow areas is below 30 and above 90 for urban areas.  

 

Watershed transformation 

 

The application of watershed algorithm was used to separate image objects. For tropical forests this is an 

important technique for separating overlapping tree crowns. The tree crown is separated based on a splitting 

threshold based on the crown diameter of the tree. In this case the basis for tree crown diameter is based 

on the measured tree crowns of the extracted trees from the TLS. Due to time constraints and difficul ty of 

measuring tree crowns in the field this method was implemented.  

 

This algorithm considers the image to be processed as topographic surface. This considers three basic 

principles: minima, catchment basins and watershed lines (Chen, et al., 2004)) as illustrated in Figure 22. In 

an inverted grayscale object where the local maxima becomes the local minima and holes are punctured at 

the local minima. In between the local minima and maxima are catchment basins that would resemble tree 

crown. The watershed lines are the local maxima of the inverted image and the image would look like a 

watershed catchment basins. If these water catchment basins are flooded with water each valley would 

collect water from the local minimum and create a spill over 

effect into the adjacent valley (Wang et al., 2004). Since each 

valley is surrounded by watershed lines that separate the 

whole surface into different catchment basins a desired 

image boundary is formed. For forestry applications this 

will treat clumping of tree canopies as the catchment basin 

and when flooded the trees which are considered as valleys 

will touch each other separating them as individual trees. 

 

 
Figure 22. Illustration of watershed transformation (Derivaux, et al., 2010) 
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Morphology 

The algorithm refers to the image processing technique to smoothen the border of the image objects based 

on mathematical morphology. There are two basic operations namely opening and closing. Open image 

object removes pixels from an image and is defined as the area that will completely contain the mask. 

Whereas close image object adds surrounding area of an image object that can completely contain the mask. 

Further, to define the shape and size the circular mask is used. It is a mathematical morphology operation 

used to define structuring element of the image objects. Circular masks is applied for this study since tree 

crowns are circular and more appropriate to represent shape for tree crowns (Definiens, 2012). 

 

Removal of undesirable objects 

 

When the segmentation procedure was completed, removal of tiny objects was performed to exclude smaller 

elongated segments because they do not represent trees. In this study segments with less than 6 pixels 

(calculated as the length factor) were removed for they are unlikely to be tree crowns. 

 

Segmentation Validation  

 

The degree of fitness of the segmented objects must be validated relative to the known object.  The 

validation is based on the optimal customization of parameter settings as well as data quality such as noise, 

spatial  and spectral resolution (Möller, et al., 2007) that determines how the segmented object match to the 

target object. Accuracy of the segmentation can be based on visual and geometric techniques. The visual 

assessment developed by Möller, et al., (2007)assess the accuracy of the segmentation based on the relative 

area in reference to the manually digitized polygons. The best score is given if the referenced polygons is 

completely covered by the segmented objects. According to (Zhan, et al., 2005)  at least a 50% overlap of 

the reference and segmented objects is acceptable. Moreover, the completeness and correctness of the 

matched objects considers size, shape and position. A visual illustration by Zhan, et al., (2005)  is shown in 

Figure 23. This explains four matched cases wherein the matched region is in orange. The green region is 

extracted but not explained by the referenced data. Blue is a region in a referenced data that is not extracted. 

Illustration a showed a 50% match, b showed a match with the same shape and size but in different position, 

c and d a match in the same position but differ in spatial context.  

 

 

 

 

 
Figure 23. Illustration on matching of segmented and referenced polygons (Zhan et al., 2005). 

Another method of assessing the accuracy of segmented polygons developed by (Clinton, et al., 2010) is 

based on the geometric extent of the segmented output with reference to a defined training set. The quality 

of the segmented output is defined in terms of over and under segmentation. Over segmentation and under 

segmentation is explained by Clinton, et al., (2010) based on Equations 1 and 2.  

 

  

 

 

    

 

 

…………… Equation 1 

…………… Equation 2 

Where: xi         is reference object and yj is its corresponding segmented object      
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The goodness of fit is explained in terms of the distance index (D) which is the combination of over and 

under segmentation. The D value range is from 0 to 1, where 0 is a perfect match between the refe rence 

polygon and the segmented object and 1 is the minimum mismatch. The goodness of fit is calculated using 

Equation 3. 

 

 

 

3.3.3.5 Point Cloud Data Analysis 

The acquired point cloud data from the field was processed using RiSCANPRO software provided by 

RIEGL. RiSCANPRO is companion software for 3-D terrestrial laser scanner systems. The system has a 
built in project data structure where the acquired data is organized and stored. The acquired data set includes 

scans, digital images, tie point coordinates and the transformed matrices used in the transformation of  

multiple scans into a defined coordinate system. Additional functionality of the software is also provided 
for the subsequent processing of the point cloud data. The subsequent sections will discuss the steps 

implemented to further process the TLS acquired point cloud data.    

 

Registration  

 

This study implement coarse registration of point cloud data. The concept of this method is rough 

estimation of the rigid motion between two point clouds (Xie, et al., 2010). This was done by defining the 

tie points from the acquired scan position dataset in 2D mode. In this case the reference data set is the first 

scan position which was centrally located and the dataset to be registered are the outer scan positions. The 

corresponding tie points for each scanned datasets were located and tie points were defined as it was 

registered. The co registered scans were added to the view and were visually assessed and the standard 

deviation was calculated to assess the quality of the registration. To improve the quality of the registration 

Multistation Adjustment was implemented. This algorithm iteratively adjust the position and orientation of 

the scan position until the error is below the user defined threshold. 

 

Plot Extraction 

 

Since the scanned point cloud data covers a large area the circular plots were filtered. The plot measurement 

was based on the recorded field data that considers the slope correction of each plot. To define the area of 

interest points that were within the plot distance were selected using the range function of RiSCAN PRO.  

 

Individual tree detection 

 

To extract the individual trees, the point clouds that were related to tree shapes were selected using the 

viewer mode of RiSCAN PRO. Through visual inspection noise (creepers and visible undergrowth) were 

manually removed. The recognized trees were then sliced and saved as poly data for further tree parameter 

assessment. 

  

Tree Height Measurement 

The extracted tree that was saved as poly data was retrieved in the RiSCAN PRO view menu. Each individual  

tree was manually measured using the measuring tool of the software. The lowest (ground) and highest (tree 

top) points of each tree were located. The measurement tool read the x, y, & z values of measured points 

and the height was measured along the vertical axis between the lowest and highest points (Figure 24). The 

obtained height measurement was stored in a database format using Excel. 

 

…………… Equation 3 
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Figure 24. Tree height measurement of extracted trees. 

DBH Measurement 

  

DBH measurement was also done for each individual tree using the measuring tool in RiSCAN PRO. This 

was determined at 1.3 m from the lowest point of the tree and the width of the stem of the tree of this 

height was measured on a point to point basis. The measurement tool then reads the x, y, & z values of the 

measured points and the width measurement is taken along the horizontal distance of the stem (Figure 25). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                                                       Figure 25. DBH measurement of extracted trees. 

3.3.4. AGB and Carbon Stock Estimation 

Using allometric equation is a common method of estimating forest biomass that can be used in large forest 

areas through non-destructive methods (Ketterings, et. al, 2001). The equation relates to tree structural 

parameters that can be repeatedly measured on the ground and can be used to estimate AGB. However for 

a tropical forest like AHFR which stores a highly diverse species of trees, local or geographical allometric 

equations are not appropriate (Gibbs et al., 2007). Thus, in this case the generic equation (Equation 4) 

developed by  Chave et al., (2014) is adapted. Adapting generic allometric equations have the potential to 

increase the precision of the AGB estimates because the equation is established based on a larger number 
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of trees (Gibbs et al., 2007; Chave et al., 2005)). Consequently, the precise estimation of the AGB will also 

provide precise carbon stock be estimation by multiplying the 50% factor (Drake et al., 2003).  

 

 

 

 

 

 

 

 

 

 

3.4.5. Regression Analysis and Model Validation 

 

Regression analysis is an established method for modelling the relationship between remotely sensed data 

and field measurements ( Popescu, 2007; Lim et al., 2003). The objective of the method is to quantify the 

relationship between the response variable and the explanatory variable. It also assess the relationship 

between the dependent and independent variable and the causal effect of the relationship. Moreover the 

change in the independent variable will also result in the change in the dependent variable (Husch et al., 

2003). Since the objective of this study is to account for the total AGB/Carbon a regression analysis was 

heavily used in establishing relationships among the derived forestry parameters. To assess the upper canopy 

layer of the forest multiple linear regression was used to model the relationship between the field measured 

DBH and the airborne LiDAR derived height and CPA derived from the Orthophoto to obtain a modelled 

DBH. While to assess the relationship between the modelled AGB and field measured AGB a linear 

regression was implemented. In assessing the AGB of the lower canopy layer of the forest, linear regression 

was used to establish the relationship between the modelled AGB using the TLS measured DBH and height 

and the field measured AGB using the field measured DBH and TLS height. Then to assess the relationship 

between the modelled total AGB and the total field AGB linear regression was used. To assess the 

performance of all modelled parameters the RMSE was calculated using the general equation (Equation 5).  

…………… Equation 4 

Where, 

AGB: Above ground biomass (Kg) 

ρ: specific wood density  

D: diameter at breast height 

H: Height 

 

…………… Equation 5 

Where, 

P: Predicted 

O: Observed 

n: number of observations 
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4. RESULTS 

4.1. Descriptive analysis of field data 

The trees measured in the16 field plots were identified by species name and family name as shown in Table 

6.  The complete list of identified and count per species is tabulated in Table 7. Tree parameters (DBH and 

crown diameter) of the individual sampled trees were measured. The total number of trees used for the 

comparative analysis with measured DBH and crown diameter is 428 and 232 respectively. Descriptive 

statistics of these parameters are shown in Table 8 and the normal distribution and QQ plots of the 

measured parameters are shown in Figure 26. Table 9 show the normality test of the two parameters.  

 
Table 6. Summary of trees measured in the field. 

  No. of 

Trees 

Average No. of tree species per plot 17  

Total No. of Trees Identified by species name 107 391 

Total No. of Trees Identified by family name 5 37 

Total No. of Trees  428 

 
Table 7. Identified trees and count per species from the field plots. 

Species 

No. 

Species Count 

per 

Species 

Species 

No. 

Species Count per 

Species 

1 Acacia auriculiformis 5 21 Caelostegia griffitii 1 

2 Adenanthera spp 1 22 Calophyllum rubiginosum 1 

3 Aglaia spp 2 23 Calophyllum sp 1 

4 Albizia splendens 1 24 Calophyllum spp 3 

5 Anisoptera costata 1 25 Campnosperma spp 1 

6 Annacardiaceae 1 26 Carallia brachiata 2 

7 Annonaceae 4 27 Carallia spp 2 

8 Antidesma caspidatum 1 28 Castanopsis spp 1 

9 Ardisia densiflora 1 29 Cinnamomum iners 12 

10 Arthocarpus scortechinii 1 30 Cinnamomum porrectum 1 

11 Arthrophyllum diversifolium  1 31 Citrea spp 1 

12 Artocarpos rigidus 3 32 Cratoxylum spp 1 

13 Artocarpos scontechinil 1 33 Cryptomeria japonica 2 

14 Artocarpus  rigidus 2 34 Cyathocalyx spp 1 

15 Artocarpus scortechiunii 8 35 Delek 1 

16 Artocarpus spp 6 36 Dialium spp 1 

17 Blumeodendron tokbrai 1 37 Diospyros argentea 1 

18 Bridelia tomentosa 1 38 Diospyros spp 9 

19 Burseraceae 12 39 Diplospora malaccensis 1 

20 Byera costulata 2 40 Dipterocapus crinitus 3 
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Table 7. Continued. 

 

Species 

No. 

Species Count per 

Species 

Species 

No. 

Species Count per 

Species 

41 Dipterocarpus costulatus 13 77 Palaquim gutta 9 

42 Dipterocarpus crinitus 1 78 Palaquim maingayi 3 

43 Dipterocarpus verrucosus 2 79 Palaquim spp 2 

44 Dyera costulata 1 80 Parkia singularis 1 

45 Elaeocarpus spp 5 81 Pela calyxyia 1 

46 Eleocarpus spp 1 82 Pellacalyx axillaris 3 

47 Endospermum diadenum 19 83 Pellacalyx spp 2 

48 Fagraea spp 1 84 Pentace spp 2 

49 Ficus spp 1 85 Pentaspadon spp 1 

50 Garcinia spp 1 86 Porterandia anisophylla 2 

51 Gilha sp. 1 87 Pouteria malaccensis 7 

52 Gironniera nervosa 7 88 Ptenandra spp 4 

53 Gironniera spp 1 89 Rambutan hutan 1 

54 Gluta spp 2 90 Rhodamnia  cinerea 1 

55 Gynotroches axillaris 4 91 Rotoxylum spp 1 

56 Gynotroches axillaris 4 92 Sandoricum koetjape 3 

57 Herittiera spp 2 93 Santiria spp. 1 

58 Hopea odorata 2 94 Scaphium macropodum 4 

59 Hopea sulcata 14 95 Scaphium spp 1 

60 Ixonanthes icosandra 4 96 Shorea accuminata 6 

61 Knema spp 4 97 Shorea hypocra 2 

62 Koompassia malaccensis 1 98 Shorea leprosula 3 

63 Lauraceae 6 99 Shorea macroptera 11 

64 Lithocarpus spp 7 100 Shorea parvifolia 9 

65 Litsea costata 7 101 Shorea sumatranum 1 

66 Litsea spp 6 102 Sterculia spp 5 

67 Macaranga gigantea 3 103 Streblus elongatus 32 

68 Macaranga spp 5 104 Strombosia javanica 1 

69 Maclurodendron porterii 5 105 Swintonia spp 2 

70 Mallottus spp 1 106 Syzygium polyanthum 12 

71 Memecylon spp 4 107 Syzygium spp 20 

72 Mesua spp 1 108 Timonius wallichianus 2 

73 Metadina trichotoma 7 109 Unidentified 1 

74 Myrysticaceae 13 110 Xantophyllum spp. 2 

75 Naphelium spp 5 111 Xerospermum spp 3 

76 Ochanostchys amentaceae 3 112 Xylopia ferruginea 2 

    Total No. of Trees  428 
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Figure 26. Distribution and QQ plots of field DBH and tree crowns 

 
 Table 8. Descriptive statistics of the sampled trees. 

 

 

 

 

 

Table 9. Normality test of field measure DBH and crown. 

 Kolmogorov-Smirnova Shapiro-Wilk  

 Statistic df Sig. Statistic df Sig. 

DBH 0.173 0.428 0.000 0.789 0.428 0.000 

Crown 0.076 232 0.002 0.956 232 0.000 

4.2. Pit-Free CHM generation from Airborne LiDAR Data 

The airborne LiDAR data was processed to generate the CHM for the upper canopy layer of the forest. The 

point cloud data was classified into ground and non-ground points (Figure 27). The height was then 

normalized and partial CHMs were created (Figure 28). The presence of pits in the partial CHMs would 

have significant effect to subsequent height estimation. As a final step to the process the pit-free algorithm 

developed by Khosravipour, et al., (2014) was applied. The final pit-free CHM is shown in Figure 29.    

 

 

Statistic DBH 

(cm) 

Crown 

Diameter (m) 

Mean 23.47 5.65 

Minimum 10 2.17 

Maximum 150 13.47 

Standard Deviation 14.29 2.14 

Number of trees 428 232 
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Figure 27. Classification of point cloud data into ground and non-ground points. 

 

 

 

 

 

 

 

 

 

 
               

Figure 28. Partial CHM 

 

 

 

 

 

 

 

 

 
                                                                     Figure 29. Pit-free CHM. 

4.3.  Image segmentation 

To derive the CPA of the upper canopy layer image segmentation of the Orthophoto layered with the CHM 

was implemented using multi-resolution segmentation. The process involves the execution of the following 

sequential steps to obtain image objects that would represent tree crowns. 

4.3.1.  Estimation of Scale Parameter (ESP) 

The eCognition Developer 9.1.2 software, has the ESP tool to assess the most suitable scale parameter in 

creating image objects. The application of the tool indicates that high peaks in rate of change (ROC) and 

local variance (LV) will determine the appropriated scales by which the image can be segmented. Figure 30 

show the scale parameter of the Orthophoto layered with the CHM by which the scale of 10 is the suitable  

one.  

 

Ground  Height  
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Figure 30. Scale parameter for Orthophoto and CHM layer using ESP tool. 

4.3.2.  Multi-resolution Segmentation 

Using the scale parameter as estimated from the ESP tool multi-resolution segmentation was applied. 

The scale of 10 was adapted to set this parameter as based on the highest value calculated by the tool. 

Moreover, based on visual assessment and matching with the manually delineated crowns this gave a good 

match and accuracy which will be shown in the next section. A portion of the segmented section is presented 

in Figure 31.  

 

 

 

 

 

 

 

 

 
Figure 31. Segmented portion of the Orthophoto layered with CHM. 

4.3.3. Assessment of segmentation accuracy 

Accuracy assessment of the segmented objects were based on the identified trees per plot that matched with 

the automatically segmented objects.  Of the total 208 trees identified and manually delineated 160 trees had 

a 1:1 match which is 77% match. Figure 32 shows the overlay between the manually delineated referenced 

polygons (purple outline) over the corresponding segment (outlined in black line). The over and under 

segmentation at the scale of 10 is 0.09 and 0.03 respectively and the D value of 0.25 (75%). This indicates 

that overestimation of the tree crowns is greater than underestimation. Table 10 show the segmentation 

accuracy assessment. 

 

 

 

 

 

 

 

 
Figure 32. Overlay between referenced and segmented polygons. 
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Table 10. Segmentation accuracy assessment. 

 Total reference 

polygons 

Total 1:1 

match 

Over  

segmentation 

Under  

segmentation 

D-value 

1:1 208 160    

Goodness of fit   0.09 0.03 0.25 

Total Accuracy  77%   75% 

4.4. Registered Scans 

Registration of 4 TLS scans using the point cloud data which aligned the scanned positions to obtain a three 

dimensional perspective of the scanned scene Figure 33. Creating the three dimensional scene would then 

allow the subsequent steps of identifying individual trees, tree extraction and tree parameter measurements 

(DBH and Height).  Applying the method and the subsequent multistation adjustment (MSA) obtained a 

standard deviation of 0.01- 0.0234 cm of the point cloud data. 

 

 

 

 

 

 

 

 

 

 

 
Figure 33. Three dimensional scene after registering the point cloud data. 

4.5. Individual Tree Detection 

Detecting individual trees was done by identifying point clouds that fit the shape of an individual tree. 

Identification was done through the tagged numbers to the individual trees in the plot. The process is based 

on the assumption that point clouds tend to aggregate near the circular points that is distributed through 

the vertical axis of some height which is separated from the adjacent stem. Tagged individual trees that were 

visibly identified were recognized as trees. 

4.6. Individual Tree Extraction 

Trees that were individually detected were extracted manually in RiSCAN PRO and stored as individual 

polydata. Figure 34 shows sample of individual trees extracted trees from RiSCAN PRO. From the extracted 

trees individual tree parameters such as DBH and height were measured using the measure interface of 

RiSCAN PRO.  The obtained parameters were subsequently used for AGB modelling and estimation. 
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Figure 34. Sample of extracted trees. 

4.8. Plot selection for DBH and AGB analysis  

The total number of plots measured, recorded and scanned in the field was 26. However, for the analysis 

used for the study only 16 plots were viable for the subsequent model analysis and AGB estimation. This is 

because for the rest of the 10 plots not all trees were detected from the CHM from airborne LiDAR and 

CPA from the Orthophoto. On the other hand not all trees scanned were detected and extracted from TLS. 

Estimating the AGB on a plot basis must have the complete number of trees per plot for precise AGB 

accounting. Therefore, plots that contained trees that would complement from both sensors were identified 

and selected for the analysis.  Table 11 show the number of trees per plot identified and extracted by the 

respective sensors.  

 
                                         Table 11. Trees identified and extracted by the respective sensor. 

Plot no. No. Trees Detected 

by Airborne LiDAR 

& Orthophoto 

Extracted trees 

obtained from  TLS 

Total No. of 

Trees  

1 12 3 15 

2 13 10 23 

3 20 7 27 

4 13 11 24 

5 18 3 21 

6 16 8 24 

7 11 15 26 

8 11 14 25 

9 12 16 28 

18 10 25 35 

20 10 14 24 

21 13 30 43 

22 13 24 37 

24 11 15 26 

25 13 10 23 

26 12 15 27 

Total 208 220 428 
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4.9. Upper Canopy AGB calculation 

4.9.1 CHM and CPA parameters  

To calculate for AGB of the upper canopy, height parameter from the generated CHM and CPA from the 

segmented Orthophoto was obtained. These are the main parameters required to model  the DBH. The 

mean height and CPA per plot is presented in Table 12. The descriptive statistics of the two parameters are 

shown in Table 13. The normality of the data distribution of these two parameters were tested using SPSS 

23. Figure 35 show the distribution curve and QQ plots of the two parameters.  Table 14 show the normality 

test output indicating that height is normally distributed with a p-value greater than .05 (shown as sig on 

Shapiro-Wilk of the table). Whereas for the CPA the distribution is slightly skewed to the right which is 

indicated in the p-value lower than 0.05.  Since DBH cannot be measured directly from the images, 

subsequent modelling through multiple regression analysis was applied using these two parameters.  

 

 
Table 12. Average CPA and height per plot. 

 

 

 

 

 

 

 

 

 

 

 
Table 13. Descriptive statistics of CPA and height. 

 

 

 

 

 

 

 

 

 

 

Plot No. CPA Height Plot No. CPA Height 

1 5.83 20.53 9 7.38 17.68 

2 8.37 19.42 18 6.32 20.86 

3 5.83 20.53 20 7.17 23.28 

4 5.85 22.04 21 5.62 20.79 

5 6.45 21.79 22 7.29 24.06 

6 7.03 19.32 24 6.08 21.79 

7 7.62 17.34 25 5.98 23.07 

8 6.35 11.59 26 6.55 21.24 

Statistic CPA 

 (cm) 

Height 

(m) 

Mean 6.68 20.06 

Minimum 1.89 6.32 

Maximum 16.14 38.06 

Standard Deviation 2.98 5.29 

Number of trees 208 208 
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Figure 35. Distribution and QQ plots of CPA and height.  

Table 14. Normality test of height and CPA. 

 Kolmogorov-Smirnova Shapiro-Wilk  

 Statistic df Sig. Statistic df Sig. 

CHM 0.0426 208 0.2000 0.9884 208 0.0907 

CPA 0.0898 208 0.0003 0.9613 208 1.871E-05 

4.9.2  DBH modelling using multiple regression analysis 

Modelling the DBH for the upper canopy layer employed multiple regression analysis. This was done using  

the above mentioned parameters. Height from CHM and segmented CPA were used as independent variable 

and the field measured DBH as the dependent variable. Table 15 show the average modelled DBH and the 

average field measured DBH. The descriptive statistics of these average values of the two parameters are 

shown in Table 16. The normal distribution and QQ plots of the modelled and field DBH was then tested 

(Figure 36). The normality output is shown in Table 17 and the p-value indicated that the distribution of 

both modelled and field are skewed to the right. Figure 37 show the overall relationship between the 

modelled and field measured DBH for the 16 plots. The regression statistics, probability and reliability of 

the 16 plots is in Table 18.  The regression statistics per plot is shown in Table 19. The regression probability 

and reliability summary per plot is shown in Table 20.  Further, Figure 38 show the relationship at the plot 

level. 

 
Table 15. Average modelled and field DBH per plot. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Plot 

No. 

Modelled 

DBH 

Field DBH Plot 

No. 

Modelled 

 DBH 

Field DBH 

1 23.91 23.92 9 29.70 29.92 

2 38.63 38.62 18 34.30 34.33 

3 29.28 29.30 20 38.00 38.00 

4 30.68 30.69 21 27.35 27.54 

5 30.67 30.67 22 27.77 27.77 

6 24.54 24.56 24 36.72 36.73 

7 20.18 20.18 25 27.70 27.85 

8 20.28 20.09 26 24.88 24.33 
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Table 16. Descriptive statistics of averaged modelled and field DBH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 
 

 

 

 
Figure 36. Distribution and QQ plots of field and modelled DBH 

Table 17. Normality test of the modelled and field DBH. 

 

 

 

 

 

 

 

 

 

Statistic Modelled 

DBH 

Field 

DBH 

Mean 29.03 29.03 

Minimum 20.17 20.09 

Maximum 38.62 38.61 

Standard Deviation 5.72 5.76 

Number of plots 16 16 

Kolmogorov-Smirnova Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

Modelled 
DBH  0.0656 208 0.029683 0.933315 208 3.82E-08 

Field 
DBH 0.1255 208 1.82E-08 0.820594 208 9.53E-15 
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Figure 37. Overall relationship between modelled and field DBH for the 16 plots. 

Table 18. Regression statistics, probability and reliability of the modelled and field measured DBH for the 

16 plots. 

 
Table 19. Regression statistics of modelled DBH per plot. 

Plot 

No. 

R Square Adjusted 

 R Square 

RMSE 

(cm) 

Plot No. R Square Adjusted 

 R Square 

RMSE 

(cm) 

1 0.93 0.91 3.13 9 0.91 0.89 4.52 

2 0.97 0.96 6.82 18 0.95 0.94 4.76 

3 0.89 0.87 5.56 20 0.88 0.84 8.61 

4 0.78 0.74 5.97 21 0.86 0.83 4.80 

5 0.85 0.84 6.97 22 0.89 0.87 4.28 

6 0.75 0.71 5.08 24 0.76 0.70 8.31 

7 0.89 0.86 2.48 25 0.80 0.75 8.50 

8 0.79 0.74 4.76 26 0.81 0.77 6.22 

 
 

 

 

 

Regression Statistics 

R Square Adjusted R Square RMSE 

0.90 0.89 0.02 cm 

Regression probability and reliability 

 Coefficients P-value 

Significance F Intercept Modelled DBH Intercept Modelled DBH 

5.8E-105 -0.047 1.001 0.95 5.8E-105 

R² = 0.90

RMSE= 0.02 cm 
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Table 20. Regression probability and reliability of modelled DBH per plot.  

  Coefficients P-value 

Plot Number Significance F Intercept CPA Airborne 

LiDAR 

Intercept CPA Airborne 

LiDAR 

1 0.00054 -23.8318 3.44213 1.20555 0.02522 0.00045 0.00712 

2 0.00000 -35.1645 -4.33123 5.66599 0.00057 0.00003 0.00000 

3 0.00000 6.4450 -3.84735 2.20564 0.34477 0.00000 0.00000 

4 0.00052 -36.2943 2.11197 2.47879 0.01150 0.00249 0.00042 

5 0.00000 -70.6549 3.25972 3.68582 0.00001 0.00052 0.00000 

6 0.00012 8.6789 -1.84090 1.49180 0.23153 0.00119 0.00039 

7 0.00015 -3.2429 -0.93731 1.76242 0.43788 0.00322 0.00006 

8 0.00194 5.3558 -2.04895 2.39355 0.42917 0.00452 0.00179 

9 0.00002 9.3777 -2.53780 2.22004 0.15895 0.00041 0.00002 

18 0.00002 -57.2368 3.46529 3.33836 0.00036 0.00030 0.00012 

20 0.00069 -33.2824 -2.29377 3.76809 0.05461 0.01997 0.00033 

21 0.00006 -32.9637 2.55242 2.21920 0.00197 0.00901 0.00008 

22 0.00002 -53.4245 1.62452 2.88215 0.00016 0.00144 0.00001 

24 0.00343 -35.7297 5.83201 1.69921 0.06259 0.00198 0.02333 

25 0.00036 -28.6656 0.20537 2.39613 0.01390 0.85124 0.00021 

26 0.00054 -23.8318 3.44213 1.20555 0.02522 0.00045 0.00712 

Figure 38. Plot level comparison between the modelled and field DBH of the upper canopy. 

4.9.3. AGB model calculation and validation 

 

The modelled AGB  for the upper canopy layer was calculated by applying the allometric equation by Chave 

et al., (2014) using the modelled DBH and the height from the generated CHM. To validate the model, field 

measured AGB was calculated. The allometric equation was applied to the field measured DBH and height 
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from CHM. Regression analysis between the modelled and field AGB was then conducted. Figure 39 show 

the relationship between the modelled and the field AGB for the 16 plots. Table 21 show the average AGB 

for the 16 plots. Table 22 show the regression statistics, probability and reliability of the relationship of all 

the 16 plots. The descriptive statistics is shown Table 23. The regression statistics of the calculated AGB 

for each plot is shown in Table 24. The QQ plot of the modelled and field AGB is shown in Figure 40. The 

summary of the regression probability and reliability per plot is shown in Table 25.  Figure 41 show the 

scatterplot of the modelled and the field measured AGB.  

 

 

 

 
 

 

 

 

 

 

Figure 39. Overall relationship between the modelled and field measured AGB of the 16 upper canopy 

layer plots. 

Table 21. Average AGB for the 16 upper canopy plots. 

Plot  

Number 

Modelled   

AGB 

 (kg/ plot) 

Field  

AGB 

(kg/plot) 

Plot  

Number 

Modelled   

AGB 

(kg/plot) 

Field AGB 

(kg/plot) 

1 401 333 9 647 647 

2 2324 2371 18 1055 1061 

3 752 767 20 1495 1513 

4 741 758 21 611 795 

5 879 911 22 710 720 

6 430 430 24 1027 1054 

7 262 262 25 853 922 

8 196 199 26 531 533 

 

Table 22. Regression statistics, probability and reliability of the modelled and field measured AGB for the 16 plots.  

Regression Statistics 

R 2 Adjusted  

R 2 

RMSE 

0.98 0.98 69.44 Kg 

Regression probability and reliability 

Coefficients P-value 

Significance 

F 

Intercept Modelled 

AGB 

Intercept Modelled 

AGB 

1.8E-170 -3.88 1.03 0.86 1.8E-170 

R² = 0.98

RMSE=69.44 Kg
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Table 23. Descriptive statistics of modelled and field AGB. 

 

 

 

 

 

 

 

 
 

Table 24. Regression statistics of modelled and field AGB per plot. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

Figure 40. QQ plots of modelled and field AGB. 

Statistic Modelled 

AGB 

Field 

AGB 

Mean 807.13 829.84 

Minimum 195.70 199.24 

Maximum 2324.17 2371.29 

Standard Deviation 518.19 531.19 

Number of plots 16 16 

Plot 

No. 

Modelled AGB  

(kg/plot)  

Field AGB   

(kg/ plot) 

R 2 RMSE  

kg 

1 4808 3991 0.95 68.67 

2 30214 20827 0.99 171.90 

3 15045 15348 0.95 200.20 

4 9627 9855 0.75 309.73 

5 15822 16396 0.84 451.30 

6 6876 7075 0.77 175.49 

7 2883 2920 0.91 68.95 

8 2153 2192 0.94 65.21 

9 7767 7928 0.95 147.07 

18 10553 10609 0.95 249.05 

20 14955 15131 0.96 425.53 

21 7944 10332 0.93 221.29 

22 9235 9365 0.88 250.34 

24 11295 11597 0.72 454.81 

25 11084 11987 0.95 334.71 

26 6372 6401 0.74 366.95 
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Table 25. Regression probability and reliability of modelled AGB per plot. 

  Coefficients P-value 

Plot 

No. 

Significance F Intercept Modelled AGB Intercept Modelled 

AGB 

1 0.00000 30.91941 0.75296 0.31536 0.00000 

2 0.00000 -55.00008 1.04394 0.30578 0.00000 

3 0.00000 7.64259 1.00996 0.90065 0.00000 

4 0.00012 -14.63952 1.04337 0.92789 0.00012 

5 0.00000 -48.57211 1.09156 0.74684 0.00000 

6 0.00001 4.95256 1.01741 0.94946 0.00001 

7 0.00000 -14.23454 1.06701 0.69263 0.00000 

8 0.00000 -12.80616 1.08357 0.64020 0.00000 

9 0.00000 85.98751 0.88797 0.17574 0.00000 

18 0.00000 87.24263 0.92265 0.43312 0.00000 

20 0.00000 124.03345 0.92885 0.47356 0.00000 

21 0.00000 23.82234 1.26157 0.78844 0.00000 

22 0.00000 32.66846 0.96814 0.75245 0.00000 

24 0.00081 -84.96709 1.10942 0.75905 0.00081 

25 0.00000 -135.65397 1.24053 0.26571 0.00000 

26 0.00032 -78.75753 1.15282 0.62391 0.00032 

 

 

 

 

 

 

 

 

 
Figure 41. Plot comparison between the modelled and field upper canopy AGB. 
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4.10. Lower canopy AGB calculation 

4.10.1. TLS Height and DBH and field measured DBH 

Height and DBH are parameters measured directly from the extracted trees from the TLS. These measured 

parameters are needed to model the AGB of the lower canopy of trees. The mean height and DBH from 

the extracted trees per plot as well as the field measured DBH are shown in Table 26. The descriptive 

statistics of these parameters are shown in Table 27. Figure 42 show the normal distribution and QQ plots 

of the three parameters. The normality test output is shown in Table 28. The p-values indicate that the three 

parameters are not normally distributed. As shown in Figure 42 the TLS height is little skewed whereas both 

TLS and field DBH are positively skewed. The relationship between the TLS and field DBH was established 

by correlating the two parameters. Figure 43 show the graphical relationship. Table 29 show the regression 

statistics probability and reliability. 

 
Table 26. Mean height and DBH from trees extracted from TLS and mean field measured DBH. 

Plot No. TLS 

Height(m) 

TLS 

DBH(cm) 

Field 

DBH(cm) 

Plot  

No. 

TLS 

Height(m)  

TLS 

DBH(cm) 

Field 

DBH(cm) 

1 9.87 16.53 16.70 18 14.69 18.84 19.00 

2 13.75 13.26 14.00 20 14.65 19.43 19.43 

3 14.60 19.39 22.00 21 15.55 17.87 17.80 

4 15.36 20.15 20.18 22 15.58 16.79 16.79 

5 14.33 22.47 23.67 24 15.53 18.52 19.20 

6 14.80 12.64 12.75 25 16.26 16.85 17.00 

7 15.15 22.35 22.33 26 13.86 17.37 17.40 

8 8.64 19.89 20.00 18 14.69 18.84 19.00 

9 12.95 16.79 16.81 20 14.65 19.43 19.43 
 

Table 27. Descriptive statistics of the TLS measured height and DBH and field measured DBH. 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Statistic TLS 

Height(m) 

TLS 

DBH(cm) 

Field 

DBH(cm) 

Mean 14.41 18.08 18.30 

Minimum 4.07 9.4 10 

Maximum 28 58.3 59 

Standard Deviation 4.17 9.88 9.23 

Number of trees 220 220 220 
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Figure 42. Distribution and QQ plot of TLS measured height and DBH and field DBH. 

 

Table 28. Normality test of TLS measured height and DBH and field DBH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 43. Scatterplot of the TLS and field measured DBH. 

Kolmogorov-Smirnova Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 
TLS  
DBH 

0.173 220 0.000 0.798 220 0.000 

TLS 
Height 

0.094 220 0.000 0.973 220 0.000 

Field 
DBH 

0.184 220 0.000 0.802 220 0.000 

R² = 0.99

RMSE=1.03 cm
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Table 29. Regression statistics, probability and reliability of the modelled and field measured DBH. 

 

 

 

 

 

 

 

 

 

 

 

 

4.10.2. AGB calculation and validation 

Using the same allometric equation AGB for the lower canopy was modelled using the TLS measured DBH 

and height parameters. To validate the model field measured AGB was also calculated by applying the 

allometric equation using the field measured DBH and TLS height. Regression analysis between the TLS 

modelled and field measured AGB was then conducted. Figure 44 show the overall relationship of the 

modelled and field AGB. Table 30 show the average AGB for the lower canopy plots. Table 31 show the 

regression statistics of the average calculated AGB for the lower canopy per plot. The descriptive statistics 

is shown in Table 32. Table 33 show the regression statistics per plot of the modelled and field AGB. Figure 

45 show the point distribution of the modelled and field AGB shown in the respective QQ plots. 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 
Figure 44. Overall relationship between the modelled and field AGB of the 16 lower canopy plots. 
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Table 30. Average AGB for the 16 lower canopy plots. 

 

 
 

 

 

 

 

 

 

 

 
Table 31. Regression statistics, probability and reliability of the modelled and field measured AGB for the 

16 lower canopy plots. 

 
 

 

 

 

 

 

 

 

 

 
Table 32. Descriptive statistics of modelled and field AGB for the 16 lower canopy plots. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Plot. No. Modelled 
AGB 

(KG/plot) 

Field 
AGB 

(KG/plot) 

Plot. No. Modelled 
AGB 

(KG/plot) 

Field AGB 
(KG/plot) 

1 96.04 97.84 9 148.48 149.28 

2 83.11 96.59 18 242.40 243.10 

3 209.85 273.94 20 251.31 251.31 

4 242.40 243.87 21 242.22 291.59 

5 364.46 417.11 22 195.13 193.31 

6 100.01 102.26 24 307.36 307.36 

7 346.11 345.89 25 208.14 206.91 

8 135.30 136.25 26 171.90 173.03 

Regression Statistics 

R 2 Adjusted  

R 2 

RMSE 

0.99 0.99 19.23 Kg 

Regression probability and reliability 

Coefficients P-value 

Significance 

F 

Intercept Modelled 

AGB 

Intercept Modelled 

AGB 

1.5E-205 -0.55 1.05 0.86 1.5E-205 

 

Statistic Modelled 

AGB 

Field 

AGB 

Mean 209.01 220.60 

Minimum 83.11 96.59 

Maximum 364.46 417.10 

Standard Deviation 85.21 93.65 

Number of plots 16 16 
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Table 33. Regression statistics of the modelled and field AGB. 

Plot 

No. AGB TLS AGB Field R 2 

RMSE 

(Kg) 
 (kg /plot) (kg /plot)   

1 288 294 1 2 

2 831 966 0.77 33.21 

3 1469 1918 0.99 33.27 

4 2666 2683 0.99 3.45 

5 1093 1251 0.99 7.29 

6 800 818 0.99 1.59 

7 5192 5188 0.99 7.15 

8 1894 1907 0.99 2.91 

9 2376 2389 0.99 5.24 

18 6060 6075 0.99 12.04 

20 3518 3518 1 0 

21 7267 8748 0.99 13.41 

22 4683 4639 0.99 14.79 

24 1640 4610 1 0 

25 2081 2069 0.99 17.11 

26 2579 2595 0.98 25.12 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45. QQ plots of the modelled and field AGB. 
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Figure 46. Plot comparison between the modelled and field AGB of the lower canopy. 

4.11. Summation of modelled AGB from upper and lower canopies 

The overall modelled AGB was quantified by combining the validated values from both upper and lower 

canopies.  The combined values are presented in Table 34. 

 
Table 34. Summation of modelled AGB from upper and lower canopies. 

 

4.12. Summation of field AGB from upper and lower canopies 

Likewise the overall field AGB from both upper and lower canopies were also combined. The combined 

values are presented in Table 35. 

 
 

 

Plot 

No. 

AGB (Upper) 

(kg/ plot) 

AGB (Lower) 

(kg/ plot) 

Total  

Modelled 

AGB 

Plot 

No. 

AGB (Upper) 

(kg/plot) 

AGB (Lower) 

(kg/plot) 

Total  

Modelled 

AGB 

1 4808 288 5096 9 7767 2376 10143 

2 30214 831 31045 18 10553 6060 16613 

3 15045 1469 16514 20 14955 3518 18473 

4 9627 2666 12293 21 7944 7267 15211 

5 15822 1093 16915 22 9235 4683 13918 

6 6876 800 7676 24 11295 1640 12935 

7 2883 5192 8075 25 11084 2081 13165 

8 2153 1894 4047 26 6372 2579 8951 
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Table 35. Summation of field AGB from upper and lower canopies 

Plot 

No. 

AGB 

 (Upper) 

AGB 

(Lower) 

Total  

Field  

AGB   

Plot 

No. 

AGB  

 (Upper) 

(kg /plot) 

AGB Field 

(Lower) 

(kg /plot) 

Total 

Field  

AGB  (kg /plot)  (kg /plot) 

1 3991 294 4285 9 7928 2389 10317 

2 20827 966 21793 18 10609 6075 16684 

3 15348 1918 17266 20 15131 3518 18649 

4 9855 2683 12538 21 10332 8748 19080 

5 16396 1251 17647 22 9365 4639 14004 

6 7075 818 7893 24 11597 4610 16207 

7 2920 5188 8108 25 11987 2069 14056 

8 2192 1907 4099 26 6401 2595 8996 

4.13. Accuracy assessment of the total modelled AGB 

 The accuracy of the combined modelled AGB was assessed by calculating the R2 and RMSE. The graphical 

presentation of the accuracy of the combined upper and lower AGB is presented in Figure 47. The tabulated 

accuracy result for the upper and lower canopies are presented in Table 36. The accuracy of the combined 

upper and lower canopies is presented in Table 37. Figure 48 show the QQ plot distribution of the modelled 

and field measured AGB. 

 
 

 

 

 

 

 

 

 

 

 

Figure 47. Accuracy of the combined upper and lower canopy modelled AGB. 
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Table 36. Accuracy of the modelled upper and lower AGB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 37. Accuracy of the combined modelled AGB 

Plot no Total 

Modelled  

AGB (Kg/plot) 

R2 RMSE 

Kg 

1 5096.03 0.96 60.67 

2 31045.28 1.00 130.39 

3 12293.66 0.95 175.96 

4 16915.45 0.84 219.15 

5 7676.42 0.85 415.12 

6 8074.89 0.84 140.02 

7 4046.81 0.98 43.36 

8 10142.22 0.96 41.87 

9 10142.22 0.96 96.94 

18 16613.15 0.97 126.53 

20 18473.23 0.97 261.82 

21 15211.01 0.97 117.41 

22 13917.83 0.93 141.36 

24 15905.61 0.88 280.63 

25 13165.34 0.96 250.91 

26 8950.68 0.79 234.30 

Plot 

No. 

Total  

Modelled  

AGB(Kg/plot) 

R2 

Upper  

Canopy 

R2 

Lower  

Canopy  

RMSE  

Upper  

Canopy(Kg) 

RMSE  

Lower  

Canopy(Kg) 

1 5096 0.95 1 68.67 2.00 

2 31045 0.99 0.77 171.90 33.21 

3 16514 0.95 0.99 200.20 33.27 

4 12293 0.75 0.99 309.73 3.45 

5 16915 0.84 0.99 451.30 7.29 

6 7676 0.77 0.99 175.49 1.59 

7 8075 0.91 0.99 68.95 7.15 

8 4047 0.94 0.99 65.21 2.91 

9 10143 0.95 0.99 147.07 5.24 

18 16613 0.95 0.99 249.05 12.04 

20 18473 0.96 1 425.53 0.00 

21 15211 0.93 0.99 221.29 13.41 

22 13918 0.88 0.99 250.34 14.79 

24 12935 0.72 1 454.81 0.00 

25 13165 0.95 0.99 334.71 17.11 

26 8951 0.74 0.98 366.95 25.12 
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Figure 48. QQ plot distribution of the total modelled and field measured AGB. 

4.14. AGB/Carbon  estimation of the study area 

Average total AGB per plot from the respective modelled and field measured was calculated (Table 38). 

Using the average per plot values AGB was estimated based on the plot area which is 500 m2. The calculation 

of the respective AGB and carbon are shown below Table 39. 

 

 
Table 38. Calculated total mean AGB for the 16 plots. 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Plot No. Total  Modelled AGB 

Model (Kg) 

Total Field AGB (Kg) 

1 5096 4285 

2 31045 21793 

3 16514 17266 

4 12293 12538 

5 16915 17647 

6 7676 7893 

7 8075 8108 

8 4047 4099 

9 10143 10317 

18 16613 16684 

20 18473 18649 

21 15211 19080 

22 13918 14004 

24 12935 16207 

25 13165 14056 

26 8951 8996 

Average AGB 

per plot 

13191.875 13226.375 
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Table 39. Calculation for modelled and field measured AGB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                            Modelled AGB/ Carbon Calculation 
Field Measured AGB/Carbon Calculation 

Average 
AGB/plot  13191.875 kg/500 m2  13226.375 kg/500 m2 

Conversion to 
Ton/ m2 13191.875/1000        

13.18 T/500 m2 
13191.875/1000        

13.23 T/500 m2 

Conversion to 
Ton/ Ha 

13.18 T/500 m2 /0.05  
263.84 T/Ha 

13.18 T/500 m2 

/0.05  
264.53 T/Ha 

 Area of AHFR   1248 Ha  Area of AHFR   1248 Ha   
 AGB of AHFR  (263.84 T/Ha) (1248 Ha) AGB of AHFR  (264.53 T/Ha) (1248 Ha) 
  329,272 T  330,133 T 

 Carbon Stock 
Of AHFR   

(329,272 T) (0.5) Carbon Stock 
Of AHFR   

(330,133 T) (0.5) 

 164,636 T 165,066 T 
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5. DISCUSSION 

5.1. Data Distribution 

Assessment of data normality needs to be checked for subsequent statistical procedures such as correlation, 

regression, t tests and ANOVA and other parametric tests to determine data validity (Ghasemi & Zahediasl, 

2012).  The normality distribution of the field measured and sensor derived parameters were assessed 

because these parameters were of primary importance for the subsequent regression analysis to derive AGB 

and carbon estimation. One of the ways to visually display normality distribution is through a histogram by 

representing the skewness of the data distribution as shown in Figure 49 (Doane & Seward, 2011). Further 

the probability distribution can be positively skewed if the long tail is skewed to the right and negatively 

skewed if the long tail is skewed to left.   

 

 

 

 

 

 

 

 
Figure 49. Histogram illustration of skewness ((Doane & Seward, 2011). 

The distribution of the field measured DBH as showed in the result indicated a positive distribution to the 

right as well as the measured tree crown. This is because when field measurement was done trees with DBH 

of more than 10 cm DBH were selected for measurement. Since the objective is for AGB estimation DBH 

less than 10 cm were excluded for they do not contribute much biomass. For the crown measurement there 

is a similarity on the positive skewness direction. This is because crown structure have direct relationship to 

DBH in terms of diameter growth as revealed by the study of King, et al.,  (2005). The study was conducted 

in a mixed dipterocarp forest in Sarawak Malaysia where a light interception index was established using 

crown area and crown illumination as factors to correlate with DBH. The study revealed that the two 

parameters are linearly correlated.  

 

For the derived image parameter the distribution was symmetrical for the CHM and positively skewed to 

the right for the CPA. This symmetrical distribution of the CHM could be attributed to the identified trees 

from the image that are of taller heights except from the reforested area where trees of lower heights could 

be detected. In addition, taller trees have a greater chance of detection in airborne LiDAR because it has 

been proven to provide highly accurate height measurements due to higher point cloud densities near the 

sensor (Van Leeuwen et al., 2011). For the CPA it assumes a similar distribution pattern to the field measured 

crown which is positively skewed. This also implies that it has a similar distribution as the field measured 

DBH. As the result of  King et al., (2005) who showed  these parameters having a direct relationship 

therefore the CPA has shown similar variability as the field measured crown and DBH.  

 

To test validity of the modelled and field DBH for subsequent AGB modelling the distribution was also 

tested. The distribution showed that it is positively skewed due to the one measurement which was extremely 
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high. In this case it was included because the study is accounting for the accurate biomass on a plot basis. 

Excluding the tree would not reflect the substantial amount of biomass it has stored. 

 

Testing the normality of TLS and field DBH distribution showed a positive skewness. This is because trees 

extracted from TLS reflect the same trees measured in the field. Thus similarity in the pattern of distribution 

can be observed because trees above 10cm DBH were the ones measured. TLS height showed positive 

skewness because the trees extracted from the sensor are mostly of lower heights except for two trees which 

is way above the mean. As mentioned earlier for DBH extreme values were not excluded because estimation 

was based per plot and the substantial biomass stored of these trees must be accounted for.     

  

5.2. Upper Canopy Layer 

Calculating for the AGB of the upper canopy layer requires the generation of CHM from airborne LiDAR 

and CPA from the Orthophoto. DBH is one of the primary parameter required to calculate for the AGB. 

Further, the accuracy of the modelled DBH is validated by the field measured DBH and the accuracy of the 

modelled AGB was validated by the field AGB. The succeeding sections discusses the obtained results  and 

its importance to meet the objectives of this study. 

 

5.2.1. Pit-free CHM 

Tree canopy height is one of the basic measurements in forest inventory (Wang & Glenn, 2008). The use of 

LiDAR technology utilizes its capacity to provide 3D point clouds to obtain forest structure in 3D (Chen et 

al., 2005). CHMs are derived from airborne LiDAR for forest inventory to obtain height information. 

However, generating CHMs from airborne LiDAR poses certain irregularities in canopy surface or termed 

as "data pits" have a disruptive effect on the generated CHM. The presence of these pits will reduce tree 

detection accuracy  and subsequent biophysical measurements (Ben-Arie et al., 2009).  

 

Generating pit-free CHM based on the study of Khosravipour et al., (2014) is a method of constructing 

CHMs directly from LiDAR data. The study revealed that even if the point cloud data is thinned out the 

accuracy index is still 67.7%. Although the study is mainly tested on temperate species of trees it is of 

importance to the application of this study. This is because LiDAR point cloud density used have lower 

density which is 5-6 points per m2.  According to Hyyppä, and Inkinen, (1999) successful modelling of 

airborne LiDAR point cloud densities must approximately have 10 points or greater per m2.  Moreover as 

recommended by Khosravipour et al., (2014) using the method and algorithm for subsequent biomass 

assessment has yet to be tested. Therefore, applying the method also add to a novel way of measuring height 

using lower density point cloud for subsequent biomass estimation of a complex forest like AHFR.  

 

Generating CHM of better accuracy for this study is an important factor that needs to be addressed because 

of the reliability of the field measured height. Due to the environmental condition of this type of forest it 

affected the use of the handheld laser instrument used in the field. The presence of thick undergrowth 

(Figure 50) causes occlusion upon tree height measurement. These occlusions causes error readings in the 

Laser distance meter.  Further, when measurement is done underneath this type of forest with intermingling 

thick tree canopies, (Figure 51) determining the highest point of the tree is very difficult to identify and 

depends highly on the one handling the instrument. This alone would already cause bias on the 

measurement. Moreover, inappropriate determination of the highest point have a greater chance of 

overestimation. This also entailed repetitive measurement that is time consuming. Figure 52 illustrate how 

errors were incurred during field height measurement.  
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Figure 50. Presence of thick undergrowth inside the forest reserve. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 51. Intermingling tree crowns. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 52. Error in field height measurement. 
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This observation is supported by the study done by O’Beirne, (2012) in closed stand urban temperate forest. 

The study showed that the use of laser range finder is extremely difficult and almost impossible to use in 

areas of closed stands where it is difficult to see top of tree.  This was also cited by Andersen, et al., (2006) 

that in closed stands the use of such devices is impossible to implement due to issues on tree top visibility.  

The findings of  Rönnholm et al., (2004) also shared similar result where error in field measurements 

consistently overestimate tree heights compared to LiDAR both for conifer and deciduous trees. Therefore,  

for the assessment of this forest it is more practical to use the LiDAR data to derive the height. Moreover, 

the study of O’Beirne, (2012) revealed that the random error and extensive labor to measure trees in the 

field created much error as compared to the results from LiDAR. As reviewed by Wulder et al., (2012) 

LiDAR sampling for large area forest characterization concluded that LiDAR can be treated as an 

independent measure to generate estimates of forest attributes for scientific studies.  Such that the 

applicability of LiDAR based forest measurements to forest inventory and canopy structure modelling have 

been tested in the studies done by Lefsky et al., (2002); Popescu & Wynne, (2004). As well as deriving digital  

elevation models which is done by Hodgson & Bresnahan, (2004). Further, Lefsky et al., (2002) has proven 

that LiDAR sensors can provide accurate and non-asymptotic estimates of various forest indices. The 

superiority of airborne LiDAR in tropical forest application  has been proven by Hou, et al.,  (2011) via a 

comparative study of using Airborne CIR (color infrared) image, ALOS AVNIR and airborne LiDAR. The 

use of airborne LiDAR provided the lowest RMSE of 36.92% for stem volume and 47.35% for basal area. 

As pointed out by Aardt & Wynne, (2006) LiDAR based approach to forest inventory could negate the need 

for ground-based small scale measurements of tree heights and or canopy.     

5.2.2. Segmentation Accuracy 

Accuracy assessment of the multi-resolution segmentation for the individual tree crown was assessed in two 

ways. The first one which was based on the overlap of the segmented and referenced was considered as 1:1 

if the overlap is more than 50% (Zhan, et al., 2005). The result showed an accuracy of 77% which is slightly 

lower to the result of Asmare, (2013) who obtained an overall accuracy of 78.8% using the combination of 

airborne LiDAR derived CHM and Worldview 2 image for a subtropical forest in Nepal . The result however 

is slightly higher as compared  to the result of Karna, (2012) with an overall accuracy of  75.13% with the 

use of WorldView and CHM from  airborne LiDAR also for a forest in Nepal. It is also higher compared 

to the result of Wang, et. al., (2004) who obtained 75.6% using high spatial resolution aerial imagery for a 

coniferous forest. The result is much lower  compared to the accuracy obtained by Chen et al., (2005) which 

is 88% who implemented a similar process of combining LiDAR data and high resolution images. However, 

the study is tested in an urban orchard of trees where trees are almost of the same height with less 

intermingling of tree crowns thus ease in tree detection and extraction and subsequent matching yield higher 

results. According to Sium, (2015) this is the challenge of applying image segmentation in a tropical rain 

forest with complex canopy structure and highly diverse species of trees. Tropical rainforests are naturally 

dense with intermingling of crown layers and differences in illumination within and between crowns are 

common as in the case of AHFR as shown in Figure 53. The factors that must be considered are the 

conditions where the study is conducted, the spatial and spectral resolution of image, species and forest type 

(Brandtberg & Walter, 1998). The application of multi-resolution in this study is considered appropriate 

method to use because it considers both spatial and spectral homogeneity of pixels in merging image objects 

in this case the tree crowns. Kim et al., (2010) tested the method of combining aerial photograph and LiDAR 

data using multi-resolution segmentation to segment heterogeneous forest and found the algorithm is the 

most appropriate one. Moreover, this is supported by the study of Lamonaca, et al., (2008) that the method 

have a very good potential  of extracting meaningful information from high resolution imagery for 

heterogeneous type forests. Segmentation methods for tree crowns that only considers tree top as the 

brightest point of the tree crown (Culvenor, 2002; Gonzalez et al., 2010; Wang et al., 2004) is deemed 

inappropriate for this type of forest. This is because in coniferous type of forests the reflectance value on 

top would most likely represent a singular tree crown due its conical structure. Whereas for tropical forests 
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the tree structure have multiple branches and the crown does not assume a conical shape thus implementing 

the method is considered appropriate.   

 

 

 

 

 

  

  

 

   
 

 

Figure 53. Multi-layered canopy structure of AHFR. 

In implementing multi-resolution segmentation the scale parameter determines the size and homogeneity 

of the image objects (Definiens, 2012). Fine scale values according to Benz, et al., (2004) is the most suitable 

for segmenting small objects like trees, buildings and roads. In this study the most suitable value obtained 

using the ESP tool is 10. To verify the appropriateness of the scale, this was compared to the scale value 

used by  Chen et al., (2005) that used the same scale of 10 using the method for aerial images and LiDAR 

data. The value is also considered fit based on visual interpretation of the image because at 13 cm spatial  

resolution (e.g. Orthophoto) finer details of the object can be detected.  Since the objective is to segment 

tree crowns of the upper canopy layer this fine scale is found to be appropriate that produced an optimum 

fit of automated segments with the manually delineated reference objects of 0.09 over segmentation and 

0.03 under segmentation. The obtained over segmentation value is higher compared to the under 

segmentation value indicating that the automated segments exceeded the area of the referenced polygons. 

This outcome is normal, especially for complex natural forests which have very high variability in terms of 

crown shape, multi-scale branching and tree clustering that result to over segmentation (Jing, et al., 2012). 

The final segmentation accuracy however is already reasonable in comparison to studies done by Karna, 

(2012) and Asmare, (2012) who obtained 75.13% and 78.8% respectively. Both studies used the combination 

of Worldview image and LiDAR data and suggests that the inclusion of the height information improved 

the segmentation process.    

5.2.3. Accuracy of the modelled DBH 

DBH is a reliable factor for biomass estimation (Popescu, 2007). Thus, deriving this parameter is the basic 

step for accurate AGB estimation. Modelling DBH of the upper tree canopy using multiple regression, 

adopted the method developed by Popescu, (2007). The study used LiDAR derived tree measurements of 

height and crown width as independent variables and field measured DBH to estimate DBH for 43 loblolly 

pines. Similar multivariate modelling concept was also developed by Repola, (2008) for biomass estimation 

for  24 birch stands using tree diameter and height.  

 

The obtained R2 value of the DBH for the 16 plots is 0.90 and RMSE of 0.02 cm. Figure 54 show the 

modelled DBH as compared to the field measured DBH for the 16 plots. The results revealed that the values 

are greater than the values obtained by Popescu, (2007) who obtained an R2 of  0.87 and RMSE of  4.9 cm. 

The obtained results support the study of (Popescu, 2007) that there is indeed a strong relationship between 

height and CPA to model DBH. This further signifies that for the upper canopy layer DBH models can be 

accurately modelled from LiDAR derived height and CPA derived from Orthophoto and have the potential  

use for subsequent AGB estimation. The highly accurate values can be attributed to the fact the derived 
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parameters come from trees measured from the upper canopy layers only. For the height this will support 

to the contention of  Van Leeuwen et al., (2011) that the bias of airborne LiDAR to accurately measure 

stand height is towards the upper layers because point cloud density is dependent on the last returns. When 

airborne LiDAR data is acquired this is on a top-down perspective and the resultant bias is towards the 

upper layers. As a consequence vegetation understory is underrepresented due to the infrequency of laser 

returns from mid and understory layers (Figure 55). Moreover, this has been proven in the study of Maltamo, 

et al., (2004) that height can be accurately estimated for open canopy  temperate forests providing results of  

R2 values ranging from  83 to 98%.  For CPA, (Figure 56) the use of  aerial photos or high resolution imagery 

would only yield better information of crown diameters for the upper canopy because it is impossible to 

directly observe tree crowns from the middle and  lower layers of a multi-layered forest (Hirata et al., 2012). 

Further, related findings of Hou et al., (2011)  of using optical sensors in combination with airborne LiDAR 

for tropical forest application revealed that optical sensors can record mainly the tree crown surface while 

the understory will remain undetected.  

 

  

 

 

 

 

 

 

 

 
 

 

Figure 54. Comparison of the calculated average modelled and field measured DBH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 55. Point cloud distribution upon airborne LiDAR data acquisition. 
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Figure 56. Acquisition of Orthophoto images. 

 

5.2.3. Accuracy of the modelled AGB 

 

AGB calculation for this study adopted the generic allometric equation of Chave et al., (2014) because using 

the local equation of Yamakura, et al., (1986) with DBH as the lone parameter to calculate AGB yield very 

low values. Moreover, as pointed out by Gibbs, et al., (2007) for highly diverse tropical  forests using local 

or regional equations are not appropriate. The use of generic allometric equation is more suitable because 

these equations are developed based on larger number of trees (Gibbs et al., 2007; Chave et al., 2014). Hence, 

to calculate for AGB, height and DBH were the parameters used. In this case the LiDAR derived height is 

the only parameter used for all the calculations from AGB modelling and validation for the reasons discussed 

in section 5.2.1. Since the accuracy of airborne LiDAR has been extensively studied (Lefsky et al., 2002; 

Popescu & Wynne, 2004) and proven to provide superior results for tropical forests (Hou et al., 2011; 

Tokola & Hou, 2012) using the field data of low reliability  for comparative purposes would be 

inappropriate. Further, it is not logical to compare data of known low reliability to the data which is proven 

to provide accurate results.  

 

The calculated R2 and RMSE for the 16 plots is 0.98 and 69.44 Kg respectively. Figure 57 show the 

comparison of the modelled and field measured AGB. The result is compared to related studies in calculating 

AGB through the combination of airborne LiDAR and the use of multispectral images conducted in the 

tropics because specific studies for upper canopy structure of tropical forest through fusion methods are 

not found as of this writing. There are studies, however, they apply the method for the overall estimation 

of a specific area of the forest (i.e., upper and lower canopies). To confirm if the result is of reasonable 

values, it was compared to some studies.  The obtained result is relatively higher compared to calculated 

AGB results of Ediriweera, et al., (2014) who obtained an  R2 of 0.83  and 16.8 % RMSE. This was obtained 

by combining airborne LiDAR and multispectral data for estimating biomass for subtropical and eucalypts 

forest. The authors pointed out that combining the two image data sets has improved the AGB estimation 

than using the individual image data set. The result however is more comparable to the study of  Karna et 

al., (2015) for reforested tropical forest in Nepal that obtained R2 estimates ranging from 78-94%  AGB 

estimations  through the integration of WorldView 2 image and airborne LiDAR. The higher result obtained 

could be due to the use of the same height values to calculate both the modelled and field AGB compared 
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to the two studies that have used field measured data. Since in this study this is not possible what is being 

utilized is the height measured from airborne LiDAR as the truth or the standard height. The compared 

studies have shown that using the method provided robust results to attain their objective . Thus, for this 

study the high accuracy of the obtained results showed its relevance to meet the objective of the study which 

made use of the combined data to assess the AGB of the upper canopy. Moreover, the result signifies that 

the use of height from airborne LiDAR indeed can provide accurate result because its strength is towards 

the upper layers of the forest (Van Leeuwen et al., 2011) and as pointed out by Hirata et al., (2012) the 

strength of aerial and high resolution images is for the measurement of the upper crowns. Lastly, according 

to Lu, (2006)  generally in AGB assessment high R2 values and low RMSE indicates good fit between  the 

developed model and the sample plot.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 57. Comparison of the calculated average modelled and field measured AGB. 

5.3. Lower Canopy Layer 

Calculating the AGB for the lower canopy of the forest complement to what is calculated from the upper 

canopy layer. According to Hirata et al., (2012) estimating biomass using the crown diameter method with 

aerial or high resolution images is not possible for multi-layered forests because tree crowns in the middle 

and lower canopy cannot be observed. Moreover, the author stated that a method of estimating carbon 

stocks per unit area that would include the middle and lower layers is needed. This study tested the use of 

TLS to address this need. The trees extracted from the TLS were measured for the parameters required for 

AGB estimation of the lower canopy. The following sections discuss the results as well as the accuracy of 

the derived AGB.    

5.3.1. Multiple Scanning 

To derive tree parameters from TLS this employed multiple scanning of the trees. Implementing the method  

provided full coverage of the tree surface from the different scan positions from the centre and from the  3 

outer positions. Registering the four scanned positions allow the alignment of the scanned positions to 

create a three dimensional perspective of the scene (Figure 58). The technique has been used for forestry 

applications in the  studies of Huang et al., (2010); Hopkinson, et al., (2004). In the studies of Liang, (2013); 

and;  Kankare et al., (2013) it showed that multiple scans can provide better scenes from merged point 

clouds that will consequently facilitate tree extraction. 
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Figure 58. Sample of the aligned and registered 3-D scene prepared for tree extraction. 

5.3.2. Tree height measurement 

 

Tree height is one of the main parameter measured from TLS to calculate the AGB for the lower canopy. 

Before measurements were done the trees were extracted from the registered scene. Using the RiSCAN 

interface trees were manually extracted from the 3-D registered scene through visual judgment and the shape 

of the point cloud distribution. The extracted trees were then stored as polygon shape that will be used for 

parametric measurement. Tree extraction was a challenging task because it is difficult to extract canopy 

structure in tropical forests where intermingling of tree crowns is a natural process. The presence of Lianas 

and undergrowth causes noise and occlusion added another challenge to define the canopy structure.  

Moreover, point cloud density decreases as the distance from sensor also increases (Maas et al., 2008). Thus 

adding the difficulty to define tree top structure for taller trees compared to trees of lower height. Figure 59 

illustrate the difference in point cloud distribution between trees of higher and lower height. Since the focus 

of this part of study is the assessment of the lower canopy of trees, only the trees of lower height were 

subsequently retrieved and measured for height. Comparison with field measured heights was not done for 

reasons discussed in 5.2.1 and 5.2.3. Further, studies on the use of TLS in forestry applications emphasizes 

its potential use to substitute conventional field inventory (Lovell et al,. 2003; Bienert, et al., 2006 ; Lindberg, 

et al., 2012). Accuracy of the instrument could reach as high as 0.976 for correlations  compared to manual  

measurements as studied by (Rosell et al., 2009) or R2 of  0.99 for stand parameter (Strahler et al., 2008). 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 
Figure 59. Illustration of the difference in point cloud densities between trees of higher and lower heights. 
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5.3.2. DBH measurement 

Another parameter measured from TLS for AGB calculation is DBH. Determining the parameter from TLS 

used the extracted trees. The manual measurement in RiSCAN as described in section 3.4.5.5 is done so 

that measurement is in parallel to what was done in the field as discussed in 3.3.3.1. The correlation result 

between the TLS and field measured DBH for this study showed an R2 value of 0.99 and an RMSE of 1.03 

cm. The RMSE result is slightly higher compared  to the obtained values of Bienert et al., (2006) and Kankare 

et al., (2013) who obtained an  RMSE of 1.5 cm and 1.48 cm respectively. This indicate that the obtained 

values of the two parameters would provide robust values for the estimation of the AGB.  

5.3.3. AGB Accuracy 

The same allometric equation which was used to calculate the AGB for upper canopies is used to calculate 

AGB for the lower canopies. The calculated R2 and RMSE for the 16 plots is 0.99 and 19.23 Kg respectively. 

The obtained R2 value is slightly higher and RMSE lower compared to the study of Prasad, (2015) using 

TLS derived parameters to estimate biomass for a highland tropical forest in Malaysia. The values obtained 

were 0.93 and 42.4 for R2 and RMSE respectively. This is because this study is estimating AGB of the lower 

canopies using TLS. While Prasad, (2015) used TLS to estimate AGB for both lower and higher canopies 

which may cause the lower R2and higher RMSE. The R2 value is also higher and RMSE is lower compared 

to a similar study done by Kankare et al., (2013) for Scots pine and Norway spruce forest, with R2 of 0.90 

and 0.91 and RMSE of  22.12 kg and 26 kg achieved at tree level . The relatively low RMSE could be 

attributed to the lesser variability of the measured height because the trees come from the same canopy 

layer. Prasad, (2015)  pointed out that the high RMSE obtained of his study was due to differences in height. 

However, it is most likely because he assessed all upper and lower canopies. Assessing height of upper 

canopies was difficult and with some error in his case. Figure 60 show the comparative values of the 

modelled and field AGB. Therefore, the obtained high R2 and low RMSE indicate good fit of the modelled 

AGB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 60. Comparison of the calculated average modelled and field measured AGB. 

5.4. Accuracy of the overall modelled AGB 

Combining the calculated AGB from the upper and lower canopy of the forest provided an overall 

estimation of the total AGB of the different canopy layers of the forest. Based on the calculated RMSEs for 

both the upper and lower modelled AGBs exhibited robust values. RMSEs according to Chai & Draxler, 

(2014) errors are unbiased  and follow a normal distribution providing a complete picture of error  

distribution. Moreover, when there are more samples (eg. ≥100) reconstructing the error distribution using 
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RMSE is more reliable. In this study both upper and lower tree canopy have tree samples of more than 200 

to support very strong reliability of the modelled outcome. This is a strong indication that both values can 

be complemented to attain a very accurate estimate of AGB for this study. The AGB values of the upper 

and lower canopy were then combined and subsequently R2 and RMSE values were also combined. The 

achieved average R2 and RMSE is 0.98 and 188.35 Kg respectively.  

5.5. Overall AGB/Carbon of the study area 

The total calculated AGB per hectare is 263.84 T/Ha for the modelled and 264.53 T/Ha for the field 

measurement.  A review done by Majid & Nurudin, (2015) for AGB assessments for the study area from 

1983 to 2007 revealed different trends of the calculated values per hectare . The pattern showed an increase 

and decrease of the obtained values. According to the authors this is due to lack of standard model for 

converting tree measurements to AGB estimation. Further, the estimation by Heng & Tsai, (1999) who 

implemented DBH measurement of trees above 10cm for calculating AGB estimated 223,568 T for the 

entire study area. To date, AGB assessment using the complementary use of airborne LiDAR and terrestrial 

laser scanning is the first time for the study area. In this study the total calculated AGB for the study area is 

329,272 T for the modelled and 330,133 T for the field measurement. Compared to the result of  Heng & 

Tsai, (1999), this would indicate that there is an increase of the AGB of the study area. The monetary value 

of the carbon stored in the area was estimated by  Ismariah & Fadli, (2007). The estimated values range 

from RM2.06-25.96 million (€432,026-5,590,934). However, under the REDD+ program AGB stored for 

a forested area must be assessed based on remote sensing methods to accurately quantify its monetary values. 

Thus, the current result could then add a recent robust information for studies to quantify the value of the 

ecosystem service and monetary value of AGB/carbon stored in this forest since the time it was established 

as reserve. Robust information like these are much needed for the REDD+ program especially for a multi-

layered tropical rainforest.  
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6. CONCLUSION 

This study developed an approach of accurately assessing the AGB/carbon of a vertically complex 

structured tropical rain forest in Ayer Hitam Malaysia. A complementary method of utilizing the strengths 

of airborne LiDAR and terrestrial laser scanning system to accurately assess the AGB/carbon of the 

different canopy layers of the forest. Estimating the AGB of the upper canopy layer made use of airborne 

LiDAR derived height and CPA from Orthophoto to derive a robust model of DBH through multiple 

regression. The achieved R2 value of the modelled DBH for the 16 plots is 0.90 and RMSE of 0.02 cm. The 

modelled DBH together with LiDAR derived height was subsequently applied to the generic allometric 

equation to calculate for the modelled AGB and validated using the field measured DBH and LiDAR 

derived height. The result for the 16 plots achieved a robust model with an R2 of 0.98 and RMSE of 69.44 

Kg. To complement the AGB from the upper canopy the AGB of the lower canopy of the forest was 

assessed through the use of the TLS extracted trees that were not identified in the upper canopy layer. Using 

the derived measured parameters from the extracted trees, AGB of the lower canopy was calculated. The 

correlation of the TLS and field measured DBH was established and revealed an R2 value of 0.99 and RMSE 

of 1.03 cm. The TLS height and DBH was then applied to the allometric equation and was used to derive 

the AGB of the lower canopy. Then the model was validated using the field measured DBH and TLS derived 

height. The achieved result was a robust model with an R2 value of 0.99 and RMSE of 19.23 Kg for the 16 

plots. The modelled AGB for the upper and lower canopies were then combined and further assessed for 

accuracy using R2 and RMSE. The R2 value achieved is 0.98 and the average RMSE is 188.35. The overall 

result would show that using the method of complementing the strengths of the two sensors would indeed 

provide an accurate information to estimate AGB/carbon for a vertically complex tropical rainforest.  

Therefore, this study presented a novel method to address the need of the REDD+ program to provide 

accurate AGB/carbon assessment for a complex multi-layered tropical rain forest. Therefore, the research 

questions asked in the introduction chapter are now answered.    

 

How accurate is the modelled DBH from airborne LiDAR derived CHM and segmented CPA from 

Orthophoto and field measured DBH?  

 

The use of airborne LiDAR derived CHM and segmented CPA and subsequent application of multiple 

regression techniques with the field measured DBH to obtain a modelled DBH achieved a robust model  

having an R2 of 0.90 and RMSE of 0.02 cm.  

 

How accurate is the modelled AGB compared to the estimated AGB from field measured DBH 

and airborne LiDAR derived height of trees from higher canopy? 

 

The accuracy of the modelled AGB (modelled DBH and LiDAR derived height) when compared with the 

field measured DBH and airborne LiDAR height also achieved a robust model of R2 of 0.98 and RMSE of 

69.44 Kg. 

 

How accurate is the TLS modelled AGB compared to the field estimated AGB of trees from lower 

canopy? 

 

The accuracy of the TLS modelled AGB upon comparing with the field estimated AGB achieved an R2 

value of 0.99 and RMSE and 19.23 Kg for the 16 plots.   
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How accurate is the estimated AGB combined from both TLS and airborne LIDAR based models 

to assess the stock of the study area? 

 

The accuracy of the combined AGB models derived from TLS and airborne LIDAR achieved an R2 of 0.98 

and RMSE of 188.35   
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APPENDIXES 

Appendix 1: Sample of data collection sheet 
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Appendix 2: Slope correction table 

 

 

 

Slope correction table      

Plot size 500 m2      

        

Slope% Radius(m)  Slope% Radius(m)  Slope% Radius(m) 

0 12.62       

1 12.62  36 13.01  71 13.97 

2 12.62  37 13.03  72 14.00 

3 12.62  38 13.05  73 14.04 

4 12.62  39 13.07  74 14.07 

5 12.62  40 13.09  75 14.10 

6 12.63  41 13.12  76 14.14 

7 12.63  42 13.14  77 14.17 

8 12.64  43 13.16  78 14.21 

9 12.64  44 13.19  79 14.24 

10 12.65  45 13.21  80 14.28 

11 12.65  46 13.24  81 14.31 

12 12.66  47 13.26  82 14.35 

13 12.67  48 13.29  83 14.38 

14 12.68  49 13.31  84 14.42 

15 12.69  50 13.34  85 14.45 

16 12.70  51 13.37  86 14.49 

17 12.71  52 13.39  87 14.52 

18 12.72  53 13.42  88 14.56 

19 12.73  54 13.45  89 14.60 

20 12.74  55 13.48  90 14.63 

21 12.75  56 13.51  91 14.67 

22 12.77  57 13.53  92 14.71 

23 12.78  58 13.56  93 14.74 

24 12.79  59 13.59  94 14.78 

25 12.81  60 13.62  95 14.82 

26 12.82  61 13.65  96 14.85 

27 12.84  62 13.68  97 14.89 

28 12.86  63 13.72  98 14.93 

29 12.87  64 13.75  99 14.97 

30 12.89  65 13.78  100 15.00 

31 12.91  66 13.81  101 15.04 

32 12.93  67 13.84  102 15.08 

33 12.95  68 13.87  103 15.12 

34 12.97  69 13.91  104 15.15 

35 12.99  70 13.94  105 15.19 

        

A. de Gier – 2000       
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Appendix 3: Orthophoto of  AHFR 
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Appendix 4: WorldView 3 image of  AHFR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 5: Layout of the 26 sampled plots. 
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Appendix 6: Fieldwork pictures 
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