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Abstract The three-dimensional structure of a forest – its composition, density, height, crown geometry, within-crown foliage distribution and properties of individual leaves – is related to its above-ground live biomass, and hence, the amount of carbon. The development of remote sensing technology for 
the estimation of forest biomass is therefore a high priority. Active waveform lidar sensors provide direct estimates of tree and crown height and vertical canopy profiles. The 3D canopy structure has a distinct impact on the lidar waveform, which makes it difficult to retrieve the vertical canopy structure in 
a straightforward way. In this study, we try to quantify the effect of 3D canopy structure on lidar waveform by utilizing the pair correlation function, which is a key input parameter to the stochastic radiative transfer equation. The pair correlation function is the most natural and physically meaningful 
measure of canopy structure over a wide range of scales. Sites in Harvard Forest, Sierra Nevada and La Selva were selected in the data analysis and the vertical distributions of pair correlation functions were retrieved from the 3D scenes constructed from allometry (in Harvard Forest and La Selva) and 
ground lidar system – Echidna (in Sierra Nevada). The simulated lidar waveforms were calculated using a simplified version of the time-dependent stochastic radiative transfer model. Airborne lidar data from LVIS over both sites were used to validate the simulated waveform. The results show that (a) 
one cannot simulate ground return for dense vegetation and thus much data could be interpreted incorrectly if spatial correlation is ignored, and (b) the spatial correlation has direct impact on the shape of the lidar waveform.
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1D VERSUS 3D APPROACH  

This figure shows that the use of 1D and 3D approaches can 
result in different relationship between mean characteristics 
of canopy structure and canopy leaving radiation. In this 
example, the 3D approach has captured two important 
effects of canopy structure on canopy reflectance: the 
reflectance saturation occurs at a higher LAI and canopy 
reflectance is lower than 1D approach predicts. 

MEASURE OF 3D CANOPY STRUCTURE 

Monte  Carlo  generated  conditional  pair  correlation  function  for  a  vegetation  canopy 
consisting of identical cylindrical (middle panel) and conical (right panel) in shape trees. 

Hierarchical clumping structure of natural vegetation canopies

ANALYSIS OF FIELD DATA 

The figure shows the linear regression relationships for DBH vs. 
tree height, tree height vs. crown height, and tree height vs. crown 
width. The analysis is based on measurements of 27 hemlock trees 
from the 2007 field campaign in Harvard Forest. 

3D scene simulated from allometry of Harvard Forest. The upper 
left panel is an illustration of the view from above and the upper 
right panel is the same scene from a different view angle. Crowns 
were modeled as hemi-ellipsoidal for demonstration.  

The figure to the right shows 14 LVIS waveform measurements 
within this study region used to evaluate the model performance. 

3D CANOPY IMPACT ON WAVEFORM SIMULATION  

Conditional pair correlation function in the horizontal direction generated from field 
measurements collected at Harvard Forest and Sierra National Forest test sites. The 
pair correlation function (PCF) was calculated directly from the EVI point cloud for 
the Sierra National Forest site. 

PAIR CORRELATION FUNCTION FROM FIELD CONCLUSION WITH ANOTHER EXAMPLE 

Conditional pair correlation function in the vertical direction generated from field 
measurements collected at Harvard Forest and Sierra Nevada test sites. Harvard Forest 
exhibits a decrease in PCF with large distance corresponding to the relatively low 
crown heights. 

A mean waveform from 
several LVIS beams located 
within the study area is used 
for comparison. The center 
point corresponds to the 
center in the ground 
measurement. The red area is 
the area for the generation of 
3D scene. 

Comparison of simulated and measured lidar waveforms for the 
SNF. The left panel shows the 3D simulation. The right panel 
shows the 1D simulation using the same foliage profile 
calculated from EVI measurements. The LAI value is equal to 2, 
as per field measurement. 

Comparison of simulated and measured lidar waveforms for the 
HF site. The top left panel shows simulations using conical 
crowns. The top right panel shows simulations using hemi-
ellipsoidal crowns. The bottom left panel shows simulations using 
ellipsoidal crowns. The bottom right panel shows a 1D simulation 
using the same foliage profile as the bottom left panel. The LAI 
value in all cases is equal to 4, as per field measurement. 

Example showing that the impact of spatial correlation results for different 
lidar waveforms from the same vertical profile. The LVIS data and field 
measurements are from the tropical forest experimental site in La Selva, 
Costa Rica. Structural parameters (tree height, crown height, crown radius) 
are obtained from site-specific allometries. The left figure shows the 
foliage profile and return signal without horizontal clumping. The right 
figure shows the same foliage profile with the correct spatial correlation 
included. Note that the simulation from the right figure can capture peak 
returns from lower tree crowns. 


