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ABSTRACT: 

 

Leaf Area Index (LAI)  has been defined as the total leaf area (one-sided) in relation to the ground. LAI has an impact on tree growth 

and recruitment through the interception of light, which in turn affects primary productivity.  Even though many instruments exist for 

estimating LAI from ground, they are often laborious and costly to run continuously.  Measurements of LAI from the field using 

traditional sensors (e.g., LAI-2000) require multiple visits to the field under very specific sky conditions, making them unsuitable to 

operate in inaccessible areas and forests with dense vegetation, as well as areas where persistent sunny conditions are the norm like 

tropical dry forests. With this context, we proposed a methodology to characterize light diffusion based on NDVI and LAI 

measurements taken from the field in two successional stages in the tropical dry forest of Santa Rosa National Park in Costa Rica. 

We estimate a "K" coefficient to characterize light diffusion by the canopy, based on field NDVI measurements derived from optical 

phenology instruments and MODIS NDVI. From the coefficients determined, we estimated LAI values and compared them with 

ground measurements of LAI. In both successional stages ground measurements of LAI had no significant difference to the tower-

derived LAI and the estimated LAI from MODIS NDVI.  
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1. INTRODUCTION 

Leaf Area Index (LAI) plays a key role on light interception by 

the canopy, as the leaf area attenuates and reduces the 

transmission of radiation to the forest interior. In many forests 

with closed canopies, only a small fraction (0.5-5%) of the solar 

radiation incident above the canopy reaches the understory 

(Chazdon and Pearcy, 1991). In Tropical Dry Forests (TDF) 

around 6-22% of the solar radiation incident above the canopy 

reaches the understory (Lebrija-Trejos et al. 2011) because of 

the low canopy height, simple vertical stratification and low leaf 

biomass. 

TDFs are defined as a vegetation type dominated by deciduous 

trees (at least 50% of the trees are deciduous), with an annual 

average temperature of at least 25°C or higher, annual 

precipitation of 700-2000 mm per year, and a dry season 

(precipitation less than 100 mm) of three or more months 

(Sánchez-Azofeifa et al. 2014). In TDFs LAI varies seasonally, 

having a maximum value during the growing season when water 

is available and a minimum value at the end of the dry season 

(Mass et al. 1995; Kalacska et al. 2005). These forests are 

characterized for a fast increase from LAI=0 in the dry season to 

full canopy coverage (LAI higher than 7) within a few days 

after the first rains, and a slow but sustain loss of leaves at the 

end of the raining season until it reaches again a value of 0.  

Although LAI is important to characterize ecosystem process, 

availability of LAI data is rare for TDFs (Kalacska et al. 2005). 

Moreover, a systematic bias exists for LAI observations since 

most of the data is collected in old growth tropical rain forests 

without considering differences in canopy structure and 

composition found in secondary forests or the differences that 

may exist with other ecosystems (Murphy and Lugo, 1986; 

Weaver and Murphy, 1990; Lean and Rowntree, 1993; 

Kalacska et al. 2005). 

Although many instruments exist to characterize LAI from the 

ground, these methods are often laborious and costly. Unlike 

most flux sensors that are designed to run in all weather 

conditions, most ground-based instruments to estimate LAI 

operate largely under conditions of no precipitation (Wilson and 

Meyers, 2007) and their observations are punctual in nature 

since they are related to specific field campaigns when data is 

collected once without proper temporal follow-up.  

Measurements of LAI using traditional optical sensors (e.g., 

LAI-2000) also require multiple visits to the field under very 

specific sky conditions, making them unsuitable for inaccessible 

areas and forests with dense vegetation, as well as in areas 

where persistent sunny conditions are the norm. 

Continuous estimations of LAI using remote sensors can be 

obtained as a function of the spectral Vegetation Indices (VIs), 

such as the Normalized Differential Vegetation Index (NDVI) 

(Wilson and Meyers, 2007). NDVI is currently the most widely 

used reflectance vegetation index (Pontailler et al. 2003).  

NDVI can be a sensitive indicator of the amount and vigor of 

the vegetation, because the two wavebands used to estimate it 

represent the section of the solar spectrum on which the 

Photosynthetically Active Radiation region takes place (PAR, 

400nm to 700nm) (Carlson et al. 1994).  

In this context, the main objective of this study was to 

characterize light diffusion through the canopy in a TDF 

ecosystem at two different levels of ecological succession by 

integrating optical phenology observations.  A successional 

stage is defined here as phase on which a given forest is found 

since its processes of functional recovery started as a 

community. Depending of their level of succession, a forest 
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canopy will have different vertical and horizontal structures, as 

well as different levels of species, functional traits (Quesada et 

al. 2009) and light attenuation.  

 

2. METHODS 

2.1. Study area 

The study was conducted at the Santa Rosa National Park 

located in the province of Guanacaste, Costa Rica.  The park is 

located in the tropical dry forest and tropical moist forest 

according to the classification of Holdridge life zones 

(Holdridge, 1967). The area under study is specifically 

deployed in the early stage and intermediate stage of succession 

of TDF, having a bio-temperature not less than 24ºC and annual 

precipitation average between 1,500 and 2,200 mm (Hartshorn, 

1983). Rain falls primarily between early April and early 

November, and the rest of the year is nearly without rain 

(Janzen, 1993). The present study was carried in two phases, 

from March 2010 to March 2011 field measurements were 

taken in the early stage of succession. From March 2013 to 

March 2015 field measurements were taken in the intermediate 

stage of succession.  

2.2. Experimental Design 

The first component of this research involved the deployment of 

two optical phenology towers.  The optical phenology towers 

are structures with a set of radiation sensors. Two-pyranometers 

(measuring the solar radiation flux density) and two 

photosynthetic active radiation sensors (measuring the radiation 

only between 400 and 700 nm). Ratios of these measurements 

were used to derive vegetation indexes such as the NDVI. In the 

intermediate stage of succession one 20m height tower was 

deployed in 2013 and in the early stage one 15m height tower 

was deployed in 2009. In both cases sensors are at least 5 

meters above the canopy (Pastorello et al. 2011).  

For the determination of the LAI, around each optical 

phenology tower 3 plots were established. The early plots 

contain 165 points in total for measuring LAI and the 

intermediate plots contain 84 points in total.  The measurements 

were collected every month, using a Plant Canopy Analyzer 

(PCA) LAI-2000 which gives a measurement of the Plant Area 

Index (PAI) of each point.  In the dry season, hemispherical 

photographs in each sampling point were taken, using a camera 

with a 180º lens (fish-eye) to calculate the Woody Area Index 

(WAI) (Sanchez-Azofeifa et al. 2009). Finally, we calculated 

the specific Leaf Area Index (LAI) by removing the 

contribution of WAI from PAI values (Kalacska et al. 2005).  

Further information about the study site, deployment of plots 

and LAI data and the optical phenology towers can be found in 

(Calvo-Rodriguez, 2015). 

2.3. Data analysis 

Using the information collected by the optical phenology towers 

in the plots, we calculate the Normalized Difference Vegetation 

Index (NDVI) for each successional stage using the formulas 

described in Wilson and Meyers (2007). For this study only the 

measurements obtained between 10:00 and 14:00 hours were 

considered, to avoid inference of bidirectional reflectance 

(Disney, 2004). In addition, we obtained NDVI data derived 

from MODIS/TERRA (product MOD13Q1, collection 5, 16-

day L3 Global 250m) for all the plots where LAI was measured 

(ORNL DAAC, 2012). 

To calculate “K” we used the NDVI data and the LAI data to 

solve equation (1) given by (Campbell and Norman, 1998; 

Wilson and Meyers, 2007) 

 

               

 - NDVINDVI

-NDVINDVI
LAI=-Klog

minmax

imax
                    (1)   

                                                             

Where NDVImax corresponds to the average of NDVI values 

when the vegetation is dense (peak of rainy season); NDVImin is 

the average of NDVI measured during the dry seasons, with leaf 

off; and NDVIi is the mean of all changes in NDVI values 

during the rainy season.  The LAI value is determined by the 

average of all the sampling points in each plot.   

To compare the potential of NDVI to estimate the "K" 

coefficient, we correlate NDVI with LAI. Coefficients of 

determination (R2) were used to assess their performance. After 

this, we proceeded to calculate the "K" coefficient from 

equation 1, using the NDVI data derived from the phenology 

towers and MODIS satellite and the LAI data derived from the 

plots. 

The "K" values were obtained for different days of the year 

(DOY) for each successional stage. Nonlinear regression 

analysis was used to assess the variation of the "K" coefficient 

throughout the year. Using the models derived from the 

regression curve, we estimated the LAI using only the "K" 

values and the NDVI derived from the optical phenology 

towers, and the MODIS data. To evaluate the estimation 

capability of the models, we examined the relationship between 

the observed LAI data using the LAI-2000, against the 

estimated data of LAI using the "K" coefficients derived from 

the phenology towers, and from MODIS NDVI using least 

squares linear regression. The performance of the models was 

evaluated using the coefficient of determination (R2), and the 

Root Mean Squared Error (RMSE). The higher the R2 and the 

lower the RMSE, the better the accuracy of the model to 

estimate LAI.  

3. RESULTS AND DISCUSSION 

The NDVI was correlated with LAI values in each successional 

stage using data from MODIS and the Optical Phenology Tower 

observations. The correlation with LAI (Figure 1) in the early 

successional stage was NDVI (R2=0.85) for the tower-based 

data and NDVI (R2=0.87) for MODIS satellite data. In the 

intermediate successional stage, the correlation with LAI was 

NDVI (R2=0.87) for the tower-based data followed by MODIS 

NDVI (R2=0.73) for satellite data.  
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Figure 1. Correlations between LAI and NDVI in early (a. and 

b.) and intermediate successional plots (c. and d.) in the Santa 

Rosa National Park, Guanacaste. Dashed lines represent the 

99% confidence intervals. 

As expected, values of "K" were higher in the intermediate 

successional stage, lower in the early successional stage, and 

varied as a function of time (Figure 2). Maximum values 

occurred in the month of September, in both successional stages 

and minimum values occurred during the dry season (January-

April).  

 

Figure 2. Variation of "K" coefficient during the days of the 

year (DOY). Early successional plots (a.) and intermediate 

successional plots (b.) for Santa Rosa National Park, 

Guanacaste.  

Table 1 presents results from the estimation of the "K" 

coefficient using equation 1. The average "K" coefficient for the 

growing season (End of May-beginning of December) was 

higher than 4 in the intermediate stage of succession and lower 

than 3 in the early stage of succession. Although "K" values 

using MODIS NDVI tended to be lower, there was no 

significant difference between the vegetation index (MODIS 

NDVI or Tower NDVI) used to estimate the "K" coefficient in 

the early stage (p=0.073) or in the intermediate stage (p=0.416). 

Table 1. The maximum, minimum, and seasonal changes 

(NDVImax, NDVImin and NDVIi) used to find the “K” coefficient 

in the early and intermediate successional plots and the 

maximum and average “K” values found for the growing season 

in Santa Rosa National Park, Guanacaste. 

Succession NDVI 
NDVI 

min 

NDVI 

max 
NDVIᵢ 

K 

max 
   

Early Stage 
Tower 0.52 0.69 0.66 3.28 2.84 

MODIS 0.54 0.79 0.77 2.90 2.51 

Intermediate 

Stage 

Tower 0.72 0.89 0.86 6.31 4.89 

MODIS 0.57 0.84 0.81 5.70 4.41 

 

Variations can be explained by the lower values of NDVI found 

in MODIS data. Differences between NDVI values measured 

from the ground, and determined from satellites have been 

reported in the literature (Wang et al. 2004; Jenkins et al. 2007; 

Wilson and Meyers, 2007). Main variations in satellite NDVI 

data are due to atmospheric effects, strong effects of temporal 

sampling, remaining cloud cover, seasonality of vegetation and 

data processing (Wang et al. 2004). Also Hmimina et al. (2012) 

emphasize that ground-based NDVI measurements are acquired 

at constant viewing angles, while MODIS satellite 

measurements are acquired with different viewing geometries. 

Moreover, any comparison with spectral-based NDVI must 

recognize that the wavelength used for the satellite-derived 

NDVI (Rred: 610nm-680nm, and Rnir: 820nm-900nm) are quite 

different from those used in broadband NDVI calculations (Rred: 

400-700nm, Rnir: 305-2800nm) (Tittebrand et al. 2009). All the 

mentioned above might cause discrepancies in "K" values 

derived from ground measurements or satellite data. 

 

Figure 3. Correlations between estimated LAI and observed 

LAI for the early successional plots (a. and b.) and the 

intermediate successional plots (c. and d.) in the Santa Rosa 

National Park, Guanacaste. Dashed lines represent the 99% 

confidence intervals.  

The strength of the relationship of the observed LAI (LAI-2000) 

and the estimated LAI derived from tower data (Figure 3)  was 

strong in the early successional stage and in the intermediate 
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successional stage (R2=0.89 and R2=0.93 respectively). This 

relationship was also strong for the observed LAI (LAI-2000) 

and the estimated LAI derived from MODIS NDVI in the early 

successional stage and in the intermediate successional stage 

(R2=0.88 and R2=0.93 respectively).  

For both successional stages, RMSE (Table 2) were also lower 

using the phenology tower data (RMSE=0.20 in the early stage, 

and RMSE=0.37 in the intermediate stage). 

Table 2. Evaluation of the different methods to derive LAI in 

Santa Rosa National Park, Guanacaste. 

Stage Method Model to determine "K" RMSE 

Early 

Tower 

NDVI 
4.2+0.059(DOY)-1.15E-4(DOY2) 0.20 

MODIS 

NDVI 
3.41+0.047(DOY)-9.32E-5(DOY2) 0.26 

Intermediate 

Tower 

NDVI 
-8.50+0.103(DOY)-1.87E-4(DOY2) 0.37 

MODIS 

NDVI 
-7.05+0.085(DOY)-1.54E-6 (DOY2) 0.42 

 

Numerous studies have reported a good relationship between 

the MODIS NDVI and ground measurements of phenological 

parameters (Wang et al. 2005; Fontana et al. 2008; Eklundh et 

al. 2011). Values of NDVI can differ between similar sites, 

depending on local environmental factors like understory 

vegetation, litter, soil surface conditions, humidity, and 

roughness (Lacaze et al. 1996). Overall, values of "K" obtained 

from the NDVI of the optical phenology towers seemed to be 

more accurate for the estimation of LAI. According to Wilson 

and Meyers (2007), tower-derived NDVI is less affected by 

cloudy conditions,  because continuous 30-min measurements 

of incoming solar radiation at the flux towers allows the  

investigator to directly identify and remove cloudy data points 

and outliers for the derivation of NDVI. 

Moreover, the treatment of the "K" coefficient and LAI as 

variables rather than constants over time is an improvement to 

reduce serious deviations in the LAI estimation in TDFs and, 

thereby, in estimates of carbon balances and primary 

productivity. In most studies in temperate environments only a 

single dataset is used to establish the (LAI, NDVI) relationship. 

These temperate ecosystems relationships also do not take into 

consideration the seasonal or year-to-year dynamics of 

deciduous ecosystems, which are fundamentally important to 

estimate the temporal variability of LAI (Wang et al. 2005).  

4. CONCLUSIONS 

Strong correlation between NDVI and LAI demonstrates that it 

is possible to obtain accurate LAI values based on spectral 

features of vegetation derived from phenology towers or 

satellite data. Furthermore, the "K" coefficients differed 

between successional stages, indicating sensitivity to structural 

changes during forest restoration. Once this "K" coefficient is 

validated, it could be used to obtain accurate and automated 

LAI values for larger areas in TDF.  This research provides 

information for validating satellite products and calibrating new 

algorithms for such products. 
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