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Abstract: Mangrove forests are important natural ecosystems due to their ability to capture and store
large amounts of carbon. Forest structural parameters, such as canopy height and above-ground
biomass (AGB), provide a good measure for monitoring temporal changes in carbon content.
The protected coastal mangrove forest of the Everglades National Park (ENP) provides an ideal
location for studying these processes, as harmful human activities are minimal. We estimated
mangrove canopy height and AGB in the ENP using Airborne LiDAR/Laser (ALS) and TanDEM-X
(TDX) datasets acquired between 2011 and 2013. Analysis of both datasets revealed that mangrove
canopy height can reach up to ~25 m and AGB can reach up to ~250 Mg·ha−1. In general, mangroves
ranging from 9 m to 12 m in stature dominate the forest canopy. The comparison of ALS and TDX
canopy height observations yielded an R2 = 0.85 and Root Mean Square Error (RMSE) = 1.96 m.
Compared to a previous study based on data acquired during 2000–2004, our analysis shows an
increase in mangrove stature and AGB, suggesting that ENP mangrove forests are continuing to
accumulate biomass. Our results suggest that ENP mangrove forests have managed to recover from
natural disturbances, such as Hurricane Wilma.
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1. Introduction

In an era of anthropogenic climate change, mangrove forests are important natural ecosystems
due to their ability to capture and store carbon as well as to protect coastal areas from erosion [1,2].
In order to evaluate the climate mitigation potential of mangrove forests, it is important to monitor
changes in their forest structure and biomass-carbon content. Forest parameters such as the vertical
structure (canopy height) and above-ground biomass (AGB) provide useful quantitative measures of
carbon stock. Such observations would enable tracking mangrove recovery after destructive extreme
weather events and climate change-related phenomena. However, monitoring mangrove forests is
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challenging due to their large spatial extent and limited accessibility. High-resolution remote sensing
technologies have the potential to overcome these challenges.

The vertical structure of forest ecosystems has previously been studied using multi-spatial
airborne and space-borne remote sensing sensors. The main airborne forest surveying technique
has been Airborne LiDAR/Laser Scanning (ALS) [3,4], which is very useful and accurate, but expensive
compared to satellite imagery. Space-borne techniques have included Ice, Cloud and Land
Elevation Satellite (ICESat) [5], Very-High Resolution (VHR) stereophotogrammetry [6], the Shuttle
Radar Topography Mission (SRTM) [3,7], and the TerraSAR-X add-on for Digital Elevation
Measurement/TanDEM-X (TDX) [8–10]. The advantages of space-borne observations include their
large area coverage and their availability to researchers at no or reduced cost. However, the accuracy
and spatial resolution of space-borne observations is reduced compared to ALS.

The use of ALS observations for validating or calibrating satellite data, provides a means for
improving space-borne remote sensing forest structure estimates [8,10]. Simard et al. (2006) used
both airborne and space-borne remote sensing techniques to estimate canopy height and AGB in the
Everglades National Park (ENP). Their study, which was conducted a decade ago, used ALS data
acquired in 2004 in conjunction with SRTM data acquired in 2000 [3]. The resolution and accuracy of
their study, 30 m horizontal (pixel) resolution and 2 m in the vertical direction, reflect the accuracy of
the SRTM dataset. Over the past decade, new sensors have emerged for obtaining higher resolution
topography measurements. One of these sensors is TDX, which was launched in June 2010 with a
main mission objective to produce a worldwide high resolution (<2 m relative vertical accuracy and
12 m horizontal raster spacing) Digital Elevation Model (DEM). The TDX mission uses Interferometric
Synthetic Aperture Radar (InSAR) observations with its twin satellite TerraSAR-X [11].

In this research, we restudy the same areas as Simard et al. [3] using more advanced and accurate
forestry remote sensing techniques and with observations acquired more than a decade after those
acquired in [3]. The more accurate remote sensing techniques allow us to make a better assessment
of canopy height and AGB of the ENP mangrove forest. In addition, a comparison between our
results and Simard’s also allow us to detect decadal scale changes in the ENP mangrove forest.
During the decade separating the two surveys (Simard: 2000–2004 and ours: 2011–2013) Hurricane
Wilma in 2005 caused severe damage to ENP mangrove forests adjacent to the Gulf of Mexico [12].
The comparison between both surveys enables us to evaluate lasting changes in the mangrove structure
due to natural disturbances.

2. Study Area

Our study area includes the entire mangrove forests located in the ENP (Figure 1), which were
previously estimated to cover an area of 144,447 ha [3]. The mangrove forests are composed of
multiple species, including Rhizophora mangle (Red mangrove), Laguncularia racemosa (White mangrove)
and Avicennia germinans (Black mangrove). For this study, an ALS dataset was acquired to estimate
mangrove canopy height along a Shark River Slough (SRS) transect that has been extensively researched
by the Florida Coastal Everglades—Long Term Ecological Research Network scientific community.
In this transect there are three well-studied sites (SRS-4, SRS-5, SRS-6) with mangrove communities
that differ in canopy height: short (<5 m) (SRS-4), intermediate (<12 m) (SRS-5) and tall (12–25 m)
(SRS-6) (Figure 1c–f). Mangrove canopy height can reach up to ~25 m in the western boundary of the
park, where SRS connects with the Gulf of Mexico. R. mangle dominates SRS-4 and SRS-5, whereas
R. mangle, L. racemosa, and A. germinans are more evenly distributed in SRS-6. SRS resembles the overall
spatial distribution of mangrove stature and species in the ENP.
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Figure 1. (a) Everglades National Park (ENP) location map within the South Florida Peninsula showing
mangrove (M) forests location; (b) Zoom-in to Shark River Slough (SRS) area. The red polygon shows
SRS sites; (c) Short mangrove stands (SRS-4); (d) Intermediate mangrove stands (SRS-5); (e) Tall
mangrove stands (SRS-6); (f) Tall mangrove stands (SRS-6).

3. Datasets and Methods

We acquired and processed three datasets, which are described in the sub-sections ALS,
WorldView-2 imagery, and TDX. The ALS dataset was acquired within a limited swath along SRS and
was used to estimate and validate mangrove canopy height estimated from TDX data. WorldView-2
imagery was used to create a mangrove cover map inside the boundaries of the ENP. The SRTM Water
Body Data (SWBD) was used in the WorldView-2 imagery-based mangrove mask. The TDX data were
used to estimate canopy height for the entire ENP mangrove forest.

3.1. Airborne Measurements

We acquired ALS data along a 30 km2 transect that covers the mangrove stature gradient across
SRS (Figure 1b). The data were acquired on 17 November 2012 using an Optech Airborne Laser Terrain
Mapper (ALTM) operated by the National Center for Airborne Laser Mapping (NCALM). Technical
specifications for this survey are provided in Table 1. The first laser returns, which mark the location of
tree canopies, were interpolated and gridded to generate a 1-m resolution Digital Surface Model (DSM)
(Figure 2a). The last laser returns, which mark the location of the ground surface, were interpolated
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and gridded to generate a 1-m resolution Digital Terrain Model (DTM) (Figure 2b). We produced a 1-m
resolution digital canopy model (DCM) (Figure 2c) by subtracting the DTM created with the bare
ground points from the DSM created with the top of the canopy points. The DCM was georeferenced
into the North American Datum of 1983 (NAD83) and Universal Transverse Mercator (UTM) zone 17
N projection.

Figure 2. Airborne LiDAR/Laser (ALS)-derived elevation products for the SRS swath. (a) Digital
Surface Model (DSM) hillshade; (b) Digital Terrain Model (DTM) hillshade; (c) A digital canopy model
(DCM) created by subtracting the DTM from the DSM.

Table 1. Optech Gemini Airborne Laser Terrain Mapper (ALTM) specifications for Everglades National
Park survey.

Optech Gemini ALTM Specifications

Flight Altitude 600 m
Flight Speed 60 m/s
Swath Width 360 m

Swath Overlap 50%
Point Density 6.4 p/m2

Laser Pulse Rate Frequency 125 kHz
Beam Divergence 0.25 mrad
Scan Frequency 45 Hz

Scan Angle ±21◦

ALS-derived canopy heights were converted into H100 canopy height, which is extensively used
in forestry studies and is defined as the mean canopy height of the 100 tallest trees on a hectare [9,13].
ALS H100 has been used to compare the vertical structure of mangrove forests using satellite datasets
from optical and radar sensors [6,8]. The ALS H100 DCM was resampled to 12 m to compare its results
with the TDX canopy height results.

3.2. Space-Based Measurements

3.2.1. WorldView-2 Mangrove Cover Map

We used seven WorldView-2 optical images, which were acquired between November 2010 and
December 2012 (Figure 3a), to create a mangrove cover map of the ENP (Figure 3b), as the most
recent vegetation map was created in 1999. The purpose of the mangrove cover map is to constrain
the study area to the mangrove region inside the park and mask this region from the TDX data as
the focus of this study is the mangrove forest. The high-resolution (1.84 m Multispectral, 0.46 m
Panchromatic) images were atmospherically corrected, mosaicked (Figure 3a) and classified using
a supervised classification. Mangroves have a distinct bright reddish spectral signature that is very
noticeable in the infrared spectrum (False Color Composite: Bands 7-5-3). The Fast Line-of-sight
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Atmospheric Analysis of Spectral Hypercubes (FLAASH) atmospheric correction module was applied
using ENVI software in order to correct atmospheric effects and get accurate estimates of surface
reflectance. The classification step consisted of a supervised classification in ENVI/IDL software that
used training points of mangrove versus non-mangrove regions.

Figure 3. (a) WorldView-2 imagery (7 scenes) used to classify mangrove cover. Mangrove cover
shows a bright red spectral signature, mostly located at the Western and Southwestern areas of
the map; (b) Mangrove cover mask created with WorldView-2 and validation points obtained from
high-resolution geo-tagged airborne photography. Red numbers show the locations of photos shown
in Figure 4.

The supervised classification was used to isolate and cluster pixels of similar spectral signature into
two classes (mangroves and non-mangroves). To validate and train the mangrove versus non-mangrove
classification, high-resolution geotagged helicopter photography (~2000 photos) was acquired in June
2014 (Figure 4). A total of 200 (100 mangrove; 100 non-mangrove) points (photos) were used to train
the supervised classification, and 200 (100 mangrove; 100 non-mangrove) points were used to validate
the classification. Our classification results indicate that mangrove forest extends over an area of
131,813 ha in the ENP.

Figure 4. Example of geotagged photography acquired inside the Everglades National Park boundaries.
(1.) Mangroves at the mouth of SRS; (2.) Short mangroves; (3.) Tall mangroves in SRS-6 site; (4.) Short
mangroves and sawgrass located at the Northwestern region of SRS; (5.) Tree islands and mangroves
near the boundary of the mangrove transition zone; (6.) Mixture of tree islands and short mangroves.
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3.2.2. TanDEM-X Data

Four TDX scenes were acquired, processed and mosaicked to cover the entire ENP mangrove
forests (Table 2). The scenes were single-polarized (HH) and were acquired in bistatic stripmap
mode, in which one satellite emits the signal and both satellites receive the backscattered signal
nearly at the same time with negligible temporal decorrelation [11]. The single-polarized scenes were
retrieved from the German Aerospace Center (DLR) global DEM acquisition archive. The processing
of TDX data to obtain mangrove forest height was based on Pol-InSAR inversion, which is used to
constrain a volume scattering model known as Random Volume over Ground Model (RVoG) [8,14,15]
(Figure 5). Pol-InSAR permits the investigation of scattering mechanisms in natural volume scatterers,
such as forests, by assuming that interferometric coherence is related to the vertical distribution of
scatterers. A recent study by Lee and Fatoyinbo [8], successfully used dual-pol and single-pol TDX
data to extract mangrove forest height information using the RVoG model. Usually, the inversion
of single-polarization data for forest height includes the information of an external DTM. However,
DTMs are not available for most mangrove forests due to high vegetation density or absence of
LiDAR data. Lee and Fatoyinbo [8] suggested a way to estimate the ground topography and phase
directly from the TDX interferogram, assuming flat topography as mangroves are located at or near
sea level. This assumption proved successful in generating a DCM of the mangrove forests of Zambezi
Delta, Mozambique [8]. Our study follows the same procedures outlined and suggested by Lee and
Fatoyinbo [8] to invert single-polarization raw TDX data into mangrove forest canopy height in the
ENP (Figure 6).

Table 2. TanDEM-X (TDX) scenes acquired and processed in this study.

Acquisition Date UTC Time
(hh:mm:ss) Polarization Incidence

Angle (◦)
Height of

Ambiguity
Bandwidth

(MHz)
Effective

Baseline (m)

6 March 2011 23:30:39 HH 46.27 39.54 100 203
9 November 2011 23:22:03 HH 33.85 −48.73 100 109

17 May 2013 23:30:45 HH 48.08 −60.86 100 140
17 May 2013 23:30:52 HH 48.08 −60.68 100 141

Figure 5. Schematic illustration of the Random Volume over Ground (RVoG) model modified after
Treuhaft et al. [14].
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Figure 6. Example of canopy height DCM after TDX Pol-InSAR inversion. This image encompasses
one TDX scene on the Western region of the Everglades National Park.

4. Results

4.1. Quality Assessment of the TanDEM-X Results

The Pol-InSAR inversion results provide a detailed DCM of the mangrove forest in the ENP with
resolution of 12 m (Figure 6). In order to assess the quality of the TDX results, we compared these
results with the ALS H100-derived DCM calculated from the ALS data acquired along the SRS. A linear
regression analysis indicated a very good agreement between the ALS H100-based DCM and the SRS
TDX-based DCM results (Figure 7). The validation plot between the ALS and TDX mangrove canopy
heights in SRS yielded an R2 correlation coefficient of 0.85 and an RMSE of 1.96 m (Figure 7c).
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Figure 7. A comparison between ALS H100 and TDX canopy height results along the SRS swath.
(a) ALS H100-derived 12-m SRS DCM; (b) TDX-derived 12-m SRS DCM; (c) Linear regression between
ALS H100 and TDX mangrove canopy height in SRS yielding an R2 = 0.85 and RMSE = 1.96 m.

4.2. Everglades National Park Mangrove Digital Canopy Model

The large extent of mangrove forest in the ENP required the use of multiple TDX scenes. The four
processed TDX scenes were mosaicked and georeferenced into a NAD83 datum and the local UTM
(17 N) projection (Table 2, Figure 8). The entire mangrove DCM (12-m horizontal resolution) derived
from TDX data is shown in Figure 8, including a zoomed area in the SRS region. We assumed that
the same RMSE and R2 we obtained for the ALS SRS swath could be applied to all the TDX scenes,
as no ALS data are available beyond the SRS swath. The DCM shows that the tallest mangroves forests
(~25 m) are located along the Western coast of the ENP, where SRS connects with the Gulf of Mexico.
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Figure 8. Everglades National Park 12-m resolution TDX-based mangrove DCM with a zoomed area in
the SRS region.

4.3. Above-Ground Biomass Estimation

We used ALS and TDX canopy heights as input datasets to estimate AGB in the mangrove forests
of the ENP. The AGB estimates were based on the following height-to-AGB ENP mangrove allometric
equation [3]:

B(Mg·ha−1) = 10.0 × H(m) (1)

where B is AGB in Mg·ha−1 and H is canopy height in meters. The allometric equation has an R2

of 0.82 and an RMSE of 37% [3]. The equation was created by a linear regression analysis of AGB
estimated from ENP field height and diameter-at-breast-height (DBH) data and non-site specific
mangrove allometry in conjunction with SRTM data calibrated with airborne LiDAR height data.
In this study, we produced an ALS-based AGB map that covers the mangrove forests along SRS
(Figure 9), and a TDX-based AGB map that covers the entire ENP mangrove forests (Figure 10).
Both maps indicate that a maximum AGB value of ~250 Mg·ha−1 can be found in the region where
SRS connects with the Gulf of Mexico.
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Figure 9. SRS mangrove above-ground biomass (AGB) map based on 2012 ALS canopy height data
and Simard et al. [3] ENP mangrove height to AGB equation.

Figure 10. Everglades National Park mangrove AGB map based on TDX canopy height data and
Simard et al. [3] ENP mangrove height to AGB equation.
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5. Discussion

5.1. Extent of the ENP Mangrove Forest

Simard et al. [3] estimated a larger mangrove coverage of 144,447 ha, compared with our estimate
of 131,813 ha. The two estimates differ from one another by 8.7%, which is a significant change of
mangrove area within a decade. However, this change may reflect the use of different methodologies
used in each study, or the fact that our Worldview-2 dataset did not include a Northwest mangrove
forest region, which accounts for approximately 5% (7222 ha) of the total mangrove area according to
Simard et al. [3]. Adding 7222 ha to our mangrove area estimate yields a revised total mangrove area of
139,035 ha. The new difference in area is 3.7% when compared to Simard et al. [3]. Our mangrove cover
is based on a supervised classification on WorldView-2 satellite imagery, whereas the Simard et al. [3]
mangrove cover was based on the University of Georgia’s Center for Geospatial Research 1999
vegetation map, mostly based on aerial photography [16]. The spatial resolution of satellite and
airborne sensors will also affect vegetation area estimates. Ongoing efforts to update the ENP
vegetation maps will provide within the next few years a better assessment of the vegetation within
the park, including that of mangrove forest coverage.

5.2. Mangrove Canopy Height

At first glance, our TDX-based mangrove DCM (12-m horizontal resolution) (Figure 11b) yields
similar results when visually compared with the SRTM-based mangrove DCM (30 m horizontal
resolution) from Simard et al. [3] (Figure 11a). The tallest mangrove forests (>16 m) on both DCMs
(Figure 11) are located along the Western ENP coast, where the Gulf of Mexico connects with SRS.
Intermediate-size (12–16 m) mangroves are located north and south of SRS, and in the mid-region of SRS
where the SRS-5 site is located. The rest of the mangrove forests are dominated by small-to-intermediate
stature mangroves ranging from 3–12 m. Differences between both DCMs are more noticeable in the
SRS-6 site region, where our study shows dominance of mangroves taller than 18 m and Simard et al. [3]
shows the domination of mangroves ranging from 16–18 m in stature. This difference could potentially
represent mangrove growth in this area as approximately one decade has passed between both
studies. Overall, our study suggest that mangrove canopy height in the ENP is dominated by
mangroves ranging from of 9 m to 12 m in stature, whereas Simard et al. [3] found that canopy
height was dominated by 8-m tall mangrove stands. Additionally, our results show more regions
with concentrations of 25-m tall mangroves. Overall, our study shows that there has been an increase
in mangrove canopy height as observed differences are higher than the measurement error of both
datasets (~2 m), hence statistically significant. Furthermore, we are able to detect finer details as our
TDX dataset has higher resolution, when compared with SRTM-based results. Future work in the
ENP will include the comparison of multi-temporal airborne LiDAR data and optical satellite imagery
to more accurately quantify mangrove migration, growth and/or degradation due to naturogenic
causes such as sea level rise, droughts and/or hurricanes. For multi-temporal studies the use of similar
sensors is vital, as analyzing data from different sensors (e.g., SRTM and TDX) will result in high
uncertainty due to differences in spatial resolution and sensor sensitivity [6].

Our TDX-based DCM (Figure 11b) shows fewer short-stature mangrove areas when compared
to the SRTM-based DCM (Figure 11a). These areas are composed of mostly short-stature mangroves
that our TDX dataset was not able to resolve due to the small spatial baseline at the time of data
acquisition [8,17]. TDX data acquisitions with large spatial baselines could potentially solve the issue
of not quantifying the canopy height of short stature vegetation [17,18]. Remote sensing data products
inherently include uncertainty in their estimations. ALS canopy height measurements have an RMSE
or accuracy that is less than 1 m [4,19]. The high degree of concordance between our ALS and TDX
height estimates (R2 = 0.85, RMSE = 1.96 m) indicate a high potential to use TDX data for the estimation
of mangrove forest canopy height. The ALS data covered a relatively small area (30 km2) along SRS in
only one TDX scene. The additional three TDX scenes were located in areas where ALS data are not
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available, hence, validation was not possible. Overlap regions between TDX scenes were analyzed
to find variations in canopy height values. Differences in overlap regions were less than the RMSE,
thus we assume the same uncertainty can be applied to all the TDX scenes.

Figure 11. (a) Mangrove DCM published by Simard et al. [3] using Shuttle Radar Topography Mission
(SRTM) data; (b) Mangrove DCM produced in this study using TDX data.

5.3. Mangrove Above-Ground Biomass

Mangrove AGB was estimated using ENP-specific height-to-biomass allometry (Equation (1))
developed by Simard et al. [3], which applied this equation to SRTM-calibrated data with an absolute
vertical uncertainty of 2 m. We applied this equation to our TDX dataset with an absolute vertical
uncertainty of 1.96 m (~2 m). The standard error for the AGB estimates of the allometric equation
(Equation (1)) ranges from ± 20 Mg·ha−1 for mangrove stands of 1 m in stature up to ± 40 Mg·ha−1

for mangrove stands of 25 m in stature [3]. Since the equation is a linear relationship between
canopy height and AGB, and both height datasets uncertainties are similar (~2 m), the detected height
differences between the two studies directly translate into AGB differences. Our results show that
mangrove AGB in the ENP can reach up to ~250 Mg·ha−1, 25% higher than the Simard et al. [3]
maximum AGB value of ~200 Mg·ha−1. As with the mangrove canopy height, this difference in
AGB estimations could be due to mangrove growth as almost a decade has passed between studies.
Our results suggest that most of the mangrove AGB lies between 90 Mg·ha−1 and 120 Mg·ha−1

(9 m–12 m canopy height), whereas most of the AGB in [3] study was located around 80 Mg·ha−1 (8 m
canopy height). As the height-to-AGB in ENP allometric equation is based on linear regression, canopy
height and AGB differences between our study and Simard’s study are linear and constant in nature.
Our total estimate for mangrove AGB in the ENP mangroves using the Simard et al. [3] equation is
6.7 × 109 kg. The previous estimate of AGB was 5.6 × 109 kg [3]. Our TDX results do not include some
short mangrove stands, suggesting a slight underestimation of total AGB.

Our study suggests that there has been an increase in AGB and carbon sequestration during the
period of 2000–2013 in the ENP mangrove forests. These results show that the ENP mangrove forests
are steadily growing, despite large weather events such as Hurricane Wilma in 2005 [12]. In addition,
we were able to obtain more detailed estimates of AGB as our TDX dataset has a very high resolution,
compared with SRTM-based AGB estimates. Caution should be taken when converting height to
AGB data, as there might be cases where degraded or dead mangrove stands preserve their stem
structure and might be interpreted as live AGB in the final estimation. Furthermore, as the ENP
height-to-AGB equation [3] was based on non-site-specific AGB allometry [20,21], future studies in
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the Everglades ecosystem should focus on using ENP-specific allometry [22] in order to increase AGB
estimation accuracy.

6. Conclusions

We used ALS and TDX data to estimate canopy height and AGB in the ENP mangrove
forests. TDX mangrove canopy height results were validated with an ALS dataset acquired along
SRS. The comparison between the ALS and TDX canopy height results yielded an R2 = 0.85 and
RMSE = 1.96 m. Comparing our results to the previous ENP mangrove canopy height map [3],
we detected significant changes in canopy height (up to 6 m), mainly in the region where SRS connects
with the Gulf of Mexico. Our study shows the potential of using TDX data for estimating mangrove
canopy height. Global TDX DEM acquisitions are based on single-polarized (HH) data, and this study
successfully demonstrates the use of single-polarization data for mangrove research.

AGB was estimated using a published ENP height-to-biomass allometric equation. Our results
showed that AGB reaches up to ~250 Mg·ha−1 near the western coastal mangrove forests and that most
of the mangrove AGB distribution is concentrated between 90 Mg·ha−1 to 120 Mg·ha−1. We estimate
total mangrove AGB in the ENP at 6.7 × 109 kg, a significant increase compared to the previous AGB
estimate of 5.6 × 109 kg. Our canopy height and AGB results suggest that when analyzed altogether,
the ENP mangrove forests have been steadily growing despite disturbances that could have destructive
effects. Upcoming work will focus on the analysis of multi-temporal airborne LiDAR data in the
extensively studied ENP SRS region to quantify mangrove migration, growth and/or degradation.
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