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Abstract

Mangrove forests are one of the most productive and carbon dense ecosystems

that are only found at tidally inundated coastal areas. Forest canopy height is

an important measure for modeling carbon and biomass dynamics, as well as

land cover change. By taking advantage of the flat terrain and dense canopy

cover, the present study derived digital surface models (DSMs) using stereo-

photogrammetric techniques on high-resolution spaceborne imagery (HRSI) for

southern Mozambique. A mean-weighted ground surface elevation factor was

subtracted from the HRSI DSM to accurately estimate the canopy height in

mangrove forests in southern Mozambique. The mean and H100 tree height

measured in both the field and with the digital canopy model provided the

most accurate results with a vertical error of 1.18–1.84 m, respectively. Distinct

patterns were identified in the HRSI canopy height map that could not be dis-

cerned from coarse shuttle radar topography mission canopy maps even though

the mode and distribution of canopy heights were similar over the same area.

Through further investigation, HRSI DSMs have the potential of providing a

new type of three-dimensional dataset that could serve as calibration/validation

data for other DSMs generated from spaceborne datasets with much larger glo-

bal coverage. HSRI DSMs could be used in lieu of Lidar acquisitions for canopy

height and forest biomass estimation, and be combined with passive optical

data to improve land cover classifications.

Introduction

Blue carbon ecosystems are environments at the transition

between the land and sea. Mangrove forests, in particular,

are some of the most productive and economical blue car-

bon ecosystems (Pendleton et al. 2012). As of late, man-

grove forests have been of great interest to the carbon and

biomass communities because of their large carbon storage

pools (Donato et al. 2011), and the high rates of carbon

sequestration that are two to four times higher than in

mature tropical forests (Mcleod et al. 2011). Measuring

current conditions and monitoring how these ecosystems

change over time is instrumental for modeling future eco-

system responses to disturbances from natural and artificial

factors, particularly in coastal communities that are under-

going rapid urbanization and expansion.

Despite the surge in our scientific understanding of the

carbon storage and sequestration dynamics in mangrove

ecosystems, there is still uncertainty regarding the global

above-ground carbon stocks and structure of mangroves

(Bouillon et al. 2008; Donato et al. 2011; Hutchison et al.

2014). This is mainly a result of the rapid global

mangrove forest degradation, limited accessibility, gener-

alized global allometries, harsh field conditions and logis-
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tics of visiting and revisiting field sites. In addition, Afri-

can mangroves studies have been largely absent from glo-

bal carbon studies (Valiela et al. 2001; Alongi 2002;

Bouillon et al. 2008) even though there is a significant

global fraction of mangroves on the continent (Giri et al.

2011; Fatoyinbo and Simard 2013).

Earth observing satellites have pioneered the way in

estimating vegetation cover, forest canopy heights and

carbon stocks across the globe. Canopy height estimates

can provide invaluable information regarding structure,

function and health of the ecosystems at various spatial

scales. Different types of sensors can provide information

on various forest parameters to measure and monitor car-

bon stocks, sequestration and land cover change, but pri-

marily at relatively coarse spatial scales (Heumann 2011).

Early stereophotogrammetric techniques have been

applied to paired aerial photos and have estimated regio-

nal- and local-scale tree height measurements at relatively

high accuracy (Lucas et al. 2002). As different sets of

satellite data became available, the stereographic tech-

nique was then respectably applied to datasets from plat-

forms such as ASTER, IKONOS and QuickBird (Hirano

et al. 2003; Heumann 2011; Neigh et al. 2014). Commer-

cial and open-sourced stereoanalyses of high-resolution

spaceborne imagery (HRSI) from WorldView1 have been

used to create digital surface elevation models (DSMs) in

temperate and taiga forests (Hobi and Ginzler 2012;

Montesano et al. 2014).

The open-sourced NASA Ames stereo pipeline (ASP) was

developed to provide high-quality DSMs and quick process-

ing of HRSI stereopairs from remotely sensed planetary

imagery, in particular for the High-Resolution Imaging Sci-

ence Experiment (HiRISE) aboard the Mars Reconnaissance

Orbiter (MRO) (Moratto et al. 2010). Originally, the open-

source program was tuned for Mars surface reconstructions,

though it has more recently been updated to process images

from Earth observing missions (Beyer et al. 2013). By incor-

porating a fast image correlation algorithm, the ASP can

quickly calculate geographic disparities between corre-

sponding points on the left and right images of each stereo-

pair (Moratto et al. 2010). The disparities between positions

are then used in conjunction with the known sensor geome-

try to create a three-dimensional triangle mesh of the over-

lapping geographic area (Moratto et al. 2010).

Mangrove forests provide a unique and beneficial eco-

system to evaluate canopy height because these forests

only exist along tropical and subtropical coastal areas

where the ground elevation is at or near sea level. Surface

elevations where mangroves exists have been shown to

range globally from a low of ~0.4 m below mean sea level

to a high of ~1.6 m above mean sea level at the most

landward locations (Ellison 2006). Microtidal environ-

ments show less spread around mean sea level than in

macrotidal areas. The flat and low topography allow for a

presumptuously homogenous soil surface elevation within

the mangrove zone that can easily be subtracted from

DSMs to get forest canopy heights. In addition, the adap-

tion and resilience of mangrove species allow them grow

in a wide range of harsh hydrogeomorphic conditions

that can create low woody species diversity and structure

zonations of different forests stands; from stunted forests

that are less than two meters in height to tall forests that

can reach 40 m (citation?). By taking advantage of the flat

terrain, the present study used HRSI to create spatially

explicit canopy height maps for southern coastal regions

of Mozambique. The main objectives of the present study

were to: (1) compare high-resolution canopy height esti-

mates with field surveys and coarse-resolution remote

sensing; (2) evaluate the adaptability of the ASP to accu-

rately estimate bare ground and canopy forest canopy

surfaces; and (3) discuss the potential for using HRSI

canopy height maps as a technique to validate other

spaceborne imagery products.

Materials and Methods

Study sites and field data

Mozambique has one of the 15 largest mangrove areas

globally and the second largest within Africa, covering

~2909 km2 in the year 2000 (Giri et al. 2011; Fatoyinbo

and Simard 2013), over a quarter less than the 3600 km2

that was previously estimated in 1990 (Saket and Matusse

1994). Three study areas, two on Inhaca Island and one in

the Maputo Elephant Reserve, were located in the southern

province of Maputo. Mangrove forests cover approximately

8 ha within the study area (Fig. 1). The mangrove commu-

nities were comprised of five species; Avicennia marina,

Rhizophora mucronata, Bruguieria gymnorrhiza, Ceriops ta-

gal and Lumnitzera racemosa. As reported in Fatoyinbo

et al. (2008), the near-shore and landward species zona-

tions qualitatively resemble other mangrove forest across

Mozambique. A low species diversity and similar forest

structures are typical of mangrove communities worldwide.

These common forest characteristics across all mangrove

communities provide for relatively easier cross-site applica-

tions and comparisons despite their global distributions

(Lugo and Snedaker 1974).

Field surveys were conducted in 2005 on Inhaca Island

and in 2008 on the Maputo Elephant Reserve. A total of

61 plots were surveyed with 51 plots on Inhaca Island

and 10 in the Elephant Reserve (Fig. 1). All trees with a

diameter greater than 2.5 cm were measured within a

15 m diameter circular plot at each of the 51 plots on

Inhaca Island. In the Maputo Elephant Reserve, a variable

plot method was used for each of the 10 locations to esti-
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mate forest structure (Shiver and Borders 1996; Simard

et al. 2010). The size of each plot was dependent on the

size of the respective trees in the area. Larger trees that

were further away from the plot center could then be

included, improving the estimates for dominate trees

while preserving smaller trees (Simard et al. 2010). All the

surveyed trees were measured for diameter at breast

height (DBH) and tree height.

World view stereopairs

Three sets of orthorectified pairs of HRSI from World-

View1 (DigitalGlobe, Longmont, CO) were collected over

southeastern Maputo Province in Mozambique in Sep-

tember of 2012. These panchromatic images were

acquired via an agreement with the National Geospatial-

Intelligence Agency (NGA) (Neigh et al. 2013). Each

image pair was acquired along-track to help alleviate the

confounding issues of stereo viewing associated with date

and time of collection, and roll and incident angles. This

means that the two images for each set of stereopairs

were collected in the same orbit and use optimal viewing

angles for better image accuracy and corrections. Each

stereopair set was comprised of a left and right panchro-

matic image with an overlapped portion of geographic

area. The duplicated region was then used to derive a

DSM using a series of open-sourced stereo-photogram-

metric algorithms in the NASA ASP 2.4 software, devel-

oped by NASA Ames Research Center in Mountain View,

CA (Moratto et al. 2010). User guides and program soft-

ware are available at http://ti.arc.nasa.gov/tech/asr/intelli-

gent-robotics/ngt/stereo/.

Digital surface models

The ASP algorithm was used to estimate a DSM that

included the mangrove canopy around Inhaca Island, the

Machangulo Peninsula and the Maputo Elephant Reserve.

Figure 1. Location of study sites on Inhaca Island (A and B) and Maputo Elephant Reserve (C) in southern Mozambique.
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An image correlation routine within the ASP is used to

match similar pixels on each stereo pair and calculate the

distance between the image focal plane and the Earth’s

surface using epipolar geometry (Ni et al. 2014). The

affine adaptive window mode option (subpixel mode = 2)

was used to estimate the most accurate surface elevation

relative to the WGS84 ellipsoid. The geoid reference for

the study area is approximately ~17.5 m. The gridded

spatial resolution for each DSM was approximately

~0.8 9 0.8 m which was a function of the sensor viewing

geometry of the original HRSI. The absence of accurate

ground control points in the study area limited the accu-

racy of DSM. Ground control points are scarce in man-

groves environments, and particularly in the regions of

Africa and Asia. A horizontal accuracy of 5.5 m or less

was expected for each DSM without the use of ground

control points (Hobi and Ginzler 2012).

The HRSI DSM was compared to coarse radar altime-

try data collected from the shuttle radar topography mis-

sion (SRTM) in 2000. In 2014, the global 30 m resolution

SRTM was released to the public by the NGA. The SRTM

measurements did not record the top of forest canopy,

but the interferometric scattering phase center of the can-

opy (Kellndorfer et al. 2004; Simard et al. 2006). Canopy

heights over the study area were estimated from both the

finer 30 m (SRTM30) resolution SRTM data, using a

height correction equation (Simard et al. 2006).

Mangrove canopy heights

Nonmangrove areas were masked from the DSM analyses

using a combination of an unsupervised classification and

manual interpretations from the HRSI data. The unsuper-

vised classification was performed using ENVI 5.1 using

10 classes (Exelis Visual Information Solutions; Boulder,

CO) and applied to a Landsat 8 OLI image that was

acquired on August 23, 2014 (row 78 path 167). A quality

control comparison was made between the unsupervised

classification, a recent global mangrove cover map by Giri

et al. (2011) and from visual interpretations of high-reso-

lution imagery.

In order to correct the DSM and estimate mangrove

canopy height, bare ground surfaces (e.g., lighting gaps,

mud flats) within the mangrove zone were identified

manually using the HRSI (Fig. 2). The manual interpreta-

tions of the ground surfaces were surrounded by a small

buffer to help limit overlap of forested and ground areas

caused by georegistration errors. Individual layers were

created from each of the bare ground surfaces (ground)

and overlaid on the DSM. Elevation data were extracted

from the DSM over each masked ground layer. The mini-

mum, maximum, mean and standard deviation were all

calculated from the extracted elevation data for each layer.

The product of the ground layer area and mean elevation

was summed for all delineated ground surfaces and then

divided by the total area of all ground surfaces. The

resulting mean-weighted ground elevation was subtracted

from the original DSM resulted in mangrove canopy

height surface. The forest canopy height estimates are

based on the assumption that the ground surface within

the mangrove zone is relatively flat and thereby, the

ground creates a spatially extensive, flat surface to easily

subtract from the DSM (Fig. 2).

Analysis

Canopy height estimates using the HRSI stereopair meth-

odology were compared with local field surveys and

SRTM estimates (Fatoyinbo et al. 2008) to identify the

bias and error associated with the technique. Field mea-

surements were collected in 2005 (Inhaca Island) and

2009 (Maputo Elephant Reserve) and SRTM data were

acquired in 2000. See Fatoyinbo et al. (2008) for detailed

information of plot structures, and field and SRTM data

on Inhaca Island. Mean tree height (Fmean) and H100

(FH100) were calculated for each of the plots based on the

field data. H100, or the average of the 100 tallest trees

ha�1, was determined from the average of the two tallest

trees for each field plot:

0:0176 ha� 100 trees

1 ha
¼ 1:76 trees:

Mean tree height (HRSImean) and H100 (HRSIH100)

were also calculated from the HRSI forest canopy map

using an area similar in size to the field plots (0.0200 ha).

The HRSImean was determined by the sum and number of

Figure 2. Single panchromatic image (WorldView1) with examples of

manual interpretations of bare ground surfaces delineated in black.
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good pixels within each 0.0200 ha buffer. To determine

HRSIH100, a top of canopy height map was created by

determining the maximum pixel value in a 10 9 10 m

moving window before calculating the mean height (Au-

linger et al. 2005). The H100 parameter has been shown

to correspond well with canopy heights estimates derived

from radar and lidar datasets because it removes the pix-

els that measure ground or understory which can bias

mean canopy height (Mette et al. 2004; Aulinger et al.

2005). Canopy height estimates from HRSImean and

HRSIH100 were also compared to the SRTM top canopy

heights over each field plot.

Results

The HRSI stereopairs cover approximately 9 km of shore-

line along the western end of Inhaca Island and the Ma-

changulo Peninsula, and the northern end of the Maputo

Elephant Reserve (Fig. 1). Nine flat and bare ground sur-

faces were identified and delineated across the study area

and ranged in size between 0.08 and 5.1 ha with a total

area of 7.9 ha (Table 1). A mean-weighted ground surface

elevation of 21.78 m (RMSE = 0.69 m) for the entire

study area was derived using the total area of each ground

surface measured (Table 1). The 21.78 m ground surface

was referenced to the WGS84 ellipsoid with a geoid

height of ~17.5 m. Since mangroves occur at elevation

near mean sea level, the difference between the ellipsoid

elevation for the ground surfaces and the geoid approxi-

mates mean sea level relative to the geoid. The mean-

weighted ground surface of 21.78 m was then subtracted

from the HRSI DSM. By subtracting the mean-weighted

ground surface from the entire DSM, the resulting calcula-

tion represents canopy height, that is, the relative differ-

ence between the top of the canopy and the ground.

The canopy heights across the Inhaca and Machangulo

mangrove ecosystem were derived from the field, SRTM

and HRSI datasets (Table 2). The highest mean canopy

heights centered on each of the field plots, 7.93 and

7.11 m, were estimated from the SRTM30 and HRSI,

respectively. Mean canopy heights were ~1.5–1.8 m lower

from the field surveys and SRTM30. H100 averages were

only calculated for field surveys and HRSI data because of

the spatial scale of the SRTM30 was much larger than

that of the field surveys and HRSI data. Mean H100 can-

opy heights measured in the field surveys were just 0.6 m

higher than the 8.35 m HRSIH100 (Table 2).

The majority of mangroves taller than 10 m were

located in the Maputo Elephant Reserve, while shorter

trees less than 10 m were located on Inhaca Island and

the Machangulo Peninsula (Fig. 3).

Field measurements of tree heights were collected in

2005 and 2008 while the HRSI was acquired in 2013.

Despite the eight years separating the two datasets, the

Fmean, FH100, HRSImean and HRSIH100 canopy heights were

highly correlated (Table 3 and Fig. 3A).

Comparing the mean tree heights of the field plots with

the HRSI mean height, determined from averaging all

pixels within a 200 m2 circle centered on the field plot,

yielded an R-squared of 0.81 and RMSE of 1.41 m. The

slope was less than a 1:1 ratio and an offset of �0.77 m

(Table 2). F100 and HRSIH100 heights had a higher R2 and

Table 1. General characteristics of each manually interpreted ground surface layer.

Layer Area (m2) Minimim Maximum Mean SD Mean 9 area

Ground 1 8,353.14 20.81 25.47 21.51 1.83 179,688.17

Ground 2 13,854.36 21.23 28.39 21.66 3.15 300,034.66

Ground 3 484.05 20.78 26.67 22.37 2.16 10,826.74

Ground 4 847.92 23.06 26.25 23.10 1.87 19,585.33

Ground 5 1,703.17 20.24 24.84 20.92 4.02 35,629.24

Ground 6 51,304.98 20.98 23.53 21.83 0.47 1,120,210.22

Ground 7 1,243.30 21.01 25.29 21.54 1.68 26,779.46

Ground 8 779.03 20.85 23.39 22.36 0.40 17,418.07

Ground 9 905.08 21.75 25.02 22.77 0.67 20,611.70

Total area 79,475.02 21.78

Weighted mean RMSE 0.69

The weighted mean is a function of the size of each ground surface layer divided by the total area.

Table 2. Canopy height values from field, shuttle radar topography

mission (SRTM) and high-resolution spaceborne imagery (HRSI) data-

sets.

Canopy height

Data sources Mean SD H100 SD

Field surveys 5.46 3.73 8.95 5.11

HSRI 7.11 3.90 8.35 4.05

SRTM 30 m 5.28 2.98 – –
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RMSE values, 0.87 and 1.84 respectively and were better

able to estimate canopy heights of taller trees (Table 2

and Fig. 3B).

Canopy height estimates from the HRSI and SRTM

datasets measured similar heights at each of the field plot

locations (Fig. 4). Although the SRTM30 integrates tree

heights over a larger area when compared to the finer

scale resolution of HRSI data the two canopy height

models, SRTM and HRSIH100, show corresponding

results. The comparison between the HRSI and SRTM

height models reveals that the taller trees (>10 m) tend to

be underestimated using SRTM data (Fig. 3B). The

underestimation of the canopy heights results in a nega-

tive offset of �1.87 m, a lower R2 value of 0.65, a higher

RMSE of 3.23 m when compared to the field and HRSI

canopy heights (Table 3).

A frequency distribution showing the number of pixels

within a given canopy height for HRSI and SRTM data

indicate a similar modal height value of 5 m and a posi-

tive skewness toward a taller canopy (Fig. 5). Five meter

tall trees represent ~16% and ~22% of the total mangrove

area within the study area for HRSI and SRTM, respec-

tively. Nearly 6% of the canopy heights exceeded 14 m as

estimated by HRSI while less than 0.2% of the SRTM

mangrove canopy was greater than 14 m.

Discussion

The present study compared a HRSI canopy height model

using open-sourced routines (ASP) with field measure-

ments, derived ground measurements and updated SRTM

canopy heights measurements from the same region (Fa-

toyinbo et al. 2008). Despite the lag in time between the

field measurements in 2005, 2009 and the SRTM data

acquired in 2000, canopy height estimates using the ASP

and HRSI from WorldView1 resulted in a strong correla-

tion between the mean and H100 canopy heights

(Table 2). The lack of temporal decorrelation between the

various datasets is consistent with forest ecological theory

where tree height saturates and remains relatively consis-

tent in mature and intact forests. A combination of low

tropical cyclone frequency in East Africa, the location of

the study sites in the conserved areas, like the Elephant

Reserve, and the wave protection by Maputo Bay may

help to limit mangrove mortality and create steady-state

canopy height conditions. The H100 metric provides a

more robust temporal measurement because of the lower

mortality, less than 12% per year, associated with trees

with a DBH greater than 10 cm (Jimenez et al. 1985). In

a long term, six decade mangrove study conducted in

Malaysia, Putz and Chan (1986) reported mean mortality

rates to be less than 3% per year for mangroves with

DBHs greater than 10 cm. The lower mortality rates in

Malaysia were expected to be a result of protected equato-

rial waters and a moratorium on felling of mangroves for

80 years. Mangroves are protected by law in Mozam-

bique, which could contribute to the steady-state canopy

heights observed over the previous decade as measured

from different methods.

The H100 canopy height exhibited the highest R2

(0.87) and the higher RMSE (1.95 m) when compared

with the field data. The spatial resolution of the HRSI

A B

Figure 3. (A) Relationship between high-resolution spaceborne imagery (HRSI) canopy heights and field surveyed canopy heights. (B) Relationship

between the HRSI canopy height (H100 and mean) with SRTM30 heights. Field measurements from Fatoyinbo et al. (2008). Black line represents

1:1.

Table 3. Linear model characteristics and RMSE of canopy height

comparisons.

n

Slope

(tanΘ)

Intercept

(m) R2
RMSE

(m)

Field

plots

Mean 52 0.80 �0.77 0.80 1.18

H100 52 1.00 �0.56 0.87 1.84

SRTM30 H100 43 1.23 �1.87 0.65 3.23
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allows for the integration of hundreds of pixels over a

similar field plot-sized areas. Some of the uncertainty in

canopy height can be attributed to forest change during

the time between the forest surveys and the HRSI

acquisitions as well as the georegistration between the

two datasets. Forest growth or decline may have

occurred at the field plots and could be the reason for

the variability between canopy height measurements.

The low offset determined from the linear regression of

field and HRSI canopy suggest that there was a near

negligible vertical bias in canopy height using the ASP

routines (Table 2). Even though, resurveying the field

sites may produce a better model, the uncertainties

reported in the present study are within estimates using

similar techniques (Hobi and Ginzler 2012; Montesano

et al. 2014). From that end, spatially explicit mangrove

canopy heights can be mapped across the coastal regions

of southeastern Maputo with a vertical error of 1.18–
1.84 m (Fig. 4).

A similar study using the ASP was conducted in taiga

forests of northern Siberia which reported lower vertical

uncertainty, 0.86–1.37 m but based on a moderate model

fit for estimating maximum tree heights (Montesano et al.

2014). The differences between the taiga forest in Monte-

sano et al. (2014) and the mangrove forests in the present

study were related to the terrain elevation and the tree

density measured at the respective field plots. Ground ele-

vation in the taiga forests spanned over 200 m of topo-

graphic relief which added a layer of complexity and

uncertainty to the overall canopy height measurements

and could change the model offsets. Alternatively, the

ground elevations estimated in the mangrove forests were

relatively homogenous across the study region, only vary-

ing a few meters. Tree density was also different between

Figure 4. Canopy height map comparisons for Inhaca Island (A and B) and Maputo Elephant Reserve (C) between high-resolution spaceborne

imagery digital surface models (DSM) (left) and SRTM30 DSM (right). See Figure 1 for site location reference.
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the two regions with the sparse deciduous forests in Sibe-

ria containing 500–2500 fewer trees ha�1 than the man-

groves forests in Mozambique and elsewhere (Alongi

2002; Fatoyinbo et al. 2008; Montesano et al. 2014).

Distinct canopy height patterns can be seen in the

HRSI canopy height map that cannot be discerned in the

coarse SRTM map even though the spatial resolution did

not necessarily change the mode and distribution of the

canopy heights over the same area (Figs. 4 and 5). How-

ever, the evident spatial patterning could provide infor-

mation about the forest structure regarding species

zonation and composition, hydrogeomorphology, as well

as other environmental indicators. Adding HRSI to the

repertoire of remote sensing of mangrove forests can pro-

vide researchers with more detail and create another layer

of data integration to improve land cover, species and

height classification maps and ergo, develop more appro-

priate biomass and productivity models (Heumann 2011).

An accuracy assessment of HRSI stereo analyses was

conducted by Hobi and Ginzler (2012) which examined

vertical errors in DSMs generated over various land cov-

ers in Switzerland; grass, artificial and forest. DSMs over

areas covered by forest were the most difficult to model

with reported median errors of less than 1.9 m using

HRSI from WorldView2. However, Hobi and Ginzler

(2012) compared HRSI DSMs to one acquired from air-

borne lidar and recognized differences associated in the

phenology during lidar and HRSI acquisitions. Another

advantage of mangrove forests is the lack of leaf senes-

cence phenology as a result of the evergrowing morphol-

ogy (Gill and Tomlinson 1971). Therefore, aerial and

spaceborne imagery, from lidar and radar acquisitions can

be more readily comparable regardless of the time of year

of collection. The results of this study suggest that stereo

DSM from HRSI products can be used to validate other

airborne and spaceborne datasets at local and regional

scales.

Conclusions

Using HRSI to derive DSMs of mangrove forests in the

present study highlight the unique characteristics in man-

grove forests that may be more apt at successfully model-

ing canopy height. First, mangrove forests tend to have

tree densities in excess of 1000 trees ha�1 for most stand

ages which may be captured more readily by the HRSI

and the ASP routines. Secondly, the ground elevation in

mangrove forests is relatively flat across the entire ecosys-

tem because of its geographic limitation to coastally inun-

dated regions. The latter is beneficial to HRSI DMSs as it

reduces the errors associated with topography in order to

accurately measure changes to canopy height and struc-

ture related to natural and anthropogenic disturbances.

Lastly, in regions with minimal environmental distur-

bances, mangrove forests can reach steady-state canopy

height conditions and remain stable over time.

Many mangrove forests have a dearth of ground-vali-

dated field surveys because of financial, logistical and

Figure 5. Frequency distributions of high-resolution spaceborne imagery (HRSI) and shuttle radar topography mission (SRTM)30-derived canopy

height estimates. Canopy heights were binned into 1 m height intervals. N equals the number of pixels used in the distribution. Despite the

different between the spatial scales and number of pixels of the HRSI and SRTM data, the frequency distribution of height classes is very similar in

both datasets.
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environmental setbacks. The accuracy of HRSI DSMs in

representing mangrove canopy height at the field scale

could provide useful data for validating canopy height

estimates from other more globally available spaceborne

imagery, yet with a scarcity of ground validation points.

For example, IceSAT/GLAS, SRTM and TanDEM-X data

have global data coverage, yet the height accuracy of some

DSMs in certain regions of the world is less constrained

because of the lack of ground validation sites. Similarly,

remote sensing estimates of aboveground biomass derived

from tree height allometry would be improved by HRSI

because of the higher accuracy at taller tree canopies.

Through further investigations, HRSI DSMs could serve

as supplementary independent comparisons to global sur-

face models and enhance their accuracy as well as be

combined with biomass models and species zonation to

improve classification cover.

Acknowledgments

This work was conducted at the NASA Goddard Space

Flight Center and supported by the NASA Land Use/Land

Cover Change Program and Carbon Monitoring System

Program. Commercial high-resolution imagery was

obtained from NASA’s National Geospatial Intelligence

Agency’s Commercial Data Archive website (cad4nasa.

gsfc.gov).

Conflicts of Interest

The authors declare no conflict of interest.

References

Alongi, D. M. 2002. Present state and future of the world’s

mangrove forests. Environ. Conserv. 29:331–349.

Aulinger, T., T. Mette, K. P. Papathanassion, I. Hajnsek, M.

Heurich, and P. Krzystek. 2005. Validation of heights from

interferometric SAR and LIDAR over the temperate forest

site: national park Bayerischer Wald’’. In ESA Special

Publication 586:11.

Beyer, R. A., Z. M. Moratto, O. Alexandrov, T. Fong, D. E.

Shean, and B. E. Smith. 2013. Processing earth observing

images with Ames stereo pipeline. In AGU Fall Meeting

Abstracts 1:984.

Bouillon, S., A. V. Borges, E. Casta~neda-Moya, K. Diele,

T. Dittmar, N. C. Duke, et al. Mangrove production and

carbon sinks: a revision of global budget estimates. Global

Biogeochem. Cycles 2008, 22, GB2013.

Donato, D. C., J. B. Kauffman, D. Murdiyarso, S. Kurnianto,

M. Stidham, andM. Kanninen. 2011. Mangroves among the

most carbon-rich forests in the tropics. Nat. Geosci. 4:293–297.
Ellison, J. 2006. Mangrove palaeoenvironmental response to

climate change. Responses to Relative. Sea-Level Rise Other

Climate Change Effects. 13 July 2006, 1.

Fatoyinbo, T. E., and M. Simard. 2013. Height and biomass of

mangroves in Africa from ICESat/GLAS and SRTM. Int. J.

Remote Sens. 34:668–681.

Fatoyinbo, T. E., M. Simard, R. A. Washington-Allen, and H.

H. Shugart. 2008. Landscape-scale extent, height, biomass,

and carbon estimation of Mozambique’s mangrove forests

with Landsat ETM+ and Shuttle Radar Topography Mission

elevation data. J. Geophys. Res. Biogeosciences 113:

G02S06.

Gill, A. M., and P. B. Tomlinson. 1971. Studies on the growth

of red mangrove (Rhizophora mangle L.) 3. Phenology of the

shoot. Biotropica 3: 109–124.
Giri, C., E. Ochieng, L. L. Tieszen, Z. Zhu, A. Singh, T.

Loveland, et al. 2011. Status and distribution of mangrove

forests of the world using earth observation satellite data.

Glob. Ecol. Biogeogr. 20:154–159.
Heumann, B. W. 2011. Satellite remote sensing of mangrove

forests: Recent advances and future opportunities. Prog.

Phys. Geogr. 35:87–108.

Hirano, A., R. Welch, and H. Lang. 2003. Mapping from

ASTER stereo image data: DEM validation and accuracy

assessment. ISPRS J. Photogramm. Remote Sens.

57:356–370.

Hobi, M. L., and C. Ginzler. 2012. Accuracy assessment of

digital surface models based on WorldView-2 and ADS80

stereo remote sensing data. Sensors (Basel). 12:6347–6368.
Hutchison, J., A. Manica, R. Swetnam, A. Balmford, and M.

Spalding. 2014. Predicting global patterns in mangrove

forest biomass. Conserv. Lett. 7: 233–240.

Jimenez, J. A., A. E. Lugo, and G. Cintron. 1985. Tree

mortality in mangrove forests. Biotropica 17: 177–185.

Kellndorfer, J., W. Walker, C. Pierce, C. Dobson, J. A. Fites, C.

Hunsaker, et al. 2004. Vegetation height estimation from

shuttle radar topography mission and national elevation

datasets. Remote Sens. Environ. 93:339–358.
Lucas, R., J. Ellison, A. Mitchell, B. Donnelly, M. Finlayson,

and A. Milne. 2002. Use of stereo aerial photography for

quantifying changes in the extent and height of mangroves

in tropical Australia. Wetl. Ecol. Manag. 10:159–173.
Lugo, A. E., and S. C. Snedaker. 1974. The ecology of

mangroves. Annu. Rev. Ecol. Syst. 5: 39–64.
Mcleod, E., G. L. Chmura, S. Bouillon, R. Salm, M. Bj€ork, C.

M. Duarte, et al. 2011. A blueprint for blue carbon: toward

an improved understanding of the role of vegetated coastal

habitats in sequestering CO2. Front. Ecol. Environ.

9:552–560.

Mette, T., K. Papathanassiou, and I. Hajnsek. 2004. Biomass

estimation from polarimetric SAR interferometry over

[Correction added on 8th July, after first online publication:
National Geospatial Intelligence Agency’s corrected in the
acknowledgement section]

ª 2015 The Authors Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London. 59

D. Lagomasino et al. High-Resolution Forest Canopy Height from Space



heterogeneous forest terrain. In Geoscience and Remote

Sensing Symposium, 2004. IGARSS’04. Proceedings. 2004

IEEE International, vol. 1, IEEE, Anchorage, AK, pp. 511–
514.

Montesano, P., G. Sun, R. Dubayah, and K. Ranson. 2014. The

uncertainty of plot-scale forest height estimates

from complementary spaceborne observations in the taiga-

tundra ecotone. Remote Sens. 6:10070–10088.
Moratto, Z. M., M. J. Broxton, R. A. Beyer, M. Lundy, and K.

Husmann. 2010. Ames stereo pipeline, NASA’s open source

automated stereogrammetry software. In Lunar and

Planetary Science Conference 41: 2364.

Neigh, C. S. R., J. G. Masek, and J. E. Nickeson. 2013. High-

resolution satellite data open for government research. Eos.

Trans. Am. Geophys. Union 94:121–123.

Neigh, C., J. Masek, P. Bourget, B. Cook, C. Huang, K.

Rishmawi, et al. 2014. Deciphering the precision of stereo

IKONOS canopy height models for US forests with G-LiHT

airborne LiDAR. Remote Sens. 6:1762–1782.

Ni, W., K. J. Ranson, Z. Zhang, and G. Sun. 2014. Features of

point clouds synthesized from multi-view ALOS/PRISM

data and comparisons with LiDAR data in forested areas.

Remote Sens. Environ. 149:47–57.

Pendleton, L., D. C. Donato, B. C. Murray, S. Crooks, W.

A. Jenkins, S. Sifleet, et al. 2012. Estimating global

“blue carbon” emissions from conversion and

degradation of vegetated coastal ecosystems. PLoS ONE 7:

e43542.

Putz, F. E., and H. T. Chan. 1986. Tree growth, dynamics, and

productivity in a mature mangrove forest in Malaysia. For.

Ecol. Manage. 17:211–230.
Saket, M., and R. V. Matusse. 1994. Study for the

determination of the rate of deforestation of the mangrove

vegetation in Mozambique. FAO/PNUD/MOZ/92/013: 9,

DNFFB 1994.

Shiver, B. D., and B. E. Borders. 1996. Sampling techniques for

forest resource inventory. John Wiley and Sons, New York, USA.

Simard, M., K. Zhang, V. H. Rivera-Monroy, M. S. Ross, P. L.

Ruiz, E. Casta~neda-Moya, et al. 2006. Mapping height and

biomass of mangrove forests in Everglades National Park

with SRTM elevation data. Photogramm. Eng. Remote Sens.

72:299–311.

Simard, M., L. E. Fatoyinbo, N. Pinto, and J. Wang. 2010.

Mangrove canopy 3D structure and ecosystem productivity

using active remote sensing. Pp. 61–78 in Y. Wang, ed.

Remote sensing of coastal environments. Taylor and Francis

group, Boca Raton, FL.

Valiela, I., J. L. Bowen, and J. K. York. 2001. Mangrove forests:

one of the world’s threatened major tropical environments.

Biosciences 51:807–815.

60 ª 2015 The Authors Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London.

High-Resolution Forest Canopy Height from Space D. Lagomasino et al.


