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Improved estimation of forest carbon (biomass) using bi-temporal RapidEye data

in a low-altitude tropical landscape
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1. Introduction

According to the JICA (Japan International Corporation Agency) — PNGFA (Papua New Guinea
Forest Authority) Project for Capacity Development on Forest Monitoring for Addressing Climate
Change(The National, 2014, March 13), AGB and C dynamics monitoring at vast scales are currently
analysed us1ng hlgh resolutlon RapldEye satellite data as an 1mproved optlcal remote sensmg product
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focus on C stocks because forest b10phys1ca catures observable by satellite sensors are directly
related to AGB and C is only a vital sequestered constituent of AGB.

Conjecture-wise this study hypothesizes that explorative derivation of the spectral indices from the
RapidEye’s Red Edge narrow-band will assume significance in their correlation with AGB and C.
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Also, since this study uses bi-temporal RapidEye data to develop stratum-specific models (Eckert,
2012) it hypothesizes the idea of model-fitting as a good strategy for validating the integration of these
models in the spatial domain for temporal cross-landscape estimation.
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The forest sampling method used wasVariable Radius Sampling Technique (Fox et al., 2011a), a
modern forest inventory technique also known as point samples or plot-less samples which was
introduced to PNGFA by Australian Centre for International Agricultural Research (ACIAR) in

2003 for application in forest inventories and was also applied in Yosi (2011). Forest in-situ data
were collected from 18 sample plots for 2009 and14 sample plots for 2014totalling 32 samples for
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retrieval of AGB parameters especially diameter at breast-height (DBH).For definition of sample
trees a “Wedge” or “Basal Area” Prism radarscope was used to identify unbiased samples within
each plot in a clock-wise direction from the plot centres. A hand-held GPS was used to capture the
centre location of each plot and plot radius ranged from 10 to 15 meters. Only DBH was measured
using m-calibrated diameter tapes for trees that were identified as samples by the Wedge Prism. The
measurements comprised trees with diameters—=>16 having matured stand structures.In order to
estimate tree heights for each.sa e (F=R) model developed earlier in a

pletree, @, height-diamete
collaborative research : ACIAR and PM (Féx et 2010; al., 2011a; Fox et al.,
2011b) was applied. Fheequation applidd to estimate tpee heights is

‘fm!.;al 1
14 051

N

Table VCI'E%[ imates of C stocks for the study are 2 ur@% A/ with

QS Standard Deviations (SD) in parenthes
9

S
AGB Compone\}(f\w\ 2 Yalulowland-Forest— %kﬁis lo d Forest
estimates (b@th PF y PF)
AGLBDg>10em N /21 (37.19)
Est. AGLBpgH<iocm 11.0 11.92

Total AGLB I2t2HF0A)— 131.13(75.87)

Sample Size (n=18) 16 2
AGB Component for 2014 Oomsis upland Forest Yalu upland Forest
estimates (mostly SF) (both PF and SF)
AGLBpgH>10em 84.2 (17.43) 126.06 (77.35)
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Est. AGLBDBH<1ocm 8.42 12.61
Total AGLB 92.62(53.58) 138.67(80.22)
Sample Size (n=14) 6 8

PF: Primary Forest; SF: Secondary Forest (Note: AGLBpgp>10cm Was the primary measurement
thusEst. AGLBpgu<10cm denotes that AGLBppp<ioem Was estimated.
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PNGFA Project, which was initiated;in-2011 (Th at
comprised all identified forest stratums by-the Nﬂﬂ'l h-other momentousagriculture and forestry
land-uses and was produced at national and provincial levels. The subset for the study area (Figure 2)
was retrieved from the provincial level Forest-base Map and is presented at a map scale of 1:150,000
showing terrain of hill-shading derived from a 30m Digital Elevation Model (DEM). Current active

forestry activity or land-use within the study area illustrated in Figure 2is the Morobe Concession area
coded as a forest mapping unit 1201 (Mor_con 1201 FMU) and the Oomsis Pine Plantation. This
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Forest-base Map for the study area was the collateral data used to evaluate the two broad forest
stratums studied.
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Jaya et al., 2010a). Since the Rapid Eye 1ma
: ? dge and all spectral 1nd1ces generated D %, Bapd were also
tral 4 saf added set of
variables to the 5 e(‘;g‘ dre: , ',,-u die¥’1in / ch narrow-band
(Red Edge) indices*were [imited t ditional No Diffi enxl i
Ratio Vegetation Inde RVI) w, N ifici r§ 200Z;Datt, 1999), this study
presents an exploratory trra g all iblé.irdices from-the”Red Edge narrow-band that
are normally generated using the R i e 1ﬁcall 0t 3 i i
and C. Detailed descriptions on the ut111ty of amd—further information about the spectral vegetation
indices used here can be found in the respective sources cited (Table 2). Apart from spectral indices,
the spectral image transforms of Principal Component Analysis (PCA) was conducted to extract

components according to the number of RapidEye bands. Additionally, single spectral bands of the
RapidEye imageries were also extracted and Table 2 shows a list of all the spectral parameters tested.

dic-SP
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Table 2. Various spectral parameters such as single image bands, image transforms, simple band ratio
indices, traditional vegetation indices and complex vegetation indices generated and tested for variable
appropriation for the AGB and C modelling.

Spectral parameter Formula Reference

Single image bands
(RapidEyebands 1 —5)

Simple Band Ratio:
RVI (RVI _re)

N’/Ref’ Jordan, 1969)
NIR/Green NIRIGre@h ert, 2012)
GRVI (GRVI re) \ T GreewRed—_ asu, 1974)

Image Transfo }
(PCA1-PCA (Wijayae 2010a&b and
o Ecl?l

Traditio ew Indéx:
NDVI re) (NIR-Red)/(NIR + Red) (Ruse eqal., 1

ND32 @) (Red — Green)/(Red + Green)
Compl i
ompléx
R

[’ (2NIR+1)— \/(2}\3}% +1)> —8(NIR—2RED) J/z

2R )23 NS
(1A 0D5¢ 125)/(1 /= Re
&gi;ﬂ@@%ji/ywﬂ//
e%

1991)

Red

egetation index; ND32; NDVI using the 3™ band (red) and the

the particulg substituting every Red band input wj Edge Bard. Also,
ND42 re denqte i band (Red Edge) with the 2™ ba

3.4 Statistical Analys P

sround estiﬂm WG6 [L)A thle those-fer"2014 were 14 plots. These

pixel values from the erated spectral parameters using on-

spectral parameters, Pearson’s Correlation was used to correlate AGB and C with each of these
spectral parameters to determine appropriate predictor variables for modeling and estimation. Only
highly correlated spectral parameters were selected as preeminent predictor variables and were used in
a Geographic Information System(GIS) environment to conduct a Spatial Ordinary Least Square
(OLS) Regression Analysis (Longley et al., 2005) to generate estimation models for C stocks. The
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spatial linear OLS regression was performed in a step-wise approach (Eckert, 2012; Wijaya et al.,
2010a). Stratum-specific modeling was conducted in which the training datasets from each ground
estimate plotted on each corresponding temporal image data (i.e. 2009 estimates on 2010 image and
2014 estimates on 2014 image) were divided into PF and SF identifiably for each temporal estimate
and modeled correspondingly. Since stratum- speciﬁc samples were rather small, individual models
were developed for only single preemlnent D ariables and a combination through model-fitting

was done to produce an overa r poral estlmate The coefficient of
determinant R, its rellabl dJusNan(bmo robabitity(p-level) were the relevant
statistical parameters €ss m petfor nce.andgel fitsgin eath forest stratum. Robust
spatial statistical pre .. bifities n int_E-Statistic_and t %taﬁs yere also taken into
account to primg ssessjove -- del significance whileJarque®Bera statistic-primari

model bias. Fudally =patial o orrela‘uon (Moran’s Index) (Lo t 2005) 23

residual spafia utocorrel on each OLS regression model to n

randomly diStriufed.
Plot-levgl/model walidation was done utilising the withheld validation d

preemifg dictof/variables calculating their resultant root mean square error
ratio (MR) / nen and Heiskanen, 2006 Po elet al., 2010; Wijaya et al., 20

with heprelative founterpart of the latter b 1S IRIMSEsMuukkonen andHe1skan
b) . l‘ \ \\‘\_ \
4, \fioanoe

, R0 e/directly applied to in ;-.—
secpnd agfires to assess

L/ /]

4. Resuttsaq|Discussions / /[ [/
4.1Correlation of Spe ra\l\pa\ra@efgrs\with

§ glation identt ighly.c pectra e s) w1th A

\ for PF an i spectral imageties inent single i
1de t fied were NDVI with R* = 0.8 =0.669 (p = 0.007
For the 2%(5 tral imageries, the pree i tiables identified were

0.81A(p = 0.011){ r PF and RVI re withR* = 0.52 (p = 0.043) for SF. Since the fe

was duite hi ly high correlations of Pearson’s Coefficient ‘v’ = > @

linearRands Vels are listed in Table 3.
Table 3 es@e tral\variables and stratum-specific preeminent single iEles (bolged) listed
with statjstica lwm icant Pearson’s correlation coefficients r, p-lévelsan arR/tor linear
elationships with AGB and
Stratum AN \f Spec on’ " i

PF_RE 2010 (n=7) *j) S\ 0.529

G . 0.743

0.780

0.760

NDVI 0.899(**) 0.808

ND42_re 0.871(*) 0.757

PCAI 0.806(*) 0.649

PCA2 -0.896(**) 0.802

EVI ~0.896(**) 0.803

EVI re -0.881(**) 0.776
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SAVI 0.887(**) 0.786
MSAVI 0.886(**) 0.784
GEMI -0.880(**) 0.774
GEMI re -0.890(**) 0.792
SF_RE 2010 (n=9) RVI 0.756(*) 0.572
GRVI 0.818(**) 0.669
: 0.549
0.517
0.699

-0.760(%)
GRVI_re 0.904(*)

PCAS 0.702
RVI_re 0.721(*)
MSAVI re 0.709(*)

PF_RE : PF on RapidEge temporal-immage;t*)significant correlatiog at 0.01

gnificant correla r»’?: 05 1evel.

D AN
Mogt efgthe. stdtistically” significant/spéciral pafametets forPE_RE 2010 e at a prlevel of<0j01
including the preemineft-varrable NDVI-v l[le & $inkle .uﬁ“ .%im good ow R
= 0152 a|\yery ﬁ&ﬂ& SF RI 014 had/o y the/preeminent variaple GRVI with
statistical™signifjcance at p \i ‘ parameters for/both stratums i the 2014 image including
thei ' ereeminent variables-had-p-leve .05 whileonly"PEAS under PF R .,. an

insignificang p

thougtethad-asubstanti ation
of0.446 althoug “\\\\‘\“’i//////ﬂ 1 .

4.2 Spatial OrdipanhLeast Square (OLS) Regression Analysis

Spatial O iné,euare (OLS) Regression Models were developed on 2 ic basis
where AGR wm de % ter ed as the
predictor varablesdAs @e spatially and

statistically signi cargod

. 2N
PNGUN
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Table 4. Relevant statistics for the developed stratum-specific models for 2010 and 2014 with
their model-fits

Model stratum R? Adj. VR RMSE RMSE RMSE, JointF- Joint Wald
R’ (AGB) (C) (C) Statistic  Statistic
[Mgha'] [Mgha'l  [%] (p-value)  (p-value)

PFI0_NDVI ~ 0.808  0.770
(n=7)

SF10_GRVI  0.669
(n=9)

0.899 4.272 3.077 0.005909  0.000000

894 0.007058  0.000429

0.904 56.624 28.3 0 65  0.000001

934 0.000952

Model-fit (n = ; -
16) PF&SF 1

0.440  0.721 18.010 9.005

.669 0.606  0.925 34.982 17.491 16.984 * x

m

v@l; b)

gg(Joint F-statigtic/ & [Joint

in w cﬁ\ a\ré{e\)ant\ X\

ance| while a vant “p-value

C in PF and 62.2% he

el achieved a C relaf %&SE of
the 'SF* model

8.02MgCha/ and
ined/mean
v ¢ model-fit
d% show1 o/a good
1Stic were

%The model for
/ C (similar to
2010 PF model),wlie ed

alsoa cons1der bl 1ﬁc R’ explammg
44% of AGB and ari tlon avi it co esﬁm RMSE of 28.31MgCha'and
56.62MgAGBha™', the C Telative 01 model w 3% while the SF model
had a C relative RMSE of 11.29% MSE 9MgCha 'and 18MgAGBha
Combining these two 2014 models in a model-fif, the adjusted R*was attuned by averaging to
0.606 with also an attuned C relative RMSE of 16.98% corresponding to a RMSE of
17.49MgCha'and 34.982MgAGBha™ that also suites the fit of both models.

S ondmg RMSE of 6.65MgCha'and 13. 29Mg
ls For 2014, the Jomt F-statistic an

Figure 3 shows the relationship between measured and estimated C stocks for the stratum-
specific models for 2010 and 2014 plotted in a model-fit. It also shows the spatially distributed
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temporal C stock maps (being measured according to modeled estimates) of a scene where Yalu
plots are located (refer to Figure 1). Obviously, the model-fits show the entire sample plots for
each year graphically through combining the stratum-specific models. It is impressing to note
that stratum-specific models for 2010 were both at 99% confidence interval (p< 0.01) while
those for 2014 were also both significant at 95% confidence interval (p< 0.05). Regarding
overestimation and underestlmatlon the overall hlghest and lowest measured C in 2009 (for
2010 image) were 152.828Mg ha™ and 405vtg-ha—zespectively and 1nterest1ngly the h1ghest
measured C was not much undefestimatees givgn an estimate

reduced overestimation e lowest me C o 78.

lowest measured 4_ (for 4 image) were . Iand 52.147Mg ha’
respectively andAve ; ! 1 0. %1.365Mg ha™ in
that order
160 -
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o~ 120 1 PF: y=1335.6986RV]_re- 1152253 (p<0.05)
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Fig 3. Model-fits for the developed PF and SF models for 2010 (a) and 2014 (b) with subsequent
spatially distributed scene-level C stock maps
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4.3 Discussion

The high spatial resolution (5m) of the RapidEye imageries provided a robust capture of the
forest,which was advantageous for linking of ground estimates of AGB and C. Forest inventories
in this study were designed to cover the major stratums across the low-altitude landscape of the
study area taking samples in both lowlands and uplands. As ground-truthing, forest inventories
proved the different levels of forest disturbance (land cover/use) depicted by the Forest-base

a| landscape. The m
\C stocks for the entire §

spectral vegetation indices the lo st-values-are ne; e va es indicating water bodies and the
exemplified water bodies in these modeled spectral indices outputs are the two small rivers
depicted in the maps in Figure 3.

Adjusted R” values of both model-fits for the temporal estimates were attuned to satisfiable
values which are 0.696 for 2010 and 0.606 for 2014 (Table 4). The reason for averaging the
adjusted R* values of the stratum-specific models in each temporal estimate to come up with the
adjusted R? values for the model-fits was because the spatial integration of the stratum-specific
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modeled outputs as elucidated enabled individual models within the integrated composite to
maintain independent significant relationships with C stocks. As a result, the mean adjusted R*
for the model-fits are relevantly suitable for both model complexities across each temporal
landscape explaining respective variations in C stocks. VR (variance ratio) is expressed
according to Powel et al. (2010) as the standard deviation of the measured (observed) C divided
by the standard deviation of the modeled (estlmated) C. All VRs calculated in this study (Table
4) to assess model performance and_sigs strafum-specific models and model-fits in

terms of C stock variance w. evant when gompared withwalues obtained in Powel et al.
(2010). Most importantly;th ondi ned ®RMSEshe clative RMSEs of the model-
fits evinced Value at”sui oth

tu —sp ificgmode wpotal landscape which

estlmates we A R 29MgC ha
: del in ea¢h temporal

da
20% (A \
With/réte odel estimation, 2010 models had high confidence leve 2
perfd epe complacent in terms of over- and underestlmatlons while

Ig '(meagured)

| ﬁ}ﬂﬁ\en&% frﬁxm\ individ

als/for both stra

: i ect1ve 1qg gw ¢
n.removed for %M ock variation and rati
mﬁ\“\%‘?ﬁ)}%% €ach preeminent spe

aps also depicted how certain forest d

!', ns were quite high (se

sizes. On a spatialp te sensing ¢ , stratu -s v 111 have certain
gloa

overlaying stratum-specific modeled oufputs—w ey solution to this drawback of remote
sensing redundancies. Moreover, the output model-fitted composites were the results of spatial
overlaying with the allowance of temporal landscape intersection that drastically minimizes these
redundancies while enhancing the spatial distribution of C estimates.

Since, Joint F-Statistic and Joint Wald Statistic showed high spatial statistical significance with
relevant confidence levels (p< 0.05 and p< 0.001 respectively); the Jarque-Bera statistic was
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used to assess model bias in terms of skewness for each developed model assuming that their
residuals were not normally distributed. A significant Jarque-Bera p-value of < 0.05 or 95%
confidence interval indicates that the model is biased therefore, reporting with direct reference to
the order of the stratum-specific models given in Table 4 (excluding model-fits), Jarque-Bera p-
values were 0.842, 0.932, 0.713 and 0.459, assuming random distribution of the model residuals.
An added spatial statistical evaluation of model residuals involved the processing of the stratum-
specific regression models using Spati elation_via Global Moran’s Index with the

,v Je-Dera s 1st1 except tb
were assessed for ‘spatia nd dlst . Fallow
for stratum speciﬁ ] g atia or at1(‘ p

ing r C

0. 105 0. 630 and
dels are spatially

a e residuals o

random

Finally, th *of st Ak application in

further i0 (prov1nc1a1) and national levels convenl data on
{ODIS

mediup

and C Wlt the RapidEy¢ at - '

: i jate mg{de}l{% tﬁro}ﬁglft
-levels) ,‘ ough cort 0n[$ig

iﬁz jet of ‘é‘& aile u‘

7-’-\‘\?

i A&"
Wfl

é‘%‘l t

3¢ ance of the 1dea hy the zed for” this strategy of
model-fitting. Fina eiNeas g f he‘ﬁlt btain€d” 1n this study with
oVgral e-tre I

national level studies namely, Fox ef af: : a) and Yosi (2011), the concept of
stratum-specific modeling presented here can be significantly tested or applied in other low-
altitude forest landscapes in PNG with high resolution optical satellite data for AGB and C
estimation at spatial levels for REDD+ implementations.
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