™ forests MbPY

Article
Tropical-Forest Structure and Biomass Dynamics from
TanDEM-X Radar Interferometry

Robert Treuhaft %, Yang Lei 1, Fabio Gongalves 2, Michael Keller >, Joiao Roberto dos Santos 5,
Maxim Neumann ¢ and André Almeida’

1 Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109, USA;

yang.lei@jpl.nasa.gov (Y.L.); mkeller.co2@gmail.com (M.K.)

Canopy Remote Sensing Solutions, Florianépolis, SC 88032, Brazil; fabio@canopyrss.tech

US Forest Service, International Institute of Tropical Forestry, Rio Piedras 00926, Puerto Rico
EMBRAPA, Agricultural Informatics, Campinas, SP 13083, Brazil

Instituto Nacional de Pesquisas Espaciais, Sao Jose dos Campos, SP 12227, Brazil; joao.roberto@inpe.br
Amazon, Seattle, WA 98109, USA; neumann.maxim@gmail.com

Departamento de Engenharia Agricola, Universidade Federal de Sergipe, SE 49100, Brazil;
andre.almeida@ufs.br

*  Correspondence: robert.treuhaft@jpl.nasa.gov; Tel.: +1-818-354-6216

NN O W N

Received: 24 May 2017; Accepted: 15 July 2017; Published: 31 July 2017

Abstract: Changes in tropical-forest structure and aboveground biomass (AGB) contribute directly
to atmospheric changes in CO,, which, in turn, bear on global climate. This paper demonstrates
the capability of radar-interferometric phase-height time series at X-band (wavelength = 3 cm) to
monitor changes in vertical structure and AGB, with sub-hectare and monthly spatial and temporal
resolution, respectively. The phase-height observation is described, with a focus on how it is related
to vegetation-density, radar-power vertical profiles, and mean canopy heights, which are, in turn,
related to AGB. The study site covers 18 x 60 km in the Tapajos National Forest in the Brazilian
Amazon. Phase-heights over Tapajoés were measured by DLR’s TanDEM-X radar interferometer
32 times in a 3.2 year period from 2011-2014. Fieldwork was done on 78 secondary and primary
forest plots. In the absence of disturbance, rates of change of phase-height for the 78 plots were
estimated by fitting the phase-heights to time with a linear model. Phase-height time series for
the disturbed plots were fit to the logistic function to track jumps in phase-height. The epochs of
clearing for the disturbed plots were identified with ~1-month accuracy. The size of the phase-height
change due to disturbance was estimated with ~2-m accuracy. The monthly time resolution will
facilitate REDD+ monitoring. Phase-height rates of change were shown to correlate with LIDAR RH90
height rates taken over a subset of the TanDEM-X data’s time span (2012-2013). The average rate of
change of phase-height across all 78 plots was 0.5 m-yr~—! with a standard deviation of 0.6 m-yr~1.
For 42 secondary forest plots, the average rate of change of phase-height was 0.8 m-yr—! with a
standard deviation of 0.6 m-yr~!. For 36 primary forest plots, the average phase-height rate was
0.1 m-yr~! with a standard deviation of 0.5 m-yr~!. A method for converting phase-height rates to
AGB-rates of change was developed using previously measured phase-heights and field-estimated
AGB. For all 78 plots, the average AGB-rate was 1.7 Mg-ha~'-yr~! with a standard deviation of
4.0 Mg-ha~!-yr~!. The secondary-plot average AGB-rate was 2.1 Mg-ha~!-yr~!, with a standard
deviation of 2.4 Mg-ha~!-yr~!. For primary plots, the AGB average rate was 1.1 Mg-ha~!-yr~! with
a standard deviation of 5.2 Mg-ha~!-yr~!. Given the standard deviations and the number of plots in
each category, rates in secondary forests and all forests were significantly different from zero; rates in
primary forests were consistent with zero. AGB-rates were compared to change models for Tapajos
and to LiDAR-based change measurements in other tropical forests. Strategies for improving AGB
dynamical monitoring with X-band interferometry are discussed.
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1. Introduction

Tropical forests, which account for about 50% of the world’s forested biomass, play a critical
role in the control of atmospheric carbon dioxide through emissions from forest removals and uptake
through forest accruals [1]. Some hypotheses suggest that some of the missing carbon sink is due
to uptake in mature tropical forests [2,3]. Monitoring of changes in aboveground biomass (AGB) in
tropical forests at the fine spatial scales at which disturbance takes place, 25-100 m [4], is required for
global carbon cycle characterization. Climate change mitigation efforts designed to reduce emissions
from deforestation and forest degradation (REDD+) will require monitoring much more frequently
than the ~1 time per year realized by optical satellites in the tropics [5]. Monitoring on the temporal
scales at which disturbance takes place, ~1 month, will be required to enable REDD+ [6].

Interferometric SAR (InSAR), with its broad, all-weather coverage, and sensitivity to vegetation
vertical structure [7,8], has the potential to play a key role in AGB-change monitoring strategies at
local to regional to global scales. We present interferometric phase-height change from the 2-spacecraft,
X-band TanDEM-X system [9], over Tapaj6s National Forest in Brazil. Interferometric phase-height is
related to vertical-profile-averaged height, as described in Section 2.3. Phase-heights were measured up
to 15 times per year from 2011-2014 on 0.25-ha plots. The high temporal density of measurements was
possible because, unlike optical signals, radar signals at X-band are not attenuated by clouds and rain.
Unlike radar power measurements, INSAR measurements of phase-height and coherence are directly
sensitive to vertical structure, from which AGB can be estimated. (See discussion of (1) in Section 2.2
for definitions of “phase-height” and “coherence”). While X-band power has proven inaccurate for
forest AGB measurement, INSAR phase-height and InSAR coherence produce reasonable (=30%,
57 Mg-ha’l) single-epoch AGB estimates for tropical forests at X-band [10]. At Tapajés the rates for
various LiDAR metrics were available over the 2012 and 2013 period and were compared to the InNSAR
phase-height rates. Using time series of phase-heights, we found that we could estimate changes
in AGB 2—4 times more accurately than we could estimate single-epoch, static AGB from a single
measurement of phase-height.

The purpose of this paper is to assess and demonstrate the potential accuracy of rates of
change of tropical-forest structure and AGB estimation available from an X-band interferometer
with aggregated spatial resolution of 0.25 ha and temporal resolution of ~1 month. One previous study
used 10 observation epochs of TanDEM-X data spanning 2 years in the tropics to gauge the stability
of an 800 m x 800 m area [11], but the referenced study showed stability levels of the large area,
rather than rates of change at the ha scale. Other studies [12,13] used multi-temporal TanDEM-X data
in boreal forests largely to demonstrate stability rather than change. Another study used X-band InNSAR
from SRTM and TanDEM-X to measure forest change over an 11-year period, 2000 to 2011 [14], in
boreal forests. Studies have been done which use TanDEM-X InSAR data to estimate AGB in the tropics
at single-epochs [10,15,16]. One study combined LiDAR and TanDEM-X interferometry [17], but,
again for single-epoch, and for temperate forests. LIDAR has been used to infer AGB change from
chronosequences in the tropics [18]. AGB tropical dynamics measured directly with LiDAR have been
addressed by [19,20]. However, as opposed to this study which had multiple observation epochs per
year, these two LiDAR studies had two observations each, separated by 7 and 10 years in La Selva,
Costa Rica, and Barro Colorado Island, Panama, respectively. Thus the current study using TanDEM-X
phase-height seems to fill a gap of reporting significant structure and AGB-rates in both primary and
secondary tropical forests with a temporal resolution of ~1 month.

An ancillary objective of this paper is to describe a general framework for transforming
phase-height rate to AGB-rate. Various semi-empirical expressions exist to give standing, single-epoch
AGB in terms of height, Lorey’s height, or phase-height, e.g., [12,16,21], but we describe general
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considerations for transforming phase-height rates to AGB-rates. While we use a power law to
describe the mass density function in (11), the formalism described shows how any functional form for
the density function could be accommodated.

Section 2 describes Tapaj6s National Forest and TanDEM-X. It relates the INSAR phase-height to
vertical characteristics of the forest, and to the power-averaged mean canopy height, which is defined in
(2) in Section 2.3. After discussing the estimation and calibration of phase-height data from TanDEM-X
raw data, Section 3 shows phase-height time series results over the 2011-2014 period for secondary and
primary forest plots. It further shows rates of phase-heights from linear fits over time, as a function
of field-estimated AGB, suggesting that TanDEM-X phase-height can distinguish between the faster
growth of secondary plots, and the slower rate of change of old growth. Phase-height rates over one
year—August 2012-August 2013—are compared to the rates of LIDAR’s RH90—the height below
which 90% of the LIDAR power is returned, starting from the peak of the ground signal. A conversion
factor is derived to convert phase-height rates of change to AGB-rates of change, and AGB-rates are
calculated for the 78 plots. Section 4 is a discussion of the results, the choice of phase-height rate to
estimate AGB rate, error analysis, and future improvements.

2. Materials and Methods

This section describes Tapajoés National Forest, field vegetation measurements, the INSAR
phase-height, and how it is related to radar-power profiles, and the power-averaged mean in particular.
It also describes the LiDAR data used for verification of INSAR phase-height rate.

2.1. Tapajés National Forest and Field Measurements

The Tapajoés National Forest is ~50 km south of Santarem, Par4, in the central Brazilian Amazon.
Its climate, rainfall, and vegetation are as described in [10]. Field measurements were taken in
September 2010 on 26 plots (50 m x 50 m = 0.25 ha) and on 52 plots of the same size in August 2013.
The maximum value of AGB was 738 Mg-ha~!, and averaged 189 Mg-ha~!. The plots were primary
and secondary forests, and included some selective logging sites. Througout this paper, “primary”
means a forest that has never been logged and has developed following natural disturbances and
under natural processes. “Secondary” means a forest developing after a stand-replacing disturbance
(i.e., a disturbance that eliminated all, or most, previous trees in the stand) such as logging or
the clearing of land for agriculture or cattle. Figure 1 shows the locations of 78 plots along with the
large rectangle corresponding to TanDEM-X coverage used in this study, and the small red rectangles
indicating LiDAR coverage in 2012 and 2013. The field plots were representative of the variety of
the area observed by TanDEM-X and LiDAR. Field measurements for each tree included total height,
height-to-base-of-crown, tree diameter at breast height, species (to assign wood density values derived
from the literature), crown dimensions, and location. The crown dimensions were the distance between
extrema of leaf area as viewed from the ground, along two orthogonal axes [22]. The diameter, height,
and wood density were used with allometric equations [23] to estimate AGB. The accuracy of the AGB
estimates was 25% [24]. Plots were geolocated with sub-meter accuracy using differential GPS and
a total station.
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Figure 1. The Tapajos National Forest covered by TanDEM-X (large white rectangle) in this study.
Yellow dots are 78 field plots, and the smaller red rectangles are areas of LiDAR coverage.

2.2. TanDEM-X, The Interferometric Phase-Height and Its Relation to Radar Power Vertical Profiles

Built and operated by the German Aerospace Center (DLR), the TanDEM-X interferometer is
the only 2-spacecraft interferometer to orbit the Earth to date [9]. Depending on the technical objective
(e.g., forest research, digital elevation map), the vector separation of the two spacecraft, called the
“baseline”, can be adjusted to have lengths under 50 m up to several kilometers. For our forest data
over Tapajos, baseline separations ranged from 30 m to 150 m, but were mostly in the 90-m range.

The phase-height, the principal indicator of change in this paper, results from the interferometric
phase of forests, which have vertically distributed vegetation. In order to understand the phase of
a forest with many vertically distributed scatterers, first consider the interferometric measurement of
a single scatterer, at a single altitude, say, the top of the tree in Figure 2. The ends of the TanDEM-X
interferometer labeled 1 and 2 in Figure 2 receive the signals E; and Ej, which propagate along the two
paths, of lengths r; and r,. The single-scatterer interferometric phase is proportional to the difference
r1—r2, which, in turn, depends on the height of the scatterer; thus the InNSAR phase depends on
the height of the scatterer. The single-scatterer interferometric phase is obtained by cross multiplying
E; and E3, where the star is the complex conjugate. For forests consisting of many vertically distributed
scatterers (leaves, branches, etc.) the interferometric phase results from all scatterers, and is obtained
from the complex cross correlation of E1 and Ej; as in (1) below.



Forests 2017, 8,277 5 of 28

Figure 2. Schematic representation of the INSAR scattering geometry. The fields scattering from
a single scattering element, the top of the tree, travel along the distances ry and r; to the ends of
the interferometer. This difference is proportional to interferometric phase and to the height of
the single scattering element. The interferometric phase resulting from many scattering elements
(the volume of the forest) is used to characterize vertical structure in this paper.

In order to show the relationship between interferometric phase-height and the radar power
profile p(z’) for the forest, the cross correlation of the E; and E; signals is expressed as proportional to
the sum (integral) of the contributions from scatterers at z’, extending from the ground up to a forest
height of hy [7]:

ho s . .
< E{E3 >0</ <p() > %7 d7 = AePin = A%l )
0

where the ensemble average brackets indicate spatial averaging over scatterer positions and strengths
from different small (few-meter) looks to aggregate to the plot size—0.25 ha in this study. The integral
can be seen as summing the contributions at each altitude z’ of a phasor (complex exponential) to
the InSAR cross correlation with phase a.z’. The constant «; is the derivative of INSAR phase with
respect to altitude, also known as the “vertical wavenumber”. It is proportional to the length of
the baseline, B, and other geometric factors. It can also be thought of as the Fourier frequency over
which < p(z’) > is Fourier transformed in (1). The integral’s aggregate amplitude A and phase, ¢;,
are indicated. The phase-height, &y, is the single-scatterer height which would produce the same
phase as that of the entire forest, and, as indicated in (1), hy = ¢;n;/az. The coherence is A divided
by the same integral with a, = 0. The often-used quantity, the ambiguity height, h,,,;, = 271/a;,
is the height at which interferometric phase winds through a cycle. For many of the measurements
in this report, h,,,;, ~ 80 m, meaning the top and bottom of an 80 m tree would have the same phase
(0° = 360°). Trees of the order of the ambiguity height would complicate interpretations of phase,
so, for the most part, only h,,,;, taller than the tallest trees in Tapajos (=45 m), which are of utmost
importance in the structural arrangement of the forest, were used. A list of dates of passes with
ambiguity heights is in Table Al. The amplitude of each phasor’s contribution in (1) at z’—the average
radar power < p(z') >—depends on three fundamental descriptors common to virtually all remote
sensing: (1) the spatial density of scatterers—leaves, branches, trunks, ground, as a function of height,
(2) the electromagnetic strengths of those scatterers, and (3) the attenuation of incident or scattered
fields in the medium.
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2.3. The Relationship of Phase-Height to Mean Canopy Height and AGB

Each of the three descriptors on which radar power depends has biological analogues. The spatial
density of scatterers (number of scatterers per unit volume) is related to leaf-area-density (LAD), in that
LAD depends on both the area of leaves and the number of leaves per unit volume. Qualitatively,
the larger the values of the spatial density profile at high altitudes, contributing to p(z’), the taller
the vegetation, and the higher the AGB, where the ensemble average brackets are understood
from here on. The second descriptor contributing to p(z’), the brightness profile, bears on leaf
area density also, as larger leaves have larger area and are frequently better backscatterers of
the radar. The third descriptor, the attenuation, like the scatterer density, has a simple biological
analog. Attenuation increases when scatterer/vegetation density increases, and/or when the water
content of the leaves increases, both of which can conceivably correlate with AGB increase.
Because radar-power-profile-averaged canopy height (defined in (2) below)—called “mean canopy
height” or “MCH”—depends on the vertical distribution of scatterer density and brightness in p(z’),
and because the distribution of scatterer density is related to AGB, it is plausible that AGB can be
associated with some function of radar MCH. The MCH is

mcr = b ZpE)a

Jo* p(zh)az!
and, in part for its relation to AGB stated above, we postulate that some function of the radar MCH
is a good indicator of AGB. Another reason to postulate the utility of the radar MCH is based on the
LiDAR MCH. It is given by (2), replacing p(z’') with the LIDAR waveform. Linear, logarithmic,
or power-law functions of the LiDAR MCH have been used as significant AGB independent
variables [20,25-27]. The success of the above-mentioned functions of LIDAR MCH to predict AGB
in part prompts exploring functions of the radar MCH to monitor AGB change in this paper. If we
therefore want to model changes in AGB based on changes in radar MCH but, from (1) we only have
phase-height at our disposal, a natural question is, for a given p(z’), how close is phase-height from
(1) to MCH from (2)? And how close are phase-height rates to MCH rates? Section 2.3.1 presents a
qualitative argument that phase-height is close to MCH. Section 2.3.2 presents quantitative scenarios
where MCH is exactly equal to phase-height, and Section 2.3.3 quantitatively investigates the general
magnitude of the differences between phase-height and MCH, as well as differences in their rates.

@

2.3.1. Qualitative Relationship Between Phase-Height and Mean Canopy Height

In order to qualitatively address the proximity of phase-height to MCH, Figure 3 is a graphic
representation of the integral in (1), for a profile p(z’) with just 3 thin vegetation layers at z}, z),
and zj. Then the integral in (1) becomes a sum of 3 vectors in the complex plane, with the length of
each black vector given by the power coming from that layer, p(z}), p(z5), and p(z}); and the phase
of each layer—the angle between the vector and the x-axis— proportional to each layer’s vertical
position, a,z], x,z}, and a,z}. The vector in red, with total phase, ¢;,,;, and amplitude, A, is the value
of the integral. The total phase-height, ¢;,;; /. = hy, is between the lowest (z}) and highest (zé) values
of the heights in the profile, while MCH is also between the extrema of the profile. Furthermore,
the phasor corresponding to each phase-height z’ is vectorially added with a strength proportional
to p(z’'), while in the expression for MCH, (2), the term for each height z’ is linearly added with
a strength proportional to p(z’). Figure 3 and the form of (1) and (2) therefore suggest the plausibility
that phase-height is related to radar MCH.



Forests 2017, 8,277 7 of 28

Imaginary
% A,z
- z43
?3/ /\
~
\Q
S Az
oy
¢int
zZ1
Real

Figure 3. A graphic representation of the integral in (1) for a 3-thin-layer radar power profile.
The ntegral is a sum of the three black vectors in the complex plane, each with amplitude equal
to the power of the layer, and phase proportional to the altitude of the layer. The red vector is the total,
the value of the integral in (1). The phase-height corresponding to this red vector, ¢;,;/«;, is between
that of the lowest and the highest layers.

2.3.2. Quantitative Relationship Between Phase-Height and Mean Canopy Height: Conditions for Equality
A more quantitative examination of the relationship between phase-height (i) and MCH starts

with the expression for MCH above, and, from (1), the phase-height:

h -
1 Im< E{E5 > 1 Im [, p(2') %% dZ’
hy = — arctan[mili} = — arctan]| Jo'P) .
oy Re< E1E; > o, Refohv p(2) eiezz dz!

®)

There are two conditions when hy is exactly equal to MCH. The first is when «ah, is very small
and only the first two terms of the Taylor expansion of the complex exponential are kept in (3):

1 Im [ " p(2') (1+iaz’) dZ
hy = — arctan]| fo p(z) ( %)

&z Refov z') (1+1o¢zz )dz!
= —arctan leth pE) 2 }
= 5 p(@)iz
hy 1
~ 7fth( 2 _ vicn o)
Jo? p(2)dz

In order for «, to be very small, h,,,;, must be very high. For a given level of phase noise, very
high h,,,;, (low &) will induce high levels of noise in phase-height, which is in part why using very
large h,,,;, is not always practical.

The second condition is if p(z’) is symmetric about some value of 2/, say zy:

p(z') = p(z0) +&(|2' — z0|) (5)

where g is any real function, as long as it depends only on the magnitude of the difference between z’
and the symmetry point zj. Inserting (5) into (2) confirms that MCH = z, if the lower and upper limits
of integration are extended to oo and p(z’) constrains the integral. Inserting (5) into (1), extending
the lower and upper limits to £co again, the integral becomes proportional to
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eiazzo/ (P(Zo) —i—g(\z' _ZO|> COSle(Z/ _ZO) dz' (6)
20

which is a real integral multiplying a complex phasor. Only the complex phasor determines the phase,
and therefore the phase-height, in (3), which is 1y = zp. The phase-height equals the symmetry height,
which equals MCH.

2.3.3. Quantitative Relationship: The Magnitude of Differences Between Phase-Height and Mean
Canopy Height

In general, the two conditions in (4) and (5) are not met, a;h;, is not <1, and p(z’) is not perfectly
symmetric; and the phase-height is not equal to MCH, nor are their rates equal. In order to get
an estimate of the order of magnitude of the differences between hy and MCH due to asymmetry in
p(z"), we inserted the following model radar power profile into (2) and (3), which were numerically
integrated to calculate MCH and h:

(%)
2
plE) o« e Ml 2 <z
—( =)

2
« e Mg 7>z (7)

where 07,7 and 04, are the left- and right-handed standard deviations. 0j.¢; was held at 2 m, and z,
the symmetry point when 0,r; = g, was set equal to 12.5 m for this calculation. Figure 4 was
generated by starting with ;¢ =2 m, which is the symmetric profile of p(z') versus altitude in meters,
in the lefthand inset. The right-hand standard deviation, 0;;¢,, was then stepped from 2 m to 12 m,
which resulted in the maximally asymmetric profile in the right-hand inset. Any further extension of
Oright would lead to a more symmetric profile. As 0y, was increased from 2 m, the MCH increased
and was plotted on the x-axis. The y-axis is the phase-height—MCH difference obtained by inserting
(7) into (3) and (2). The resulting hyp-MCH differences are shown for two values of h,,,;,, 60 m and
250 m, which nearly bracket the range of h,,,, used in the hy-versus-time results in the next section
(see Table Al). Note that for 0;;g,; = 2 m, on the far left of Figure 4, the difference hy-MCH = 0 on the
y axis of Figure 4, as in (6), for the symmetric profile. When asymmetry is introduced into p(z’) by
letting 0;¢p,; increase, the hy — MCH difference departs from zero, and for the most asymmetric profile,
that difference is ~—0.6 m for h,,,;, = 60 m and ~—0.035 m for h,,,;, = 250 m.

Because h,,,,;’s for different epochs were provided by the TanDEM-X mission, the differences in
hg in a time series arise in part due to different departures of iy from MCH owing to h,y,;, diversity.
It is therefore the difference in the curves in Figure 4 that constitutes an estimate of the error in using
hy instead of MCH. That is, if over the 3.2-year observation period, forest structure of a particular
plot did not change, 0.6 m is a worst-case estimate of the RMS scatter of the fit of phase-height to
time, due to changes in observation baseline (and h,,;) causing changes in hy. This scatter would
be due to changes in the observing instrument and not in the forest itself. Similarly, from Figure 5
which gives phase-height rate errors and RMS scatters about a linear fit to time, a 0.6 m scatter for all
points would generate about 0.1 m-yr~! rate error in using h, instead of MCH. These are worst-case
estimates for volume asymmetries because the actual temporal distribution of ambiguity heights did
not begin and end with the extremes of 50 m and 250 m. Rather these extremes were imbedded in
a more even 70-140 m range (Table Al). h,,,;,’s will therefore not generally differ from each other
as much as the extreme case used for illustration in Figure 4. Also, the most extreme asymmetric
profile (right-hand inset of p(z’) versus altitude above the ground) leads to the magnitude 0.6 m
hy-MCH difference. Actual p(z’)s will probably not be as asymmetric as the right-hand inset, though
this should be checked with radar and LiDAR profiles [22]. That 0.6 m and 0.1 m-yr~! are smaller
than the scatter and rate error observed in fits of phase-height to time, and that these values are
worst case, suggests that phase-height can be taken as nearly the same as MCH for phase-height rate



Forests 2017, 8,277 9 of 28

analysis. Excluding very high h,,,;, from the analysis did not change results very much, and this is
another suggestion that the order of magnitude of the differences between phase-height and MCH
is at the meter level. However, the simple test with (7) does not treat possible asymmetric ground
contributions, under the assumption that at X-band, we are mostly seeing the volume. The key point
of Figure 4 is that asymmetry in p(z’) is the major contributor to differences between phase-height
and MCH, and volume asymmetry causes a meter-level order-of-magnitude difference between MCH
and hg, with ~0.1 m-yr~! differences in rates. Note that in a future mission with forest structure and
biomass dynamics as a priority, this source of error in using hy could be greatly reduced by using
the same h,,,; for all observation epochs. Then, for the h,,,;, used, only the derivative of the curve like
those in Figure 4, % is relevant. The derivative gives the change in the difference between 5
and MCH due to changes in MCH, i.e. due to changes in forest structure. Analysis of this derivative for
hamp = 60 m suggests that less than ~0.1 m errors result from using h relative to using the radar MCH.

E o1

T

g 0.0+ hamb=250 m
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] 0.6 0.6

:c'|:) —02 [ 0.4 0.4

0 0.2 0.2

© \

£ 0.3l 0.0 5191550253035 4045 Ny =60 M \ % 5 1015202530354085 |
]

(]

2 -0.4}

[

m

(O]

g —-0.5¢

g

L

= —0.% . - . : : . . .
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Mean Canopy Height (m)

Figure 4. The calculated difference between phase-height and mean canopy height
(power-profile-averaged height), realized for an asymmetric-Gaussian hypothetical model of the
volume radar power profile p(z') as in (7). 07, ¢ is held at 2 m. When 0y, = 0yignt, p(Z') is symmetric,
the hy-MCH difference is zero, and MCH = 12.5 = z. The symmetric profile of p(z") versus altitude in
meters is in the left-hand inset. With Oright = 12, the right-hand inset shows the highly asymmetric
power profile as a function of altitude in meters, and the hyp-MCH difference is —0.6 m. The hy-MCH
difference is plotted against MCH, which goes from 12.5 to 20 m when 0y, is increased from 2 to
12 m. The difference is shown for two heights of ambiguity.

2.4. LiDAR Data for Phase-Height Rate Verification

In the next section, rates of LIDAR metrics were compared to phase-height rates. LIDAR data
available for 25 of the plots were taken by GEOID Laser Mapping Ltda. in 2012 and 2013. They
were acquired in 2012 using an ALTM 3100 (Teledyne Optech, Concord, ON, Canada), and data
acquired in 2013 used ALTM Orion M-200 (Teledyne Optech). Instruments were flown at 850-900 m
above the ground, with swath side overlap of 65% and a field of view of 11°. For each LiDAR pulse,
up to 4 returns were recorded, with approximately 25-39 returns m 2. A minimum return density
of >4 m~2 was realized over 99.5% of the LiDAR area.

3. Results: Time Series of Phase-Height and Aboveground Biomass

This section describes how phase-heights are derived from raw InSAR data. It also describes how
systematic trends not related to the target are removed from the data. It then shows phase-height
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versus time and phase-height rate estimates. A model is introduced to convert phase-height rate to
AGB-rate, and AGB-rates are produced for the 78 plots.

3.1. Phase-Height Rate from Raw Interferometric SAR Data

The area of Tapajés analyzed (See Figure 1) was observed 32 times in 3.2 years (Table Al).
The amplitude and phase were supplied by DLR for each spacecraft for small areas called “looks”.
A look extends 2.5 m in the azimuth direction (along the spacecraft flight line) and 1.4 m in
the range direction (perpendicular to the flight line). Data presented in this format are called
“single-look-complex”. The data were referenced to radar coordinates of “azimuth” and “range”,
the number of looks along each direction. The amplitude-phase data, actually given as complex
numbers with real and imaginary parts, were cross correlated by complex multiplication of the signals
from each spacecraft e.g., [7] and averaged (as in (1)) over 50 x 50 m, 0.25-ha. In this process, an
interferometric phase trend pertaining to the flat Earth was removed [28], leaving the phase of each
0.25 ha carrying only information about the altitude of the surface or vegetation. An amplitude and
phase-height (phase/a;) are available, for each of 32 epochs, for each of the 78 plots for which we
have field-measured AGB. The amplitude and phase-height together have been used to estimate
single-epoch AGB [10], but to estimate structural change in this work we use the phase-height only. As
mentioned in Sections 2.2 and 2.3.3, each epoch of measurement corresponded to a different baseline,
with a resulting different h,,,;,, though the h,,,;,’s are mostly in the 70-100 m range (Table Al). A
reference epoch, called £, of 22 September 2011 was adopted. Phase-heights from the reference epoch
were subtracted from all other phase-heights and those differences, for each of 78 plots, were fit to
time to extract a slope (rate).

3.2. Remouval of Systematic Trends in Phase-Height Data

Before fitting phase-heights to time, a systematic, planar offset in phase-height for each baseline
was removed. This offset depends on the range and azimuth, and has nothing to do with topography
or vegetation structure, and therefore must be removed before measuring vegetation-related changes
in phase-height. The offset is most likely due to unmodeled spacecraft and/or plot coordinates,
as described below. This offset can be fit by a plane in the range and azimuth and then subtracted from
the phase-heights [16,29]. The planar model of the phase-height of plots i at time ¢; (¢ ;) in terms of
the phase-height of plots i at tg (hy,i0) is

hg,ij = he,io+ aj + b x range; + cj x azimuth; + 6; ®)

where range;, azimuth; are the radar coordinates of plots i, and aj, b]', and ¢j define the offset, range
slope, and azimuth slope of the plane formed by the difference of phase-heights at ¢; and t. They are
estimated from the phase-heights of nearly all of the plots. The optimal solutions for 70 equations like (8)
determine the plane parameters for each time ¢;. The jump stands, with abrupt discontinuities, are not
used to estimate the parameters in (8), as they will cause rate biases, as explained in the next paragraph.
The overall offset a; results from one arbitrary phase offset per baseline, typical of interferometric data.
The b; and ¢; slopes can result from unmodeled drifts in the spacecraft positions and /or imperfections
in the flat-Earth phase removal mentioned above. In (8), ; ; is the departure from the average plane
of the phase-height for plots i at time #;. This residual is determined by inserting the 4;, b;, and ¢;
parameters estimated from 70 plots into an equation like (8) for each plot i. The phase-heights hy ; ;
and hy ;o are known from the data, leaving the residual J; ; the only unknown in (8). This residual for
each stand, with one further correction, will be plotted versus time to determine phase-height rate.
The prescription of (8) yields phase-heights with the right spatial relative differences for a scene
at a single epoch (a single j). For a series of times t;, it produces §; ;s with the correct absolute rate for
plots i only if the rates averaged over all plots used to estimate aj were zero. For nonzero average rates
over the 3.2 years of observation, the prescription of (8) yields relative rates of the 4; ;s only. This is
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because the time sequence of a; parameters will absorb the overall rate of growth of the plots used to
estimate J; j, leaving the rate of the J; ;’s artificially reduced (for positive overall growth) or augmented
(for negative overall growth). In order to produce the absolute rates of the next section, two buildings
were located in the InNSAR data and their “growth rates” estimated as in the first line of (9) below
from a time sequence of J; ;’s from (8). The phase-height rate of the buildings should be zero, but the
average of their phase-height rates was —0.45 m/yr. This negative phase-height change probably
results from an overall growth of the vegetated plots used to do the estimation in (8). A constant
0.45 m/yr was added to the slopes of all time series of J; ; by adding terms of the form 0.45 x (t; —to)
to each stand’s time series. The buildings” individual slopes were —0.4 and —0.5 m/yr, so 0.05 m/yr
can be regarded as a possible systematic error in the rates of Figures 5 and 7. The means of arriving
at this rate correction factor, by observing the time history of parts of the INSAR data known to be
stationary (or some other known rate value), is potentially a way to assess overall change in the region
spanned by the InNSAR data, which appears to be positive (increasing vegetation height and consequent
AGB; see Tables 1 and 2) for the sample of Tapajés in this study. This overall rate could in principle
also be estimated by tagging trees and remeasuring heights for a few years, as described in Section 4.3.

3.3. Phase-Height Time Series and Rates

Figure 5 shows phase-height versus time for 9 examples drawn from the 78 field plots for which
phase-height rate was estimated. Estimates of slope (phase-height rate) and slope error, along with
the RMS scatter and AGB are shown in the text for each plot. The red lines show the best fit model,
whether linear or the “jump” (i.e., logistic) model. Note that for some linearly fit plots, such as the one
in the upper right or right middle of Figure 5, less than 3.2 years—1-2 years—of data would probably
yield an acceptable rate error, of, say 0.5 m/yr. For most plots, a simple linear trend is the better fit,
but for the top two middle plots in Figure 5, there was a clear jump. The two models, J,,;; used for
plots i at time point j were

Omij = inti+m;xt; linear

and
fi

(Sm,i,]' = dl+el*t]+ 1+exp(—gl>k(t]—h1))

logistic function 9)

where int; is the linear-fit intercept, m; is the phase-height rate parameter. For the logistic function,
d; is a bias parameter, ¢; is the phase-height rate both before and after the jump in m/yr, f; is the “size”
of the jump in meters, g; is related to the width or abruptness of the jump in yr~!, and h; is a parameter
specifying the epoch of the jump in years. The linear model is the default. The logistic model is chosen
in Figure 5 if the size of the jump (the f; parameter) is greater than 4 m, and if the rms scatter of
the logistic fit was at least 33% lower than that from the linear fit. A total of 8 disturbed plots were
identified using these criteria.
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Figure 5. Phase-height versus time in years for 9 of 78 plots. All heights are differences relative to 22
September 2011. Red lines are linear fits of phase-height to time for plots without a jump. “Slope"
is the fit linear rate. The number after the & sign is the formal error on the slope. Plots with mass
<250 Mg-ha~! tend to have more positive rates than those with AGB > 250 Mg-ha~!. Two plots with
jumps, due to agricultural clearing are in panels 2 and 5. The red line for those plots is the logistic
function. For those plots, “slope" is a single rate estimated with the logistic function applied before
and after the jump. The AGB (before clearing for jump plots) is also shown, and the RMS about the fit
function is also shown.

The fits adjusted parameters in (9) to minimize the reduced x? using the errors bars in Figure 5,
with reduced x? for N observation epochs given by

1 N (6;;—0 )2
Reduced x> = N—mg el 02?111]
J= L]

where 0; ; are the observational errors for stand i at time point j, and m is the number of parameters in
the fit (2 for linear fits, 5 for logistic fits). Those observational errors were calculated by simulating
the interferometric response of a forest of 100 randomly distributed particles and producing coherence
and corresponding phase statistics. A lookup table was created giving phase-height scatter for each
value of coherence, and phase-height error was thereby determined from the coherence data. For each
stand, a single additional, unmodeled error, of order 0.5 to 1 m, was added in quadrature with
the coherence-based error to each time point to bring the reduced x? close to 1. The errors on the slope
parameters shown for each plots are based on the observational phase-height errors. For the plots
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described by a linear fit, rate errors (after the & symbols) were calculated using standard least-squares
methods [30]. For the plots described by the logistic function, errors in rates were calculated by Monte
Carlo techniques. Errors in the h; parameters were about 1 month. Being able to identify the epoch of
disturbance with this accuracy is a considerable gain for REDD+ monitoring over optical techniques
which are plagued by nearly constant cloud cover in the tropics. Landsat, for example, had two clear
observations in September 2013 and June 2014, compared to 11 over the same interval with TanDEM-X.
Clearing indications were found in Landsat for all 8 plots with jumps. Some of the plots in Figure 5,
for example the lower left, seem to show systematic effects which have few-month or annual time
scales. Future analyses should include taking the Fourier transform of the traces in Figure 5 to see if
annual or seasonal trends emerge. The rates for the complete set of 78 plots, along with their errors,
latitudes and longitudes are shown in Table A2 in the Appendix A.

The rate of lidar RH90 was found to correlate with phase-height rate better than any other RH
metric. The analysis which led to Figure 5 and Table A2 was redone including only those epochs
between August of 2012 to August 2013 to match the lidar data. The TanDEM-X phase-height rate over
this one year period is plotted versus the lidar RH90 rate in Figure 5, demonstrating a 0.5 correlation,
with a probability of 1 part in 10* of realizing the Figure by accident. The RMS about the y=x line
is 1.2 m-yr— 1.
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Figure 6. TanDEM-X phase-height rates, evaluated over August 2012— August 2013 period versus
RHO0 rates estimated by lidar (red rectangles in Figure 1) over the same time period. The dashed line
is y=x.

Figure 7 shows the estimated phase-height rates, a sample of which are portrayed in Figure 5,
versus field AGB. The plots with AGB <250 Mg-ha~! show a higher phase-height rate than the plots
with AGB > 250 Mg-ha~!. There seem to be significant peaks and dips for phase-height rates for AGB
less than 100 Mg-ha~!. A substantial number of points with AGB lower than 250 Mg-ha~! are above
the zero line by more than an error bar.
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Figure 7. The phase-height rates estimated from (9) versus field AGB. Many of the points below
250 Mg-ha~! are above the dashed zero line by more than an error bar, suggesting higher phase rates
at lower values of AGB.

Table 1 shows the average phase-height rate for secondary, primary, and all plots. The standard
deviation and the standard deviation of the mean are shown in the 3" and 4" columns. The standard
deviation of the mean is the error in the average phase-height, given by the standard deviation divided
by the square root of the number of plots in each category. Table 1 shows that secondary forest plots
have a factor of ~8 faster phase-height rate of change than primary plots.

Table 1. Average, standard deviation, and standard deviation of the mean of phase-height rate for
secondary forests, primary forests, and all plots.

Forest Type Avg Phase-Height Rate (m-yr~!)  Standard Dev (m-yr~!)  Standard Dev of Mean (m-yr—!)

Secondary 0.8 0.6 0.1
Primary 0.1 0.5 0.1
All Plots 0.5 0.6 0.1

Some of the plots in Figure 5, such as the upper left panel, show statistically significant rates
of change of phase-height, relative to the error in the rate parameter. Others, like the lower left
panel, show insignificant rate. In Figure 7, many points are several error bars away from zero, and
are therefore significant. Comparing columns 2 and 4 in Table 1, the average phase-height rate for
secondary plots and that for all plots are significantly different from zero (column 2 is much greater
than column 4). The average primary rates are consistent with zero. Note that systematic errors
discussed in subsection 4.3 have not been addressed in the above discussion of significance.

3.4. From Phase-Height Rate to AGB Rate

This subsection derives the conversion from phase-height rate to AGB-rate. Given the closeness of
phase-height to radar MCH discussed in Section 2.3, and given the many studies that have expressed
AGB as a function of LIDAR MCH [20,25-27], we start with AGB as an arbitrary function f of hy and
take the time derivative for AGB:

AGB = f(hy)
dAGB  df(hy) dhy
at dhy dt
. dAGB(hyp)
acp — ACB(w)

dhy
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AGB = Conversion factor(AGB) (10)

The conversion factor from phase-height rate to AGB-rate is the derivative of AGB with respect
to phase-height. However, note that (10) refers to one plot. The derivative of AGB with respect
to phase-height means the derivative with respect to changes in phase-height within a plot, not,
for example, to changes in phase-height due to lateral displacement. As discussed in Section 3.4.1,
this conversion factor can be taken as constant for each plot, over the ~3-year period over which
phase-height rates are estimated, for undisturbed plots. For jump plots, this approximation is strictly
not true, in that AGB changes substantially for a jump and the conversion factor on the right side
of jumps in Figure 5 should be different than that on the left. However, because the jumps happen
in ~22014, the linear rates are more established by the “before clearing” vegetation dynamics. In a
more general formulation, the before- and after-jump AGB-rates could be calculated separately. In
(10), the conversion factor is anticipated to be a function of AGB, as will be shown in Section 3.4.1. The
conversion factor is derived in Section 3.4.1. The conversion factors are applied to the phase-height rate
results to derive AGB-rates in Section 3.4.2. Section 3.4.3 is about the relative accuracy of single-epoch
versus differential AGB estimates.

3.4.1. Model for Deriving Phase-Height-Rate to AGB Rate Conversion Factors

The conversion factor for transforming from phase-height rate to AGB-rate for a given plot is
based on a model illustrated in Figure 8. Figure 8 shows an older (higher AGB) plot on the left and
a lower-AGB plot on the right. They are both the same lateral size, 50 m x 50 m. The older one on
the left has more growth than the one on the right, where the number of tree icons is schematically
related to vegetation density at the top of the plot, z’. The top height, 2/, is the height beyond which
the mass density is zero. It is expected that the increment in AGB due to a change in top height z’ by
Az' will be larger for the left-hand plot than for the right-hand. This would certainly be true if, by
increasing Az’, the plot replicated another layer with the vegetation (and consequent mass) density
characteristics at z’. The increase in AGB would then be p(z')Az’, with p(z’) the plot’s mass density
at z’. However, it is also possible that the increase in mass density in going from z’ to z’ + Az’ occurs
lower in the canopy, near the base of the trunks, for example. In general, therefore, p(z') is to be
interpreted as the quantity by which Az’ must be multiplied to give the mass/area increase of the plot when the
top altitude 2/ — 2/ + Az’

AZ'

A

«— N, —

Figure 8. Schematic illustration of two stands with an increment of Az’ in top height. The number of
tree icons represents vegetation and consequent mass density in the stand near the physical top height
z' . The same change in top height, Az’, will produce less AGB change in the shorter plot on the right
than in the taller one on the left.
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In either case, the AGB needed to evaluate the derivative in (10) is an integral over top heights z:

hy
AGB = / p(z")dz'
0
withp(z) = n2/f1
B
AGB ’72” (11)

where p(z') is now restricted in the second line of (11) to be a power law for each stand. The rationale
for plot-level mass density being proportional to a height metric to a power is loosely based on the
notion that individual tree mass goes as a power of height [23]. However, that a collection of power-law
trees sum to a power-law plot has not been demonstrated; it is taken as an empirical model. The
exponent § in (11) in the literature has taken on values of 1-3 [12,14,16], exponentiating total height,
Lorey’s height, or phase-height. It is conceivable that B varies from plot to plot, or has an AGB
dependence. In what follows, however, § will be taken to be common to all plots. The amplitude is 7,
which will be allowed to vary between plots. In (11), i, is the total physical height. We will ex<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>