Wetlands (2015) 35:745-756
DOI 10.1007/s13157-015-0666-y

@ CrossMark

ORIGINAL RESEARCH

Wetlands of the Lowland Amazon Basin:

Extent, Vegetative Cover, and Dual-season Inundated
Area as Mapped with JERS-1 Synthetic Aperture Radar

Laura L. Hess' - John M. Melack' - Adriana G. Affonso? - Claudio Barbosa? -

Mary Gastil-Buhl® - Evlyn M. L. M. Novo?

Received: 25 November 2014 / Accepted: 28 May 2015 /Published online: 20 June 2015

© Society of Wetland Scientists 2015

Abstract Wetland extent, vegetation cover, and inundation
state were mapped for the first time at moderately high
(100 m) resolution for the entire lowland Amazon basin, using
mosaics of Japanese Earth Resources Satellite (JERS-1) im-
agery acquired during low- and high-water seasons in 1995—
1996. A wetlands mask was created by segmentation of the
mosaics and clustering of the resulting polygons; a rules set
was then applied to classify wetland areas into five land cover
classes and two flooding classes using dual-season backscat-
tering values. The mapped wetland area of 8.4x10° km? is
equivalent to 14 % of the total basin area (5.83 x 10° km?) and
17 % of the lowland basin (5.06 x 10° km?). During high-water
season, open water surfaces accounted for 9 % of the wetland
area, woody vegetation 77 %, and aquatic macrophytes 14 %.
Producer’s accuracy as assessed using high-resolution digital
videography was better than 85 % for wetland extent. The
mapped flooding extent is representative of average high-
and low-flood conditions for latitudes north of 6° S;
flooding conditions were less well captured for the south-
e part of the basin. Global data sets derived from lower-
resolution optical sensors capture less than 25 % of the
wetland area mapped here.

>4 Laura L. Hess
lola@eri.ucsb.edu

Earth Research Institute, University of California, Santa
Barbara, USA

Remote Sensing Division, National Institute for Space Research
(INPE), Sao José dos Campos, Brazil

Marine Science Institute, University of California, Santa
Barbara, USA

Keywords Tropical wetlands - Amazon River - Floodplain
inundation - Radar remote sensing - JERS-1 - Global Rain
Forest Mapping Project

Introduction

Freshwater ecosystems play an important role in global hy-
drologic and carbon cycles (Alsdorf et al. 2003; Cole et al.
2007), provide a wide range of ecosystem services including
fish and fiber production, water supply, water purification, and
flood regulation (Acreman and Holden 2013), and are rich in
species diversity and endemism (Revenga et al. 2005).
Freshwater habitats are also among the most threatened by
human activities and by climate change (Abell 2002;
Kingsford 2011; Castello et al. 2013). Despite their impor-
tance, the extent of inland waters and adjacent wetlands, and
the temporal variability of surface waters, are not well charac-
terized (Alsdorf et al. 2003; Downing 2009), limiting our abil-
ity to monitor and manage freshwater ecosystems at watershed
scale (Finlayson et al. 2005) and to incorporate freshwater
ecosystems into land surface models at global scale (Wood
et al. 2011). Since the inception of the Ramsar Convention
on Wetlands in 1971, Contracting Parties have been called
upon to prepare national wetland inventories; yet only one
third of Ramsar Parties had initiated a national inventory pro-
cess as of 2009 (Lowry et al. 2009). Mapping technologies
that can aid in delineating and characterizing wetlands over
large regions are urgently needed.

Remotely sensed imagery from optical sensors such as
Landsat Thematic Mapper, SPOT, QuickBird, and Ikonos
has been widely used for regional wetlands mapping
(Ozesmi and Bauer 2002; Adam et al. 2010). In the humid
tropics, however, the task of assembling cloud-free coverage
over large areas during the seasons corresponding to phases of
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the flood cycle is challenging. While optical sensors with high
temporal resolution such as MODIS can be used to monitor
flooding and phenology in some types of large wetlands
(Orodyne and Friedl 2008; Landmann et al. 2010), their spa-
tial resolution (250 m—1 km) is insufficient for smaller streams
and wetlands, and flood detection within woody stands is
limited to those with low canopy cover. Global land cover
data sets derived from these sensors typically include few or
no wetland classes other than open water, and consistency
among global 1-km land cover data sets is low for water-
related land cover types (Nakaegawa 2012).

L-band synthetic aperture radar (SAR) sensors — active
imaging systems operating in the 1-2 GHz range (15—
30 cm) — are well suited to large-scale land cover mapping
in tropical regions because of their ability to penetrate clouds
and to distinguish among woody, herbaceous, and non-
vegetated cover (Kasischke et al. 1997). Water, herbaceous
vegetation, and forest present increasingly rough targets to
L-band radars, resulting in higher backscattering and image
tones ranging from black (water) to dark gray (herbaceous)
and medium gray (forest) (Fig. 1). L-band SAR systems in
HH mode (horizontal send and receive polarization) are par-
ticularly useful for mapping wetlands because they can reli-
ably detect flooding beneath most vegetation canopies (Hess
et al. 1990; Melack 2004). Specular reflections from sub-
canopy water surfaces undergo a second (“double-bounce”)
reflection against tree trunks or larger herbaceous stalks, en-
hancing backscattering and resulting in bright image tones
(Wang et al. 1995; Silva et al. 2008). Although the L-HH
backscattering signatures of vegetation cover types are not

Fig. 1 Example of low-water B2°W

(left) and high-water (right)
GRFM mosaics of JERS-1 SAR
images for region near the
confluence of the Purus and
Solimdes (Amazon) rivers.
Seasonally flooded forests appear
gray in their non-flooded state at
left (Oct.-Nov. 1995), and white
in their flooded phase at right
(May-July 1996), when double-
bounce reflections enhance SAR
returns. Arrows indicate areas
where shrubs or short trees are
exposed at low water (dark gray
on scene at left) and submerged at
high water (black on scene at & -
right, indicating open water). ©
JAXA, METI
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unique, temporal changes in backscattering linked to seasonal
variability in flooding state significantly improves separability
of classes (Hess et al. 2003; Amesen et al. 2013). SAR-based
mapping of tropical wetlands has been done for a few large
regions such as the Brazilian Pantanal (Evans et al. 2010) and
the island of Borneo (Hoekman et al. 2010), but so far has not
been applied at basin-wide scale for the world’s largest river
basin, the Amazon.

During the 1990s, mosaics of L-band SAR data from the
Japanese Earth Resources Satellite 1 (JERS-1) were assem-
bled for tropical and boreal regions as part of the Global Rain
Forest Mapping (GRFM) Project (Rosenqvist et al. 2000). As
part of a Large-Scale Biosphere-Atmosphere Experiment in
Amazonia (LBA; Keller et al. 2013) study, Hess et al.
(2003) mapped and validated wetland extent, vegetative cov-
er, and flooding state for an 18°x8° portion of the central
Amazon using dual-season GRFM mosaics. Here we extend
the LBA wetlands mapping to report the first validated esti-
mate of wetland extent, cover, and flooding for the lowland
Amazon basin. We describe mapping and validation methods
and results, discuss the timing of the two mosaics relative to
regional precipitation and discharge records, and compare
mapped areas with estimates from global and regional land
cover data sets.

The thematic scope of the mapping includes all surface
waters, incorporating lakes, rivers, and wetlands; these linked
ecosystem types we refer to collectively as “wetlands”. This
usage, though somewhat unconventional, corresponds with
the Ramsar definition of wetlands (Scott and Jones 1995)
and acknowledges the importance of linkages among different
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types and hierarchical scales of freshwater ecosystems
(Lamberti et al. 2010). It also recognizes that on floodplains
of large tropical rivers, the aquatic-terrestrial transition zone
migrates as a function of the river flood pulse (Junk et al.
1989; Bayley 1995), so that delineations of channels, lakes,
and floodplains vary seasonally.

Methods
Study Area and Satellite Data

JERS-1 scenes acquired during Oct.-Nov. 1995 and during
May-July 1996 were used for the wetland mapping. Scenes
were radiometrically calibrated and mosaicked at 3-arcsecond
pixel size (approximately 90 m) to create the dual-season
GRFM Amazon mosaics (Siqueira et al. 2000; Chapman
et al. 2002). The two mosaics are refered to as “low-water”
(1995) and “high-water” (1996) based on their correspon-
dence to low-flood and high-river stages in the central basin.
GRFM mosaic geolocation was based on tie-points located in
regions for which 1:100,000 or larger-scale maps were avail-
able, resulting in a lack of tie-points and impaired geolocation
for some portions of the basin. For our analysis, geolocation
was refined using 180 additional tie-points located on the
1990s-era GeoCover = Orthorectified Landsat Thematic
Mapper Mosaics (Earth Satellite Corporation 2002). Tie-
points were restricted to flat areas, and no attempt was made
to correct terrain distortions resulting from SAR geometry.
Such terrain distortions affect hilly and mountainous areas,
and do not degrade geolocation in the lowland floodable areas
that are the focus of this study.

The area mapped was the lowland Amazon, defined as
the portion of the Amazon watershed below 500 m asl
(Fig. 2). Using Shuttle Radar Topography Mission
(SRTM) digital terrain elevation data (Farr et al. 2007
Jarvis et al. 2008), areas greater than or equal to 500 m
asl were excluded. The RiverTools software package
(Peckham 2008) was used to delineate watersheds of the
Amazon and its major tributaries, setting the Amazon ba-
sin outlet where the mainstem Amazon River channel
splits into north and south channels west of Gurupa
Island (51.4375° W, 0.4583° S). This Amazon watershed
delineation excludes the Tocantins watershed as well as
most of Marajé Island and adjacent islands of the
Amazon estuary, regions grouped together with the
Amazon basin in some studies. The resulting study area
of 5.06x10° km® is 87 % of the total basin (5.83x
10° km?). The GRFM mosaics did not include portions
of Bolivia south of 16° S and Brazil north of 4°N; as
described below, these regions were mapped using a com-
bination of radar and optical imagery.

10°N 10°N

10°S 10°S

80°W

60°W

Fig. 2 Study area within which wetland areas were mapped using
GRFM mosaics (white); Amazon basin boundary (blue); and validation
regions. Black areas were mapped using PALSAR and Landsat mosaics.
Gray areas within basin are greater than 500 m asl

Wetland and Land Cover Class Definitions

Although there is widespread agreement that the term
“wetland” refers to habitats with continuous, seasonal, or peri-
odic standing water or saturated soils, specific criteria for des-
ignating a particular site as a wetland vary regionally and de-
pend on the intended application (Finlayson and van der Valk
1995; Scott and Jones 1995). The wetlands mapping described
here is intended primarily for large-region biogeochemical and
hydrologic modeling of lowland Amazon wetlands with sea-
sonal or permanent standing water. For these applications, key
information requirements are 1) status as wetland or non-wet-
land, 2) vegetation structural type, and 3) flooding state during
the local flooded and nonflooded seasons. While these criteria
are not sufficient for discriminating all wetland types specified
by comprehensive classification systems for Amazonian wet-
lands such as that of Junk et al. (2011), they provide a starting
point for deriving these classes at basin-wide scale.

For this study, wetland areas were defined as (1) areas that
were inundated on either or both radar mosaics and (2) areas
not flooded on either date, but adjacent to flooded areas and
displaying landforms consistent with wetland geomorpholo-
gy. The second condition is necessary since the two mosaic
acquisition periods did not capture high-water conditions for
all parts of the basin. Classification of areas under condition 1
was automated, while condition 2 required hand editing by
trained interpreters. Under condition 2, a conservative ap-
proach was taken; ambiguous cases were thus not included
as wetland areas. Seasonally or permanently saturated areas
with hydromorphic soils or wetland vegetation are not neces-
sarily detectable using L-band SAR. However, in the humid
tropics, these areas are likely to have at least discontinuous
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pools of standing water during the rainy season, allowing
detection. River channels and permanent lakes and reservoirs
are included here within the definition of wetland areas.

The wetland definition used here is not date-specific, since
in addition to automated detection of water and flooded vege-
tation on specific dates it employed human interpretation of
features that were judged likely to be flooded on other dates
(condition 2). The land cover and inundation mapping, how-
ever, was date-specific, labeling what can be termed “land
cover states” composed of five land cover types (nonvegetated,
herbaceous, shrub, woodland, forest) and two flooding states
(nonflooded, flooded). The nonvegetated class is equivalent to
bare ground (e.g., sand bar or mud bank) when nonflooded,
and to open water when flooded. The flooded herbaceous class
includes both emergent flooded plants and floating beds of
aquatic vegetation, but omits submerged aquatic plants, which
cannot be detected with SAR. The date-specific approach al-
lows consideration of temporal transitions that are common in
Amazonian wetlands, such as from nonflooded shrub to open
water (as the shrubs are submerged), or from flooded herba-
ceous to open water (as floating aquatic macrophytes senesce
and decompose, or are dislocated by wind or current).

Definitions of the five land cover types follow conventions
of the UN-FAO Land Cover Classification System (LCCS)
(Di Gregorio 2005). Woody vegetation is partitioned between
tree and shrub using a height limit of 5 m. Forests are areas
with tree canopy cover of more than 70 %, while areas with
20 % to 70 % tree cover are classed as woodlands. In this
study, only shrublands with closed canopy cover (>70 %)
are considered. Under the LCCS guidelines, nonvegetated
areas have<4 % vegetative cover. This definition was modi-
fied to include as nonvegetated any areas with sparse (4 to
20 %) canopy cover. These vegetation height and canopy
cover criteria were applied in labeling training and validation
samples from high-resolution digital videography.

Classification of SAR Mosaics

A wetlands mask was created by segmentation of the SAR mo-
saics and clustering of the resulting polygons based on mean
backscattering coefficient (0°) (Hess et al. 2003). Region-
growing segmentation and iterative clustering into wetland and
non-wetland classes were performed using the SPRING soft-
ware package (Camara et al. 1996). Since high-resolution digital
terrain data were not available at the time the SAR mosaics were
generated, no terrain correction had been applied to modify
backscattering based on local incidence angles. The high returns
from facing slopes closely resembled those from flooded forest.
These areas, and human-impacted areas such as roads which had
returns similar to those from rivers, were removed from the
wetland mask by manual editing. The minimum mapping unit
was approximately 1 km?; however, continuous linear features
could include segments as narrow as 1 pixel (approx. 100 m).
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Within the wetlands mask, a rule set (Hess et al. 2003) was
applied on a per-pixel basis to classify wetland areas into the
five land cover classes and two flooding classes based on dual-
season ¢° values. Dual-season backscattering signatures for
shrub and aquatic macrophyte classes were not unique, resulting
in high confusion rates when a single rules set was applied
basin-wide. Confusion rates between open water and bare
ground surfaces were similarly high, owing partly to the high
noise floor of the JERS-1 instrument (Chapman et al. 2002).
Three regional rules sets were therefore used, modifying shrub/
macrophyte and bare-soil/water decision thresholds based on a
priori expectation of the classes for 1) floodplains inundated
primarily by whitewater, where aquatic macrophytes were more
likely to occur than shrubs; 2) floodplains, interfluvial swamps,
and reservoirs inundated primarily by blackwater or direct pre-
cipitation, where shrubs were more likely to occur than aquatic
macrophytes; and 3) the Llanos de Moxos, Roraima, and
Humaita savannas, where confusion between bare surfaces
and water was likely to result in overestimation of open water.

The above-described methods were applied to the latitudinal
range covered by the GRFM mosaics (4° N to 16° S). In order to
provide a complete mapping for the lowland Amazon basin,
wetlands north and south of this range (3 % of the total lowland
Amazon) were mapped using a combination of 1) dual-
polarization ALOS PALSAR mosaics from 2007 to 2010
(Shimada et al. 2014; downloaded from http://www.eorc.jaxa.
jp/ALOS/en/palsar_fnf/fnf index.htm) and 2) mosaics of
Landsat images from 2011 (Hansen et al. 2013; downloaded
from http://earthenginepartners.appspot.com/science-2013-
global-forest/download v1.1.html). Although these data sets do
not include the date-specific flooding information provided by
the GRFM mosaics, the combination of optical and radar data,
and the cross-polarized (HV) band available for PALSAR,
compensate somewhat for the lack of seasonal information.
The Landsat and PALSAR mosaics (resampled to the GRFM
3-arcsecond pixel size) were classified using a method analogous
to that applied to the GRFM mosaics, except that dual-season
classes for these wetlands were inferred based on the strength of
the flooding signal. For example, wetland forests with very bright
returns were classified as flooded during both high- and low-
water seasons and those with moderately bright returns were
classified as seasonally flooded. The Bafados del Izozog, an
important wetland of the Bolivian Chaco, could not be clearly
delineated using the PALSAR and Landsat mosaics owing to
highly seasonal or intermittent flooding patterns; wetland
boundaries and vegetation structure were therefore delineated
with reference to Navarro and Fuentes (1999) for this region.

Accuracy Assessment
Accuracy assessment included three interrelated elements:

geolocation accuracy, thematic accuracy, and representative-
ness of average flooding patterns. The stated uncertainty for
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the GeoCover data set, combined with the RMS error for test
points following coregistration of the SAR mosaics with
GeoCover, yields an estimated geolocation error of 75 m, with
a maximum error of 300 m. A 1999 airborne campaign ac-
quiring high-resolution digital videography, and timed to cor-
respond seasonally to the May-July 1996 mosaic acquisition
period (Hess et al. 2002), was the primary validation data set
for thematic accuracy. Because flight lines were limited to
Brazil and cannot be considered representative of the entire
study area, sub-regions within the GRFM study area were
designated as one of four thematic accuracy zones (Fig. 2).
Zone 1 is a 500-km buffer zone centered on the 1999 vide-
ography flight lines. Within this zone, videography-based accu-
racy statistics should be valid. Beyond this buffer zone, the
applicability of the videography-based results depends on
whether the vegetation types and flooding conditions in those
regions were represented within the videography data set. The
remainder of the study area was subdivided into regions where
both vegetation and flood conditions were likely to be represent-
ed (zone II), and those where either vegetation or flood timing
was not well represented in the video data set (zone III). For
extensive wetlands in the Marafion-Ucayali region of Peru and
for the Llanos de Moxos in Bolivia (Zone IV), accuracy was
assessed by comparison with recent high-resolution vegetation
maps (Josse et al. 2007). Accuracy was not assessed for the 3 %
of the study region not covered by the GRFM mosaics.
Validation samples for Zones I and II were selected by ran-
dom sampling of flight time codes, each of which was associat-
ed with a 100x 100 m (1 ha) sample at the center of a geotiff file
extracted from the videography. Samples with wetland cover
occupying<10, 10-90, or>90 % of the 1 ha sample were la-
beled as Nonwetland, Mixed, or Wetland, respectively. Samples
labeled as Wetland were further labeled according to the domi-
nant land cover as Open Water, Herbaceous, Woody, or Mixed.
Timing of the JERS-1 mosaics relative to typical flooding
patterns was assessed by comparing the seasonality of precip-
itation and river discharge with the acquisition dates of the
scenes composing the GRFM mosaics. Timing of maximum
and minimum rainfall for the period 1961-1990 was derived
from the 0.5° gridded Climatic Research Unit TS 2.1 data set
(Mitchell and Jones 2005). Timing of river discharge for 78
stations in Brazil was derived from the data set of Costa et al.
(2002); timing for three stations in Peru was determined from
hydrographs provided online by the Servicio Nacional de
Meteorologia y Hidrologia del Peru (SENAMHI Peru, n.d.).

Results and Discussion

Wetland Area, Cover, and Inundation State

Our dual-season mapping (Fig. 3) found a wetland area of
8.4x10° km? for the lowland Amazon (Table 1), which

represents 14 % of the total basin area (5.83x10°) and 17 %
of the lowland basin (5.06 x 10°). Open water constituted 7 %
of the wetland area on the Oct-Nov 1995 mosaic and 9 % on
the May-July 1996 mosaic (5.6x10% and 7.3x10* km?, re-
spectively). At high-water stage, woody vegetation (forest,
woodland, shrub) covered 77 % of the wetland area, while
herbaceous vegetation (aquatic macrophyte at high water) oc-
cupied 14 %. The flooded portion of the wetland area varied
from 34 % during Oct.-Nov. 1995 to 75 % during May-July
1996. The flooded portion varied from 5 to 11 % relative to the
entire Amazon watershed, and from 6 to 13 % relative to the

Woodland, flooded

Forest, non-flooded

z n

Fig. 3 a Amazon wetland classes mapped during Oct.-Nov. 1995 (low
water) and b May-June 1996 (high water). Black areas are non-wetland and
gray areas within the Amazon basin have elevations greater than 500 m

Water Shrub, non-flooded
Bare/herb, non-flooded Shrub, flooded
Woodland, non-flooded

Herbaceous, flooded Forest, flooded

@ Springer



750

Wetlands (2015) 35:745-756

Table 1 Mapped areal extent
(km? x 1000) of Amazon wetland

Low-water, Oct.-Nov. 1995

High-water, May-July 1996

cover classes and inundation

states Cover class Non-flooded Flooded Total Non-flooded Flooded Total
Open water 0.0 56.3 56.3 0.0 73.2 73.2
Herbaceous/bare 79.0 52.8 131.8 0.0 120.2 120.2
Shrub 46.5 3.0 49.5 1.2 429 44.1
Woodland 19.0 67.8 86.8 0.0 86.8 86.8
Forest 411.2 105.3 516.4 204.9 311.5 516.4
Total 555.6 285.2 840.8 206.1 634.6 840.8

lowland portion of the basin. All wetland areas were not si-
multaneously flooded on the high-water (1996) mosaic be-
cause of regional differences in timing of flooding. Brazil
accounts for about half (52 %) of the Amazonian wetland area,
with large areas also present in Bolivia (24 %) and Peru
(17 %), and small areas in Colombia (4 %), Venezuela
(1 %), and Guyana (<1 %). Forty-four percent of the wetland
area is located within the watersheds of the two largest tribu-
taries of the Amazon, the Madeira and Negro rivers (Table 2).
The Maranon sub-basin has the highest proportion of total
area as wetland (20 %), followed by the Madeira (19 %) and
I¢a-Putumayo (17 %). The sub-basins with the smallest pro-

portion as wetland are the Tapajos (5 %) and the Xingu (8 %).

The transitions in cover states between the two flooding
seasons (for wetlands within the GRFM region; Table 3) fall
into three groups. 1) Sixty-two percent of the wetland pixels
did not change in either cover type or flooding state between
the two dates (although the pixels flooded both dates would
have been flooded more deeply at high water). These included
(semi)-permanently flooded areas of all cover types, forested
areas not flooded on either date because the local flood peak
did not correspond to the imaging dates, and forested areas on
high levees that do not flood every year. The shrubs in this
group are tall enough relative to the local flood amplitude that
they are not submerged at high water. (Semi)-permanently
flooded woody vegetation covers an area of 1.99%10° km?,
or 25 % of the total wetlands; about half of this is forest. 2)

Pixels that transitioned from non-flooded to flooded without a
change in cover type accounted for 35 % of the total area; this
group includes seasonally flooded forest, seasonal aquatic
macrophyte stands with bare soil or terrestrial phase grass
cover at low water, and seasonally flooded shrubs. 3) For the
remaining 3 % of the wetland pixels, cover type changed
between seasons. These are primarily shrub or herbaceous
areas covered by open water at high flood stage, plus some
areas that transition from open water to aquatic macrophyte.

Thirty-eight percent of the mapped wetlands were flooded
on both dates, 37 % on only one date, and 25 % on neither
date. Areas occupied by open water on both mosaics, corre-
sponding to river channels and permanent to semi-permanent
lakes, cover 0.53x 10° km?, less than 7 % of the total wetland
area. Of the 1.04x10° km® with macrophyte cover at some
time of year, 52 % was dry (bare or non-flooded herbaceous)
at low-water stage, and 42 % had (semi)-permanent macro-
phyte cover; only 6 % transitioned from open water to mac-
rophyte. Aquatic macrophyte stands, particularly floating
grasses, may shift position during the growing season (Silva
et al. 2010); the complexity of this type of transition between
cover states is not captured here.

Assessment of Thematic Accuracy

From a pool of 748 labeled videography samples, validation
data sets were created by random selection from Nonwetland

Table 2 Wetland area (km? x

1000) within watersheds of major Tributary watershed Wetland area Watershed area Percent of tributary Percent of

tributaries watershed Amazon wetlands
Madeira 254.6 1317.4 19.3 303
Negro 117.1 721.5 16.2 13.9
Maraiion 70.9 358.4 19.8 8.4
Ucayali 41.5 356.3 11.7 49
Xingu 37.1 492.1 7.5 4.4
Purus 36.1 368.2 9.8 43
Japuré-Caquetd 31.9 2559 12.5 3.8
Tapajos 222 4922 4.5 2.6
Jurua 20.9 189.3 11.0 2.5
I¢a-Putumayo 20.3 117.9 17.2 24
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Table 3  Transitions in cover states (km” x 1000) between low- and high-water seasons (OW open water, Hrb Bare or herbaceous, Shr Shrub, Wdl
Woodland, For Forest, FI Flooded, Nfl Not flooded); the cases on the diagonal, shown in bold, did not change cover state or flooding state

High-water cover state

OW-FI  Hrb-Nfl Hrb-FI Shr-Nfl Shr-FI =~ WdIl-FI  For-Nfl For-Fl Total

., OWFl 534 5.9 59.3
g Hb-Nfl 113 54.7 66
5 Hib-Fl 43.5 43.5
S SheNfl 52 422 474
8 ShrFl 2.4 11.7 14.1
= WdI-FI 78.1 78.1
E For-Nfl 196.6  184.6 381.2

For-Fl 109.3 109.3

Total 72.3 0 104.1 0 53.9 78.1 196.6  293.9 798.9%

# Transitions are tabulated here only for wetlands covered on the dual-season GRFM mosaics (latitudes 4 °N to 16°S)

and Wetland samples to assess the accuracy of the wetland
area mapping, and from Wetland samples to assess the accu-
racy of the vegetation classes mapped at high-water stage.
Percent accuracy (producer’s, user’s, and overall) and Kappa
coefficients are shown in Table 4. Overall accuracy was good
for both the wetland mapping (93 % accurate) and vegetation
mapping (86 % accurate). Producer’s accuracies were good
for all categories except herbaceous (equivalent to aquatic
macrophyte at high-water stage) and open water. The low
accuracy of 50 % for macrophytes resulted primarily from
the similarity in backscattering coefficient among macro-
phytes, nonflooded forest, nonflooded shrubs, and barely
emergent flooded shrubs. Accuracy for macrophytes in this
study was lower than the 65 % reported by Hess et al.
(2003) because that study targeted areas with relatively less

Table 4  Videography-based thematic accuracy assessment (applicable
to Zones I, II): wetland/ nonwetland and water/herbaceous/woody

Producer’s accuracy (%) User’s accuracy (%)

Wetland (floodable) and nonwetland areas
Nonwetland 93.9 98.7
Wetland 88.3 69.7
Overall Accuracy: 93.2 %
Kappa coefficient: 0.740

Vegetation cover at high-water stage

Open water 78.1 95.0
Herbaceous 50.0 36.0
Woody 95.5 92.0

Overall accuracy: 86.2 %
Kappa coefficient: 0.743

shrub cover. The 78 % accuracy for water was lower than what
is normally expected for open water using L-band SAR. The
high noise equivalent o° for JERS-1 (approximately —18 dB
for the GRFM mosaics; Chapman et al. 2002) resulted in
misclassification of some water pixels as bare ground, espe-
cially in savanna regions with sparse vegetation, such as
Roraima. However, much of the error for this class was likely
due to actual differences in cover between map and reference
samples, e.g., samples having macrophyte cover during the
1999 videography flight but not on the 1996 JERS-1 image,
or shallow, seasonally flooded ponds that were dry in 1999.

For Zone 1V, high-resolution ecological systems maps of
the Peruvian and Bolivian Amazon (Josse et al. 2007) were
reprojected and masked to correspond with the JERS-1 mo-
saics, and all mapped classes subject to inundation were com-
bined to create a validation data set for the wetland mask.
Comparison of all pixels within Zone IV showed a correspon-
dence rate of 90 % for Peru and 76 % for Bolivia. The lower
agreement rate for Bolivia resulted largely from the present
study’s misclassification as non-wetland of areas that were not
flooded during either mosaic imaging period.

Hydrologic Representativeness of Mosaics

In order to estimate the degree to which the “high-” and
“low-" water mosaics represent typical flooding conditions,
the month of JERS-1 acquisition for the low- and high-water
mosaics was first compared to the month of minimum and
maximum precipitation. This comparison (Fig. 4) is most rel-
evant for small rivers, interfluvial wetlands, and portions of
savanna wetlands, where direct precipitation, runoff from lo-
cal watersheds, and water table levels drive flooding patterns.
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Fig. 4 Upper: month of minimum (/eft) and maximum (right)
precipitation. Lower: Acquisition month of JERS-1 low-water (/eff) and
high-water (right) imagery composing GRFM mosaics

For much of the basin south of about 6° S, the driest months
occur from July to August and the wettest months from
December to March. For these areas, dry-season inundation
may be overestimated, and wet-season inundation
underestimated, based on the JERS-1 mosaics. For the north-
ern part of the basin, timing of minimum precipitation is sim-
ilar to that of the low-water mosaic except for areas north of
the equator and west of 60°, while timing of maximum pre-
cipitation is within 1 month of the JERS-1 high-water
acquisitions.

On large river floodplains, inundation is driven by changes
in river stage; the river flood pulse spreads to the floodplain

-1 0 1 2 3 4

Fig. 5 Number of months by which JERS-1 high-water acquisition date
preceded (negative numbers) or lagged (positive numbers) the mean
month of peak river discharge for 81 gauging stations
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primarily via distributive floodplain channels and overbank
flow from the main river channel. A second hydrologic assess-
ment of the mosaic compared peak river stage with timing of
the JERS-1 1996 mosaic. This comparison (Fig. 5) reveals
timing offsets of —1 to +1 month for most gauges north of 4°
S, +2 months for most of the southeastern part of the basin, and
+2 to +4 months for the south-central basin (roughly 62° W to
73° W), where a positive offset indicates stage peak preceding
JERS-1 1996 acquisitions. The effect of such offsets on esti-
mates of maximum flooded area depends on the residence time
of floodwaters in the inundated areas. For larger rivers, resi-
dence time is generally sufficient that underestimation of max-
imum flooded area due to imaging 1-2 months following peak
flood stage is relatively minor. Offsets of 3—4 months, howev-
er, are likely to result in significant underestimation.

Comparison with Global Data Sets

We compared our results (which we refer to as the LBA wet-
lands mapping) to wetlands and water classes from two vector
and five raster products (Table 5). Three raster products were
derived from 0.5- to 1-km resolution optical data: the MODIS
Yearly L3 Global 500 m Land Cover Type Product
(MCD12Q1: Friedl et al. 2002), the Global Land Cover
Characterization (GLCC: Loveland et al. 2000), and the
Joint Research Centre Global Land Cover 2000 (GLC 2000:
Evaetal. 2002). Of the five classification schemes used in the
MODIS product, only the IGBP scheme, which includes a
Permanent Wetlands class, was evaluated since the other
schemes include only water. For comparison with GLCC
(South America), the Inland Water class was combined with
the five lowland wetland classes (Moist Tropical Evergreen
Rainforest/Flooded Tropical Evergreen Rainforest
(Mangroves Along Coast), Flooded Grassland/Fragmented
Forest and Mangroves, Seasonally Flooded Savanna with
Palms, Wooded Wetlands, and Flooded Evergreen Broadleaf
Rainforest (Varzea)). Grouped GLC 2000 wetland classes
were Mangroves, Fresh Water Flooded Forests, Permanent
Swamp Forests, Periodically Flooded Savannah, Periodically
Flooded Shrublands, and Water Bodies. The fourth raster
product, Global Distribution of Wetland Ecosystems at 1° by
1° resolution (Matthews and Fung 1987), was based on soil,
vegetation, and other maps, while the fifth raster product, the
Global Lakes and Wetlands GLWD-3 data set (Lehner and
Doll 2004) synthesizes a variety of raster and vector data sets
including satellite-based mapping. The SRTM Water Body
data files (Anonymous 2005) provide near-global vector-for-
matted river and lake boundaries, and the GLWD-1 and
GLWD-2 vector data sets show lakes, rivers, and reservoirs
based on source data at 1:1 to 1:3 million scale (Lehner and
Dol1 2004). The cross-product comparison did not include the
regions north and south of the dual-season GRFM mosaics.
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Table5 Comparison of wetland and open water areas (km” x 10%) from the LBA wetlands mapping (this study) with the equivalent region from global
land cover data sets

Product Source data Grid cell size Dates Wetland area”  Open water"

(km*>x 10%)  (km* x 10%)
LBA wetlands mapping “Low”-water *  GRFM JERS-1 mosaic 3 arcsec (~100 m)  Oct- 800 60

Nov 1995

LBA wetlands mapping “High”-water * GRFM JERS-1 mosaic 3 arcsec (~100 m)  May-Jul 1996 800 70
SRTM Water Body” SRTM Vector' Feb 2000 NA 70
MODIS Land (IGBP)° MODIS 500 m 2001 90 40
GLCC (Vers.2) SASLCR? AVHRR 1 km 1992-1993 210 120
GLC 2000° SPOT4, JERS-1, ATSR-2, DMSP 1 km 2000 310 60
Matthews and Fung 1987° Multiple 1° Various 100 NA
GLWD-1 + GLWD-2# Multiple Vector! Various NA 108
GLWD-3¢ Multiple 30 arcsec (~1 km)  Various 477 94

* This paper, based on Global Rain Forest Mapping Project JERS-1 mosaics. Does not include regions north of 4° N or south of 16° S. https:/daac.ornl.
gov/cgi-bin/dataset_lister.pl?p=11 (LBA-ECO LC-07)

® Shuttle Radar Topography Mission (SRTM) Water Body Data Files. http://dds.cr.usgs.gov/sttm/version2 1/SWBD/

¢Land Cover Type Yearly L3 Global 500 m (MCD12Q1 V005), IGBP legend (Friedl et al. 2002). https://Ipdaac.usgs.gov/products/modis_products
table/med12ql

4 Global Land Cover Characterization v. 2, So. Amer. Seasonal Land Cover Regions legend (Loveland et al. 2000). http://edc2.usgs.gov/glec/sa_int.php
¢ Joint Research Centre Global Landcover 2000, South America (Eva et al. 2002). http://bioval jrc.ec.europa.eu/products/glc2000/products.php
Global Distribution of Wetland Ecosystems at 1°x 1° Resolution (Matthews and Fung 1987). http://data.giss.nasa.gov/landuse/wetland.html

£ Global Lakes and Wetlands Database (Lehner and D611 2004). http://www.worldwildlife.org/pages/global-lakes-and-wetlands-database

" For the LBA, MODIS, GLCC, GLC2000, and GLWD-3 data sets, Open Water is the subset of Wetland Area comprising rivers, lakes, and reservoirs;
Wetland Area includes Open Water and other wetland types

Derived from source data with 3 arcsec (~100 m) cell size
I Derived from multiple data sources with scales of 1:1 million to 1:3 million

Estimates of wetland area, including inland water, for the results in much lower estimates of total wetland area.

MODIS and GLCC data sets were 90> 10 and 210x 10° km?,
or 11 and 26 % of the area derived in this study for the region
within the GRFM mosaics. The MODIS estimate is predict-
ably low since the IGBP legend includes only permanently
inundated wetlands and open water. As illustrated in Fig. 6
(upper panel), the omission of seasonally inundated wetlands

Fig. 6 Upper: Fractional wetland
area for 0.25° cells from a) LBA
wetlands mapping (this paper)
and b) MODIS Land Cover,
IGBP legend. Lower: Fractional
inundation, May-June 1996 from
¢) LBA wetlands mapping and d)
coarse-scale multi-satellite
observations (Prigent et al. 2007)

Differences between the LBA and GLCC maps were primar-
ily in closed-canopy forested wetlands, in which optical sen-
sors cannot detect flooding beneath the canopy (although they
may detect phenologic signals associated with flood-
deciduous species). Low correspondence between GLCC
products and higher resolution reference data sets has also
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been noted for Siberian wetlands (Frey and Smith 2007). The
wetland extent mapped by GLC 2000, which included JERS-
1 mosaics as inputs, was 39 % of the LBA estimated area; this
difference is likely a result of the lower resolution used for
GLC 2000. The raster data set that most closely approximated
the LBA wetlands estimate was GLWD-3 (wetlands area of
477x10° km?, or 60 %). Open water area from the GLWD-1
and GLWD-2 vector data sets (108x 10 km?) exceeded the
LBA high water estimate by 54 %; most of this is accounted
for by areas mapped in the LBA data set as other types of
wetland. Water areas mapped in the SRTM Water Body vector
data set corresponded closely to the 1996 (high-water) LBA
open water class, with a difference in total area mapped of
2 %. The Water Body data set is based on SRTM data acquired
during February 2000, which corresponds to the middle of the
rising water period for the mainstem Amazon.

Prigent et al. (2007) compared results of global coarse-
resolution mapping of wetland dynamics using passive micro-
wave and other satellite data sets to JERS-1-based wetlands
mapping for the central Amazon (Hess et al. 2003). Extending
this comparison to the full LBA wetlands study area covered by
the GRFM mosaics, inundated area mapped by Prigent et al.
(personal communication), averaged for May-June 1996, is
2.7x10° km?, compared with a flooded area of 6.0x10° km?
for the LBA high-water mosaic. The passive-based analysis
provides high (monthly) temporal resolution and a long-term
record; however, the coarse (0.25°) spatial resolution limits the
ability to detect inundation outside of large wetlands and river
floodplains, as shown in Fig. 6 (lower panel).

Applications for SAR-Based Wetlands Mapping

The LBA wetlands data set has been used in several studies to
scale up from field measurements to regional estimates of
components of the carbon cycle, including net primary pro-
ductivity and turnover of aquatic macrophytes (Engle et al.
2008) and outgassing of CO, (Richey et al. 2002; Abril
et al. 2013) and CH4 (Melack et al. 2004), results that have
provided insight into the contribution of Amazonian wetlands
to regional carbon cycling (Melack et al. 2009; Aufdenkampe
et al. 2011; Melack 2015) and their vulnerability to climate
change (Melack and Coe 2013). Management-related applica-
tions of the data set include those relating the abundance of
fish or aquatic mammals to floodplain habitats (Arraut et al.
2010; Lobon-Cervia et al. 2015), or reviewing the extent and
conservation status of Amazonian wetlands (Castello et al.
2013; Junk 2013).

Although no L-band satellites operated between 1998 and
2006, L-band availability resumed with the launch of the
PALSAR sensor on board Japan’s Advanced Land
Observing Satellite (ALOS) in January 2006, and continues
with ALOS-2, launched in 2014. Major sources of error and
uncertainty in the JERS-1-based mapping are likely to be
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reduced owing to sensor improvements such as PALSAR’s
dual-polarization mode and lower noise floor (Rosenqvist
et al. 2007). Examples of PALSAR-based mapping of
Amazonian wetlands for small regions include Hawes et al.
(2012), Arnesen et al. (2013), and Ferreira-Ferreira et al.
(2014). Owing to a PALSAR acquisition strategy targeting
global wetlands (Rosenqvist et al. 2007; Lowry et al. 2009),
methods used in the present study have the potential for
broader application to further the goal of quantifying wetland
extent, vegetation type, and inundation patterns over large
regions.

Conclusion

This study presents the first moderately high-resolution, vali-
dated mapping of wetland extent, vegetation cover, and inun-
dation state for the entire lowland Amazon basin. Wetlands
constitute an area of 8.4x10° km?, 77 % of which is covered
by woody vegetation. For the two seasons mapped, corre-
sponding to low-water and high-water stages for the Amazon
River, the flooded portion varied from 34 to 75 %. The true
extent of wetlands can be assumed to be greater than these
estimates since flooding along low-order streams or during
seasons not captured on the JERS-1 mosaics must be consid-
ered. Examined in the context of long-term precipitation and
river stage records, maximum flooding extent in the southern
part of the basin is likely to be greater than estimated here.

Comparison of our wetlands mapping with other data sets
indicates that land cover data sets derived solely from 0.5- to
1.0-km AVHRR or MODIS imagery are likely to underesti-
mate Amazon wetland extent by up to an order of magnitude,
while inclusion of JERS-1 inputs in 1-km scale mapping (as in
GLC 2000) or a synthesis of multiple data sources (as in
GLWD) can yield estimates closer to those of fine-resolution
mapping. Coarse-scale inundation estimates based on passive
microwave and other inputs provide improved temporal reso-
lution but significantly underestimate flooding extent from
smaller rivers and wetlands.

These results document the unique capabilities of L-band
SAR sensors such as JERS-1 for mapping tropical wetland
extent and inundation over large regions. Methods used in this
study have the potential for broader application to further the
goal of quantifying wetland extent, vegetation type, and inun-
dation patterns at global scales.
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