Global monitoring of wetlands — the value
of ENVISAT ASAR Global mode
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Abstract

This paper elaborates on recent advances in the use of ScanSAR technologies for wetland-related research. Applications of active satel lite
radar systems include the monitoring of inundation dynamics as well as time senes anal yses of surface soil wetness, For management purposes
many wetlands, especially those i dry regions, need to be momitored for short and long-term changes. Anather application of these technol ogies
i monitonng the impact of chmate change in permafrost transition zones where peatlands form one of the major land cover types. Therfor,
examples from boreal and subtmopical environments are presented using the analysed ENVISAT ASAR Global mode (GM, 1 km resolution) data
acguired n 2005 and 2006, In the case of the ENVISAT ASAR instnoment,, data availability of the rather coamse Global Mode depends on reguest
priarities of ather competing modes, but acquizition frequency may still be on average fortmightly to monthly depending on latitude. Peatland
types coverng varying permafrost regimes of the West Siberian Lowlands can be distinguished from each other and other land cover by multi-
temporal analyses. Up to 75% of oligotrophic bogs can be identi fied in the seasonal permafrost zone in both years, The high seasonal and inter-
annual dynamics of the subtropic Ckavango Delta can also be captured by GM time series, Response to increased precipitation in 2006 differs
from flood propagation patterns. In addition, relative soil moisture maps may provide a valuable data source in order to account for extemal

hydrological factors of such complex wetland ecosystems.

1. Introduction

Specific mechanisms of water supply and storage are essen-
tizl for maintaining the particular character of 2 wetland. Any
change, directly by, e.g. water abstraction or indirectly through
climate variation, can have a considerable impact on a wetland
ecosystem. Disturbance can impede their role as natural habi-
tats, cultural landscapes and alter greenhouse gas cvcling
(Mitra et al., 2005). In addition, shallow lakes and streams
that undergo seasonal and long term drving (e.g. Stulina and
Sektimenko, 2004 ) are major sources of atmospheric mineral
dust. The extent and biophysical properties of wetlands are
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viriable in space and time. Information on the extent of wet-
land areas—in particular the temporal dynamics—is lacking
at a global scale (Finlayson et al., 1999}, In recent vears, active
radar {microwave) remote sensing has been proven a useful
technigque for monitoring components of the hydrosphere
and has a high application potentizl for wetlands (e.g. Oldak
et al., 2002, Alvarez-Mozos et al, 2005; Frappart et al.,
2005; Wagner et al, 2007a) Active radar sensors can be
grouped into SAR, ScanSAR and scatterometer systems.
SARs have good spatial sampling characteristics (e.g. Euro-
pean remaote sensing satellites (ERS) with 25 m) but the lowest
temporal sampling (approx. monthly ) and have mainly been
used for inundation mapping. Scatterometer on the other
hand can provide several measurements per day depending
on latitude. The footprint, however, is in the range of several



tens of kilometres. These data are used for global derivation of
relative soil moisture (Wagner et al, 2003). ScanSAR systems
are characterized by sampling in between SARs and scatter-
ometers. It is proposed that they are suitable for both inunda-
tion and soil moisture mapping. The ENVISAT ASAR is
2 ScanSAR system and when operating in Global mode
(GM) several images per week can be acguired with varving
incidence angles and 1 km resolution (300 m pixel spacing).

Radar signals are strongly dependent on hydrological con-
ditions in addition to surface roughness and vegetation struc-
ture. Thus, multi-temporal approaches allow the detection of
environmental processes that are important for the functioning
of terrestrial biota, in particular inundation dynamics, soil
moisture (Wagner et al., 2007b) and freeze—thaw changes
{ Bartsch et al., 2007).

The objective of this paper is to discuss the capabilities of
medium resolution satellite microwave data for global moni-
toring of wetlands. The major advantage of these data is the
comparably short revisit intervals. The global availability
and usefulness of such data is analysed from the viewpoint
of providing information on wetland types and their distribu-
tion. The parameters which can be derived are inundation ex-
tent and duration and potentially also relative soil moisture.
This study concentrates on the first two parameters. Two ex-
amples are shown which represent different wetland types
and environments. Both subtropic and subarctic regions are
environments which are highly sensitive to climate change.
The subtropical Okavangoe Deltais a wetland with pronounced
seasonal dynamics. The boreal peatlands of the West Siberian
Lowlands are characterized by permafrost featres and ses-
sonal snowmelt patterns. Advantages and dissdvantages of
ENVISAT ASAR GM data are discussed for the two selected
sites.
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L Data and processing

ENVISAT was launched by the European Space Agency
(ESA) in February 2002 into & sun synchronous orbit at about
BOO km altitude and an inclination of 98.55%. The Advanced
Synthetic Aperture Radar (ASAR) instrument is one of the in-
struments installed on board. It provides radar data in different
maodes with varying spatial and temporal resolution and alter-
nating polarization at C-Band { ~ 5.6 cm wavelength). The fol-
lowing case studies utilize ASAR data acquired in the Global
Monitoring {GM) mode. GM data for our studies are available
in C-HH polarization with 1 km resolution.

ENVISAT ASAR Image and Wide Swath modes are ac-
quired on request. GM mode serves as backup mode if no
other is ordered. The image data provided represent swaths
with a 405 km width (Desnos et al., 2000). For further pro-
cessing these data require georeferencing with respect to
the curvature of the earth and terrain ( Meier et al., 1993)
Digital elevation data of sufficient resolution are only avail-
gble below 60°N from the Shuttle Radar Topography Mission
(SRTM, 100 m = 100m, USGS) Since wetlands occupy
mostly flat regions and the terrain in the study area is moder-
ate in higher latitudes the GTOPO30 (USGS)-based correc-
tion is sufficient. The effects on the backscatter due to
varying incidence angle and distance from sensor (near and
far range) are removed (Roth et al., 1993; van £yl et al,
1993) within the normalization step of the analyses. The re-
sulting backscatter images show the backscatter coefficient
ot the reference angle of 30 ° expressed in decibels. A pro-
cessing chain has been developed for ENVISAT ASAR which
allows the analysis of GM (1km) as well as Wide Swath
(WS, 150m) mode data over large regions (Bartsch et al.,
2004},
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Whereas ASAR WS data are suitable for wetland analyses
on & regional scale (Bartsch et al., in press), GM offers 2 much
wider perspective. Coverage varies due to acquisition mode
priorities and latitude. Frequency is highest at northern lati-
tudes and over Amarctica. Europe and northermn Africa have
low GM coverage due to high demand for other modes
(Fig. 1} Average numbers of acquisitions for different wetland
types have been derived for the wetland types cutlined in the
Global Lakes and Wetland Database (GLWD; Lehner and
Dall, 200, Table 1}.

Diata from northern peatlands (1D 1 for Asia and 2 for North
America in Table 1), however, have been acquired weekly on
average during the first 22 months (starting December 2004).
Fortnightly to monthly data acquisition intervals are available
for subtropical floodplains. Both estimates depend on size and
acguisition mode priorities for the sensor. Coverage at the
pixel level even exceeds these estimates, adding up to two
per week in high latimdes and weekly intervals in the
subtropics.

3. Example 1: boreal peatlands

Both Wide Swath and Global modes have been used for the
identification of boreal peatlands in central Siberia {Bartsch
etal, in press). ASAR WS data for central Siberia are avail-
able for this study for summer 2003 and GM for summer
2005 and 2006. The Wide Swath data have been analysed
within the framework of the Siberia 11 project {Schmullius
et al., 2003). The mapping approach is tansferred to the
West Siberian Lowlmnds for ASAR GM. A validation of the
GM classification results has been carried out using the West
Siberian Lowland (WSL) database (Sheng et al., 2004) which
was compiled using topographic maps.

3.0 Sy sive

The peatlands initially investigated are located at approxi-
mately 607N at the eastern rim of the West Siberian peat basin
{Bartsch et al., in press). The basin still features sporadic per-
mafrost {Stolbovoi and MoCallum, 2002) although it is located
at relatively low latitudes. The study site is located west of the
Yenisey River. Open bogs are an important land cover in this
region, albeit not dominating. These peat bogs are characteris-
tic of the eastern portion of Western Siberiz (Botch and

Table 1
Mumber of data acquisitions by wetland category for Dacember AW —0ctober
2005 {sounce: Global Lakes and Wetland Database, Lehner and Dall, 200407

1y Wetland category Mean STD
1 Peatland 231 75
2 =110 224 5%
3 25=5i% 200 62
4 Freshwater marsh, floodplain 163 &7
5 Intermittent 146 5]
3 Pan, brackish/saline 138 5%
7 Swamp 122 52
B Coastal 128 9]
9 Complex ((=25%) GG 27

Masing, 1983) and play an important role in establishing the
geochemistry, sedimentology and flow pattern of the Yenisey
River (Kremenetski et al., 2003). The mapping approzch
was then applied to the southern part of the West Siberian
peat basin which stretches from approximately 607 to 90°E
and 567 to 64°N. The area of interest within this boundary
covers approximately 1,000,000 km®. Peatland within the
West Siberian Lowlands are estimated to cover 600,000 km®
and thus contribute & considerable share of the global terres-
trizl carbon pool (Sheng et al., 2004). This also includes the
region noith of the chosen smdy area. The Ob River flows
through this region from SE to NW.

2.2, Open peatlands

The previous study (Bartsch et al., in press) showed that
ASAR WS data are suitable for mapping open peatland in
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Fig. 2. Peatland classification results: (a) ASAR WS data from 2003, 150m
resolution; (b)) ASAR GM data from 20605, | km resolution. The anea of
imerest is imied by the administrative boondary of Krasnoyask Kray | pant
of Siberia 1T study region; Barsch ef al, in press).



the boreal environment. Although the GM data has a much
coarser spatial resolution it is expected that it can be useful
scross larpe peatland areas. A direct comparison between
GM and W images, however, is not possible since they can-
not be acquired at the same time. At the initial test site, aun-
tumn data have been found most suitable for detection of all
peatland types when using ASAR WS data. Such data were
only available for the vear 2003, Since GM data distribution
started after December 2004, the earliest possible summer
and autumn season that can be investigated is 2005, Fig. 2
shows a comparison between the ASAR WS results from
2003 and the classification result for GM data in 2005

Discrepancies are introduced by scale differences and pos-
sible intra-annual variations in surface soil wemess. These
changes in relative surface soil wetness could be monitored
with ASAR GM data with a snitable temporal resolution. A
database was established which comprises all available GM
data for June—September 2005 and 2006. The threshold-based
classification developed for WS data was applied to this data
set for the mapping of peatland extent. GM coverage varied
from O to 46 in 2005 and 11 to 45 in 2006 (Fig. 3). This var-
iation over the area of interest needs to be considered for the
classification. Specific thresholds have been determined with
the use of the West Siberian Lowland database {Sheng et al.,
2004}, All regions with high summer and autumn backscatter
{>—=3.5dB) in more than 20% of available acquisitions are
classified as peatland.

A comparison with the WSL database (Sheng et al., 2004)
shows that oligotrophic to mixed peatlands with an approxi-
mate minimum carbon density of 150 kg C/m” can be identi-
fied with this method. Such high density wvalues can be

found south of the Ob River. Peatlands cannot be distin guished
from other land cover to the north, between 70 and 77°E
(Fig. 4, northern area), where carbon density is lower than
100 kg Cim>. This is 2 permafrost transition area (Stolbovoi
and McCallum, 2002} with a large number of lakes, which
can only be monitored using the ASAR GM data starting
from a size of 2 km” depending on their shape. $Smaller lakes,
which are abundant in this region, contribute to the backscatter
signal in such a way that these pestlands cannot be distin-
guished from surrounding forests and other land cover
(Fig. 4, northern area). In comparison with the peatland map
by Sheng et al. (2004) only 8% can be identified in 2005
and 18% in 2006. In the southern area with seasonal perma-
frost about 76% of the extent (mainly oligotropic peatland)
can be determined correctly (Table 2).

In this case a further step is necessary during which inter-
seasonal backscatter behaviour is analysed. Data representing
the late winter and spring period {April—June) have been
added to the database. The entire time series of normalized
backscatter for different land cover types is shown in Fig. 5.
Open peatlands as found south of the Ob River are character-
ized by on average —H dB during winter. Values increase to
more than —4 dB within approximately 3 weeks after snow-
melt. Surrounding forest has higher backscatter in winter rang-
ing between —6 and —7dB. During snowmelt values drop
to =10 dB and rise afterwards to on average —35 dB. Peatlands
with a high amount of open water surfaces below GM resolu-
tion have comparably lower backscatter values during winter
(—10dB) and show similar mean values to those for forest
during the summer although variation is higher and it does
not result from volume scattering but from a mixture of high
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Fig. 3. ASAR Global mode coverage 2006 for the southern part of the West Siberian Lowlands.



Fig. 4. ASAR Global mode 2006 classification result open pestlands. Fectangles indicate the nonthemn and south

area of i

. Avea south of long dashes,

seasonal permafrost; anea betwoen long and shont dashed lines, 25—50% frozen ground; area to the nonth has up & 75% permafiost (sounce: Siolbovod and MeCal-

Tum, 2002).

surface soil moisture and specular reflection from the water
surface. After the onset of snowmelt backscatter stays low
for about a month until the snow cover disgppears and melt
water has drained. With global mode data, this delay in back-
scatter increase can be determined and may also be used for
discrimination of this wetland type from other peatland.

4. Example 2: subtropical flondplain

A time series including all GM data availzble since Decem-
ber 2004 has been established for the semiarid, subtropical
Okavango Delta. Due to the large size of the wetland
(12,0000 kmz}, its entire area is covered by GM images only
at approximately monthly intervals (Bartsch et al, 2006).
This limits the application of the radar images for detailed sys-
tem-wide studies, however, it extends and complements previ-
ous flood dynamics analyses which have been carried out
using optical satellite data (Gumbricht et al., 2004 Wolski

Table 2

Agreement bemween GM clasification results and the peatland map produced
by Sheng et al. (2004) for the northem and seuthem aneas of interest {for
location soe Fig, 4) by peatland type: proportion of peatland type with respect
tos entire land cover and percentage of coarectly identified peatland in 2005 and
20045

Pestland type Narthem site Southern site
Proportion  Identified & peat  Propontion  Identified as pest
of land of land

AGS 2006 205 2006
cover oover
Oligotrophic 41 6 14 32 76 7
Transitionsl 7 10 25 2 4 70
Euirophic 1 17 10 1 68 7
Mixad 6 i3 33 i3 7 74
Alltypes 55 il 1% a8 4 k3
Non-peatland 45 5 16 52 13 17

and Murray-Hudson, 2006a). On the other hand, parts of the
system are covered at least once a week, which forms
a good base for monitoring relative soil moisture patterns.

4.1, Snedy site

The Okavango Delta is located in 2 semi-arid region with
rainfall of 460 mm'vear and evaporation four times higher
{Ringrose et al., 2005). The wetland is strongly flood-pulsed,
with & single annual flood event caused by inflow along the
Okavango River that arises in the high rainfall zone of central
Angola, and to a lesser extent by local rainfall. Inundation of
the Delta is at its maximum in September, 5—6 months after
the end of rainy season, due to the slow movement of the flood
wave. The dynamics of flooding within the Okavango Delta
depend on internal as well as external factors (Gumbricht
et al, 2004: Wolski and Savenije, 2006). The wetland area
varies at decadal, multi-decadal and millennial time scales,
in response to variation in regional climate (McCarthy et al.,
2000). Additionally, sgeradation and tectonic processes cause
episodic and gradual changes in the timing and spatial pattern
of inundation within the delta (Wolski and Murray-Hudson,
2006a). Monitoring of flood size and distribution is therefore
& necessary prerequisite for short and long term management
of the wetland.

4.2 Wer area extent

The totzl local precipitation in the 2006 rainy season
(720 mm}) excesded that of the previous vear (380 mm). The
extent of inundated and saturated soil at the end of the rainy
sepson wias therefore larger in 2006 than in 2005, In June
2006 it was 7060 km®, which is comparable with the maxi-
mum wetland extent observed in 2005 (700 k.mz, Fig. ).
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Fig. 5.
of snewmelt is indicated by the verical dashed line.

The maximum inundation and wet area extent of 2006 reached
approximately H200 km?® since the 2006 infiow to the s¥stzm
was relatively low. This corresponds to a 10% increase within
3 months for the 2006 dry season compared to a 27% increase
in 2005 for the same time period. In the end of September
2006, 707 was determined as wet ares. The overlap of inun-
dated and high surface soil moisture area in September of the
W0 consecutive yvears was 40%.

Complex interactions between internal and external param-
eters canse the pattern of inundation to differ between the two
vears analysed. The flood in the eastern branch is known to be
trig gered by local rainfall (Wolski 2nd Murray-Hudson, 2006b )
and the inundation is more extensive there at the end of the wet

wormalized backseatter time series for peatland with small ponds, fosest, peadand without ponds and open waer from spring and summer 2006, The onset

season in 2006 than in 2005. The effects of the Okavango River
flood pulse are not stongly accentuated, thus the inundation
there does not expand towards September, but remains stable,
or even reduces slightly. The western part, in turn, responds
strongly to the flood pulse of the Okavango River, and much
less to local rainfall. Thus, there is a strong increase in inun-
dated area between April and September in both vears.

5. Discussion
ENVISAT ASAR GM coverage is highly variable but could

allow, at a minimum, weekly observations at single points. The
lack of data over large areas such as western Europe impedes
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Fig. . Comparison of the ASAR GM derived wet anea in 2005 and 2006: (=)
April = end of rain season; (b) June — dry season; (c) September — mazimum
inundation extent.

global monitoring capabilities that relies on this data. Addi-
tionally, the size of the area of interest is important as this af-
fects the sampling interval at which the entire area can be
covered. Despite these limitations, GM data can be used to
map some peatland types and to monitor dynamics on
& monthly basis for areas of up to 200 = 200 km.

Apart from data coverage, the size of the objects being in-
vestigated influences the monitoring capabilities due to the
swath width (405 km). High numbers of small lakes below
the resolution of the GM do not support a straightforward
identification (threshold method) of boreal peatland. By use
of the high temporal sampling rate of less than a week,
& time series analysis can be carried out and thus specific char-
acteristics during the snow melt period determined.

Inundated area with emergent vegetation can be confused
with high soil moisture land area. This restricts the compara-
bility to other fine resolution maps from, e.g. optical satellite
sensors. In comparison to such data, radar images allow iden-
tification of the extent of wet areas due to its sensitivity to near
surface soil moisture.

The irregular timing of acquisitions prohibits the provision
of a regular time series. Some differences in the intra-annual

comparison for the Okavengo Delta, for example, may occur
due to the fact that the exact date of maximum flood extent
cannot be determined andfor covered with the available
dataset.

Apart from monitoring the Okavango Delta itself it would
bz of great value to monitor the soil moisture of the upper
catchment. It has been shown in previous analyses for the
Zambesi River (Scipal et al., 20035), that even comse resolu-
tion scatterometer-derived soil moisture time series relate
well to river discharge measurements in sub-tropical environ-
ments. Regular measurements of global soil moisture are
availzble from scatterometer data (Wagner et al., 2003) at
25—50km resolution. The retrieval approach relies on high
temporal sampling. Since ENVISAT ASAR GM features
a comparably high sampling rate it could similarly be used
for the derivation of relative soil moisture maps with 1 km
resolution. Estimates from fewer ScanSAR messurements
may be possible by combining with optical satellite data, as
demonstrated by Yang et al. (2006) for Radarsat. The incor-
poration of a spatially improved soil moisture product from
the upper catchment of the Okavango may, for example, im-
prove prediction models for the wetland region. Additionally,
the amount of GM data is less than any high resolution prod-
uct and thus makes operational processing feasible on global
scale.

6. Conclusions

The two case studies show that although ASAR Global
mode data has a 1 km resolution it is capable of capturing
not only the extent but also the dyvnamics of wetland aress.
Data availability is restricted, especizlly in Europe, but it is
sufficient for most boreal and also sub-tropical environments
which are susceptible to climate change and thus require reg-
ular monitoring. Relative soil moisture maps at 1 km resolu-
tion from C-band ScanSAR systems may enhance and
complement existing coarse scale products.
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