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Abstract. Microwave observations are sensitive to plant wa-
ter content and could therefore provide essential information
on biomass and plant water status in ecological and agricul-
tural applications. The combined data record of the C-band
scatterometers on the European Remote-Sensing Satellites
(ERS)-1/2, the Metop (Meteorological Operational satellite)
series, and the planned Metop Second Generation satellites
will span over 40 years, which would provide a long-term
perspective on the role of vegetation in the climate system.
Recent research has indicated that the unique viewing ge-
ometry of the Advanced SCATterometer (ASCAT) could be
exploited to observe vegetation water dynamics. The inci-
dence angle dependence of backscatter can be described with
a second order polynomial, the slope and curvature of which
are related to vegetation. In a study limited to grasslands,
seasonal cycles, spatial patterns, and interannual variabil-
ity in the slope and curvature were found to vary among
grassland types and were attributed to differences in mois-
ture availability, growing season length and phenological
changes. To exploit ASCAT slope and curvature for global
vegetation monitoring, their dynamics over a wider range
of vegetation types needs to be quantified and explained in
terms of vegetation water dynamics. Here, we compare AS-
CAT data with meteorological data and GRACE equivalent
water thickness (EWT) to explain the dynamics of ASCAT
backscatter, slope, and curvature in terms of moisture avail-
ability and demand. We consider differences in the seasonal

cycle, diurnal differences, and the response to the 2010 and
2015 droughts across ecoregions in the Amazon basin and
surroundings. Results show that spatial and temporal pat-
terns in backscatter reflect moisture availability indicated by
GRACE EWT. Slope and curvature dynamics vary consider-
ably among the ecoregions. The evergreen forests, often used
as a calibration target, exhibit very stable behavior, even un-
der drought conditions. The limited seasonal variation fol-
lows changes in the radiation cycle and may indicate pheno-
logical changes such as litterfall. In contrast, the diversity of
land cover types within the Cerrado region results in consid-
erable heterogeneity in terms of the seasonal cycle and the
influence of drought on both slope and curvature. Seasonal
flooding in forest and savanna areas also produced a distinc-
tive signature in terms of the backscatter as a function of in-
cidence angle. This improved understanding of the incidence
angle behavior of backscatter increases our ability to inter-
pret and make optimal use of the ASCAT data record and
vegetation optical depth products for vegetation monitoring.

1 Introduction

Microwave remote sensing observations are sensitive to plant
water content, which depends on aboveground biomass and
plant water status (Konings et al., 2019; Owe et al., 2001;
Jackson et al., 1982). Data from active and passive mi-
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crowave sensors can provide valuable information about veg-
etation in a range of applications in ecological and agricul-
tural monitoring (Konings et al., 2019; Chaparro et al., 2019;
Rao et al., 2019; Steele-Dunne et al., 2017; Tian et al., 2016;
Andela et al., 2013; Saatchi et al., 2013; Liu et al., 2013; Mc-
Nairn et al., 2000; Wagner et al., 1999). In particular, veg-
etation optical depth (VOD) products derived from various
passive and active microwave sensors are increasingly used
for biomass monitoring (Liu et al., 2015), drought monitor-
ing (Liu et al., 2018), and wildfire risk assessment (Forkel
et al., 2019) and have been related to gross primary pro-
duction (Teubner et al., 2018, 2019), carbon stocks (Cha-
parro et al., 2019), and drought-driven tree mortality (Rao
et al., 2019). Currently, VOD datasets are available from sin-
gle sensor passive microwave observations, such as SMAP
(Soil Moisture Active Passive; Konings et al., 2016), SMOS
(Soil Moisture and Ocean Salinity; Fernandez-Moran et al.,
2017), and AMSR2 (Advanced Microwave Scanning Ra-
diometer 2; Owe et al., 2001; De Jeu, 2003) and active
microwave observations such as ASCAT (Advanced SCAT-
terometer; Vreugdenhil et al., 2016). Furthermore, long-term
data records are available that combine VOD from different
sensors (Moesinger et al., 2020; Liu et al., 2011).

The current study is motivated by the availability of con-
sistent C-band data from 1991 to at least 2030, and its poten-
tial value as a long-term data record for vegetation monitor-
ing. ASCAT is a real aperture radar operating at 5.255 GHz
with co-polarization (VV). There are currently three AS-
CAT instruments in orbit on Metop (Meteorological Oper-
ational satellite)-A, Metop-B, and Metop-C, launched in Oc-
tober 2006, September 2012, and November 2018, respec-
tively. ASCAT builds on the success of the European Scat-
terometer (ESCAT) which flew on the European Remote-
Sensing Satellites (ERS)-1/2 satellites from 1991–2011 (At-
tema, 1991; Figa-Saldaña et al., 2002; Wagner et al., 2013).
Continuation of the ESCAT/ASCAT record is ensured by the
plans to launch SCA (Scatterometer) on Metop-SG (Second
Generation) in 2024 (Stoffelen et al., 2017). Using data from
a single series of satellites with identical and intercalibrated
instruments circumvents many of the challenges of reconcil-
ing data using different frequencies, viewing geometries, and
orbit characteristics. The continuity from ERS to Metop and
Metop-SG ensures an internally consistent data product for
at least 40 years, rendering it ideal to study the role of vege-
tation in the climate system.

Many early studies demonstrated the sensitivity of ES-
CAT and ASCAT backscatter to vegetation and explored
the potential value of these data for vegetation monitor-
ing (Wismann et al., 1995; Frison et al., 1998; Woodhouse
et al., 1999; Jarlan et al., 2002; Steele-Dunne et al., 2012;
Schroeder et al., 2016). These studies focused on spatial and
temporal variations in backscatter normalized to some refer-
ence angle. Here, the focus is on the potential information
content of the incidence angle behavior of backscatter and
particularly the so-called dynamic vegetation parameters de-

scribing the incidence angle behavior of backscatter as cal-
culated in the TU Wien Soil Moisture Retrieval (TUW SMR)
algorithm (Hahn et al., 2017).

The ASCAT Dynamic Vegetation Parameters refer to the
parameters of the second-order Taylor polynomial used to
describe the incidence angle (θ ) dependence of backscat-
ter σ o. This is described as follows:

σ o(θ)= σ o (θr)+ σ
′ (θr) · (θ − θr)+

1
2
· σ ′′ (θr)

· (θ − θr)
2
[dB], (1)

where σ o(θr), σ ′(θr), and σ ′′(θr) are the normalized
backscatter, slope, and curvature at some reference angle θr.
In the TUW SMR algorithm, this expression is used to nor-
malize backscatter values from different incidence angles to
a reference angle θr. It is also used to account for the in-
fluence of vegetation on backscatter, as the incidence angle
behavior of σ o depends on whether total backscatter is dom-
inated by surface scattering from the soil, volume scattering
from the vegetation, or multiple scattering (Wagner et al.,
1999; Naeimi et al., 2009; Hahn et al., 2017). In other words,
slope and curvature are calculated and used to account for
the influence of vegetation in the soil moisture retrieval. An
increase in soil moisture results in an increase in backscat-
ter at all incidence angles, while a change in the vegetation
(due to growth cycle or water status) changes the sensitivity
of backscatter to incidence angle, i.e., it results in a change
in slope and curvature. So, the slope and curvature provide
complementary information to the normalized backscatter.

Results from Steele-Dunne et al. (2019) suggest that con-
sidering the slope (σ ′(θ)) and curvature (σ ′′(θ)) dynamics
in combination with the backscatter could yield valuable in-
sights into vegetation water dynamics. Seasonal cycles, spa-
tial patterns, and interannual variability in the slope varied
between grassland cover type, reflecting variations in soil
moisture availability and growing season length. Slope is
considered an indication of vegetation density, or above-
ground fresh biomass, which is a combination of dry biomass
and vegetation water content. Results also suggested that cur-
vature variations were influenced by the total water content
but also its vertical distribution within the vegetation and the
geometry of constituents. Contiguous anomalies were ob-
served in both slope and curvature during drought periods,
suggesting that the slope and curvature provide insight into
when the severity of a soil moisture anomaly is enough to im-
pact vegetation. Diurnal variations were also observed and
attributed to sub-daily variations in the dominant scattering
mechanism due to changes in the vertical moisture distribu-
tion of the grasses. More recently, Pfeil et al. (2020) observed
a spring peak in slope values around April in broadleaf de-
ciduous forest in Europe. Using leaf area index (LAI) and
data from the Pan European Phenology database (PEP725)
(Templ et al., 2018), they argued that this spring peak in AS-
CAT slope coincides with spring activation, particularly the
increase in water content of bare twigs and branches prior
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to leaf out in broadleaf deciduous forests. ASCAT slope and
curvature therefore seem to be sensitive to changes in vege-
tation water content and structure of vegetation.

The goal of this study is to improve our understanding
of the ASCAT backscatter–incidence angle relationship and
how this relationship might be used to monitor vegetation
water dynamics. The Amazon basin and its surroundings has
been chosen as a study area, as it provides a wide range in
terms of expected variability in ASCAT backscatter, slope,
and curvature. Backscatter in the evergreen forest was con-
sidered to be so stable that this region has been used for satel-
lite radar calibration (Birrer et al., 1982). In contrast, sea-
sonal changes in the Cerrado are expected to yield strong
annual cycles in backscatter, slope, and curvature. Seasonal
cycles and diurnal differences in ASCAT backscatter, slope,
and curvature will be determined for several ecoregions of
interest. These will be compared to meteorological data and
GRACE terrestrial water storage variations to relate the AS-
CAT backscatter, slope, and curvature to moisture availabil-
ity and demand. Finally, we will investigate whether there are
anomalies in the ASCAT backscatter, slope, and curvature as
a result of the 2010 and 2015 droughts.

2 Data and methods

2.1 Study area

Figure 1 shows the extent of the study domain, highlights
the biomes (by color), and outlines the ecoregions of inter-
est identified in the World Wildlife Fund (WWF) Terres-
trial Ecoregions dataset (WWF, 2019) and described by Ol-
son et al. (2001). The study domain extends from 9◦ N and
19◦ S to 44–80◦W. Most of the study region is covered by
the Amazon rainforest, which extends over 5.3 million km2

(Soares et al., 2006). A total of six forest ecoregions are in-
vestigated here.

1. The Napo moist forests (fNW), located in northwest-
ern Amazonia, receive some of the highest amounts
of annual precipitation in the biome, reaching up to
4000 mm in some parts. This highly biodiverse region
has canopies reaching 40 m.

2. The Guianan moist forests (fNE) are one of the largest
continuous stretches of relatively pristine lowland trop-
ical rainforest in the world. There are two distinct wet
seasons, i.e., from December to January and from May
to August. The floral diversity is rich, with multi-tiered
vegetation of 40 m tall trees with herbaceous plants be-
low. The dry season (September–November) can see a
substantial reduction in leaves, although the forest is ev-
ergreen.

3. The Southwest Amazon moist forests (fSW) have sig-
nificant variations in topography and soil characteris-
tics, leading to extremely high biodiversity. The size and

orientation of the ecoregion means that climatic con-
ditions vary markedly, with the north being wetter and
having less seasonal variability compared to the south.
The inaccessibility of the region has aided in its conser-
vation.

4. The Madeira–Tapajós moist forests (fSE) are transected
by the Trans-Amazonian Highway and have high levels
of urbanization and deforestation. There are characteris-
tic liana (woody vine) forests with a lower (< 25 m) and
more open canopy than the typical humid terra firme
forests.

5. The Juruá–Purus moist forests (fC) are largely intact
forests in the low Amazon Basin. The canopy can reach
up to 30 m, with some patches of open canopy.

6. The seasonally flooded forest, Marajó várzea (ff), is
located at the mouth of the Amazon River. The veg-
etation is dominated by palms and shorter than sur-
rounding forests. It has areas with tidal flows from the
Atlantic Ocean and seasonally and permanently inun-
dated forests. The annual seasonal flooding occurs dur-
ing the peak precipitation period between January and
May (Camarão et al., 2002).

The following three savanna ecoregions are also consid-
ered in this study:

1. The Cerrado (sC) borders the Amazon biome to the
southeast. It occupies an area of 2 million km2 in the
Brazilian Central Plateau and is the second most ex-
tensive biome in South America (Oliveira et al., 2005).
The vegetation cover varies from closed tree canopy to
grasslands with low shrubs only (Eiten, 1972).

2. The Guianan savanna (sG) consists of forest patches en-
circled by extensive grasslands and shrub formations.
The area is more susceptible to vegetation fires than typ-
ical humid moist forest environments, and the dry sea-
son lasts from December to March.

3. The Beni savanna (sB) is a wetland region with river-
ine gallery forests and small forest islands. The land-
scape is dominated by the palm species Attalea princeps
(Hordijk et al., 2019). Seasonal flooding occurs in up to
half the region for 4 to 9 months, peaking in March–
April (Hamilton et al., 2004).

There are three Köppen–Geiger climate classes (KGCC)
that cover most of the study region (Fig. 2). The ever-
green forest regions are classified as Af (tropical fully hu-
mid) or Am (tropical monsoonal), and the savanna regions
have Aw (tropical winter dry) climate (Bradley et al., 2011).
The annual precipitation in the forests can exceed 2000–
3000 mm, with less than 100 mm rainfall for up to 3 months
in the year. The savannas have a wet season extending for
5–8 months, with an annual total of 1000–2000 mm (Bradley
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Figure 1. Study area. The map is colored by biome, and nine ecoregions of interest are highlighted based on the dataset of Olson et al.
(2001). The six forest ecoregions of interest are the Napo moist forests (fNW), Guianan moist forests (fNE), Southwest Amazon moist
forests (fSW), Madeira–Tapajós moist forests (fSE), Juruá–Purus moist forests (fC), and the Marajó várzea flooded forests (ff). The three
savanna ecoregions of interest are the Cerrado (sC), Guianan savanna (sG), and Beni savanna (sB).

Figure 2. Köppen–Geiger climate zones in the study area (source:
Peel et al., 2007).

et al., 2011). Net radiation peaks in the winter months, due
to the absence of cloud cover in the dry season (Liu et al.,
2018). In 2010 and 2015, two major droughts occurred in the
region during the study period (Jiménez-Muñoz et al., 2016;
Marengo et al., 2011) and are of particular interest in this
study.

2.2 ASCAT data

The ASCAT data were processed using the same procedure
as Steele-Dunne et al. (2019). The Metop-A ASCAT Swath
Grid (SZR) Level 1b Fundamental Climate Data Record,
resampled at a 12.5 km swath grid, was obtained from the
EUMETSAT data center for the period 2007 to 2016. Fol-

lowing the procedure described by Naeimi et al. (2009), the
backscatter observations were resampled to a fixed Earth grid
using a Hamming window function. The slope and curva-
ture were calculated from the ASCAT backscatter observa-
tions using the method introduced by Metzler (2013) and de-
scribed by Hahn et al. (2017). The ASCAT instrument on
board the Metop satellites has three antennas on either side,
oriented at 45◦ (fore), 90◦ (mid), and 135◦ (aft) to the satellite
track. As a result, three independent measurements of each
location on the surface are obtained almost instantaneously.
These so-called backscatter triplets (Hahn et al., 2017) are
used to calculate an instantaneous backscatter slope, also
known as the local slope, as follows:

σ ′
(
θmid− θa/f

2

)
=
σ o

mid (θmid)− σ
o
a/f

(
θa/f

)
θmid−

(
θa/f

) [dB per degree], (2)

where mid, a, and f indicate the backscatter measurements
from the mid-, aft- and fore beams, respectively. Follow-
ing the approach of Metzler (2013), an Epanechnikov kernel
(with width λ= 21) is used to weight the local slope values
by their temporal distance from a given day of interest. This
yields an estimate of the slope and curvature for a given day,
based on all local slope values within a 42 d window. For a
more detailed description of their derivation, the reader is re-
ferred to Steele-Dunne et al. (2019).

(Anderson et al., 2011) showed a calibration accuracy of
Metop ASCAT backscatter of 0.15–0.25 dB. However, radio-
metric accuracy is expected to be better (i.e., less noisy) over
stable, homogeneous targets (e.g., evergreen rainforest). To
reduce noise, the backscatter data are averaged in space (over
the ecoregions of interest) and/or time (to monthly or dekadal
intervals). The number of grid points averaged is provided in
Tables S1 and S2 in the Supplement. Data are available ev-
ery 1–2 d (Wagner et al., 2013). Observations from the de-

Hydrol. Earth Syst. Sci., 26, 2997–3019, 2022 https://doi.org/10.5194/hess-26-2997-2022



A. Petchiappan et al.: Vegetation water dynamics and ASCAT over the Amazon 3001

scending and ascending overpasses are unlikely to occur on
the same day. Hence, the σ o

40 data were aggregated into 10 d
intervals (dekads). Unless otherwise indicated, the analysis
uses data from the descending pass only (∼ 10:00 LT). Diur-
nal differences refer to the values from the descending over-
pass (∼ 10:00 LT) minus the values from the ascending over-
pass (∼ 22:00 LT).

2.3 Water dynamics data

Downwelling shortwave radiation at the surface and specific
humidity were obtained from the Princeton meteorological
dataset (Sheffield et al., 2006). These data have a 0.5◦×0.5◦

daily resolution. Precipitation data were obtained from the
Global Precipitation Climatology Product (GPCP) Precipita-
tion Level 3 Monthly 0.5-Degree V3.0 beta dataset (Huff-
man et al., 2009). Precipitation, radiation, and humidity are
hypothesized to be the main atmospheric forcing for vegeta-
tion activity in the Amazon (Nemani et al., 2003). Therefore,
these three forcings are compared to slope and curvature. As
they are on similar temporal and spatial scales, quantitative
comparisons are performed. Data from the Gravity Recov-
ery and Climate Experiment (GRACE) mission were used
to provide insight into terrestrial water storage variations
(Landerer and Swenson, 2012; Swenson and Wahr, 2006).
Here, we used the equivalent water thickness (EWT) from the
GRACE Tellus dataset, which is available at 1◦×1◦ monthly
resolution from the NASA Jet Propulsion Laboratory (JPL)
Physical Oceanography Distributed Active Archive Cen-
ter (PO DAAC). These data give the relative change in EWT
with respect to a baseline, the method of calculation for
which is explained by Wahr et al. (1998). These data pro-
vide information on fluctuations in EWT on monthly to in-
terannual timescales. Note that EWT includes variations in
all terrestrial water storage terms, including groundwater and
surface water, in addition to the variables of interest in this
paper, namely soil moisture and vegetation. Furthermore,
EWT is based on monthly data with a spatial resolution of
hundreds of kilometers. Statistical comparisons between the
EWT and ASCAT would be strongly influenced by the sensi-
tivity of EWT to ground- and surface water and by artifacts of
the difference in spatial and temporal scale between the two
products. Therefore, EWT is only qualitatively compared to
backscatter, which is affected by soil moisture and vegeta-
tion.

Seasonal cycles were determined for precipitation, radi-
ation, humidity, and EWT by averaging data from the en-
tire study duration. Anomalies in precipitation during the
drought years were also calculated (as drought year values
minus climatology) to provide an indicator of the water stress
against which to compare the backscatter, slope, and curva-
ture anomalies.

3 Results and discussion

3.1 Seasonal climatology

Figure 3 shows the mean and range of normalized backscat-
ter (σ o

40), slope, and curvature for the study period (2007–
2016). In general, the spatial patterns in the mean and range
of all three quantities reflect the spatial patterns in land cover
expected from Fig. 1. It is striking that even the influence of
the riverine network on the vegetation cover is discernible in
the maps, particularly that of the mean backscatter (Fig. 3a).
Striping effects are visible in several of the maps, particu-
larly that of the range in curvature (Fig. 3f). This is due to
the backscatter observations at the swath edges being avail-
able only at very high or very low incidence angles, which
skews the calculation of the slope and curvature. This effect
is particularly noticeable in forest regions where the natural
dynamic range in both quantities is limited.

Mean backscatter is highest, with the least variability, in
the evergreen forest regions (Fig. S1 in the Supplement).
Mean backscatter is 2–2.5 dB lower in the savanna areas, but
the range is up to 3 dB, compared to just 0.5 to 1 dB in the
forest. The stability of the forest is also apparent in the maps
of the slope and curvature. Though there is some variability
among the forest ecoregions, the most striking differences in
slope and curvature are between the forest and savanna ar-
eas. Limited structural and water content changes in the for-
est canopy result in a limited range of the slope and curva-
ture values in the forest ecoregions. The range of both slope
and curvature are highest in the Cerrado areas (Fig. S1). One
interesting feature is the difference in mean slope between
the Guianan savanna (sG) in the north and the Cerrado (sC)
region in the south. The Guianan savanna, with sparse vege-
tation, has low mean slope values. The Cerrado, on the other
hand, shows mean values higher than the evergreen forests.
This is unexpected since slope is generally considered to be a
measure of vegetation density, and the evergreen forests are
much denser than savannas. This will be discussed in detail
in Sect. 3.1.1. Seasonal flooding of the Marajó várzea (the
seasonally flooded forest) and Beni savannas ensure that both
ecoregions have strong seasonal cycles in all three quantities.
These will be discussed separately in Sect. 3.1.2.

The mean seasonal cycles in backscatter for all ecoregions
of interest are compared in Fig. 4a. This highlights the con-
trast between the very stable evergreen forest regions and
the flooded forest and savanna areas. The mean backscatter
value is high, with limited seasonal amplitude in the ever-
green forest regions. Backscatter variations are so limited in
these areas that they have long been used as calibration tar-
gets for spaceborne radar (Birrer et al., 1982; Kennett and Li,
1989; Frison and Mougin, 1996; Hawkins et al., 2000). In
contrast, backscatter is generally low but also exhibits strong
seasonal variations in the flooded forest and savanna areas.
Figure 4b–f shows the seasonal variation in backscatter split
out for five ecoregions of interest, against the correspond-

https://doi.org/10.5194/hess-26-2997-2022 Hydrol. Earth Syst. Sci., 26, 2997–3019, 2022



3002 A. Petchiappan et al.: Vegetation water dynamics and ASCAT over the Amazon

Figure 3. Mean and range of ASCAT normalized backscatter, slope, and curvature in the study period (2007–2016). Note that there are no
data gaps, so white indicates that the quantity has a value equal to or less than the minimum value indicated on the color bar.

ing climatologies of precipitation and EWT. As the evergreen
forest ecoregions showed very similar climatologies, only the
Juruá–Purus moist forest is shown as a separate plot. In all of
the ecoregions, the maximum backscatter occurs during the
wet season, and a decrease in backscatter is observed dur-
ing the dry season, though the amplitude of the variations
is obviously much smaller in the forest ecoregions. In each
ecoregion, there is clear agreement between the seasonality
of EWT and backscatter. This indicates that backscatter is
influenced by moisture availability in terms of total terres-

trial water storage, which includes groundwater storage. It is
noteworthy that this temporal consistency between backscat-
ter and EWT is apparent for both forest (fC in Fig. 4b) and
the Guianan savanna (sG in Fig. 4e), despite the contrast be-
tween almost zero (0.25 dB) variability in backscatter in fC
and the 2.5 dB seasonal cycle in sG. Figure S2 shows that
the temporal correlation between backscatter and precipita-
tion is low for all ecoregions. A strong negative correlation
and strong positive correlation are found with radiation and
humidity for lags between −2 and 2 months, indicating that
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backscatter is lowest during drier periods with higher radia-
tion and lower specific humidity.

Figure 5a summarizes the mean seasonal cycle in the slope
for the ecoregions of interest. The difference between ecore-
gions is more pronounced than for backscatter. The seasonal
cycle for the evergreen forest ecoregions is similar in mag-
nitude, but there are minor differences in the timing of the
peak. The differences between the savanna regions are more
pronounced than for backscatter. Significant differences can
be seen in the mean slope value and the amplitude and timing
of the seasonal cycle of the slope values for each ecoregion
of interest.

In Fig. 5b–f, the seasonal cycle of the slope in each ecore-
gion is compared to the corresponding cycles of radiation,
specific humidity, and precipitation which drive photosyn-
thetic activity in the region. Note again that only the Juruá–
Purus moist forest is shown as a separate plot. Furthermore,
Fig. S2 illustrates the temporal correlation between slope and
precipitation, radiation, and specific humidity. In the Juruá–
Purus moist forests (Fig. 5b), the change in slope is 1/10 of
that observed in the other ecoregions. The variations in radi-
ation and specific humidity are also very limited. Nonethe-
less, the seasonal cycle of the slope follows that of the radi-
ation with a lag of about 30 d (Fig. S2; R = 0.75 at lag−1).
This can be explained by the fact that the vegetation phe-
nology in this tropical evergreen forest is driven by radiation
(Romatschke and Houze, 2013). The photosynthetic capacity
depends on the available solar energy (Borchert et al., 2015).
Energy availability drives transpiration and the accumulation
of leafy biomass. This increases the volume scattering from
the canopy and therefore leads to an increase in the slope.
Similar results were observed for the other forest ecoregions.
In the Marajó várzea flooded forest (Fig. 5c), the variation in
slope is much larger, and the seasonal cycle is clearly out of
phase with that of the radiation. The seasonal variations in
slope in this ecoregion are dominated by the influence of sur-
face flooding rather than vegetation water content variations
(Sect. 3.1.2).

In the Cerrado (Fig. 5d), there is a significant variation
in specific humidity and radiation, as well as a strong sea-
sonal cycle in precipitation. The peak in slope occurs during
the driest time of year, when radiation is at a maximum and
specific humidity and precipitation are at a minimum. Re-
call, from Fig. 4, that this is also during the minimum EWT
and backscatter period. This is also illustrated in Fig. S2,
where strong negative correlations are found between slope
and humidity. Correlations between slope and radiation are
lower, and the highest correlation occurs at a lag of 2 months,
i.e., slope leads radiation. Section 3.1.1 provides a detailed
analysis of the vegetation types within the Cerrado ecore-
gion to better understand these variations. The slope values in
the Guianan savanna (Fig. 5e) are the lowest observed in all
ecoregions and also have the smallest variations among the
non-forest cover types which are not strongly related to pre-
cipitation, radiation, or specific humidity. This is consistent

with the relatively low, but stable, vegetation density associ-
ated with grasslands (Steele-Dunne et al., 2019). In the Beni
savanna (Fig. 5f), on the other hand, slope varies as much
as in the Cerrado, and there is a very clear relationship be-
tween the slope and the atmospheric forcing data (Fig. 5f).
The maximum slope occurs at the peak of precipitation, EWT
(from Fig. 4) and humidity. The minimum slope occurs dur-
ing the dry season at the minimum in precipitation, humid-
ity, and EWT. This is consistent with the interpretation of the
slope as an indicator of vegetation density as the vegetation
cover in this savanna changes dramatically in response to at-
mospheric forcing. This is also illustrated in Fig. S2, where
high correlations are observed between slope and humidity
with small lags. The contrast in the seasonal cycles in slope
in Fig. 5 reflect the diversity in the vegetation cover types in
the ecoregions and their varied response to moisture supply
and demand.

Figure 6a shows the mean seasonal cycles in curvature
for the regions of interest. The differences in the amplitudes
of the seasonal cycles vary considerably among the regions.
While the evergreen forests vary less than 0.0005 dB ◦−2,
variations in the wetland regions (Beni savanna and Marajó
várzea) are an order of magnitude larger. Aside from the
Guianan savanna, the timing of the seasonal cycle is similar
across all ecoregions. Previous research has suggested that
curvature is related to vegetation phenology and structure
(Steele-Dunne et al., 2019). Since the vegetation phenology
in much of the forested region is radiation driven, we hypoth-
esize that the curvature seasonality is related to the radiation
and evaporative demand. In the Amazon rainforest, Borchert
et al. (2015) observed that leaf flushing and flowering in adult
trees of numerous species coincided with the rise and decline
of insolation. Wagner et al. (2016) made a similar observa-
tion about leaf flushing and rising insolation in July and also
noted that the litterfall peak occurs when evaporative demand
is highest and can persist through the dry season. Figure 6b
shows that although the changes in curvature are very small
in the rainforest, the peak occurs in July on the rising limb of
the radiation data and when the specific humidity is near its
minimum. Figures 6b–f and S2 show the strong correspon-
dence between curvature and radiation (positive correlation
at a lag of 2 months) and specific humidity (negative corre-
lation with a lag of −1 month) and that the highest values
of curvature generally correspond to lower humidity, higher
solar radiation, and lower precipitation. This suggests that
higher values of curvature may be related to litterfall during
periods of high evaporative demand. It is also noteworthy that
the curvature values in the Guianan savanna (Fig. 6e are pos-
itive for much of the year, consistent with the dominance of
grass cover in this region.

3.1.1 Cerrado

As described in Sect. 3, the Cerrado shows a peak in slope,
which indicates increased volume scattering, at a time of
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Figure 4. Climatologies of backscatter for all ecoregions, with five evergreen forests (dark green), flooded forests (cyan), and three sa-
vannas (light green) (a). Panels (b)–(f) show the climatology of backscatter (green line) with precipitation (bars) and equivalent water
thickness (EWT; blue line) per ecoregion. Note the different y axes and that only the Juruá–Purus moist forest (fC) is shown, as it is similar
to the other evergreen forests.

low precipitation and humidity, maximum radiation, and low
backscatter. To better understand these variations, backscat-
ter, slope, and curvature are analyzed for the entire Cerrado
region per land cover class. An overview of the number of
used grid points per land cover can be found in Table S2. Fig-
ure 7 provides a detailed map of the Copernicus Global Land
Service Land Cover within the Cerrado region (Buchhorn
et al., 2020). The dominant cover types are herbaceous cover

and shrubland, with patches of cropland and forest. Figures 8
and 9 show the spatial patterns and boxplot per land cover
type of mean, maximum, and the day of year (DOY) of the
maximum for backscatter, slope, and curvature. The mean
backscatter varies between −13 and −7 dB and is highest
for forest regions and lowest for croplands. The DOY for the
maximum backscatter varies with latitude from December to
January in the southern region to April in the northern re-
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Figure 5. Climatologies of the slope for all ecoregions, with five evergreen forests (dark green), flooded forests (cyan), and three savannas
(light green) (a). Panels (b)–(f) show the climatology of the slope (green line) with precipitation (bars) and specific humidity (blue line) and
radiation (red line) per ecoregion. Note the different y axes and that only the Juruá–Purus moist forest (fC) is shown, as it is similar to the
other evergreen forests.

gion. As expected, the highest backscatter corresponds with
the months of highest precipitation and EWT, and the min-
imum in backscatter corresponds with the months of low-
est moisture availability (Fig. 4). The seasonal dynamics in
backscatter are strongest in cropland. This may be related to
the higher sensitivity to surface soil moisture in croplands,
and low backscatter may be related to dry surface soil condi-
tions. The slope mean and maximum values show a decrease
from shrubs to herbaceous to cropland, which decrease with
vegetation density as expected. Forests are characterized by

high mean and maximum slope values. The seasonal dynam-
ics and DOY of the maximum slope vary strongly with the
land cover type. In croplands, the maximum slope, i.e., where
volume scattering is highest, occurs between DOY 340-150.
This corresponds to the highest precipitation and EWT, in-
dicating increased vegetation density. In natural vegetation,
such as herbaceous cover, shrubs, and forests, the highest
slope occurs between DOY 200 and 300 and coincides with
the minimum in precipitation and EWT but with maximum
radiation (Fig. 5). This is illustrated in Fig. 10, where slope
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Figure 6. Climatologies of curvature for all ecoregions, with five evergreen forests (dark green), flooded forests (cyan), and three savannas
(light green) (a). Panels (b)–(f) show the climatology of curvature (green line) with precipitation (bars) and specific humidity (blue line) and
radiation (red line) per ecoregion. Note the different y axes and that only the Juruá–Purus moist forest (fC) is shown, as it is similar to the
other evergreen forests.

and radiation dynamics for different land cover classes are
depicted. To exclude confounding effects due to heteroge-
neous land cover within ASCAT pixels, we used only pixels
with a dominant land cover fraction of> 80 %. The slope dy-
namics in cropland are following the precipitation dynamics
and have their peak during the wet season. Herbaceous cover
shows two peaks in slope, with one coinciding with the wet
season at the beginning of the year and a higher peak coincid-
ing with the dry season and maximum in radiation. The in-
crease in slope coincides with the onset of the increase in ra-
diation. In shrubs and forests, the slope starts to increase after

the wet season but before the increase in radiation (Fig. 10).
This counterintuitive behavior of the slope over natural veg-
etation can be explained by the variability in limiting factors
to vegetation activity. Within the Cerrado region, vegetation
can be moisture limited or energy limited (Nemani et al.,
2003), depending on location and land cover type. Contrary
to crops, natural vegetation types such as herbaceous vege-
tation, shrublands, and forests have deeper root systems, and
they can tap into deeper water reservoirs. This enables them
to increase photosynthesis and leaf development slightly be-
fore or at the onset of increasing radiation, even though pre-
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Figure 7. Dominant land cover type (left panel) and fraction (right panel) derived from the Copernicus Global Land Service Land
Cover (2015) for the Cerrado region (Buchhorn et al., 2020).

cipitation is at its minimum. The increase in vegetation ac-
tivity will lead to increased volume scattering and a flatter
backscatter over all incidence angles and subsequent higher
slopes. Chave et al. (2010) found that, among the tropical for-
est types in South America, the highest seasonality in litter-
fall was observed in low-stature forests, such as those found
in the Cerrado. They also cite Wright and Van Schaik (1994)
to argue that the seasonality of solar radiation rather than pre-
cipitation may be the most important trigger for leaf flush-
ing and leaf abscission. Croplands and herbaceous vegeta-
tion show positive curvatures, whereas forests are character-
ized by negative curvatures, with the maximum values oc-
curring between DOY 200 and 300 across the Cerrado. The
positive curvature for crops and herbaceous vegetation can
be explained by the vertical structure of the vegetation.

3.1.2 Seasonal flooding

Figure 11 shows the striking effect of seasonal flooding on
the incidence angle dependence of backscatter. This relation-
ship was obtained using Eq. (1) for a reference angle of 40◦,
with the climatological mean values of σ o

40, slope, and cur-
vature for several days during the year. The flooded period is
indicated in shades of blue. First, note that σ o

40 is around 2 dB
higher during the seasonal flooding. Under forest/woody
vegetation, this is due to a combination of double bounce
scattering between the surface and trunks and multi-path
scattering between the surface and the vegetation (Townsend,
2002).

Recall, from Fig. 5, that the slope is slightly higher during
this period as this multiple scattering is apparently slightly
less sensitive to incidence angle than scattering from the veg-

etation during the non-flooded period. However, the most
noteworthy difference is in the curvature. In both ecoregions,
the curvature changes considerably and even changes sign
during the flooded period. This illustrates that the curva-
ture includes useful information on changes in the scatter-
ing mechanisms, which are related to physical changes at the
land surface.

3.2 Diurnal differences

Figure 12 shows the mean diurnal differences for backscat-
ter and EWT in the study area for alternate months in the
year, where positive values indicate that values are higher
during the descending (10:00 LT) overpass than those from
the ascending (22:00 LT) overpass. The diurnal differences
in backscatter are generally very small, with maximum val-
ues less than 0.15 dB. Although this is unquestionably close
to the limits of the ASCAT sensor in terms of radiometric ac-
curacy, these results are based on monthly averages, which is
expected to reduce noise. Furthermore, there is a clear sea-
sonal variation, broadly following that of EWT, demonstrat-
ing that patterns are likely not a result of noise.

For most of the domain, especially the evergreen forests,
high values in EWT coincide with negative diurnal differ-
ences in backscatter and vice versa. During periods of max-
imum EWT, the backscatter is higher in the evening than in
the morning. This is consistent with the finding that precip-
itation in tropical South America (since it is generally pro-
duced by convective systems) predominantly occurs in the
late afternoons and evenings (Romatschke and Houze, 2013).
Hence, these higher backscatter values are due to the canopy
being wetter in the evening.
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Figure 8. Mean, maximum, and DOY of maximum for backscatter, slope, and curvature over the Cerrado.

During the drier periods – e.g., September (h, k) and
November (i, l) in the south of the study area – backscatter is
higher at 10:00 LT than at 22:00 LT, consistent with the loss
of moisture through transpiration during the day. In a light-
limited evergreen forest such as the Amazon (rather than
a water-limited forest), the canopy photosynthetic capac-
ity seasonality is driven by radiation (Wagner et al., 2016).
When the plants are phenologically active, they lose water
during the daytime through transpiration, resulting in lower
evening backscatter values. The results in Fig. 12 are consis-
tent with the findings of previous studies by Frolking et al.
(2011) and Friesen et al. (2012), who also found the morning
backscatter over Amazonia to be higher (on average) than the
evening values due to higher water content in the vegetation.
In the areas surrounding the evergreen forests, the patterns

can be less straightforward. Note, for example, that the di-
urnal difference in σ o

40 in the Guianan savanna (sG) consis-
tently has the opposite sign to that of the surrounding forest.

In Fig. 13, the seasonal cycle of the diurnal difference
in σ o

40 is compared to those of the radiation, precipitation,
and EWT for each of the ecoregions of interest. Figure 13a is
indicative of the seasonal variations observed across the ev-
ergreen forest ecoregions. Note that the diurnal differences
are very small (< 0.06 dB). Recall from Figs. 4, 5, and 6
that the backscatter, slope, and curvature in these evergreen
forests were essentially stable throughout the year, so even
this small diurnal difference is noteworthy, given the lim-
ited seasonal variation. As mentioned in the discussion of
Fig. 12, evening values are higher than morning values dur-
ing the EWT maximum and vice versa. Diurnal differences
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Figure 9. Time series averaged per land cover class and box plots of mean, maximum, and DOY of maximum for backscatter, slope, and
curvature over the Cerrado.

Figure 10. Seasonal cycle of the slope and radiation per land cover class in the Cerrado region. Only ASCAT pixels in which the fraction of
the dominant land cover type exceeds 80 % are included.

https://doi.org/10.5194/hess-26-2997-2022 Hydrol. Earth Syst. Sci., 26, 2997–3019, 2022



3010 A. Petchiappan et al.: Vegetation water dynamics and ASCAT over the Amazon

Figure 11. Averaged backscatter as a function of incidence angle for several dates in the Marajó várzea (a) and Beni savanna (b) ecoregions.

Figure 12. Maps of monthly mean diurnal differences in σ o
40 (morning minus evening passes) and monthly mean equivalent water thick-

ness (EWT) from GRACE for different months in the year.

are larger in the Marajó várzea (Fig. 13b), but interpreting
their seasonal variation is complicated by the seasonal inun-
dation. In the Cerrado and Beni savanna ecoregions (Fig. 13c
and e), the diurnal differences in backscatter are almost twice
as large as those observed in the evergreen forest regions.
Morning values are up to 0.1 dB higher than evening values
during the dry season due to loss of plant moisture during
the day. Similar to the forest regions, evening backscatter
values are higher during the rainy season. The Guianan sa-
vanna (Fig. 13d) is quite distinct in that morning backscat-
ter is up to 0.15 dB higher than evening backscatter during
the EWT and backscatter peak. One possible explanation for
this unusual seasonal cycle is that it is related to a change
in the relative dominance of the forests and grasslands in the
backscatter signal. The transition from positive to negative
curvature values during the EWT peak indicate an increased

contribution from tree patches and shrubs during the wetter
period. The higher backscatter in the morning may be due to
water uptake in the trees during the night.

3.3 The 2010 and 2015 droughts

During the study period (2007–2016), two major droughts
occurred in Amazonia in 2010 and 2015. Figure 14 shows the
spatial distribution of anomalies in σ o

40, slope, and curvature
during the peak of the droughts from June to September 2010
and October to December 2015. The two regions of inter-
est are indicated in the maps, i.e., the savanna Cerrado (sC)
ecoregion and Southwest Amazon moist forests (fsW). The
2010 drought was most severe over southern and western
Amazonia (Panisset et al., 2018). The 2015 drought was con-
sidered to be a record-breaking event, with stronger warm-
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Figure 13. Seasonal cycle of diurnal difference in backscatter (black line), radiation (red line), EWT (blue line), and precipitation (bars) for
different cover types. Green (yellow) fill indicates days on which backscatter is higher (lower) in the morning than in the evening.

ing than that seen in previous events (Jiménez-Muñoz et al.,
2016). According to Panisset et al. (2018), there was a “pro-
nounced lack of rainfall availability during late spring and
early summer”. The 2015 drought was more widespread than
the event in 2010 and strongest in eastern Amazonia.

Negative anomalies are observed in σ o
40, especially in the

southern regions and in the Cerrado in 2010 and in eastern
regions in 2015. Although anomalies are small over forests,
they are robust. Recall from Sect. 2 that the backscatter
noise level is low over evergreen forests and noise is fur-
ther reduced through temporal aggregation. Note that the
most eastern part of the Cerrado shows positive anomalies
in 2010. The forests in fsW show minor negative anoma-
lies (< 0.1 dB) in σ o

40 in 2010 and slightly stronger negative
anomalies in 2015. Negative anomalies in backscatter from
QuikSCAT (Quick Scatterometer) were also observed during
the 2005 drought (Saatchi et al., 2013; Frolking et al., 2017).

No significant spatial or temporal anomalies were observed
in the diurnal differences in backscatter during the drought
years. The slope and curvature do not show clear spatial pat-
terns in anomalies during the 2010 drought, although the
southern region shows slightly more positive anomalies. A
clear positive anomaly can be observed in the slope in eastern
Amazonia in the 2015 drought. The curvature shows fewer
clear patterns, although a striping pattern can be seen that is
likely related to swaths.

Figure 15 shows the time series of anomalies in backscat-
ter, slope, and curvature for the moist forests in fsW and the
Cerrado region for the 2010 and 2015 drought. The backscat-
ter, slope, and curvature over the closed evergreen forest in
fsW shows very little variation (both in time and space) dur-
ing both droughts. A slight increase up to 0.002 dB per de-
gree in slope can be observed during the peak of the 2015
drought. This demonstrates that the fsW forests are stable for
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Figure 14. Spatial patterns in anomalies in backscatter, slope, and curvature in response to the 2010 and 2015 droughts.

satellite calibration. The Cerrado shows varying responses
depending on land cover type and are therefore investigated
further. Negative anomalies in σ o

40 in cropland and herba-
ceous land cover can be seen during both droughts. Espe-
cially during the 2010 drought, the croplands in the Cerrado
are strongly affected, with a negative anomaly of >−1 dB
for some pixels. During the more extensive drought in 2015,
σ ◦40 in forest is also affected, and negative anomalies up
to −1.5 dB are observed. The slope shows minor positive
anomalies during the peak of the drought in 2010. In an anal-
ysis of drought impact on VOD over the forests in southern
Amazonia, Liu et al. (2018) observed similar positive anoma-
lies in VOD from May to August during the 2010 drought.

Negative anomalies in VOD were only observed during later
stages of the drought, from August to October. In 2010, neg-
ative slope anomalies in the Cerrado are observed from Oc-
tober on. During the 2015 drought, strong positive anomalies
in slope and curvature are present over the Cerrado, espe-
cially in forests. Contrary to the drought of 2010, the peak
of the 2015 drought occurs during the precipitation season in
the Cerrado. Normally the precipitation season is character-
ized by lower radiation, and the positive anomalies in radi-
ation during the drought might enhance vegetation growth.
Note that the very small fluctuations in backscatter observed
in Figs. 14 and 15 may only be scientifically evaluated in
rainforest regions, where the spatiotemporal backscatter dy-
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namics (radiometric variations) are among the most stable in
the world.

4 Conclusions

In this study, ASCAT backscatter, slope, and curvature were
analyzed in conjunction with meteorological data and terres-
trial water storage from GRACE in the Amazon region. Pre-
vious results, limited to grasslands, had suggested that the
slope and curvature contained useful information for moni-
toring vegetation water dynamics. However, the current study
is the first to attempt to explain the spatial and temporal varia-
tions in slope and curvature in terms of seasonal variations in
moisture availability and demand. Furthermore, it confirms
that the conclusions of Steele-Dunne et al. (2019) can be ex-
tended to a wide range of cover types.

Results show that the unique viewing geometry of AS-
CAT provides valuable insight into vegetation water dynam-
ics across a diverse range of ecoregions. The timing of the
seasonal cycle of normalized backscatter was consistent with
that of GRACE EWT, with the maximum (minimum) nor-
malized backscatter coinciding with the maximum (mini-
mum) EWT in all ecoregions. Spatial patterns in the mean
and range of the slope reflect the ecoregions within the study
area. The seasonal cycle in the slope was found to follow
the moisture availability and demand indicated by meteo-
rological data and their influence on phenology. A detailed
analysis per land cover type over the Cerrado demonstrated
this. Slope dynamics were concurrent with precipitation in
croplands and herbaceous cover, although herbaceous cover
showed a second peak coinciding with the maximum in ra-
diation. Slope dynamics in shrubs and forest corresponded
with radiation, although the onset in increasing slope pre-
ceded the onset of increasing radiation. This may be due to
leaf flushing, but it is difficult to draw a firmer conclusion
given the limited availability of ground data (Chave et al.,
2010). While the mechanism driving these variations in slope
may not be immediately clear, it is important to note that
there are open questions around the process of litterfall and
its relation to precipitation and radiation in general. A recent
study from Hashimoto et al. (2021) demonstrated that the
temporal density of optical data from the Advanced Base-
line Imager (ABI) on board the Geostationary Operational
Environmental Satellite 16 (GOES-16) yields unprecedented
detail on the seasonality of the normalized difference vegeta-
tion index (NDVI) and LAI in the evergreen Amazon forests.
A comparison of ASCAT slope and curvature and ABI data
may yield additional insight into the connection between
slope, curvature, and litterfall in the various ecoregions of
our study area. Consistent with the findings of Steele-Dunne
et al. (2019) in a study limited to grasslands, variations in cur-
vature seem to be related to phenological change. The highest
values of curvature coincide with periods of high evaporative
demand (e.g., high radiation, lower humidity, and lower pre-

cipitation). This suggests a link between curvature and phe-
nological changes such as leaf flushing and litterfall. For ex-
ample, the curvature peak in July in the rainforest occurs dur-
ing rising insolation and coincides with leaf flushing. Areas
affected by seasonal flooding exhibited dramatic changes in
both backscatter and curvature due to a suspected increase
in multiple scattering between water on the surface and the
vegetation.

Diurnal variations (i.e., the difference between morning
and evening overpasses) were generally small, particularly in
the evergreen forests. Nonetheless, their relation to the timing
of precipitation highlights the importance of overpass time
in using microwave observations for vegetation monitoring.
Diurnal differences in backscatter during the dry season are
dominated by transpiration losses. Long-term monitoring of
these diurnal differences could provide insight into mois-
ture availability and its influence on transpiration and veg-
etation functioning (Konings et al., 2021). Consistent with
previous studies on the effect of drought on the backscat-
ter signal over the Amazon forests (Frolking et al., 2011;
Saatchi et al., 2013), a negative anomaly in backscatter was
observed during the 2010 and 2015 drought; although this
was minor for the moist forests, strong anomalies were ob-
served in the Cerrado. The slope showed positive anomalies
during the drought events in the Cerrado, similar to posi-
tive anomalies in VOD over forests observed by Liu et al.
(2018), who attributed this to enhanced canopy growth due
to increased radiation. Persistent positive anomalies in radia-
tion were observed over the Cerrado, especially in 2015. The
analysis confirms the confounding effects of mechanisms
driving variation in slope in these regions.

For regions with non-closed-canopy conditions and sig-
nificant soil contribution, the water sensitivity of the slope
and curvature may be influenced, or even dominated, by soil
moisture dynamics (Greimeister-Pfeil et al., 2022). Further-
more, the various storage compartments (soil and vegeta-
tion) are linked by the soil–plant–atmosphere system. An im-
proved physical understanding of the influence of both soil
and vegetation on slope and curvature is essential. Future re-
search should also include forward electro-magnetic model-
ing of multi-angular backscatter (i.e., slope and curvature) to
improve our understanding of how they relate to vegetation
water and biomass variations and soil moisture.

The improved understanding of the slope and curvature
gained in this study is valuable in terms of our ability to use
ASCAT for vegetation monitoring and specifically for veg-
etation water dynamics. Slope and curvature may be influ-
enced by the number and distribution of the scatterers, and
their dielectric properties, all of which influence the opti-
cal depth, i.e., the attenuation of the signal by the vegeta-
tion. Our improved understanding of the slope and curva-
ture and how they are affected by vegetation structure and
water content and interactions between the soil and vegeta-
tion is essential to improve our ability to interpret and op-
timally use VOD derived from ASCAT. Therefore, this re-
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Figure 15. Time series of anomalies in backscatter, slope, and curvature for moist forest (fsW) and Cerrado region. The shaded areas
indicate the 5th and 95th percentile. The peak drought intervals (June–September 2010 and September–December 2015) are shown within
dash–dotted blue lines.

search contributes directly to the continued development of
the ASCAT VOD products. For example, it provides further
insights in the VOD calculated from ASCAT by Vreugden-
hil et al. (2016), where the main temporal dynamics stem
from the slope and curvature. Furthermore, the fact that the
slope and curvature themselves reveal different aspects of the
vegetation response to the balance between moisture avail-
ability and demand means they are potentially useful low-
level observables, i.e., they are obtained with minimal pro-
cessing and avoid the assumptions and simplifications re-

quired to retrieve geophysical variables. The results of this
study suggest that their information content can be directly
exploited to monitor vegetation water dynamics. The current
study was performed over different land cover types, demon-
strating the potential to study vegetation water dynamics with
these observables over different regions. However this re-
search also confirms the need for further research to over-
come the limited understanding of the spatiotemporal dy-
namics of the slope compared to environmental drivers and
effects in structure of vegetation. A lot of our understanding
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of the incidence angle dependence of backscatter is based on
experiments with tower-based or airborne radar systems con-
ducted in the 1970s to 1990s (e.g., Ulaby, 1975; Ferrazzoli
et al., 1992) to optimize the design of spaceborne radar sys-
tems. However, these experiments were generally focused on
classification, soil moisture, or LAI/biomass retrieval. Radar
data were limited in space and/or time, and water dynam-
ics (beyond soil moisture) were often not considered. Recent
studies have focused on the relation between water dynam-
ics in vegetation and tower-based radar backscatter response
(e.g., Vermunt et al., 2020; Khabbazan et al., 2022) but not at
the slope of the backscatter incidence angle relationship. So,
in any first-order ground validation, we advocate the inclu-
sion of incidence angle dependence. Nonetheless, field-based
experimental campaigns have the disadvantage that they are
very localized. Thus, studies, like the one presented here, to
explore ASCAT dynamic vegetation parameters and explain
the variations in terms of modeled or observed geophysical
variables are equally valuable and needed because they allow
us to study a wide range of cover and climate types and the
impact of events such as drought. Based on this, and consid-
ering the planned SCA instrument on Metop-SG, incidence
angle variations should be studied in more detail and be con-
sidered as a potentially valuable source of useful information.
Ongoing research is focused on using data-driven and radia-
tive transfer modeling approaches to investigate the sensitiv-
ity of the slope and curvature to physical changes at the land
surface including also different regions and cover types.
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Tolvanen, A., Vučetič, V., Zimmermann, K., and Zust, A.: Pan
European Phenological database (PEP725): a single point of ac-
cess for European data, Int. J. Climatol., 62, 1109–1113, 2018.

Teubner, I., Forkel, M., Jung, M., Liu, Y., Miralles, D., Parinussa,
R., van der Schalie, R., Vreugdenhil, M., Schwalm, C., Tramon-
tana, G., Camps-Valls, G., and Dorigo, W.: Assessing the rela-
tionship between microwave vegetation optical depth and gross
primary production, Int. J. Appl. Earth Obs. Geoinform., 65, 79–
91, https://doi.org/10.1016/j.jag.2017.10.006, 2018.

Teubner, I., Forkel, M., Camps-Valls, G., Jung, M., Miralles,
D., Tramontana, G., van der Schalie, R., Vreugdenhil, M.,
Mösinger, L., and Dorigo, W.: A carbon sink-driven ap-
proach to estimate gross primary production from microwave
satellite observations, Remote Sens. Environ., 229, 100–113,
https://doi.org/10.1016/j.rse.2019.04.022, 2019.

Tian, F., Brandt, M., Liu, Y. Y., Verger, A., Tagesson, T., Diouf,
A. A., Rasmussen, K., Mbow, C., Wang, Y., and Fensholt, R.:
Remote sensing of vegetation dynamics in drylands: Evaluating
vegetation optical depth (VOD) using AVHRR NDVI and in situ
green biomass data over West African Sahel, Remote Sens. En-
viron., 177, 265–276, https://doi.org/10.1016/j.rse.2016.02.056,
2016.

Townsend, P.: Relationships between forest structure and the detec-
tion of flood inundation in forested wetlands using C-band SAR,
Int. J. Remote Sens., 23, 443–460, 2002.

TU Wien, Department of Geodesy and Geoinformation: Soil WAter
Retrieval Package (WARP): v5.10.0, 2022.

Ulaby, F.: Radar response to vegetation, IEEE T. Antenn. Propagat.,
23, 36–45, https://doi.org/10.1109/TAP.1975.1140999, 1975.

Vermunt, P. C., Khabbazan, S., Steele-Dunne, S. C., Judge, J.,
Monsivais-Huertero, A., Guerriero, L., and Liu, P.-W.: Response
of Subdaily L-Band Backscatter to Internal and Surface Canopy
Water Dynamics, IEEE T. Geosci. Remote, 59, 7322–7337,
https://doi.org/10.1109/TGRS.2020.3035881, 2020.

Vreugdenhil, M., Dorigo, W. A., Wagner, W., De Jeu, R. A., Hahn,
S., and Van Marle, M. J.: Analyzing the vegetation parameteri-
zation in the TU-Wien ASCAT soil moisture retrieval, IEEE T.
Geosci. Remote , 54, 3513–3531, 2016.

Wagner, F. H., Hérault, B., Bonal, D., Stahl, C., Anderson, L. O.,
Baker, T. R., Becker, G. S., Beeckman, H., Boanerges Souza, D.,
Botosso, P. C., Bowman, D. M. J. S., Bräuning, A., Brede, B.,
Brown, F. I., Camarero, J. J., Camargo, P. B., Cardoso, F. C. G.,
Carvalho, F. A., Castro, W., Chagas, R. K., Chave, J., Chidu-
mayo, E. N., Clark, D. A., Costa, F. R. C., Couralet, C., da Silva
Mauricio, P. H., Dalitz, H., de Castro, V. R., de Freitas Milani,
J. E., de Oliveira, E. C., de Souza Arruda, L., Devineau, J.-L.,
Drew, D. M., Dünisch, O., Durigan, G., Elifuraha, E., Fedele,
M., Ferreira Fedele, L., Figueiredo Filho, A., Finger, C. A. G.,
Franco, A. C., Freitas Júnior, J. L., Galvão, F., Gebrekirstos, A.,
Gliniars, R., Graça, P. M. L. D. A., Griffiths, A. D., Grogan, J.,
Guan, K., Homeier, J., Kanieski, M. R., Kho, L. K., Koenig, J.,
Kohler, S. V., Krepkowski, J., Lemos-Filho, J. P., Lieberman, D.,
Lieberman, M. E., Lisi, C. S., Longhi Santos, T., López Ayala,
J. L., Maeda, E. E., Malhi, Y., Maria, V. R. B., Marques, M. C.
M., Marques, R., Maza Chamba, H., Mbwambo, L., Melgaço, K.
L. L., Mendivelso, H. A., Murphy, B. P., O’Brien, J. J., Ober-
bauer, S. F., Okada, N., Pélissier, R., Prior, L. D., Roig, F. A.,
Ross, M., Rossatto, D. R., Rossi, V., Rowland, L., Rutishauser,
E., Santana, H., Schulze, M., Selhorst, D., Silva, W. R., Silveira,
M., Spannl, S., Swaine, M. D., Toledo, J. J., Toledo, M. M.,
Toledo, M., Toma, T., Tomazello Filho, M., Valdez Hernández, J.
I., Verbesselt, J., Vieira, S. A., Vincent, G., Volkmer de Castilho,
C., Volland, F., Worbes, M., Zanon, M. L. B., and Aragão, L.
E. O. C.: Climate seasonality limits leaf carbon assimilation and
wood productivity in tropical forests, Biogeosciences, 13, 2537–
2562, https://doi.org/10.5194/bg-13-2537-2016, 2016.

Wagner, W., Lemoine, G., Borgeaud, M., and Rott, H.: A study
of vegetation cover effects on ERS scatterometer data, IEEE T.
Geosci. Remote, 37, 938–948, 1999.

Wagner, W., Hahn, S., Kidd, R., Melzer, T., Bartalis, Z., Hase-
nauer, S., Figa-Saldaña, J., de Rosnay, P., Jann, A., Schneider,
S., Komma, J., Kubu, G., Brugger, K., Aubrecht, C., Züger, J.,
Gangkofner, U., Kienberger, S., Brocca, L., Wang, Y., Blöschl,
G., Eitzinger, J., Steinnocher, K., Zeil, P., and Rubel, F.: The AS-
CAT Soil Moisture Product: A Review of Its Specifications, Val-
idation Results, and Emerging Applications, Meteorol. Z., 22,
5–33, https://doi.org/10.1127/0941-2948/2013/0399, 2013.

Wahr, J., Molenaar, M., and Bryan, F.: Time variability of the
Earth’s gravity field: Hydrological and oceanic effects and their
possible detection using GRACE, J. Geophys. Res.-Solid, 103,
30205–30229, 1998.

Wismann, V. R., Boehnke, K., and Schmullius, C.: Monitoring
ecological dynamics in Africa with the ERS-1 scatterometer,
in: IEEE 1995 International Geoscience and Remote Sensing
Symposium, IGARSS’95, Quantitative Remote Sensing for Sci-

Hydrol. Earth Syst. Sci., 26, 2997–3019, 2022 https://doi.org/10.5194/hess-26-2997-2022

https://doi.org/10.1029/2005GL025285
https://doi.org/10.1016/j.jag.2017.10.006
https://doi.org/10.1016/j.rse.2019.04.022
https://doi.org/10.1016/j.rse.2016.02.056
https://doi.org/10.1109/TAP.1975.1140999
https://doi.org/10.1109/TGRS.2020.3035881
https://doi.org/10.5194/bg-13-2537-2016
https://doi.org/10.1127/0941-2948/2013/0399


A. Petchiappan et al.: Vegetation water dynamics and ASCAT over the Amazon 3019

ence and Applications, vol. 2, 10–14 July 1995, 1523–1525,
https://doi.org/10.1109/IGARSS.1995.521798, 1995.

Woodhouse, I. ., van der Sanden, J. J., and Hoekman, D. H.: Scat-
terometer observations of seasonal backscatter variation over
tropical rain forest, IEEE T. Geosci. Remote, 37, 859–861, 1999.

Wright, S. J. and Van Schaik, C. P.: Light and the phenology of
tropical trees, Am. Nat., 143, 192–199, 1994.

WWF: Terrestrial Ecoregions|Biome Categories|WWF,
https://files.worldwildlife.org/wwfcmsprod/files/Publication/
file/6kcchn7e3u_official_teow.zip?_ga=2.266153039.
1704052247.1654773215-2069422009.1654773214 (last
access: 6 June 2022), 2019.

https://doi.org/10.5194/hess-26-2997-2022 Hydrol. Earth Syst. Sci., 26, 2997–3019, 2022

https://doi.org/10.1109/IGARSS.1995.521798
https://files.worldwildlife.org/wwfcmsprod/files/Publication/file/6kcchn7e3u_official_teow.zip?_ga=2.266153039.1704052247.1654773215-2069422009.1654773214
https://files.worldwildlife.org/wwfcmsprod/files/Publication/file/6kcchn7e3u_official_teow.zip?_ga=2.266153039.1704052247.1654773215-2069422009.1654773214
https://files.worldwildlife.org/wwfcmsprod/files/Publication/file/6kcchn7e3u_official_teow.zip?_ga=2.266153039.1704052247.1654773215-2069422009.1654773214

	Abstract
	Introduction
	Data and methods
	Study area
	ASCAT data
	Water dynamics data

	Results and discussion
	Seasonal climatology
	Cerrado
	Seasonal flooding

	Diurnal differences
	The 2010 and 2015 droughts

	Conclusions
	Code availability
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Special issue statement
	Financial support
	Review statement
	References

