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Abstract: Knowledge of surface hydrology is essential for many applications, including
studies that aim to understand permafrost response to changing climate and the associated
feedback mechanisms. Advanced remote sensing techniques make it possible to retrieve
a range of land-surface variables, including radar retrieved soil moisture (SSM). It has
been pointed out before that soil moisture retrieval from satellite data can be challenging
at high latitudes, which correspond to remote areas where ground data are scarce and the
applicability of satellite data of this type is essential. This study investigates backscatter
variability other than associated with changing soil moisture in order to examine the possible
impact on soil moisture retrieval. It focuses on issues specific to SSM retrieval in the Arctic,
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notably variations related to tundra lakes. ENVISAT Advanced Synthetic Aperture Radar
(ASAR) Wide Swath (WS, 120 m) data are used to understand and quantify impacts on
Metop (AAdvanced Scatterometer (ASCAT, 25 km) soil moisture retrieval during the snow
free period. Sites of interest are chosen according to ASAR WS availability, high or low
agreement between output from the land surface model ORCHIDEE and ASCAT derived
SSM. Backscatter variations are analyzed with respect to the ASCAT footprint area. It
can be shown that the low model agreement is related to water fraction in most cases.
No difference could be detected between periods with floating ice (in snow off situation) and
ice free periods at the chosen sites. The mean footprint backscatter is however impacted by
partial short term surface roughness change. The water fraction correlates with backscatter
deviations (relative to a smooth water surface reference image) within the ASCAT footprint
areas (R = 0.91−0.97). Backscatter deviations of up to 5 dB can occur in areas with less
than 50% water fraction and an assumed soil moisture related range (sensitivity) of 7 dB in
the ASCAT data. The sensitivity is also positively correlated with water fraction in regions
with low land-surface model agreement (R = 0.68). A precise quantification of the impact
on soil moisture retrieval would, however, need to consider actual soil moisture changes and
sensor differences. The study demonstrates that the usage of higher spatial resolution data
than currently available for SSM is required in lowland permafrost environments.

Keywords: permafrost; soil moisture; Arctic; high latitudes; water bodies; radar;
remote sensing; land surface model

1. Introduction

The pan-Arctic tundra lowlands are underlain by perennially frozen ground known as permafrost.
Permafrost warming is ongoing and predicted to increase in magnitude over the course of the 21st
century [1]. The potential impact that thawing permafrost may have on the global climate system
through the release of greenhouse gases has been a concern and a research focus since many years
(e.g., [2,3]). Changes to the thermal state of permafrost are linked to rising air temperatures and
variations in the precipitation. These changes to the ground thermal regime are also modifying
hydrological and biogeochemical dynamics [4] which are closely coupled with active layer processes [5].
The soil water content (SWC) of the active layer is a driving factor of ecosystem respiration [6] and
therefore soil moisture may be seen as a control parameter for carbon exchange with the atmosphere [7].
Soil moisture is highly variable in space and time, controlled by precipitation, redistribution and
evapotranspiration. Attempts to address this spatio-temporal variability have led to the development
of remote sensing techniques employing surface soil moisture (SSM) retrieval algorithms (e.g., [8–11]).
The availability and applicability of satellite data in the Arctic is in addition crucial because of the
remote nature of this region. Both passive and active microwave sensors are used to produce SSM
data, including global coarse resolution (25–50 km) datasets [12]. Past studies have often focused on
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developing methods using active microwave sensors. Scatterometer data have become central to SSM
retrieval studies. The ERS scatterometer derived SSM datasets have been used in a number of studies
(e.g., [13,14]). More recently the Advanced Scatterometer (ASCAT) data (e.g., [15,16]), including
an operational retrieval method implemented by the European Organization for the Exploitation of
Meteorological Satellites (EUMETSAT), is used for the same purpose. The ASCAT sensor, which
is onboard the polar-orbiting meteorological satellite MetOp (A and B), is well suited for continuous
monitoring, providing 80% daily global coverage [17,18] undertook a validation study that compares
soil moisture products from ASCAT as well as from the passive microwave Soil Moisture Ocean Salinity
(SMOS) radiometer with in situ observations. They found that the remotely-sensed SSM products show
a significant correlation with the in situ data, capturing the annual cycle as well as trends in short term
fluctuations in SSM.

Furthermore, the feasibility of using synthetic aperture radar (SAR) data to extract soil moisture
patterns at higher spatial resolution (1 km) have been investigated (e.g., [19,20]). There are limitations to
SSM retrieval from active microwave sensors in cold regions where frozen ground conditions, landscape
heterogeneity and seasonal land cover variations all contribute to the radar’s return signal [21]. Each of
these factors impacts on the radar scattering mechanism and hence complicates the SSM retrieval
methods that rely on relating differences in the ground’s dielectric properties to soil moisture levels
according to the empirical relationship established by [22]. Particularly challenging for the SSM retrieval
procedure are frozen ground conditions. In fact, the soil water index (SWI) method entirely relies on
unfrozen and snow-free ground conditions [23]. Phase changes between the liquid and solid states of
water have a significant effect on its dielectric properties [24–26]. Freezing of the ground usually results
in low backscatter values that are similar to those attributed to dry soils, which in turn may lead to
misinterpretation [27]. Furthermore, snow scattering processes are even more complex, depending on
depth, density and grain size of the snowpack, as well as wet or dry snow conditions [28]. Information on
snowmelt timings and duration, as well as freeze/thaw cycles can be extracted from the radar signal
itself [27,29]. However, they still pose a considerable problem for SSM retrieval in cold regions.
The future Soil Moisture Active Passive (SMAP) mission, due to launch in late 2014, will try to address
all of the aforementioned limitations by combining both radar and radiometer measurements [30].

Precipitation records from the field are sparse in remote areas such as the Arctic. Satellite data provide
input data with high temporal and spatial coverage, which in addition can be obtained considerably more
frequently than the field measurements can be collected, which makes it valuable for e.g., real-time
flood forecasting. Thus, to predict precipitation runoff and infiltration, remotely-sensed SSM data
are used as input and/or as validation data for hydrological models [31,32]. In cold regions, the
hydrological system is interconnected to the frozen ground, as it hampers the infiltration capacity
and percolation. Therefore, permafrost hydrology and active layer processes need to be taken into
account for accurate modeling [33]. While permafrost models primarily consider the extent of snow
cover and land surface temperatures, simulations of active layer processes rely on soil composition
including the active layer’s water retention capability [4]. Permafrost models are either developed
as stand-alone algorithms or as modules that are incorporated into Land Surface Models (LSMs) and
General Circulation Model (GCMs) [34]. One such LSM is ORCHIDEE (ORganizing Carbon and
Hydrology in Dynamic EcosystEms). This model is designed to represent terrestrial fluxes (carbon,
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water and energy budget). As such, it is a physically-based model that simulates the soil hydrological
and thermal dynamics, incorporating a soil freezing scheme necessary for appropriately modeling
high-latitude processes [35]. This present study comes in support of a comparison study between
modeling results and satellite-derived surface soil moisture [36], by putting effort in the evaluation of
the limitations associated with the radar backscatter behavior. In [36] ORCHIDEE output is compared
to an ASCAT SSM product, derived using the algorithm put forward by [17], aggregated on weekly time
steps and adjusted to polar regions [27].

In the present study, we take advantage of the higher spatial resolution data from the European Space
Agency’s Envisat Advanced Synthetic Aperture Radar (ASAR) operating in Wide Swath (WS, 120 m)
mode, to investigate how seasonal dynamics other than surface soil moisture changes can affect the radar
backscatter within proportions of the ASCAT footprints. The focus is on open water surfaces, whose
backscatter signal will be altered by winter lake ice covers and weather conditions, e.g., rain or wind.
The open water surfaces are defined by supervised classification (see methods). Previous studies of
coarse scale scatterometer data from Siberia have concluded that the contribution of lakes and rivers to
the overall normalized radar backscatter is negligible [37]. However, weather induced changes on the
open water surface and seasonal changes of its extent may be impacting on the dry and wet references
which are used as input for relative surface soil moisture retrieval [38] and the impact on coarse resolution
backscatter has so far not been quantified with respect to water fraction and water body size.

Gouttevin [36] formulates several hypotheses to explain the low agreement between ORCHIDEE
and ASCAT SSM, including the topographical impact (for which both the modeling and the SSM
retrieval algorithm are not suited), surface ponding (coarsely represented in ORCHIDEE) and unreliable
meteorological forcing data for land-surface modelling in remote, Arctic regions like North-Eastern
Siberia. The present study examines whether the presence of permanent open water surfaces may be an
additional source of disagreement between the SSM product and the model output.

2. Data and Methods

2.1. Study Sites

Across Siberia, 10 sites were selected (Figure 1). These sites were chosen in order to represent
the diversity of landscapes in the Arctic region and because of their proximity to meteorological
stations. Furthermore, among the sites, Kytalyk, Cherski, Vorkuta and Nadym are long-term permafrost
monitoring sites [39]. Lastly, an essential criterion for choosing the sites was the ASAR data availability
(several acquisitions per month). Kharampur and Vorkuta are underlain by sporadic permafrost and
Nadym by discontinuous permafrost, whereas all other sites are underlain by continuous permafrost, with
the exception of Muzi, which is not underlain by permafrost [40]. The site locations include lake-rich
as well as lake-poor areas. The flat and low altitude areas where the sites are located are generally wet.
The Western Siberian Lowlands, the coastal plains and the Taimyr Peninsula largely consist of tundra
landscapes with predominating wet conditions (e.g., [41,42]).
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Figure 1. Site overview indicating the locations of the 10 Arctic sites. Three of the
site names are abbreviated: Cherski (CHE), Kytalyk (KYT) and Andryuskino (AND).
A simplification (not including sub-classes for ground ice content) of the Circum-Arctic
map of permafrost and ground ice conditions [40] is shown as background. The extent
of continuous, discontinuous, sporadic and isolated patches of permafrost (PF), as well as
glaciers, land and ocean is indicated. Projection: Lambert Azimuthal.
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2.2. Satellite and in Situ Data

Both the ASCAT and ASAR instruments are active microwave sensors operating in C-band (frequency
5.2 GHz), which is suitable for SSM applications due to the contrasts in dielectric properties between dry
and wet soils [24–26]. This forms the basis for SSM retrieval methods from microwave remote sensing.
In the method by [8,43], instantaneous backscatter measurements are firstly normalized to a reference
incidence angle (40◦) and corrected for vegetation influences by making use of the scatterometer
multi-incidence angle viewing capacities. The values are thereafter scaled between the so called dry
(σ0-dry, 0%) and wet (σ0-wet, 100%) backscatter references, which correspond to the locally obtained
historical minimum and maximum backscatter. The resulting soil moisture product is a percentage-index
that relates to the uppermost 5 cm of the soil or (in the case of high water content) less. The relative soil
moisture is thus calculated as [8,43]:

θs(t) =
σ0(40,t)−σ0dry(40,t)

σ0wet(40,t)−σ0dry(40,t)
(1)

where θs(t) s(t) is the relative measure of the water content in the uppermost soil layer, ranging between
zero and one (1%–100%). The difference between the wet and dry reference is defined as the sensitivity.
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MetOp-A ASCAT (launched 2006, C-Band, VV polarization) together with its predecessors onboard
ERS1 and ERS2 (European Remote Sensing Satellite) allows to obtain such references over a time period
reaching back to 1991 [9]. The ASCAT incidence angle ranges from 25◦ to 65◦ and the backscatter is
normalized to a standard incidence angle of 40◦ [44]. The MetOp ASCAT derived dataset which has
been used for this study is available globally from TU Wien [8,9,27,43]. The high global coverage
(approximately 2 days for mapping the entire globe) and coarse spatial resolution (25 km) makes it
appropriate for comparison with global models, such as the ORCHIDEE land surface model.

Since the retrieval algorithm makes use of a change detection technique [12,19] it may be sensitive
to other dynamics than those truly related to soil moisture, such as seasonal water body dynamics.
In addition, the SSM values can only be derived under unfrozen conditions. Therefore, an algorithm
for detecting the surface status and if necessary masking frozen surfaces (creating a surface status flag)
has already been implemented for high-latitude applications [17,27]. The ASCAT time series data are
available for a predefined discrete global grid (DGG; for definition see [17]). The grid format is based
on the assumption that the Earth can be modeled as a rotated ellipsoid. Each grid cell over land is
attributed a timeseries of backscatter values which are spatially resampled with an equal spacing of
12.5 km in latitude and longitude. The cells are identified by a unique grid cell index (GPI) [17]. For this
study the global original dataset (without temporal aggregation) has been used, except for the model
to remotely-sensed data comparison, where a weekly composite of the ASCAT data was used [45].
This specific dataset was developed as requested by users from the global modeling community within
the DUE-permafrost project. The weekly composite consists in daily records where the retrieved SSM
values from the preceding week are averaged.

The ASAR WS (C-band) dataset has a higher spatial resolution than ASCAT. ASAR was a ScanSAR
instrument on board ENVISAT. Its spatial resolution in wide swath (WS) mode is 120 m for all
sub-swaths [46]. ASAR had a revisit period of 35 days. Data availability is considerably constraint
compared to scatterometer data. Suitable time series can be obtained for a range of locations across
Siberia for selected years [47]. For this study, an ASAR WS dataset which was pre-processed over
Northern Eurasia for the time period 2007–2008 within the framework of the European Space Agency
(ESA) Support To Science Element (STSE) project ALANIS Methane [47–49] was used. Since the
backscatter signal decreases with increasing incidence angle of the radar beam relative to the surface, the
backscatter measurements are normalized to a common reference angle (30◦) using the SAR Geophysical
Retrieval Toolbox (SGRT), which is a scripting chain developed by the Institute of Photogrammetry and
Remote Sensing (IPF). The scripting chain calls the commercial SARscape or the free NEST software,
allowing for the automatization of the entire preprocessing procedure [47,50]. Single images are split up
into predefined subsets and stored as time series stacks. In addition, the surface status flag developed for
ASCAT [27] is used for masking the frozen ground condition and melting snow from the ASAR data.
Point-station data measurements of maximum- and minimum temperature, precipitation and wind speed
was obtained from the harmonized Global Summary of the Day and Month Observations dataset from
the Global Precipitation Climatology Center [51].
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2.3. Land Surface Model

The land surface model ORCHIDEE combines a multi-layer hydrological scheme recently improved
for high-latitude processes [35], with a detailed representation of the energy and carbon cycles and the
interface between soil and atmosphere. Of more relevance here is the hydrological scheme, which relies
on a vertical discretization of the Richards equation allowing for physically-based diffusion of liquid
water within the soil, up to a depth of 2 m. Soil freezing, vertical soil compaction and the effect of root
water uptake, are also accounted for [52]. When rainfall of meltwater exceed the infiltration capacity
of the uppermost soil layers, exceeding water either ponds or flows as surface runoff, depending on the
local topography. The model uses as input standard meteorological data (precipitation, air humidity,
pressure, temperature, and thermal and solar radiations), which are usually referred to as “forcing
data”. It produces several hydrological outputs, including vertically discretized soil moisture content,
subsurface and surface runoff and evapotranspiration. The ORCHIDEE land surface model has proven
able to reproduce observed hydrological features even in high-latitude regions [36].

The present study uses the model’s output for vertically discretized volumetric SSM of daily
resolution. In order to compare the average volumetric soil moisture calculated by the model to the
weekly aggregated ASCAT SSM data, a number of adaptations were made. The modeled soil moisture
from the uppermost 5 cm of the soil was masked out for frozen conditions and snow cover. For each
model grid cell, the local historical maximum and minimum references were found so that the SWI of
the model output could be established, rescaling between 0% and 100%. A weekly composite of the
model output from the second step was then produced on a daily basis for consistent comparison with
the ASCAT high-latitudes product from the DUE-permafrost project (see Sections 2.1 and 2.2) [36].
On average, the agreement between ORCHIDEE SSM and ASCAT SSM, as measured by the daily
correlation coefficient of the model and ASCAT weekly composites, is however quite low over our study
areas. Possible reasons for this outcome have been mentioned in the introduction.

2.4. Methodology

ASCAT SSM time series were retrieved for each DGG cell. For comparability, these DGG extents
were used to define regions of interest (ROI) within each ASAR grid stack. For each study site,
a 3100 km2 large area was divided into meshes of hexagons using the GPI as center points. This resulted
in 9–11 hexagonal ROI within each of the ten sites (Figure 2 shows the 11 ROI in Cherski).

A supervised classification (minimum distance) was performed on ice free ASAR acquisitions
with summer maximal lake expansion and water/land contrasts, to separate land from water. Higher
backscatter than the typical C-band backscatter for smooth water surfaces may be caused by (1) ice
covers on water surfaces and (2) wind and rain action. Wave ripples on the water body surface due to
wind and rain increase the surface roughness and hence lead to diffuse scattering and high backscatter
values [47,53]. The persistence of lake ice on large lakes well into the summer and the associated water
body classification issues have already been pointed out by [47]. To identify any water surface effects, the
water areas identified by the classification were replaced by the value −20 dB, which is a typical C-band
backscatter value for smooth water surfaces in the used dataset [47,54]. This builds the reference dataset.
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Figure 2. ASAR acquisitions from Cherski, 2008. (A) shows a time with high wind speed
and precipitation (11 August 2007); (B) shows a time with prevailing ice cover (17 June
2007); (C) illustrates an acquisition from 6 July 2007 when there is no disturbances on the
water surface. The overlain hexagon mesh shows the ROI and their grid point index number.

The mean backscatter result of the masking and replacement by a reference value, henceforth referred
to as refilling, was calculated for each ROI and for each available acquisition. This average from the
reference datasets was plotted against the original dataset. The mask effect, ∆σ0, is the difference
between the original and the reference ROI average for each available acquisition. The acquisitions were
also visually interpreted together with meteorological data in order to identify any rain, ice and wind
conditions. In addition to the above described specific examination of the surface effects (potentially
from ice, rain and/or wind) it was investigated whether the level of agreement between the ASCAT
and ORCHIDEE SSM results could be related to the abundance of lakes. For this purpose, open water
fraction and lake size were calculated for each ROI from the ASAR WS data by converting the previously
described water classification to polygons. Criteria related to total water cover and lake size were defined
and used to separate ROI into three categories:

(A) More than 20% lake area per total area including only lakes larger than 10 km2

(B) More than 20% lake area per total area including only lakes smaller than 10 km2

(C) Less than 20% lake area per total area.

The fractional area of lake, lake count, ∆σ0, ASCAT sensitivity and ASCAT-ORCHIDEE agreement
and the correlation thereof, were computed and analysed for each category. Here, the correlation is
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meant to determine whether significant relationships exist between lake characteristics, identified lake
effect on backscatter (∆σ0) and ASCAT SSM retrieval characteristics (sensitivity) or performance (here
assessed by the ASCAT-ORCHIDEE agreement). Since ice is assumed more likely to be present in early
summer than the high summer months, the ∆σ0 during June was calculated separately from that during
July-August, to isolate eventual impacts of prevailing ice cover. For the same reason, a two sampled
t-test of the ∆σ0 from June in relation to that in July-August was done in order to know if there was
a significant difference between these two time periods. Analyses of higher temporal resolution than
monthly could not be done due to the irregular acquisition intervals by ENVISAT ASAR WS [47].

3. Results

The original mean backscatter for the ROIs is always higher than or equal to the mean backscatter
from the reference image since frozen ground conditions and spring snowmelt events have been
excluded. Figure 3A shows the backscatter for one of the ROI in Cherski during 2007, including the
mean unmasked backscatter (black diamonds) and the mean of the backscatter after having applied the
water mask and replaced the backscatter values with the smooth water surface reference value (−20 dB)
(red crosses). It can be seen in Figure 3A and that the difference is in the order of more than 2 dB during
several occasions during the warm months of the year. Note that the winter months are excluded since
ASCAT soil moisture is derived only under unfrozen conditions (see Section 2.2). Figure 3B–D shows
the temperature, wind speed and precipitation for the same site and time period.

In three of the acquisitions from Cherski in 2007 where ∆σ0 was found to be high, either precipitation
or high wind speed was identified by visual interpretation of the ASAR data and in the meteorological
record. One example is the acquisition from 11 August 2007, illustrated in Figure 2A (see Figure 3D
for precipitation data). Figure 2B shows the same area but an acquisition with presumed ice cover.
One occasion with presumed prevailing ice cover (17 June 2007) was visually identified for this site
during 2007, but strong effects were not recognized compared to the reference (smooth surface).
Figure 2C shows relatively smooth water surface conditions for Cherski (6 July 2007), as well as the
limits of the hexagonal ROI for this site and their GPI numbers. For Kytalyk, Andryuskino and partly
for Druzhina, the results were similar to those from Cherski. In Kharampur, Muzi, Nadym, Taimyr and
Vorkuta, ∆σ0 is generally low and no significant backscatter change that could be related to weather
conditions was observed in the ASAR data. Scatterplots of the reference values as a function of the
original data for one of the ROI in Cherski (subject to high ∆σ0 ) and one of the ROI in Kharampur (not
subject to a high ∆σ0 ) are shown in the left and right panel of Figure 4, respectively.

To isolate the potential effect from prevailing ice cover the early summer months are separated from
the late summer months: the acquisitions from June are plotted as black diamonds whereas those from
July and August as red crosses. Figure 4B shows that the mean from the unmasked backscatter in the case
of Kharampur is similar to that of the masked (reference dataset). A clear difference between ∆σ0 in the
low agreement sites compared to the high agreement sites can be seen. It can not be concluded that ∆σ0

is different during the early summer months from the later summer months. When statistically testing the
null hypothesis that the ∆σ0 is not significantly different in June compared to that in July–August over
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all ROIs, the p-value is 0.616, which is insufficient for rejecting the hypothesis (regardless if choosing
any of the common levels of significance: 0.10, 0.05 or 0.01) and supports our visual analysis.

Figure 3. (A) Time seriesof averaged backscatter Cherski 2007, ROI 3045391. Red crosses
correspond to the reference dataset, black diamonds show the original mean backscatter;
(B) The maximum (black) and minimum (red) temperature over 24 h); (C) wind speed
at 03h00 (black), 09h00 (red) and 15h00 (blue); and (D) total precipitation for 24 h.
Meteorological data from the harmonized CPC Global Summary of the Day and Month
Observations data set [51]. Dates are given in BE standard.
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Figure 4. Scatterplots of masked against unmasked ASAR backscatter for (A) Cherski
(ROI 3045387) and (B) Kharampur (ROI 2950873). The masking implies that lakes have
been masked and re-filled by −20 dB, as a reference backscatter value for smooth water
surfaces. Red crosses represent acquisitions in June and black represent acquisitions from
July–August. The zero difference line is shown as a black line.

A

B

The extracted data for each ROI, including ∆σ0, lake count, lake area, ASCAT sensitivity and daily
correlation with ORCHIDEE from [36] are given in Table 1. This last value is a measure of agreement
between the modeled and remotely-sensed surface soil moistures in terms of temporal dynamics. Out of
the total 95 ROI, this table includes the 15 ROI with the maximum and the 15 with minimum ∆σ0

in June, respectively. Further, Table 2 shows the correlation matrix for the parameters from Table 1,
calculated from all the 95 ROI, and separately for the low (including negative high correlation) and the
high agreement sites.

For the low agreement sites only (including negative correlation), the sensitivity correlates positively
with the total lake area (0.55) and the total number of lakes (0.68) and shows a strong correlation with
∆σ0, in June (0.71) slightly more so than in July–August (0.68). The ASCAT-ORCHIDEE agreement
correlates negatively with the sensitivity (−0.68) but, regarding ∆σ0, displays similar agreement in June
(−0.53) and in July–August (−0.57). Further, it correlates moderately with the lake area (−0.55) and
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only weakly with the lake count (−0.30). That is to say, the areas with a low ASCAT-ORCHIDEE
agreement correspond to areas with a high water fraction, although they are not linked to a high number
of lakes. It is found that the ROI within the lake size group A and B are almost exclusively located within
areas of low agreement between the model output and the remote sensing product. This is the case for the
majority of the ROI in Andryuskino, Cherski and Druzhina. For Kytalyk, only the ROI with large lakes
present are related to low agreement between the model output and remote sensing product. A few ROI
within the site Muzi also fall within the group B but the daily correlation here is positive. Muzi contains
no lakes but the low ∆σ0 seen here is related to the masking out of a river rather than lakes. The ROI
within the lake size group A and B also show a strong ∆σ0, ranging from 0.55 to 2.61 dB in the case of
group A, from 0.14 to 2.38 for group B, whereas no more than from 0.00 to 0.94 for group C. Lake area
is more strongly correlated to the ∆σ0 (0.92 in June, 0.91 in July–August) than the lake count is to the
∆σ0 (0.46 in June, 0.39 in July–August). Considering the correlation matrix for the high agreement
sites, only weak correlation if any at all are found, the caveat being the correlation between lake area
and ∆σ0.

Table 1. Characteristics of the 15 ROIs with the highest ∆σ0 and the 15 lowest, respectively
(separated by the dashed line). The number of lakes, lake area percentage per total ROI area,
sensitivity (ASCAT dry-wet reference) in decibel, ∆σ0 in decibel and the daily correlation
between the ORCHIDEE model and ASCAT SSM are presented in the columns. The ROIs
in group A are written in bold, B in italic and C as plain text. The site names in the table
are Cherski (CHE), Kytalyk (KYT), Taimyr (TAI), Andryuskino (AND), Druzhina (DRU),
Voruta (VOR), Muzi (MUZ) and Kharampur (KHA).

Site Name GPI
June ∆σ0 (dB) July–August ∆σ0 (dB) Lake Sensitivity

Mean (dB)
Daily

CorrelationMin Max Mean Min Max Mean Count Area (%)

CHE 3045387 0.85 4.78 2.61 1.01 5.09 2.44 34 44.84 7.29 −0.35
CHE 3045391 0.41 4.62 2.60 0.67 4.50 2.22 36 40.82 7.49 −0.35
KYT 3084867 1.43 4.16 2.46 1.09 3.98 2.46 12 39.48 6.27 −0.17
CHE 3045395 0.69 4.25 2.38 0.02 4.05 1.80 35 41.83 7.08 −0.35
TAI 3120067 0.94 4.12 2.25 0.42 3.85 2.97 3 41.17 5.22 0.10

CHE 3047693 1.96 2.37 2.19 1.46 2.45 1.95 27 23.84 7.65 −0.35
TAI 3118181 0.83 3.53 2.08 0.38 3.33 2.70 1 32.44 6.01 0.10

CHE 3047689 0.49 3.21 1.82 0.59 3.53 1.66 41 32.19 7.73 −0.35
CHE 3047685 0.21 3.33 1.81 0.49 4.01 1.70 42 31.99 7.85 −0.21
CHE 3047697 1.54 1.88 1.74 1.31 2.06 1.59 35 17.26 6.89 −0.35
AND 3049899 0.62 2.60 1.72 0.36 2.05 1.19 43 23.83 6.06 −0.13
AND 3052177 0.49 2.24 1.47 0.05 1.91 1.01 27 23.44 5.89 0.00
DRU 3033509 0.21 2.92 1.46 0.47 2.85 1.28 22 18.91 5.74 −0.26
AND 3047609 0.61 2.32 1.46 0.41 1.86 1.08 45 22.26 6.36 0.00
CHE 3045399 0.38 2.25 1.42 0.20 2.35 1.04 45 30.09 6.41 −0.35

KHA 2948131 0.00 0.01 0.01 0.01 0.01 0.01 0 0.00 5.26 0.34
TAI 3120063 0.00 0.01 0.00 0.00 0.01 0.00 0 0.00 5.18 0.10

KHA 2945369 0.00 0.00 0.00 0.00 0.01 0.00 0 0.00 5.40 0.34
VOR 3013089 0.00 0.00 0.00 0.00 0.00 0.00 5 0.61 5.91 0.45
MUZ 2961321 0.00 0.00 0.00 0.00 0.00 0.00 0 0.00 4.50 0.23
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Table 2. Correlation matrix including the number of lakes, lake area percentage per total
ROI area, sensitivity (ASCAT dry-wet reference) in decibel, ∆σ0 in decibel and the daily
correlation between the ORCHIDEE model and ASCAT SSM. The correlation is retrieved
for all the 95 ROI in total. The correlations for ROI with lower agreement than or equal to
zero (47 ROI) are presented separated from those with higher agreement than zero (48 ROI).
See legend below the table for explanation of bold, italic and asterisk.

Low Agreement Sites

Lake count Lake area Sensitivity June ∆σ0 July–August ∆σ0 Daily correlation

Lake count *** *** *** **
Lake area *** *** *** ***
Sensitivity 0.55 0.68 *** *** ***
June ∆σ0 0.46 0.92 0.71 ***

July–August ∆σ0 0.39 0.91 0.68 ***
Daily correlation −0.30 −0.55 −0.68 −0.53 −0.57

High Agreement Sites

Lake count Lake area Sensitivity June ∆σ0 July–August ∆σ0 Daily correlation

Lake count | | | |
Lake area | *** *** |
Sensitivity 0.03 −0.04 | | |
June ∆σ0 0.16 0.97 0.00 |

July–August ∆σ0 0.10 0.96 0.00 |
Daily correlation 0.01 −0.25 0.38 −0.25 −0.30

| = p-value insufficient; bold = strong correlation; italic = moderate correlation; ** = p-value < 0.01;
*** = p-value < 0.001.

Figure 5 shows ∆σ0 from June in dB plotted against the ASCAT-ORCHIDEE agreement. It can be
seen that the ∆σ0 increases with daily correlation, notably so for group A and B. The R2 can not be
said to be strong for any of the groups. However, R2 for group A is notably stronger than both B and C.
Results are similar for the two investigated time periods, e.g., June as well as July–August.
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Figure 5. Spatially (within each ROI) and temporally (June only) averaged backscatter
(∆σ0) in dB plotted against the ASCAT-ORCHIDEE agreement. The regions of interest
with high total lake area percentage and notably large lakes (group A) are shown as blue
diamonds and those with high lake area including small lakes (group B) are shown as red
squares. Regions with generally little lake area (group C) are shown as green triangles.
This plot includes all the 95 ROI.

4. Discussion

The results confirm that open water surfaces of tundra lakes are typically rough with respect to
the used wavelength (C-band). Indeed, authors have previously estimated an on average −4.9 dB
higher backscatter (same preprocessing) than under calm conditions [50]. Spatially averaged backscatter
deviations for the ROIs which represent the ASCAT cells and include both water and land area reach up
to 5 dB. High ∆σ0 correspond with times of high wind speed or precipitation. It is here hypothesized
that locations with low (including negative) agreement between the ASCAT and ORCHIDEE SSM
correspond to areas that have many and/or large lakes and that the ∆σ0 at the same locations is high.
At sites with positive correlation between ASCAT and the landsurface model SSM (Kharampur, Muzi,
Nadym, Taimyr and Vorkuta), ∆σ0 is generally low (<0.71 dB). There are two exceptions in Taimyr,
where the mask effect is as large as 2.08 and 2.25 dB. These cases correspond to the only ROI in Taimyr
with a large total water area (32.44% and 41.17%, respectively). This is however not reflected in the
the daily correlation between ASCAT and ORCHIDEE, which is 0.10 for all of the ROI in Taimyr.
This could thus be explained by reasons other than water bodies but related to the model, brought up in
the Section 2.3.

At Markovo (eastern Siberia), the model-SSM retrieval agreement is low (−0.06). Here, the ∆σ0

is less pronounced. It is in fact comparable to the high agreement sites, although the site is located in
an area of low agreement. For Markovo, the low agreement between the model output and the ASCAT
data could be explained by other reasons than water bodies; it is more likely due to the exceptionally
scarce forcing weather data from this part of Siberia [36].
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Figure 5 further confirms that there is a difference between the water fraction and lake size classes
(groups A, B and C) regarding the dependency of the ASCAT-ORCHIDEE agreement and ∆σ0.
Results are similar for the two investigated time periods (June, July-Aug). Although there is some scatter
among the categories and the R2 value is moderate, it is found that the magnitude of ∆σ0 for group C
appears to be independent from the ASCAT-ORCHIDEE correlation whereas it explains 16%–44 % of
the variation for group A and B.

At sites with an ASCAT-ORCHIDEE correlation lower than −0.21, the average June ∆σ0 ranges
from 0.56–2.26 dB. This corresponds to 10%–35% of the overall ASCAT sensitivity to soil moisture,
which in turn would translate into as much as 35% higher relative soil moisture value if the difference in
ASAR backscatter (∆σ0) would be directly comparable to the ASCAT soil moisture product. For single
acquisitions it amounts to 60%–70% in areas of 40%–45% water fraction. A direct comparison to
ASCAT backscatter and quantification of impact on soil moisture retrieval is however limited. One would
need to make the assumption that the averaged ASAR WS backscatter over the ROI corresponds to the
ASCAT backscatter. The hexagonal grid of ROI generated in this study is merely an approximation
of the ASCAT grid cells. Furthermore, the absolute backscatter values may deviate due to incidence
angle differences (ranging from 25◦ to 65◦) and differences in signal contribution over the footprint
for ASCAT [44] as well as actual soil moisture changes. In the cases when the high backscatter events
coincide with precipitation events, the impact of dielectric properties changes would need to be taken into
account.In the cases when the high backscatter events coincide with precipitation events, the impact of
dielectric properties changes would need to be taken into account: it is difficult to separate the backscatter
variations due to the actual increase in soil moisture from the action that the rain causes on the surface.
Furthermore, it should be considered that the ASCAT dataset which has been used for comparison with
ORCHIDEE has been aggregated to weekly time steps. One can expect a smoothing of the backscatter
variations in this case, so the actual disagreement with the model may be higher when compared on
a daily basis.

For soil moisture retrieval the signal is impacted if the area covered by open water surface within
the footprint is large [38]. A surface water fraction flag, derived from the Global Lakes and Wetlands
Database [55], exists but it does not take wetland dynamics, temporary inundation and small lakes into
account [54]. An improved flag of this kind could be derived from ASAR data [13,56]. Tundra lakes
can be considerably smaller than the ASAR WS resolution [57]. The impact of these small lakes would
need to be analyzed in addition for the development of a correction algorithm of the scatterometer soil
moisture datasets, e.g., by taking into account subpixel-scale fraction of water cover [57].

5. Conclusions

This study examines backscatter variabilities other than related to soil moisture in order to address
challenges in radar soil moisture retrieval that are specific for in the Arctic. The impact on the soil
moisture retrieval is investigated for sites across Siberia, including permafrost longterm monitoring
sites. Satellite derived surface soil moisture datasets would provide valuable additional information
to point measurements in these regions. Envisat ASAR WS imaging radar data are investigated in order
to identify seasonal variations in backscatter that are not related to SSM but to lake cover surface status.
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This gives an indication for the magnitude of the impact of such features on the coarser spatial resolution
ASCAT SSM retrieval, and cast some light on the model-to-ASCAT low agreement in SSM, highlighted
by a previously published study [36]. Different techniques and sensors can be used for SSM retrieval
from satellites [7,8,10]. The findings of this study can be applied to systems relying on similar principles:
change detection approach in a backscattered signal that is impacted by surface soil moisture but also by
surface conditions, e.g., water surface roughness or frozen conditions. Most importantly, these specific
findings are applicable to C-band sensors.

Identified backscatter difference is in the order of 2 dB on the mean backscatter over several weeks
and up to 5 dB on specific acquisitions in the areas with low ORCHIDEE-ASCAT agreement (no or
negative correlation). In comparison, the assumed ASCAT sensitivity for soil moisture changes reaches
approximately 7 dB in these areas. A direct translation of the identified difference to deviations of the
soil moisture values from the actual values would need to take sensor and data processing differences
into account.

Regions with high backscatter deviations (averaged over ASCAT grid cell) from the reference dataset
representing smooth water surfaces (∆σ0) are however evidently characterized by a high percentage of
total lake area, i.e., many of the ROI in eastern Siberia: Cherski, Andryuskio, Druzhina and Kytalyk.
The sites Kharampur, Taimyr, Nadym, Vorkuta and Muzi (western and central Siberia), show low ∆σ0

and are areas with few lakes. In the case of Markovo (far eastern Siberia) the low agreement between
the model output and the SSM product is more likely explained by the exceptionally scarce weather data
from this area used to force the model [36]. Although events of wind and precipitation identified by
the meteorological data only occurred infrequently for each site, the correlation between the backscatter
deviation and the ASCAT-ORCHIDEE agreement together with the lake size distribution lead to the
conclusion that water body fraction and water body size is one explanation for the disagreement between
the ASCAT and ORCHIDEE SSM. In this context, it should be considered that the ORCHIDEE model
does not represent ephemeral lakes (i.e., normally dry lakes that fills with water for short periods), which
are an additional source of error for ORCHIDEE in lake-rich areas.

The low and negative correlation sites compared to the high agreement sites clearly show different
results for the ∆σ0 in relation to the total lake expansion and size distribution. However, no significant
difference was shown between the early and late summer months. The presence of ice cover on lakes
does not give strong effect on the ∆σ0 in this study.

In addition to the above and other model-related issues as discussed by [36], the low agreement
between ORCHIDEE and ASCAT SSM in the Siberian lowlands is likely related to the existence of
water bodies. Therefore, it should be noted that in circumpolar lowland permafrost areas, where ponds
and lakes are common features, the presence of water bodies has an impact on the ASCAT SSM retrieval.
This supports what has previously been pointed out about open water having a disturbing influence on
the signal and thus for the surface soil moisture retrieval if the area covered by open water surface within
the footprint is large [38]. In Siberia, an improved surface flag product that takes into account wetland
dynamics could be derived from Synthetic Aperture Radar (SAR) imagery [32,53]. The usage of higher
spatial resolution data for SSM retrieval as available from Sentinel-1 is required in regions with large
water fractions, including lowland permafrost environments.
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