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Abstract AirSWOT, an experimental airborne Ka-band interferometric synthetic aperture radar, was
developed for hydrologic research and validation of the forthcoming Surface Water and Ocean
Topography (SWOT) satellite mission (to be launched in 2021). AirSWOT and SWOT aim to improve
understanding of surface water processes by mapping water surface elevation (WSE) and water surface slope
(WSS) in rivers, lakes, and wetlands. However, the utility of AirSWOT for these purposes remains largely
unexamined. We present the first investigation of AirSWOT WSE and WSS surveys over complex, low-relief,
wetland-river hydrologic environments, including (1) a field-validated assessment of AirSWOT WSE and
WSS precisions for lakes and rivers in the Yukon Flats Basin, an Arctic-Boreal wetland complex in eastern
interior Alaska; (2) improved scientific understanding of surface water flow gradients and the influence of
subsurface permafrost; and (3) recommendations for improving AirSWOT precisions in future scientific and
SWOT validation campaigns. AirSWOT quantifies WSE with an RMSE of 8 and 15 cm in 1 and 0.0625 km2 river
reaches, respectively, and 21 cm in lakes. This indicates good utility for studying hydrologic flux, WSS,
geomorphic processes, and coupled surface/subsurface hydrology in permafrost environments. This also
suggests that AirSWOT supplies sufficient precision for validating SWOT WSE and WSS over rivers, but not
lakes. However, improvements in sensor calibration and flight experiment design may improve precisions in
future deployments as may modifications to data processing. We conclude that AirSWOT is a useful tool for
bridging the gap between field observations and forthcoming global SWOT satellite products.

1. Introduction

Understanding surface water hydrological processes is critical for natural and engineered ecosystems
(Cisneros et al., 2014; Gleason et al., 2017), yet empirical measurements of large-scale surface water storage,
transport, and dynamics remain limited (Pekel et al., 2016). To that end, AirSWOT, an experimental airborne
Ka-band radar interferometer uniquely engineered to mapwater surface elevation (hereafter calledWSE), has
been developed both to enhance scientific understanding of lake, wetland, and river floodplain hydrology
and as a potential validation tool for the forthcoming Surface Water Ocean Topography (SWOT) satellite
mission. SWOT is a joint international effort of the National Aeronautics and Space Administration (NASA),
Centre National d’Etudes Spatiales, Canadian Space Agency, and United Kingdom Space Agency with antici-
pated launch in 2021. Its nominal goal is to map global freshwater storage and transport in rivers and lakes
every ~21 days (Biancamaria et al., 2016). For their core measurements, both AirSWOT and SWOT use 35-GHz
Ka-band radar interferometers to produce swath-based mappings of WSE, which is used to derive water
surface slope (hereafter called WSS), two hydrologic variables essential for quantifying storage and flux of
terrestrial inland surface water.

This study deployed AirSWOT and a field team to eastern interior Alaska in June 2015 for testing over the
Yukon Flats Basin (YFB), a protected wetland area within the Yukon Flats National Wildlife Refuge, which
straddles the Arctic circle (Figure 1a). The YFB has complex, low-relief topography and is underlain by

PITCHER ET AL. 937

Water Resources Research

RESEARCH ARTICLE
10.1029/2018WR023274

Key Points:
• The AirSWOT experimental airborne

Ka-band radar interferometer maps
water surface elevations and slope,
enabling study of lake, river, and
wetland flow gradients

• AirSWOT is a useful validation
instrument for the SWOT satellite
mission (launch 2021), especially in
rivers

• AirSWOT hardware remains
experimental, but recommended
modifications to processing,
calibration, and experiment design
may improve precisions

Supporting Information:
• Supporting Information S1
• Data Set S1

Correspondence to:
L. H. Pitcher,
lincolnpitcher@ucla.edu

Citation:
Pitcher, L. H, Pavelsky, T. M., Smith, L. C.,
Moller, D. K., Altenau, E. H., Allen, G. H.,
et al. (2019). AirSWOT InSAR mapping of
surface water elevations and hydraulic
gradients across the Yukon Flats Basin,
Alaska. Water Resources Research, 55,
937–953. https://doi.org/10.1029/
2018WR023274

Received 16 MAY 2018
Accepted 22 OCT 2018
Accepted article online 30 OCT 2018
Published online 5 FEB 2019

©2018. American Geophysical Union.
All Rights Reserved.

http://orcid.org/0000-0001-8624-9760
http://orcid.org/0000-0002-0613-3838
http://orcid.org/0000-0001-6866-5904
http://orcid.org/0000-0003-4207-1539
http://orcid.org/0000-0001-7830-4352
http://orcid.org/0000-0001-8301-5301
http://orcid.org/0000-0002-3312-2368
http://orcid.org/0000-0003-3520-7426
http://orcid.org/0000-0001-8953-6730
http://orcid.org/0000-0003-2352-546X
http://orcid.org/0000-0002-4017-3315
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-7973
http://dx.doi.org/10.1029/2018WR023274
http://dx.doi.org/10.1029/2018WR023274
http://dx.doi.org/10.1029/2018WR023274
http://dx.doi.org/10.1029/2018WR023274
http://dx.doi.org/10.1029/2018WR023274
http://dx.doi.org/10.1029/2018WR023274
http://dx.doi.org/10.1029/2018WR023274
mailto:lincolnpitcher@ucla.edu
https://doi.org/10.1029/2018WR023274
https://doi.org/10.1029/2018WR023274
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2018WR023274&domain=pdf&date_stamp=2019-02-05


discontinuous permafrost (Gulbrandsen et al., 2016; Minsley et al., 2012; Pastick et al., 2013). It is characterized
by hydrologically connected and disconnected lakes (Cooley et al., 2017), remnant oxbows (Brabets et al.,
2000), and intermittently inundated lakes and wetlands (Jepsen et al., 2016). Our study area is crossed by a
large anabranching reach of the Yukon River and a network of tributary channels, all referred to as rivers
(Figure 1a). The global significance of Arctic-Boreal wetlands like the YFB is underscored by the key roles
that lakes and rivers play in greenhouse gas exchanges with the atmosphere (Raymond et al., 2013) and
the related impact of permafrost thaw on changing surface extent and groundwater fluxes (Smith et al.,
2007; Walvoord et al., 2012). For these reasons, we directed AirSWOT deployments to the YFB as both a
test of instrument performance and to enhance scientific understanding of surface water interactions in a
complex wetland environment underlain by discontinuous near-surface permafrost.

AirSWOT deploys a Ka-band SWOT Phenomenology Airborne Radar (KaSPAR) sensor, a digital camera system
that collects high-resolution color infrared (CIR) imagery, and a precision internal motion unit (https://swot.
jpl.nasa.gov/airswot.htm). KaSPAR has a 5-km swath width with incidence angles ranging from 2° to 25°
(Neeck et al., 2012). The KaSPAR data are postprocessed using InSAR software at the NASA Jet Propulsion
Laboratory to produce a uniformly gridded WSE data product, here processed to 3.6-m pixels. AirSWOT

Figure 1. (a) AirSWOTmapping extent (black box) in the YFB, eastern interior Alaska, USA. Underlying image is the AirSWOT DEM overlaid on the near-infrared band
from a color-infrared orthomosiac generated using images collected coincident with AirSWOT radar data (Table 1). Background image is a Landsat-8 OLI mosaic. The
locations of 13 lakes surveyed in situ are shown (blue circles with numeric identifiers). The Yukon River water surface elevation (WSE) global positioning system
(GPS) survey is plotted along with the other river profiles assessed, namely, Yukon River main channel, Birch Creek-Upper, Birch Creek-Lower, Beaver Creek, and the
Teedriinjik River. The dashed gray line denotes the Arctic circle boundary, which is ~66.57 °N. The inset shows the location of the study area in eastern interior Alaska.
(b) AirSWOT data quality filtering and spatial averaging flowchart for lakes (left) and rivers (right). (c) The custom GPS system used to survey 13 lakes across the
YFB between 27May 2015 and 12 June 2015. (d) The custom GPS systemmounted on a SonTek/YSI Hydroboard II that we escort down an ~82-km reach of the Yukon
River and a lateral distributary channel towed behind a motorized river boat.
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thus has a broader incidence angle range and considerably higher resolution than SWOT, which will have a
native range resolution of 10–60 m, an azimuth resolution of 6–7 m, and an incidence angle range of 0.6–3.9°
(Biancamaria et al., 2016; Fjørtoft et al., 2014). AirSWOT is thus not a direct analog for SWOT but yields similar
types of measurements offering a unique opportunity to study Ka-band returns and assess the scientific value
of WSE and WSS measurements in poorly understood wetland environments such as the YFB.

Like all scientific satellite missions, SWOT is designed to meet predefined accuracy standards. The accuracy
standards of SWOT relevant to this work include quantification of WSE to ±10-cm vertical accuracy per
1 km2 open water area, WSE to ±25-cm vertical accuracy per 0.0625 km2 open water area, and WSS to an
accuracy of ±1.7 cm/km when averaged over 10-km reaches that are at least 100 m wide (Rodriguez,
2016). Therefore, an important objective of this research is to examine whether AirSWOT measurements of
WSE and WSS meet or exceed SWOT standards, which will help determine if AirSWOT is a suitable instrument
platform to validate SWOT.

Between 27 May and 15 June 2015, we collected in situ pressure transducer (PT) and global positioning
system (GPS) field surveys of WSE in YFB lakes and rivers and then deployed AirSWOT over these same sites
on 15 June 2015. These field and remotely sensed data sets are used to answer four questions: (1) Can
AirSWOT measurements resolve WSE and WSS in lakes and rivers with sufficient precision to validate
SWOT? (2) What factors contribute to variations in AirSWOT precision? (3) Can AirSWOT images be used to
improve scientific understanding of surface water flow through complex Arctic-Boreal wetland systems?
(4) How might AirSWOT precisions be improved in future campaigns?

To address these questions, we first compare AirSWOT WSE with PT-corrected GPS surveys in 13 lakes
(referred to as PT WSE) as well as a GPS survey along an ~82-km reach of the Yukon River and a lateral
distributary channel (referred to as GPS WSE). Second, we evaluate how spatial averaging of AirSWOT data
impacts precision. Third, we assess the influence of permafrost on WSE variability across the YFB and examine
longitudinal river profiles for fluvial geomorphological investigation. We also evaluate the utility of InSAR
imaging as a demonstration of AirSWOT’s potential contributions to basic hydrologic research. Finally, we
conclude with a discussion of the strengths and limitations of using AirSWOT to validate SWOT, how
AirSWOT data precisions may be improved in the future, and the scientific potential for AirSWOT indepen-
dent of the SWOT mission.

2. Data and Methods

This research uses remotely sensed imagery collected with AirSWOT and other remote sensing platforms, in
situ field measurements, and ancillary model data. These data sets are outlined in Table 1, and our processing
procedures are detailed in the sections to follow.

2.1. AirSWOT Data Collection and Processing

On 15 June 2015, AirSWOT data were collected over a ~3,300-km2 area of the YFB (Figure 1a). The surveyed
area was ~30 km east-to-west and ~110 km north-to-south and was mapped using 10 overpasses or paths
(Figure S2b in the supporting information). The CIR, internal motion unit, and KaSPAR instruments were
mounted on a King Air B200 aircraft operated by NASA Armstrong (Dryden) Flight Research Center. The radar
data were processed at Jet Propulsion Laboratory using custom, AirSWOT-specific InSAR software to yield
standard data products of height in meters above the WGS84 ellipsoid, radar backscatter (dB), incidence
angle (o), and random height error (or precision, derived from the interferometric correlation; Rosen et al.,
2000; m). Likewise, we derived signal to noise (SNR) as the difference between backscatter and noise equiva-
lent backscatter. AirSWOT data layers are summarized in Table 1 and available via the Oak Ridge National
Laboratory Distributed Active Archive Center for Biogeochemical Dynamics (Pitcher et al. 2018).

Comparisons of AirSWOT to in situ WSE and WSS required data quality filtering of AirSWOT incidence angle,
error, SNR, and height outliers (Figure 1b). First, we exclude all pixels with incidence angles <5° and >20°.
Near-nadir (<5°) pixels were excluded because data processing limitations result in inconsistent height
retrievals at these incidence angles. Data for angles >20° were excluded due to sensitivity of the antenna
pattern roll off when coupled with aircraft roll. Next, we remove pixels with low SNR (<5 dB) and random
height error >1 m.
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Our data filtering does not explicitly remove pixels contaminated by topographic
layover, which is an image distortion that is produced when incidence angles are
smaller than a surface slope oriented toward the sensor (Jenson, 2000). However,
due to minimal topographic relief across most of the YFB, we expect any layover
to be driven primarily by vegetation, which is not reliably measured across our
study area. Despite the small anticipated impacts, we simulate layover for one
AirSWOT path (Figure S3a) using the approach developed by Sheng et al. (2016)
and ArcticDEM as the input surface model. We find that ~33% of layover-
contaminated water pixels have incidence angles <5°, which are eliminated by
data quality filtering. Moreover, data quality filtering removes >12 times the num-
ber of pixels than those with layover (Figure S3b). We also recognize that
ArcticDEM does not reliably measure surface heights, particularly in forested areas
(Glennie, 2018). Thus, we do not attempt additional corrections for layover. We
consider AirSWOT WSE and WSS validation with other remotely sensed data sets
(e.g., lidar) inappropriate because remotely sensed data that spatially and tempo-
rally overlap 15 June 2015 AirSWOT and accurately measure WSE and WSS are
not available.

Our AirSWOT analysis is subdivided into rivers, streams, and channels (collectively
referred to as rivers) and lakes, wetlands, remnant oxbows, and thermokarst ponds
(collectively referred to as lakes). To calculate WSE in lakes, we first use an open water
mask created from simultaneously collected AirSWOT CIR camera imagery
(section 2.2) to select only water pixels from the radar data. Next, we apply a statisti-
cal outlier filter that removes AirSWOT WSE pixels >3 median absolute deviations
from the median. Finally, the median value of remaining pixels in each lake is calcu-
lated. Individual lake masks vary in size from 55.9 m2 (~4 AirSWOT pixels) to 3.26 km2

(~251,543 AirSWOT pixels). Refer to Figure S4 for histograms of filtered AirSWOT lake
WSEs compared with in situ PT corrected GPS surveys.

We also use the AirSWOT CIR open water mask over rivers to extract only water pixels
from the KaSPAR data. Next, we generate cross-section segments orthogonal to the
river centerline and average AirSWOT WSE along each orthogonal cross section.
The centerline is created using ChanGeom v0.3 (Fisher et al., 2012, 2013). The output
from ChanGeom is a raster file with pixel values corresponding to downstream dis-
tances starting from the upstream end of the water mask. We use a Polynomial
Approximation with Exponential Kernel algorithm (http://pro.arcgis.com/en/pro-
app/tool-reference/cartography/smooth-line.htm) to remove right angles in the
raster-based centerline. Next, similar to Pavelsky and Smith (2008) and Fisher et al.
(2013), we generate orthogonal polylines spanning the width of a river mask at
3.6-m downstream spacing along the river centerline by calculating the negative
reciprocal of the slope between downstream centerline points and extending a poly-
line from a centerline pixel across the river. Lastly, we intersect the derived orthogo-
nal cross sections with AirSWOT data for spatial averaging along the length of the
cross section.

For comparison with SWOT accuracy standards, ~0.0625- and ~1-km2 reaches were
established by summing pixel areas in a downstream direction until the area threshold
is exceeded. The average and standard deviation of orthogonal means contained
within a reach were calculated, and the process was repeated for each centerline
orthogonal. The reach start and end downstream distances were used to subset GPS
survey points, calculate the average GPS WSE value for each reach, and then compare
with spatially averaged AirSWOT WSE. Similarly, slopes were calculated by first subset-
ting AirSWOT and GPS data according to start and end downstream distances for 10-
km reaches established at each centerline orthogonal. Then, a linear model was fit
between distance and AirSWOT/GPS WSE.Ta
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2.2. AirSWOT Open Water Mask

The AirSWOT instrument suite includes a Cirrus Digital Systems camera (http://cirrus-designs.com/), which
collects 16-MP digital images using a Zeiss 60-mm focal length lens with a 34° × 34° field of view. Each CIR
digital image contained a near-infrared (nir), red (r), and green (g) band. A radially and relief-corrected ortho-
mosaic was generated from 780 individual CIR images using a photogrammetrically generated digital surface
model in Agisoft Photoscan Pro. The YFB has minimal topographic relief, and the flight altitude was>8,770 m
(Figure S2); therefore, topographic distortion was minimal. The orthomosaic was exported as 16-bit GeoTiffs
split into 33 quads, each containing 10,000 × 10,000 pixels with values given as raw digital numbers. To
enable comparison with AirSWOTWSE data, the 33 CIR quads were combined into one orthomosaic, assigned
a WGS-1984 UTM-6N projection, and resampled to a 3.6-m pixel size.

To limit extraction of AirSWOT WSE to open water pixels only, the CIR data were classified as water or non-
water. To achieve this, a normalized difference water index (NDWI) was calculated as

NDWI ¼ g� nir
gþ nir

;

where g is the green band and nir is the near-infrared band in the CIR data (Mcfeeters, 1996). We then used an
automated thresholding technique to classify water. As a first guess, we classified water for 1-km2 cells in the
NDWI using Otsu’s threshold selection method (Otsu 1979), then visually inspected this preliminary water
mask to remove clouds/shadows falsely identified as water and to separate rivers from lakes. To enhance
classification accuracy, a localized NDWI threshold was then calculated for each lake and every 5-km down-
stream channel reach. Similar to Li and Sheng (2012), localized search areas were defined with approximately
twice the area of each lake and river reach in the preliminary water mask. Next, a threshold value was defined
for each local search area (Otsu 1979), and the NDWI was classified as water and nonwater pixels, which were
visually inspected for errors. In total, we identified 2,786 lakes across the study area, of which we manually
edited 201 to improve classification accuracy.

To further assess water mask accuracy, we digitized boundaries of 50 lakes without manual edits and com-
pared open water areas with those automatically extracted. We find strong statistical agreement between
autoextracted andmanually digitized lake areas (r2> 0.9, RMSE = 0.01 km2; Figure S5). Wemanually modified
all river masks to establish single-channel sections for generation of orthogonal cross sections to guide
AirSWOT WSE extraction.

2.3. In Situ Lake and River GPS Surveys

Lake water levels were monitored in situ using Solinst Levelogger PTs corrected with average Solinst
Barologger barometric pressure readings logged along the shorelines of lake #19 (Canvasback Lake,
Figure 1) and 9-Mile Lake (between lakes #5 and #15; Figure 1a). Solinst Levelogger uncertainty is 0.05% to
0.10% full-scale units (model dependent) and barologger uncertainty is 0.51 cm. We calculated WSE uncer-
tainty due to logger error as the sum of 0.10% full scale meter applied to the maximum recorded depth,
which yielded an uncertainty of 0.7 cm. Levelogger and barologgers were both set to record at 5-min inter-
vals. We first removed outlier recordings from the original data series using a moving mean smoothing func-
tion and then calculated a daily average water level. The PTs in lakes #4 and #15 appear to move between
installation, GPS survey date, and AirSWOT data collection. To correct for this, we calculate a constant depth
offset at shifts in the time series and apply this offset to subsequent sections of the recorded water levels (see
Figure S6).

Lake water levels were transformed toWSE inmeter above theWGS-1984 ellipsoid by adjusting GPS lakeWSE
surveys performed between 27 May 2015 and 12 June 2015 with depth changes between in situ survey date
and the AirSWOT collection. GPS surveys were completed using a custom-designed floating platform con-
structed by mounting a ruggedized watertight case on a high-density foam flotation ring and integrating a
Trimble R5700 or R7 GPS receiver, a Trimble Zephyr Antenna, and a 12-volt power supply (Figure 1c). We refer
to PT-corrected GPS surveys in lakes as PT WSE.

We first processed the lake GPS surveys using the Canadian Spatial Reference System Precise Point
Positioning (PPP) web application (https://webapp.geod.nrcan.gc.ca/geod/tools-outils/ppp.php). We used

10.1029/2018WR023274Water Resources Research

PITCHER ET AL. 942

http://cirrus-designs.com/
https://webapp.geod.nrcan.gc.ca/geod/tools-outils/ppp.php


the Canadian Spatial Reference System PPP solutions to clip the original data series to times when the GPS
units were in the water. Next, surveys were subset using the UNAVCO TEQC tool (Estey & Meertens, 1999).
The extracted data were then reprocessed with Geodésie par Intégrations Numériques Simultanées (GINS)
software using the kinematic integer PPP method (Marty et al., 2011). Kinematic processing mode was
selected because GPS lake drifters float on the lake surface and are locally influenced by wind and wave
conditions, resulting in nonstationary surveys. A constant offset of 25.65 ± 1.95 cm was applied to each
GPS survey to account for the distance from the GPS antenna to the water surface. Adapted from
Hopkinson et al. (2011), PT WSE error is calculated as

ϵ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵlv þ ϵblð Þ2 þ ϵgps þ ϵant

� �2q
;

where ϵlv is error from the levelogger, ϵbl is error from the barologger, ϵgps is maximum GPS uncertainty
provided by the GINS kinematic solutions, and ϵant is a 1.95 cm uncertainty in manual antenna offset
measurement. Average PT WSE ϵ was 8 cm with a range of 4 cm in lakes #2 and #11 to 29 cm in #15. PT
WSEs are summarized in Table 2.

We also collected longitudinal profiles of WSE on the Yukon River and a lateral distributary channel (Figure 1a)
using a custom engineered GPS systemmounted on a SonTek/YSI Hydroboard II (Figure 1d). This custom GPS
system consolidates a Trimble R5700 or R7 GPS receiver, a Trimble Zephyr Antenna, and a 12-volt power
supply into a ruggedized waterproof housing with external cable and antenna ports. On 15 June 2015,
coincident with the AirSWOT overflight, we escorted this GPS drifter down an ~82-km reach of the Yukon
River behind a motorized river boat (Figure 1d). The GPS sampling interval results in ~1 GPS profile collection
per ~100 m. The same postprocessing and differential corrections were applied. A constant 53.15 ± 2.15 cm
vertical offset was subtracted from the processed data to account for the distance from the GPS antenna to
the water surface. We refer to corrected and processed GPS surveys in rivers as GPS WSE. These data are pro-
vided in Data Set S1.

2.4. Permafrost and Topographic Control on Spatial Variability of WSE

Motivated by the impact of permafrost thaw on surface and groundwater fluxes (Smith et al., 2007; Walvoord
et al., 2012) and the associated importance of Arctic and Boreal wetlands in greenhouse gas cycling (Wik
et al., 2016), we use AirSWOT to demonstrate the possible impact of permafrost presence on spatial patterns
in lake WSE across the YFB (see section 4.2.3). First, we grid our study domain into 5 km × 5 km cells and
remove lakes from the land surface DEM. Next, we compare lake WSE variability (WSEv), defined as the stan-
dard deviation of lake WSEs within each 5 km × 5 km cell, with surrounding topographic variability (DEMv),

Table 2
Summary of Field Surveyed Lake Location, Lake Mask Area, AirSWOT WSE, and PT WSE

Lake # Latitude Longitude
Lake mask area,

km2
AirSWOT WSE,

m # pixels PT WSE, m
Depth offset,

cm
GPS survey

date
PT WSE – AirSWOT

WSE, m

2 66.5448 �145.8871 1.80 130.9 ± 0.2 99,876 131.1 ± 0.0 �0.78 06/11/15 0.22
4 66.5012 �146.1861 0.02 121.5 ± 0.2 1,801 121.8 ± 0.1 �0.27 06/12/15 0.34
5 66.2483 �146.6431 0.04 122.6 ± 0.2 2,159 123.1 ± 0.1 �3.92 06/02/15 0.48
6 66.5004 �146.2901 0.10 125.0 ± 0.2 7,048 125.3 ± 0.1 �1.93 06/10/15 0.32
7 66.6868 �145.6761 1.02 132.8 ± 0.2 63,271 133.4 ± 0.1 �1.45 06/11/15 0.51
10 66.4553 �146.5879 0.15 121.5 ± 0.6 3,869 121.5 ± 0.1 �9.20 06/09/15 0.02
11 66.3592 �146.5396 0.01 126.3 ± 0.9 94 126.3 ± 0.0 �3.65 06/09/15 0.05
12 66.2660 �146.4248 0.03 127.1 ± 0.3 1,221 127.4 ± 0.1 �1.48 06/10/15 0.34
15 66.0880 �146.7328 0.86 209.6 ± 0.2 82,944 209.5 ± 0.3 �0.24 06/12/15 �0.14
16 66.2431 �146.3996 3.26 127.7 ± 0.2 128,472 127.7 ± 0.1 �4.97 06/27/15 �0.02
17 66.3234 �146.2756 1.36 129.0 ± 0.3 133,380 129.0 ± 0.1 �1.77 06/09/15 �0.05
19 66.3843 �146.3812 1.98 126.8 ± 0.3 149,267 127.4 ± 0.1 �0.65 06/11/15 0.59
20 66.6398 �145.7777 0.84 129.7 ± 0.2 58,157 130.0 ± 0.1 �20.56 06/11/15 0.27

Note. GPS = global positioning system; PT = pressure transducer; SWOT = Surface Water and Ocean Topography; WSE = water surface elevation. AirSWOT uncer-
tainty is reported as the standard deviation in WSE pixels after data quality filtering. Similarly, number of pixels is the count of remaining pixels in each lake after
filtering. Depth offset is the PT measured change in lake level between GPS and AirSWOT surveys.
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defined as the standard deviation of land surface heights (Ascione et al., 2008) within the same 5 km × 5 km
grid cell. To quantify the comparative magnitudes ofWSEv and surrounding landscape roughness, we define
a dissimilarity ratio (d) as

d ¼
ffiffiffiffiffiffiffiffiffiffiffi
WSEv

p
ffiffiffiffiffiffiffiffiffiffiffiffiffi
DEMv

p � 1:

A d < 1 signifies that DEMv exceedsWSEv, which we interpret as the hydraulic gradient being influenced pri-
marily by regional topography. A d> 1 suggests lakeWSEv exceeds DEMv, which we interpret as the hydraulic
gradient being influenced by factors additional to regional topography, in particular permafrost presence as
modeled by (Pastick et al., 2013; Figure 7).

3. Results
3.1. AirSWOT Lake WSE Validation

AirSWOT and PTWSEs in 13 lakes are compared in Figures 2a and 2b. The absolute difference between PT and
AirSWOT WSE ranges from 1 to 58 cm, with a mean difference of 25 cm, a standard deviation of 20 cm, and
RMSE of 21 cm. Five of 13 lakes had open water areas of at least 1 km2, and three of these five lakes had
AirSWOT WSE within ±10 cm of PT WSE. Three lakes had open water areas between 0.0625 and 1 km2, and
none of these lakes had AirSWOT WSE within ±25 cm PT WSE. Two of the remaining five lakes smaller than
0.0625 km2 had AirSWOT WSE within ±10 cm PT WSE, which suggests that AirSWOT can map WSE in lakes
smaller than SWOT will observe with precisions comparable to SWOT. Differences between AirSWOT and
PT WSE for each lake are summarized in Table 2. Note that ground control points were not used for proces-
sing these data sets, yet we conservatively estimate that AirSWOT geolocation error is ~1 pixel (see Text S1
and Figure S1).

3.2. AirSWOT River WSE and WSS Validation

AirSWOT and GPS WSE are compared along the Yukon River and a lateral distributary channel for 1-km2

reaches established at each centerline orthogonal (n = 16,332; Figures 2c and 2d). Seventy-two percent of
reaches had AirSWOT absolute differences ±10 cm and an RMSE of 8 cm. Similarly, 91% of 0.0625 km2

(n = 16,472) downstream reaches had an AirSWOT absolute difference of ±25 cm and an RMSE of 15 cm
(Figure S7). In the context of the SWOT mission accuracy standards, these statistics suggest that AirSWOT
can reliably validate SWOT WSE along 1- and 0.0625-km2 reaches in >70% and >90% of
samples, respectively.

SWOT accuracy standards also state that for channels 100 m or wider, WSS should be accurate to ±1.7 cm/km
along 10-km reaches. To test AirSWOT precisions against this standard, we removed orthogonal channel
cross sections with widths <100 m, established reaches at each centerline orthogonal, and then removed
reaches with <80% data coverage (n = 2,411, Figure 3a). Sixty-four percent of 10-km reaches had AirSWOT
WSS ±1.7 cm/km of GPS WSS (Figure 3f), with an RMSE of 1.5 cm/km and r2 of 0.8. Note that channel sections
had varying braid intensities, tributary inputs, and hydraulic conditions, so some of the reaches in Figure 3 are
not ideal for consistent WSS calculations and may contribute to larger uncertainties, particularly in compar-
ison to AirSWOT WSE extractions.

3.3. AirSWOT Precision and Spatial Averaging

AirSWOT precision should improve nonlinearly with increasing spatial averaging area. To test this, we estab-
lished reaches with variable pixel counts that simulate different sensor resolutions (i.e., for AirSWOT and
SWOT) at 0.0625 and 1 km2 spatial averaging (Table S1). As expected, the RMSE between GPS and
AirSWOT decreased nonlinearly with increasing spatial averaging window size (Figure 4a). Similarly, the per-
cent of reaches that met SWOT requirements for 1 km2 (Figure 4b, red) and 0.0625 km2 (Figure 4b, blue) area
thresholds increased nonlinearly with increasing pixel counts. We do not present a parallel analysis for lakes
because many open water lake areas are too small to test the full range of pixel counts.

We also compare the absolute median residual difference between river GPS measurements and nearest
neighbor orthogonally averaged AirSWOT WSE by river mask width (Figure 4c). We find that narrow reaches
had larger AirSWOT WSE errors. This is consistent with Figures 7a and 7b, suggesting that larger pixel counts
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increased overall AirSWOT precision. Holistically, these results imply that careful consideration of river widths
in addition to spatial averaging area is important for future AirSWOT validations of SWOT.

3.4. Hydraulic Gradients

To assess the applicability of AirSWOT for surface water hydrology applications, we mapped hydraulic gradi-
ents across all YFB lakes with sufficient AirSWOT data for spatial averaging (see section 3.1) andWSE standard
deviations <1 m (Figure 5). There was a dominant east to west hydraulic flow gradient near the Yukon River,

Figure 2. (a, b) Lake water surface elevations (WSEs) calculated from AirSWOT and global positioning system (GPS). (a) AirSWOT WSE is calculated as the median
pixel value for each lake, and uncertainty is reported as the standard deviation of pixels. GPS uncertainty is derived from lake pressure transducer and GPS errors;
12 of 13 field lakes are shown; #15 is excluded because it is in the foothills of the White Mountains and has a WSE larger than other lowland lakes. (b) shows the
distribution of differences between AirSWOT and GPS for all 13 lakes. Error bars denote uncertainties in field GPS surveys. Gray shading demarcates Surface Water
and Ocean Topography (SWOT) mission WSE accuracy requirements. Black line denotes the theoretical SWOT mission error budget (Rodriguez, 2016). (c, d) Yukon
River WSE measured by AirSWOT is compared with a coincident GPS WSE survey. (c) plots AirSWOT (blue) for 1-km2 downstream spatial averages compared
with GPS data (red). (D) plots the difference between AirSWOT and GPS for 1-km2 downstream reaches. The SWOT mission accuracy guidelines states that WSE
should be accurate to ±10 cmwhen spatially averaged over 1-km2 open water pixels or ±25 cm when spatially averages over 0.0625-km2 open water pixels. Spatially
averaged AirSWOT reaches achieving these precisions fall within dashed lines. See Figure S6 for analogous comparison with 0.0625-km2 spatial averages.
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which matches the flow direction of the river and its distributaries. North of the Yukon River the gradient
trended from northeast to southwest, while south of the Yukon River it trended southeast to northwest.
There was also a north-to-south gradient along the Teedriinjik River and east-to-west gradients along Birch
Creek and Beaver Creek (Figure 5). These observed gradients were consistent with the prevailing
physiography of the YFB. We present this result as a demonstration that despite poor lake WSE precisions,
AirSWOT remains a useful tool for identifying hydrologic gradients in WSE independent of standard
topography-based flow routing models.

3.5. Mapping Longitudinal River Profiles and WSS

We used AirSWOT to calculate and compare longitudinal WSE profiles and WSS (Figure 6) along six rivers (the
Yukon River GPS WSE track, Yukon River-main channel, Teedriinjik River, Birch Creek-Upper, Birch Creek-
Lower, and Beaver Creek) with varying widths, braid intensities, planforms, and orientations relative to the
AirSWOT flight paths (Figure 1a). The steepest river is the 24.6-km reach of the Teedriinjik River, which had
an average 10-km reach length slope of 0.28 m/km and an overall slope of 0.29 m/km for the full longitudinal
profile (Figure 6c). The Teedriinjik River through this reach is highly sinuous and threads into several distribu-
tary channels, as it approaches its confluence with the Yukon River. In contrast, Birch Creek-Upper, which was
primarily single threaded and had a high degree of connectivity with neighboring lakes, had the most gra-
dual average 10-km reach length slope of 0.11 m/km and an overall slope of 0.11 m/km for the full profile
(Figure 6d). Table S2 summarizes the reach length and slope summary statistics for each of these six rivers.

4. Discussion
4.1. AirSWOT Precision, Calibration, and Experiment Design

This is the first empirical investigation of AirSWOT WSE and WSS precisions across a complex lake-river-
wetland surface water system. We find that AirSWOT performs better over rivers (RMSE is 8 cm for 1-km2

Figure 3. Comparison of Yukon River water surface slope (WSS) calculated using a linear model for downstream water surface elevation profiles from AirSWOT and
global positioning system (GPS) data along 10-km reaches. (a) WSS for reaches with channel mask widths of at least 100 m and at least 80% data coverage. (b–e) First
derivatives or WSS rate of change by reach. Note that ∂x is constant because WSSs are calculated for 10-km reaches. (f) Difference between AirSWOT and GPS
WSS. Dashed lines demarcate 10-km reaches where AirSWOT WSSs are ±1.7-cm/km GPS WSS and thus fall within acceptable SWOT accuracy standards. Removed
from this analysis are orthogonal channel cross sections <100 m wide and 10-km reaches with <80% AirSWOT data coverage. In general, Yukon River WSS
magnitudes spatially vary, and AirSWOT WSS tends to agree with GPS WSS.
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reaches and 15 cm for 0.0625-km2 reaches) compared to lakes
(RMSE = 21 cm), perhaps due to enhanced surface roughness resulting
from a flow-induced turbulence in rivers that is absent in lakes.
Furthermore, our results for rivers are similar to those in Altenau et al.
(2017) who found RMSE = 9 cm on the Tanana River, Alaska, lending con-
fidence that AirSWOT reproducibly measures river WSE with RMSE
<10 cm. OurWSS RMSE = 1.5 cm/km for 10-km reaches at least 100mwide
is similarly commensurate with Altenau et al. (2017), RMSE = 1.0 cm/km.
The present study also confirms the Altenau et al. (2017) finding that
AirSWOT WSE precisions in rivers vary nonlinearly with channel mask
width (Figure 4c). Because the Altenau et al. (2017) study did not investi-
gate lakes, a comparison of the two studies for nonchannelized systems
is not possible.

Two additional differences between the present study and Altenau et al.
(2017) provide useful insights into AirSWOT precisions. First, Altenau
et al. (2017) have a higher data density and significant overlap between
AirSWOT flight paths, which permits a data filtering scheme based on
magnitude, error, and statistical outliers without direct consideration of
incidence angles or SNR. This suggests that the higher data density result-
ing from the Tanana experiment design helps increase WSE precision,
which is consistent with the results we present in Figures 4a and 4b.
However, the improvement is incremental, given the similarity in RMSE
between the two studies. Second, the YFB AirSWOT flight lines are
oriented perpendicularly to the Yukon River, whereas AirSWOT was flown
parallel to the study river in Altenau et al. (2017). This results in data gaps in
the downstream profiles presented here (e.g., gaps at ~10, ~65, and
~75 km in Figure 2c). This suggests that future AirSWOT campaigns should
design airborne flight experiments that maximize spatial overlap between
paths while also orienting flight paths parallel to the overall river
course direction.

While AirSWOT WSE precisions in rivers generally meet or exceed SWOT
standards, the RMSE = 21 cm found here for lake WSE is less encouraging,
particularly from a SWOT validation perspective. However, from an air-
borne remote sensing perspective, these precisions remain high, espe-
cially considering no additional ground calibrations were used in
AirSWOT data processing. The AirSWOT InSAR processor applies bundle
adjustments to correct for aircraft movement that produces along- and
cross-track height anomalies. However, additional calibrations such as
height correction using ground-based GPS surveys could be applied to
further increase the derived WSE precision.

It is also important to emphasize that despite technological similarities
to other airborne SARs, AirSWOT remains an experimental sensor and

thus research into sensor calibrations and improvements to the AirSWOT InSAR processor are ongoing
(Altenau et al., 2017). Furthermore, environmental conditions such as turbulence and wind speed influence
water surface roughness (Moller et al., 2000), increasing radar backscatter and SNR thereby improving the
derived WSE measurements. We lack localized measurements of wind speed at the water-air interface dur-
ing the 15 June 2015 AirSWOT surveys to infer instantaneous wind conditions over the lakes studied here.
Wind speeds on 15–16 June 2015 at the Fort Yukon Airport, which is ~13 km from the western boundary
of our study area, were unremarkable: ranging from 0 to 10.3 m/s with a mean of 2.9 m/s (www.ncdc.noaa.
gov). River turbulence provides a water surface roughening mechanism that is absent in lakes. Future field
studies should consider assessing water surface roughness, especially wind roughening of lakes, as an
added factor determining AirSWOT and SWOT WSE precisions.

Figure 4. Comparison of (a) root-mean square error (RMSE) of Yukon River
AirSWOT water surface elevation (WSE) and (b) Surface Water and Ocean
Topography (SWOT) mission accuracy standards by the number of pixels
used for downstream spatial averaging. Note that (a) and (b) use the same
pixel thresholds (x-axis). (c) shows that AirSWOT orthogonal water surface
elevation precisions vary with channel mask width.
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4.2. Scientific Applications of AirSWOT Slope and WSE Measurements Over Rivers and Lakes

AirSWOT, as a novel remote sensing technology independent of SWOT, offers a range of scientific applica-
tions that may advance hydraulic, geochemical, and water management aspects of hydrological research.
We present four examples here: (1) detection of WSS and rates of change of WSS at reach-relevant scales,
(2) comparison of longitudinal profiles for characterizing catchment geomorphic processes and quantifying
river discharge, (3) assessment of permafrost influence on WSE in Yukon Flats lakes, and (4) detecting small
changes in lake storage that cannot currently be observed from space.
4.2.1. WSS and Rates-of-Change for Investigating River Hydraulics, Reaeration, and
Fluvial Geomorphology
River slopes are often calculated by fitting a polynomial between point-based measurements spaced along a
reach. This approach is enabled by in situ river gages that monitor WSE continuously, in concert with inter-
mittent satellite altimetry measurements (e.g., Alsdorf et al., 2007; Birkett et al., 2002; Bonnema et al., 2016;
Frappart et al., 2006). However, both approaches are limited by sparse measurements, or distant spacing
between stream gages and the along track spacing of altimeter footprints. This reduces accuracy of the fitted
polynomial and may also miss backwaters, slope breaks, and other real-world hydraulic features present
between gaging stations or altimeter tracks. AirSWOT transcends such limitations by mapping WSE at
3.6-m spatial resolution (Figure 6), a spatially dense data set (Figures 3a–3e) from which interesting WSS
phenomena are revealed. For example, we find nonmonotonic WSS decays along several reaches of our river
GPS surveys, including slopes that are much steeper ~5-km downstream (reach 1, Figure 3a) than they are
~40-km downstream (reach 2, Figure 3a). The spatially dense quality of AirSWOT thus reveals the true WSS
between 0- and 10.07-km downstream to range from 19.98 to 20.10 cm/km for 10-km reaches, followed
by a slope range of 7.75 to 16.03 cm/km for 10-km reaches established between 36.17- and 48.69-km down-
stream distance. In contrast, if only two equally spaced point-based WSEs were available at the upper and

Figure 5. A map of lake AirSWOT water surface elevations (WSEs). Lakes with AirSWOT WSE standard deviations 1 m or
more are removed from analysis. White dashed lines show hydrologic divides from the watershed boundary data set
(Table 1).
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lower ends of these reach (analogous to existing field and altimeter-based techniques), the derived slopes
would be 17.21 and 7.94 cm/km, respectively.

Quantifying WSS and spatial rates of change in WSS are also important for water quality modeling and inves-
tigating geochemical fluxes in rivers. To that end, Figures 3b–3e plot the first derivatives or the rate of change
between 10 km reach length slopes as a function of downstream distance. To clarify spatial patterns in rates-
of-change, these first derivatives (Figures 3b–3e, blue) are smoothed (Figure 3b–3e, red) using a Savitzky-
Golay or quadratic polynomial filter. These plots emphasize that the rate of change inWSS can be drastic over
short downstream distances, for example, flattening by approximately a factor of two over just ~5 km
(Figure 3e). One particularly relevant application for mapping phenomena like this is mapping reaeration
or in-channel oxygen absorption at the water surface (Bennett & Rathburn, 1972). WSS is used to calculate
reaeration coefficients (Melching & Flores, 1999; Parker & Gay, 1987), while understanding the rate of

Figure 6. Downstreamwater surface elevation (WSE) profile for the (a) global positioning system (GPS) survey track, (b) the
main stem of the Yukon River, (c) the Teedriinjik River, (d) Birch Creek-Upper, (e) Birch Creek-Lower, and (f) Beaver Creek.
AirSWOT values are orthogonal averages after data quality filters (section 3.1) and removal of orthogonals with WSE
standard deviations >1 m.
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change in WSS enables investigation of reaeration across large spatial scales. More generally, it follows that
AirSWOT, and eventually SWOT, may assist in calculating more detailed patterns of WSS and rates of change,
which are important not only for reaeration but also for spatial variations in flow velocity, turbidity, discharge,
sediment transport, and river planform evolution (e.g., Dade & Friend, 1998; LeFavour & Alsdorf, 2005;
Leopold, 1953).
4.2.2. Longitudinal Profiles, Catchment Geomorphology, and Discharge Retrieval
The longitudinal profile of a river is controlled by discharge and sedimentation (Flint, 1974; Knighton, 1998;
Leopold et al., 1964; Mackin, 1948) and is important for investigating basin geomorphology (Knighton, 1998)
and tectonic deformation (Allen et al., 2013; Kirby & Whipple, 2012). The AirSWOT WSE measurements
reported here indicate a concave profile for Birch Creek-Lower (Figure 6e) but a convex profile for Beaver
Creek (Figure 6f). River profiles generally tend to be concave (Knighton, 1998; Leopold et al., 1964), thus
the notable convexity of Birch Creek is interesting. Mechanisms that control profile convexity include channel
roughness, sedimentation, tectonic deformation, and/or geologic events (Knighton, 1998). The neighboring
Birch and Beaver creek watersheds both drain the White Mountains to the south and meander across the YFB
before joining the Yukon River downstream of our study area. Three plausible explanations for the different
profiles we observe include increased sediment mobilization to channels, river avulsions, and/or differing
tectonics in catchment headwaters. These explanations are speculative and require further investigation.
However, Figure 6 illustrates the types of geomorphic hypotheses that can emerge from novel AirSWOT
WSE and WSS mappings of the longitudinal profiles of rivers. Finally, if repeated AirSWOT mappings are
conducted, temporal variations in WSS may be inverted to estimate river discharge (Durand et al., 2014,
2016; Garambois & Monnier, 2015; Oubanas et al., 2018).
4.2.3. Topographic and Permafrost Control on WSE Variability in the YFB
Boreal and Arctic lakes are a significant source and emitter of methane (Wik et al., 2016), while future perma-
frost thaw may boost methane emissions by>3.4 ± 0.08 petagrams of carbon (PgC) from pan-Arctic lakes by
the end of this century (Tan & Zhuang, 2015). Furthermore, near-surface permafrost thaw impacts lake
volume change more than thaw depth (Jepsen et al., 2013), therefore YFB lakes are particularly vulnerable
to warming subsurface temperatures due to the area’s shallow aquifer and discontinuous permafrost
(Jepsen et al., 2016). We use AirSWOT to demonstrate the possible impact of permafrost presence on spatial
patterns in lakeWSE across the YFB. We find that where there is low variability in permafrost state (e.g., mostly
permafrost or mostly nonpermafrost), d (dissimilarity ratio, see section 2.4) tends to be<1 and thus prevailing
topography appears to dominate the hydraulic gradient. However, as variability in permafrost presence
increases, topography no longer dominates the hydraulic gradient (Figure 7). If true, this raises the exciting

Figure 7. Examination of topographic and permafrost control on lake water surface elevation (WSE) variability. The land
surface digital elevation model (DEM) is from Yamazaki et al. (2017) and probability of permafrost presence is from
Pastick et al. (2013).
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possibility that areas of permafrost disturbance may be inferred from spatially dense mapping of WSE.
However, we emphasize that the permafrost variability bin in Figure 7b with d > 0 represents only 15 lakes
in one grid cell. As such, this simple analysis is presented as an illustrative demonstration of a potential scien-
tific utility for AirSWOT and SWOT, rather than a definitive study on the impact of permafrost presence on
hydraulic gradients across the YFB.
4.2.4. Detecting Changes in Lake Volume Not Currently Observable From Space
Recent advances in passive spaceborne remote sensing technologies such as Planet’s CubeSat-based optical
constellation and other visible/infrared submeter resolution sensor constellations (e.g., GeoEye-1 and
WorldView-1/2/3/4) enable near real time mapping of the world. Despite limitations in data quality and
solar/cloud conditions, these sensors are useful in hydrological sciences, particularly for mapping open
water extents (Cooley et al., 2017). Nonetheless, they are not capable of directly measuring WSE, volume
change, or flux.

The current spaceborne solution for estimating volumetric changes in surface water is laser or radar altimetry
in combination with optical measurements of lake area. This approach has been used to track flux in lakes
since the early 1990s (Gao et al., 2012). For example, ICESat (Zhang et al., 2011) and the forthcoming
ICESat-2 can measure lake WSE. But repeat times are>90 days (https://icesat-2.gsfc.nasa.gov/science/specs),
which is insufficient for tracking surface water dynamics, especially in seasonally frozen systems across the
Arctic and sub-Arctic. Radar altimetry WSE measurements can achieve ~2-cm accuracies (Crétaux et al.,
2009), but lakes with minimal topographic interference/acceptable roughness characteristics are required
for such fidelity. Additionally, altimeter measurements are nadir pointing and make profile rather than swath
measurements, meaning they must be gridded to be used in mapping applications (Crétaux et al., 2016).
Another major limitation is that altimeters can only observe large lakes. For example, Crétaux et al. (2016) list
altimetric WSE errors and areas for 24 lakes. Errors range from 3 to 85 cm, but the smallest lake measured was
350 km2 with an RMSE = 64 cm. Arsen et al. (2015) further demonstrate that altimeters can map WSE in lakes
as short as 3.3-km along-track, but with an RMSE range of 12–99 cm.

In contrast, the lakes in our YFB study area vary in size from 55.92 m2 to 3.26 km2 and thus would not be
observable with radar altimeter-based remote sensing. Also, AirSWOT can map lake WSEs with an overall
RMSE of 21 cm, which is within the range of accuracies quantified over much larger lakes using radar altime-
try. SWOT will observe lakes that are ≥0.0625 km2 and potentially as small as 0.01 km2. Only ~18% (489 of
2,786) of the lakes in our study are ≥0.0625 km2 and will be observable by SWOT while only ~51% (1,417
of 2,786) of lakes are ≥0.01 km2 and may be observable by SWOT. Thus, the complex lake-river-wetland
dynamics of the YFB (and similar Arctic and Boreal wetlands) occur at scales that are currently only observable
by AirSWOT-like active airborne remote sensing technologies.

5. Conclusion

We conclude that AirSWOT offers utility as a validation tool for SWOTmeasurements of WSE andWSS in rivers
and as an independent experimental technology for scientific surface water hydrology studies. AirSWOT river
WSEs meet or exceed SWOT mission standards, and while lake WSEs remain unsatisfactory, improvements to
the InSAR processor, enhanced data calibrations, and modifications to experiment design are likely to
improve data quality in the future. Independent of SWOT, we demonstrate that AirSWOT enables
investigation of complex lake/wetland hydraulic gradients, remote estimation of river discharge, water
quality/geochemical flux, channel sedimentation and geomorphic processes, influence of permafrost on
surface water storage, and for mapping volumetric surface water changes and fluxes not detectable by
current or planned satellite remote sensing technologies.
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