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To advance monitoring of surface water resources, new remote sensing technologies
including the forthcoming Surface Water and Ocean Topography (SWOT) satellite
(expected launch 2022) and its experimental airborne prototype AirSWOT are being
developed to repeatedly map water surface elevation (WSE) and slope (WSS) of the
world’s rivers, lakes, and reservoirs. However, the vertical accuracies of these novel
technologies are largely unverified; thus, standard and repeatable field procedures
to validate remotely sensed WSE and WSS are needed. To that end, we designed,
engineered, and operationalized a Water Surface Profiler (WaSP) system that efficiently
and accurately surveys WSE and WSS in a variety of surface water environments using
Global Navigation Satellite Systems (GNSS) time-averaged measurements with Precise
Point Positioning corrections. Here, we present WaSP construction, deployment, and a
data processing workflow. We demonstrate WaSP data collections from repeat field
deployments in the North Saskatchewan River and three prairie pothole lakes near
Saskatoon, Saskatchewan, Canada. We find that WaSP reproducibly measures WSE
and WSS with vertical accuracies similar to standard field survey methods [WSE root
mean squared difference (RMSD) ∼8 cm, WSS RMSD ∼1.3 cm/km] and that repeat
WaSP deployments accurately quantify water level changes (RMSD∼3 cm). Collectively,
these results suggest that WaSP is an easily deployed, self-contained system with
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sufficient accuracy for validating the decimeter-level expected accuracies of SWOT
and AirSWOT. We conclude by discussing the utility of WaSP for validating airborne
and spaceborne WSE mappings, present 63 WaSP in situ lake WSE measurements
collected in support of NASA’s Arctic-Boreal and Vulnerability Experiment, highlight
routine deployment in support of the Lake Observation by Citizen Scientists and
Satellites project, and explore WaSP utility for validating a novel GNSS interferometric
reflectometry LArge Wave Warning System.

Keywords: ABoVE, SWOT, GNSS, water surface elevation, water surface slope

INTRODUCTION

Satellite and airborne remote sensing technologies have been
developed and deployed to quantify surface water resources
in terrestrial inland waters via repeat mappings of inundation
extent, water surface elevation (WSE), and water surface slope
(WSS) (Smith, 1997; LeFavour and Alsdorf, 2005; Bates et al.,
2006; Kiel et al., 2006; Lee et al., 2010; Papa et al., 2010; Crétaux
et al., 2016; Altenau et al., 2019; Tuozzolo et al., 2019). Despite
such efforts, knowledge of freshwater storage and flux outside of
gauged river basins and at large spatial scales is lacking (Alsdorf
and Lettenmaier, 2003; Alsdorf et al., 2007).

To help address the need for better observation of Earth’s
surface waters, the forthcoming Surface Water and Ocean
Topography (SWOT) satellite mission (planned launch 2022)
will repeatedly map WSE and WSS in terrestrial inland
waters at submonthly repeat intervals using Ka-band radar
interferometry (Durand et al., 2010; Biancamaria et al., 2016).1

In preparation for SWOT, NASA developed AirSWOT as an
airborne validation instrument that also uses Ka-band radar
interferometry to map WSE and WSS (Altenau et al., 2017,
2019; Denbina et al., 2019; Pitcher et al., 2019; Tuozzolo
et al., 2019)2. Two key science requirements for SWOT include
mapping WSE to at least 10 cm accuracy (all accuracies 1σ)
for open-water areas > 1 km2, 25 cm or better for open-
water areas 0.0625 to 1 km2, and mapping WSS to at least
1.7 cm/km accuracy for 10 km river reaches 100 m wide
or wider (Rodriguez, 2016). However, the ability of SWOT
to meet these accuracies remains theoretical, so a standard
and repeatable field method that surveys WSE and WSS with
accuracies sufficient to validate both AirSWOT and SWOT is
needed. To that end, we developed, tested, and operationalized
a Water Surface Profiler (WaSP) system that uses ruggedized
Global Navigation Satellite Systems (GNSS) time-averaged
measurements with Precise Point Positioning (PPP) corrections
to accurately map WSE and WSS.

WaSP also helps overcome certain shortcomings associated
with traditional field-based methods for measuring WSE and
WSS. For example, traditional in situ measurements obtain
WSE at a single location (i.e., at a gauging station), typically
in a stable, single-thread river channel cross-section for the
purpose of establishing an empirical rating curve relating WSE
(i.e., river stage from a permanent water level recorder) to

1https://swot.jpl.nasa.gov/
2https://swot.jpl.nasa.gov/mission/airswot/

discharge (Q). Broad-scale estimates of river WSS, in turn, are
commonly calculated by interpolating WSE between gauging
stations or estimated from static topographic maps (e.g., Durand
et al., 2014; Yamazaki et al., 2017). A limitation of this
approach is that it requires installation of permanent equipment
and provides spatially limited data at a small number of
point locations.

Such point-based measurement approaches often fail to
capture the range of WSE and WSS complexity, for example,
riffle-pool sequences (e.g., Jowett, 1993; Montgomery et al.,
1999), WSE super-elevation around channel meander bends
(e.g., Dietrich et al., 1979), or varying WSE and WSS through
anabranching rivers and complex river/lake/wetland systems.
Single-point WSE measurements in lakes do not capture
hydrologic events such as seiches, which are important for
lake productivity (Ostrovsky et al., 1996) and regulating
tributary flows (e.g., Prowse et al., 2006). Furthermore, at a
global scale, lakes are sparsely instrumented, particularly in
comparison to the total number of lakes on the earth’s surface.
Spatially dense mappings from airborne and spaceborne remote
sensing technologies hold promise to overcome these and other
limitations of point-based WSE measurements (Alsdorf et al.,
2003, 2007), yet require robust validation to ensure data accuracy.

The effectiveness of using point-based WSE measurements
for remote sensing validation is further limited by sparseness
of suitable point measurements available for validation. In
rivers, non-contact stage gauges are commonly mounted beneath
bridges, whereas pressure-based stage gauges are often hidden
beneath foliage along channel shorelines. Such locations are not
always imaged, especially by radar systems such as AirSWOT
and SWOT that are vulnerable to topographic and vegetation
induced layover. Deployed arrays of static, near-shore surveys
require considerable effort and trained field technicians and
still provide WSE data only at a handful of fixed points.
Furthermore, WSE and WSS measurements from AirSWOT (and
forthcoming SWOT) require averaging over large spatial scales to
reduce measurement uncertainty (Altenau et al., 2017; Denbina
et al., 2019; Pitcher et al., 2019). Therefore, field validation of
remotely sensed WSE and WSS similarly requires mappings
over large spatial scales.

To address these shortcomings, we propose WaSP as both a
stand-alone scientific instrument to aid hydraulic understanding
of rivers, lakes, and wetlands, as well as a new technology
for validating airborne and spaceborne mappings of WSE and
WSS. In the following sections, we first describe the WaSP
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system, including its construction, development, deployment
techniques, and a potential data processing workflow. Next, we
present first results from multiple WaSP deployments in the
North Saskatchewan River and three nearby prairie pothole
ponds near Saskatoon, Saskatchewan, Canada, coincident with
three NASA Arctic-Boreal Vulnerability Experiment (ABoVE;
Miller et al., 2019) AirSWOT overflights on July 8, 2017;
August 16, 2017; and August 17, 2017. Also presented is a
collection of WaSP in situ lake WSEs acquired in support of
AirSWOT and other ABoVE flight assets. We conclude with a
general discussion of WaSP applications for surface water studies,
ABoVE research, citizen science, and an early warning large wave
detection system.

MATERIALS AND METHODS

WaSP Description
The WaSP system (Figure 1) is deployed on the free water
surface and is designed to accurately quantify absolute WSE
relative to a known vertical datum and WSS along a defined river
reach. The WaSP hardware includes four primary components:
a GPS/GNSS receiver/antenna, a power system (Figure 2), a
ruggedized enclosure, and a float (Figure 3). To survey a fixed
location in a lake or pond, WaSP can be temporarily anchored in
place. To longitudinally map WSE and WSS, WaSP can be towed
along a transect.

GNSS Receiver and Antenna
WaSP can integrate most GPS/GNSS receiver and antenna
combinations, as long as the form factor of the receiver
(length to width ratio) is appropriate for the waterproof case
enclosure (see Enclosure). The 2017 WaSP field surveys presented
here were deployed using Trimble 5700 and R7 receivers
and Zephyr Geodetic antennas. WaSP has also been deployed
using Septentrio PolaRX-5 receivers and Septentrio PolaNt-
x MF antennas.

Antennas are mounted at the highest point on WaSP to ensure
maximum sky view and limit multipath interference from other
components. The antenna mast is secured to the float using
slit PVC pipe tensioned with a hose clamp. When possible,
we recommend using small profile antennas to limit system
weight and awkwardness during deployment and to maintain a
low wind profile. Additional receiver and antenna integration
considerations are detailed in Supplementary Text 1.1.1.

Power System
WaSP power requirements depend on receiver model/
configuration and ambient temperature. For single day use
with either a Trimble 5700/R7 or Septentrio PolaRX-5 receiver
in Arctic and sub-Arctic environments, we recommend a
7-Ah AGM battery. WaSP power cables were adapted for use
with the battery selected by both shortening the cable and
terminating bare ends with tab connectors to fit the battery
terminals. Additionally, a 3A fuse was added in line to the
positive lead as protection for the receiver from short circuits or

power surges. Additional power considerations are detailed in
Supplementary Text 1.1.2.

Enclosure
The receiver, battery, and internal cabling are housed in a Pelican
1450 case. Components inside the case were separated and
protected using Pick “n” Pluck foam provided by Pelican. The
case is mounted on the float (Figure 3a) using Prusik knots
tied through holes drilled into plastic ribbing on the external
front and back of the Pelican Case (Figure 3b). The case is then
secured using cam strap fasteners that run through the Prusik
and tie point handles on the float (Figure 3c). This fastening
system enables access to the case during deployment (Figure 3g).
Because of the sensitivity of the GNSS equipment contained
within the case, good waterproofing is required, both on the seal
around the lid and the holes drilled for the antenna bulkhead.
This can be accomplished with either rubber gaskets or marine-
grade silicone sealant. In initial waterproofing tests, the modified
case was filled with batteries and completely submerged for
5 minutes. No water intrusion was detected. It is recommended
that seals be checked before deployment and replaced as needed.

Given that the WaSP system is deployed on water, it is
important to ensure that weight is evenly distributed so that
the system stays horizontal, and the antenna remains level. The
battery is the heaviest component of the system, and thus, the
final layout of the receiver and battery within the enclosure
should be chosen to be as close to level as possible along the long
axis (Figure 3g).

WaSP Float
The WaSP float is constructed using a durable, expanded
polyethylene foam that repels water. The float is hand cut,
glued, and shaped using routers with custom constructed molds.
The shape includes a nose rocker, which reduces the likelihood
of the system submerging, and is particularly important for
towed deployments. The deck contains slanted grooves, which
help drain water from the surface. The nose is protected by a
polyurethane bumper and the bottom is flat with a slick-skin hot
air welded finish for ruggedness and durability.

A recessed compartment for the Pelican Case 1450 is routed
into the deck, and four handles are secured through the float
surrounding the corners of the Pelican Case recess (Figure 3a).
These handles provide tie-points for securing the case to the float
(Figure 3c) and enable easy transport. A ∼4 cm outer-diameter
slit PCV pipe is routed through the deck at the front and rear
of the Pelican Case (Figures 3a,b). These provide attachment
points for the antenna mast (Figures 3d,e), anchors if deployed
in lakes/ponds, or tether points if deployed in rivers (Figure 3f).
There are also optional side-stabilizer arms with polyethylene
water wings that mount into two PVC T-brackets both secured
into the foam (Figure 3e). We find that these stabilizers can
induce an additional drag, which results in increased system drift,
especially in windy lake/pond surveys. Furthermore, given the
sufficiently high data precision attained without side stabilizers
(see section “WaSP and Near-Shore Static Surveys in Prairie
Pothole Ponds, Saskatchewan”), we do not recommend deploying
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FIGURE 1 | Example of (a) readying a Water Surface Profiler (WaSP) system for deployments, (b) a WaSP survey using optional side-stabilizers, and (c) a
comparison between a WaSP kinematic survey and a near-shore static survey. The WaSP system integrates a GNSS receiver and a power system within a
ruggedized, waterproof case mounted atop a custom-shaped, high-density foam float with an external antenna mount and fastening locations for towlines, anchors,
and drogues. The subject identified in (a) kindly provided written informed consent for the publication of this image.

side-stabilizers. Additional details about the float are given in
Supplementary Text 1.1.3.

WaSP Deployment
An important consideration for WaSP accuracy is site selection.
If deploying in a pond/lake, it is important that WaSP is located
near the middle of the water body and away from metal docks,
boats, or other obstructions (cliffs, trees, etc.). If there is a depth
logger in the lake, WaSP should be placed near the instrument
with the maximal clear sky view for optimal satellite trilateration.

Prior to deploying a WaSP unit in the field, it is important
to enable at least one logging session on the receiver and make
sure that batteries are fully charged. After this, field setup can be
quickly completed at each site. First, insert the Pelican Case into
the recess in the center of the float (Figures 3a,b) and secure it to
the float by routing each Prusik through its neighboring handle
and tethering Prusiks on the same side of the float with a cam
strap (Figure 3c). Next, carefully insert the antenna mount into

the PVC through-hole on the back of the float and mount the
antenna to the mast (Figure 3d). Attach a coaxial cable to the
antenna and TNC bulkhead on the Pelican Case (Figure 3d) and
then attach a drogue and/or anchor system to the float using the
webbing at the back of the board and PVC-lined hole at the front
of the board (Figure 3f).

The optimal anchor/drogue configuration is site dependent.
For example, in large lakes with rough water, a Danforth-style
fluke anchor may be most appropriate. In small, calm ponds,
a lightweight, folding Grapnel-style anchor may suffice. When
towing a WaSP with a boat, a drogue is recommended for
added stability.

To record data, open the Pelican Case, connect the antenna
cable to both the interior TNC bulkhead and the receiver, and
connect the power cable first to the battery and then the receiver
(Figure 3g). It is important to cover exposed battery terminals
to prevent cable movement and/or accidental shorting. GNSS
receivers have model-dependent protocols to initiate logging.
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FIGURE 2 | Schematic of WaSP receiver/antenna and power system from top
view, back view, and front view. Water Surface Profiler components shown
include (A) Pelican Case 1450; (B) Pelican Pick “n” Pluck foam; (C) GNSS
receiver; (D) 12v 7Ah sealed lead-acid battery; (E) GNSS antenna; (F) RG-58
coaxial antenna cable with male TNC connectors; (G) TNC bulkhead,
female-female, with watertight gasket; (H) power cable; (J) 3A automotive
fuse; and (K,L) antenna mount with 5/8–11 threads.

However, ensure that the receiver is powered on, observing
satellites and recording data. Then, carefully tuck cables into the
box and close/secure the lid.

Lastly, place the WaSP system in the water, fix the antenna
mast height, and tighten it in place. Next, use a folding ruler or
survey rod to measure the vertical offset between the antenna
and the water surface (Figure 3h). We recommend measuring
the vertical offset from at least three locations on the antenna and
remeasuring offsets upon WaSP recovery to make sure that the

offset remained constant during the survey. Note that antenna
offsets can be measured relative to the antenna measurement
point or the antenna reference point, given that appropriate,
antenna-specific offsets are applied in data processing. Finally, we
recommend taking photographs of the field site and making note
of environmental conditions such as calm versus rough water as
this may assist in data processing.

WaSP Data Processing
The first step in calculating WSE for WaSP surveys using Trimble
or Septentrio receivers is to convert native GNSS data to the
Receiver Independent Exchange Format (RINEX) file type, a
commonly used ASCII file format that can be opened with
most text readers. GNSS surveys recorded by Trimble 5700/R7
receivers are stored as .tXX Trimble data files, whereas surveys
recorded by Septentrio receivers are stored as .SBF Septentrio
Binary Format data files. For Trimble files, we use Trimble’s
Convert To RINEX–TBC utility version 3.0.5.0, which is freely
available via the Trimble website. For Septentrio receivers, we use
SBF Converter, which is part of the Septentrio RxTools software
package, which is freely available via the septentrio website.
When a GNSS survey is recorded as multiple files, we use TEQC
software, freely available from UNAVCO, to splice files together
(see Supplementary Text 1.1.3 for pseudo TEQC syntax).

Next, the spliced RINEX file is submitted for postprocessing
using PPP software. For the WaSP demonstration in the North
Saskatchewan river and three prairie pothole ponds presented
here (see section “WaSP and Near-Shore Static Surveys in Prairie
Pothole Ponds, Saskatchewan, and North Saskatchewan River”),
the Canadian Spatial Reference System–PPP web application is
used, which is freely available via the Natural Resources Canada
website.3 Specifically, the ellipsoidal height data contained within
the .pos output file, relative to the International Terrestrial
Reference Frames (ITRF, as defined by the International GNSS
Service at the epoch for the specific orbit ephemerides), are
used. For the 63 lake surveys spanning ∼17◦ latitude and
∼476 m vertical elevation collected during 2017 NASA ABoVE

3https://webapp.geod.nrcan.gc.ca/geod/tools-outils/ppp.php

FIGURE 3 | Water Surface Profiler is deployed using a (a) custom-shaped and designed high-density foam float. The case (b) containing the (g) power system and
GNSS receiver is (c) secured to the float using Prusik knots, cam straps, and side handles. The (d) GNSS antenna is placed atop a mast, affixed to the float, and
connected to the TNC bulkhead on the case. There are (e) optional side stabilizers that can be used in still water conditions. A (f) drogue and/or anchor system can
be used for river or lake/pond surveys. To begin a survey, the (g) receiver needs to be powered on and connected to the antenna via the TNC bulkhead on the inside
of the case. The (h) offset between the water surface and the antenna must also be manually measured, and a location with a clear sky view should be selected. The
subject identified in (h) kindly provided written informed consent for the publication of this image.
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airborne sorties (section “Future WaSP Improvements”), PPP
solutions are calculated using GINS software [developed by the
Centre National d’Etudes Spatiales (CNES) and the Groupe de
Recherche en Géodésie Spatiale (GRGS); Marty et al., 2011]
and the International GPS Service precise GPS orbit and clock
products. Resultant WSEs are given relative to the WGS84
ellipsoid. Note that the ITRF and WGS84 reference frames are
quite similar, yet there are centimetric level absolute differences
that spatially and temporally vary. For AirSWOT versus WaSP
WSE comparisons (see section “North Saskatchewan River”), we
do not apply a correction for the ellipsoid differences because the
expected decimeter scale AirSWOT WSE uncertainty (Altenau
et al., 2017; Pitcher et al., 2019; Tuozzolo et al., 2019) is much
larger than the centimetric scale uncertainty associated with the
different ellipsoids.

For the North Saskatchewan river data (see section “North
Saskatchewan River”), we also convert from ellipsoidal heights
(h) to orthometric heights (H), as follows:

H ≈ h− n (1)

where n is the height of the EGM96 geoid. Conversion from
ellipsoidal to orthometric heights is particularly important for
calculating WSS from longitudinal river surveys and in large,
low-gradient lakes.

For lakes and ponds, the latitude, longitude (Figure 4A), and
height (Figure 4B) data series from PPP results are analyzed, the
field measured offset between the antenna and the water surface
is applied (see WaSP Deployment), and the data series is manually
subset using time windowing in TEQC (see Supplementary Text
1.1.4 3 for pseudo syntax) to a period in which WaSP is in the
water and relatively stable (orange circles, Figures 4A,B). After
time windowing, prairie pothole pond survey times ranged from
1 to 4 h (see section “WaSP and Near-Shore Static Surveys in
Prairie Pothole Ponds, Saskatchewan”), whereas NASA ABoVE
survey times varied from 0.9 to 10.4 h (see section “Future WaSP
Improvements”).

Next, we use a Hampel filter with a 600-point window (10 min
with 1 Hz logging interval) and 1.5 sigma threshold to remove
outliers from the data series. A Hampel filter defines the median
of a moving window and replaces outliers with the median value.
Such filtering can be achieved using proprietary software such as
MATLAB, or open-source software such as Python. The mean
latitude, longitude (Figure 4C), and height (Figure 4D) of the
windowed and filtered GNSS time series data are calculated
as the final vertical and horizontal coordinates. Measurement
uncertainty for a lake/pond (εl) survey is then calculated as

εl = σh + σt + 0.01m (2)

where σh is the standard deviation of 1 Hz heights from WaSP
PPP solutions, σt is the standard deviation of antenna offset
measurements, and the additional 0.01 m is intended to account
for antenna offset measurement error. Note that the mean
horizontal coordinates are representative, not an exact survey
location because the WaSP systems move even during anchored
lake/pond surveys.

For rivers, initial PPP results are converted to a .shp file and
overlaid on nearly coincident satellite or airborne imagery in GIS
software. The .shp file is visually inspected and locations in the
data series when WaSP is not in transect are manually removed
(red circles, Figure 5). This can be achieved using proprietary
software packages such as ESRI’s ArcMap, or open-source
software such as QGIS. After filtering, the North Saskatchewan
River WaSP surveys presented here ranged from 9.29 to 9.40 h in
duration, resulting in an average travel speed of 4.80 km/h.

Uncertainty in river WSE measurements (εr) is then calculated
as follows:

εr =

√
(σh + r)2 (3)

where σh is the standard deviation of the estimated vertical
positions from the NRCAN PPP output, and r is range in antenna
offset measurements. Next, a centerline for the study reach is
defined. For North Saskatchewan River results presented here,
we use the Global River Widths from Landsat (GRWL) database
(Allen and Pavelsky, 2018) and remove right angles from the
centerline (Pitcher et al., 2019; Figure 5). Channel orthogonals
are then established at right angles to the centerline at 25 cm
downstream intervals (Ferreira, 2014; Figure 5). Lastly, 1 Hz
GNSS solutions from filtered PPP .shp file outputs are assigned
a downstream distance by joining each point with its nearest-
neighbor channel orthogonal.

AirSWOT Radar Processing
AirSWOT is an airborne ka-band radar that produces swath-
based maps of WSE (Altenau et al., 2017, 2019; Denbina
et al., 2019; Pitcher et al., 2019; Tuozzolo et al., 2019). To
map WSE, AirSWOT uses along-track interferometry, where
two SAR images are taken along the flight track to create an
interferogram. Using traditional InSAR processing techniques,
phase differences shown in the interferogram indicate differences
in elevation relative to the wavelength; such phase differences
are used to produce an elevation model (e.g., Wu et al., 2011;
Long and Ulaby, 2014). Here, we use AirSWOT data collected
over the North Saskatchewan River on July 8, 2017, August
16, 2017, and August 17, 2017, to demonstrate how WaSP
can be used to validate AirSWOT-like mappings of WSE.
These data were collected as part of the 2017 NASA ABoVE
airborne campaign (see section “Future WaSP Improvements”)
and are freely available via the Oak Ridge National Laboratory
Distributed Active Archive Center4 (Fayne et al., 2019). Each
swath of AirSWOT radar data is delivered as a six-band geotiff
with 3.6 × 3.6 m pixel size. Band 1 contains interferometrically
derived heights, in meters, relative to the WGS84 ellipsoid. Bands
2 through 6 are the radar incidence angle (radians), magnitude
[which can be converted to dB using 20∗log10(mag)], correlation
(dimensionless), height sensitivity (meter/radian), and height
uncertainty (as “error” in meters). See Fayne et al. (2020) for
discussion of specific limitations of these data.

To aid interpretation of radar data, AirSWOT also integrates
a color-infrared (CIR) digital camera. The images collected by
the CIR system were processed into 1 m resolution orthomosaics

4https://doi.org/10.3334/ORNLDAAC/1646
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FIGURE 4 | Water Surface Profiler (WaSP) data processing for lake/pond surveys requires first analyzing the original latitude, longitude (A) and height (B) data series
(gray circles) and clipping the survey to times when the system is in the water, and there is minimal vertical and horizontal drift (orange circle). An outlier filter is then
applied to the latitude, longitude (C), and height (D) data (green circles), and the average values are preserved [blue star in (C) and blue solid line in (D)].

FIGURE 5 | Water Surface Profiler data processing for river surveys requires manually inspecting the data series and removing points when the system is not in the
water or in transect (red circles). Next, latitude, longitude, and height positions are assigned a downstream distance by snapping to their nearest-neighbor channel
orthogonal (blue line). Here, we use the GRWL data to establish a channel centerline (Allen and Pavelsky, 2018). For cartographic clarity, orthogonals are shown at 1
km downstream intervals. Similarly, for comparisons between WaSP surveys (green circles) and AirSWOT mappings (green-to-white raster gradient), the AirSWOT
data is first clipped to an open-water mask (teal polygon, from Kyzivat et al., 2019a,b) generated using 1 m resolution color-infrared digital orthomosaics (Kyzivat
et al., 2018). AirSWOT pixels are also assigned a downstream distance by joining each pixel to its nearest-neighbor channel orthogonal. Note that locations within
the water mask where there is no AirSWOT data are termed “dark water,” which occurs when there is insufficient radar reflectivity to interferometrically resolve a
height. The base map is a 1 m resolution digital orthomosaic collected by AirSWOT on August 17, 2017, as part of the NASA Arctic Boreal Vulnerability Experiment.

(Kyzivat et al., 2018), which were then classified into binary open-
water masks (Kyzivat et al., 2019b). The open-water classification
uses on an object-based unsupervised classification routine,

with manual quality control. A threshold was applied to a
normalized difference water index (Mcfeeters, 1996) in order to
identify open-water seed regions, and a custom region-growing
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procedure was developed to determine a final open-water
boundary (Kyzivat et al., 2019a; Figure 5). Here, we use the
open-water mask created from August 17, 2017, CIR data over
the North Saskatchewan River to systematically remove non–
open-water pixels from both July and August radar data. Note
that of the 3 days surveyed by AirSWOT in 2017, North
Saskatchewan River water levels were lowest on August 17, 2017
(Supplementary Figure 1). Therefore, we contend that the use
of only the water mask from August 17, 2017, conservatively
eliminates non–open-water pixels for all three sorties.

Raw AirSWOT radar data requires filtering to eliminate pixels
with anomalous WSE values (Altenau et al., 2017; Pitcher et al.,
2019). The filtering applied here includes first removing non–
open-water pixels using the open-water mask (Kyzivat et al.,
2019a,b). Second, the global MERIT DEM (Yamazaki et al., 2017)
is used to remove pixels with WSE values greater or less than 5
m from MERIT (Fayne et al., 2020). MERIT DEM was selected
because it has sufficient spatial coverage, is freely accessible to the
research community, and employs careful merging/reprocessing
of other commonly used DEMs (Yamazaki et al., 2017). Original
MERIT DEM pixel heights are given relative to the EGM96
geoid. For comparison with AirSWOT, the EGM96 geoid is
subtracted such that heights are relative to the WGS84 ellipsoid.
Lastly, AirSWOT pixel values with random height error > 1
m are removed (Pitcher et al., 2019). After filtering, remaining
AirSWOT WSE pixels are joined to their nearest-neighbor
centerline orthogonal. When an orthogonal has > 1 nearest-
neighbor AirSWOT pixels, these pixel WSEs are averaged. Lastly,
all pixels are assigned a downstream distance (in streamwise
kilometer from the Petrofka Bridge), enabling direct comparison
with WaSP WSE surveys.

North Saskatchewan River Motorboat
GNSS Surveys
Accompanying July 7, 2017, and August 16, 2017, WaSP
deployments on the North Saskatchewan River presented here
(see section “North Saskatchewan River”), a GNSS receiver and
antenna were affixed to a vertical mast on a motorboat and
driven along the same reach. While this motorboat-mounted
survey technique is a standard field measurement protocol for
surveying WSE in rivers (e.g., Altenau et al., 2017), the motorboat
data collection pattern was not optimized for longitudinal
WSE and WSS surveys. That is, the primary objective of the
motorboat team was to collect hydrographic surveys of water
depth and velocity at downstream cross sections. Therefore,
the motorboat made more turns and frequently approached the
shore, likely leading to multipath errors and loss of geometry
compared to WaSP surveys. Therefore, we present the motorboat
data as validation of WaSP and refrain from commenting
on the comparative accuracies of motorboat and WaSP WSE
and WSS mappings.

North Saskatchewan River in situ Water
Level Sensor Arrays
In addition to the WaSP and motorboat surveys, the Water
Survey of Canada, a branch of Environment and Climate Change

Canada (ECCC), installed and surveyed in an array of nine
temporary pressure transducers (PTs) in the North Saskatchewan
River study reach (Figure 7 and Supplementary Table 1). These
PTs were programmed to measure WSE at 5 minute intervals, and
all nine PTs were operational during July 2017 WaSP, motorboat,
and AirSWOT surveys. This array is used as an independent
validation of WaSP WSE (Figure 10A) and WSS (Figure 11A).

Unfortunately, data from only one of the nine PTs were
recovered for the August 2017 surveys. The PT recovered was
located 0.37 km from the start of the study reach, near Petrofka
Bridge (Figure 7). The raw pressure data series from this PT was
manually converted to water depth using a barometric pressure
logger located near the end of the study reach (close to Wingard
Ferry). Notable jumps in the data series suggest that the PT
location shifted between installation and recovery. To rectify this,
jumps in the data series were manually identified, and a constant
offset calculated as the difference between neighboring high-
quality measurements was applied to subsequent data readings.
After manual adjustment, outlier readings from the 5 min data
series were removed using a Hampel filter with a 288-point
(or 1 day given a 5 min logging interval) window. Finally,
the daily average was computed (Supplementary Figure 1
and Supplementary Table 2) and is used here to determine
the total water level drawdown between July and August
2017 (Figure 10B).

RESULTS

To test WaSP performance in lakes and rivers, we compare
WaSP WSE and WSS mappings against traditional near-shore
static and motorboat-mounted kinematic GNSS surveys, as well
as field-deployed PTs. Such ancillary data are not required for
WaSP validation of coincident airborne or spaceborne WSE
or WSS mappings.

WaSP and Near-Shore Static Surveys in
Prairie Pothole Ponds, Saskatchewan
WaSP units were deployed in three ponds near Saskatoon,
Saskatchewan, Canada (Supplementary Figure 3). Deployments
were conducted on July 4, 2017, August 17, 2017, and June 16,
2018, on Pond #1, and July 4, 2017, and August 17, 2017, on
Pond #2 and Pond #3. In all three ponds, WSE dropped between
July and August 2017. In Pond #1, WSE dropped from 506.55 to
506.35 m, a net drawdown of 20 cm (Figure 6A). Water surface
elevation in Pond #2 and Pond #3 fell from 509.21 to 508.96 m
and 498.87 to 498.71 m, and net drawdowns of 25 cm and 16 cm,
respectively (Figures 6B,C). εl (Eq. 2) across the seven WaSP
surveys in three ponds ranged from∼3 to 5 cm.

These drawdowns also correlate with pond shoreline area,
as manually mapped in situ using a handheld Garmin eTrex
GPS and hand digitized in nearly coincident Planet 3.125 m
resolution satellite imagery (Planet Team, 2019; Supplementary
Figure 3). These ponds all have emergent vegetation. Therefore,
eTrex shorelines represent inundation extent, whereas Planet
digitizing represents shoreline areas. Given this difference, we
expect Planet areas to be smaller than eTrex areas. WaSP

Frontiers in Earth Science | www.frontiersin.org 8 November 2020 | Volume 8 | Article 278

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-08-00278 November 18, 2020 Time: 17:56 # 9

Pitcher et al. GNSS Validation of Water Elevation

FIGURE 6 | Three Prairie Pothole ponds near Saskatoon, Saskatchewan, Canada, were surveyed in July and August 2017 and June 2018 using WaSP and
near-shore static tripod surveys. Outer shorelines were manually mapped in situ using handheld Garmin eTrex GPS’s and also hand digitized ignoring floating and/or
inundated vegetation within the pond using Planet 3.125 m resolution satellite imagery (Planet Team, 2019) collected on July 4, 2017, August 18, 2017, and June
16, 2018. (A–C) Show resultant WaSP water surface elevation (WSE) surveys (green bars). Pond #1 (A) was surveyed in July and August 2017 and again in June
2018 using both a WaSP and a near-shore static survey (gray bar). Pond #2 (B) and Pond #3 (C) were surveyed using WaSPs in July and August 2017 and again in
June 2018 using only a near-shore static survey. The (D) WSE changes in all three ponds covary with changes in inundation extent (eTrex) and shoreline area
(Planet), which independently validates that WaSP data are both accurate and reproducible. The WSE values shown are ellipsoidal heights.

measures WSE drawdowns between July and August 2017, which
are accompanied by a reduction in both mapped (eTrex) and
digitized (Planet) areas (Figure 6D and Supplementary Table 3).
As expected, Planet areas are also smaller than eTrex areas. Near-
shore static WSE surveys conducted the following spring find
that water levels increased in all ponds between August 2017 and
June 2018. These WSE increases were similarly accompanied by
an increase in shoreline area in all three ponds (Figure 6D and
Supplementary Table 3). These results suggest that WaSP can
detect centimeter-scale changes in WSE.

On June 16, 2018, Pond #1 was surveyed using both WaSP and
a near-shore static survey (Figure 1c), using identical Septentrio
GNSS receivers, antenna combinations, and logging protocols.

For the near-shore survey, a monument was pounded into the
pond bottom; a tripod was leveled over the monument using a
tribrach with an optical plummet; and offsets between the water
surface, the top of the monument, and the antenna phase center
were measured. The absolute WSE difference between the near-
shore static and WaSP surveys was < 1 cm. This comparison
between WaSP and standard near-shore static surveys suggests
that WaSP lake surveys are reproducible.

North Saskatchewan River
On July 7, 2017, and August 16, 2017, WaSP units were tethered
to canoes and towed down a ∼45 km reach of the North
Saskatchewan River to measure longitudinal WSE and WSS
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FIGURE 7 | On July 7, 2017 (blue circles), and August 16, 2017 (green and magenta circles), WaSP systems were escorted down a ∼45 km reach of the North
Saskatchewan River. A motorboat-mounted GNSS system similarly surveyed WSE in this reach (red circles). Environment and Climate Change Canada also installed
nine pressure transducer (PT) water-level loggers (black diamonds), which are used here as an independent validation of WaSP. The river centerline (dashed yellow
line) and channel orthogonals (solid black lines, created every ∼25 cm along the channel centerline, but shown at 5 km spacing) were used to establish the
streamwise coordinates of WaSP, motorboat, and PT data. The base map is a 1 m resolution color-infrared orthomosaic collected by AirSWOT on August 17, 2017,
as part of the NASA Arctic Boreal and Vulnerability Experiment (ABoVE).

between Petrofka Bridge and Wingard Ferry (Figure 7). To
determine reproducibility of results, surveys on both days were
conducted using two WaSP units, each outfitted with identical
Trimble R7 receiver/Zephyr geodetic antenna combinations,
loaded with the same 1 Hz logging sessions, and escorted
downstream by two canoes and two field teams. The median
absolute WSE difference between these WaSP systems was∼3 cm
on July 7, 2017, and ∼2 cm on August 16, 2017 (Table 1A).
These differences are less than the median∼6 to∼7 cm εr (Eq. 3)
associated with each survey (Table 1B), affirming that the WaSP
platform yields reproducible results.

WaSP WSEs on July 7, 2017, are also similar to nine ECCC
PTs surveyed in along our study reach (Figure 8). The absolute
differences of the median WaSP WSE for 20 m reaches centered
on each PT compared to an accompanying PT WSE range from
5 to 14 cm, with a median overall difference of 8 cm. The
median WaSP WSE is also ±10 cm PT WSE for 8 out of the
9 PTs (Figure 10A), suggesting that longitudinal WaSP surveys
measure WSE with accuracies exceeding SWOT requirements
for 1 km2 open-water areas with 20 m or less downstream
spatial averaging. See Supplementary Figure 2 for analogous
comparisons between PT, motorboat, and AirSWOT.

To further validate WaSP, longitudinal WSE profiles are
compared with those mapped by the motorboat-mounted GNSS.
Overall, the two longitudinal profiles (Figure 8) and resultant
WSEs (Figure 9) are similar, but there are notable differences.
First, given that the motorboat made several transects orthogonal
to flow direction for hydrographic depth and velocity surveys, the
WSE data had to be carefully inspected and manually filtered,
resulting in data gaps (e.g., ∼21.7 km downstream; Figure 8A).
Second, the angle of the antenna on the motorboat would tilt
when weight on the boat was redistributed due to people or
equipment moving. Third, the motorboat was unable to survey

shallow reaches of the river. This was particularly problematic for
the August 16, 2017, motorboat survey when the antenna height
changed three times to accommodate shallow water conditions.
This resulted in three unique vertical offset corrections that were
applied to the final data series. Shallow water is not a problem
for WaSP because the platform has low draft. Therefore, WaSP
is equally capable of surveying WSE in shallow and deep water
and is insensitive to weight redistribution due to people moving
on the towboat. Such flexibility is notable in complex braided
rivers and/or floodplains where shallow water conditions are
common and WSE cannot be easily measured with point-based
survey techniques.

The primary motivation for WaSP development is to validate
AirSWOT and forthcoming SWOT mappings of WSE and WSS.
To test WaSP’s suitability for this task, we compared WaSP WSE
surveys on the North Saskatchewan River collected on July 7,
2017, and August 16, 2017, with nearly coincident AirSWOT
mappings of the same reach collected on July 8, 2017, August
16, 2017, and August 17, 2017. Unfortunately, ∼84, 87, and
45% of the study reach water surface area on these dates was
not mapped by AirSWOT because of poor radar reflectivity
as the radar signal scatters away from the sensor at higher
incidence angles (commonly referred to a “dark water”). Because
of the lack of available data, the downstream spatial averaging of
open-water pixels required to test SWOT accuracy requirements
(Rodriguez, 2016) was not possible in this analysis. Despite this
limitation, a pixel-based AirSWOT WSE and WSS to WaSP
comparison was conducted.

Figure 8A shows downstream WaSP WSE (yellow circles)
compared with PT WSE (black diamonds), motorboat WSE
(orange circles), and AirSWOT WSE (blue circles) on July 7 to
8, 2017, and Figure 8B compares WaSP WSE (green circles)
with motorboat WSE (orange circles) and AirSWOT pixels
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FIGURE 8 | The Water Surface Profiler (WaSP) system is designed to be a standard and repeatable validation instrument for remotely sensed mappings of WSE. As
a demonstration of this, (A,B) compare WaSP longitudinal profiles (yellow and green circles) along a ∼45 km reach of the North Saskatchewan River with nine
pressure transducer (PT; black diamonds) water-level loggers, a motorboat-mounted GNSS survey, and AirSWOT mappings (blue circles) along the same reach on
both (A) July 7–8, 2017, and (B) August 16–17, 2017. Note that the WSE values shown are orthometric heights. Outlier AirSWOT WSE values > 450 and < 420 m
are not shown.

(blue circles) on August 16 to 17, 2017. These subplots show
similar longitudinal profiles for both AirSWOT and WaSP.
That is, the WSS calculated as the linear fit between WSE
and downstream distance for the full study reach from WaSP
is −16 cm/km on both July 7, 2017, and August 16, 2017,
respectively. Slopes from AirSWOT are −14 and −15 cm/km
on July 8, 2017, and August 16 to 17, 2017, respectively. While
the longitudinal profiles are similar, the absolute WSE differences
between WaSP and AirSWOT are inconsistent (Figures 9B,D).
The median difference between AirSWOT and WaSP was
−20 and −78 cm on July 7 to 8, 2017, and August 16
to 17, 2017, respectively. AirSWOT is biased (lower) during
both surveys, with an inconsistent absolute bias as August
mappings are nearly three times lower than July. Again, it
is important to emphasize that, in order to meet accuracy
requirements, AirSWOT and SWOT data require downstream
spatial averaging. Because of lack of data density, such spatial

averaging is not performed, and thus the accuracy of 2017
AirSWOT mappings in terms of SWOT mission requirements
is not assessed. Despite this limitation, these results confirm
that WaSP is a standard, repeatable, and flexible solution for
validating remotely sensed estimates of WSE from platforms
such as AirSWOT.

Figure 11A compares WSS measured by WaSP with PT,
motorboat, and AirSWOT for the reach lengths ranging from
2.44 to 7.23 km established between downstream PTs (Table 2A).
For PTs, slope is calculated as the dividend between the change
in WSE and downstream distance (i.e., rise/run). For WaSP,
motorboat, and AirSWOT, WSS is the slope of the linear fit
between WSE and downstream distance. The root mean squared
difference (RMSD; Table 2B) between WaSP and PT WSS on
July 7, 2017, is 1.35 cm/km. The RMSD between WaSP and
motorboat is also small, whereas the RMSD between WaSP and
AirSWOT is > 15 cm/km (Table 2B). This confirms that when
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TABLE 1 |

(A) Mean and median absolute water surface elevation (WSE) difference
between WaSP surveys collected on the same day in the North
Saskatchewan River, Canada.

July 7, 2017 August 16, 2017

Mean WSE absolute difference (cm) 3.38 2.72

Median WSE absolute difference (cm) 3.30 2.12

(B) Mean and median WaSP water surface elevation (WSE) uncertainty
for surveys collected on the same day in the North
Saskatchewan River, Canada.

July 7, 2017 August 16, 2017

WaSP unit identifier WaSP #1 WaSP #2 WaSP #1 WaSP #2

Mean WSE uncertainty (cm) 6.67 7.31 6.85 6.50

Median WSE uncertainty (cm) 6.60 7.22 6.71 6.40

compared to traditional PT-based WSS, WaSP WSS accuracies
over reaches as small as 2.44 km exceed the SWOT mission
requirement of ± 1.7 cm/km for 10 km reaches at least 100 m
wide (Rodriguez, 2016), suggesting that WaSP is a capable tool
for AirSWOT and SWOT WSS validation.

Figures 11B,C compare WSS for 10 km reaches measured
by WaSP (blue and green lines), motorboat (orange lines),
and AirSWOT (gray and black lines) in July (Figure 11B)
and August 2017 (Figure 11C). WSS is calculated as the

slope of the linear fit between WSE and distance for 10 km
reaches established every 1 km downstream. In July and August,
the absolute median difference in WSS from WaSP surveys
was < 1 cm/km, emphasizing the repeatability of WaSP WSS.
When comparing WaSP WSS with motorboat WSS, median
absolute differences are also < 1 cm/km. Therefore, motorboat
and WaSP WSS comparisons for 10 km reaches both meet SWOT
requirements, again suggesting utility for future SWOT and
AirSWOT validation. On August 17, 2017, the absolute median
WSS difference between AirSWOT and WaSP was < 1.4 cm/km.
On July 8, 2017, and August 16, 2017, the resultant absolute
median WSS difference compared to WaSP was < 5.6 cm/km.
Collectively, these results emphasize that, for 10 km reaches,
WaSP correctly and consistently maps WSS with sufficient
accuracy to validate AirSWOT and SWOT.

The power of multitemporal mappings of WSE is the ability to
quantify water level changes and volumetric flux. To demonstrate
this, Figure 10B compares median orthogonal WSE changes
between July and August 2017 for WaSP (green bars), AirSWOT
(blue bars), and motorboat GNSS data (orange bar) with in situ
ECCC PT data (gray bars; see section “North Saskatchewan
River In Situ Water Level Sensor Arrays”). The WaSP, AirSWOT,
motorboat, and ECCC PT data all measure a net drawdown
between the July and August 2017. However, the drawdown
measured by these independent technologies differs. On average,
WaSP measures a ∼39 cm drawdown compared to a ∼43
cm decrease measured by ECCC PT, a difference of ∼4 cm.
In contrast, the difference between motorboat and ECCC PT

FIGURE 9 | The WSE differences between motorboat (A,C), AirSWOT (B,D), and WaSP in July (A,B) and August, 2017 (C,D). Median differences (solid black line)
and 1 standard deviation of the distribution of differences (σ; dashed black line) are plotted. Note that outlier differences falling outside of x-axis bounds are not
shown.
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FIGURE 10 | On July 7, 2017, the absolute WSE difference between
(A) Environment and Climate Change Canada (ECCC) pressure transducer
(PT) water-level loggers and WaSP averaged along 20 m reaches centered on
each PT was < 10 cm (dashed black line) for eight of nine PTs. (B) shows the
WSE drawdown between July and August measured by WaSP (green),
motorboat (orange), AirSWOT (blue), and an ECCC PT (black) located near
the Petrofka Bridge at the upstream end of our study reach. Drawdowns from
WaSP closely match ECCC PT, suggesting that repeat WaSP surveys
accurately quantify water level changes.

data is ∼22 cm, whereas the difference between AirSWOT and
ECCC is 42–54 cm for August 16 and August 17, 2017, surveys,
respectively. These results suggest that repeat WaSP WSE surveys
yield accurate water level changes that closely match standard
field measurement methods.

DISCUSSION

Overall WaSP Performance
These pond and river results yield important insights about WaSP
overall performance. First, the subcentimeter difference between
a WaSP and a near-shore-static survey in Pond #1 (Figure 6D),
the minimal difference between nearly coincident WaSP river
surveys (Table 1), and the close agreement with ECCC PT
data (Figure 10A) suggest that WaSP yields reproducible
data. Second, the comparisons between WaSP and AirSWOT
suggest that WaSP is a standard and repeatable solution for
validating remotely sensed estimates of WSE (Figure 9) and
WSS (Figure 11). The strong agreement between shoreline
areas and pond levels (Figures 6G–I), as well as the small
absolute difference between WaSP drawdowns and ECCC PT
data (Figure 10B), reveals that multitemporal WaSP surveys
accurately reproduce water level drawdowns. Finally, the WaSP

and PT WSE and WSS comparisons suggest that WaSP data
accuracy is comparable to standard methods for surveying WSE
and WSS. WaSP also has the added benefit of working equally
well in shallow or deep water and is immune to the suite of
shoreline conditions required for near-shore surveys. That said,
it is important to note that this experiment does not explicitly
investigate how hydraulic or climatic conditions influence WaSP
data. We expect poor deployment conditions (e.g., high wind
and/or rough water) to convolve with εr and ε l.

WaSP Applications
To demonstrate the diverse capabilities of WaSP in scientific and
practical applications, we describe several ways in which WaSP
data is being collected and used. These applications are wide-
ranging in their purposes, and our goal in describing them is to
highlight the potential of WaSP based on the validation results
presented in section “Results” and discussed in section “Overall
WaSP Performance.”

WaSP Application 1: NASA SWOT Validation
SWOT is engineered to measure a number of key surface water
hydrology variables, including WSE, WSS, inundation extent,
river width, and river discharge in suitable reaches (Rodriguez,
2016). After launch, standard and reproducible field validation of
these variables is needed. For at least three reasons, we propose
WaSP as a standardized instrument for direct validation of WSE
and WSS. First, when compared to PTs, WaSP WSE RMSD
is ∼8 cm without any downstream spatial averaging (which,
akin to SWOT and AirSWOT data processing, will reduce WSE
uncertainty). This suggests that raw WaSP WSE data accuracy
are appropriate for SWOT validation in rivers and lakes. Second,
median WaSP WSS difference for 10 km reaches is < 1 cm/km
when compared with motorboat GNSS surveys, and WSS RMSD
is 1.3 cm/km when compared to PTs along reaches < 10 km,
which is higher than that required by SWOT for 10 km reaches.
Third, WaSP survey results are standard and repeatable, and the
system is flexible and easy to deploy. This is ideal for a global
satellite mission such as SWOT, because it enables validation
across large spatial scales.

WaSP Application 2: Lake Surveys Supporting the
NASA ABoVE
NASA ABoVE is a decadal project that aims to enhance
understanding of ecological and social consequences of
environmental change across Arctic and Boreal regions (Miller
et al., 2019).5 In 2017, as a part of ABoVE, NASA deployed
AirSWOT to map multitemporal WSE in rivers, lakes, and
wetlands across Arctic and Boreal regions of Canada and Alaska.
To validate AirSWOT WSE retrievals, dispersed field teams
equipped with WaSP units were deployed to targeted locations
under various AirSWOT overflights across the ABoVE study
domain. In Canada, surveyed water bodies were either within
Trail Valley Creek research watershed (Wilcox et al., 2019),
near Yellowknife, or near Saskatoon. In Alaska, surveyed lakes
were either within the Yukon Flats Basin, or the North Slope
(Figure 12). The result is the largest known collection of airborne

5https://above.nasa.gov
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FIGURE 11 | Comparison of (A) water surface slope (WSS) from WaSP (y-axis) and motorboat (orange; x-axis), AirSWOT (blue; x-axis) and Environment and Climate
Change Canada (ECCC) pressure transducer (PT; black; x-axis), water-level loggers in July (circles) and August (diamonds) 2017. Reach lengths vary from ∼2.4 to
7.2 km and are defined by the downstream spacing between ECCC PTs. Note that PT data are not available in August 2017. Outliers WSS > −10 cm/km
and < −20 cm/km are not shown. (B,C) Plot WSS for 10 km reaches established every 1 km downstream along the North Saskatchewan River. Water surface slope
was surveyed by two WaSPs (green and blue lines), AirSWOT (gray and black lines), and a motorboat in (B) July 2017 and (C) August 2017.

and field WSE measurements (Figure 12). Water Surface Profiler
units were distributed to government field technicians and
university partners, without prior field training. All surveys
were successfully executed, which demonstrates the ease of use
of WaSP. Furthermore, WaSP deployments were conducted
on foot, by pack-raft, canoe, motorized boat, helicopter, and
float plane. This highlights the flexibility of the system given
different logistical conditions. In total, 63 WaSP WSE surveys
were executed, spanning ∼17◦ latitude. Resultant GPS/GNSS
data have been successfully processed using GINS PPP (Marty
et al., 2011) software, and WSEs (Table 3) are being used to
validate AirSWOT ABoVE mappings (Fayne et al., 2020).

WaSP Application 3: Citizen Science Observations of
Lake Storage
The Lake Observations by Citizen Scientists and Satellites
(LOCSS) project aims to combine measurements of water level
provided by citizen scientists with measurements of lake area
from satellites to derive variations in lake water volume storage
(Pavelsky et al., 2019).6 To date, LOCSS has deployed staff gauges
into 62 lakes in the United States, France, and Bangladesh.
Those in the United States have been leveled using WaSP WSE
surveys. In each lake, WaSP systems were deployed adjacent
to the staff gauge location for at least 1 h of continuous

6http://locss.org

measurement. Resulting data were processed using the same
methods described in section “WaSP Data Processing.” Citizen
scientists provide gauge height measurements via SMS message
or other methods, which can then be converted directly to WSEs
using the WaSP surveys. To date, LOCSS has received > 5,500
height measurements from > 1,300 citizen scientists. WaSP
surveys have been proven to be an effective means to determine
lake WSE. Project staff received minimal training and successfully
completed surveys of all lakes, suggesting that WaSP can be easily
deployed with substantially less training than would be required
by static shore-based surveys, which require leveling of an
antenna on a tripod/tribrach assemblage. In the future, it would
be possible to assess the consistency of citizen science and WaSP
data by comparing multitemporal water level measurements
from both methods.

WaSP Application 4: Validation of the LArge Wave
Warning System
The LArge Wave Warning System (LAWWS) seeks to measure
wave height in near real time and establish early warning
alarms for coastal communities when large waves caused by
significant landslides are detected. To achieve this, LAWWS
relies on high-frequency GNSS interferometric reflectometry
(GNSS-IR) measurements to detect real-time changes in WSE
in relation to land mounted GNSS antennas. GNSS–IR has
been previously used to detect storm surges (Peng et al., 2019),
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TABLE 2 |

(A) Summary of slopes for variable reach length.

Reach info Slope (cm/km)

Start (km) End (km) Length (km) July 2017 August 2017

WaSP AirSWOT Motorboat PT WaSP AirSWOT Motorboat

0.37 5.02 4.65 −14.65 40.73 −18.90 −13.67 −13.60 −24.29 −15.75

5.02 11.76 6.75 −17.00 −3.32 −19.30 −19.52 −17.05 −20.93 −14.79

11.76 14.20 2.44 −15.28 10.81 −23.55 −15.21 −12.97 −38.59 −16.53

14.20 19.84 5.64 −16.00 −32.61 −14.81 −17.24 −17.25 −10.12 −16.12

19.84 26.91 7.07 −13.96 −25.02 −10.90 −14.14 −13.84 −26.04 −13.45

526.91 31.49 4.58 −15.49 −36.36 −15.54 −17.73 −15.09 −41.28 −14.63

31.49 38.72 7.23 −13.90 −11.27 −10.86 −13.56 −13.02 −15.80 −13.71

38.72 44.77 6.05 −16.35 −15.53 −18.48 −17.16 −17.45 −4.55 −17.72

(B) Slope root mean square difference (RMSD*) compared to WaSP.

Month Technology RMSD (cm/km)

July 2017 PT 1.35

Motorboat 3.81

AirSWOT 24.43

August 2017 Motorboat 1.75

AirSWOT 15.19

*Root mean square difference (RMSD) is calculated as follows: RMSD =

√ ∑n
n=1(WSSWaSP −WSSp,m,a)2

n
, where WSSWaSP is the WSS from WaSP; WSSp,m,a is the

WSS from PT, motorboat, or AirSWOT; and n is the number of observations.

determine tidal stages (Larson et al., 2013a,b), and identify
significant wave heights (Roggenbuck et al., 2019). However,
because of limitations in the frequency of available GNSS data,
it has not been possible to produce WSE in near real-time.
Yet recent expansion in GNSS constellations makes it possible
to utilize GNSS-IR to produce real-time observations of WSE,
enabling their potential use in a robust early warning system
(Peng et al., 2019; Reinking et al., 2019). To test this potential,
LAWWS is deploying multiconstellation GNSS sites at The
Nature Conservancy’s Jack and Laura Dangermond Preserve,
in central California, to detect high-frequency WSE changes.
WaSP systems will be temporarily anchored offshore and used to
validate GNSS-IR measurements of sea surface and wave heights
collected from a near-shore cliff-top. If successful, LAWWS will
be deployed across at-risk coastal communities to provide a
non-contact, early warning system for approaching large waves.

Future WaSP Improvements
The data presented here are from WaSP version 1. However,
targeted deployments in support of NASA ABoVE and
preplanning for NASA SWOT validation have illuminated
system improvements that should be considered in future
builds. First, a known source of uncertainty is the current
necessity for manual antenna offset measurements. Future builds
should consider fixed-height antennas and/or permanent metric
markings. Second, the antenna mount can work loose in the
foam over multiple deployments. This can be rectified by securing
the antenna to the float and the Pelican Case. Third, more

rocker, higher attachment points, and an asymmetrical boat-
tethering system should be added to the float to minimize the
risk of the nose pearling during longitudinal surveys. Fourth,
stronger attachment points for anchors used during lake/pond
surveys should be considered. Fifth, the side stabilizer should
be removed to reduce weight/volume. Sixth, the Pelican Case
insert could be upgraded to custom cut, closed-cell foam.
Finally, the WaSP float has sufficient buoyancy that additional
instruments could be integrated with the GPS/GNSS system.
For example, a lightweight inertial measurement unit could be
integrated to aid data processing. Similarly, integration of a
high-frequency sonic roughness sensor and/or an optical sensor
should be considered, specifically to improve AirSWOT/SWOT
models of radar backscatter versus water surface roughness.
Water quality sensors and bathymetric sonars could also
be integrated with WaSP to broaden the scientific scope
of the platform.

There are also field deployment and data processing
techniques that could be improved. An initialization or a single-
phase ambiguity resolution period consisting of a static survey
with a duration of at least 15 min and up to an hour should
be recorded prior to deploying WaSP in the water. Then the
kinematic survey should begin continuously from the static
collection. This static position can later be used in data processing
to resolve atmospheric and positioning errors. The beginning
of a kinematic survey can also be manually removed from both
final positional averages and error compilations to minimize the
impact of an initialization period.
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FIGURE 12 | In 2017, WaSP was (a) deployed to remote regions of Canada and Alaska to validate (b) AirSWOT mappings of WSE that were commissioned by
NASA Arctic Boreal and Vulnerability Experiment (ABoVE). In total, 63 WaSP (c) lake/pond surveys were executed, spanning ∼17◦ of latitude and ∼476 m of vertical
elevation. Notably, WaSP surveys were successfully conducted by government scientists, academic partners, and field engineers alike and were deployed on foot,
by kayak, truck, motorboat, floatplane, and helicopter. This highlights the flexibility of the WaSP system, which is particularly valuable for standard and repeatable
validation of forthcoming global Surface Water and Ocean Topography (SWOT) satellite-based mappings of WSE and WSS.

TABLE 3 | Resultant water surface elevation (WSE) surveys from WaSP surveys in Canada and Alaska collected to validate 2017 NASA Arctic Boreal Vulnerability
Experiment (ABoVE) AirSWOT sorties.

Region Longitude Latitude WSE (m) εl (m)* Survey date Day of year

Trail Valley Creek −133.5222 68.7426 53.4483 0.0418 17-Jul-17 198

−133.5288 68.7526 79.6726 0.0417 17-Jul-17 198

North Slope −148.8288 69.1852 302.2120 0.0321 23-Jul−17 204

−148.8473 69.0370 387.2296 0.0796 23-Jul-17 204

−148.8585 69.1669 323.5982 0.0454 23-Jul-17 204

−148.8177 69.0061 353.9454 0.0468 23-Jul-17 204

−148.8298 69.1844 301.7595 0.0447 23-Jul-17 204

−148.8286 68.9820 364.2325 0.0501 23-Jul-17 204

Saskatoon −106.1058 52.2066 527.5217 0.1064 17-Aug-17 229

−106.0923 52.2027 523.8466 0.0298 5-Jul-17 186

−107.2051 52.7135 482.9965 0.0505 6-Jul-17 187

−107.1066 52.6974 483.0490 0.0390 8-Jul-17 189

−107.2168 52.6684 483.0950 0.0386 8-Jul-17 189

−106.0920 52.2026 523.7553 0.0332 17-Aug-17 229

−106.0879 52.2149 529.0673 0.0251 17-Aug-17 229

(Continued)
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TABLE 3 | Continued

Region Longitude Latitude WSE (m) εl (m)* Survey date Day of year

−106.0854 52.2133 527.4918 0.0747 5-Jul-17 186

−107.2058 52.7135 483.0227 0.0388 16-Aug-17 228

−107.0601 52.6529 506.3182 0.0363 17-Aug-17 229

−107.2117 52.6758 483.0603 0.0304 16-Aug-17 228

−107.0575 52.6529 508.9351 0.0488 17-Aug-17 229

−107.1119 52.6962 482.9667 0.0558 16-Aug-17 228

−107.0840 52.6606 498.6402 0.0357 17-Aug-17 229

−106.1006 52.2109 529.4029 0.0434 17-Aug-17 229

−107.0826 52.6606 498.8452 0.0583 4-Jul-17 185

−106.0897 52.2132 527.8228 0.0922 5-Jul-17 186

−106.0898 52.2134 527.6945 0.0474 17-Aug-17 229

−106.0878 52.2149 529.2325 0.0415 5-Jul-17 186

−107.0572 52.6526 509.0371 0.0360 4-Jul-17 185

−106.1057 52.2058 527.5958 0.0674 5-Jul-17 186

−107.0605 52.6528 506.4899 0.0513 4-Jul-17 185

−106.0849 52.2130 527.3977 0.0561 17-Aug-17 229

−107.1065 52.6974 483.0763 0.0632 6-Jul-17 187

Yellowknife −112.4099 64.3709 424.9593 0.0389 9-Jul-17 190

−112.5715 64.2623 405.6145 0.0350 10-Jul-17 191

−114.4418 62.6623 204.7298 0.0317 11-Jul-17 192

−113.8379 62.5258 178.6840 0.0266 8-Jul-17 189

−113.6085 63.6059 335.5635 0.0384 10-Jul-17 191

−113.9566 62.5477 184.7538 0.0445 11-Jul-17 192

−113.9997 62.5544 181.9594 0.0486 12-Jul-17 193

−111.6683 64.8351 391.1230 0.0452 9-Jul-17 190

−113.8953 63.4020 330.2163 0.0541 10-Jul-17 191

−113.9345 62.5481 178.5824 0.0433 11-Jul-17 192

−113.7356 62.5200 141.2626 0.0317 8-Jul-17 189

−113.2135 63.8692 340.4361 0.0841 9-Jul-17 190

−112.2515 64.4628 440.6832 0.0398 10-Jul-17 191

−114.1187 62.5384 157.8755 0.0340 12-Jul-17 193

−113.3797 62.5257 198.4356 0.0230 8-Jul-17 189

−114.1571 63.2189 256.5165 0.0429 10-Jul-17 191

−114.4073 62.5618 175.4881 0.0393 11-Jul-17 192

−114.0444 62.5489 173.0687 0.0318 12-Jul-17 193

Yukon Flats Basin −145.7919 66.7859 133.7659 0.0528 15-Jul-17 196

−146.3791 66.2258 127.5550 0.0392 15-Jul-17 196

−146.7334 66.0915 209.4129 0.1111 16-Jul-17 197

−145.5504 66.4561 137.2486 0.0606 15-Jul-17 196

−146.3889 66.2458 127.4344 0.0476 15-Jul-17 196

−145.8406 66.6660 129.2561 0.0473 19-Jul-17 200

−146.3533 66.3836 126.8725 0.0341 15-Jul-17 196

−146.4181 66.1739 134.3166 0.0781 15-Jul-17 196

−146.6518 66.1831 126.1839 0.1163 16-Jul-17 197

−145.8415 66.6778 129.4319 0.0610 19-Jul-17 200

−145.4340 66.4324 139.0149 0.0599 15-Jul-17 196

−146.1487 66.1762 147.8695 0.0357 15-Jul-17 196

−146.2748 66.0755 234.5194 0.0590 16-Jul-17 197

*Lake water surface elevation (WSE) uncertainty (εl) is calculated as follows: εl = σh + σt + 0.01m where σh is the standard deviation of heights from GNSS solutions, σt

is the standard deviation of antenna offset measurements, and 0.01 m accounts for antenna offset measurement error.
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CONCLUSION

Operational repeat mappings of WSE and WSS from the SWOT
mission and its experimental validation instrument AirSWOT
have the potential to transcend current limitations in monitoring
global surface water resources. However, prior to forthcoming
SWOT data being operationally adopted, direct field validation
is needed. Such validation should be conducted in an accurate,
efficient, standard, and repeatable manor. We thus propose the
WaSP system as an operational tool for validating forthcoming
SWOT data and as a standalone instrument for mapping large-
scale hydraulics in lakes, wetlands, and rivers. WaSP has been
successfully deployed in Arctic and Boreal regions of Alaska and
Canada as part of the NASA ABoVE project, is operationally used
as part of the LOCSS project, and will be used to aid development
of a GNSS-IR–based LAWWS. WaSP is a rugged and flexible
platform that can be deployed in a wide range of environments
with minimal training. This ease of use and system flexibility
are particularly useful for a global satellite mission like SWOT,
because it allows validation at large spatial scales.
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Supplementary Figure 1 | Environment and Climate Change Canada (ECCC)
pressure transducer (PT) water level record for one PT located 0.37 km from the
start of our study reach. The original pressure data series (5 min logging interval)
was manually converted to water depth using a barometric pressure logger
located near Wingard Ferry at the end of the study reach (orange line). Notable
jumps in the data series suggest that the PT location shifted between installation
and recovery. To rectify this, jumps in the data series were manually identified and
a constant offset, calculated as the difference between high-quality neighboring
measurements was applied to subsequent data readings (dark blue line). Vertical
gray bars denote WaSP and AirSWOT survey days.

Supplementary Figure 2 | The water surface elevation (WSE) difference between
Environment and Climate Change Canada (ECCC) pressure transducer (PT) water
level loggers and (A) WaSP, (B) motorboat, and (C) AirSWOT for 20 m reaches
centered on each PT. Differences of ±10 cm are noted by dashed black line.
Comparison is for surveys conducted on July 7–8, 2017 only. Analogous PT data
is not available for August 2017 surveys.

Supplementary Figure 3 | Three Prairie Pothole ponds near Saskatoon,
Saskatchewan, Canada (A–C) were surveyed in July and August 2017, and June
2018 using WaSP (green squares) and near-shore static tripod surveys (gray
circles). Outer shorelines where manually mapped in situ using handheld Garmin
eTrex GPS’s (pink vector lines) and also hand digitized ignoring floating and/or
inundated vegetation within the pond using Planet 3.125 m resolution satellite
imagery (Planet Team, 2019) collected on July 4, 2017, August 18, 2017, and
June 16, 2018 (green and blue vector lines). The base map is a 1 m resolution
digital orthomosaic collected by AirSWOT on August 17, 2017 as part of the
NASA Arctic Boreal Vulnerability Experiment (ABoVE).
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