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Motivations

The polar regions are highly seasonal, yet research on 
sub-seasonal dynamics of Arctic/sub-Arctic lakes has 
been limited by lack of in situ and high temporal/spatial 
resolution satellite  of dA/dt and dH/dt

The Earth’s Arctic/sub-Arctic latitudes are home to the 
world’s highest abundance of lakes, making this region 
critically important for CH4 emissions, ecological habitat, 
landscape disturbance (thermokarst), and traditional 
subsistence cultures



Motivations

The polar regions are highly seasonal, yet research on 
sub-seasonal dynamics of Arctic/sub-Arctic lakes has 
been limited by lack of in situ and high temporal/spatial 
resolution satellite  of dA/dt and dH/dt.

Recently, hundreds of CubeSats began collecting near-
daily observations of Arctic lakes at 3 - 5 m resolution, and 
the NASA Arctic-Boreal Vulnerability Experiment 
(ABoVE) conducted the world’s largest acquisition of 
AirSWOT InSAR and CIR camera airborne data in 2017.

The Earth’s Arctic/sub-Arctic latitudes are home to the 
world’s highest abundance of lakes, making this region 
critically important for CH4 emissions, ecological habitat, 
landscape disturbance (thermokarst), and traditional 
subsistence cultures.



Initial image 
selection

Create initial 
buffered water 

mask

Classify water 
fraction

Create lake area 
time series

Filter lake area 
time series

CubeSat Lake Tracking Method (Cooley et al., GRL, 2019) 

Cooley et al. (2019), Arctic-Boreal Lake Dynamics Observed using CubeSat 
Imagery, Geophysical Research Letters, doi:10.1029/2018GL081584



Study Areas
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Yukon Flats Basin, Alaska
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Canadian Shield Transect, NWT

Hudson Bay Lowland, Manitoba
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Cooley et al. (2019), Arctic-Boreal Lake Dynamics Observed using CubeSat 
Imagery, Geophysical Research Letters, doi:10.1029/2018GL081584
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Lakes on the Canadian Shield are surprisingly dynamic, with the greatest absolute change in water fraction 
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Sub-seasonal lake dynamics are important
Cooley et al. (2019), Arctic-Boreal Lake Dynamics Observed using CubeSat 

Imagery, Geophysical Research Letters, doi:10.1029/2018GL081584



2017 ABoVE AirSWOT
flight and field campaigns

In summer 2017, NASA flew ten airborne 
platforms across the ABoVE domain 
including coincident flight tracks with 
AirSWOT (Ka-band InSAR and high-
resolution color infrared (CIR) camera data), 
LVIS (waveform LiDAR), AVIRIS-NG
(hyperspectral vis/NIR imagery) and 
UAVSAR (L- and P-band polarimetric radar

Extensive field 
cal/val GPS 
surveys led by 
UCLA with help 
from many others 
including Cretaux, 
Calmant from 
France



Available AirSWOT InSAR
products (Fayne et al., 2018)

The 2017 ABoVE AirSWOT data are publically available on 

ORNL-DAAC: https://daac.ornl.gov/cgi-bin/dsviewer.pl?ds_id=1646



Available AirSWOT color-infrared 
imagery and open-water masks 
(Kyzivat et al. 2018, 2019)

• 1m pixel size with 
georeferencing accuracy 
assessed for each image

• Covers 38% of foundational 
AirSWOT flight lines

• 3,167 km2 of open water 
mapped

• Water mask dataset to be 
posted soon

• https://doi.org/10.3334/ORN
LDAAC/1643

https://doi.org/10.3334/ORNLDAAC/1643


How well did AirSWOT Ka-band Radar interferometry 
map water surface elevations (WSEs) across the 
ABoVE domain? (Jessica Fayne, UCLA)

– To answer this question, we used:

– In-situ WSE measurements from GPS, supported by 
pressure transducers to compare across time

–High Resolution Water mask derived from the 
AirSWOT CIR Camera (Kyzivat et al, 2019)

– Airborne waveform LiDAR from the Land, Vegetation 
and Ice Sensor (LVIS)



Peace-Athabasca Delta – August 13, 2017

‘True Color 
Infrared’ Camera 
Image from 
AirSWOT Color 
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Digital Elevation 
Model Product 
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Water Surface 
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Kyzivat et al., 2019, 
in progress



1. Results: No Data Fraction (including ‘dark 
water’)

Estimate fraction of ‘no data’ on irregular swath

Whole Line Within CIR Water 
Mask

Within Water 
Mask and 5-17°

Within Water 
Mask and <4.1°

16% 66% 57% 48%



“Bright mud” (actually sand) 
high Ka-band returns along the 
North Saskatchewan River, 
Canada

AGU 2018 14

• GPS survey of shorelines

• In situ measurement transects across 

sandbar soil moisture gradients

Dark Water

Bright sediment



AirSWOT Ka-Band InSAR and LVIS LiDAR 
acquired along the same flight paths  



2. Results: LVIS Waveform Elevation 
Selection



2. Results: LVIS Waveform Elevation 
Selection

1. Compare GPS data to LVIS Waveform for 9 surveyed lakes
i. The difference between

RH65 energy returns and 

GPS is within the GPS 

error tolerance (0.1m)



3. Results: Compare the LVIS RH65 with 
AirSWOT

1. Compare LVIS RH65 with AirSWOT
i. Minimal Incidence Angle Dependence

ii. Mean bias -39 cm



Exclude area <150m2

1. Exclude Incidence 

x<5° or x>17°

2. Exclude Coherence 
x>0.6 

3. Exclude Magnitude
x<5 dB

4. Exclude ‘Error’ (Height 
Uncertainty)

x>2 m

4. Results: Identify filtering suggestions



Comparing AirSWOT with LVIS over subscales allows users to 

Estimate  landscape-scale WSE change over between July and 
August, 2017

5. Results: Demonstrate Landscape Scale 
Hydrologic Drawdown
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• Arctic/sub-Arctic lakes are globally important but their fine-scale spatial and temporal 
dynamics are poorly understood. Preliminary pre-SWOT studies using CubeSats and 
AirSWOT reveal strong sub-seasonal lake changes including surprisingly dynamic (in 
absolute terms) lakes on the Canadian Shield

• Based on field GPS cal/val surveys and LVIS, AirSWOT WSEs appear to have a ~40-45 cm 
systematic bias.  Work is ongoing at JPL to better understand and correct this bias. 

• AirSWOT color-infrared camera imagery (CIR) is critical for assessing Ka-band water 
detection algorithms.  Data loss from “dark water” and misclassification from “bright mud” 
are evident in AirSWOT data including at low, SWOT-like incidence angles.

• Because of high spatial standard deviations and data gaps, it is not currently advised to 
use the 2017 ABoVE AirSWOT radar data for localized study areas (<150 km2) or individual 
lakes. However, a broad-scale hydrological drawdowns are revealed over large areas when 
hundreds of lake WSEs are analyzed.

Conclusion

This research was funded by NASA

Special thanks to The JPL AirSWOT Radar Data Processing Group: Curtis Chen, Michael Denbina, 

Albert Chen, and Xiaoqing Wu
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Methods

• Assess prevalence of usable AirSWOT returns over water 
– Percent over whole swath range, recommended swath range, and near-SWOT 
incidence angles (outer swath AirSWOT only)

• Select the appropriate LVIS Geolocated Waveform elevation level 
to use as elevation reference

• Conduct pixel-pixel nearest-neighbor comparison of AirSWOT vs. 
LVIS 

• Identify best practices for filtering and reducing WSE height errors

• Test the utility of the AirSWOT elevation for measuring landscape 
scale sub-seasonal hydrologic change (July and August)



Data
• Airborne Data

– AirSWOT Radar
– Elevation, magnitude, incidence, coherence,dhdphi (height sensitivity), error (height uncertainty)

– AirSWOT CIR 
– Color Infrared Open Water (Kyzivat et al- In Prep)

– LVIS (Land Vegetation and Ice Sensor) 
– LiDAR geolocated waveforms (Hofton et al 1997, 2017)

• Field Data
– GPS 

– Lake Drifts and River Drags (Pitcher et al –In Prep) 

– Pressure Transducers
– Long-term water surface elevations (seasonal, corrected by GPS)

• AirSWOT Processing
– MERIT DEM (Yamazaki et al 2018), EGM1996 GEOID-15minute (NGA)

– Explain basic processing steps (bundle adjustment corrections, automatic + manual QA, visual 
inspections)

– Global Surface Water (Pekel et al 2016)
– Phase unwrapping, bundle adjustment (land adjustments)



The 2017 ABoVE AirSWOT data is publically 

available on ORNL-DAAC: 

https://daac.ornl.gov/cgi-bin/dsviewer.pl?ds_id=1646.

AirSWOT
in

https://daac.ornl.gov/cgi-bin/dsviewer.pl?ds_id=1646


AirSWOT color-
infrared imagery

• 1m pixel size with 
georeferencing accuracy 
assessed for each image

• Covers 38% of foundational 
flight lines

• 3,167 km2 of open water 
mapped

• Water mask dataset to be 
posted

• https://doi.org/10.3334/ORN
LDAAC/1643

https://doi.org/10.3334/ORNLDAAC/1643


• From a global dataset of lakes larger than 
0.001 km2 (0.1 ha)

• Power law evident as straight line on log-log 
CDF

Downing et al. 2006, L&O
ethan_kyzivat@brown.edu                                                                                                      

February 11, 2019                                                                                                       
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Lake size distributions follow power-law relationships



• Lake sizes follow an exponential-like 
distribution on Earth and Mars!

• Regional differences

• Different regime for small areas

Adirondacks, 
NY

Seekell and Pace 2011, L&O
Fasset and Head 2008, Icarus

Northern 
Highland Lakes, 

WI

ethan_kyzivat@brown.edu                                                                                                      
February 11, 2019                                                                                                       
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Open-basin 
lakes, Mars

Lake size distributions follow power-law relationships



AirSWOT CIR Power laws vary by physiographic region 
(E. Kyzivat, in prep)

• All categories except prairie pothole 
lakes could fit a power law over a 
portion of their area domains

• For the entire dataset, this regime 
begins at 0.34 ± 0.13 km2
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AirSWOT CIR high-resolution water maps modify previous 
findings

Muster et al. 2019, Frontiers in Earth Sci.

ethan_kyzivat@brown.edu                                                                                                      
February 11, 2019                                                                                                       
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1. An object-based, connectivity-preserving water 
classification is suitable for identifying open water pixels 
to extract WSEs from imagery

2. There is no regionally-consistent size-area distribution for 
global lakes and ponds.

3. The global number and size of lakes and ponds is still 
unknown and must be determined empirically. 

4. Methane models should make use of high-resolution 
water distribution metrics.

Preliminary Conclusions (E. Kyzivat)
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Integrating ABoVE airborne datasets and field campaigns to identify hotspots of 
surface water inundation and carbon flux across Arctic-Boreal ecosystems

PI: David Butman, University of Washington, Seattle WA; Co Is: Tamlin Pavelsky University of 
North Carolina, Chapel Hill, NC;  Larry Smith University of California, Los Angeles, CA; Rob Spencer, 

Florida State University, Tallahassee, FL;  Robert Striegl, U.S. Geological Survey, Boulder, CO; 
Kimberly Wickland, U.S. Geological Survey, Boulder, CO

Introduction and Rational: Inland waters represent greater than 3% of the 

total continental surface of the pan-Arctic. High latitude lake ecosystems are estimated to be 
net sources of atmospheric carbon dioxide (CO2), releasing between 74-347 Tg-C yr-1(Hastie et 
al. 2018). For the boreal region, this emission has been postulated to be one of the largest 
carbon fluxes from northern latitude aquatic environments (Hastie et al. 2018).  Arctic-boreal 
regions maintain one of the largest pools of legacy carbon susceptible to mineralization due to 
changing climate conditions (Schuur et al. 2015, Olefeldt et al. 2016).  The input of carbon to 
aquatic systems requires hydrologic connectivity, whether across the surface or within the 
subsurface.  Aquatic boundaries are not static in space or time. Lake areas and perimeters can 
change annually (Rover et al. 2011) and seasonally (Cooley et al. 2017); both may be influenced by 
the underlying distribution of permafrost soils (Karlsson et al. 2015). The magnitude and extent 
of seasonally inundated lands remains unknown, and we hypothesize that the region of 
regularly inundated soils as well as terrestrial soils inundated during transitory events are 
hotspots for the cycling of carbon and represent a component of the landscape highly 
vulnerable to change. 

Science Objectives:
O1: Utilize UAVSAR, AirMOSS, AirSWOT, LVIS, and AVIRIS-NG to identify inundation extent 
and water surface elevation across northern latitude lake ecosystems. 

O2: Identify and measure the connectivity of terrestrial ecosystems to lake ecosystems with 
changing inundation extent and quantify the signature and concentrations of terrestrial and 
aquatic carbon sources.

O3: Quantify the fluxes of CO2 and CH4 to the atmosphere across a gradient from unsaturated 
to saturated soils and vegetation.  

Tier 2 Science Questions:  This proposal addresses questions 3.4, 3.5 and 3.6 focusing on the 
intersection of changing hydrology, species composition, and carbon cycling across both 
terrestrial and aquatic domains. 

Methodology

A. Airborne data from UAVSAR, 
LVIS, AirSWOT and AVIRIS-
NG will be utilized to identify 
vegetation composition and 
structure for mapping, as well 
as water elevation and 
inundation extent. 

B. Field based site validation will 
be conducted summer 2019, 
2020 for species composition,

Impacts on ABoVE Science:
Location matters when considering the role that water 
plays in the cycling of carbon in Arctic-boreal 
landscapes. Lakes historically have been thought of as 
atmospheric carbon sources, but results from ABoVE1 
within the Yukon Flats National Wildlife Refuge 
(YFNWR) indicate that open waters remain 
undersaturated throughout the open water season 
(Bogard et al Nature Geoscience 2018), furthermore, 
lakes are highly variable. 

CO2 and CH4 concentrations can differ by orders of 
magnitudes from the littoral zone to areas of open 
water.  Measurements from ABoVE 1 suggest that the 
littoral zone – or the area of inundation maintains high 
concentrations of carbon gases.  Are these hotspots 
within arctic and boreal ecosystems?

Beyond Phase I:

ABoVE2 will build on NESSF recipient 
Catherine Kuhn’s findings that GPP scales 
across Airborne and satellite remote sensing 
platforms with the potential to scale to the 
ABoVE domain (Figure 5).

Results from ABoVE2 will include high 
resolution and field validated maps of 
inundation extent, and carbon flux derived 
from data presented in Figure 6.  Further 
collaboration and validation of AirSWOT will 
be included with this effort.  

Anticipated results include:

1. Baseline assessments of the potential 
importance of inundated lands for the 
scaling of terrestrial and aquatic fluxes of 
carbon controlled by hydrologic variability.  

2. Comprehensive chemical and flux dataset in 
underrepresented regions for boreal/arctic 
monitoring of aquatic systems.

3. Strong and lasting collaboration between 
USFWS, ECCC, NWT and Canadian 
Academic partners focused on management 
of changing hydrology in arctic systems.  Collaborators:

Mark Bertram, U.S. Fish and Wildlife Service, 
Fairbanks, AK
Dr. Daniel Peters, Environment & Climate Change 
Canada
Mr. Bruce Hanna, Government of the NWT
Dr. Sherry Schiff, University of Waterloo
Dr. Charles Miller, NASA J.P.L
Dr. Clayton Elder, NASA J.P.L
Dr. Colin Gleason, University of Massachusetts, 
Amherst.
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Figure 4: 12-Mile Lake in the Yukon Flats National 
Wildlife Refuge recently inundated forested land 
from ice jams on the Yukon River (D. Butman)

Figure 1.  Site Locations for ABoVE2

C. Field measurements across the domain of inundations of 
carbon concentration in water, chemical composition of 

organic matter, as well as direct carbon flux summer 2019, 
2020

Figure 5: Example datasets used within this proposal. 
The Yukon Flats are depicted here.

a. b. c.

d. e. f.

D. Open water carbon measurements of chemical composition, ecosystem productivity, 
and carbon flux. Integration of carbon cycling and AAC data will be done across each 
of the 4 defined zones.

Airborne and field data collections are designed to 
vary from low terrestrial-aquatic connectivity 
through the hydrologic systems (Yukon Flats 
National Wildlife Refuge) to high hydrologic 
connectivity (Peace Athabasca Delta)

Sporadic permafrost exists in the Yukon Flats.  The 
Peace Athabasca Delta has extreme patterns of 
inundation and evaporation each year.  The 
Yellowknife – Daring Lake system sits within the 
Canadian shield, with shallow surface and ground 
water flow paths.  has sporadic permafrost 

Figure 2.  Methodological 
Approach 

Figure 3.  Canvasback Lake CO2

and CH4 Concentrations summer 
2018

We will directly measure both the CO2
and CH4 flux from these potential 
hotspots in direct collaboration with 
ABoVE2 project “Characterizing 
Microtopgraphic Hot-spots and 
Landscape-scale Methane Emissions 
Across the ABoVE Domain” PI’s, C. 
Miller, K. Walter Anthony, and C. Elder

	

type 2 major 
axis 
regression: y 
= 567.6x –
2.53; r2 = 
0.71; p = 
4.58 x 10-6

Figure 5: Correlation between Gross Primary Production 
derived from estimate of ecosystem metabolism from 18O, 
and the OLI Band 3( Green). Points colored by depth, (Kuhn 
et al. in prep)
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New Phase 2 
ABoVE project 
(led by David 
Butman, UW) 
will have a CH4 
focus…


