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Abstract: Water temperature is a key element of freshwater ecological systems and a critical element
within natural resource monitoring programs. In the absence of in situ measurements, remote sensing
platforms can indirectly measure water temperature over time and space. The Earth Resources
Observation and Science (EROS) Center has processed archived Landsat imagery into analysis ready
data (ARD), including Level-2 Provisional Surface Temperature (pST) estimates derived from the
Landsat 4-5 Thematic Mapper (TM), Landsat 7 Enhanced Thematic Mapper Plus (ETM+), and
Landsat 8 Thermal Infrared Sensor (TIRS). We compared in situ measurements of water temperature
within the Yukon River in Alaska with 52 instances of pST estimates between June 2014 and September
2020. Agreement was good with an RMSE of 2.25 °C and only a slight negative bias in the estimated
mean daily water temperature of —0.47 °C. For the 52 dates compared, the average daily water
temperature measured by the USGS streamgage was 11.3 °C with a standard deviation of 5.7 °C. The
average daily pST estimate was 10.8 °C with a standard deviation of 6.1 °C. At least in the case of
large unstratified rivers in Alaska, ARD pST can be used to infer water temperature in the absence of

or in tandem with ground-based water temperature monitoring campaigns.
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1. Introduction

Water temperature is one of the key elements of freshwater ecological systems [1,2].
In Arctic and sub-Arctic rivers, water temperature especially relates to the physical and
thermal features of a river, as it affects how rivers interact with terrestrial portions of
the landscape and governing river biotic communities [3]. Water temperature influences
the rate of thermal erosion in permafrost-rich landscapes [4], and it controls the timing
and extent of in-stream ice formation, which leads to mechanical erosion and seasonal
flooding during spring break-up [5]. Water temperature affects the timing and composition
of the stream biotic community, influencing productivity [6] and habitat quantity and
quality [7]. Water temperature plays a key role in the life cycle of salmonid species that are
of significant ecological, cultural, and economic concern globally [8]; it can affect migration
success, spawning location, incubation success, individual growth, competitive ability, and
resistance to biotic and abiotic stresses including parasites, diseases, and pollutants [9,10].

The fundamental importance of water temperature makes it a critical element within
natural resources monitoring programs. The spatial and temporal resolutions of water
temperature data are highly variable depending on water body characteristics, monetary
and technological resources, and research needs. Extensive, high frequency systems can be
found in Europe where, for example, the Swiss Federal Office for Water and Geology as
well as the Wasser- und Energiewirtschaftsamt des Kantons Bern have maintained a record
of water temperature collected every minute at over 90 locations across Switzerland since
the 1960s [11]. For most hydrological systems, however, such systems are not or have not
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been in place. This is especially true for the remote, northern hydrological systems where
installing and maintain monitoring systems is less feasible.

The U.S. Geological Survey (USGS) operates the largest streamgaging network in the
U.S. with over 10,000 monitoring stations including 111 in Alaska. Water temperature is
measured every 15 min at 1836 USGS stations including 63 in Alaska. Three streamgages
are located on the Yukon River within three remote villages, i.e., Eagle, Stevens Village, and
Pilot Station, respectively gaging the upper, middle, and lower reaches of the ~2000 km of
river within Alaska. Water temperature has only been continuously monitored at the Pilot
Station streamgage for the summer in 1979 and then during the ice-free season between
1 May 2014 and 24 October 2020 [12]. Subsequently, like other large Arctic and sub-Arctic
river systems, systematic and extensive water temperature data for the Yukon River are
difficult to capture and are historically lacking [13,14].

In the absence of in situ measurements, remote sensing platforms can indirectly
measure water temperature over time and space [15]. Thermal infrared radiation (TIR)
emitted from land and water surfaces can be measured by satellite, airborne, and ground-
based sensors to provide indirect estimates of surface temperature [16—-18]. In the case of
water bodies, radiation is detected from only the top layer (upper 10 cm) of the water [15].
For deep water bodies that are thermally stratified, the utility of water surface temperature
becomes case-specific, but for large turbulent rivers such as the Yukon River where thermal
stratification is minimal or nonexistent [19], water surface temperature becomes more
representative of water temperature as a whole [15].

The Landsat satellite campaign, a joint effort between National Aeronautics and Space
Administration (NASA) and the USGS, offers an unprecedented record of remotely sensed
data concerning the earth’s surface over the last five decades. Beginning in 1972, the family
of Landsat satellites has been dedicated to remotely sensing the Earth’s surface, providing
useful data for applications including forestry, agriculture, geology, regional planning,
education, and land use/land change research [20]. Since 1982, at least one Landsat satellite
has been in operation while carrying sensors capable of measuring TIR emitted from land
and water surfaces [20]. The suitable accuracy of Landsat-derived water temperature
estimates has been established and demonstrated [15,17,18], but previous studies are often
temporally limited because they utilize only a small number of Landsat scenes [18,21] due
to the combination of limited ground truth data and the burdensome processing steps
required to convert raw TIR data to kinetic water temperature.

In 2017, the Earth Resources Observation and Science (EROS) Center released archived
Landsat imagery processed into analysis ready data (ARD) [22]. These data are rigorously
processed and radiometrically calibrated across the succession of Landsat sensors for direct
use in monitoring and assessing landscape change over time [23,24]. A primary goal of
the Landsat ARD data is to provide remote sensing scientists with a common and con-
sistent dataset that can be employed in time series analysis without taxing preprocessing
steps [23-25]. ARD Landsat Level-2 Provisional Surface Temperature (pST) estimates
are calculated using top of atmosphere (TOA) reflectance, top of atmosphere brightness
temperature (TOA BT) bands derived from Landsat 4-5 Thematic Mapper (TM), Landsat
7 Enhanced Thematic Mapper Plus (ETM+), and Landsat 8 Thermal Infrared Sensor (TIRS)
data [26]. Calculations also incorporate Advanced Spaceborne Thermal Emission and Re-
flection Radiometer (ASTER) Global Emissivity Database data and the ASTER Normalized
Difference Vegetation Index (NDVI) [26]. Final pST estimates are generated using the single
channel algorithm [24,27] with an atmospheric calibration methodology [25,28-30]. The
Landsat pST product comprises nine acquisition-based rasters that include the temperature
of the Earth’s land and water surfaces in Kelvin, calculation inputs, and quality assessment
information [26].

This study tests the agreement and accuracy of the Landsat ARD pST product when
compared to in situ measurements for a portion of the lower Yukon River in Western
Alaska. Our aim is not to model river water temperature but to assess the accuracy of the
ARD pST estimates when utilized in a way intended by the ARD data developers, i.e., for
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inferring land surface conditions using preprocessed remotely sensed data for time series
analysis. We assess the validity of the pST estimates at the 1, 10, and 100 km scales. We
also assess the validity of inferring river water temperature at the USGS streamgage based
on water temperature estimates from proximal and distal river segments, both upstream
and downstream of the Pilot Station site. Test results can illuminate how practical it is for
researchers or resource managers to utilize the Landsat ARD product for estimating river
water temperature within the Yukon River when direct measurements have not been made
in the past or cannot be made at present.

Remotely sensing water temperature in large Alaska rivers is a valuable tool for
multiple reasons. Estimates can augment existing hydrologic monitoring systems such
as the network of USGS streamgages. In the event streamgage data are disrupted due
to technical or environmental factors, pST estimates could help fill data gaps. While
streamgage data offer accurate point measurements, spatially explicit “heat maps” can
depict the variation in water temperature due to river currents and cold- or warm-water
contributions from tributaries, springs, groundwater, and hyporheic flow [15], which
in turn is critical information for identifying thermal refugia for salmonid species [9].
Finally, historical estimates of water temperature can extend our record of measurement
for large rivers and provide greater context for time series analysis in a region experiencing
particularly rapid climate change [31].

2. Study Area

Our study focuses on a stretch of the Yukon River near the remote Alaskan village of
Pilot Station (Figure 1). The Yukon is the largest river in Alaska and drains a 850,000 km?
basin comprising 20 ecoregions [32]. The river is a transportation corridor across Alaska
and an important migration route for salmon that are harvested commercially and for
subsistence. Climate change is occurring at a faster rate in northern latitudes, and changes
include permafrost thawing, glaciers melting, a reduction of time where the landscape
is covered in snow, and plant communities shifting [33-35]. These changes impact the
discharge and water quality of the Yukon River. The USGS monitors streamflow and water
temperature continuously and collects discrete water quality samples near the mouth of the
Yukon at the Pilot Station village. The USGS streamgage (15565447) is the longest record of
water temperature collected by the USGS for the Yukon River (Figure 1).

Pilot Station and the broader landscape is adjacent to three prominent ecoregions,
including the Yukon-Kuskokwim Delta to the south and west, the Nulato Hills to the
north, and the Yukon River Lowlands to the east [36]. The climate ranges from moist
polar to continental depending on elevation, the distance to the coast, and the sea-ice
coverage of the Bering Sea [36]. Vegetation around Pilot Station and the Yukon River
consists of highly productive stands of white spruce (Picea glauca (Moench) Voss), balsam
poplar (Populus balsamifera spp.), and willow thickets (Salix sp.) [36]. The occurrence of tall
trees is diminished as one moves down the river from Pilot Station and approaches the
treeless, tundra-dominated landscape of the Yukon River Delta. Active floodplains and
river bars support tall stands of alders and willows, while robust wet sedge meadows and
aquatic vegetation dominate infilling sloughs and oxbow ponds [36].

At Pilot Station, the Yukon River occupies a single meandering channel approximately
820 m wide. Immediately upstream and downstream, as is common for the Yukon, the
channel becomes broader and is intermittently divided by large islands. The mean annual
discharge is ~6430 m3/s, with maximum discharge occurring in spring-summer due to
peak snowmelt and glacier ablation [13,32]. During winter, discharge and suspended
sediment drop to minima values, and the river freezes over. Historically, freeze-up occurs
between late October and November while break-up occurs in May [5]. Each spring,
following break-up, USGS personnel travel by plane to Pilot Station to configure and deploy
the automated streamgage and sensor equipment. Readings are logged and transmitted
via satellite throughout the summer. In early October, the equipment is removed before the
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river begins to freeze, otherwise the frozen river would damage the gaging equipment left
in the water.
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Figure 1. Study area showing location with respect to Alaska and the Yukon River (upper inset),
distribution of river segments, and the extent of the Swath, Channel, and Meander AOIs with respect
to the USGS streamgage located in Pilot Station (lower inset).

3. Materials and Methods

We compared water temperature records collected from the USGS streamgage with
records estimated as part of the USGS-EROS Landsat ARD pST [24,26]. Daily mean water
temperatures, summarized from 15 min intervals collected during the ice-free season
between 1 May 2014 and 31 October 2020, were downloaded from the USGS site (https:
/ /waterdata.usgs.gov/, accessed on 15 November 2020) [12]. USGS personnel perform
7 temperature cross-section surveys annually to ensure that the point measurements
at the streamgage are representative of the entire channel. Measurements across the
channel and in the vertical profile typically vary less than +0.5 degree at low to medium
flows and +0.8 degrees at higher flows. Landsat ARD pST scenes were downloaded in
bulk from the EROS EarthExplorer website (https:/ /earthexplorer.usgs.gov/, accessed on
15 November 2020). Every pST package includes twelve output raster layers including
surface temperature (ST), surface temperature quality assessment (STQA), atmospheric
transmittance layer (ATRAN), emissivity layer (EMIS), emissivity standard deviation
(EMSD), upwelled radiance layer (URAD), downwelled radiance layer (DRAD), thermal
radiance layer (TRAD), distance to cloud (CDIST), pixel quality assessment (PIXELQA),
radiometric saturation (RADSATQA), lineage index (LINEAGEQA), as well as an XML
metadata file. We considered all scenes within the ARD tile that captures Pilot Station
(horizontal 2, vertical 7) within the Alaska tile grid region and that were obtained between
May and October for the years 2014-2020, i.e., the seasonal operation window of the USGS
streamgage water temperature sensor. Scenes were filtered to exclude scenes with over
80% cloud or cloud shadow using controls within the EarthExplorer webpage.

We utilized three of the above rasters extensively in our study. The ST raster is simply
the estimated surface temperature for every quality pixel within the scene. The derivation
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of these values is described in the introduction. Additionally, for every Landsat ARD
scene, the PIXELQA raster assigns each pixel a condition (clear terrain, water terrain, cloud
shadow, or snow/ice) based on spectral information. These conditions also include the
confidence level (low, medium, and high) that a pixel is cloud-covered, with low confidence
suggesting cloud-free and high confidence suggesting cloud-covered [24]. The “water, low
confidence cloud” is pixel quality assessment bit value 68 (Landsat 4-7) or 324 (Landsat 8).
We also employed the CDIST raster, which represents the distance (in kilometers) that a
quality pixel is from the nearest cloud pixel [26].

Using a GIS [37], we excluded all surface temperature data except those related to
water surfaces. We used ESRI’s Reclassify tool and the PIXELQA output raster for each
scene to create a clear-water mask. The Extract by Mask tool was then used with the newly
derived clear-water mask to isolate pixel values from the ST and CDIST rasters, thereby
creating cloud-free, water surface temperature, and distance to cloud rasters. These steps
were iterated over every scene using the ModelBuilder function within ESRI's ArcGIS [37].
Zonal statistics were calculated from both rasters based on zones of interest (Figure 2).
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Figure 2. (a) PIXELQA raster qualifying land-low probability clouds (brown), water low probability

clouds (blue), clouds (magenta), and cloud shadow (chartreuse). (b) Masking raster where water
low probability cloud pixels are reclassified to a value of 1 and all else is null. (c) The surface
temperature (ST) raster with blues depicting low temperatures surfaces and red depicting high
temperatures. (d) ST raster after masking by water surface raster with zones of interest shown (black
bounding lines).

Zonal statistics were first calculated for a 1 km long, 272 m wide, 30.5 hectare area of
interest (AQI) of the Yukon river immediately adjacent to the USGS streamgage and occupying
the middle of the main channel (Channel AOI). Extracting pST estimates from this AOI allows
for the most direct comparison of in situ measurements and remotely sensed measurements.
The single broad channel of the Yukon allows for sampling of quality pixels that are not
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influenced by shorelines, and it does not experience the emergence of islands or sandbars
even during low water stages. Additionally, the water within the channel is historically well
mixed and not prone to significant stratification. Routine measurements have found thermal
stratification of the water column to vary by less than 1 °C.

Two additional AQOIs in close proximity to the USGS streamgage were analyzed for
potential variation in the accuracy of pST values introduced by river morphology and proximity.
A roughly one kilometer by one kilometer, 120 hectare swath (Swath AQI) of river segment
was designated to include the full width of the river, including warmer surface water estimates
that occur along shorelines and are influenced by exposed shoreline material and adjacent
vegetation [13]. Lastly, a circular AOI was delineated for a large meander upstream of the
streamgage (Meander AOI). This zone was 1.3 km in diameter (132.7 hectare). The Meander
AOQI covered a greater area than the Channel or Swath AOI but still excludes shoreline features.
Our intention was to sample water temperature estimates from a portion of the river that was
physically close to the streamgage and Channel AOI but from a portion of the river that was
morphometrically different (Figure 1).

The AQIs offer the most direct comparison between remotely sensed and in situ
data but significantly limit the number of available Landsat scenes. Given that the Yukon
is a very large, well-mixed, and unimpeded river, we assessed the validity of inferring
at-streamgage temperature from more distant locations along the river, should they be the
only available data in a given scene.

Zonal statistics were calculated for n = 21 river segments within the ARD tile as well
as for the river as a whole. The river within the ARD tile was divided into 10 km sections
starting at the northern boundary of the ARD tile (the most downstream portion of the
river) and includes twenty 10 km long segments and one 3 km river segment. The 10 km
river segment length was subjectively chosen to provide an efficient resolution for explor-
ing variation in agreement between remotely sensed and ground-based measurements.
Statistics were based on a bounding shapefile that was manually digitized from ESRI’s
USA Topo Maps and the imagery basemaps in ArcMap to include all major channels and
sloughs occupied by the Yukon River between 1985 and 2020 [37-39]. Large water bodies
found on islands bordered by meandering sloughs were omitted by cutting and reshaping
the shapefile.

The steps to derive zonal statistics for all AOIs and river segments were iterated for
each ARD scene and compiled into zonal statistics summary tables with rows representing
scene acquisition dates, columns representing zones of statistical interest (Segments or
AOQIs), and cell values representing estimated water temperature. A summary table was
also compiled for the CDIST values. We included scene attributes for the summary table
for the Channel AOL All remotely sensed data were joined to the USGS streamgage data by
date. This resulted in the final winnowing of some ARD data due to a lack of corresponding
streamgage data. This was most common in early May and late October when streamgage
measurements had yet to begin or had already ceased, respectively. There are also a number
of mid-season data gaps in the USGS streamgage record due to equipment failures.

Agreement between remotely sensed pST and in situ streamgage measurements were
tested using the Pearson’s product-moment correlation (r). We reject the null hypothesis
(no agreement) if p-values < 0.05 and report the proportion of the variance (r?) in the pST
measurement that is dependent on true changes in water temperature as measured by in
situ measurements. Accuracy was further validated using root mean square error (RMSE),
the variance ratio (VR), and bias. Accuracy of the pST estimates can be assessed based on
RMSE calculated as follows where ( ;) is the estimated mean pST and (¥;) is the mean
measured streamgage temperature on the i-th date, respectively:

RMSE = (1)
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The variance ratio is a measure of how similar the variance in values of estimated values
is compared to the variance in the true values. Itis derived as the ratio of the standard deviation
of the pST estimates (f;) and the measured streamgage temperatures (;):

VR = STD{/STDy ©)

We report the bias of the pST estimates, which is calculated as the difference between the

mean pST estimates (/) and the mean measured streamgage temperatures (7):
Bias =% —7 ®3)

We tested the correlation (1, p-value) of the residuals (#; — y;) with scene attributes
that we believe could account for errors in pST estimates. River morphology and atmo-
spheric conditions at the time of scene acquisition can influence the count, the standard
deviation, and the variety of quality pixels within an AOI on a given date. We assessed
whether accuracy was correlated with the month of acquisition to look for possible seasonal
effects and with the year of acquisition to look for interannual variation. The proximity
of clouds to the quality pixels can indicate the likelihood of cirrus or haze (which escapes
automated cloud detection) contaminating estimates. Lastly, we compared the accuracy of
pST estimates when produced from Landsat 7 and the ETM+ sensor versus the Landsat 8
and the TIRS sensor. We report the agreement and accuracy of the pST estimates compared
to measured temperatures for all AOIs and segments within the study.

4. Results
4.1. Provisional Surface Temperature Estimates at the 1 km Scale

We downloaded 291 scenes from the EROS website for the months of May, June, July,
August, September, and October between the year 2014 and 2020 that had less than 80%
cloud or cloud shadow. Landsat 8 (L8) acquired 152 scenes and Landsat 7 (L7) acquired
139 scenes. Some scenes did not contain quality pixels of the Yukon River itself. Of the
291 scenes, 278 had at least one pixel of clear water somewhere within the bounds of the
Yukon River (L8 = 142, L7 = 136). Matching all Landsat scene acquisition dates with all
possible USGS streamgage measurement dates yielded a final 209 Landsat scenes (L8 = 105,
L7 = 104) with concurrent USGS streamgage measurements (Table A1). Every scene has
a unique distribution of quality pixels that occur within the bounds of the Yukon River.
As a result, not every river segment receives an identical number of surface temperature
estimates. Scene coverage over the mid-channel zone permitted a sample size (n) of
52 dates for direct comparison between streamgage data and ARD estimates. The larger
1 km Swath AOI adjacent to the Pilot Station streamgage produced 53 dates while the
upstream Meander AOI accrued 59 dates (Table 1).

Table 1. Summary of agreement between Swath, Channel, and Meander AOI and USGS streamgage
data. RMSE is the root mean squared error. VR is the variance ratio.

Segment n y(°C) y(O RMSE(C) VR  Bias(°C) 2 p-Value

Swath 53 11.61 11.36 2.39 1.02 0.25 0.84 1.0x 1072
Channel 52 10.81 11.28 2.25 1.07 —0.47 087 18x102
Meander 59 11.76 11.98 2.52 1.00 —0.22 078 1.7 x10°20

Agreement between pST and streamgage data for the Channel AOI was very good
with a Pearson’s product-moment correlation of r = 0.931 and an r? = 0.87 (Table 1). With
a p-value << 0.01, we reject the null hypothesis of no correlation and accept the alternate
hypothesis that true correlation exists. Nearly 90% of the variation in the estimated pST is
explained by the true variation in water temperature as measured by the USGS streamgage.
Within the study period, the average daily water temperature as measured by the USGS



Remote Sens. 2021, 13, 2394

8 of 50

streamgage was 11.28 °C with a standard deviation of 5.70 °C. The average daily pST as
estimated for the Channel AOI was 10.81°C with a standard deviation of 6.07 °C. The
average daily bias between in situ and remotely sensed daily water temperatures (difference
= remotely sensed — in situ) was —0.47 °C with an RMSE of 2.25 °C and a VR of 1.07.

A singular date within our study period captured all three temperature acquisition
methods. On 22 August 2019, USGS personnel completed a manual temperature cross-
section survey in conjunction with the automated streamgage that was in operation and
was recording data. Simultaneously, Landsat 7 acquired cloud-free surface reflectance
around Pilot Station. The three data streams demonstrate good agreement (Figure 3). The
manual temperature cross section recoded a consistent ~15 °C between 10:30 am and
11:15 am AKST (Figure 3a). The automated streamgage recorded temperatures fluctuating
between 14.9 °C and 15.0 °C throughout the same period of time (Figure 3b). Between
12:49 pm and 12:50 pm Alaska Standard Time, Landsat 7 acquired data within path 77,
row 17, which ultimately provided the reflectance data for the pST estimates. Provisional
surface temperature estimates were available for 221 pixels that fell within the Channel
AOI with an average value of 14.5 °C and a standard deviation of 3.4 °C (Figure 3c).

o 1AM
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Figure 3. Example of concurrent measurements from: (a) automated streamgage system; (b) manual water temperature

profile; and (c) remotely sensed provisional surface temperature (pST) estimate (MID_CHANNEL (°C)) and associated
parameters (DATE, PIXEL_COUNT, PST_STD (°C), PST_VARIETY, MONTH, YEAR, SENSOR, CDIST (km), Pilot Station

(°C), Difference (°

Q).

Agreement between pST and streamgage data for the broader 1 km Swath AOI was
also very good (RMSE = 2.39°C, r? = 0.84, p-value << 0.01). There is slightly less agreement
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(RMSE = 2.52°C, r = 0.844, r* = 0.78, p-value = <<0.01) for the upstream meander zone
(Table 1). All AOIs received between 50 and 60 sample dates with the smallest AOI
(Channel) attaining the least (n = 52) samples and the largest AOI (Meander) attaining the
greatest (n = 59) sample size (Table 1). There were 47 sample dates common to all three
AOQIs, with six sample dates common to two of the three AOIs and 11 dates where only one
of the three AOIs was acquired.

4.2. Provisional Surface Temperature Estimates at the 10 km Scale

Analysis showed all 21 of the river segments have good to very good agreement
between pST and in situ water temperatures made on the same day at the Pilot Station
streamgage location (Figure 4a, Table 2). On average, river segments received quality pixels
from unique collections of 105 £ 18 ARD scenes. The greater sample size of contributing
scenes—compared to the Swath, Channel, and Meander AOIs—is due to the larger area of
the river segments, which increases the likelihood of quality pixels occurring within the
bounds. RMSE values range between 2.0 °C and 3.44 °C. The average Pearson’s correlation
for all segments was 0.90 + 0.05 with an average r? of 0.80 =+ 0.08 (Table 2). The poorest
agreement came from Section 2 (RMSE = 3.44 °C, 12 = 0.59) while the best agreement came
from Section 3 (RMSE = 2.00 °C, r?> = 0.89) (Table 2).

USGS Gage Temperature vs ARD Provisional Surface Temperature

8 a * e *
a o ol
£ 2 e
o v | o o L S
= = o, ¥
> hd .. ) o o
s e r-sqrd: 0.866 o« 8
g ) ‘,.f"'/o
) = °
5 0 FZ ” °
o e ° RMSE: 2.25
- [ ]

o _—e® VR: 1.07 e L8
8 L Bias: -0.47 o L7
Dol e .

T T T T T

0 5 10 15 20

ARD Estimated T (°C) for Channel

%)
5 o | b * e o
g I . * 0 o %
k= °
o * o W S XA
S 2 4 . o ---"-:-’3
0] b ® ‘ ' '
c r-sqrd: 0.79 . bl N
9 o | ° %’ * [}
:‘—E' - P )"b *® o.
(5] L4 L] [ ) 'Y
S | ¢ e ” .“. o °
T ° P L4 ° % RMSE: 2.46
n e o *e, VR: 1
o] Py ° o ° L8
o o o o Bias: -0.26 e L7
2

T T T T T

0 5 10 15 20

Estimated T (°C) for Tile_02_07

Figure 4. Agreement between USGS streamgage measurements and ARD estimates averaged over
the (a) Channel AOI and (b) the portion of the Yukon River captured by ARD tile AK-0207.
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Table 2. Summary of agreement between river sections and USGS streamgage data.

Segment n yCO y(CO RMSE(C) VR Bias(°O r? p-Value

3 73 12.44 12.09 2.00 1.00 0.35 0.89 4.9 x 1073
4 82 11.92 11.85 2.08 1.06 0.08 0.88 3.8 x107%
5 123 11.67 11.37 2.49 1.04 0.29 082 45x10%
6 119 11.31 11.37 2.37 1.04 —0.06 083 17x107¥
7 123 11.56 11.55 252 1.01 0.00 0.80 1.4 x10%
8 123 11.6 11.71 2.71 1.03 —0.11 078 2.1 x 1074
9 128 11.63 11.52 2.62 1.03 0.11 0.78 4.4 x 10~%
10 130 12.04 11.74 2.62 1.02 0.30 078 85x10
11 121 11.50 11.62 2.28 1.06 —0.11 0.84 6.5 x 10750
12 91 12.47 12.59 2.31 1.02 —0.13 0.80 2.4 x 1072
13 126 1218 11.73 2.60 1.01 0.45 079 1.9 x 10~*
14 80 11.79 11.86 2.32 0.97 —0.08 0.83 3.5 x 107
15 75 11.94 11.85 241 0.95 0.1 0.80 6.6 x10°28
16 107 1254 12.5 3.05 0.95 0.05 065 13x107%
17 108 1271 12.74 2.57 0.94 —0.03 073 71 x10"%
18 115 12.29 12.62 2.11 0.95 —0.33 083 19 x107%
19 107 11.97 12.50 2.19 1.01 —0.54 083 23x107%
20 113 12.25 12.62 2.71 1.01 —0.39 072 5.0x103
21 114 1244 12.49 3.44 1.05 —0.05 059 11x1072
22 86 12.12 12.27 2.85 0.93 —-0.15 070 33 x 1072
23 85 11.88 12.34 248 0.96 —0.47 078 21x10°%
24 87 12.38 12.54 2.26 0.97 —0.17 080 15x1073!
{}ﬁf 209 11.87 12.13 246 1.00 —-0.26 079 23x10773

Note: RMSE is the root mean squared error; VR is the variance ratio.

4.3. Provisional Surface Temperature Estimates at the 100 km Scale

There were 209 days where Landsat overflights captured some portion of the Yukon
River within the ARD tile on the same day USGS streamgage measurements were recorded.
In comparing the daily USGS streamgage measurement with the estimated mean pST for
the entire portion of the Yukon River captured within the ARD tile, we also found good
(r? of 0.79) agreement (Figure 4b) with an overall RMSE = 2.46 °C, VR = 1.0, and a bias of
—0.26 °C. Similar to the Channel AOI at the 1 km scale, the temperature estimates at this
largest scale are slightly negatively biased (Figure 4b).

4.4. Error Analysis

Analysis of the residuals was restricted to the Channel AOI since this represents the
most direct comparison of the two data streams. The area of the Channel AOI spanned
339 pixels (=31 hectares). Within the Channel AOI, the number of contributing pixels did
not have a significant effect on the correlation (2 = 0.009, p-value = 0.496) between the
observed and the estimated water temperatures (Figure 5a). Estimates based on fewer
pixels are due to cloud or cloud shadow obscuring the AQ], or in the case of scenes acquired
by Landsat 7, due to SLC failure [40]. During late spring and early winter, the presence
of ice in the river can also obscure the water. The standard deviation of the mean pST
estimate within the AOI did significantly (p-value << 0.05) correlate with the accuracy
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of pST estimates (Figure 5b); however, the relationship was poorly defined (1> = 0.487).
Similarly, the variety of values (the number of unique values for all pixels in the AOI) that
contribute to the mean of the AOl is negatively correlated with accuracy (Figure 5c). The
relationship is also significant (p-value << 0.05) but poorly defined (2 = 0.409) and largely
influenced by multiple outlying data points.
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Figure 5. Scatter plots showing how the attributes of (a) quality pixel count, (b) standard deviation
(STD) of the mean estimate, and (c) variety of quality pixel values are correlated with the agreement
between the estimated and observed water temperature.

We detected no statistical correlation (r* = 0.015, p-value << 0.384) of the pST agreement
with proximity to clouds (Figure 6). The month and year of acquisition had no significant
influence on the accuracy of the estimates either, as the p-value was 0.246 and 0.742,
respectively. The majority of the estimated water temperature data points fall within
£2 degrees of the recorded water temperature across all months and all years (Figure 7).
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Figure 6. Scatter plot showing how the mean distance to cloud from all quality pixels within the Channel
AOl is correlated with the agreement between the estimated and observed water temperature.
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Figure 7. Scatter plots showing how the attributes of (a) month of acquisition and (b) year of
acquisition can influence the agreement between the estimated and observed water temperature.
Data points are color-coded according to river discharge.
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Landsat 8 had slightly better accuracy and agreement in estimating water temperature
compared to Landsat 7 (Figure 8). RMSE was 2.04 °C for Landsat 8 and a TIRS sensor
compared to RMSE = 2.50 °C for Landsat 7 and the ETM+. Both sensors had a median
residual value very close to zero with uniform interquartile spread in the data above and
below the median. The bias score for the ETM+ was —1.32 °C (estimated water temperature
to be slightly lower than what was recorded), while the TIRS sensor had a bias of 0.16 °C
(estimates were slightly higher than recorded values). Both Landsat platforms produced
outlying data points where estimated temperature differed by more than 3 degrees from
the measured temperatures. Landsat 7 collected four estimates that were significantly
different from the recorded temperatures. Landsat 8 had two dates with similar results. In
all cases, these estimates were colder than the measured temperature.

Accuracy of ARD
Provisional Surface Temperature

10

RMSE: 2.50 RMSE: 2.04
VR: 1.03 VR: 1.06
Bias: -1.32 Bias: 0.16

*
* *

‘@ 1 .
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0
|

I I
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Sensor Used in Acquisition

Figure 8. Boxplot depicting how the sensor used for acquiring the water temperature estimate
influences the accuracy of estimated water temperature; Landsat 7 carries the Enhanced Thematic
Mapper Plus (ETM+) while Landsat 8 carries the Thermal Infrared Sensor (TIRS).

5. Discussion

The relatively good agreement between the Channel AOI temperature estimates and
Pilot Station streamgage data support the use of remotely sensed provisional surface tem-
perature data for estimating the water temperature within the Yukon River and potentially
other large, remote, well-mixed rivers. The average daily water temperatures acquired
from both remote and in situ systems differed, on average, by less than half a degree
Celsius for the study period. Estimates within our study achieved an RMSE of 2.25 °C
at the 1 km scale and an RMSE of 2.46 °C at the 100 km scale. Bias was —0.47 °C for the
Channel AOI and —0.26 °C for the entire river within the ARD tile, indicating that the ARD
pST estimates are slightly cooler than the actual water temperature and offering a factor for
potential future corrective measures.

The variation in the agreement of river AOIs suggests that river morphology, ge-
ography, and other environmental conditions affect the measurement agreement. For
example, there was a slight decrease in accuracy and an increase in RMSE when pST was
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derived using the Swath AOI, which can be explained by the inclusion of near-shore pixels
that tend to appear warmer than mid-channel pixels. This is further reflected in the bias,
which becomes positive. Subsequently, pST estimates that include nearshore pixels, and
especially within smaller AOIs such as the Swath AOI, may produce estimates warmer
than streamgage measurements (Table 1).

There was further disagreement when comparing in situ data to the more distant
Meander AOIL. Again, the RMSE slightly increases, and the bias is slightly less negative
compared to the Channel AOI (—0.22 °C compared to —0.26 °C, respectively). The Meander
AOQl is approximately 3 km upstream of the Swath and Channel AOI as well as the USGS
streamgaging station. The water passing through the Meander AOI and sensed by the
respective Landsat sensors would be the same water contributing to the same-day daily
average temperature recorded by the USGS streamgage, so it should not be assumed
that the kinetic water temperature is significantly different between the two areas due to
temporal separation. The morphology of the Meander AOI is significantly different from
the single channel near Pilot Station. Fluctuating water levels can create areas of shallow
water, decrease water velocity, and expose islands and sandbars, all of which appear to
result in warmer water estimates and potentially negatively affect accuracy. The flow
direction of the river is different here compared to the Channel AOI, and it is possible that
surface winds could produce unique water surface conditions that are known to influence
emissivity and subsequent pST estimates [15]. The Meander AOI also corresponds with
the confluence of the Chuilnak River. Water temperature from the Chuilnak River is not
available, but the clear, meandering, lowland setting suggests it may have slightly warmer
temperatures than that of the Yukon. Contribution of this water to the main flow of the
Yukon within the Meander AOI could also explain a greater divergence in the estimated
water temperature [15].

In all cases, agreement was statistically good, but the variation signifies that several
factors should be considered when anticipating the use of these data. The average accu-
racy of the estimated water temperature may or may not be adequate depending on the
application. Jimenez et al. [27] considered RMSE values <0.7 K to be “good” and RMSE <2
°K to be “acceptable” when deriving land surface temperature estimates using a refined
single channel algorithm. Laraby and Schott [41] reported RMSE values ranging from 0.51
to 3.46 K when validating the Landsat 7 derived land surface temperatures at the global
scale. The accuracy of the estimates within our study ranged from an RMSE of 2.25 °C at
the 1 km scale to an RMSE of 2.46 °C at the 100 km scale. The suitability of this accuracy
thus becomes dependent on the application. In the absence of any other available data or
where more refined processing of TIR data is prohibitive, an RMSE < 3 °C is arguably good
and very useful. However, we acknowledge that some ecological or biochemical processes
are sensitive to changes in water temperature that may be too fine to be resolved using the
pST product. Alternatively, seasonal modeling of river temperature or a long-term trend
analysis may be more permissible given the tolerance for coarser datasets.

The temporal availability of pST should also be considered. The relative paucity of
the pST data compared to an in situ data collection system can dictate how these data can
be used. Presently, the frequency of the pST estimates is weekly under ideal sky conditions,
utilizing the combined and offset return intervals of Landsat 7 (to be replaced by Landsat
9 in 2021) and Landsat 8. In northern and southern latitudes, increasing the overlap of
swaths produces sidelap, which can further shorten the acquisition frequency of pST at
a given location. Conversely, regions with increased sidelap also experience increased
average cloud over, which impedes surface measurements despite overflights. One tradeoff
of this infrequency is that large areas of interest can be measured simultaneously and
repeatedly on a potentially global scale. In the case of this study, the pST data offer an
exceptionally unique tool for acquiring concurrent measurements of water temperature
for a very large and remote river system that would otherwise be prohibitively expensive
and logistically demanding to densely instrument. The historical archive available through
the Landsat program also offers a unique resource for retroactively monitoring hydrologic
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systems. Applications requiring daily or hourly data would of course require in situ
monitoring systems.

Intersegment variability is significant across our study area with respect to segment
shape and river morphology. While we did not quantify the variation, qualitative ob-
servation reveals key attributes to certain segments, and we reported agreement on a
segment-by-segment basis to illustrate the accuracy and utility of pST within the diverse
range of segment morphology (Appendix A, Figures A1-A22). River segments with large
sloughs (segments 9, 10, 13, 15, and 16) maintain good to very good agreement with RMSE
values ranging between 2.41 °C (segment 15) and 3.05 °C (segment 16) and with r? values
ranging from 0.65 (segment 15) to 0.80 (segment 16). Sloughs offer a chance for water
velocity to decrease, stratify, and potentially be estimated as warmer, thereby skewing the
overall mean estimates. While this may be the case within these segments, it does not
appear to significantly degrade agreement. Similarly, segments that contain large areas of
backwater, isolated ponds, and other water bodies (segments 4, 11, 14, and 21) had varying
degrees of agreement with the streamgage data, but we did not observe any overall trend
(e.g., anegative correlation in agreement with increasing area of backwater). A qualitative
analysis found instances of “warm water” pixels corresponding with locations that appear
to be very shallow water or recently exposed sand or gravel bars and ideally should be
classified as land. Without ground truth data, it is difficult to know the exact nature of these
surfaces. While we are uncertain of the root cause of this misclassification, we are confident
that the overall contribution of these pixels is insignificant when included in segment or
whole tile statistics. It is important to acknowledge that fluctuations of the river stage in
combination with scene-specific atmospheric conditions result in every pST acquisition
event being somewhat unique. Sand and gravel bars can appear and disappear with
seasonal changes in river stage and annual changes in river morphology. Fog, cirrus clouds,
or smoke that is present in the atmosphere but too subtle to be automatically detected may
slightly influence the estimated water temperature in one location but not another and
inconsistently over time. Ultimately, the data support the possibility of inferring water
temperature on a given day from any available Landsat ARD data even if this is not in
the immediate vicinity of the point of interest. Utilization of the entire length of the river
within the ARD tile resulted in four times the available Landsat scenes. Despite significant
distances between river segments and the Pilot Station streamgage and significant interseg-
ment morphological variation, agreement with the streamgage data was good for nearly
all distal river segments.

A fundamental limitation to the pST is due to it being downscaled. The pST product
is downscaled to 30 m resolution from the original 100 m resolution thermal bands on all
Landsat platforms. Therefore, the optimal agreement between pST estimates and in situ
measurements can be found in water bodies where the width and/or diameter are much
greater than 100 m [18]. The Yukon River is an ideal waterbody for this study, given that its
width is regularly well over 1 km and it is not subject to rapid changes in discharge or water
temperature. While small lakes, narrow sloughs, creeks, and streams are discernable within
our study, they are likely influenced by the land surface temperature recorded in adjacent
pixels, which is regularly discernable within our study area. Finally, the Yukon River is an
ideal environment to employ ARD-derived pST estimates due to its size and the nature of
a well-mixed water column that does not support thermal stratification. Stratification is
more pronounced in large lakes and rivers within temperate climates, which could limit
the practicality of our methods if employed elsewhere.

Sources of Error

There are numerous potential sources of error based on the environmental conditions
at the time of scene acquisition (atmospheric profiles, water surface conditions, air temper-
ature, and water turbidity), but these are difficult or impossible to quantify retroactively.
Atmospheric water vapor is a known significant contributor of error within single channel
algorithms [27]. In the case of ARD pST estimates, water vapor is assumed based on static,
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mean ASTER GED climatology maps, and subsequently it misses unique daily conditions
that, if known, could improve pST agreement. Similarly, water surface roughness can
influence TIR signatures [15], but is not included as a condition within ARD pST derivation
and is impossible to retroactively quantify for error analysis. Atmospheric transmissivity
and proximity to clouds were two factors found to significantly affect the accuracy of global
Landsat 7 land surface temperature estimates [41]. Land surface temperature estimates
from pixels with greater transmission values and greater distances from clouds produced
smaller RMSE values.

The number, distribution, and variability of quality pixels within a scene is indirectly
related to the aforementioned environmental conditions present during scene acquisition.
While we may not know the exact mechanism, an analysis of these pixels can account
for some portion of pST error. Positive and negative residuals occur across the range
of pixel count, suggesting that missing data, due to the cloudiness of a scene (at least
below cloud cover of 80%) or due to SLC failure, does not influence the accuracy of water
surface estimates.

The standard deviation relates to the variability of the pixel values contributing to
the mean estimate. In our study, a high standard deviation most often represents an AOI
or river segment with a complex water surface influenced by variable water depths and
proximity to shorelines. A low standard deviation most often represents AOIs or river
segments with even and consistent water surfaces such as those found where the river is
confined to a single channel. The greatest agreement occurred with a standard deviation
between 1 and 3 degrees (Figure 5b). For standard deviations increasingly above this range,
provisional surface temperature estimates become increasingly colder than concurrent in
situ measurements. This produces a negative difference. For standard deviation less than
1 degree, pST estimates appear to be warmer than the concurrent in situ measurements,
thereby producing a positive difference.

We found that with regard to the variety of quality pixel values that occur within an
AQ], the mean estimated surface water temperature with variety values of 1-4 had the
highest accuracy (Figure 5c). An increase in variety values above four begins to degrade the
accuracy of the estimate. High variety values come from AOIs with complex water surfaces
influenced by variable water depths and proximity to shorelines while low values come
from the even and consistent water surfaces such as those found in single linear channels.

Within this study, the distance to clouds was not significantly correlated with the
residuals. However, a slight pattern exists where the dates corresponding to quality pixels
with greater distances from clouds (>10 km) consistently produce estimates within 2 °C
of the true water temperature. This condition is ideal for remote sensing but very rare
with only n = 4 of the 52 dates sampled for the Channel AOI meeting this criterion. Dates
with quality pixels with distance-to-cloud values <10 km have a greater chance of being
less accurate, but overall they produce good agreement with the majority of pST estimates
falling within 2 °C of streamgage measurements (Figure 6).

Historical field observations indicate that thermal stratification is greatest at the Pilot
Station streamgage during increased river discharge. Stratified water columns could
negatively impact pST estimates. We color coded the residuals according to river discharge.
Darker blue indicates greater discharge and higher river stage. Thermal stratification, when
present, is minimal with variation in the vertical water column being +0.8 °C. We report
no correlation of accuracy with river discharge (Figure 7). Agreement within £2 °C exists
for both high and low discharge conditions.

While the Landsat ARD data are radiometrically calibrated across all sensors, we still
found some difference in estimates derived from different sensors. Overall, this difference
was very small, and there was good agreement for both sensors. If the aforementioned
outliers were restricted to break-up or freeze-up seasons, they could be the product of snow
and ice contamination, but these outliers come from across the ice-free season. It is most
likely that atmospheric conditions such as thin cirrus clouds, smoke, or other conditions
are obscuring or interfering with land surface radiation. A detailed investigation into these
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anomalies could help inform future application of pST. With detailed and machine readable
metadata, such anomalous dates could be further winnowed from analysis.

6. Conclusions

e Landsat ARD provisional surface temperature for the lower Yukon River strongly
agrees with in situ water temperature measurements. Approximately 90% of the
variation seen within in situ measurements is reflected in remotely sensed estimates.

e Remotely sensed estimates for the Channel AOI adjacent to the Pilot Station stream-
gage, achieved an RMSE of 2.25 °C compared to in situ measurements.

e  For the Yukon River and within our study area, we found similarly good agreement
between the Landsat ARD provisional water surface temperature and in situ water
temperature measurements taken from areas of interest (AOIs) and river segments
distributed upstream or downstream of Pilot Station, Alaska.

e  Atleast in the case of large unstratified rivers in Alaska, ARD pST can be used to infer
water temperature at a given point based on immediate and geographically distant
river reaches in the event of limited scene availability due to cloud cover, a common
problem in northern latitudes.

e pSTis downscaled to a 30 m resolution from the original 100 m resolution thermal
bands. Optimal agreement between pST estimates and in situ measurements can be
found in water bodies where width and/or diameter are much greater than 100 m.
Small lakes, narrow sloughs, creeks, and streams, while discernable, are likely to be
contaminated by the land surface temperature recorded in adjacent pixels.

e The Yukon river is a large, glacially fed, free flowing river. While it is the largest of
such rivers in Alaska it shares many attributes with other large rivers in the state,
namely the Tanana, Susitna, Colville, and Copper River. Our analysis suggests that
the methods outlined in this study could also be used to augment existing monitoring
networks, collect estimates from locations where physical monitoring is impossible, or
provide historical estimates from trend analysis.
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Appendix A
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Figure A1. Segment 3 is the most upstream segment in the analysis and the single river segment with a river length of 3 km.
Within this segment the Yukon River occupies a single channel with rolling uplands of the Ilivit Mountains to the north and
vegetated floodplains to the south. Nearly half the river channel is covered by a permanent NoData gap. These NoData
gaps are permanent gaps in the ARD dataset due to missing data within the Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) Global Emissivity Database (GED), i.e., an auxiliary input used in the derivation of pST [26].
Agreement between estimated water temperature within this segment and corresponding temperature records at Pilot
Station was good (RMSE = 2 °C, r? = 0.89) despite a 100 river mile separation. At average flow speeds of 8-13 km/h, water
passing through this segment is 12-8 h upstream from the Pilot Station gaging station.
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Figure A2. Within segment 4, the river is a single channel with several mid-channel islands that become submerged during
high river stages and are barren sand bars at low river stage as indicated by a lack of permanent woody vegetation. In the
scene above, water levels on 16 August 2020 were low enough to expose the islands. They present as lenticular data gaps
with warm-water margins. Note the visual difference between these data gaps and the permanent NoData gaps within
Segment 3. Agreement between estimated water temperature and streamgage data is good (RMSE = 2.08 °C, r? = 0.88). The
north shore of the river is rolling uplands of the Ilivit Mountains with steep bluffs along the river, including Serpentine
Bluff. The southern shore of the river is vegetated flood plain with numerous crescentic abandoned channels.
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Figure A3. Segment 5 captures the first large bend in the Yukon River after it enters the ARD tile and rounds the southwest

terminus of the Ilivit Mountains. The river bends to the north and splits into numerous channels as it bisects Willow

Island, Blade Island, and Blue Fish Island. Willow Island, the large upstream island visible in the scene, is prone to partial

inundation during high water stages. With the addition of multiple channels and large islands, the ratio of surface water to

shoreline decreases. This allows for estimates of water temperature to be more significantly influenced by warmer nearshore

water. However, correlation with corresponding temperature measurements remains good (RMSE = 2.49 °C, 1?2 = 0.82) and

suggests that the majority of the Landsat passes capture enough open water to provide a reasonable estimate that is not

significantly influenced by nearshore warm water. A NoData gap is also present at the apex of the meander.
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Figure A4. Segment 6 is characterized by the union of three channels (Devil’s Elbow, Middle Slough, Cross Slough,
respectively) after passing by large islands. The east shore of the river abuts the rolling uplands of the Ilivit Mountains while
the west shore is adjacent to boggy lowlands dissected by lakes, ponds, and creeks. In the scene above, submerged sandbars
produce warm water features. At lower stages, these areas are characterized as dry land and omitted. At higher stages, they
are not visible and appear as even-temperature open water. Multiple, small NoData gaps occur in the Devil’s Elbow channel
as the river enters the segment. Water temperature estimation is well correlated in the segment (RMSE = 2.37 °C, r? = 0.83).
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Figure A5. Segment 7 is slightly divided into small sloughs at both the beginning and end of the river segment. The sloughs
appear as warmer surface temperatures due to shallow water depths. The eastern shore of the river is rolling uplands of the
Ilivit Mountains divided by creeks and branching backwaters that contribute to the Yukon River. These water sources do
not appear to influence the overall temperature of the river, as correlation with measured water temperature is good (RMSE
=252°C, 2 = 0.80) and similar to that of upstream river segments. Wetlands that comprised abandoned channels, oxbows,
and broad lakes lie to the west.
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Figure A6. Segment 8 of the Yukon River intercepts a large island (Arbor Island) mid-section with Wilson Creek Slough
passing to the east and the majority of the Yukon passing to the west. Several smaller but permanent islands are present as
indicated by complete and dense shrub/forest cover. Smaller islands may appear at low stage. Two large NoData gaps
happen to occupy the segment. The Ilivit Mountains rise on the east side of the river, while wetlands occupy the west
side. This segment has slightly lower water temperature correlation than preceding river segments although it is still good
overall (RMSE =2.71 °C, r2 = 0.78).
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Figure A7. Segment 9 captures a large series of islands that split the Yukon River within this segment. The majority of
the flow passes to the east as Poltes Slough while passing the community of Marshall at the terminal foothills of the Ilivit
Mountains. Owl Creek also enters the Yukon River here. While the name suggests that Owl Creek flows into the Yukon, the
heavy sediment content of Owl Creek and its numerous connections to the main stem of the Yukon as seen in high resolution
imagery suggest the creek functioning more as a slough. For this reason, it is included in our analysis. Several large NoData
gaps occur within the main stem and Poltes Slough. Like segment 8, correlation with measured water temperature is slightly
lower within this segment but is still relatively good (RMSE = 2.62 °C, r>=0.78).
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Figure A8. Within segment 10, the Yukon River is divided into three unique sections. Poltes Slough is the most northern
one, while the main stem of the river is on the southern side of a large island, and a section of Owl Creek is furthest south.
Wetlands surround all portions of this segment, given that the Yukon River leaves the last of the Ilivit Mountains in segment
9. The pST coverage for open water within this section is nearly 100% with no significant NoData gaps. At high stages,
western portions of the large island can become inundated and present as warmer temperature water. These high water
events occur during spring break-up. Depending on the proportion of the Yukon River that is also captured during these
events, these inundated areas could significantly affect the average pST estimate for the segment. Correlation with measured
water temperature is similar to all preceding river segments with an RMSE = 2.62 °C and r? = 0.78.
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Figure A9. Within Segment 11, the Yukon transitions from two large channels to a single channel after Poltes Slough rejoins
the main channel of the Yukon from the east. One small but permanent island lies within the main stem of the Yukon.
Several smaller sandbars exist during low or moderate stages and are flooded at high stage. The pST coverage for open
water within this section is nearly 100% with no significant NoData gaps. Wetlands surround all portions of this segment.
Agreement between estimated water temperature and streamgage data is good (RMSE =2.28 °C, 2 = 0.84).
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Figure A10. The Yukon River is confined to a single channel within segment 12. The channel occupies a large meander with
low-lying wetlands to the north and an accreting point bar to the south that is also covered in wetlands. The accreting edge
of the point bar is exposed as a sand and gravel bar when the river is not at high stages. At high stages, the sand/gravel bar
is inundated as depicted in the scene above. A swath of backwater extends across the point bar at times as captured in the
above scene. The backwaters appear as warmer inland water. Correlation between water temperature and the concurrently
measured water temperature at Pilot Station is good (RMSE = 2.31 °C, 12 = 0.795).
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Figure A11. Segment 13 is unique in that it captures a portion of the northerly Center Slough and southerly Reindeer Creek
River. We chose to include these extensions of the river due to their interconnectedness with the main flow as supported by
the similar water temperature and sediment load that appears in these waterways. Despite a more unique distribution
of water surface area, correlation between estimated (here) and measured (Pilot Station) water temperature remain good
(RMSE = 2.6 °C, 2 = 0.789). The pST coverage for open water within this section is 100% with no NoData gaps. Small
sandbars are visible in the above scene. These bars grow in size as water levels drop and become inundated at high water
stages. Wetlands surround all portions of this segment, and the Yukon River meanders around a large accreting point bar as

it leaves the river segment.
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Figure A12. The Yukon River enters segment 14 flowing in a northwest direction, then making a hairpin turn before flowing
southwest. The village of Pilot Station and the USGS gaging station are located in this segment. Pilot Station is located
at a terminal end of the Adreafsky Mountains. Aside from this stretch of the river, the remaining shorelines are made up
of lowlands and floodplains. The Chuilnak River enters the Yukon River upstream of Pilot Station. At high water stages,
backwater features develop adjacent to the river as depicted in the above scene. The correlation between estimated and
measured water temperature is good (RMSE = 2.32 °C, 12 = 0.827).
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Figure A13. The Yukon River is divided into two main channels, and a minor slough within segment 15. Hills Slough is the
most northern channel while the main stem of the Yukon passes to the south of Hills Island. A minor slough is the most
southerly feature of the Yukon in this segment. It is identified both as Kashunuk Slough and Driftwood Slough on USGS
quadrangle maps. The pST coverage is 100% within this section. At high water, channels and backwaters are flooded on
Hill Island as depicted above. At lower stages, these water features are dry. Correlation between estimated and measured
water temperature is good (RMSE = 2.41 °C, 12 = 0.804).
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Figure A14. Segment 16 is the first segment fully downstream from the Pilot Station USGS streamgage. The river occupies a
single channel interspersed with small islands. These islands have remained relatively undisturbed as indicated by dense
shrub cover. Historically these islands were mapped as gravel bars. This suggests that the river channel is migrating to the
west as it erodes into the long cut bank. Lowlands and wetlands surround the Yukon River. A portion of the segment is
made up of Driftwood Slough as it courses along to the west of the Yukon River. Correlation between pST and measured
water temperature is good (RMSE = 3.05 °C, r? = 0.65) but less than preceding river segments; pST coverage is 100% with no
NoData gaps.
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Figure A15. The river is contained to a single large channel and a meandering slough within segment 17. The river flows
north leaving Goose Island, and then it bends slightly to the northwest after encountering another terminal extension of the
Andreafsky Mountains. This is also where the Andreafsky River joins the Yukon River. The pST coverage is good with no
NoData gaps. Correlations between water temperature datasets are good (RMSE = 2.57 °C, 1% = 0.73).
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Figure A16. The entirety of the flow of the Yukon becomes constricted to a single channel within Segment 18 after the
Driftwood slough. The northern shore of the river abuts the Andreafsky Mountains, while the southern shore comprises
lowland sloughs, oxbows, and abandoned river channels. The pST coverage is 100% with no NoData gaps. Correlation with
Pilot Station water temperature data is good (RMSE =2.11 °C, 2 = 0.83).
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Figure A17. The Yukon River occupies a single channel roughly oriented east-west within Segment 19. Channel width is
roughly consistent at a little over 2 km and bounded by the Andreafsky Mountains to the north and lowland flood plain to
the south. The pST coverage is 100% with no NoData gaps. At high river stages, the channel is completely filled with water
as depicted above. At lower stages, several sand and gravel bars are exposed in the mid-channel area. Correlation between
water temperature datasets is good with RMSE = 2.19 °C and 12 = 0.83.
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Figure A18. Segment 20 is characterized by the division of the Yukon into two large channels and a number of sloughs.

This is a result of the river losing contact with the Adreafsky Mountains. The community of Mountain Village falls within

this segment. Multiple islands occur within this segment and produce warm water signatures. At lower stages, the size and

number of exposed islands increases. Recently abandoned river channels also produce warm water signatures when river

height is sufficient to inundate these areas as is depicted above. The pST coverage is 100% with no NoData gaps; however,

correlation between water temperature datasets is lower in this segment (RMSE = 2.71 °C, r? = 0.723) compared to most

upstream segments.
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Figure A19. The Yukon River is divided into multiple channels in segment 21. The main stem lies further west and flows
through a long meander in a northerly direction. This main channel is divided by islands whose size fluctuates with river
stage. To the east, a large slough (Patsy’s Slough) meanders north. This slough is large enough to maintain the cooler water
temperatures similar to those in the main stem. Furthest east is the Azacharum Slough. This slough has broader meanders
and warmer estimated water temperatures. Other minor sloughs, channels, and surface water are featured in this segment
during high river stages. The pST is 100% with no NoData gaps. This segment features the poorest correlation of all river
segments (RMSE = 3.44°C, r? = 0.591).
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Figure A20. Segment 22 captures sloughs rejoining the Yukon River on the east bank as well as the large Tunurokpak
Channel leaving the western bank. This channel maintains water temperatures similar to those in the main stem. Another
unnamed channel flows around a large forested island, which at high river stages also contains warm backwater features. In
the scene above, slightly warmer water in the main channel reveal where sand and gravel bars emerge during intermediate
and low flow stages. Both shores of the river are made up of lowland flood plains featuring lakes and abandoned channels.
The pST is 100% with no NoData gaps. Correlation between pST estimates and Pilot Station recorded data is r*> = 0.704
which is slightly less than the upper levels of correlation seen elsewhere along the river. Agreement remained good with
RMSE = 2.85 °C. This is the third highest RMSE from all river segments.
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Figure A21. In segment 23, the Yukon River flows in a north northeast direction. The east bank of the river abuts low
hills and slight uplands, while the west shore is broken by islands, small sloughs, and channels. The western extreme
of the Yukon lies in the Tunurokpak Channel. While this channel is estimated to have cool water temperatures, smaller
unnamed sloughs, backwaters, and surface water features can occur with warmer estimated water temperatures. River
stage influences the number and size of these features as well as the number and size of islands that exist in the main
channel. The pST is 100% with no NoData gaps. Correlation between pST estimates and Pilot Station recordings is good
(RMSE = 2.48, 12 = 0.78.
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Figure A22. Segment 24 captures the Yukon River dividing into two large channels in addition to a portion of river
continuing to flow within the Tunurokpak Channel. The east bank of the river abuts low hills and slight uplands while the
west shore is broken by islands, small sloughs, and channels. The western extreme of the Yukon lies in the Tunurokpak
Channel. Water temperatures are estimated to have cool water temperatures similar to those of the main stem. A large
channel isolates a large unnamed island that, at high river stage, hosts a number of backwater features. At high stage flow,
the Yukon is inundated bank to bank aside from large forested islands. At lower stages, numerous sand and gravel bars
emerge upstream of these islands. Several small warm water features reveal these submerged islands in the scene above.
This is the final 10 km stretch of river captured in our analysis. Similar to the preceding segment, pST is 100% with no
NoData gaps. Despite this part being the river segment furthest downstream of the Pilot Station gage, correlation between
pST estimates and the Pilot Station recordings is consistent with the majority of other river segments (RMSE = 2.26 °C,
2 =0.797).
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Table A1l. Landsat ARD scenes utilized in this study with summary statistics that are reported for quality pixels utilized in each scene. Corresponding average daily water temperature

recorded at the USGS Pilot Station streamgage are listed for comparison.

Provisional Surface Temperature °C

Date Landsat ARD Product ID Pixel Count Area km? Min Max Range Mean STD USGS Streamgage °C
5/21/2014 LC08_AK_002007_20140521_20190504_C01_V01 4059 3.7 5.45 16.15 10.7 7.6 2.3 5.5
6/4/2014 LC08_AK_002007_20140604_20190504_C01_V01 344,827 310.3 —0.95 24.85 25.8 10.2 29 9
6/5/2014 LE07_AK_002007_20140605_20190504_C01_V01 1427 1.3 2.75 16.25 13.5 7.5 2.6 10
6/6/2014 LC08_AK_002007_20140606_20190504_C01_V01 4522 41 12.45 22.35 9.9 13.6 1.3 10
6/19/2014 LE07_AK_002007_20140619_20190208_C01_V01 141,950 127.8 11.65 23.95 12.3 13.7 1.2 13.5
6/20/2014 LC08_AK_002007_20140620_20190504_C01_V01 389,404 350.5 13.45 29.25 15.8 15.1 14 14
6/21/2014 LE07_AK_002007_20140621_20190504_C01_V01 149,300 134.4 11.65 43.05 314 16.1 1.8 14.5
6/22/2014 LC08_AK_002007_20140622_20190504_C01_V01 3436 3.1 14.25 29.85 15.6 16.9 2.0 15
6/27/2014 LC08_AK_002007_20140627_20190504_C01_V01 193,873 174.5 15.75 29.35 13.6 17.0 1.0 16
6/30/2014 LE07_AK_002007_20140630_20190504_C01_V01 56,495 50.8 14.25 31.05 16.8 16.2 1.1 16
7/5/2014 LE07_AK_002007_20140705_20190504_C01_V01 138,805 124.9 13.95 37.35 23.4 16.3 1.3 17
7/6/2014 LC08_AK_002007_20140706_20190504_C01_V01 324,732 292.3 7.65 38.95 31.3 17.7 15 17.5
7/15/2014 LC08_AK_002007_20140715_20190208_C01_V01 59 0.1 8.15 9.45 1.3 9.0 0.4 17.5
7/29/2014 LC08_AK_002007_20140729_20190504_C01_V01 198,991 179.1 13.35 27.75 144 15.6 1.2 14.5
7/30/2014 LE07_AK_002007_20140730_20190504_C01_VO01 79,702 71.7 455 25.55 21 12.5 2.0 14.5
8/7/2014 LC08_AK_002007_20140807_20190505_C01_V01 1 0.001 6.55 6.55 0 6.6 0.0 16
8/9/2014 LC08_AK_002007_20140809_20190504_C01_V01 5929 5.3 9.45 18.55 9.1 144 1.3 16
8/14/2014 LC08_AK_002007_20140814_20190504_C01_V01 36,458 32.8 8.45 22.25 13.8 16.0 14 17
8/15/2014 LE07_AK_002007_20140815_20190504_C01_V01 55,910 50.3 7.45 29.35 21.9 16.9 1.6 17
8/16/2014 LC08_AK_002007_20140816_20190504_C01_V01 34,561 311 10.95 20.75 9.8 16.2 0.9 17
8/17/2014 LE07_AK_002007_20140817_20190504_C01_V01 5031 4.5 12.05 23.05 11 16.1 1.1 17
8/30/2014 LC08_AK_002007_20140830_20190504_C01_V01 104,275 93.8 9.95 21.05 11.1 13.9 0.6 14.5
8/31/2014 LE07_AK_002007_20140831_20190503_C01_V01 2312 2.1 5.55 13.55 8 9.8 1.3 14.5
9/15/2014 LC08_AK_002007_20140915_20190504_C01_V01 31,264 28.1 8.25 18.95 10.7 11.1 1.9 10
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9/16/2014 LE07_AK_002007_20140916_20190208_C01_V01 21,721 195 7.55 17.25 9.7 9.7 14 9.5
9/18/2014 LE07_AK_002007_20140918_20181207_C01_V01 3306 3.0 4.75 14.65 9.9 8.2 12 9.5
10/1/2014 LC08_AK_002007_20141001_20190503_C01_V01 164,602 148.1 6.25 13.95 7.7 7.5 0.8 7.1
10/3/2014 LC08_AK_002007_20141003_20190503_C01_V01 167,863 151.1 1.95 10.85 8.9 52 0.5 6.1
10/4/2014 LE07_AK_002007_20141004_20190503_C01_V01 33,394 30.1 —2.45 9.15 11.6 4.0 1.1 5.4
5/15/2015 LC08_AK_002007_20150515_20190502_C01_V01 8886 8.0 —6.05 17.05 23.1 2.0 3.1 0.1
5/24/2015 LC08_AK_002007_20150524_20190607_C01_V01 3319 3.0 3.05 16.75 13.7 6.7 14 59
5/29/2015 LC08_AK_002007_20150529_20190502_C01_V01 38,728 34.9 4.35 22.45 18.1 9.6 3.0 10.1
5/30/2015 LE07_AK_002007_20150530_20190208_C01_V01 183,585 165.2 7.95 33.35 254 13.2 2.3 11
5/31/2015 LC08_AK_002007_20150531_20190502_C01_V01 18,948 17.1 2.65 20.95 18.3 11.7 22 11.9
6/1/2015 LE07_AK_002007_20150601_20181206_C01_V01 8362 7.5 4.15 17.15 13 9.7 1.7 12.7
6/6/2015 LE07_AK_002007_20150606_20190502_C01_V01 653 0.6 4.45 10.45 6 6.8 1.0 13.7
6/14/2015 LC08_AK_002007_20150614_20190502_C01_V01 203,896 183.5 12.85 24.55 11.7 14.3 1.2 12.6
6/15/2015 LE07_AK_002007_20150615_20190502_C01_V01 335,071 301.6 11.25 25.25 14 13.9 14 13
6/16/2015 LC08_AK_002007_20150616_20190502_C01_V01 329,362 296.4 8.85 26.85 18 15.3 1.7 13.4
6/17/2015 LE07_AK_002007_20150617_20181206_C01_V01 90,172 81.2 13.75 30.15 16.4 16.1 1.8 14
6/22/2015 LE07_AK_002007_20150622_20190502_C01_V01 80,318 723 5.85 25.45 19.6 14.6 3.1 17.5
6/23/2015 LC08_AK_002007_20150623_20190502_C01_V01 211,305 190.2 9.85 30.85 21 19.1 0.9 18.1
6/24/2015 LE07_AK_002007_20150624_20190502_C01_V01 182,729 164.5 16.35 29.35 13 18.4 0.9 18.5
6/25/2015 LC08_AK_002007_20150625_20190502_C01_V01 108,263 97.4 19.25 29.05 9.8 20.3 0.8 18.6
7/27/2015 LC08_AK_002007_20150727_20190501_C01_V01 1788 1.6 15.85 23.55 7.7 17.3 0.9 16.4
8/2/2015 LE07_AK_002007_20150802_20190501_C01_VO01 132,993 119.7 12.75 30.05 17.3 16.8 1.0 17.3
8/3/2015 LC08_AK_002007_20150803_20190501_C01_V01 251,387 226.2 15.75 30.05 14.3 18.4 0.8 17.4
8/4/2015 LE07_AK_002007_20150804_20181206_C01_V01 75,918 68.3 16.25 31.35 15.1 17.8 1.0 17.5
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9/11/2015 LC08_AK_002007_20150911_20190501_C01_V01 83,123 74.8 3.15 12.25 9.1 9.5 0.7 10
9/20/2015 LC08_AK_002007_20150920_20190501_C01_V01 95,783 86.2 3.45 12.15 8.7 7.1 0.7 7.6
9/21/2015 LE07_AK_002007_20150921_20190501_C01_V01 11,730 10.6 3.05 12.45 9.4 59 0.8 7.3
9/26/2015 LE07_AK_002007_20150926_20190501_C01_V01 55,449 49.9 0.25 7.95 7.7 2.8 0.8 6.2
9/28/2015 LE07_AK_002007_20150928_20190501_C01_V01 60,172 54.2 —7.55 8.15 15.7 4.8 0.7 5.8
9/29/2015 LC08_AK_002007_20150929_20190501_C01_V01 15,436 13.9 1.95 7.95 6 5.1 0.5 5.4
10/5/2015 LE07_AK_002007_20151005_20190207_C01_V01 6 0.005 -1.15 0.35 1.5 —04 0.4 45
10/7/2015 LE07_AK_002007_20151007_20181206_C01_V01 70,323 63.3 2.05 11.05 9 43 1.2 44
10/14/2015 LE07_AK_002007_20151014_20190501_C01_V01 163,062 146.8 0.15 11.85 11.7 2.7 1.0 3
10/15/2015 LC08_AK_002007_20151015_20190501_C01_VO01 46,883 422 225 8.75 6.5 3.3 0.6 2.7
10/21/2015 LE07_AK_002007_20151021_20190501_C01_V01 103,946 93.6 —3.45 3.45 6.9 -03 0.9 1.6
10/23/2015 LE07_AK_002007_20151023_20181210_C01_VO01 70,903 63.8 —1.35 5.65 7 0.3 0.8 1
5/15/2016 LC08_AK_002007_20160515_20190430_C01_V01 182,934 164.6 3.15 24.85 21.7 8.0 2.6 53
5/16/2016 LE07_AK_002007_20160516_20181211_C01_V01 330,368 297.3 1.45 28.85 27.4 7.9 3.0 6.4
5/17/2016 LC08_AK_002007_20160517_20190430_C01_V01 19,028 17.1 —0.85 26.95 27.8 9.9 3.8 7
5/26/2016 LC08_AK_002007_20160526_20190607_C01_V01 134,738 121.3 5.85 23.05 17.2 10.9 1.3 9
5/31/2016 LC08_AK_002007_20160531_20190430_C01_V01 208,830 187.9 12.35 30.55 18.2 14.3 2.0 11.8

6/2/2016 LC08_AK_002007_20160602_20181211_C01_V01 336,772 303.1 12.65 28.35 15.7 14.5 1.3 13
6/16/2016 LC08_AK_002007_20160616_20190430_C01_V01 47,095 424 3.05 24.25 21.2 11.1 3.2 14.6

7/2/2016 LC08_AK_002007_20160702_20181210_C01_V01 24,564 22.1 6.75 24.05 17.3 13.5 2.4 18.7

7/4/2016 LC08_AK_002007_20160704_20181211_C01_VO01 153,688 138.3 5.55 28.95 23.4 16.5 22 18.8
7/10/2016 LE07_AK_002007_20160710_20190430_C01_VO01 121,659 109.5 15.05 24.65 9.6 17.9 0.7 18.3
7/12/2016 LE07_AK_002007_20160712_20181209_C01_V01 237,587 213.8 16.15 33.95 17.8 18.4 13 18.2
7/13/2016 LC08_AK_002007_20160713_20190430_C01_V01 110,388 99.3 19.75 36.35 16.6 21.4 14 18.6
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7/26/2016 LE07_AK_002007_20160726_20190430_C01_V01 124,632 112.2 11.25 30.45 19.2 17.0 15 17.3
8/4/2016 LE07_AK_002007_20160804_20190430_C01_V01 13,625 12.3 7.85 25.15 17.3 14.9 2.0 16
8/6/2016 LE07_AK_002007_20160806_20181201_C01_V01 14,425 13.0 13.95 21.15 7.2 15.6 0.5 16
8/12/2016 LC08_AK_002007_20160812_20190430_C01_V01 3016 2.7 10.05 18.85 8.8 12.1 1.1 15.5
8/14/2016 LC08_AK_002007_20160814_20190430_C01_V01 10,291 9.3 9.65 18.75 9.1 13.7 1.7 16
8/22/2016 LE07_AK_002007_20160822_20181201_C01_V01 6651 6.0 11.45 21.85 10.4 15.5 0.8 16.2
8/27/2016 LE07_AK_002007_20160827_20190430_C01_V01 29,565 26.6 9.15 20.15 11 144 1.2 15.8
8/28/2016 LC08_AK_002007_20160828_20190430_C01_V01 82,705 74.4 14.25 21.35 7.1 16.1 0.5 15.7
8/29/2016 LE07_AK_002007_20160829_20190207_C01_V01 53,225 479 4.65 20.55 15.9 14.1 15 15.5
8/30/2016 LC08_AK_002007_20160830_20190430_C01_V01 138,824 124.9 15.55 22.35 6.8 16.5 0.6 15.3
9/5/2016 LE07_AK_002007_20160905_20181201_C01_V01 42,719 38.4 7.25 20.55 13.3 13.4 0.9 14.8
9/7/2016 LE07_AK_002007_20160907_20181204_C01_V01 21,415 19.3 7.05 16.65 9.6 13.3 0.9 14.1
9/30/2016 LE07_AK_002007_20160930_20181201_C01_V01 2566 2.3 4.45 11.55 7.1 6.0 1.3 7.3
10/7/2016 LE07_AK_002007_20161007_20181209_C01_V01 335,109 301.6 3.75 11.85 8.1 6.1 1.1 6
10/14/2016 LE07_AK_002007_20161014_20181209_C01_VO01 83,959 75.6 0.55 10.05 9.5 4.0 0.4 43
10/15/2016 LC08_AK_002007_20161015_20190607_C01_V01 212,929 191.6 0.95 7.85 6.9 3.8 0.5 3.5
10/16/2016 LE07_AK_002007_20161016_20181201_C01_V01 226,172 203.6 —2.45 7.45 9.9 1.7 0.6 2.7
10/17/2016 LC08_AK_002007_20161017_20190430_C01_VO01 63,734 57.4 —5.25 2.15 7.4 —04 0.9 1.7
5/20/2017 LC08_AK_002007_20170520_20181127_C01_V01 139,940 125.9 1.55 31.45 29.9 8.0 3.7 3.9
5/21/2017 LE07_AK_002007_20170521_20181127_C01_V01 64,264 57.8 1.75 28.05 26.3 5.2 3.4 4.4
5/27/2017 LC08_AK_002007_20170527_20190430_C01_V01 30,030 27.0 —0.55 18.85 194 7.4 1.8 6.8
5/28/2017 LE07_AK_002007_20170528_20181209_C01_VO01 45,387 40.8 2.85 19.05 16.2 7.9 15 7.5
5/29/2017 LC08_AK_002007_20170529_20190430_C01_V01 82,747 74.5 4.35 27.75 23.4 11.6 2.5 8.2
6/3/2017 LC08_AK_002007_20170603_20181204_C01_V01 191,980 172.8 10.45 31.15 20.7 13.7 2.3 11.2
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6/4/2017 LE07_AK_002007_20170604_20181209_C01_V01 310,146 279.1 6.85 36.05 29.2 12.9 25 119
6/5/2017 LC08_AK_002007_20170605_20181204_C01_V01 265,737 239.2 10.15 35.05 249 15.5 2.5 12.4
6/6/2017 LE07_AK_002007_20170606_20181209_C01_V01 1448 1.3 9.65 18.35 8.7 12.9 1.7 12.9
6/11/2017 LE07_AK_002007_20170611_20190430_C01_VO01 2 0.002 10.65 12.85 22 11.8 1.1 15.1
6/12/2017 LC08_AK_002007_20170612_20190430_C01_V01 10,069 9.1 6.95 18.25 11.3 10.9 2.1 15.2
6/22/2017 LE07_AK_002007_20170622_20181127_C01_V01 26 0.023 3.25 8.15 49 5.5 13 16
8/6/2017 LC08_AK_002007_20170806_20181203_C01_V01 153,828 138.4 16.55 30.05 13.5 19.2 14 17.7
8/7/2017 LE07_AK_002007_20170807_20181204_C01_V01 137,312 123.6 14.35 35.15 20.8 18.6 1.6 18.1

8/17/2017 LC08_AK_002007_20170817_20190430_C01_V01 40,004 36.0 10.75 23.15 124 17.5 0.9 16.4
8/23/2017 LE07_AK_002007_20170823_20181130_C01_VO01 879 0.8 7.65 12.65 5 10.5 1.0 14.6
8/31/2017 LC08_AK_002007_20170831_20190430_C01_V01 16,753 15.1 4.05 15.55 11.5 11.5 1.1 12.4
9/26/2017 LE07_AK_002007_20170926_20181130_C01_V01 88,872 80.0 5.95 14.25 8.3 8.2 0.7 8.6
10/12/2017 LE07_AK_002007_20171012_20181121_C01_V01 9681 8.7 3.85 11.15 7.3 7.0 15 6
10/18/2017 LC08_AK_002007_20171018_20190430_C01_V01 140,868 126.8 —2.15 5.85 8 3.2 1.0 43
10/19/2017 LE07_AK_002007_20171019_20181130_C01_VO01 92,923 83.6 —3.65 7.15 10.8 2.3 1.0 3.7
10/20/2017 LC08_AK_002007_20171020_20190430_C01_V01 26,125 23.5 —3.65 2.85 6.5 0.5 1.1 31
5/23/2018 LC08_AK_002007_20180523_20190615_C01_V01 135,115 121.6 3.95 28.35 244 8.4 3.7 3.5
5/31/2018 LE07_AK_002007_20180531_20190615_C01_V01 21,157 19.0 2.95 18.85 15.9 7.9 1.6 9.2
6/1/2018 LC08_AK_002007_20180601_20190615_C01_V01 12,707 114 8.35 23.55 15.2 13.6 29 9.9
6/6/2018 LC08_AK_002007_20180606_20190615_C01_V01 207,676 186.9 4.35 23.85 19.5 11.6 2.3 12.8
6/7/2018 LE07_AK_002007_20180607_20190615_C01_V01 281,730 253.6 0.85 17.85 17 7.3 2.1 13.2
6/8/2018 LC08_AK_002007_20180608_20190617_C01_V01 55,907 50.3 12.05 21.05 9 13.9 0.8 13.5
6/9/2018 LE07_AK_002007_20180609_20190615_C01_V01 120,285 108.3 12.05 23.25 11.2 14.4 1.1 13.5
6/14/2018 LE07_AK_002007_20180614_20190615_C01_V01 143,239 128.9 13.25 25.15 11.9 14.8 0.7 15.3
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6/15/2018 LC08_AK_002007_20180615_20190615_C01_V01 74,902 67.4 1.75 19.45 17.7 11.5 2.6 154
6/16/2018 LE07_AK_002007_20180616_20190615_C01_V01 61,190 55.1 4.45 20.95 16.5 12.3 2.0 154
6/22/2018 LC08_AK_002007_20180622_20190615_C01_V01 11,085 10.0 10.85 18.45 7.6 14.3 0.9 14.2
6/24/2018 LC08_AK_002007_20180624_20190615_C01_V01 99,964 90.0 10.95 25.85 14.9 16.2 1.3 14.5
6/25/2018 LE07_AK_002007_20180625_20190615_C01_V01 12,578 11.3 12.15 23.55 114 14.8 1.1 14.9
7/1/2018 LC08_AK_002007_20180701_20190615_C01_V01 23,655 21.3 11.15 19.95 8.8 14.7 1.3 16.5
7/3/2018 LC08_AK_002007_20180703_20190615_C01_V01 86,642 78.0 0.95 28.75 27.8 18.4 1.8 17.3
7/25/2018 LE07_AK_002007_20180725_20190614_C01_V01 121,860 109.7 13.05 34.65 21.6 18.3 1.9 18
7/26/2018 LC08_AK_002007_20180726_20190614_C01_V01 9522 8.6 13.95 25.35 114 18.8 1.1 18.3
9/10/2018 LC08_AK_002007_20180910_20190614_C01_V01 191,059 172.0 11.35 20.75 9.4 12.4 0.9 11.2
9/13/2018 LE07_AK_002007_20180913_20190614_C01_V01 47,697 42.9 3.55 20.75 17.2 9.5 15 10.8
9/27/2018 LE07_AK_002007_20180927_20190614_C01_V01 296,554 266.9 7.25 14.25 7 8.9 0.6 9.2
9/28/2018 LC08_AK_002007_20180928_20190614_C01_V01 81,962 73.8 9.45 16.65 7.2 10.8 1.2 9.2
9/29/2018 LE07_AK_002007_20180929_20190614_C01_V01 816 0.7 —1.85 8.85 10.7 4.0 2.6 9
5/9/2019 LE07_AK_002007_20190509_20190607_C01_V01 7839 7.1 —0.55 18.55 19.1 5.0 4.8 1.1
5/16/2019 LE07_AK_002007_20190516_20190614_C01_VO01 65,291 58.8 —6.15 20.65 26.8 1.7 41 2.8
5/18/2019 LE07_AK_002007_20190518_20190616_C01_V01 52,775 47.5 1.15 21.45 20.3 4.3 2.9 24
5/19/2019 LC08_AK_002007_20190519_20190607_C01_V01 9802 8.8 1.15 23.85 22.7 7.2 53 3.4
5/24/2019 LC08_AK_002007_20190524_20190607_C01_V01 162,233 146.0 —2.55 22.25 24.8 7.5 2.8 74
5/27/2019 LE07_AK_002007_20190527_20190625_C01_V01 6687 6.0 3.95 16.05 12.1 9.2 15 9.3

6/1/2019 LE07_AK_002007_20190601_20190630_C01_V01 105,353 94.8 8.95 27.55 18.6 124 1.6 11.5
6/2/2019 LC08_AK_002007_20190602_20190621_C01_V01 2858 2.6 7.75 15.55 7.8 8.6 0.6 12

6/3/2019 LE07_AK_002007_20190603_20190701_C01_V01 364,838 328.4 8.25 23.85 15.6 12.5 1.1 124
6/4/2019 LC08_AK_002007_20190604_20190621_C01_V01 149,252 134.3 13.85 27.15 13.3 15.6 15 12.9
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6/9/2019 LC08_AK_002007_20190609_20190621_C01_V01 125,879 113.3 1.75 18.15 16.4 10.4 2.0 14.7
6/10/2019 LE07_AK_002007_20190610_20190708_C01_V01 336,231 302.6 12.95 24.85 11.9 149 0.9 15.2
6/11/2019 LC08_AK_002007_20190611_20190621_C01_V01 368,289 331.5 16.15 26.85 10.7 17.6 1.1 15.7
6/12/2019 LE07_AK_002007_20190612_20190710_C01_V01 117,241 105.5 13.65 25.35 11.7 16.7 1.1 16.3
6/17/2019 LE07_AK_002007_20190617_20190715_C01_V01 124,617 112.2 15.85 25.45 9.6 17.5 0.8 17.6
6/18/2019 LC08_AK_002007_20190618_20190707_C01_V01 124,648 112.2 14.05 27.05 13 17.9 1.0 17.8
6/19/2019 LE07_AK_002007_20190619_20190717_C01_V01 40,295 36.3 14.65 24.25 9.6 17.5 0.7 17.8
6/27/2019 LC08_AK_002007_20190627_20191107_C01_V01 179,197 161.3 17.75 29.85 12.1 21.0 12 18.9
6/28/2019 LE07_AK_002007_20190628_20190726_C01_V01 67,789 61.0 16.25 27.85 11.6 19.0 1.3 19.3
7/5/2019 LE07_AK_002007_20190705_20190802_C01_VO01 125,727 113.2 8.15 26.75 18.6 15.5 2.3 18.7
7/6/2019 LC08_AK_002007_20190706_20190723_C01_V01 48,530 43.7 19.85 30.95 11.1 21.0 0.5 19.1
7/11/2019 LC08_AK_002007_20190711_20190723_C01_V01 813 0.7 19.55 21.15 1.6 20.2 0.3 20.8
7/12/2019 LE07_AK_002007_20190712_20190811_C01_VO01 10,273 9.2 15.65 30.95 15.3 194 1.3 21

7/14/2019 LE07_AK_002007_20190714_20190811_C01_V01 18,161 16.3 18.15 33.75 15.6 20.9 1.1 21.3
7/22/2019 LC08_AK_002007_20190722_20190803_C01_V01 320 0.3 18.25 31.35 13.1 19.8 22 19

7/27/2019 LC08_AK_002007_20190727_20190803_C01_V01 1451 1.3 12.15 19.35 7.2 16.7 0.9 17.5
7/28/2019 LE07_AK_002007_20190728_20190825_C01_V01 13,261 11.9 14.35 28.45 14.1 18.7 2.0 17.7
7/29/2019 LC08_AK_002007_20190729_20190807_C01_V01 179 0.2 16.35 20.25 3.9 18.0 0.9 17.7
7/30/2019 LE07_AK_002007_20190730_20191107_C01_VO01 589 0.5 12.85 22.25 9.4 16.1 1.7 17.4
8/20/2019 LE07_AK_002007_20190820_20190917_C01_V01 2367 21 13.05 20.25 7.2 15.5 13 15.1
8/21/2019 LC08_AK_002007_20190821_20190905_C01_V01 326,119 293.5 11.35 28.25 16.9 16.6 1.1 15

8/22/2019 LE07_AK_002007_20190822_20190920_C01_VO01 149,011 134.1 11.85 24.05 12.2 14.6 0.8 15.1
8/23/2019 LC08_AK_002007_20190823_20190905_C01_V01 51,403 46.3 14.75 22.65 7.9 15.8 0.5 15

8/29/2019 LE07_AK_002007_20190829_20190925_C01_V01 29,596 26.6 11.25 22.65 114 14.3 1.2 13.7
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8/30/2019 LC08_AK_002007_20190830_20190919_C01_V01 57,534 51.8 11.05 22.55 11.5 14.2 0.8 134
9/13/2019 LC08_AK_002007_20190913_20190920_C01_V01 78,500 70.7 11.25 20.35 9.1 13.2 1.3 11.8
9/16/2019 LE07_AK_002007_20190916_20191029_C01_V01 19,686 17.7 9.65 19.35 9.7 12.1 1.2 11.8
9/30/2019 LE07_AK_002007_20190930_20191029_C01_VO01 118,707 106.8 1.55 15.75 14.2 7.7 1.2 7.7
10/1/2019 LC08_AK_002007_20191001_20191020_C01_V01 77,949 70.2 6.05 12.35 6.3 7.9 0.8 7.7
10/8/2019 LC08_AK_002007_20191008_20191022_C01_V01 111,841 100.7 1.05 10.35 9.3 6.3 1.0 6.7
5/4/2020 LE07_AK_002007_20200504_20200602_C01_V01 33,566 30.2 —4.55 22.75 27.3 6 4.4 0.2
5/5/2020 LC08_AK_002007_20200505_20200511_C01_V01 5981 5.4 2.95 25.05 221 11.6 4.5 0.1
5/11/2020 LE07_AK_002007_20200511_20200610_C01_V01 14,893 13.4 —2.25 17.55 19.8 3.6 41 0.3
5/13/2020 LE07_AK_002007_20200513_20200611_C01_V01 2605 2.3 -1.25 19.85 21.1 3.8 3.2 0.3
5/18/2020 LE07_AK_002007_20200518_20200616_C01_V01 152,125 136.9 0.55 20.15 19.6 51 3.1 3.6
5/19/2020 LC08_AK_002007_20200519_20200528_C01_V01 486,893 438.2 3.65 27.85 242 10.4 3.4 49
5/26/2020 LC08_AK_002007_20200526_20200610_C01_V01 27,179 24.5 3.05 18.45 154 9 14 8.2
5/27/2020 LE07_AK_002007_20200527_20200627_C01_V01 40,258 36.2 6.15 14.85 8.7 9.2 1.1 8.4
5/28/2020 LC08_AK_002007_20200528_20200610_C01_V01 396,327 356.7 10.45 22.15 11.7 124 1.8 8.9
5/29/2020 LE07_AK_002007_20200529_20200627_C01_V01 87,418 787 2.45 21.95 19.5 9.9 2.8 9.7
6/3/2020 LE07_AK_002007_20200603_20200702_C01_V01 2107 1.9 12.75 20.15 7.4 14 0.9 13.3
6/11/2020 LC08_AK_002007_20200611_20200627_C01_V01 20,617 18.6 4.05 21.65 17.6 13.5 2.1 14.7
6/13/2020 LC08_AK_002007_20200613_20200627_C01_V01 122,783 110.5 —9.65 25.35 35 18.1 1.3 15.1
6/19/2020 LE07_AK_002007_20200619_20200719_C01_V01 10,522 9.5 6.45 18.05 11.6 12.6 1.8 16.8
6/20/2020 LC08_AK_002007_20200620_20200709_C01_V01 138,362 124.5 7.95 23.75 15.8 18.6 0.7 17.2
6/29/2020 LC08_AK_002007_20200629_20200709_C01_V01 31,806 28.6 4.45 19.25 14.8 15.1 14 15.5
7/13/2020 LC08_AK_002007_20200713_20200724_C01_V01 151,828 136.6 0.35 26.35 26 15.2 2.5 16.4
7/14/2020 LE07_AK_002007_20200714_20200825_C01_V01 98,874 89 6.45 20.75 14.3 144 1.9 16.8
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Table A1. Cont.

Provisional Surface Temperature °C

Date Landsat ARD Product ID Pixel Count Area km? Min Max Range Mean STD USGS Streamgage °C
7/15/2020 LC08_AK_002007_20200715_20200724_C01_V01 156,005 140.4 14.75 26.75 12 19 0.9 17.2
7/16/2020 LE07_AK_002007_20200716_20200815_C01_V01 134 0.1 16.95 22.25 53 19.1 1.2 17.6
7/23/2020 LE07_AK_002007_20200723_20200821_C01_V01 203,325 183 14.55 27.25 12.7 18 1.1 17
8/1/2020 LE07_AK_002007_20200801_20200830_C01_V01 71,341 64.2 14.95 28.05 13.1 17.9 1.2 16
8/8/2020 LE07_AK_002007_20200808_20200908_C01_V01 13,052 11.7 11.35 18.55 7.2 154 0.8 15.9
8/14/2020 LC08_AK_002007_20200814_20200825_C01_V01 96,735 87.1 8.65 22.25 13.6 17.5 0.9 16.5
8/16/2020 LC08_AK_002007_20200816_20200825_C01_V01 301,987 271.8 16.55 26.95 10.4 17.8 0.6 16.3
8/17/2020 LE07_AK_002007_20200817_20200915_C01_V01 116,432 104.8 16.05 28.95 12.9 17.6 0.8 16.7
8/25/2020 LC08_AK_002007_20200825_20200907_C01_V01 2390 22 13.45 20.75 7.3 16.3 0.9 16
9/2/2020 LE07_AK_002007_20200902_20201001_C01_V01 1223 1.1 5.15 11.25 6.1 9.1 0.9 14.5
9/9/2020 LE07_AK_002007_20200909_20201022_C01_V01 38,321 34.5 8.55 15.05 6.5 11.9 0.7 14.2
9/10/2020 LC08_AK_002007_20200910_20200921_C01_V01 27,288 24.6 9.95 16.65 6.7 12.1 0.7 14
9/23/2020 LE07_AK_002007_20200923_20201025_C01_V01 31,843 28.7 455 11.35 6.8 9 0.6 12
9/24/2020 LC08_AK_002007_20200924_20201016_C01_V01 285,961 257.4 2.25 12.45 10.2 9.1 1.1 11.7
9/25/2020 LE07_AK_002007_20200925_20201024_C01_V01 44,529 40.1 0.55 6.75 6.2 29 0.9 8.7
9/26/2020 LC08_AK_002007_20200926_20201022_C01_V01 83,683 75.3 1.55 9.55 8 55 1.2 8.1
10/10/2020 LC08_AK_002007_20201010_20201022_C01_V01 39,303 35.4 3.15 10.35 7.2 6.4 1 7.7
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