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ABSTRACT

Water temperature data from the Alaska Fisheries Science Center’s summer bottom trawl
surveys of the eastern Bering Sea continental shelf and northern Bering Sea regions are used to
generate regional temperature data products. These temperature data products are used in
fishery stock assessment and management because temperature affects the distribution and
productivity of regional fishes and invertebrates. However, methods for calculating these
temperature data products (mean bottom temperature, mean surface temperature, cold pool
extent) have not been detailed in the literature or compared with alternative methods. To
address these shortcomings, we describe historical methods for calculating bottom trawl survey
temperature data products using weighted means and inverse distance weighting interpolation
and compare their predictive performance to alternative interpolation methods. Overall, we
found strong agreement in regional temperature trends between historical and new methods,
and only minor differences among methods for estimating mean bottom temperature (within
0.10 °C of historical), mean sea surface temperature (within 0.08 °C of historical), and cold pool
extent. However, we recommend using ordinary kriging interpolation because this method
ranked highest by our performance metrics. These estimates are provided as built-in datasets in
the R package coldpool (https://github.com/afsc-gap-products/coldpool).
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INTRODUCTION

The eastern Bering Sea is a highly productive ecosystem that supports large populations
of marine mammals, seabirds, fishes, and invertebrates, as well as the subsistence, commercial,
and recreational harvest of these animals. The distribution and productivity of these
populations is greatly influenced by water temperature (Kotwicki and Lauth 2013, Spencer et al.
2016, Duffy-Anderson et al. 2019) and, as such, water temperature data are used as covariates
in stock assessment models and provide contextual information to the North Pacific Fishery
Management Council (NPFMC) in support of ecosystem-based fisheries management. An
important source of temperature data for stock assessment and management is the Alaska
Fisheries Science Center’s annual summer (May—August) bottom trawl survey of the eastern
Bering Sea continental shelf that has collected temperature, a suite of other environmental
data, and biological (species abundance, demography, diet) data using a standardized survey
design since 1982. The survey’s simultaneous observations of environmental and biological data
facilitates inference into effects of temperature on populations and communities of demersal
macrofauna.

In the eastern Bering Sea, seasonal sea ice that forms during winter and melts in spring
has a strong influence on sea temperature patterns during the subsequent summer and fall
(Stabeno et al. 2012). Years with extensive sea ice cover that persists until late spring are
associated with colder temperatures across most of the shelf region, while years with limited
sea ice cover and early retreat are associated with warmer temperatures. Temperature strongly
influences thermal stratification (Ladd and Stabeno 2012), and overall, changes in surface and
bottom temperature influence the spatial structure of pelagic and demersal communities
(Spencer 2008, Kotwicki and Lauth 2013, Stabeno et al. 2012, Thorson et al. 2020), trophic
structure of the eastern Bering Sea food web (Mueter and Litzow 2008, Spencer et al. 2016),
and demographic processes of fish populations (Griss et al. 2021). The cold water mass that
forms near the seafloor as a result of sea ice melting is commonly referred to as the “cold
pool.” When this cold pool is small, species with warm-water affinity (e.g., arrowtooth flounder
(Atheresthes stomias)) are distributed more widely over the eastern Bering Sea shelf and
expand across the shelf and to the north. In contrast, the distribution of species with cold water
affinity (e.g., Arctic cod (Boreogadus saida), Bering flounder (Hippoglossoides robustus))
contracts to the north when the cold pool is small (Kotwicki and Lauth 2013, Baker 2021). These
concomitant changes in species distribution and temperature, in combination with changes in
productivity and mortality greatly influence demersal community structure in Pacific Arctic and
subarctic waters.

The cold pool extent (i.e., cold pool area) index was initially developed as a summary
metric describing the two-dimensional thermal structure of the demersal ecosystem of the
southeastern Bering Sea continental shelf from Alaska Fisheries Science Center’s (AFSC) annual
summer bottom trawl survey temperature measurements. The index is defined as the total
area of the southeastern Bering Sea continental shelf bottom trawl survey area where bottom
temperatures are less than or equal to 2°C, in units of square kilometers (km?). The summer
cold pool extent has historically shown considerable interannual variability. The mean cold pool
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area from 1982 to 2019 was 186,626 km?, with a maximum area of 393,595 km?in 1999, and
minimum area of 6,924 km? in 2019 (Siddon 2021).

Mean bottom temperature and cold pool extent data products from bottom trawl
surveys have been widely used in ecological research and stock assessment. Variability in
bottom trawl survey mean bottom temperature and cold pool extent have been linked to
variation in demographic rates (recruitment and mortality), proxies for the outcome of
demographic rates (e.g., weight-at-age, weight-at-length), and spatial patterns of species
distribution and predator-prey interactions (Cooper et al. 2020, Mueter et al. 2006, Griiss et al.
2021, Siddon et al. 2013, Spencer et al. 2016, Thorson et al. 2020). Mean survey bottom
temperature (lanelli et al. 2001) and mean bottom temperature at survey stations < 100 m
(Wilderbuer and Nichol 2001) have been used as inputs in fisheries stock assessment models to
estimate catchability of bottom trawl surveys since the early 2000s because bottom
temperature and cold pool extent are thought to influence the spatial distribution and
migration timing of fish stocks (Bakkala 1981, Francis and Bailey 1983, Wyllie-Echeverria and
Wooster 1998). Cold pool extent and mean bottom temperature have also been used for
ecological process research that seeks to improve qualitative and quantitative understanding of
how variation in the thermal structure of the water column influences faunal distributions and
demographic rates, and ultimately how the community structure and function is delineated
across this physiological biogeographic boundary (Spencer 2008, Kotwicki and Lauth 2013,
Stabeno et al. 2012, Eisner et al. 2020, Nichol et al. 2019, Thorson et al. 2020). The myriad uses
of bottom trawl survey cold pool extent and temperature products underscores the importance
of ensuring these products are calculated using accurate, consistent, and reproducible methods
in accordance with the best available science.

Although mean temperature and cold pool extent data products from the eastern
Bering Sea shelf bottom trawl survey have been used as indicators of ecosystem conditions
since the late 1990s (Livingston 1999, Boldt and Zador 2009), the specific methods used to
calculate these metrics have been poorly documented. Herein, we describe the historical
methods of collecting temperature data and estimating average bottom temperature, surface
temperature, and cold pool area from these data. We then compare temperature estimates
and predictive performance of the historical methods to those calculated using a suite of
candidate interpolation methods that have the potential to produce more accurate and precise
estimates of bottom temperature, sea surface temperature, and cold pool extent. Based on the
results of the comparison, we recommend a new, open source method for calculating and
distributing cold pool area and mean bottom and surface temperature data products in an R
package, coldpool (https://github.com/afsc-gap-products/coldpool). The package includes built-
in temperature data products and visualizations that are useful for fisheries stock assessments
and management in the eastern Bering Sea. The data products are derived from observations
from standard survey stations of the AFSC eastern Bering Sea shelf bottom trawl survey
(conducted from late May to late July), and in some cases include observations from the AFSC
northern Bering Sea shelf bottom trawl survey (conducted during August).



https://github.com/afsc-gap-products/coldpool

MATERIALS AND METHODS

Bottom Trawl Surveys in the Eastern Bering Sea

Temperature data from the eastern Bering Sea continental shelf are collected during the
Alaska Fisheries Science Center’s standardized bottom-trawl surveys of the eastern Bering Sea
continental shelf (EBS shelf) and northern Bering Sea (NBS) survey areas. Detailed descriptions
of trawl survey protocols can be found in Stauffer (2003) and Lauth et al. (2019; EBS shelf and
NBS). A brief summary of survey sampling procedures is described below.

The Alaska Fisheries Science Center has conducted summer (late May—early August)
bottom-trawl surveys of the eastern Bering Sea continental shelf annually since 19822,
Observations collected during this survey provide the data used to generate survey
temperature products. Every year, sampling has been conducted at 376 index stations arranged
on a regularly spaced systematic sampling grid with 37.04 x 37.04 km (20 nmi x 20 nmi) grid
cells (Fig. 1). The survey design grid has changed over time: stations were added to the
northwest (strata 82 and 90) portion of the survey grid in 1985 and corner stations were added
in 1987 around St. Paul Island, St. George Island, and St. Matthew Island in areas that
historically had high densities of red king crab (Paralithodes camtschaticus) and blue king crab
(Paralithodes platypus) (Fig. 1). Two chartered commercial trawl vessels are used to conduct
each survey. Survey sampling begins in the interior waters of Bristol Bay and moves northwest
over an average of 57 days.

The NBS survey is conducted from late July to mid-August and samples 144 index
stations arranged on a regularly spaced systematic sampling grid with 37.04 x 37.04 km (20 nmi
x 20 nmi) grid cells (Fig. 1). The NBS survey is an extension of the EBS shelf survey and begins at
stations adjacent to where the EBS shelf finishes sampling in strata 82 and 90. The NBS survey
progresses northward and inshore towards the Bering Strait and Norton Sound before heading
south and finishing around Nunivak Island, which takes an average of 26 days. A portion of the
NBS survey area was also sampled in 2018 for a rapid response survey that was conducted due
to changes in the spatial distribution of Pacific cod (Gadus macrocephalus) that were associated
with unusually warm bottom temperatures and a small cold pool. The NBS survey was
conducted by three vessels in 2010 and two vessels in 2017, 2019, and 2021.

1 Except 2020 due to the COVID-19 pandemic.
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Figure 1. -- Map of the Alaska Fisheries Science Center, Resource Assessment and Conservation
Engineering Division’s eastern Bering Sea shelf (EBS Standard and EBS NW) and
northern Bering Sea (NBS) survey areas and station grids. Fill color denotes the mean
day of year a station is sampled.

Temperature Data Collection and Processing

Methods for collecting water temperature data have changed over time (Table 1). From
1982 to 1992, water column temperature measurements were mainly collected by deploying an
expendable bathythermograph (XBT) at each survey station. The XBT used graph paper traces
on both vessels from 1982 to 1989, graph paper traces on one vessel and digital traces on the
other vessel in 1990, and digital traces on both vessels from 1991 to 1992.

From 1993 to present, water column temperature data have been collected using a
digital temperature-depth recorder (TDR; i.e., micro-bathythermograph) attached to the
outside of the top panel of the trawl gear. At the beginning of each haul, the TDR remains just
below the sea surface for 2-5 minutes while the gear is set up for trawling. Presumably, holding
the TDR at the surface allows temperature measurements to equilibrate towards sea surface
temperature. TDR bottom temperature data from the EBS shelf and NBS are collected from



~2.3 m above the seafloor, the average height of an 83-112 bottom trawl in fishing
configuration (von Szalay and Somerton 2005).

Sea surface temperature (SST) sampling methods have changed over time and sampling
equipment used to measure surface and bottom temperatures differed prior to 2006. From
1982 to 1991 and 1993 to 2005, SST data were primarily obtained from surface bucket samples
using a mercury thermometer (Table 1). In 1992, SST data were collected using a thermometer
lowered to the sea surface. From 2006 to 2013, SST was estimated from TDR data by using
graphical software to manually select the temperature measurement from the closest depth to
1 m, immediately prior to the beginning of the downcast. Since 2013, a software algorithm has
been used to estimate SST at 1 m from TDR data. Using the algorithm, SST is taken to be the
first measurement during the upcast where depth is equal to 1 m (rounded to the nearest
0.2 m). If a depth less than 1 m is recorded before a 1 m depth, temperature at 1 m is estimated
by linearly interpolating between the temperature measurement from the first upcast depth
shallower than 1 m and last depth deeper than 1 m.

The number of temperature samples collected varied among years for both the EBS and
NBS surveys (Table 2) due to factors such as changes in the number of stations and equipment
malfunction. When temperature measurements from the primary sensor are missing from the
bottom or surface, measurements from backup temperature sensors are used when available.
Examples of backup sensors have been trawl-mounted CTD units (e.g., Teledyne Citadel CTD-
NV, NXIC CTD, Aanderaa SeaGuard CTD recorder, SBE19plus CTD), temperature-logging trawl
spread sensors (e.g., Marport High-Definition Trawl Explorer), and XBTs.

Historical Mean Bottom and Surface Temperature Calculations

Historically, EBS shelf mean bottom and surface temperatures were calculated using a
weighting method based on the areas of EBS shelf survey strata. For this method, bottom or
surface temperatures from standard EBS shelf index stations were averaged and proportionally
weighted based on the area of the stratum in which they were collected. The equation for
calculating mean temperature using this method was

T — Zns ni ASTd,S,i
da — = (=
S=14&j=1 An; ’

where Ty is temperature at depth layer d (bottom or surface), As is the area of survey stratum s,
A is the total area of the EBS shelf survey area, ns is the number of survey strata, and n; is the
number of temperature samples (i.e., successful index station standard hauls) within a stratum.



The number of temperature samples from each EBS shelf survey stratum varied among
years due to changes in the number of stations and factors such as equipment malfunction, as
described in the previous section, which can lead to undesirable artifacts in temperature data
products. In some years (e.g., 1990), stations with missing temperature data were spatially
clustered, thereby increasing the relative influence of stations from other portions of the
stratum on mean temperature calculations. A more robust way of estimating temperatures at
unobserved locations than the area weighting method would be to use spatial interpolation
methods that account for the spatial structure among samples, both within and across stratum
boundaries.

Table 1. -- Equipment and methods used to collect water temperature data in the eastern
Bering Sea and northern Bering Sea, by year and depth layer.

Years Layer Equipment Calculation Method
1982-1990° Water column  Expendable Graphical selection from
and bottom bathythermograph (XBT) deepest temperature
with graph paper traces measurement
1983-1984Pb< Water column  CTD cast Graphical selection from
(one vessel) and bottom deepest temperature
measurement
1990-1992¢¢ Water column  XBT with digital traces Graphical selection from
and bottom deepest temperature
measurement
1992-20219¢# Water column  trawl-mounted Average temperature between
and bottom temperature depth trawl on-bottom and haul back
recorder (TDR) times
1982-2005%¢f Surface Bucket sample with Bucket thermometer
thermometer temperature
1983-1984P¢ Surface CTD cast Graphical selection from cast
(one vessel) profile
1992¢¢ Surface Thermometer lowered to  Surface thermometer
sea surface temperature
2006-20138 Surface trawl-mounted TDR Graphically-assisted selection

of 1-m downcast temperature

2013-2021 Surface trawl-mounted TDR Algorithmically calculated 1-m
upcast temperature

2_Bakkala et al. (1985), °-U.S. Department of Commerce (1983); ¢-U.S. Department of Commerce (1984); ¢-U.S.
Department of Commerce (1992); -Walters (1996); --Lauth and Acuna (2007a); 8-Lauth and Acuna (2007b)



Table 2. -- Summer bottom-trawl! survey survey sampling dates and number of stations with
bottom (Ng) and surface (Ns) temperature data in the eastern Bering Sea and
northern Bering Sea from 1982 to 2021.

Eastern Bering Sea Shelf Northern Bering Sea
Year Dates Ns Ns Dates Ns Ns
1982 May 29-Aug 1 328 328 - -
1983 Jun 7-Aug 1 351 350 - -
1984 Jun 10-Aug 19 346 346 - -
1985 Jun 8-Sep 10 312 309 - -
1986 Jun 3-Aug 1 343 341 - -
1987 May 27-Jul 30 353 265 - -
1988 Jun 4-Jul 30 371 366 - -
1989 Jun 6-Aug 11 361 351 - -
1990 Jun 5-Aug 1 307 303 - -
1991 Jun 7-Aug 13 335 312 - -
1992 Jun 6-Aug 3 314 301 - -
1993 Jun 4-Jul 26 333 330 - -
1994 Jun 3—Jul 26 291 291 - -
1995 Jun 4-Jul 22 353 353 - -
1996 Jun 8-Jul 28 363 363 - -
1997 Jun 7-Jul 26 355 355 - -
1998 Jun 9-Jul 29 351 349 - -
1999 May 23-Jul 11 348 348 - -
2000 May 23-Jul 20 348 343 - -
2001 May 29-Jul 19 361 357 - -
2002 Jun 2—-Jul 24 366 363 - -
2003 Jun 2-Jul 22 368 368 - -
2004 Jun 5-Jul 25 367 366 - -



Eastern Bering Sea Shelf Northern Bering Sea

Year Dates Ns Ns Dates Ns Ns
2005 Jun 3—Jul 22 347 347 - -

2006 Jun 2-Jul 25 370 370 - -

2007 Jun 11-Jul 28 376 375 - -

2008 Jun 4-Jul 24 375 375 - -

2009 Jun 2—-Jul 19 376 376 - -

2010 Jun7-Aug 4 376 376 Jul 23-Aug 10 141 141
2011 Jun 5-Jul 25 376 376 - -

2012 Jun 4-Jul 25 374 374 - -

2013 Jun 9-Aug 1 376 376 - -

2014 Jun 8-Aug 2 376 376 - -

2015 Jun 2-Jul 29 376 376 - -

2016 May 31-Jul 26 376 376 - -

2017 Jun 4-Jul 31 376 376 Aug 1-Sep 2 143 143
2018 Jun 3—Jul 31 375 375 - -

2019 Jun 3—Jul 28 376 375 Jul 28-Aug 20 144 144
2020 - - - - - -
2021 May 31-Jul 22 376 375 Jul 22—-Aug 16 144 144

Historical Cold Pool Area Calculations

EBS shelf cold pool area was historically calculated from spatially interpolated bottom
temperatures that were derived from standard EBS shelf index stations. Spatial interpolation
and area calculations were performed using proprietary software (Esri ArcGlIS) and analysts
manually configured software settings to calculate cold pool area each year. To calculate cold
pool area, georeferenced temperature data from surveys were projected to the North
American Datum 1983 Alaska Albers Equal Area (NAD83) projection (i.e., European Petroleum
Survey Group [EPSG] projection 3338). Temperature was interpolated on a grid using inverse
distance weighting with power equal to 2.0. The grid for interpolation was set to have 250 cells
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along the longest axis of the interpolation region. At each prediction location, only the four
closest samples were used to estimate temperature. Grids were then masked to the survey
extent and total areas were calculated for polygons defining the bottom temperature < -1°C,
<0°C, £1°C, and £ 2°C (cold pool) isotherms. While data used for spatial interpolation were
chosen to minimize effects of non-stationarity in survey sampling, the spatial interpolation
method was used because it is the default setting for spatial interpolation in ArcGIS. As such, it
is worth considering that other spatial interpolation methods may have higher out-of-sample
prediction skill (i.e., prediction at unsampled grid cells) that may improve the accuracy of
estimates of areas with bottom temperatures <-1°C, £0°C, £ 1°C, and < 2°C.

Historical estimates of cold pool area are difficult to reproduce, presumably because
methods for calculating EBS shelf cold pool area sometimes deviated from the procedure
described above. This likely occurred due to factors such as configuring software settings
differently among years or including data from non-standard samples (e.g., crab resample
stations in Bristol Bay). A reproducible method for calculating cold pool area would improve the
quality and consistency of the cold pool area data product.

Proposed Methods for Calculating Mean Surface Temperature,
Mean Bottom Temperature, and Cold Pool Area

We sought to develop consistent, reproducible, and robust methods for calculating
survey temperature products (mean bottom temperature, mean surface temperature, and cold
pool area). To do so, we evaluated the out-of-sample predictive performance of spatial
interpolation methods at predicting bottom and surface temperatures using interpolation
methods from open source software. We used the best performing candidate spatial
interpolation to generate bottom and surface temperature grids for the EBS shelf and used the
grids to calculate mean bottom temperature for the EBS shelf, mean surface temperature for
the EBS shelf, and EBS shelf area with bottom temperatures <-1°C, <0°C, £1°C, and £ 2°C.
Below, we describe the spatial interpolation methods that we compared, our approach to
evaluating out-of-sample predictive performance of interpolation methods using cross-
validation, and the data used for interpolation.

The candidate interpolation methods we considered were nearest neighbor
interpolation, inverse distance weighting interpolation (power = 2) without proximity
constraints (IDW), ordinary kriging interpolation with seven different candidate semivariogram
models (exponential, Gaussian, circular, spherical, Bessel, Matérn, and Stein’s Matérn), and
thin-plate splines. We did not model anisotropy in nearest neighbor, IDW, or ordinary kriging
methods. Nearest neighbor, IDW, and ordinary kriging were conducted using the R package
gstat (Pebesma 2004).

We compared the performance of candidate interpolation methods using leave-one-out
cross validation to quantify the out-of-sample predictive error of each method for each survey
year.



We considered the best method for a year to be the method with the lowest root-mean-square

prediction error (RMSPE),
RMSPE, = N;1Y.” /(T -T)°
y Ny 4i=1 L VA

where yis year, Nyis the number of temperature samples in year y, 7is the sample index, and
T; and Trare the predicted and observed temperatures (°C) for sample 7. We considered the
best method among years to be the interpolation method that had the highest number of years
with the best performance (lowest RMSPE).

Temperature data used for interpolation were collected from standard index station
samples collected during the EBS shelf survey to ensure data were comparable to those
collected in other years. Northern Bering Sea sample stations were omitted due to a positive
(i.e., warm) bias along the boundary between the EBS shelf and NBS survey areas. This bias
occurs because the southern NBS stations around Nunivak Island are sampled at the end of the
survey and undergo solar heating during the summer. Temperature data from non-standard
hauls (e.g. red king crab resample stations, gear experiments) were omitted to mitigate
potential sampling biases caused by sampling at the end of surveys.

RESULTS

The best spatial interpolation method for bottom temperature was ordinary kriging with
a Stein’s Matérn variogram, based on root mean square prediction errors (RMSPEs) from leave-
one-out cross-validation. This method had the best predictive performance among candidate
interpolation methods in 13 out of 34 years; ordinary kriging with a Matérn variogram was
second best with the best performance in 8 out of 34 years (Table 3). However, ordinary kriging
with Stein’s Matérn, Matérn, and exponential variograms were nearly tied for the best (lowest)
out-of-sample predictive performance across all years, as their mean RMSPEs were rounded to
0.324 °C. Inverse distance weighting, the method previously used to interpolate bottom
temperatures for cold pool area calculations, had the second worst predictive performance and
had a mean RMSPE approximately double (0.646 °C) the RMSPE of the best-performing
candidate interpolation methods (Table 3). The year with the worst (highest) RMSPE was 1984
for most methods, while the year with the best (lowest) RMSPE was 2018 for most methods
(Table 3).

Estimates of mean bottom temperature from all interpolation methods were within
0.12°C of each other within each year (Fig. 2A), which indicates all methods yield similar trends
and scale. These estimates were also within 0.1°C of mean bottom temperature estimates from
area-weighted interpolation, aside from a few cases between 1992 and 1994 (Fig. 2B). Rankings
of mean bottom temperatures by year were nearly identical among methods as all between-
method rank-order correlations > 0.99 (Kendall’s t; Table 4).
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Based on the number of years with the lowest RMSPE, the best spatial interpolation
method for sea surface temperature was inverse distance weighting using only the four nearest
observations (IDW-NMAX4; 16 out of 34 years) followed by thin-plate spline (9 out of 34 years;
Table 5). IDW-NMAX4 had the best (lowest) mean RMSPE among years (0.436 °C), although
similar performance was achieved by ordinary kriging with Stein’s Matérn (0.440 °C), Matérn
(0.440 °C), exponential (0.440 °C), and spherical (0.441 °C) variograms (Table 5). All
interpolation methods yielded estimates of mean sea surface temperature within 0.1°C of each
other (Fig. 3A) and within 0.08°C of the estimate from the area-weighting method (Fig. 3B),
which indicates all methods yield highly similar trends and scale. The year with the worst
(highest) RMSPE was 1982 for most methods and the year with the best (lowest) RMSPE was
2018 for most methods (Table 5). Rankings of annual mean sea surface temperatures were
extremely similar among methods t > 0.97 (Table 6).

Estimates of cold pool area were similar among methods as shown by similar trends and
scale among methods (Fig. 4A) and high correlation (t > 0.91) of cold pool area rankings
between methods (Table 7). Among methods, cold pool area estimates based on inverse
distance weighting without nearest neighbor constraints had the largest differences from other
candidate interpolation methods and historical estimates of cold pool area (Fig. 4A, B). Inverse
distance weighting interpolation with only the four closest samples used for interpolation (IDW-
NMAX4), the method historically used to calculate cold pool area in ArcMap, had the closest
agreement with the historical cold pool area data product and annual rankings of cold pool area
(highest Kendall’s t; Table 7).

Interpolation Method for Data Products

Based on results of our comparisons, we selected ordinary kriging with a Stein’s Matérn
variogram as the spatial interpolation method to use to produce bottom temperature, sea
surface temperature, and cold pool area data products. Ordinary kriging with a Stein’s Matérn
variogram was the best performing interpolation method for bottom temperature because it
had the most years with the lowest RMSPE and the lowest mean RMSPE among methods.
Because cold pool area is calculated from bottom temperature, ordinary kriging with Stein’s
Matérn also had the best performance among methods for estimating cold pool area. Although
ordinary kriging with a Stein’s Matérn variogram ranked below IDW-NMAX4 and thin-plate
spline for the number of years with the lowest RMSPE for sea surface temperature, its RMSPE
was within 0.005 of IDW-NMAX4 and above that of thin plate spline. Ordinary kriging with a
Stein’s Matérn variogram and IDW-NMAX4 had similar estimates of mean sea surface
temperature and identical rankings of annual mean sea surface temperature (t = 1.0; Table 6).
Considering close agreement between methods, we selected ordinary kriging with a Stein’s
Matérn variogram to calculate sea surface temperature data products because it is a
geostatistical method (as opposed to inverse distance weighting, which is a deterministic exact
interpolator) and to match the method used for bottom temperature and cold pool area.
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Notably, exact interpolators, such as inverse distance weighting, have discontinuities at
prediction locations, tend to produce sharp peaks and troughs, and are sensitive to outliers.
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Figure 2. -- Mean bottom temperature (BT, °C) in the eastern Bering Sea shelf bottom trawl
survey area for different estimation methods from 1987 to 2021. Panels show: (A)
estimates from candidate spatial interpolation methods and area-weighted method,
(B) difference between BT from candidate methods and value from area weighting.
Line and point colors denote the interpolation method: OK = ordinary kriging, BES =
Bessel, CIR = circular, EXP = exponential, MAT = Matérn, SPH = spherical, STE =
Stein’s Matérn, IDW = inverse distance weighting, IDW (Max 4) = inverse distance
weighting with only four closest observations used for prediction, NN = nearest
neighbor, TPS = thin plate spline, AW = area-weighting.
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Figure 3. -- Mean sea surface temperature (SST; °C) in the eastern Bering Sea shelf bottom trawl
survey area for different estimation methods from 1987 to 2021. Panels show: (A)
estimates from candidate spatial interpolation methods and area-weighted method,
(B) difference between SST from candidate methods and value from area weighting.
Line and point colors denote the interpolation method: OK = ordinary kriging, BES =
Bessel, CIR = circular, EXP = exponential, MAT = Matérn, SPH = spherical, STE =
Stein’s Matérn, IDW = inverse distance weighting, IDW (Max 4) = inverse distance
weighting with only four closest observations used for prediction, NN = nearest
neighbor, TPS = thin plate spline, AW = area-weighting.
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Figure 4. -- Cold pool area (CPA; km?) in the eastern Bering Sea shelf bottom trawl survey area
for different estimation methods from 1982 to 2021. Panels show: (A) estimates
from candidate spatial interpolation methods and the historical value obtained
from GIS software, (B) difference between CPA from candidate methods and
historical (old) value. Line and point colors denote the interpolation method: OK =
ordinary kriging, BES = Bessel, CIR = circular, EXP = exponential, MAT = Matérn, SPH
= spherical, STE = Stein’s Matérn, IDW = inverse distance weighting, IDW (Max 4) =
inverse distance weighting with only four closest observations used for prediction,
NN = nearest neighbor, TPS = thin plate spline.
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Table 3. -- Bottom temperature root-mean-square prediction error (RMPSE) from leave-one-
out cross-validation.

RMSPE (°C)

Method Mean SD Min. Max Max. Yr. Min. Yr. No. Best
NN 1.310 0.244 0.819 1.770 2015 2018 0
IDW 0.646 0.145 0.373 0.939 1984 2021 0
IDW 0.350 0.076 0.224 0.622 1984 2018 0
(Max 4)

EXP 0.324 0.076 0.202 0.598 1984 2018 1
SPH 0.326 0.077 0.204 0.602 1984 2018 5
CIR 0.339 0.081 0.206 0.615 1984 2018 2
GAU 0.386 0.076 0.271 0.651 1984 2018 0
BES 0.331 0.075 0.214 0.600 1984 2018 5
MAT 0.324 0.076 0.202 0.598 1984 2018 8
STE 0.324 0.076 0.202 0.598 1984 2018 13
TPS 0.327 0.079 0.207 0.599 1984 2018 5
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Table 4. -- Rank order correlation (Kendall’s tau) of annual bottom temperature estimates
among methods. AW = area-weighted mean, OK = ordinary kriging, BES = Bessel, CIR
= circular, EXP = exponential, MAT = Matérn, SPH = spherical, STE = Stein’s Matérn,
IDW = inverse distance weighting, IDW (Max 4) = inverse distance weighting with only
four closest observations used for prediction, NN = nearest neighbor, TPS = thin plate
spline.

IDW
Method AW IDW (Max4) NN OK-BES OK-CIR OK-EXP OK-MAT OK-SPH OK-STE

IDW 0.996 - - - - - - - - -

IDW
(Max4) 0993 0996 - - . ] ] ) ) )

NN 0.996 1 0.996 - - - - - - -
OK-BES  0.993 0.996 1 0.996 - - - - - -

OK-CIR 0.993 0.996 1 0.996 1 - - - - -

OK-EXP  0.993 0.996 1 0.996 1 1 - - - -
OK-MAT 0.993 0.996 1 0.996 1 1 1 - - -
OK-SPH  0.993 0.996 1 0.996 1 1 1 1 - -
OK-STE  0.993 0.996 1 0.996 1 1 1 1 1 -

TPS 0.993 0.996 1 0.996 1 1 1 1 1 1
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Table 5. -- Sea surface temperature root-mean square prediction error (RMPSE) from leave-
one-out cross validation. OK = ordinary kriging, BES = Bessel, CIR = circular, EXP =
exponential, MAT = Matérn, SPH = spherical, STE = Stein’s Matérn, IDW = inverse
distance weighting, IDW (Max 4) = inverse distance weighting with only four closest
observations used for prediction, NN = nearest neighbor, TPS = thin plate spline.

RMSPE (°C)

Max.  Min. No.

Method Mean SD Min Max Year  Year Best
NN 1.412 0.295 0.858 1955 2010 1983 0
IDW 0.640 0.093 0.462 0.855 2006 2018 0
(l\l/lz\;v4) 0.436 0.074 0.294 0.595 1988 2018 16
OK-EXP 0.440 0.082 0.299 0.643 1982 2018 1
OK-SPH 0.441 0.083 0.307 0.642 1982 2018 3
OK-CIR 0.447 0.083 0.316 0.642 1982 2018 3
OK-GAU 0529 0.092 0.385 0.724 1982 2011 0
OK-BES 0.456 0.085 0.321 0.664 1982 2018 1
OK-MAT  0.440 0.082 0.299 0.643 1982 2018 2
OK-STE 0.440 0.082 0.299 0.643 1982 2018 4
OK-TPS 0.444 0.086 0.279 0.663 1982 2018 9
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Table 6. -- Rank order correlation (Kendall’s tau) of annual sea surface temperature estimates
among methods. AW = area-weighted mean, OK = ordinary kriging, BES = Bessel, CIR
= circular, EXP = exponential, MAT = Matérn, SPH = spherical, STE = Stein’s Matérn,
IDW = inverse distance weighting, IDW (Max 4) = inverse distance weighting with
only four closest observations used for prediction, NN = nearest neighbor, TPS = thin
plate spline.

IDW
Method AW IDW (Max4) NN OK-BES OK-CIR OK-EXP OK-MAT OK-SPH OK-STE

IDW 0.986 - - - - - - - - -
IDW
(Max 4) 0.993 0.979 - - - - - - - -

NN 0.989 0.982 0.996 - - - - - - -

OK-BES  0.993 0.979 1 0.996 - - - - - -

OK-CIR 0.993 0.979 1 0.996 1 - - - - -

OK-EXP  0.993 0.979 1 0.996 1 1 - - - -
OK-MAT 0.993 0.979 1 0.996 1 1 1 - - -
OK-SPH  0.993 0.979 1 0.996 1 1 1 1 - -
OK-STE  0.993 0.979 1 0.996 1 1 1 1 1 -

TPS 0.993 0.979 1 0.996 1 1 1 1 1 1

18



Table 7. -- Rank order correlation (Kendall’s tau) of cold pool area estimates among methods.
OK = ordinary kriging, BES = Bessel, CIR = circular, EXP = exponential, MAT = Matérn,
SPH = spherical, STE = Stein’s Matérn, IDW = inverse distance weighting, IDW (Max
4) = inverse distance weighting with only four closest observations used for
prediction, NN = nearest neighbor, TPS = thin plate spline.

IDW
Method Old IDW (Max4) NN OK-BES OK-CIR OK-EXP OK-MAT OK-SPH OK-STE

IDW 0.932 - - - - - - - - -
IDW
(Max 4) 0.963 0.917 - - - - - - - -

NN 0.960 0.915 0.980 - - - - - - -

OK-BES 0.952 0.929 0.966 0.963 - - - - - -

OK-CIR 0.952 0.917 0977 0.969 0.972 - - - - -

OK-EXP 0.946 0.923 0983 0.963 0.972 0.983 - - - -

OK-MAT 0.946 0923 0.983 0.963 0.972 0.983 1 - - -

OK-SPH 0.954 0926 0.986 0.966 0.969 0.986 0.991 0.991 - -

OK-STE 0.946 0.923 0983 0.963 0.972 0.983 1 1 0.991 -

TPS 0.949 0.915 0.98 0.966 0.963 0.98 0.986 0.986 0.977 0.986

Cold Pool Area and Temperature Trends

Trends in survey bottom temperature, surface temperature, and cold pool area are an
indicator of ecosystem conditions in the eastern Bering Sea. These trends have been described
extensively in the peer-reviewed literature, survey data reports, and annually in EBS Ecosystem
Status Reports, Economic and Socioeconomic Profiles for focal stocks, and EBS stock
assessments. Because changes to temperature and cold pool area calculations resulted in only
minor changes to historical cold pool area and mean temperature estimates, we provide only a
brief overview of key patterns and trends here.

From 1982 to 2021, the southeastern Bering Sea underwent substantial variation in
annual mean bottom temperatures (mean: 2.50° C, range: 0.70 to 4.37°) and surface
temperatures (mean = 6.75°, range: 3.89 to 9.55 °C) during the surveys (Figs. 5 and 6). Before
the late 1990s, bottom temperatures fluctuated near the long-term average, where above or
below average temperatures were only observed for 1-3 consecutive years. Since the late
1990s, bottom and surface temperatures have had longer “stanzas” of warmer than average
and colder than average temperatures. Bottom and surface temperatures were > 0.55 °C above
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the time-series average for six out of seven of the most recent years with data (2014 to 2019,
2021) and > 0.76 °C below the long-term average for seven out of eight years from 2006 to
2013. There is strong positive correlation between mean bottom temperature and mean
surface temperature (Pearson’s riz71 = 0.83; p < 0.001).

There was considerable variation in the extent of the EBS shelf survey area with bottom
temperatures <2 °C (i.e., cold pool extent) over the duration of the time series (Figs. 6 and 7).
From 1982 to 2021, the mean area of the cold pool was 181,079 km? (36.7% of the EBS survey
area), with a maximum of 385,975 km?(78.2% of survey area) in 1999 and a minimum of
6,150 km? (1.2% of survey area) in 2018. Cold pool area trends mirror EBS shelf mean bottom
temperature trends, as evidenced by the strong negative correlations between cold pool area
and mean bottom temperature (r37; =-0.97; p < 0.001). Cold pool area also had a strong
negative correlation with mean surface temperature (r;371=-0.77; p < 0.001). There were strong
correlations between estimated areal extents of 2°C (cold pool), 1°C, 0°C, and -1°C isotherms
(0.84 < ;371 0.96; all p < 0.001).

There was substantial variation in the distribution of the cold pool between the warmest
and coldest years (Fig. 8). During cold years (e.g. 1992, 1999, 2012), the cold pool extended
over a large proportion of the EBS middle shelf, between 50-m and 100-m isobaths, and into
Bristol Bay. During warm years (e.g., 1987, 2003, 2018), the cold pool was limited to the
northern edge of the EBS shelf survey area.

The NBS bottom trawl survey was conducted in only four years (2010, 2017, 2019,
2021), three of which were during the warm stanza that began in 2014 in the EBS (Table 2;
Figures 5 and 6). The average bottom temperature in 2010 (during the cold stanza) was 1.89 °C.
During the warm stanza, average bottom temperatures were 4.38 °Cin 2017, 5.63 °Cin 2019,
and 3.91 °Cin 2021. Average surface temperatures were 9.16°C (2010), 9.56° (2017), 10.76 °C
(2018), and 8.38 °C (2021). Mean bottom and surface temperatures were not significantly
correlated in the NBS (r;z) = 0.62; p = 0.38), although the time series is likely too short for
meaningful statistical inference.

During years when both the EBS shelf and NBS survey were conducted (2010, 2017,
2019, 2021), the area north of 60 °N near Nunivak Island had bottom (Fig. 9) and surface
(Fig. 10) temperatures that were several (~3—8 °C) degrees warmer than in the EBS survey
region to the immediate south. This transition is not evidence of a dramatic shift in ocean
conditions. Rather, the area typically has a fully mixed water column and the temperature
difference is a result of solar heating because the NBS stations around Nunivak Island were
sampled 34 to 46 days later, on average, than the EBS stations directly to the south (Fig. 1).
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Figure 5. -- Average summer surface (green triangles) and bottom (blue circles) temperature
(°C) data products for the eastern Bering Sea (EBS) shelf and northern Bering Sea
(NBS). Dashed lines represent the time series mean for the EBS (1982-2021, except
2020) and NBS (2010, 2017, 2019, 2021).
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Figure 6. -- Anomalies (Z-score) of mean bottom temperature, sea surface temperature, and
cold pool area on the eastern Bering Sea shelf from 1982 to 2021. Lines denote the
grand mean (solid line), +1 standard deviation (dashed lines), +2 standard deviations
(dotted lines). Plus (+) and minus (-) symbols at top denote whether the score is
higher or lower than the mean, respectively. Symbol colors denote whether
anomalies are associated with warmer (red) or colder (blue) than average
conditions.
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Figure 8. -- Cold pool extent in the eastern Bering Sea from 1982-2021 calculated using
ordinary kriging with a Stein’s Matérn variogram model (OK-STE). Fill color shows
areas with bottom temperatures < 2°C, < 1°C, < 0°C, and < -1°C. Solid black lines

show the 50 m, 100 m, and 200 m isobaths.
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Figure 9. -- Maps of bottom temperature (°C) during years when both the EBS shelf and NBS
surveys were conducted (2010, 2017, 2019, and 2021).
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Figure 10. -- Maps of sea surface temperature (°C) during years when both the EBS shelf and
NBS surveys were conducted (2010, 2017, 2019, and 2021).

DISCUSSION

Predictive performance varied among interpolation methods; however, estimates of
mean bottom temperature and surface temperature were strongly correlated among methods
and mostly within 0.05°C of each other. The best performing method for bottom temperature
and cold pool area was ordinary kriging with a Stein’s Matérn variogram model (OK-STE), while
the best performing method for sea surface temperature was inverse distance weighting using
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only the four nearest observations (IDW-NMAX4). Although IDW-NMAX4 and thin plate spline
slightly outperformed OK-STE, we generated all data products based on interpolation using OK-
STE. We opted for this approach to ensure consistency between temperature products and
because ordinary kriging is a true geostatistical method that estimates change in
autocorrelation with distance. Furthermore, ordinary kriging is presumably less sensitive to
outliers that can occur when adjacent stations are sampled at different times or when
observation errors occurred due to graphically assisted manual selection of sea surface
temperature (Table 1).

Temporal trends in the spatial footprint of the cold pool, along with bottom and surface
temperature patterns, indicate the eastern Bering Sea experienced dramatic interannual
variability in thermal structure from 1982 to 2021. Recently, the region has experienced two
sustained warm phases (2001-2005 and 2014-2021) and one cool phase (2006—2012), with the
most recent warm period from 2018 to 2021 associated with historically low seasonal sea-ice
extent (Stabeno and Bell 2019). The loss of sea ice is expected to continue in the future due to
ongoing effects of climate change. Thus, the EBS region is likely to experience a higher
frequency of warm years in the future, similar to that observed from 2018-2021. One major
frontier of research, particularly in the subarctic, is understanding how the apparent non-
stationarity of both the mean and variance of sea temperatures, attributable to rapid recent
warming will affect the abundance, distribution and productivity of stocks (e.g., Ward et al.
2022), let alone indirect effects of species interactions and the environment on ecosystem
structure and function (Hollowed et al. in review). For example, these warm conditions, in
concert with seasonal sea ice dynamics, affect energy flux through the ecosystem by modifying
the phenology and community structure of phytoplankton and zooplankton, which influences
horizontal and vertical distribution, condition, survival and recruitment in larval and juvenile
fishes (Coyle et al. 2011, Hunt et al. 2011, Duffy-Anderson et al. 2017). Considering the small
extent of the cold pool in recent years, it is likely that the bottom temperatures on the eastern
Bering Sea shelf have not imposed a major thermal barrier to migration of subarctic species for
some time. However, cooler bottom temperatures in the northern Bering Sea may have
imposed at least a partial barrier to northward migration in some years.

Temperature and cold pool area data products from EBS shelf summer bottom trawl
surveys are currently used as inputs to stock assessment models and to provide contextual
information that informs ecosystem-based management of EBS fisheries. Stock assessments for
EBS walleye pollock (Gadus chalcogrammus) and Pacific cod use cold pool area as a density
covariate to account for temperature-dependent variation in bottom-trawl! survey catchability
(Thompson et al. 2021, lanelli et al. 2021, Thorson et al. 2020). Similarly, the stock assessment
for eastern Bering Sea-Aleutian Islands arrowtooth flounder uses mean bottom temperature as
a catchability covariate to account for temperature-driven variation in herding or availability
(Shotwell et al. 2020). The stock assessment for EBS yellowfin sole (Limanda aspera) uses mean
bottom temperature from EBS shelf survey strata with bottom depths < 100 m to correct for
variation in catchability that results from temperature-dependent variation in the timing of
spawning and feeding migrations (Nichol et al. 2019, Spies et al. 2021). In an appendix to the
EBS northern rock sole stock assessment, recruitment is projected using the percentage of
northern rock sole nursery habitat within the cold pool because above average bottom
temperatures in nursery habitats have been linked to higher recruitment of northern rock sole
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Lepidopsetta polyxystra (Cooper et al. 2020, McGilliard et al. 2020). Because temperatures can
impose barriers to migration and affect demographic processes (e.g., growth, recruitment, and
mortality), trends in temperature and cold pool area data products are discussed in groundfish
stock assessment ‘risk tables’ that qualitatively describe potential stressors on EBS stocks and
early warning signs for reduced productivity (Dorn and Zador 2020). Cold pool area and bottom
temperature products are also used in suites of quantitative indicators that represent stock
vulnerabilities and critical processes in Ecosystem and Socioeconomic Profiles of EBS Pacific cod
(Shotwell et al. 2021) and Bristol Bay red king crab (Fedewa et al. 2020a). Finally, cold pool
area, bottom temperature, and surface temperature data products are featured prominently in
annual Bering Sea Ecosystem Status Reports (Siddon 2021) that provide contextual information
about ecosystem conditions to inform stakeholders about ecosystem trends and support
ecosystem-based fishery management (Link 2016, Slater et al. 2017).

While bottom trawl survey temperature data products have been used to investigate
the effect of temperature on the distribution and migration of groundfish and crab species in
the EBS and NBS for decades, recent evidence indicates a need to carefully consider which
specific temperature product is most relevant for a given species. Historically, the 2 °C isotherm
was hypothesized to be an important temperature threshold for delineating community
structure for subarctic and Arctic species (e.g., Wyllie-Echeverria and Wooster 1998). However,
recent studies have shown that a more relevant temperature threshold for several subarctic
fishes and crabs is the 1 °C isotherm (Kotwicki and Lauth 2013), or the 0°C isotherm for walleye
pollock and Pacific cod (Baker 2021, Eisner et al. 2020). While we show a strong correlation
between the extent of the 2°C isotherm and other ‘cold’ isotherms (1°C, 0°C, -1°C), users of EBS
shelf and NBS temperature products should consider which temperature product (Appendix) is
likely to be biologically or ecologically meaningful for a species or process of interest.

We strongly encourage researchers who use the EBS shelf or NBS temperature products
to consider whether the spatial and temporal scale of the data product is appropriate for the
intended application. The spatial and temporal scale of observations matters tremendously for
detecting, interpreting, and understanding patterns that result from physical and biological
processes (Stommel 1964, Levin 1992). The temperature and biological data collected
concurrently during EBS shelf and NBS surveys are spatially and temporally aligned observations
of in situ temperature, community structure, and demography that is useful for many analyses.
However, alternative temperature data products, such as predictions from oceanographic
models (e.g., Kearney et al. 2021) or time-adjusted survey temperatures (e.g., Cokelet 2016),
may be more appropriate for characterizing conditions depending on the application.

Future research could help identify the extent to which seasonal timing of survey
sampling influences temperature data products. Variation in survey start date and the
progression of survey sampling over space affects survey temperature measurements because
the eastern Bering Sea warms throughout the summer. This warming effect was evident in the
temperature differences along the EBS shelf-NBS survey boundary around Nunivak Island. The
effect of solar warming on survey data products could be addressed phenomenologically, with
statistical models, or mechanistically, by using physical models to account for the solar heating
that occurs during the survey. Such confounding effects could potentially be accounted for
using a phenomenological approach by implementing universal kriging or related regression
approaches to model day of year as a nuisance variable (e.g., as a linear term centered on the
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mean sample date across all survey years). Alternatively, a physical model could be used to
estimate daily heat flux and vertical mixing within the mixed layer, similar to the method used
by Cokelet (2016) to correct temperature data collected using trawl-mounted CTDs during EBS
shelf and NBS bottom trawl surveys from 2008-2010. To make the adjustments, Cokelet (2016)
estimated an average daily summer (May—August) heat flux of 140 W m2 in the EBS based on
Danielson et al.’s (2011) estimate of total summer surface heat flux of 3.0 x 10%° J for an 800 km
x 250 km x 45 m parcel on the Bering Sea shelf from 2002 to 2007. Cokelet (2016) estimated the
daily temperature increase in the mixed layer (AT/Ad) was 3.0/zm. degrees per day (°C d%),
where zy is the depth of the surface mixed layer, based on assumptions of no vertical mixing
between the surface and deeper layers, surface mixed layer density equal to 1,025 kg m™3, and
specific heat equal to 4,020 J kg* °C1. Mixed layer depths from TDR vertical temperature
profiles could be used as a basis to predict “standardized” date-specific temperatures for the
surface mixed layer. These standardized predictions could then be compared with temperature
estimates produced using other methods, including ocean models such as the Beringl0OK ROMS
model (Kearney 2021, Kearney et al. 2021).

Combining data products (Appendix) and functions for calculating the data products in
an open-source R package promotes reproducibility and scientific transparency (Marwick et al.
2018), consistent with recommendations for improving ecosystem-based fisheries management
(Bastille et al. 2021), and ensures users can more easily and reliably access temperature data
products from AFSC trawl surveys. Over the past two decades, annual temperature data
products from AFSC bottom trawl surveys have been used as indicators of ecosystem variability
in the eastern Bering Sea. However, this technical memorandum provides the first detailed
description of methods used to generate these data products and this is the first time open-
source methods have been used to produce these data products. Furthermore, the new
methods are more appropriate for geostatistical analysis and generally provide estimates with
improved accuracy relative to historical methods.
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APPENDIX: DATA PRODUCTS

Appendix Table Al. -- Eastern Bering Sea continental shelf and northern Bering Sea mean
bottom temperature (BT), mean sea surface temperature (SST), and
isotherm area (e.g., cold pool area) data products in the coldpool R

package.
Product Name Data Set in Package Extent Data Used
EBS shelf area with BT < cold_pool_indexSAREA  EBS Shelfincl. N\W  Gear temperature from EBS shelf
2°C (i.e., cold pool area), _LTE2_KM2 strata standard index stations (including
km? corner stations), 1982—present
EBS shelf area with BT < cold_pool_indexSAREA  EBS Shelfincl. N\W  Gear temperature from EBS shelf
1°C, km? _LTE1 _KM2 strata standard index stations (including
corner stations), 1982—present
EBS shelf area with BT < cold_pool_indexSAREA  EBS Shelfincl. N\W  Gear temperature from EBS shelf
0°C, km? _LTEO_KM2 strata standard index stations (including
corner stations), 1982—present
EBS shelf area with BT<-  cold_pool_indexSAREA  EBS Shelfincl. N\W  Gear temperature from EBS shelf
1°C, km? _LTEMINUS1_KM2 strata standard index stations (including
corner stations), 1982—present
EBS shelf mean BT, °C cold_pool_indexSMEAN EBS Shelf incl. N\W  Gear temperature from EBS shelf
_BOTTOM_TEMPERATU  strata standard index stations (including
RE corner stations), 1982—present
EBS shelf mean SST, °C cold_pool_indexSMEAN  EBS Shelf incl. NW  Surface temperature from EBS shelf
_SURFACE_TEMPERATU strata standard index stations (including
RE corner stations), 1982—present
EBS shelf mean BT for cold_pool_indexSMEAN  EBS Shelf strata Gear temperatures from EBS
strata with bottom depth BT _LT100M (10, 20, 31, 32,41, standard index station samples
<100 m, °C 42, and 43 (including corner stations), 1982—
present
NBS mean BT, °C nbs_mean_temperatur  NBS Gear temperature from EBS shelf
eSMEAN_BOTTOM_TE and NBS standard index stations
MPERATURE (including corner stations), 2010—
present
NBS mean SST, °C nbs_mean_temperatur  NBS Surface temperature from EBS

eSMEAN_SURFACE_TE
MPERATURE

shelf, and NBS standard index
stations (including corner stations),
2010—present
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Appendix Table A2. -- Bottom temperature (BT) and sea surface temperature (SST) raster grids

in the coldpool R package.

Product Name Data Set in Package Extent Data Used
EBS shelf BT raster ebs_bottom_temperature EBS Shelf Gear temperature from EBS shelf
5 x5 km grid, °C incl. NW standard index stations (including
strata corner stations), 1982—present
EBS shelf SST raster ebs_surface_temperature EBS Shelf Gear temperature from EBS shelf
5 x5 km grid, °C incl. NW standard index stations (including
strata) corner stations), 1982—present
EBS shelf + NBS BT nbs_ebs_bottom_temperature  EBS Shelf Gear temperature from EBS shelf
raster incl. NW and NBS standard index stations

5 x 5 km grid, °C

EBS shelf + NBS SST
raster
5 x 5 km grid, °C

nbs_ebs_surface_temperature

strata + NBS

EBS Shelf
incl. NW
strata + NBS

(including corner stations), 2010—
present

Surface temperature from EBS
shelf, and NBS standard index
stations (including corner stations),
2010—present
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Appendix Table A3. -- Deprecated historical mean bottom temperature (BT), mean sea surface
temperature (SST), and isotherm area (e.g., cold pool area) data products
in the coldpool R package.

Product Name

Data Set in Package Extent

Data Used

EBS shelf area with BT < -
1°C, km?

EBS shelf area with -1°C <
BT < 0°C, km?

EBS shelf area with 0°C <
BT < 1°C, km?

EBS shelf area with 1°C <
BT < 2°C, km?

EBS shelf area with BT <
0°C, km?

EBS shelf area with
bottom temperature <
1°C, km?

EBS shelf area with
bottom temperature <
2°C (i.e., cold pool
extent), km?

EBS standard area-
weighted mean BT, °C

EBS standard area-
weighted mean SST, °C

cpa_pre2021SAREA _
KM2_MINUS_1

cpa_pre2021SAREA
KM2_0

cpa_pre2021SAREA
KM2_1

cpa_pre2021SAREA
KM2_ 2

cpa_pre2021SAREA
SUM_KM2_LTEO

cpa_pre2021SAREA _
SUM_KM2_LTE1

cpa_pre2021SAREA _
SUM_KM2_LTE2

cpa_pre2021SAVGBS
BT_STANDARD

cpa_pre2021SAVGBS
ST_STANDARD

EBS shelf without
NW strata

EBS shelf without
NW strata

EBS shelf without
NW strata

EBS shelf without
NW strata

EBS shelf without
NW strata

EBS shelf without
NW strata

EBS shelf without
NW strata

EBS shelf without
NW strata

EBS shelf without
NW strata

41

Gear temperature from EBS shelf
standard stratum index stations
(excluding corner stations), 1982—
2019

Gear temperature from EBS shelf
standard stratum index stations
(excluding corner stations), 1982—
2019

Gear temperature from EBS shelf
standard stratum index stations
(excluding corner stations), 1982—
2019

Gear temperature from EBS shelf
standard stratum index stations
(excluding corner stations), 1982—
2019

Gear temperature from EBS shelf
standard stratum index stations
(excluding corner stations), 1982—
2019

Gear temperature from EBS shelf
standard stratum index stations
(excluding corner stations), 1982—
2019

Gear temperature from EBS shelf
standard stratum index stations
(excluding corner stations), 1982—
2019

Gear temperature from EBS shelf
standard stratum index stations
(excluding corner stations), 1982—
2021

Surface temperature from EBS
shelf standard stratum index
stations (excluding corner
stations), 1982-2021



Product Name

Data Set in Package

Extent

Data Used

EBS standard + NW area-
weighted mean BT, °C

EBS standard + NW area-
weighted mean SST, °C

NBS area-weighted mean
BT, °C

NBS area-weighted mean
SST, °C

EBS mean BT for stations

< 100 m bottom depth, °C

EBS mean SST for stations
<100 m bottom depth, °C

cpa_pre2021SAVGBS
BT_PLUSNW

cpa_pre2021SAVGBS
ST_PLUSNW

cpa_pre2021SAVGBS
BT_NBS

cpa_pre2021SAVGBS
ST_NBS

cpa_pre2021SAVGBS
BT _LT100M

cpa_pre2021SAVGBS
ST_LT100M

EBS shelf incl. NW
strata

EBS shelf incl. NW
strata

NBS

NBS

EBS Shelf incl. NW
strata

EBS Shelf incl. NW
strata

Gear temperature from EBS shelf
standard stratum index stations
(excluding corner stations), 1982—
2021

Surface temperature from EBS
shelf standard stratum index
stations (excluding corner
stations), 1982-2021

Gear temperature from NBS index
stations, 2010-2021

Surface temperature from NBS
index stations, 2010-2021

Bottom temperature from EBS
shelf standard stratum samples
from depths < 100 m, 1982-2021

Surface temperature from EBS
shelf standard stratum samples
from depths < 100 m, 1982-2021
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