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PROJECT OBIJECTIVES:
Objective 1: Analysis of historic and contemporary data on water mass structure from
conductivity-depth profiles (CTD), 2016-2017 satellite drifting buoys, and NOAA ROMS
circulation models in Kachemak Bay to identify a suite of conditions that infer strength of the
gyre in outer Kachemak Bay and that elucidate surface water mass movements, and connectivity
to Gulf of Alaska (GOA) waters and the Alaska Coastal current.

Objective 2: Develop a conceptual model of conditions from which seasonal circulation maps for
Kachemak Bay will be generated and integrate the information into ongoing monitoring
program for HABs, marine invasive species monitoring, and mariculture practices.

ABSTRACT

Ocean circulation patterns that provide nutrients, concentrate marine plankton, and distribute larvae
are complex and are important to the rich near-shore ecology and mariculture activities in Kachemak
Bay. Kachemak Bay is a biologically productive estuary connected to lower Cook Inlet and the Gulf of
Alaska which provides sport harvest opportunities for salmon, ground fish, and shellfish. This region
contains concentrations of Pacific razor clams and hardshell clams including Pacific littleneck clams and
butter clams. Beginning in the late 1900s the native clam populations in southcentral Alaska have
declined significantly to the point where some fisheries are closed, and harvest opportunities are lost.
The sheltered waters of Kachemak Bay also host several mariculture sites (such as oysters, mussels, and
pink salmon) which rely on marine phytoplankton for food. Improved understanding of seasonal
oceanic conditions and updated circulation maps enhance our ability to respond to marine invasive
species and harmful algal bloom (HAB) events and provide useful information to mariculture activities.
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1. SUMMARY OF PROJECT ACCOMPLISHMENTS:

Analysis of historic and contemporary data was completed on water mass structure to identify a suite of
conditions that infer strength of the gyre in outer Kachemak Bay and that elucidate surface water mass
movements, and connectivity to Gulf of Alaska (GOA) waters and the Alaska Coastal Current. From
conductivity-depth profiles (CTD) and System Wide Monitoring Program (SWMP) water quality data, we
determined seasonal stratification, with density stratification driven primarily by buoyancy forcing. To
estimate the retention time for waters in Kachemak Bay, a Regional Ocean Modeling System (ROMS)
circulation model was coupled to an off-line float tracking tool. All satellite drifter data from 2012, 2013,
2016, 2017 were synthesized into a cohesive data set for Kachemak Bay, lower Cook Inlet and Shelikof
Strait. Analyses of the data produced circulation pattern maps that update the diagramed patterns of
Burbank (1977) for Kachemak Bay and Lower Cook Inlet, with one gyre in the outer bay instead of two
counter-rotating gyres.

This improved understanding of seasonal oceanic conditions and updated circulation maps enhance our
ability to respond to marine invasive species and HAB events and provide useful information to
mariculture activities. The project team showcased drifter videos that illustrated ejection patterns and
residence times and received feedback on the circulation maps and conceptual model at several
stakeholder engagement opportunities, including community monitor annual training with the Harmful
Species Program, presentations to regional stakeholders at the Kachemak Bay and Lower Cook Inlet
Marine Workgroup, and a dedicated 1-day Ocean Circulation Workgroup in Homer, AK. These events, as
well as routine quarterly reports to the Kachemak Bay National Estuarine Research Reserve Community
Council and individual meetings with Alaska Department of Fish and Game (ADF&G) biologists, National
Oceanic and Atmospheric Administration (NOAA) staff and marine invasive coordinators helped to
integrate this project outputs with existing ocean circulation models and forecasting tools and assess
information needs and interests to determine future applications for the project outputs.
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Figure 1.1 Map of study area showing Kachemak Bay and sample sites. By developing an understanding
of the structure, timing, and duration of the gyre in outer Kachemak Bay, we can better understand the
connectivity of water movement and potential particle transport.
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METHODS:

2. Satellite-tracked drifter studies

Objective 1. a. Existing data models will be applied to all satellite drifter data from 2012 through 2017
from Kachemak Bay, and to previous drifter data from Cook Inlet (Johnson 2008). All data will be
synthesized into a cohesive data project.

We acquired ocean drifter data from 2003 to 2007 from lower Cook Inlet, mostly the region south of The
Forelands, funded by the (then) Minerals Management Service (MMS, now Bureau of Ocean Energy
Management). The drifters used the ARGOS satellite system to transmit position and time data from an
internal GPS from each of the 43 drifting buoys. Those data were processed and error checked for
consistency with the current data set.

From 2012 through 2017, we collected data from drifters deployed in Kachemak Bay, Kennedy Entrance,
and Gore Point in the GOA. The time histories from the earlier and recent drifter data sets are shown in
Figure 2.1.

The circulation maps presented here were created from both the MMS and the recent data sets funded
by CCIAP and by this SWG grant. With this funding, we deployed, recovered, and re-deployed, two types
of ocean drifters in Kachemak Bay. The drifters were purchased from Pacific Gyre, Inc. One drifter was
designed to track the flow at 15m depth (SVP Drifter) and the other designed to track the surface flow
(Microstar Drifter). Both drifters contain an internal GPS that records position at hourly (or other
adjustable) intervals and use an internal Iridium phone to transmit, on a daily basis, the raw GPS
position and time data. Central finite differences were used on the position and time data to calculate
velocities which were then spatially averaged into the circulation maps shown here.
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Figure 2.1 (Upper) Timeline of prior, MMS-funded data merged into this study. (Lower) Timeline of
recent data acquired under this grant and a grant from CCIAP.
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Figure 2.2. Comparison of illustration from Burbank (1977)
(right) and circulation patterns based on drifters monitored
since 2003 (above). Burbank shows two counter-rotating
gyres in outer Kachemak Bay. Our results clearly show an
eastern, counter-clockwise rotating eddy.
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Figure 2.3. The count of hourly positions, by weeks and months, from drifters within Cook Inlet and
Kachemak Bay, Alaska, from 2003 to the present. There is a summer bias toward July through
September.
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Figure 2.4. Hourly data counts by location for Kachemak Bay from drifter data collected since 2003. The
colors correspond to the number of observations in a 1.5 km radius used in calculating the mean current
vectors. A brighter green color shows data point counts above ~100 in much of Kachemak Bay, adding to
the confidence of our results. The red areas have less data and suggest areas of divergence. Data counts
below 10 may not accurately reflect the long-term mean circulation.
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Results and Discussion:

Lagrangian drifters deployed in Alaska’s lower Cook Inlet and Kachemak Bay span a time frame from
2003 to 2017. The drifters discussed here reported their positions at hourly or shorter intervals, first via
the ARGOS telemetry system and more recently by Iridium phone. From each drifter’s position time-
series we calculated the velocities using centered, finite-differences. Velocities were low-pass filtered, to
remove the tidal signal, using a second-order Butterworth filter with a cutoff-frequency of 40 hours. The
drifter positions and velocities are averaged in space and through time to create mean current vectors
showing speed and direction.

The resulting map of the mean, de-tided currents shows a single eddy, or gyre, in outer Kachemak Bay
and two gyres in inner Kachemak Bay. The present work provides new knowledge about the circulation
patterns in Kachemak Bay introduced previously by Burbank (1977). The features shown here differ
significantly from those presented by Burbank (1977) who used drogued drifters, drift cards, and
observed drift patterns to map the net surface circulation with two counter rotating eddies, as shown in
July 1975 (his Figure 15) and March 1976 (his Figure 38). His Figures 90-91 placed surface velocities in
the eastern and western gyres between 0.15 and 0.22 knots, respectively, and 0.15 and 0.1 knots for the
subsurface velocities. In contrast, Muench et al. (1978) analyzed CTD data that showed one clockwise
gyre in the Outer Bay, at least in the summer, consistent with the results presented here that are
summer-biased.

Understanding any seasonal changes to this counter-clockwise, upwelling, gyre requires additional
analysis and winter data. We do know that in summer, the prevailing southwesterly winds and the local
bottom topography in the outer bay likely divert some of the northerly flowing water, from Kennedy
Entrance, into the inner bay, as reported by Gatto (1982). Flow into (and out of) the inner bay may also
be modulated by the timing and strength of the gyre. Our conceptual model suggests that when the
gyre is “spun up”, flow along its southern side enhances eastward flow toward and into inner Kachemak
Bay.

To assess the idea of gyre-modulated flow, we examined CTD data collected during Gulf Watch Alaska
sampling in April of 2016. Transect 4, located just west of Homer Spit, runs north-south across the outer
bay (shown by black dots in Figure 2.2). A vertical CTD section shows an “up-doming” of the isopycnals
(density lines) driven primarily by salty and cold water at depth, likely formed during winter.

We can compute the geostrophic velocity from this cross section. The southern part of the transect
shows eastward flow into the inner Bay. The northern part of the transect shows westward flow. The
precise mechanisms that create and maintain this gyre warrant further attention. However, the cold,
saline water, likely formed in winter, requires adjacent water of a lesser density for the horizontal
gradients to drive the geostrophic flow shown in Figure 2.6. CTD vertical sections from times other than
shown here do not show the up-doming of the density as clearly, suggesting a summer feature. We
continue to analyze the data to understand how the gyre changes over the seasonal cycle.
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Figure 2.5 Vertical CTD sections (looking west, Homer at right, or to the north) of temperature, salinity
and density from Transect 4, April 11, 2016. The density lines (bottom frame) are up-domed with dense,

colder, saltier water at depth.
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Figure 2.6 Geostrophic velocity from Transect 4 as shown in Figure 2.5. The blue colors denote flow to
the east (out of the page) and the red denotes flow to the west (into the page). The deepest common
depths for station pairs were used for the reference levels. The velocity structure shows little vertical
shear, especially in the southern third, but with considerable horizontal shear across a “front” at station
4.

By overlaying simple vectors on Figure 2.2 we use drifter-track-velocity to infer potential residence time
within Kachemak Bay (Figure 2.7). A higher resolution model is needed to best understand seasonal
influences on residence timing. The acquired data reinforce our knowledge about the major tidal rip
zones in lower Cook Inlet. Figure 2.8 shows central rip in Cook Inlet that connects to flow into Shelikof
Strait. A primary feature is the strong, southward flow in the west including the main “rip”, with weaker,
northward flow in the east.

11



FEDERAL ASSISTANCE ALASKA DEPARTMENT OF FISH AND GAME

SPORT FIsH DIVISION

FINAL PERFORMANCE REPORT PO Box 115526

Juneau, AK 99811-5526

Inferred Retention

High
Mid [

<icmis 2cmis 3 cm/s 9 cm/s >10 ecm/s
Figure 2.7 Areas colored in blue indicate low velocity and high retention, areas colored in yellow indicate

medium velocity and medium retention, and areas colored in red indicate high velocity and low
retention.
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Figure 2.8 Circulation map of lower Cook Inlet from all data collected since 2003. The main tidal rip is
seen in the middle of Cook Inlet with outflow to Shelikof Strait visible with current speeds well above 1

knot.
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3. Analysis of NOAA ROMS circulation models

Objective 1. b. The NOAA ROMS data codes have been transferred to University of Alaska, Fairbanks and
preliminary analyses indicate Model velocity fields suggest that on longer (monthly) timescales the
inflow/outflow patterns in Kachemak Bay are relatively consistent but there is daily to bi-weekly
variability in the system which will be important to the location of patches of water mass convergence.
This requires further analyses and is relevant to the location of high-density patches of marine plankton.

Estimating the retention time for Kachemak Bay was identified as a priority goal during the Kachemak
Bay Marine Ecosystem Workgroup meeting on April 10", 2018. Addressing this goal will help us identify
the conditions that elucidate surface water mass movements into and out of Kachemak Bay, and the
strength of the connectivity to the GOA, thus directly addressing Objective 1 of this project.

Estimating the retention time of a region can be challenging using only u and v velocity estimates,
derived from current moorings or from Eulerian model output, as they provide only the velocities of
fixed locations. Drifters released in the Bay (see above results) can be insightful as they provide a way to
visualize and understand the movement of water within the Bay in a Lagrangian sense. Due to logistical
and cost restraints only a handful of drifters can usually be released and tracked over a season. A
complementary approach to the drifter analysis is to apply a particle tracking model over the Kachemak
Bay region. In this approach, simulated drifters (particles) are released within a simulated hydrodynamic
environment and their horizontal and vertical locations are tracked at every model time-step. Here we
released particles within a model that covers the Northern GOA, including Cook Inlet and Kachemak, and
determined how long the particles were retained before exiting the Bay. We subsequently attempted to
simulate the flux of particles into Kachemak Bay from the broader Cook Inlet region.

To explore the connectivity of Kachemak Bay to the Broader Cook Inlet, and estimate the retention time
of Kachemak Bay, a Lagrangian particle tracking model was coupled to an Eulerian hydrodynamic model
of the Northern GOA region. The particle tracking model was developed within the Dispersal Model for
Early Life Stages (DisMELS) framework (Stockhausen et al., 2018). DisMELS is a NOAA product developed
at the Alaska Fisheries Science Center. This model was originally developed to simulate early life history
characteristics (e.g. spawning locations, larval behavior, and growth rates) of individual ‘fish,” and
determines their interaction with the environment and transport pathways based on predictions of
environmental forcing from physical estimates of circulation (i.e. tides and currents) and scalar
properties (i.e. temperature and salinity). In the present application we initially treat the simulated
‘individuals’ as passive particles. In subsequent experiments, to further explore likely particle and water
movements within the Bay, it will be possible to prescribe the particles a preferred depth range in which
they can actively maintain their vertical position. The Regional Ocean Modeling System (ROMS) that
provided the ocean circulation fields has been well documented elsewhere (Haidvogel et al., 2008;
Moore et al., 2004; Shchepetkin and McWilliams, 2005), and so is not described here in further detail;
however, its specific application to the North Western GOA (NWGOA) is outlined below.

14
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The NWGOA model that was used to provide the physical fields was developed by Danielson et al.
(2016). This is a relatively high resolution (~1.5 km) model that extends from west of the Shumagin
Islands to east of the Copper River and Kayak Island (~ 1100 km in length) and offshore beyond the
continental shelf break (~550 km wide) — see Figure 3.1. The NWGOA model has been found capable of
resolving the fronts, eddies, and constricted flows within Cook Inlet, Shelikof Strait, and Prince William
Sound (Figure 3.2, Danielson et al., 2016). Boundary conditions for the NWGOA model were provided by
a coarser resolution (10 km) regional model that spans the entire Northeast East Pacific (NEP)
(Curchitser et al., 2005; Curchitser et al., 2010; Danielson et al., 2011). Modern Era Retrospective
Analysis for Research and Applications (MERRA), a high-resolution global reanalysis model product, was
used to force both the NEP and the NWGOA model. The MERRA atmospheric forcing (wind, air
temperature, sea level pressure, specific humidity, shortwave, downwelling longwave radiation) was
sub-sampled to a 3-hour resolution on a 1/2° latitude by 2/3° longitude grid. Daily averages for physical
oceanographic fields from the NWGOA ROMS model are low-pass filtered to eliminate tidal flow. At
present, ten years (1999-2008) of the ROMS daily average ocean circulation model output is available to
drive the particle tracking model. In this initial application of the particle tracking model to explore
Kachemak Bay hydrology, we ran the coupled model for 2003.
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Figure 3.1 Domain extent and bathymetric depths (m) of the ROMS NWGOA hydrodynamic model that
was used to drive the particle tracking model (figure reproduced from Danielson et al., 2016).
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Figure 3.2 Surface mean velocity fields over the 10-year hindcast for February (a) and May (b) in Cook
Inlet. Every 9'" grid point velocity vector is shown. Arrows denote flow direction and colors denote flow
speed in cm st. Reproduced from Danielson et al 2016 Figure A5.2.

The DISMELS model is run off-line to the ROMS model and used a sub-daily integration time-step of
twenty minutes to improve the accuracy of the Lagrangian tracking algorithm for movement.
Specifically, the three-dimensional currents from the ROMS model output were interpolated to each
particle’s location and a fourth-order predictor-corrector algorithm was used to perform a Lagrangian
integration, to determine the new location of the individual at the end of the time step.

To explore particle trajectories within Kachemak Bay, particles were initialized in a 2 km x 2 km grid
throughout the Bay (Figure 3.3a). This release grid of particles 147 particles was applied to 11 depths
(Om, 5m, 10m, 15m, 20m, 25m, 30m ,35m ,40m ,45m, and 50 m) for a total of 1617 individuals per
annual simulation. The particles were initialized on January 2", 2003 and their horizontal and vertical
trajectories were followed until December 31, 2003. In a separate model run, particles were initialized
in Lower Cook Inlet at a resolution of 10 km x 10 km, and at the same 11 depths as specified above (for a
total of 946 particles).

16



FEDERAL ASSISTANCE

ALASKA DEPARTMENT OF FISH AND GAME
SPORT FISH DIVISION

FINAL PERFORMANCE REPORT

PO Box 115526
Juneau, AK 99811-5526

Figure 3.3 Initial location of particles released in Kachemak Bay (a) and in lower Cook Inlet (b).

With the exception of only a few particles, the majority of particles release in the surface water column
(0-5 m) were transported out of the Kachemak Bay prior to the end of the simulation (Figure 3.4 a-b). As
the initial release depth increases, the number of particles released in inner Kachemak Bay that fail to
exit increases while the particles that are were released in outer Kachemak Bay continue to exit during
the simulation (Figure 3.4). Particles released towards the bottom of the water column (50 m) generally
were able to exit if they were initialized in the outer Bay but not if they were initialized in the inner Bay

(Figure 3.4 k).
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Figure 3.4 Initial location of particles that were released in Kachemak Bay that either exited during the 1-
year simulation (green) or that remained within Kachemak Bay at the end of the simulation period (red)

for each of the 11 release depths (0-50, a-k).
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Figure 3.4 (continued).
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Results and Discussion:

Examination of the trajectories of the particles that failed to exit Kachemak Bay prior to the end of the
simulation (Figure 3.5) indicate that while there is a high degree of re-circulation in the inner Bay,
particles are occasionally able to escape to the outer Bay (Figure 3.5 b and c). Presumably, if the
simulation was to continue beyond the present year, these particles would then exit the Bay.

Of the particles that exited Kachemak Bay within the time frame of the simulation, those that were
initialized in the surface water column were more widely dispersed, with individuals being transported
into the GOA south of Kodiak Island through Shelikof Strait (Figure 3.6a). While some particles released
at 50m were also transported through Shelikof Strait the majority appear to have been incorporated
into re-circulating features the mouth of Cook Inlet (Figure 3.6c). Particles release at mid-depth had
trajectories that seemed equally likely to be transported to the west or east side of Kodiak Island.
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Figure 3.5 Trajectory (blue) of the particles that failed to exit Kachemak Bay prior to the end of the
simulation. For particles initialized at 0 m (a), 20 m (b) and 50 m (c). Initial location of particles is shown
with a green marker and end location is shown with a red marker.

20



FEDERAL ASSISTANCE ALASKADEPARTMENT OF FISH AND A

FINAL PERFORMANCE REPORT Juncau, AK 998118596

Tracks for cxsters. Initial depth 20m

«...\II!‘J_'V,_;JG"' bty ‘
A

c) 50m |

159" 156"W 153%% 1507w 147"W

Figure 3.6 Trajectory (blue) of the particles that exited Kachemak Bay prior to the end of the simulation.
For particles initialized at 0 m (a), 20 m (b) and 50 m (c). Initial location of particles is shown with a green
marker and end location is shown with a red marker.

Particles that did exit Kachemak Bay were most likely to do so within the early part of the model
simulation — usually within the first 25 days (Figure 3.7). Although fewer of the particles exited as the
initialization depth increased, the timeframe for the exiters appears very similar with depth.
Approximately 30% of the particles in the upper water column (shallower than 30 m) exited Kachemak
Bay within the first few weeks of the simulation (Figure 3.8). Within the same time period, less than 20
% of the particles released below 30m had exited. Within the 2nd week of the simulation there was a
sudden increase in the percentage of floats that exited Kachemak Bay, this was seen through the water
column. Another similar increase was seen around day 50. Subsequent to this, the percentage of floats
exiting the Bay did not show a notable change. At end of the year simulation only 2.7 % of the particles
initialized at the surface (0 m) remained in Bay. Of the particles released at 50 m, 33.3% of them were
still in the Bay at the end of the simulation. Most of these were in the inner Bay.
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Figure 3.7 Histogram showing the time (days) it took for individual particles to exit Kachemak Bay.
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Figure 3.8 Percentage of floats initialized within Kachemak Bay that had exited the bay
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Figure 3.9 Average number of days (a) and depth (b) that particles exited Kachemak Bay.

On average, particles that did exit Kachemak Bay took 14.6 (s.d. 29.5) days to do so if they were
initialized at the surface (Figure 3.9a). At 23.9 (s.d. 38.3) days, the average exit time was longest for
floats initialized at 35 meters. Figure 3.10 shows how the time to exit varied with initial location within
Kachemak Bay. Particles initialized in the outer Bay, particularly on the northern side, exited within the
first week. Particles initialized on the south side of the Bay tended to take longer to exit than those at a
similar longitude on the north side of the Bay. Floats initialized in the upper water column, 10 m and
shallower, exited at a depth close to initialization (Figure 3.9b). Particles initialized at deeper depths had
an average exit depth that was shallower than initialization. Particles initialized at 30m or deeper all had
an average exit depth around 20 meters.
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Initial Depth: 0 m

Initial Depth: 50 m

Initial Depth 20 m

<7 days

7 - 14 days
14 - 28 days
28 - 60 days
> 60 days

Figure 3.10 Number of days that it took particles to be transported out of Kachemak Bay for particles

initialized at 0 m (a), 20 m (b), and 50 m (c)

Very few of the particles (0-2 per initial depth release) that were initialized within Lower Cook Inlet were
transported into Kachemak Bay. The particles that were classified as being within Kachemak Bay
generally were only present in the very outer Bay mouth for a few days before being transported back
out of the Bay. In an attempt to see how the ambient flow at the time of model initialization impacts the
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transport into the Bay we repeated the Lower Cook Inlet model release simulation initializing the
particles on the 2" of February, March, April, May, June, July, August and September. None of these
simulations showed a notable increase in the number of particles being transported into Kachemak Bay.
Particles were instead generally transported southwards out of Cook Inlet and through Shelikof Strait,
with a few being transported northwards into upper Cook Inlet. (Figure 3.11)

Tracks for Cook Indet Rescase Initial depth Om Tracks for Cook Indet Rescase. Initial depth 20m

159w 156"W 153%W 150°W 147TW

159w 156"W 153w 150"W 147"W

Figure 3.11 Trajectory (blue) of the particles that were initialized in Lower Cook Inlet. Particles were

initialized at 0 m (a), 20 m (b) and 50 m (c). Initial location of particles in shown with a green marker and
end location is shown with a red marker.

For approximately the first 20 days of the model simulation ~100% of the particles that exited Kachemak
Bay remained within Lower Cook Inlet (Figure 3.12). Around day 20 of the model simulation the
percentage of Kachemak Bay exiters that were within Lower Cook Inlet decreased to about 80% for
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particles initialized below 10m, and to about 60% for particles initialized in the surface waters. Around
day 50 there appears to have been another current shift, as virtually all of the Kachemak Bay exiters that
had been initialized in the surface waters were no longer considered within Cook Inlet. No analogous
change was seen at this time for the percentage of Kachemak Bay exiters initialized deeper in the water
column. Around day 170, the percentage of Kachemak Bay exiters, from all initialization depths, that
remained in Cook Inlet fell sharply to less than 20 %. This percentage did subsequently increase (~40%)
for the particles initialized at depth. This increase could have arisen from the return of particles that had
exited Cook Inlet, or from the flux of additional particles from Kachemak Bay.

Percentage of floats that exited Kachemak Bay that are in Cook Inlet

Initial Depth (m)

100

80

60

40

20

1l
50 100 150 200
Time (days)

350

Figure 3.12 Percentage of the particles that exited Kachemak Bay that remained within Lower Cook

Inlet.

The retention time of inner and outer Kachemak Bay appears to be very different. Our model
simulations indicate that the retention time of the outer Bay is likely to be around the order of 1-2

months. In contrast, our simulations suggest that the inner Bay has a retention time over a year. To
further refine these estimations next steps would be to perform multi-year model simulations to

ascertain how many years would be required for the deep water of the inner Bay to be replenished.

Multi-year simulations would also allow us to assess the inter-annual variability of our model estimates,
and to correlate the retention times to variability in the hydrographic fields. We are hopeful that we
would achieve successes in simulating particles entering Kachemak Bay from Lower Cook Inlet if the
initialization time was reduced from once a month to every day. It appears that the currents into the Bay

are very ephemeral, and if the particle releases did not coincide with favorable currents they were
transported southwards out of Cook Inlet before transport into the Bay could occur.

Model estimates would potentially be improved by repeating the experiment with the very high-
resolution NOAA ROMS model for Cook Inlet (Lanerolle), on which we have reported previously. This
model would be capable of simulating the small-scale transports in and out of the Bay that may have
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been missed by the model used here. Here we chose to use the slightly coarser resolution model
developed by Danielson et al. because it had been run for a full decade and more fully evaluated over
that time period. Furthermore, this model will allow us to explore the connections of Kachemak Bay to
the broader GOA.

4. Oceanographic monitoring

Objective 1. c. Data from the long-term oceanographic monitoring (conductivity-depth profiles) by Gulf
Watch Alaska will be used to validate the NOAA ROMS ocean circulation model and inform the seasonal
circulation maps.

Oceanographic measurements were made with vertical casts of a SeaBird Electronics (SBE) SEACAT
19plus conductivity-temperature vs depth (CTD) profiler from the surface to near-bottom at each
station. Parameters measured include temperature, salinity, dissolved oxygen, photosynthetically
available radiation (PAR), fluorescence and turbidity. CTD cast data were processed with SBE algorithms
and Ocean Data Viewer software was used to create along-transect versus depth contour plots of
oceanographic variables for each sampling event. Time series contour plots (time versus depth) were
also produced for selected individual stations from each transect for the 2012-2017 period.

Results and Discussion:

During the study period, Kachemak Bay experienced a transition from anomalously cold-water
temperatures in 2012 to continuing warm temperature anomalies starting in late 2013 and lasting
through late 2016. Inversely, average salinity decreased during these warm periods but still displayed
seasonal trends of decreasing in spring through late summer with freshwater inputs, becoming more
variable during fall months, and ultimately increasing in winter when freshwater inputs are reduced.
Waters in Kachemak Bay are vertically stratified from April to November, with density stratification
driven primarily by buoyancy forcing (Figure 4.1). The water column typically has a two-layer structure
with a surface layer of varying freshness and a stable lower layer higher in salinity.

(Figure 4.2) provides an example of time series from 2012-2018 for temperature and salinity profiles
from monthly sampling at Transect 9, station 6 of the Kachemak Bay Gulf Watch Alaska survey line. The
transition to warmer waters in 2013 is attributed to the Pacific warm water anomaly which persisted
through 2016. Effects of this perturbation were seen in the winter minimum temperatures rising
throughout the period and the freshening of the water column both at the surface and below the
pycnocline. These observations correspond with observations in the upper water column at the GAK1
mooring in Seward, AK.
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Density [Sigma-theta, kg/m*3]

Depth [m]

3

Depth [m]

2
Section Distance [km]

Figure 4.1 Contour plots of density at the mid-Kachemak Bay Gulf Watch Alaska transect (Transect 9)
from July 2017 survey. This figure illustrates the differences between stratified and non-stratified
conditions, with density being a function of water temperature and salinity. The transect runs north to
south from viewers left to right, respectively and the dashed lines indicate station location and depth.
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Figure 4.2 Time series of vertical profiles of water column temperature and salinity from 2012-2018
collected from monthly CTD casts at a mid-Kachemak Bay Gulf Watch station (T9_6).
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5. Water Quality Long Term Monitoring

Kachemak Bay National Estuarine Research Reserve (KBNERR) has been monitoring water quality
continuously in Kachemak Bay since 2001, as part of a national System-Wide Monitoring Program
(SWMP). This program utilizes YSI data sondes (either 6600-series, or EXO series) outfitted with a variety
of probes (water temperature, specific conductivity, percent saturation of dissolved oxygen, pressure,
pH, turbidity and chlorophyll fluorescence) to collect continuous data at 15-minute intervals. Data
undergo extensive quality assurance and are available online at www.nerrsdata.org (see
https://coast.noaa.gov/data/docs/nerrs/Research_2011SWMPPlan.pdf for more details on data
collection and management).

In Kachemak Bay, the KBNERR has deployed sondes in pairs at the end of the Homer Spit, and in
Seldovia Harbor since 2004, with one sonde a meter below the surface (Surface Station), and one a
meter above the bottom (Deep Station) in each location. In addition, we have deployed a fifth sonde
during the ice-free season only on a buoy in Bear Cove since 2012.

Results and Discussion:

Kachemak Bay waters have shown a slight warming trend at all stations since 2001 (see Figure 5.1 for an
example from the Homer Deep station). This trend has been especially pronounced since 2008 (Figure
5.2), likely related to the warm water anomaly observed in the northern GOA in recent years (Doroff and
Holdereid 2017).

Monthly water temperature anomalies in Kachemak Bay approached 3 degrees C above the long-term
average at times between 2014 and 2016 but have still been as high as 1.5 degrees C above the long-
term average in 2017-2018 (see Figure 5.3 for an example from the Homer Deep station). The highest
annual water temperatures in Kachemak Bay are seen in late August and early September at the Homer
and Seldovia stations. The peak temperatures in Bear Cove occur earlier (July), and exceed those seen at
Homer and Seldovia (Figure 5.4). These peak temperatures have been higher in recent years in
Kachemak Bay, and this may be relevant to toxic algal bloom formation. For example, water
temperatures of 7-8 degrees C or more appear to be needed for Alexandrium catenella bloom
development in Kachemak Bay (Vandersea et al. 2018). With increasing temperatures in recent years,
there is more opportunity for such blooms to develop. Highest abundances of this potentially harmful
species have been found at temperatures above 10 degrees C (Vandersea et al. 2018).

Strong water temperature fluctuations from late July through September at the Seldovia stations have
been interpreted as evidence of Alaska Coastal Current (ACC) incursions into Kachemak Bay (with
warmer, less saline water arriving with the ACC- see Baird and Pegau 2005). These warm-water peaks in
late summer are seen at both Seldovia and Homer and are likely related to ACC water entering the bay.
In 2016, as an example, temperature peaks in Seldovia were followed by peaks in Homer approximately
2-3 days later. This likely illustrates transit times for water moving from Seldovia to the Homer Spit after
entering the bay (Figure 5.5). These incursions of ACC water into the bay coincide with the warmest
annual water temperatures and are a potential source of larvae and algae entering the bay from the
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GOA. Average salinity of Kachemak Bay water decreases at this time as well (late July through
September), which may be further evidence of ACC incursion into the bay (Figure 5.6).

Water Temperature, Homer Deep
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Figure 5.1 Average daily water temperature from Homer Deep SWMP station, 2001-2018.

dashed line indicates an increasing linear trend over that time period.
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Figure 5.2 Average daily water temperature from Homer Deep (HD) SWMP station, 2008-2018. The red
dashed line indicates an increasing linear trend over that time period, showing the strong warming trend

over this time period.
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Monthly Water Temp Anomalies, Homer Deep
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Figure 5.3 Monthly water temperature anomalies at the Homer Deep SWMP station, 2001-2018. Red
bars indicate positive temperature anomalies, while blue bars show temperatures lower than the
average over this time period. Note that Kachemak Bay water temperatures have generally been

anomalously high since 2014.
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Average water temp by calendar day - all 17 years combined

Degrees C

Figure 5.4 Annual water temperature patterns at Homer Deep (HD), Seldovia Deep (SD) and Bear Cove
(BC) stations. Bear Cove data collection began in 2012, and thus represents 5 years of surface water

data.
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Figure 5.5 Water temperatures at Seldovia Deep (SD) and Homer Deep (HD) stations, July-September

2016. The high peaks of the water temperature fluctuations seen may indicate incursion of water into

Kachemak Bay from the Alaska Coastal Current (ACC). These peaks at the Homer station lag those at the

Seldovia station by 2-3 days.
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Average salinity by calendar day - all 17 years combined
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Figure 5.6 Average daily salinity at Homer Deep (HD) and Seldovia Deep (SD) stations.
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Winter -> Spring
( -May)

Summer
(June-Aug/Sept)

Fall -> Winter
(Sept- )

Water
Temperature

Lowest temperatures. Colder and

mixed through April/May with air

temps driving any layering. Varies
interannually with warming events.

Warmest temps throughout area.
Varies spatially with introduction
of freshwater runoff -> vertical
temperature layering.
North/south structure in bay.

Temperature uniform by October and cools
throughout winter until inverting.

Water Salinity

Mixed waters becoming fresher at
surface layer in April/May. Varies
interannually with warming events
(freshening of GOA).

Strong freshwater layering down
to 10-15m. Varies spatially with
freshwater runoff. Total
freshwater content begins
increasing ~]July.

Early fall distinct freshwater layering (Sept),
water below pycnocline freshest. Becomes
more mixed (Oct) and fully mixed through
winter. Varies interannually with warming

events (freshening of GOA).

Water
Stratification

Mixed water persists from winter
until early signs of stratification
begin in April/May.

Distinct stratification by June.
Peak stratification July-Sept.
Increasing throughout summer.
Varies spatially with freshwater
runoff.

Stratified through Sept, becoming mixed
again by October. Mixed water persists until
late spring.

Freshwater
Inputs/
Forcing

Low/no freshwater inputs
increasing to early snowmelt. Rain?

Snowmelt greatest, strong
forcing on north side of bay.
Glacial meltwater runoff peaks in
late summer to early fall.

Snowmelt continues but decreases with
cooling temperatures and lessened sunlight.

Winds

Strong NE winds reducing to
moderate of varying direction in
April.

Moderate to stronger winds from
SW/wW

Moderate winds of varying direction
increasing to strong NE.

Table 1 Seasonal ocean conditions in Kachemak Bay
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6. Integration with Ongoing Programs and End-user Engagement

Objective 2: a. Based on the data synthesis in Objective 1, develop multiple circulation scenarios that are
relevant to mariculture practices, HAB monitoring, shellfish managers, and marine invasive species
monitoring. b. Present results at local Community and City Council meetings and the Alaska Marine
Science Symposium. c. Include these data in improvements to existing ocean circulation models, HAB
forecasting tools, and provide materials for education and outreach on ocean circulation.

The outputs generated from Objective 1 were explored with reference to ongoing bivalve, HAB, and
marine invasive species monitoring studies in Kachemak Bay. Project team members engaged ADF&G
staff, HAB and invasive species monitoring program members, and aquaculture and mariculture
businesses in the following ways to improve the utility of the project outputs:

Pilot draft models at local and regional meetings: Dedicated presentations to regional stakeholders were
made at the biannual Kachemak Bay and Lower Cook Inlet Marine Workgroup April 10%", 2018. The first
of two presentations at the Marine Workgroup presented by KBNERR staff Rosie Robinson focused on
the Kachemak Bay Harmful Algal Bloom Portal to gain pre-launch feedback on utility of Data Views, a
tool for in season access to data about conditions. The second presentation delivered by University of
Alaska Fairbanks (UAF) researcher Mark Johnson gave an overview of the drifter study, and past and
current understanding of circulation conceptual models. End-user participants included Alaska DNR
State Parks and Cook Inlet Aquaculture Association (CIAA) staff, who provided feedback on the tools and
information. Interim results were also presented at the Alaska Marine Science Symposium at a poster
session January 22", integrated with the Kachemak Bay Habitat Focus Area Bivalve study. Routine
guarterly reports were made to the Kachemak Bay National Estuarine Research Reserve Community
Council on February 28" and June 6%, 2018.

Engage mariculture community during annual HAB monitor training sessions: During the annual spring
refresher training hosted by the KBNERR Harmful Species Program on April 17%", 2018, updates were
provided to monitors for early detection of HABs of marine phytoplankton. Participants at the training
included operators from mariculture, hatchery and tourism businesses in Kachemak Bay, Alaska
Department of Environmental Conservation (ADEC) regulatory agency members, NOAA Kasitsna Bay Lab
(KBL) staff and undergraduate and graduate students. This engagement opportunity allowed the project
team to receive feedback on the circulation maps and conceptual model and develop scenarios relevant
to HABs and mariculture practices in Kachemak Bay. KBNERR staff presented historical maps and current
updated maps of circulation in Kachemak Bay, and showcased drifter videos that illustrated ejection
patterns and residence times in the inner and outer regions of Kachemak Bay. Community monitors
then went on to collect phytoplankton samples throughout the summer months in several sub-bays
within Kachemak Bay with the current state of knowledge of ocean conditions, and where to find in-
season data.

Assess information needs and interests or resource managers and marine invasive coordinators: The
products and information were well received by ADEC staff at the HAB training and were explored in
more detail at a dedicated 1-day Ocean Circulation Workgroup June 19%", 2018 with partner
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organizations including Alaska Department of Fish and Game, Cook Inlet Regional Citizen’s Advisory
Council (CIRCAC), Prince William Sound Regional Citizen’s Advisory Council, NOAA KBL Alaska Ocean
Observing System (AOOS), Axiom Data Science, UAF College of Fisheries and Ocean Sciences, and
University of Alaska Anchorage (UAA) KBNERR. Objectives for this workgroup were to provide a forum
for the research and resource management community to share existing ocean circulation and
conditions information in Kachemak Bay and Cook Inlet, discuss applications of current research efforts
with respect to ecosystem drivers, relevance to local practices and decision making, and assess the
needs and opportunities for integration of information and models with ongoing monitoring and
observing systems. Summaries of recent ocean observing efforts and results in Cook Inlet and Kachemak
Bay were presented by UAA KBNERR, NOAA KBL, UAF CFOS, CIRCAC, and Axiom Data Science, followed
by whole group discussions of ocean circulation models, existing and potential analytic and visualization

capabilities, and desired applications and outputs from models.

Results and Discussion:

These engagement opportunities, along with individual
meetings and conversations with stakeholders, helped to inform
product delivery and relevant circulation scenarios for
mariculture practices, HAB monitoring, shellfish managers, and
marine invasive species monitoring. This project helps develop
protocols for early detection of marine invasive species by
providing transport patterns of water masses which can carry
larval stages of potential marine invaders and harmful plankton,
providing likely “hot spots” to further focus community-based
monitoring efforts. Key feedback collected included information
on the following topical areas:

1. Harmful Species Information Data Views

59°N |

34.00'

24\'3.

Kachemak Bay Drifters
02-Aug-2012 12:00

18.00'
Figure 6.1 Still of a drifter track

animation provided to end-users

e Site specific information for mariculture business operations and expansion, species specific
information, and regional summaries are all needed to inform decision making.

e Start with decision-maker and resource manager data views (Figure 6.1) with real time
information, distill down into derived products paired with ocean circulation maps and drifter

videos with narratives for public or less technical audiences.

e Drifter animations were excellent visualizations for less-technical audiences, showing examples
of water movement from outer to inner Kachemak Bay and between sub-bays.

2. Monitoring Program

e |dentify additional areas to recruit HAB community monitors. Results inform recruitment

strategy.
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Inform sampling strategies for ADF&G Sportfish and the KBNERR Harmful Species program on

hardshell clam surveys.

Select sites for COASST seabird die off beaches and community die off alert trainings.
Match model outputs with Local Environmental Knowledge to select sampling sites for the

Coastal Observation and Seabird Survey Team (COASST).

Expand invasive species sampling to include frontline communities where incursions from the
GOA may be transporting harmful species (invasive tunicates, green crab) into Kachemak Bay.
Monitor zooplankton to detect larval transport of early life-stage harvestable species (bivalves,
crabs) including the Tanner Crab which was opened in 2018 ADF&G Sport Fish for crabbing in

Lower Cook Inlet and Kachemak Bay.

Long term monitoring programs may monitor freshwater pulses in future seasons to provide
markers of “incursions” in Kachemak Bay that affect phytoplankton bloom timing and structure
(transport of plankton, nutrient rich waters) for in-season early detection of blooms in sub-bays
further into Kachemak Bay. End-users would like SWMP graphing application (Figure 6.2) or HAB

Data Views.

Kachemak Bay, AK > Seldovia Deep
Kachemak Bay, AK > Homer Dolphin Deep
7/1/2016 - 9/30/2016

14

12

10

Water Temperature in degrees Celsius (C)

-8~ Water Temperature in Kachemak Bay, AK > Seldovia Deep

11. Jul 25. Jul 8. Aug 22. Aug 5.5ep 19. Sep

(D) snis|eD) sea1Bap ul aunjesadwa ] Jarem

-~ Water Temperature in Kachemak Bay, AK > Homer Dolphin Deep

Figure 6.2 SWMP Graphing application output of data comparing Deep Station Temperatures in Homer
and Seldovia, showing the lag time for water pulse from outer to inner bay.

3. Circulation scenarios:

Residence time and ejection time are key metrics of interest for stakeholders for creating HAB

test cases.
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® Flow accumulation scenarios would be useful for identifying most vulnerable areas for invasive

species, and recruitment areas for harvestable species.

e Dispersion and trajectory scenarios for point-source pollution such as oil spills and discharged
waters, invasive species larval and egg vectors from incursions and ballast water.

4. Integration with Existing Models and Tools

e Interoperability and comparability of ocean circulation models should be examined at a future

date, potentially hosted by CIRCAC.

e Drifter study provides a rich data set that should be used to validate and test operational

models and create derived products for scenarios.

e Data gaps exist with respect to freshwater inputs, proxies should be identified for this metric.

This research complements synergistic funded projects in Kachemak Bay and lower Cook Inlet and

include the following projects:

® Monitoring for Early Detection of Harmful Species in Kachemak Bay Critical Habitat Area (SWG

funded to KBNERR)

Kachemak Bay System-Wide Monitoring Program for Water Quality (NERR funded to KBNERR)
Building a Foundation of Decision-Support Tools Integrating Existing Mapping and Monitoring
Information for the Benefit of Long-Term Shellfish Sustainability and Management in Kachemak
Bay and Cook Inlet, Alaska (NOAA Habitat Focus Area Funding to KBNERR).

Products from this work also inform ongoing and new projects including:

e Nearshore Forage Fish communities (Kenai Peninsula Fish Habitat Partnership). Circulation
models and associated environmental factors can inform researchers on sources of variation in
recruitment of larval forage fishes, such as the young of the year Pacific herring observed in
August 2018, into Kachemak Bay. Similarly, circulation models and oceanographic conditions can
also illuminate environmental linkages influencing survival rates of juvenile forage fishes and the

timing of juvenile outmigration.

e Shellfish and Benthic Microalgae; Ecological Assessment of Kachemak Bay (NCCOS)
® EPSCoR Fire and Ice Coastal Margins Material Flux (NSF, University of Alaska)

7. CONCLUSIONS:

The information generated in this study addresses factors that influence phytoplankton bloom
structures in Kachemak Bay as they relate to GOA circulation patterns to assist in the management of
local mariculture sites. The outputs of this project contribute directly to the following goal, objective,
and tasks of the “Alaska Department of Fish and Game Division of Sport Fish Strategic Plan 2015-2020":
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Goal 4: Fish Habitat, Objective 3: Minimize impacts of invasive species on sport fish stocks and
habitat, (A.) develop and implement field detection and monitoring protocols for invasive
species; (B.) develop and support community-based invasive species monitoring programs.

This project also addresses habitat information needs for species of Greatest Conservation Need
identified in “2015 Alaska Wildlife Action Plan” in the nearshore marine environment; specifically, larval
transport of early life stages of crab (Dungeness, Tanner, Red King, and Helmet) and bivalves (Baltic
macoma, pacific blue mussel, weathervane scallop, littleneck clam, butter clam, and razor clam).
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