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11 Abstract. Despite often being referred to as an “ocean desert”, the North Pacific Subtropical Gyre (NPSG)

12 supports economically valuable fisheries worth hundreds of millions of dollars annually, including Pacific bigeye

13 tuna (Thunnus obesus) and other high-value pelagic species. The waters in and around the Hawaiian Islands support
14 valuable and culturally significant nearshore fisheries and coral reef ecosystems and fuel ocean recreation and

15 tourism valued in the billions. To be useful in understanding and managing these interacting resources, models must
16 adequately represent ocean dynamics across multiple scales, from basin-wide circulation patterns to finer-scale

17 island-ocean interactions. We evaluate the capacity of an ocean and biogeochemical model with 6 km horizontal

18 grid spacing, a resolution considered “high” for climate-scale applications, across these scales. After a number of
19 adjustments, including but not limited to calibrating light attenuation to subtropical observations and adjusting wind
20 forcing to better reflect wind-current feedbacks, the model demonstrates strong skill in capturing basin-scale pelagic
21 habitat features, including seasonal sea surface temperature anomalies (r > 0.95), accurate Transition Zone

22 Chlorophyll Front migration and anomalies, and oxycline structure critical for bigeye tuna habitat compression. It
23 also captures key features of the high seas ecosystems as represented by observations at station ALOHA, including
24 exceptionally deep chlorophyll maxima (DCM) and seasonal variations and trends in acidification, though modest
25 biases are evident. At the scale of island-ocean interactions, the model captures heightened eddy kinetic energy

26 (EKE) downstream of the Hawaiian Islands and elevated productivity associated with the island mass effect. Finally,
27 in nearshore regions, the model captures 88% of the temperature variance observed at coral bleaching and habitat
28 monitoring stations despite limited resolution. Overall, the configuration provides a robust foundation for a range of
29 marine resource applications. Potential directions for future improvement include incorporating time-varying

30  biogeochemical boundary conditions, refining salinity dynamics and carbonate chemistry representation, along with
31 continued enhancement of nearshore circulation processes.

32 Keywords: Ocean modeling, Pacific Islands, model validation, mesoscale processes, island effects, nearshore
33 dynamics, biogeochemistry

34 1. Introduction

35 The North Pacific Subtropical Gyre (NPSG) is an oceanographically complex and biologically diverse marine

36 environment that covers most of the northern Pacific Ocean and represents the largest ecosystem on Earth. This vast
37 gyre is characterized by a clockwise circulation pattern formed by four major ocean currents: the North Pacific

38 Current to the north, the California Current to the east, the North Equatorial Current to the south, and the Kuroshio
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39 Current to the west. Located in the southeastern portion of the NPSG, the Hawaiian Islands Chain (HIC) plays an
40 important role in shaping regional oceanic and atmospheric circulation. The islands block the flow of the North

41 Equatorial Current and disrupt the persistent northeast trade winds, producing distinctive circulation patterns in both
42 the atmosphere and the ocean (Xie et al., 2001). This region hosts some of the world's most economically valuable
43 fisheries, with annual landings valued at more than a billion dollars, including Pacific bigeye tuna (Thunnus obesus;
44 targeted by Hawai‘i’s deep-set longline fleet), yellowfin tuna (Thunnus albacares), mahimahi (Coryphaena spp.),
45 ono (Acanthocybium solandri), swordfish (Xiphias gladius; targeted by Hawai‘i’s shallow-set longline fleet), and
46 skipjack tuna (Katsuwonus pelamis), as well as other pelagic and demersal species that form the backbone of Pacific
47 Island economies and food security (Williams & Terawasi, 2017).

48 The oceanographic complexity of this region emerges from the intersection of multiple physical and biogeochemical
49 processes operating across vastly different spatial and temporal scales. This range of scales is mirrored in the layers
50 and overlapping structure of fisheries governance in the region. Highly migratory species such as tunas and

51 billfishes fall under the management jurisdiction of international bodies like the Western and Central Pacific

52 Fisheries Commission and the Inter-American Tropical Tuna Commission. The Western Pacific Regional Fishery
53 Management Council partitions US federal management responsibility across finer scales in the region, from open-
54 ocean pelagic longline fisheries based in US ports, to archipelagic bottomfish, crustacean, precious coral fisheries,
55 and nearshore coral reef habitats that are typically managed by the State of Hawaii. Each tier is shaped by distinct
56 oceanographic dynamics. At the basin scale, the NPSG creates large-scale circulation patterns that control

57  temperature gradients, frontal zones, and primary productivity gradients that determine fish habitat quality (Polovina
58 et al., 2001; Bograd et al., 2004). The oligotrophic core of the NPSG is characterized by downwelling currents,

59  persistent stratification, low nutrient concentrations, and relatively low primary productivity. Despite these

60 conditions, mesoscale and submesoscale features such as eddies, fronts, and filaments can generate localized regions
61 of enhanced productivity through nutrient injection and ecological aggregation mechanisms, supporting remarkably
62 productive fisheries (Karl & Lukas, 1996; Letelier et al., 2004). Poleward of the oligotrophic core, downwelling

63 currents gradually weaken and winter mixing strengthens before conditions change abruptly in the productive North
64 Pacific Transition Zone (NPTZ) separating colder, fresher subarctic water from the NPSG. To the south, the NPSG
65 is bounded by the Pacific equatorial upwelling system and the large-scale open-ocean hypoxic zone underlying it.
66 The westward flowing North Equatorial Current feeds the rapid northward flow Kuroshio current bounding the

67  NPSG to the west, with the California Current upwelling system bounding it to the east.

68 Superimposed on these basin-scale patterns, numerous islands and seamounts create dramatic modifications to local
69 and regional oceanography through what is collectively known as the "island mass effect" (Doty & Oguri, 1956).
70 Islands generate complex flow patterns including localized upwelling, enhanced vertical mixing, and downstream
71 wakes extending hundreds of kilometers (Xie et al., 2001; Calil et al., 2008; Hasegawa et al., 2009), producing

72 biological hotspots (e.g., elevated chlorophyll and prey availability) that support higher fish biomass and catch rates
73 in many reef systems, creating a stark contrast to the surrounding oligotrophic waters (Gove et al., 2016; Friedlander
74 et al., 2018). The Hawaiian Islands are a particularly well-studied example, since their mountainous topography

75 generates wind-stress curl dipoles, eddy formations, internal wave breaking, and a wind wake that drives the

76 Hawaiian Lee Current and modulates regional ocean-atmosphere dynamics (Xie et al., 2001). These physical

77  processes in turn modulate chlorophyll concentrations, nutrient distributions, thermal fronts, and oxygen gradients
78 across the central North Pacific, influencing pelagic fish availability and catchability through frontal aggregation,
79 thermal habitat constraints, and prey distribution (Seki et al., 2001).

80 For many commercially important species in this region, open ocean conditions directly determine habitat suitability
81 and catch success. Pacific bigeye tuna, which alone represents a multi-billion dollar industry across Pacific Island
82 nations, exhibits strong associations with specific thermal structure, oxygen levels, and prey distribution patterns

&3 (Schaefer et al., 2005; Howell et al., 2010). Their vertical habitat is particularly sensitive to the shoaling of the

84 oxygen minimum zone and thermocline toward the equator, which compresses the available habitat and influences
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85 catchability by longline fisheries (Stramma et al., 2010; Prince & Goodyear, 2006). Similarly, other surface-oriented
86 species like skipjack and yellowfin tuna respond to temperature fronts, productivity gradients, and mesoscale
87 features that concentrate their prey (Dueri et al., 2014; Senina et al., 2020).

88 In nearshore waters, coral reef habitats and artisanal fisheries are sensitive to temperature variability, storm

89 disturbances, and oceanographic conditions that affect larval recruitment and nutrient delivery (Fox et al., 2012;

90 Hanich et al., 2018). Elevated seawater temperatures can drive coral bleaching and, when thermal stress is sustained,
91 lead to mass coral mortality and reduced habitat complexity. These coastal oceanographic conditions also influence
92 the early life stages of some large pelagic species, including mahimahi and billfish, whose larvae utilize productive
93 nearshore surface slick habitats before migrating to open ocean environments (Whitney et al., 2021). Pacific Island
94 food security depends on both coastal reef fisheries and offshore pelagic fisheries (Bell et al., 2009, 2013),

95 establishing the need for ocean models that resolve conditions from nearshore to basin scales.

96 Effective management of these valuable fisheries resources requires understanding of how ocean dynamics influence

97 fish distribution, abundance, and catchability across multiple temporal scales. Seasonal cycles, interannual

98 variability driven by climate phenomena like El Nifio-Southern Oscillation (ENSO) and the Pacific Decadal

99 Oscillation, and longer-term climate change all affect the productivity and structure of NPSG marine ecosystems
100 (Karl et al., 1995, Corno et al., 2007, Doney et al., 2012). To maximize contributions to effective marine resource
101 management and coastal zone planning, ocean models must capture these multi-scale processes and interactions to a
102 useful degree. The computational expense of these models must also be manageable enough to enable sufficient
103 simulations—including ensemble predictions and projections—to allow a probabilistic characterization of the range
104 of potential ocean futures (Drenkard et al., 2021). Since each doubling of horizontal resolution raises computational
105  costs by an order of magnitude, the design of an ocean modeling system for marine resource applications in the
106 central Pacific resources requires careful balancing of goals and resources.

107 To advance our understanding of these complex multi-scale interactions and their implications for central Pacific
108 marine resources, we present a new high-resolution regional ocean model that we refer to as the Hawaiian Island
109 Chain 6 kilometer model (HIC6k, Fig. 1). This modeling system, which is based on the Modular Ocean Model

110 version 6 (MOMG6; Adcroft et al., 2019) coupled with the Carbon, Ocean Biogeochemistry and Lower Trophics

111 version 3 (COBALTV3) ecosystem model (Stock et al., 2020, 2025), is designed to resolve a spectrum of processes
112 influencing Pacific Island marine ecosystems, from basin-scale subtropical gyre dynamics to fine-scale island-ocean
113 interactions across an extended regional domain. Encompassing the Hawaiian Island Chain (HIC), Northwestern
114 Hawaiian Islands, Johnson Atoll, and critical portions of the NPSG, this vast marine domain spans approximately
115 5.9°N to 38.8°N latitude, with longitudinal extent varying as a function of latitude due to the curvilinear grid

116 structure ranging from roughly 170°E to 221°E (141°W) at its broadest northern extent to a narrower zonal span

117 near the equatorward boundary (Fig. 1). We pursued a significantly larger domain relative to prior Hawaiian Island
118 configurations used for climate applications (e.g., ~15 times larger than Friedrich et al., 2021, 2024) to capture

119  bigeye tuna fishing grounds and the Northwestern (leeward) Hawaiian Islands that includes the Papahanaumokuakea
120 Marine National Monument. The grid was constructed so that horizontal boundaries sit 10 degrees east and south of
121 the Big Island (the southeasternmost island) and 10 degrees north and west of Kure Atoll (Holanika) — the farthest
122 northwestern island. This larger domain increases computational burden, exacerbating the tensions between

123 resolution and ensemble-based uncertainty approaches.

124 Our objective is to describe the HIC6k model, emphasizing configuration adjustments relative to prior regional

125 MOMG6 configurations (e.g., Ross et al., 2023 for Northwest Atlantic; Drenkard et al., 2025 for Northeast Pacific)
126 that proved critical to skillful pacific islands simulations. We assess baseline configuration performance for fisheries
127 and marine resource applications and identify future development targets that would further enhance this utility. We
128 consider dynamics at three scales. First, we evaluate whether our regional MOM6-COBALT system can accurately
129 resolve the basin-scale dynamics and “high seas” conditions that control pelagic fish habitat across the Pacific
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130 Islands region, including temperature gradients, frontal zones, seasonal variability, and plankton productivity

131 patterns within the domain. Second, we evaluate the model’s representation of eddy kinetic energy in island wakes,
132 examining the mesoscale features that can influence regional biogeochemical conditions. Third, we examine

133 whether the model provides sufficient spatial resolution for fundamental coastal applications. Specifically, we ask
134 whether the model can capture time varying hydrographic anomalies observed at coastal observing stations

135 characterizing ocean fluctuations in reef and nearshore habitats.

136 2. Methods

137 2.1 Model Description
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139 Figure 1. Spatial distribution of model resolution for the MOM6-COBALT 6km configuration in the Pacific
140 Islands Region. The domain uses a curvilinear grid with approximately uniform

141 physical spacing, spanning greater longitudinal extent at higher latitudes than

142 near the equator. Resolution is approximately 6 km throughout the interior (light
143 yellow) and degrades smoothly to ~12 km near the boundaries where sponge layers
144 are applied (dark yellow). Contour lines indicate ocean depth at intervals of =500 m
145  (red), —1000 m (green), —2000 m (cyan), —4000 m (medium blue), and —6000 m (dark

146  blue): black contours delineate U.S. Exclusive Economic Zone (EEZ) boundaries.

147 2.1.1 Physical Model Configuration and Forcing
148 The HIC6k hindcast is implemented using the Modular Ocean Model version 6 (MOM6; Adcroft et al.,

149 2019), a finite-volume numerical ocean model. The HIC6k model domain (Fig. 1) is designed to cover both the
150 Southeast (windward) and Northwest (leeward) regions of the Hawaiian Island Chain, including the
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151 Papahanaumokuakea Marine National Monument. It also covers the surrounding regions of the southeastern portion
152 of the NPSG, including the primary bigeye tuna fishing grounds off Hawai‘i, which stretch from the dateline to

153 120°W and from equatorial waters to roughly 40°N, following the fleet's documented expansion over the past two
154 decades (Woodworth-Jefcoats et al., 2018).

155 In the vertical dimension, the HIC6k configuration uses 75 layers using a z* coordinate system. Rather than
156 confining sea surface height variations to the top layer, these coordinates stretch and compress all water-column

157 layers proportionally to mirror changes in sea level (Adcroft, A. & Campin, 2004). A minimum bathymetric depth of
158 5 m is imposed. The grid is structured to maintain a uniform 2 m resolution throughout the uppermost 8 m, after

159  which layer thickness stretches monotonically with depth, transitioning smoothly from ~ 2 m near the surface to a
160 maximum of 250 m across the lower water column. To maximize computational efficiency, model integrations

161 employ split time-stepping between physical dynamics and passive tracers. Fluid dynamics are resolved using a

162 baroclinic time step of 300 seconds alongside an adaptive, stability-constrained barotropic step (Hallberg, 1997;

163 Hallberg and Adcroft, 2009). Thermodynamics and biogeochemical processes, which tend to evolve more slowly
164  than the dynamic ones, were updated less frequently, using a 900 second time step. The longer time step should have
165 little effect on the representation of the mesoscale, but may not fully resolve rapid thermodynamic variability driven
166 by baroclinic tides and internal waves in topographically complex regions.

167 The schemes and settings used for the physical model simulation are largely consistent with those used by
168 Ross et al. (2023) in the Northwest Atlantic. A full account of the parameterization choices implemented for the

169 simulations presented in this study can be found in the supplemental material (MOM _parameter doc.all). A number
170 of region-specific adjustments, however, were implemented to improve performance. These will be summarized in
171 Section 2.2.

172 The 31-year ocean hindcast simulation (1993-2023) was run on the National Climate-Computing Research
173 Center’s high-performance computing system, GAEA. Atmospheric forcing was applied at hourly intervals using
174 the ECMWF Reanalysis 5 dataset (ERAS; Hersbach et al., 2020). After re-scaling variables to the standard 2 m

175 reference height, surface wind stress alongside latent and sensible heat fluxes were computed using Large and

176 Yeager’s (2004) bulk formulations. We computed light attenuation through the water column using prognostic

177 chlorophyll from the biogeochemical model, following the approach of Manizza et al. (2005), with parameters

178  optimized for light attenuation in the NPSG (see Section 2.2).

179 Temperature, salinity, sea surface height, and momentum at the open lateral boundaries, along with the
180 initial conditions, were derived from daily-averaged output of the 1/12° Global Ocean Physics Reanalysis

181 (GLORYS12; Lellouche et al., 2021). Boundary tidal forcing was specified using amplitude and phase information
182 from the TPXO Global tidal elevation and transport atlas, version 9 (Egbert and Erofeeva, 2002), following the tidal
183 implementation of Ross et al. (2023) and Drenkard et al. (2025). This included the four principal semidiurnal

184 constituents (M2, S2, N2, K2), four diurnal constituents (K1, O1, P1, Q1), and two long-period constituents (Mm,
185 Mf). All initial and boundary fields were interpolated onto the HIC6k grid using the xesmf regridding package

186 (Zhuang et al., 2023). As in Ross et al. (2023) and Drenkard et al. (2025), boundary conditions were applied using a
187  Flather (1976) scheme for barotropic flow and an Orlanski (1976) radiation condition for baroclinic flow.

188 A lateral transition zone separates the high-resolution interior and parent-domain boundaries. Within the
189  zone, the horizontal grid spacing increases from the 6 km interior to 12 km at the boundary and a damping sponge
190 relaxes horizontal momentum (u, v) and tracers (temperature and salinity) toward monthly mean fields from the
191 parent-domain reanalysis. Damping is applied using spatially varying relaxation timescales that strengthen toward
192 the boundary edge to a minimum of 10 days. The width of the transition zone is defined in physical space (three
193 first-mode baroclinic Rossby radii) to ensure that mesoscale features experience damping over a distance

194 comparable to their intrinsic horizontal scale. This approach provides continuous moderate relaxation that ensures
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195 smooth transitions between the regional domain and the global ocean state while preserving mesoscale features and
196 island-modified circulation patterns within the interior domain.

197 2.1.2 Biogeochemical Model Configuration and Forcing

198 Ocean biogeochemistry is simulated using the Carbon, Ocean Biogeochemistry and Lower Trophics model,
199  version 3.0 (COBALTYV3.0; Stock et al., 2020, 2025), which resolves 40 prognostic state variables representing

200 plankton food-web dynamics and the cycling of carbon, nitrogen, phosphorus, iron, silica, calcium carbonate, and
201 lithogenic material across open-ocean and coastal environments. This version, also used by Ross et al. (2023) and
202 Drenkard et al. (2025), extends prior COBALT formulations (Stock et al., 2014, 2020) through the addition of a

203 third phytoplankton size class (following Van Oostende et al., 2018), more flexible zooplankton feeding, direct

204  phytoplankton sinking, and improved phytoplankton photoadaptation and photoacclimation dynamics (Stock et al.,
205 2025). It also incorporates a modified version of the dynamic N:P stoichiometry scheme of Galbraith and Martiny
206 (2015), first implemented within COBALT by Ross et al. (2023). The stoichiometric parameters used in that earlier
207 implementation, however, required adjustment for this region to appropriately represent NPSG conditions (see

208 Section 2.2).

209 Initial and boundary conditions for the major macronutrients NOs, SiO4, Oz and Fe were derived from the
210 2018 World Ocean Atlas. We applied seasonal climatologies for depths above 800 m where seasonal data are

211 available in WOA, and annual climatologies at greater depths where WOA provides only long-term means (de
212 Boyer et al., 2019; Garcia et al., 2019a,b) similar to the implementations in Ross et al. (2023) and Drenkard et al.
213 (2025). For POs, annual climatologies were obtained from GLODAP to better represent the naturally lower

214 phosphate concentrations observed in this region (Martiny et al., 2019). Initial and boundary conditions for

215 biological tracers beyond macronutrients, which equilibrate rapidly to ambient nutrient and light conditions, were
216 initialized from a global :° OM4p25 simulation using COBALTV3 (similar to Liu et al., 2021). We note that this
217 data-driven approach for macronutrients and oxygen, which is common in regional biogeochemical simulations,
218 minimizes biases relative to forcing with a global biogeochemical simulation, but it may also dampen variability
219  arising from climate-driven nutrient anomalies. This choice will be discussed in Section 4. Dissolved inorganic
220 carbon (DIC), which has a strong anthropogenic trend, was set using the Empirical Seawater Property Estimation
221 Routines (ESPER) presented by Carter et al. (2021). ESPER was also used to specify the alkalinity. Riverine output
222 is not prescribed in this model as the Hawaiian Islands lack any major river system.

223 2.2 Model Adjustments for the NPSG

224 The base implementation of the physical and biogeochemical model components following Ross et al. (2023) was
225  modified in several ways to improve performance in the NPSG environment. These are described in the subsections
226 below.

227 2.2.1 Reduced Blue-Green Light Attenuation

228 Similar to the findings of Friedrich et al. (2024), modeling light propagation through the water column from the

229 Manizza et al. (2005) scheme with parameters described therein resulted in over-attenuation of radiation relative to
230 measurements at Station ALOHA. We thus calibrated the blue/green light attenuation coefficient to Station ALOHA
231 data. This resulted in a clear water blue attenuation coefficient parameter (ksw) of 0.018 m~ %, consistent with the
232 most penetrating wavelengths in clear, case I waters (Morel et al., 1988) and significantly lower than the default

233 Manizza value of 0.0232 m-1, which was an average over a broader set of blue-green wavelength bands. This

234 change produces an attenuation that also matches the long-term data of the Hawaiian Ocean Time-series (HOT)

235 program at Station ALOHA, resulting in more blue-green light energy at deeper layers of the euphotic zone. In more
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236  productive waters, attenuation in the Manizza scheme is strongly controlled by chlorophyll, so this change has little
237 impact on attenuation around the MHI and in other areas with elevated productivity.

238 2.2.2 Increased Background Vertical Diffusion and Gustiness

239 The NPSG is highly stratified, often characterized as a two-layer structure. In initial simulations, we found near-
240 surface stratification was excessive, particularly in low wind conditions during summer months, and resulted in
241 concentrated temperature and salinity biases just below the mixed-layer. Two adjustments to the model

242 configuration were employed to address this:

243 1.) The background vertical diffusion coefficient (KD), which ensures a minimum level of vertical mixing
244 throughout the water column, was increased by an order of magnitude (from 1x107¢ to 1x10~° m?%s). In
245 MOMBS6, background diffusivity represents small-scale turbulent processes in the ocean interior. A

246 background value of 1x107° m?/s remains orders of magnitude below typical vertical diffusion rates in

247 moderately and vigorously mixed systems (~1x107 - 1x1072 m?/s).

248 2.) A gustiness parameter of 0.017 m/s was employed. The gustiness parameter is a small background wind
249 velocity - representing atmospheric variability, such as convective gusts and small scale turbulence,

250 unresolved in the atmospheric forcing - is added in quadrature to the resolved wind speed when computing
251 wind stress. The resulting effective wind speed maintains a minimum level of shear and turbulence at the
252 ocean surface during low winds.

253 With increased exchange of tracer and momentum properties between model layers, simulations demonstrated a
254 smoother transition between the mixed layer and water below more similar to that shown in observations.

255 Application of the gustiness parameter resulted in mixed layer depths that more closely matched observations. In
256  combination, the adjustments improved the representation of mixed layer dynamics and removed bias errors found
257 in earlier model runs.

258 2.2.3 Targeted Longwave Radiation Calibration

259 To address energetic imbalances between the atmospheric forcing and ocean model components, we applied a

260  spatially-targeted 10% increase to the downwelling longwave radiation from ERAS, with the adjustment focused
261 along 30°N where the model exhibited excessive cooling. This adjustment was not intended to correct deficiencies
262 in the ERAS reanalysis itself, but rather to account for inconsistencies arising from the use of incompatible ocean
263 boundary conditions. While ERAS uses a simple ocean model to maintain this balance, GLORYS12 employs data
264 assimilation that effectively adjusts the atmospheric forcing to better represent the ocean state. However, these

265 assimilation-driven adjustments are not publicly available. Consequently, our MOM6-integrated ocean, conditioned
266 by GLORYSI2 boundary conditions, is no longer consistent with the original, unperturbed ERAS atmospheric

267  forcing. This mismatch creates a persistent radiative imbalance as GLORY S12-conditioned waters continue to be
268 introduced at the open boundaries, necessitating the longwave radiation adjustment to restore energetic equilibrium.
269 This correction reduced the domain-mean SST cold bias relative to GLORYS12 by 37% (from -0.41°C to -0.26°C)
270 and eliminated the persistent negative ocean heat drift present in the uncorrected simulation.

271 2.2.4 Wind Current Feedbacks

272 During initial validation of the HIC6k, we identified a systematic underestimation of EKE by approximately 40%
273 compared to satellite altimetry (AVISO) and 23% compared the ocean reanalysis (GLORYS12) (Fig. S2). Following
274 Renault et al. (2016, 2019), we traced this bias to the over-correction of current feedback effects in the surface wind
275 stress formulation. The issue arises because atmospheric reanalysis products (e.g. ERAS) inherently include current
276  feedback effects through data assimilation over the real ocean. When ocean-only models calculate relative wind
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277 stress using the velocity difference between winds and ocean surface currents (Ugirr = Usyrs — Ugem » Vaiff =
278 Vsurf — Varm)- current feedback is accounted for twice, resulting in excessive damping of mesoscale eddies. In
279 Figure 11 of Renault et al. (2019), they explicitly identify this problem in their decision tree for proper current
280 feedback treatment across different modeling configurations.

281 To address this, we modified the FMS coupler (surface flux.F90) to include a tunable current feedback scaling
282 parameter ( Qcpp):

283 Ugiff = Qcfp * Usurf — Uatm
284 Vaiff = Ycfp * Vsurf — Vatm

285 Where gy, s and vy, are ocean surface currents, and Uy, and Vg, are atmospheric winds. The parameter a.f;,
286 controls current feedback strength, ranging from 0.0 (absolute wind stress, no additional feedback) (Fig. S1 j-1) to
287 1.0 (full relative wind formulation) (Fig. S1 a-c). For the HIC6k simulation, we calibrated a.s,= 0.2 through

288 comparison with GLORYS12 reanalysis and AVISO altimetry, achieving optimal representation of mesoscale eddy
289 activity (Fig. S1 g-i). This intermediate value accounts for the particle current feedback already present in ERAS
290 reanalysis while allowing some additional current feedback needed to improve mesoscale variability in the

291 simulation.

292 2.2.5 Calibration of Phytoplankton Phosphorous to Nitrogen ratios

293 While the NPSG is generally nitrogen limited, the phytoplankton community also reduces phosphorus to very low
294 levels. This has been attributed to the combined influence of diazotrophs, which act to weaken N relative to P

295 limitation through nitrogen fixation, and general flexibility in P-quotas within the phytoplankton community

296 (Martiny et al., 2019, Moreno and Martiny 2018). COBALTV3 includes both a diazotroph group and a simple

297  representation of P usage flexibility following the “Line of Frugality” (LoF) concept introduced by Galbraith and
298 Martiny (2015). The LoF approximates the relationship between P:C ratios and ambient P concentrations as a linear
299 empirical relationship whereby P:C ratios increase with more P. This relationship, however, is an emergent pattern
300  reflecting several underlying mechanisms (Moreno and Martiny 2018) and has considerable uncertainty and

301 unexplained variability.

302 Prior implementations of COBALTV3 (e.g., Ross et al., 2023; Drenkard et al., 2025) used the steeper of two lines of
303 frugality proposed by Galbraith and Martiny (2015) and applied a fixed P:N of 1:40 to diazotrophs. This steep LoF
304  helped ensure full usage of N in prominent low P:N river inputs in these systems (e.g., the Mississippi River), as
305 observed. These settings, however, left too much P in surface NPSG waters. We utilized the shallower of the LoF
306 slopes presented by Galbraith and Martiny (2015) for the simulations herein and extended its application to

307 diazotrophs. Details of the stoichiometry settings are provided in Table S1 and sensitivity will be presented in the
308 Results.

309  These modifications reflect the natural phosphorus plasticity observed in marine phytoplankton, allowing for

310 enhanced phosphate uptake and sequestration from the water column, thereby reducing the persistent positive
311 phosphate bias in our model while maintaining mechanistically consistent stoichiometric relationships.

312 2.3 Observational Datasets

313 We evaluated HIC6k performance against a comprehensive suite of observational products spanning basin-scale to
314  nearshore spatial scales and seasonal to interannual temporal scales. This multi-scale evaluation strategy reflects
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315 three marine-resource focused evaluation objectives: (1) basin-scale pelagic habitat dynamics, (2) island-ocean
316 interactions and mesoscale biological productivity, and (3) coastal temperature variability.

317 2.3.1 Basin-Scale Gridded Products

318 We compared model output against two complementary ocean reanalysis products that provide basin-scale context
319 for evaluating temperature gradients, frontal zones, and seasonal variability relevant to pelagic fish habitat.

320 GLORYSI12 (Lellouche et al., 2021) is a global eddying (1/12° resolution) data-assimilative ocean reanalysis that
321 assimilates satellite altimetry, sea surface temperature, and in-situ temperature and salinity profiles to produce

322 dynamically consistent 3D physical ocean state estimates. OISST version 2.1 (Huang et al., 2021) is generated from
323 multiple satellite and in-situ temperature data sources and interpolated to a 1/4° global grid, providing daily sea

324 surface temperature fields. Both products have continuous monthly output covering 1993-2023, enabling evaluation
325 of interannual variability and long-term mean conditions. Because our model’s initial and boundary conditions are
326 derived from GLORYS12, comparing against GLORYS12 does not represent independent validation but rather

327 quantifies how MOMG6’s internal dynamics deviate from the parent reanalysis over time. GLORYS12 thus serves as
328  aconsistency benchmark for 3D structure including thermocline depth distributions critical for habitat compression
329 assessments, while OISST provides a satellite-based surface temperature reference for identifying frontal boundaries
330  and model skill.

331 Surface chlorophyll concentrations were compared against the European Space Agency's Ocean Color Climate

332 Change Initiative product (OC-CCI; Sathyendranath et al., 2019, 2023), which merges multiple satellite ocean color
333 sensors to provide consistent long-term records. Monthly OC-CCI chlorophyll-a fields from 1998-2019 were

334 remapped from 4 km native resolution to the HIC6k grid. These data are used as a proxy for phytoplankton biomass
335  and enable evaluation of its patterns within the central portion of the NPSG and assessment of oligotrophic baseline
336 conditions that influence forage base availability for pelagic predators.

337  We validated the mixed layer depth (MLD) from HIC6k against the 1° monthly MLD climatology developed by de
338 Boyer Montégut (2024). This climatology uses an assemblage of MBT, XBT, and CTD casts and profiling floats,
339 defining the MLD as the depth where the potential density is 0.03 kg m™ greater than the density at a 5 m reference
340 depth. To maintain consistency with de Boyer Montégut, we utilized the diagnostic variable MLD 003 from the
341 HIC6k MOMS6 output. This variable defines the MLD as the depth at which the potential density increases by 0.03
342 kg m relative to a user-defined surface reference depth, which was set to 5 m in this study.

343 Climatological mean distributions of surface and subsurface macronutrient (NO3, PO,4) and oxygen concentrations
344  were compared against the 2023 World Ocean Atlas (WOA23; Garcia et al., 2023a,b) for the period 1993-2023.
345 WOA provides objectively analyzed climatological fields at 1° resolution derived from quality-controlled in-situ
346  profile data. We used WOA to assess the model's representation of basin-scale spatial patterns in the meridional
347 nutrient gradients that structure productivity patterns across the North Pacific. The climatological nature of WOA
348 makes it particularly suited for evaluating long-term mean states rather than interannual variability.

349 We evaluated the model's temporal variability in oxygen distributions using the Gridded Ocean Biogeochemistry
350 from Artificial Intelligence (GOBAI) oxygen product (Sharp et al., 2023). GOBAI-O; provides monthly gridded
351 fields of dissolved oxygen on a 1° x 1° grid from 2004-2022, derived from Argo float oxygen measurements using
352 machine learning algorithms. The product uses a neural network trained on quality-controlled Argo-O, observations
353 to map oxygen concentrations throughout the upper 2000 m of the global ocean. For comparison with the model, we
354 extracted oxycline depth time series along 150°W, defining oxycline depth as the depth of the 70 pmol kg™ oxygen
355  isoline, consistent with our model analysis (see Section 3.1). The GOBAI-O; product provides independent

356 validation of interannual oxygen variability, complementing the climatological World Ocean Atlas fields used for
357 mean state assessment.
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2.3.2 Mesoscale observations for Island wakes assessment

Geostrophic currents derived from satellite altimetry (AVISO, 2023) were used to evaluate mesoscale eddy
characteristics that modulate biological productivity in island wakes and the broader Pacific Islands region.
Specifically, we assessed eddy kinetic energy distributions, eddy size characteristics, and propagation patterns.
Altimetry provides independent observation of sea surface height variability that directly constrains mesoscale
circulation features critical for nutrient transport to oligotrophic surface waters and the formation of biological
hotspots downstream of islands.

The OC-CCI chlorophyll product also serves to evaluate the model's representation of island mass effects (De Falco,
et al., 2022), the enhanced biological productivity observed in island lee regions and extending downstream in island
wakes. These features represent critical foraging grounds for pelagic predators and seabirds in otherwise
oligotrophic waters.

2.3.3 In-Situ Observations

All Monitoring Site Locations across the
Northwestern and Main Hawaiian Islands
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24
28°N
Lisianski
(Papa‘apoho) | | Laysan Island
n=16 (Kauo)
n=2
26°N =
French Frigate Shoals
(Kanemiloha'i)
n=19
24°N
* z Kaua'i
n=9
Leh
O'ahu | [ Moloka'i
22N 23 [n=14]|(n=7
Ni‘ihau ———
n=2 Maui
n=9
20°N Molokini 7
n=1 \L\
Hawai'i !‘,’J
18°N Depth n=13
~5m
® -~15m
® -~25m
175°W 170°W 165°W 160°W 155°W

Figure 2. Spatial distribution of coral reef temperature monitoring sites across the Northwestern Hawaiian
Islands and Main Hawaiian Islands used for model-observation comparisons. Circles indicate the locations of
subsurface temperature recorders (STRs) deployed by NOAA's Pacific Islands Fisheries Science Center at 141 coral
reef sites spanning the full Hawaiian Archipelago, including Kure Atoll, Pear]l and Hermes Atoll, Lisianski, Laysan
Island, French Frigate Shoals, Lehua, Ni‘ihau, Kaua‘i, O‘ahu, Moloka‘i, Lana‘i, Molokini, Maui, and Hawai‘i. STRs
were deployed at nominal depths of ~5 m, ~15 m, and ~25 m (light blue, medium blue, and dark blue, respectively),
as part of NOAA's National Coral Reef Monitoring Program (NCRMP). In situ temperature records from these sites
were used to evaluate modeled sea surface and subsurface temperatures across reef environments.

10

EGUsphere\



https://doi.org/10.5194/egusphere-2026-1877
Preprint. Discussion started: 29 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

379 Station ALOHA (22.75°N, 158°W) is the primary sampling site for the Hawaiian Ocean Time-series (HOT)

380 program, which has provided nearly three decades of monthly hydrographic, biogeochemical, and ecological

381 measurements in the NPSG (Karl and Lukas, 1996). We utilized HOT measurements of temperature, salinity,

382 dissolved oxygen, inorganic nutrients (nitrate, phosphate, silicate), dissolved inorganic carbon, total alkalinity, pH,
383 and chlorophyll profiles, binned onto the model's native vertical grid over the upper 1000 m, to evaluate the model's
384 representation of oligotrophic gyre biogeochemistry. We also compare fluxes and biomass pools from the plankton
385 food web against measurements derived from various targeted studies conducted at HOT. The long-term nature of
386 this time series enables assessment of seasonal cycles, interannual variability, and mean state conditions in the

387  baseline oligotrophic environment that characterizes much of the modeled domain. Station ALOHA serves as a

388 critical validation point for biogeochemical model performance, as accurate representation of nutrient-limited

389 productivity and carbonate chemistry in oligotrophic waters underpins the model's utility for ecosystem applications.

390 The global Argo array (Roemmich et al., 2009) provides vertically-resolved temperature and salinity profiles with
391 near-global coverage. We used Argo data to assess the model's representation of upper ocean thermal structure
392 relevant to pelagic habitat, including thermocline depth (critical for defining vertical habitat boundaries), mixed
393 layer depth variability (influencing prey availability), and vertical temperature gradients across the model domain.
394 The spatial distribution of Argo profiles enables evaluation of basin-scale patterns in vertical structure that control
395 the depth ranges accessible to pelagic predators. Argo profiles were interpolated onto the model’s native vertical
396 grid for comparison with model output.

397  Nearshore temperature validation utilized the NOAA Pacific Islands Fisheries Science Center's network of

398 subsurface temperature recorders (STRs) deployed at 141 coral reef monitoring sites (Fig. 2) across the Hawaiian
399 archipelago, including Hawai‘i, Maui, O‘ahu, Kaua‘i, Moloka‘i, Lana‘i, Ni‘ihau, Molokini, Lehua, French Frigate
400 Shoals, Laysan, Lisianski, Pearl and Hermes Atoll, and Kure (Smith and Barkley, 2025; Perelman et al., 2024).

401 STRs (SeaBird Electronics SBE-56) were deployed at depths of 5, 15, and 25 m, corresponding to shallow, mid, and
402 deep reef strata as part of NOAA’s National Coral Reef Monitoring Program (NCRMP). Temperature was recorded
403 hourly with instrument servicing and redeployment occurring approximately every three years between 2010 and
404 2019. These data directly address the third evaluation objective by providing high-temporal-resolution subsurface
405 temperatures at coastal observing stations designed to characterize reef habitat conditions. Unlike satellite-based sea
406 surface temperature products, STR measurements capture temperatures at depths where corals experience thermal
407 stress, making them the most appropriate validation dataset for assessing whether the model can capture time-

408 varying hydrographic anomalies relevant to coral bleaching risk. To assess spatial variation in model performance,
409 monitoring sites were grouped by their nearest island (Hawai‘i, Maui, O‘ahu, Kaua‘i, Moloka‘i, Lana‘i, Ni‘ihau,
410 Molokini, Lehua, French Frigate Shoals, Laysan, Lisianski, Pearl and Hermes Atoll, and Kure), and correlations
411 between observed and modeled temperatures were calculated separately for each island group. The temporal

412 resolution (hourly) and multi-year deployment periods enable evaluation of the model's capacity to resolve both

413 synoptic-scale temperature events (days to weeks) and seasonal to interannual variability (months to years) critical
414 for coral thermal exposure variability.

415 These in-situ subsurface measurements were complemented by NOAA Coral Reef Watch's daily global 5 km

416 CoralTemp sea surface temperature product (version 3.1; Liu et al., 2014; Skirving et al., 2020). CoralTemp is

417  specifically designed for coral reef thermal stress monitoring and uses nighttime-only satellite observations to avoid
418 daytime heating biases, providing 0.05° resolution SST estimates from 1985-present. This product is currently used
419 operationally by NOAA for coral bleaching heat stress alerts and provides finer spatial resolution (5 km) than

420 OISST (25 km), enabling better characterization of nearshore thermal gradients in reef-influenced coastal zones.
421 Daily CoralTemp SST data covering 1993-2023 were used to assess the model's representation of surface

422 temperature variability surrounding the Hawaiian Islands, providing a satellite-based surface complement to the
423 subsurface STR measurements at reef monitoring depths.

11
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424 2.3.4 Validation Strategy

425 This observational framework enables hierarchical validation aligned with the three primary model evaluation

426 objectives. Basin-scale products (WOA climatologies, reanalysis, satellite SST, deBoyer MLD, ocean color, and
427 Argo floats) assess whether the model accurately resolves pelagic habitat dynamics including temperature gradients,
428 frontal zones, oxycline structure, and plankton productivity patterns. In-situ observations at Station ALOHA provide
429 detailed validation of oligotrophic gyre biogeochemistry, characterizing the baseline nutrient-limited conditions that
430  prevail across much of the Pacific Islands region. Mesoscale observations (altimetry, ocean color) evaluate the

431 model's representation of island-ocean interactions and the biological hotspots created in island wakes. Coastal

432 observations (NCRMP STR network) determine whether the model provides sufficient resolution for nearshore

433 applications, specifically the capacity to capture time-varying hydrographic anomalies at reef monitoring stations.
434 The combination of climatological products (spatial patterns), satellite products (spatial coverage and temporal

435  evolution), moored time series (temporal resolution and biogeochemical detail), profiling floats (3D structure), and
436 coastal sensors (nearshore reef conditions) provides comprehensive assessment across the spatial scales and

437 environmental variables critical for marine resource management applications in the Central North Pacific region.

438 3. Results

439 3.1 Basin-Scale Physical Dynamics

(a) HICBK
3goN T T N R ——

(c) AVISO
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| Corr: 0.992
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441 Figure 3. Comparison of sea surface height (SSH) spatial anomalies (removal of the spatial mean at each time
442 step (1993-2023)) from (a) HIC6k, (b) GLORYS12, and (c) AVISO.

443 The model reproduces the fundamental physical structure and variability in the North Pacific Ocean. Sea surface
444 height (SSH) spatial anomaly comparisons with AVISO altimetry and GLORYS12 reanalysis reveal that the model
445 captures the broad meridional gradient and general spatial structure of SSH anomalies (Fig. 3). Both model and
446 observational datasets show the transition from negative anomalies in the northern portion (~30-35°N) to positive
447 anomalies in the southern region (~15-20°N), representing the mean large-scale pressure gradients that drive

448 geostrophic circulation patterns in this region.
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450 Figure 4. Comparison of sea surface and subsurface temperature between surface temperatures from (a) HIC6k,
451 (b) OISST, and (c) their difference; (d) HIC6k, (¢) GLORYS12, and (f) their difference; and 200m depth

452 temperatures from (g) HIC6k, (h) GLORYS12, and (i) their difference. Statistics in difference panels show bias,
453 RMSE, and correlation coefficient.

454 This realistic circulation is supported by accurate temperature and salinity distributions throughout the upper ocean.
455 The model captures annual mean temperature and salinity patterns in the upper ocean (0-200m; Fig. 4-5).

456 Temperatures generally fall within ~0.5°C of OISST across the open ocean domain (surface RMSE = 0.34°C; Fig.
457 4c) and are consistent with GLORYS12 SST values (surface RMSE = 0.38°C; 200m RMSE = 0.30°C; Fig. 4fi).
458 The model successfully reproduces the pronounced poleward cooling of surface waters at the NPTZ at

459 approximately 30°N. The model also captures the seasonal migration of this frontal feature, with the mean latitude
460 of the 18°C (64.4°F) isotherm varying consistently with OISST observations (r=0.97; Fig. S2), including both the
461 amplitude (~10° latitude) and timing of the annual cycle.
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(a) HIC6k (Surface) (b) GLORYS12 (Surface) (c) HIC6k - GLORYS12 (Surface)

(d) HIC6k (200m) () GLORYS12 (200m) (f) HICBk - GLORYS12 (200m)

¥

——
34.034.234.434.6 34.835.035.2354 356358 340342344346 34 8 35 0 35 2 35.4 35.6 35. B -0.3 =02 -0.1 0.0 0.1 0.2
462 Salinity (psu) Salinity (psu) Salinity difference (psu)

463 Figure 5. Comparison of sea surface and subsurface salinity (psu) between surface salinity from (a) HIC6k, (b)
464 GLORYS, and (c) their difference, and 200m depth salinity from (d) HIC6k, (¢) GLORYS12, and (f) their
465 difference. Statistics in difference panels show bias, RMSE, and correlation coefficient.

466 Salinity distributions show similarly strong correspondence with observations, capturing the basin-scale meridional
467 gradient with biases remaining below 0.2 psu across most of the open ocean domain (surface RMSE = 0.08 psu,
468  decreasing to 0.04 psu at 200 m), with localized exceptions reaching +0.3 psu (Fig. 5). The model exhibits slightly
469 fresher conditions near the northern and southern boundaries and marginally elevated salinity in the subtropical
470 interior, suggesting a somewhat stronger meridional gradient than GLORYS12. This subtle bias persists to 200 m
471 depth, though the overall trend toward less saline water with depth in the central NPSG is well captured.
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473 Figure 6. Argo vertical profiles of oceanographic and biogeochemical properties. Mean profiles (0-1000 m
474 depth) of temperature, salinity, nitrate, dissolved oxygen, and chlorophyll-a for (top row) argo floats in oligotrophic
475 regions (Chlorophyll-a < 0.135mgChl/m?), and (bottom row) eutrophic regions (Chlorophyll-a > 0.135mgChl/m?).
476  Each panel compares Argo observations (green line), model output from HIC6k (dashed orange line), with 26

477  uncertainty bounds (shaded region green and orange respectively).
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478

479 Figure 7. Comparison of seasonal mixed layer depth (MLD) between model and observations. Summer MLD
480 from (a) HIC6k, (b) Argo-based observations (de Boyer Montégut climatology), and (c) their difference (Model -
481 Obs); Winter MLD from (d) HIC6k, (e) Argo observations, and (f) their difference. Difference panels show bias,
482  RMSE, median absolute error (MedAE), and spatial correlation coefficient.

483 Basin-wide Argo profile comparisons reveal that the model successfully captures thermocline and halocline

484 structure throughout the upper 1000m for both oligotrophic and eutrophic regions (Fig. 6). Temperature profiles
485 closely follow observed medians from surface to depth, while salinity profiles reproduce the subsurface salinity
486  maximum near 200 m. The simulation captures both the primary differences between seasons (Fig. 7 a-c versus Fig.
487 7d-e) and the primary spatial contrasts in mixing depth within each season (r = 0.95 in summer, r = 0.87 in winter).
488 The model shows a modest positive bias in mixed layer depth of ~5m during both seasons, though this is

489  comparable to observational and computational uncertainties.
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490
491 Figure 8. Spatial patterns of Interannual correlation (left) and anomaly RMSE (right) for (a,b) sea surface

492 temperature vs. OISST (1993-2023) and (c,d) surface chlorophyll vs. OC-CCI (September 1997-December
493 2023). Metrics computed on deseasonalized monthly anomalies (climatological monthly means removed at each
494 grid point). Chlorophyll analyzed in logio space.

495 The model reproduces both the mean state and interannual SST variability across the basin, with temporal

496 correlations exceeding 0.95 throughout most of the domain and reaching r > 0.96 in the central and eastern portions
497 of the domain (Fig. 8a). Root mean square errors remain low (<0.5°C) across the subtropical gyre, increasing

498 modestly (~0.6-0.7°C) only in western boundary current regions and coastal zones where mesoscale activity

499 intensifies (Fig. 8b).

500 3.2 Basin-scale Biogeochemical dynamics
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The model reproduces vertical biogeochemical structure in both oligotrophic and eutrophic waters. Argo profile
comparisons show that the model captures vertical distributions of nitrate and dissolved oxygen throughout the
upper 1000m in both oligotrophic (chlorophyll-a < 0.135 mg/m?) and eutrophic (chlorophyll-a > 0.135 mg/m?)
waters (Fig. 6), with model profiles generally falling within 2 observational uncertainty bounds. The model
reproduces key features including the nutricline structure and oxygen minimum zone characteristics. Chlorophyll-a
profiles capture the deep chlorophyll maximum (DCM) structure in both regimes, though in eutrophic waters the
model maintains elevated chlorophyll concentrations at depth (below ~100m) while observations show a sharper
decline (Fig. 6¢,)).
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Figure 9. Seasonal comparison of surface Chl-a concentrations between model and satellite observations.
HICO6k (left column), OC-CCI satellite observations (middle column), and their difference (Model - OC-CCI, right
column) for (a-c) Winter (DJF), (d-f) Spring(MAM), (g-i) Summer(JJA), and (j-1) Fall (SON). Difference panels
show bias, RMSE, median absolute error (MedAE), and spatial correlation coefficient. As described in Section 2,
bias, RMSE and MedAE are calculated on logio-transformed data, so a difference of 0.3 corresponds to a factor of 2
discrepancy between the model and satellite-based estimate.
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516 The model reproduces both the spatial distribution and seasonal variability of surface chlorophyll across the

517 subtropical North Pacific high seas (Fig. 9). The model captures the transition from oligotrophic subtropical waters
518  (<0.2 mg/m?) to more productive waters along the northern boundary of the domain, with this gradient migrating
519 seasonally. During winter (DJF), both model and OC-CCI satellite data show the TZCF positioned near its southern
520 extent around 30-35°N, marking the boundary between the nutrient-depleted subtropical gyre and the nutrient-

521 enriched transition zone. In spring (MAM), the productive zone shifts northward, though the model shows increased
522 spatial variability during this transitional period. By summer (JJA), the domain exhibits uniformly low chlorophyll
523 concentrations as the productive boundary migrates beyond the northern extent. Fall (SON) shows the return of the
524 gradient into the domain. Across seasons, the model maintains strong correspondence with observations (winter:
525 RMSE = 0.08 mg/m?, r = 0.90; spring: RMSE = 0.15 mg/m? , r = 0.94; summer: RMSE = 0.05 mg/m?, r = 0.83; Fall:
526 ~ RMSE = 0.05 mg/m?, r = 0.88).

527  The model also captures interannual chlorophyll variability, with temporal correlations exceeding 0.90 across most
528 of the domain and reaching r > 0.95 in eutrophic waters north of 30°N (Fig. 8c). Anomaly RMSE values remain low
529  throughout the domain (Fig. 8d), indicating that the model reproduces the dominant modes of interannual variability
530 in biogeochemical surface properties.
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532 Figure 10. Seasonal comparison of surface nitrate concentrations between model and WOA climatology.

533 HIC6k (left column), WOA observations (middle column), and their difference (Model - WOA, right column) for
534 (a-c) Winter (DJF), (d-f) Spring (MAM), (g-1) Summer(JJA), and (j-1) Fall(SON). Difference panels show bias,
535  RMSE, median absolute error (MedAE), and spatial correlation coefficient.

536 Surface nitrate distributions in the model demonstrate good agreement with World Ocean Atlas (WOA) climatology
537 across all seasons (Fig. 10), successfully reproducing the characteristic contrasts between oligotrophic subtropical
538  conditions and mesotrophic subpolar conditions that underlie the TZCF dynamics. The model maintains consistently
539 low positive biases (0.15-0.16mmol/m®) during winter (DJF) and spring (MAM) with high spatial correlations

540 (r=0.94 and 0.86, respectively), capturing the nutrient-depleted surface waters typical of the subtropical gyre and the
541 north-south nutrient gradient associated with the TZCF. The model does not exhibit the patchiness evident in the
542 objectively analyzed WOA fields, resulting in negative biases (-0.21 mmol/m?, for both) with RMSE values of 0.38
543 and 0.32 mg/m?®, respectively. The WOA, however, includes data collected using a variety of methodologies of

544  varying precision, and is most reliable for contrasts across the TZCF. Comparison with consistent high-precision
545 measurements at station ALOHA show that persistent nanomolar NO3 concentrations simulated by the model within
546 the NPSG are consistent with those observed (see Section 3.3).
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547 The model also successfully simulates low levels of observed phosphate (Fig. S3a) that has been identified as an
548 important control on nitrogen fixation in the NPSG (Karl et al., 1997; Moutin et al., 2008; Watkins-Brandt et al.,
549 2011). As discussed in the methods section, this result was sensitive to both the phosphate data used for the ocean
550 boundary conditions and the degree of P-frugality afforded to phytoplankton populations.
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551

552 Figure 11. Comparison of oxycline depth and zonal oxygen sections between model and observations. (a-b)
553 Spatial distribution of oxycline depth (depth of 70 umol kg! oxygen isoline) from model and WOA climatology,
554 showing the oxygen minimum zone structure. (c-f) Zonal sections of dissolved oxygen concentration in model and
555 WOA observations along two latitudes: (c,d) 29.97°N, (d,e) 15.08°N, and meridional section along (g,h) 150°W.
556  The oxycline shoals from >800 m in the subtropics to <200 m in the central North Pacific oxygen minimum zone.

557 The model resolves vertical and horizontal gradients in dissolved oxygen concentrations across the NPSG (Fig. 11).
558  Oxycline depth, defined as the depth where oxygen concentration falls below 70 pmol kg™' (approximately 1.5 ml
559 L, a threshold relevant to bigeye tuna fishery habitat compression; Prince and Goodyear 2006), exhibits strong
560 equatorward shoaling in both the model (Fig. 11a) and World Ocean Atlas climatology (Fig. 11b), ranging from
561 >800 m at 35°N to <100 m near 10-12°N. The model accurately reproduces this meridional oxycline structure with
562 high spatial fidelity, capturing the characteristic shallow oxygen minimum zone (OMZ) in tropical waters and the
563 deepening of well-oxygenated surface waters toward higher latitudes. The model reproduces localized oxycline
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564  variations around the Hawaiian Islands (approximately 20°N, 160°W), where island wake effects and mesoscale
565 circulation features modulate oxygen distributions.

566  Vertical cross-sections demonstrate the model's skill in resolving the three-dimensional structure of the oxygen field
567 and its pronounced meridional gradient. A meridional transect at 150°W (Fig. 11g) reveals the "bowl" structure of
568 the North Pacific Subtropical Gyre, with well-oxygenated surface waters (>200 pmol kg ') deepening from <200 m
569 at the southern boundary to >400 m near 30°N before shoaling again toward the northern edge. The oxycline rises
570 dramatically toward both gyre edges: oxygen-depleted waters (<70 umol kg™') shoal from >800 m at 30°N to <200
571 m near 15°N, with the core OMZ (<45 umol kg*) centered around 400-600 m depth in tropical waters. This steep
572 meridional gradient in oxycline depth directly corresponds to the north-south limits of Hawaii-based longline fishing
573 operations.

574 Zonal transects further illustrate regional oxygen variability. At 29.97°N (Fig. 11c¢), oxygen concentrations exceed
575 200 pmol kg throughout the upper 400 m, characteristic of well-ventilated subtropical mode waters, with gradual
576 depletion to 45-75 pmol kg™! below 600 m depth. At 15.08°N (Fig. 11e), the transect captures the core OMZ region,
577  where oxygen concentrations below 45 pmol kg™ extend from approximately 200-800 m depth, with particularly
578 intense depletion (15-30 pmol kg™") centered around 400-600 m. A prominent vertical feature in both transects near
579  the Hawaiian Islands corresponds to enhanced vertical mixing that disrupts the stratified oxygen structure. This

580 capability to resolve oxycline shoaling with its steep meridional gradient and realistic depth ranges and spatial

581 patterns is crucial for bigeye tuna habitat modeling, as the species exhibits strong behavioral preferences for oxygen
582  thresholds above 60-70 pmol kg™ and is vertically constrained by oxycline depth.

583 Beyond the mean oxycline structure, we evaluated the model's ability to capture interannual variability in oxygen
584 distributions by comparing temporal evolution of oxycline depth with the GOBAI-O, oxygen product (Fig. S4).

585 Both the model (Fig. S4a) and GOBAI-O, (Fig. S4b) show the characteristic meridional gradient in oxycline depth
586 from >600 m at 30-35°N to <200 m near 10-15°N throughout the 2004-2019 period. Interannual anomalies along
587 150°W (Fig. S4c-d) reveal limited temporal correlation between the model and GOBAI-O, (r=0.19, RMSE=38.9 m),
588 with the model exhibiting greater local variability (1.83x GOBAI-O;). At the domain-average scale, the two

589 products show better agreement (r = 0.67, RMSE = 6.7 m; Fig. S4e), though the model does not reproduce the

590  progressive shoaling trend evident in GOBAI-O: over 2004-2019.

591 3.3 The Oligotrophic Gyre Ecosystem

592 After establishing basin-scale physical and biogeochemical patterns, we examined the model's ability to resolve the
593 characteristic features of the oligotrophic NPSG using observations from Station ALOHA. This long-term

594 observational platform provides a critical benchmark for evaluating model performance in the open-ocean

595 environment that dominates much of the subtropical North Pacific high seas region, and an additional assessment of
596  the simulation’s capacity to capture temporal variability.
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598 Figure 12. Time series and seasonal climatologies of near-surface ocean properties at Station ALOHA. Left
599 column shows monthly time series from 1993-2023 for (top to bottom) temperature (°C), salinity (psu), dissolved
600 inorganic carbon (DIC), and pH, comparing model output (orange) with Station ALOHA observations (blue). The
601 right column shows corresponding seasonal climatologies averaged across all years.
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602 At Station ALOHA, the model reproduces seasonal and interannual patterns in ocean surface parameters over the
603 1993-2023 period (Fig. 12), though with systematic biases in several variables.

604  Near-surface temperature showed strong agreement with observations. The model reproduced both the mean state
605 (24.4°C modeled vs. 25.0°C observed) and the characteristic seasonal cycle, with warmer temperatures in summer-
606 fall (July-October, ~26-27°C) and cooler temperatures in late winter-early spring (February-April, ~23-24°C). The
607 model tracked interannual variability well throughout the time series, including warmer periods in the late 1990s,
608  mid-2000s, and 2014-2020 (Fig. 12b).

609  Near-surface salinity (Fig. 12¢c-d) exhibited a consistent, modest positive bias throughout the record (35.15 psu

610  modeled vs. 35.06 psu observed). The model captured the interannual trends, including the freshening period from
611 2010-2020, but showed reduced seasonal amplitude compared to observations, with the observed late winter-spring
612 salinity minimum (~35.00 psu) overestimated by the model.

613 The carbonate system parameters showed moderate agreement but with small yet systematic biases partially

614 attributable to the elevated model salinity. Near-surface alkalinity was overestimated by approximately 20 pmol kg™
615 (2326 pmol kg ! modeled vs. 2308 umol kg observed), dissolved inorganic carbon by 31 pmol kg™' (2016 vs. 1984
616  umol kg™'), and pH was underestimated (8.061 vs. 8.083). Despite these biases, the model successfully tracked

617 observed temporal trends from 1993-2023 and captured key seasonal patterns including summer alkalinity and pH
618 minima and winter-spring maxima (Fig. 12e-j).
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620 Figure 13. Vertical profiles of oceanographic and biogeochemical properties at Station ALOHA. Mean profiles
621 (0-1000 m depth) of temperature (°C), salinity (psu), nitrate (mol kg™"), dissolved oxygen (mol kg™"), and

622 chlorophyll-a (umol kg™!), comparing HOT observations (green line) and model output from HIC6k (dashed orange
623 line), with 26 uncertainty bounds (shaded region green and orange respectively).

624 Comparison of modeled vertical profiles with Hawai‘i Ocean Time-series (HOT) observations revealed good overall
625 agreement in representing major biogeochemical features through the upper 1000 m (Fig. 13). Temperature and

626 salinity profiles showed strong agreement with observations, with the model accurately capturing the thermocline
627 structure and salinity maximum near 200 m depth. The model successfully represented nutrient distributions across
628 all depths, including surface depletion (<5 umol/kg), a sharp nutricline at 100-300 m, and deep water nitrate+nitrite
629 concentrations (~40-45 pmol/kg below 600 m) consistent with observations. Oxygen profiles captured near-surface
630 saturation values (~200 pmol/kg) and the oxygen minimum zone between 400-800 m depth, with both the depth and
631 intensity falling within observational uncertainty. Chlorophyll profiles reproduce the DCM near 100-150 m depth
632 (~0.3-0.4 mg/m?), though the model maintains elevated chlorophyll concentrations below the DCM compared to the
633 sharper decline observed at Station ALOHA (Fig. 13e).
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634  Unlike most ocean regions, focused plankton ecosystem observations at station ALOHA make it possible to assess
635 the model’s representation of a broader set of plankton foodweb properties. The biological production and standing
636 stocks of foodweb components show reasonable agreement with observational estimates (Table 1). Modeled

637 phytoplankton carbon (1348 mg C m2) and primary production (298 mg C m2 d ') aligned well with field

638 observations (1320-1533 mg C m2 and 180-220 mg C m2 d™', respectively). Particle export flux at 200m (11.9 mg
639 C m™d™") was approximately half the observed value (26 mg C m™2 d™'), suggesting the model may underestimate
640 carbon export efficiency. Other biological components including bacterial carbon, microzooplankton, and

641 mesozooplankton showed similar patterns, with carbon stocks generally within observational ranges but some

642 underestimation in heterotrophic production rates.

Low Chlorophyll Biome Hawaiian Ocean times Series
Quantity
HIC6k (200m) COBALT (Stock et HIC6km (200m) COBALT (stock

mg C m*? al., 2014) mg C m-2 et al., 2014) Observations

Phytoplankton carbon 890 1017 (149) 1348 876 "1533a, 1320b"
"492 (118)c, 180-

Primary production 311 289 (101) 298 190 220d"
Bacterial carbon 467 730 (119) 740 619 750-1500e
Bacterial production 54.5 27 (11) 50.5 16 NA
Microzooplankton carbon 334 494 (69) 501 431 NA
Microzooplankton production 25.9 40 (18) 23.1 20 NA
Mesozooplankton carbon 453 533 (191) 681 269 236 (107)f
Mesozooplankton production 13.6 14.5 (12.0) 11.6 2.4 "27 (8.8)j, 11k"
Total zooplankton carbon 787 1181
Particle export flux 14.1 19.2 (9.3) 11.9 8.5 26 (6)j

a Campbell et al. (1994), based on microsco;l)c counts and carbon conversion factors (ccfs).

b Dunne et al. 52005) based on integrated chl and C:chl ratios. L . .

¢ Karl et al. (1996) as reported in Roman et al. (2002), mix on on-deck and in situ 12 h 14C incubations.

d Boyd et al. (2008), 24 h on-deck 14C integrations.

e Ducklow (1 993 range reflects carbon conversion factors of 10-20 fg C celll for biomass and 1.5-3 kg C mol1 for leucine incorporation.
f Roman et al. (2002).

f* Roman et al. (2002) but with Hirst and Bunker (2003) update for mesozooplankton growth estimate.

EDuRand etal. (2001).

h Steinberg et al. (2001).

i Roman et al. (1995a).

643 Table 1. Comparison of carbon stocks and fluxes between model simulations and observations for the
644 Hawaiian ocean time-series region. Model estimates from HIC6km (200 m integrated values) and COBALT
645 (Stock et al., 2014) are compared with field observations from the Hawaiian Ocean Time-series (HOT) program.

646 3.4 Island Wakes

647 Island-ocean interactions in the Hawaiian archipelago generate complex mesoscale circulation features that

648 influence both physical dynamics and biogeochemical distributions. The model's representation of these wake
649 dynamics provides insight into its capability to resolve the physical mechanisms that drive ecosystem variability
650 around Pacific islands.
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652 Figure 14. Comparison of mean eddy kinetic energy (EKE, cm?/s?) calculated from geostrophic currents for (a)
653 HIC6k, (b) GLORYS12 reanalysis and (c) AVISO geostrophic velocities. All three EKE data sets were averaged for
654 the time period 1993-2023.

655 Comparison of mean eddy kinetic energy (EKE) with AVISO altimetry and GLORYS12 reanalysis reveals that the
656  model now accurately captures mesoscale variability in the Hawaiian lee region (Fig. 14). With the optimized

657 current feedback parameter (a.s,=0.2), the model shows close agreement with observational products. The model
658 successfully reproduces both the spatial pattern and the magnitude of enhanced mesoscale activity in the

659 downstream wake zones where island-generated eddies and flow disturbances are most prominent. The Hawaiian lee
660  region shows elevated EKE relative to upstream waters and the surrounding oligotrophic gyre, with peak values

661 exceeding 400 cm?/s? concentrated around 20° N near the main Hawaiian Islands, consistent with altimetry

662 observations.
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664  Figure 15. Chlorophyll-a distribution (a) at the deep chlorophyll maximum (DCM) and (b) along a 21.04°N
665  vertical transect.

666 The biogeochemical consequences of island wake dynamics are evident in the spatial distribution of chlorophyll at
667 100m and its vertical structure (Fig. 15). Surface chlorophyll concentrations across the NPSG reveal the oligotrophic
668 conditions characteristic of this region, with values typically below 0.20 ug kg™! throughout most of the domain

669  (Fig. 15a).

670 The vertical transect along 21.04°N, which crosses the Hawaiian island chain, provides insight into the subsurface
671 biogeochemical structure associated with island wake effects (Fig. 15b). Throughout most of the transect west of
672 200°E, chlorophyll concentrations remain low (<0.16 pg kg™') and exhibit typical oligotrophic vertical structure with
673 a subsurface chlorophyll maximum between 50-100m depth. Near the island chain around 200-203°E, a distinct

674  subsurface feature appears with elevated chlorophyll concentrations (up to 0.56 pg kg™') extending from

675 approximately 50-150m depth.

676 3.5 Nearshore Temperature Variability

677  We evaluated model performance against in-situ measurements from 141 NCRMP monitoring locations distributed
678 across Hawai‘i, Maui, O‘ahu, Kaua‘i, Moloka‘i, Lana‘i, Ni‘ihau, Molokini, Lehua, French Frigate Shoals, Laysan,
679  Lisianski, Pearl and Hermes Atoll, and Kure (Fig. 2). To illustrate the model's characteristic behavior and our

680 analysis approach, we first examine a representative monitoring site off Maui Nui (20.95°N, 203.85°E; Fig. 16a)
681 before presenting statistical comparisons across all 141 sites.
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683 Figure 16. Sea surface temperature analysis at NCRMP monitoring location during the 2015 bleaching event.
684 (a) Spatial map of mean SST (1993-2023) showing the Northwest and main Hawaiian Islands with a red circle

685 indicating the analysis location in Maui Nui (20.95°N, 203.31°E). (b) Monthly SST time series (1992-2023)

686 comparing model output (HIC 6km, dark red line) with GLORYS12 reanalysis (green dashed line), OISST
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687 observations (orange dashed), CRW 5km (purple dashed line) and STR (black solid). (c) Monthly climatology
688 (1993-2023) for HIC6k (dark red solid), GLORYS12 (green dashed), OISST (orange dashed) and CRW Skm (purple
689  dashed). (d) Monthly temperature anomaly relative to CRW Skm climatology (1993-2023).
690 At this Maui site (Fig. 16), we compare the HIC6k model against the in-sitt NCRMP monitoring site measurements,
691 GLORYS12 reanalysis, OISST and the CRW Skm satellite products. The HIC6k model tracks the in-situ
692 temperature variations through nearly three decades, capturing both the seasonal cycle and interannual variability
693 (Fig. 16b). All products, including HIC6k, exhibit systematic differences relative to the in-situ observations. The
694 model shows a consistent cold bias of approximately 0.5°C throughout the record (Fig. 16¢), evident in the offset
695 between the model's mean annual cycle (black line) and the STR climatology (red dashed line). However, when
696 examining temperature anomalies relative to the CRW5km climatology (Fig. 16d), HIC6k successfully tracks the
697 timing and magnitude of interannual temperature variations, including the prominent 2015 warming event that
698 triggered widespread coral bleaching across Hawai‘i. This demonstrates that while the model has a systematic offset
699 in absolute temperature, it accurately captures interannual variability.
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701 Figure 17. Statistical comparison of model, reanalysis and satellite products performance against in-situ STR
702 observations across all 141 NCRMP monitoring locations. Box plots showing the distribution of correlation
703 coefficient (r), root mean square error (RMSE), bias and standard deviation ratio for (top row) absolute values and
704 (bottom row) deseasonalized anomalies. Products compared include: HIC 6km model (pink), GLORYS12 reanalysis
705 (green), OISST satellite product (orange), and CRW Skm satellite product (purple). All metrics are calculated
706  relative to in-situ STR measurements. Black solid lines represent the median, and black dashed lines represent the
707 mean.
708 The strong temporal correlation despite systematic bias at this single Maui site is representative of model
709 performance across the entire NCRMP monitoring network. Statistical comparisons of all four products against the
710 141 in-situ STR measurements show that the HIC6k model demonstrates strong skill in capturing nearshore
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711 temperature variability, with a mean correlation coefficient of r = 0.96 (Fig. 17a). This performance exceeds the
712 data-assimilative GLORYS12 global reanalysis (r = 0.80) and approaches the satellite products OISST (r = 0.98)
713 and CRW 5km (r = 0.99). Model skill remains significant even when evaluating only interannual variability. After
714 removing each product's mean seasonal climatology and comparing deseasonalized anomalies against in-situ STR
715 observations (Fig. 17d), HIC6k maintains moderate correlations (mean r = 0.57), comparable to GLORYS12 (r =
716 0.53) and approaching satellite products OISST (r = 0.78) and CoralTemp (r = 0.81).

717 Root mean square errors (RMSE) are consistently low across all sites. The slightly higher RMSE for HIC6k, relative
718 to GLORYS12 and OISST, is attributed to the model’s systematic cold bias (-0.34°C) rather than a reduction in its
719 ability to capture temporal variability. As demonstrated by the Maui example (Fig. 16), this cold bias is consistent
720 across validation sites throughout the year. The standard deviation ratio (Fig. 17f) shows that all products capture
721 comparable magnitudes of temporal variability relative to observations, with ratios near 1.0 indicating that the

722 amplitude of modeled temperature fluctuations matches observed variability.
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724 Figure 18. Correlation coefficients (r) of deseasonalized SST anomalies from four products compared against
725 in situ STR observations across 141 NCRMP coral reef monitoring sites, grouped by island. Box plots show
726 the distribution of r values for the HIC6k regional ocean model (pink), GLORYS12 reanalysis (green), OISST

727 (orange), and CRW 5 km (purple) satellite products. All metrics are calculated relative to co-located STR

728 measurements (Smith and Barkley, 2025; Perelman et al., 2024).

729  When monitoring sites are grouped by island, model performance varies across the Hawaiian archipelago (Fig. 18,
730 Table 2). For deseasonalized anomalies, HIC6k correlation coefficients at the main Hawaiian Islands range from
731 0.47 (Maui) to 0.78 (Laysan Island), with performance comparable to or exceeding GLORYS12 (Table 2). Both

732 satellite products (OISST and CRW 5km) consistently show higher correlations, as expected given their assimilation
733 of observational data, with mean correlations ranging from 0.69-0.90 (OISST) and 0.71-0.94 (CRW Skm) across
734 island groups.

735

736
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Bias (°C) (anomalies) r (anomalies) RMSE (°C) (anomalies)
Avg N Obs Mean Obs Std
Island Months (°C) (°C) HIC6k GLORYS OISST HIC6k GLORYS OISST HIC6k GLORYS OISST

French Frigate 50 2521 1.65 -0.01 0.03 0.05 0.55 0.17 0.71 0.44 0.88 0.4
Hawaii 45 25.63 0.85 0.02 0.09 0.05 0.66 0.40 0.77 0.54 0.81 0.57
Kaua‘i 56 25.49 1.17 0.24 0.13 0.17 0.69 0.35 0.75 0.51 0.81 0.51
Kure 60 23.46 2.54 0.19 0.22 0.19 0.54 0.30 0.83 0.66 1.39 0.44
Lana‘i 52 25.59 0.92 -0.01 0.00 0.05 0.47 0.32 0.73 0.5 0.8 0.56
Laysan 49 24.96 1.97 0.09 -0.04 0.07 0.78 0.50 0.90 0.38 1.14 0.27
Lehua 35 25.18 0.93 -0.20 -0.40 -0.36 0.74 0.36 0.73 0.36 0.79 0.5
Lisianski 70 24.79 2.30 -0.02 0.01 0.00 0.73 0.32 0.82 0.43 1.12 0.37
Maui 43 25.32 0.94 0.02 0.10 0.13 0.47 0.34 0.72 0.6 0.83 0.59
Moloka‘i 49 25.26 0.94 0.13 0.20 0.21 0.57 0.26 0.73 0.49 0.82 0.55
Molokini 34 2517 0.72 -0.50 -0.44 -0.41 0.55 0.40 0.69 0.65 0.82 0.56
Ni‘ihau 49 25.52 1.14 0.05 -0.04 -0.01 0.74 0.32 0.78 0.49 0.83 0.48
O‘ahu 43 25.63 1.18 0.27 0.36 0.35 0.47 0.17 0.69 0.51 0.89 0.5
Pearl & Hermes 67 23.67 2.40 0.01 0.15 0.09 0.50 0.34 0.86 0.63 1.35 0.43

737 Table 2. Statistical comparison of sea surface temperature anomaly (seasonal cycle removed) performance
738 across Hawaiian Islands. Model (HIC6k), reanalysis (GLORYS), OISST observations and CRW 5km dataset
739  performance metrics compared against STR observations for fourteen Hawaiian Islands: Hawaiian Islands: French
740 Frigate Shoals, Hawai‘i, Kaua‘i, Kure Atoll, Lana‘i, Laysan Island, Lehua, Lisianski, Maui, Moloka‘i, Molokini,
741 Ni‘ihau, O‘ahu and Pearl and Hermes Atoll. Columns show the average number of months with data, mean

742 temperature from STR dataset, standard deviation of STR temperatures, bias relative to observations, correlation
743 coefficient (r) and RMSE for each product.

744 Root mean square errors for HIC6k range from 0.36°C (Lehua) to 0.69°C (Molokini) for deseasonalized anomalies
745 (Table 2). The observed mean temperatures at monitoring sites show remarkable consistency across the main

746 Hawaiian Islands (25.17-25.63°C), while the standard deviation of observations varies from 0.72°C (Molokini) to
747 2.54°C (Kure), reflecting differences in the strength of seasonal cycles and interannual variability at different

748 locations, with the Northwestern Hawaiian Islands showing greater variability due to their higher latitude.

749 4, Discussion

750  Our objective is to develop and evaluate a regional ocean biogeochemical modeling system designed to support
751 marine resource management in Pacific Island ecosystems. This requires a system that captures a range of scales,
752 from basin-scale pelagic habitat dynamics to localized coastal thermal stress, sufficiently well. The HIC6k

753 configuration demonstrates substantial skill across all three scales examined, though with varying levels of fidelity
754 that provide clear targets for future refinement.

755 The HIC6k configuration occupies a unique niche in Pacific Islands ocean modeling. Global Earth System Models
756 provide basin-to-global context but typically operate at 50-100km (Roberts et al., 2020; Tsujino et al., 2024)

757  resolution, too coarse to resolve island wakes, mesoscale productivity features, or nearshore gradients. High-

758 resolution coastal models can capture reef-scale processes but require prescribed boundary conditions and cannot
759 simulate basin-scale climate modes. Regional configurations like the Hawaiian Islands ROMS system have

760 demonstrated skill for coral reef thermal stress assessment (Perelman et al., 2024), have proven valuable but lack the
761 domain size to capture large-scale forcing or the biogeochemical complexity of food web applications. As part of
762 NOAA’s Changing Ecosystems and Fisheries Initiative (CEFI), regional MOM6-based regional configurations are
763 being developed for multiple U.S. regions reflecting growing recognition that multi-scale regional systems are

764 essential to translate climate projections into actionable resource management information. The HIC6k configuration
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765  serves as CEFI’s initial Pacific Islands regional model, extending this capability to the NPSG and enabling analysis
766 of how basin-scale climate forcing propagates through island-modified mesoscale processes to influence both
767  pelagic and coastal ecosystems.

768 4.1 Model Suitability for Fisheries Applications

769 The model's basin-scale performance establishes a robust foundation for pelagic habitat-driver applications. Sea
770 surface temperature is reproduced with strong spatial fidelity (r > 0.95 across most of the domain; Fig. 3a), and the
771 model accurately captures seasonal TZCF migration in both temperature (18°C isotherm: r = 0.97, mean latitude
772 varying ~10° between winter and summer; Fig. S2) and chlorophyll (0.2 mg/m? transition; Fig. 9). Interannual

773 variability is similarly well resolved, with temperature correlations exceeding 0.95 and chlorophyll skill ranging
774  from 0.90 to 0.95, particularly north of 30°N (Fig. 8a,c). Together, these results demonstrate the model's capability
775 to resolve the key oceanographic conditions that constrain pelagic habitat.

776 The TZCF, which migrates seasonally across approximately 1000 km from its southern winter position near 30-
777 35°N to its northern summer extent around 40-45°N (Polovina et al., 2001, 2017; Bograd et al., 2004), represents a
778 critical ecosystem boundary where loggerhead turtles, albacore tuna, and other apex predators concentrate during
779  their migrations (Polovina et al., 2001; Kobayashi et al., 2008). Our model's capture of the TZCF's position (Fig.
780 S2), its underlying seasonal variations in mixed layer depth and associated vertical mixing (Fig. 6), and horizontal
781 transport of nutrients from higher latitudes (Fig. 10) indicates it can support habitat suitability modeling and

782 projections of climate-driven distributional shifts for commercially important species.

783 The model's representation of oxygen distributions holds particular relevance for Pacific longline fisheries. The

784 accurate simulation of equatorward oxycline shoaling from >800 m at 35°N to <100 m near 10-12°N for the 70

785 umol kg™ threshold, directly addresses habitat compression concerns for bigeye tuna (Thunnus obesus), the

786 dominant target species in Hawaii-based longline fisheries. Bigeye tuna exhibit strong behavioral responses to

787 dissolved oxygen thresholds around 60-70 pmol kg! (Prince and Goodyear 2006; Stramma et al., 2012), and

788 observations of ~1.5 ml L™! (approximately 67 umol kg™) tolerance limits align closely with our chosen threshold.
789 For longline fisheries management, however, a more operationally relevant consideration is where the 90 umol kg™
790 isopleth shoals above hook depth (~400m), as this boundary is hypothesized to define the geographic extent of

791 fishable habitat and effectively excludes the southeastern portion of the model domain from productive fishing

792 grounds. The model's capacity to resolve this mean-state oxygen structure provides a platform for assessing how
793 projected ocean deoxygenation under climate change may compress vertical habitat and alter catch distributions

794 (Stramma et al., 2012), information critical for ecosystem-based fisheries management. Nevertheless, characterizing
795 the temporal variability of this boundary remains an important target for improvement, and we note that current

796 observational products such as GOBAI-O; may themselves have limited capacity to resolve interannual variability
797 in oxycline position, which complicates validation and underscores the need for sustained subsurface oxygen

798 monitoring in the region (see Section 4.3).

799  Atintermediate scales, the model resolves island wake effects and their biogeochemical consequences, capturing
800 fundamental patterns such as the "island mass effect" (Doty & Oguri, 1956), whereby island-induced physical

801 processes elevate local productivity above surrounding oligotrophic background levels. Our simulation of subsurface
802 chlorophyll enhancement near the island chain (up to 0.56 pg kg™, 3-4x the surrounding oligotrophic background of
803 ~0.08-0.16 pg kg'; Fig. 15b), coupled with realistic mesoscale variability patterns (Fig. 14), demonstrates the

804 model's ability to resolve physical-biogeochemical interactions at island scales relevant to understanding ecosystem
805 function and productivity in Pacific island systems.

806 The model's performance at Station ALOHA further demonstrates its capability to capture the fundamental
807 characteristics of the oligotrophic subtropical gyre, including surface property variability across seasonal to decadal
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808  timescales (Fig. 12), realistic vertical structure in temperature, salinity, nutrients, and oxygen through the upper
809 1000 m, and key features including the DCM and oxygen minimum zone (Fig. 13). Integrated biological metrics
810  show reasonable agreement with observations, with modeled carbon stocks and primary production falling within
811 observed ranges, though underestimation of export flux remains a target for future model refinement (Table 1; see
812 Section 4.3).

813 At nearshore scales, the model's capacity to reproduce local temperature variations observed at coral reef monitoring
814 sites demonstrates a critical capability for bridging basin-scale climate forcing to reef-scale impacts. The

815 demonstrated skill across the spatially distributed NCRMP monitoring network (mean r = 0.96 across 141 sites; Fig.
816 17a), spanning from the main Hawaiian Islands to the Northwestern Hawaiian Islands, provides confidence that the
817 model can support assessments of thermal habitat across the broader Pacific Islands domain, enabling evaluation of
818 how climate variability and change propagate from open-ocean to coastal ecosystem scales. While the model

819  exhibits a systematic cold bias (mean of -0.34°C; Fig. 17c¢), this offset does not diminish its skill in resolving the
820 temporal structure of thermal variability.

821 The magnitude of this bias remains within the range acceptable for coral reef thermal stress applications, where the
822 model's ability to capture the timing and relative magnitude of warming events is more critical than absolute

823 temperature accuracy (Liu et al., 2014). NOAA's Coral Reef Watch operational monitoring system has established
824  degree heating weeks (DHW) as the standard metric for bleaching risk assessment, with Alert Level 1 (4°C-weeks
825 DHW) indicating bleaching risk and Alert Level 2 (8°C-weeks DHW) indicating widespread bleaching with

826  mortality (Liu et al., 2017, 2018). DHW calculations accumulate thermal stress by summing positive temperature
827 anomalies (relative to climatological maximums) over the preceding 12 weeks (84 days), making them sensitive to
828 both the magnitude and duration of warming events. Because DHW depends on anomalies relative to climatological
829 baselines rather than absolute temperatures, the model's systematic bias can be readily corrected through bias

830 adjustment in post-processing. The model's temporal fidelity in capturing synoptic-to-intraseasonal variability (2-90
831 day timescales), modestly outperforming GLORYS12 reanalysis (mean r = 0.60 vs 0.57 for deseasonalized

832 anomalies; Fig. 17d), provides the short-duration warm event detection critical for accurately accumulating heat
833 stress over the 12-week DHW window. Moreover, the model's three-dimensional temperature structure offers a

834 significant advantage over surface-only satellite products like Coral Reef Watch, as subsurface temperatures can
835  differ substantially from sea surface temperature in stratified conditions and provide better predictors of coral

836  thermal stress across much of the Pacific Islands region (Venegas et al., 2019).

837 4.2 Choices Critical for Model Performance

838 Several technical choices proved critical for model performance across scales, revealing sensitivities that provide
839 guidance for future ocean modeling efforts. The initial underestimation of eddy kinetic energy relative to AVISO
840 altimetry and GLORYS12 reanalysis (Fig. S1) revealed systematic limitations with direct implications for nutrient
841 supply mechanisms. This bias stemmed from the surface wind stress formulation: since we use reanalysis winds that
842 already incorporate current feedbacks, the relative wind formulation in MOMS6 introduces double-counting that

843 excessively damps mesoscale features (Renault et al., 2016, 2019). Implementation of the Renault et al. (2019)

844 correction factor (a.sp,) substantially improved EKE representation, bringing model values into close agreement
845 with AVISO and exceeding GLORYS12 (Fig. 14), demonstrating that careful attention to atmosphere-ocean

846 coupling formulations is essential for resolving mesoscale eddy fields that drive productivity in oligotrophic gyres.

847 Biogeochemical boundary conditions, particularly for phosphate, emerged as a critical control on nitrogen fixation
848 and thus nitrogen availability in the oligotrophic NPSG. The model successfully simulates the persistently low

849  phosphate concentrations (<0.05 umol kg™') observed in the subtropical gyre (Fig. S3a), which previous work has
850 identified as an important control on diazotroph populations and nitrogen fixation rates (Karl et al., 2001; Martiny et
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851 al., 2019). This result proved sensitive to both the phosphate data used for ocean boundary conditions and the degree
852 of phosphorus frugality (essentially the flexibility of cellular P:C stoichiometry under P-limited conditions) afforded
853 to phytoplankton populations in the COBALT biogeochemical model. Initial configurations using World Ocean

854 Atlas phosphate fields, which include substantial numbers of lower-precision measurements incapable of accurately
855 resolving nanomolar concentrations (Martiny et al., 2019), combined with a more aggressive "line of frugality" from
856 Galbraith and Martiny (2015), led to considerable excess phosphate (Fig. S3b). Switching to higher-precision

857  phosphate measurements for boundary conditions (GLODAP) and adopting a more conservative stoichiometric

858 flexibility parameterization brought model phosphate into agreement with Station ALOHA observations. This

859 sensitivity underscores the importance of high-quality nutrient boundary conditions for oligotrophic regions where
860 nanomolar concentrations control ecosystem structure.

861 Accurate representation of light penetration proved essential for capturing the DCM and subsurface primary

862  production characteristic of the oligotrophic NPSG. The exceptionally clear waters at Station ALOHA, with blue-
863 green light penetration among the deepest observed in the global ocean (Morel et al., 1988), required calibration of
864 the clear-water attenuation coefficient (ksw = 0.018 m™') below the default Manizza et al. (2005) parameterization, a
865 value consistent with the most penetrating wavelengths in clear, case I waters and validated against long-term HOT
866  program observations. This adjustment, consistent with Friedrich et al., (2024), highlights a broader challenge in
867 biogeochemical modeling, where default parameterizations are often tuned to global or basin-scale averages that
868 may not capture the extreme optical clarity of subtropical gyres. The deep light penetration in these systems supports
869  photosynthesis to greater depths, influencing the vertical distribution of primary production and the depth of the

870 CDM (Fig. 7 & 13). Importantly, described in Section 2.2.1, because the Manizza scheme allows chlorophyll-

871 dependent attenuation to dominate in productive waters, this calibration primarily affects oligotrophic regions while
872 having minimal impact on island wake zones or coastal areas where elevated productivity naturally increases

873 attenuation. This selectivity makes the adjustment appropriate for a regional domain spanning oligotrophic to

874 mesotrophic conditions.

875 The model's modest systematic salinity biases, and their resulting effect on carbonate chemistry at Station ALOHA
876 illustrate how errors in atmospheric forcing propagate through coupled biogeochemical systems. The modest

877  positive salinity bias at Station ALOHA (+0.09 psu; Fig. 12c-d) accounts for approximately 35-40% of the alkalinity
878 overestimation and 20-25% of the DIC overestimation. The tight coupling between seasonal cycles in salinity,

879 alkalinity, and DIC suggests that biases in freshwater flux representation propagate systematically through the

880 carbonate system. Recent high-resolution modeling studies around Hawai‘i have similarly encountered surface

881 property biases linked to atmospheric forcing quality (Friedrich et al., 2021). Despite these systematic offsets in
882 absolute values, the small magnitude of the biases and the model's accurate representation of temporal patterns (Fig.
883 12) suggest that the model correctly captures the balance between physical and biogeochemical processes. For

884 applications requiring precise pH or carbonate chemistry thresholds, bias correction using long-term observational
885 records like Station ALOHA provides a clear path forward, while the model's pattern fidelity supports studies of
886  relative changes and variability. This underscores the importance of accurate surface forcing, particularly

887  precipitation and evaporation fields, for biogeochemical applications where small perturbations in physical

888 properties can amplify through coupled processes (e.g., implications for ocean acidification projections or coral

889  aragonite saturation).

890 4.3 Targets for Future Development

891 Several enhancements could expand the HIC6k system's capabilities and address current limitations revealed

892 through our evaluation. These improvements fall broadly into two categories: enhancements to boundary conditions
893 and external forcing, and refinements to interannual biological process representation. Together, they would advance
894  the model toward more skillful simulation of NPSG ecosystem dynamics across the range of climate impact and

895 fisheries applications for which the system is designed.
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896 Implementation of full time-varying biogeochemical boundary conditions through nesting within a data-assimilative
897 global model represents a high-priority enhancement. Despite accurate reproduction of mean oxycline structure (Fig.
898 11), the model exhibits greater interannual variability in oxycline depth at 150°W compared to GOBAI-O: (1.83x
899 GOBAI-O3; Fig. S4c-d). This difference likely reflects the smoothing of real interannual signals in the ML-based
900 GOBAI-O: product rather than a model deficiency. The more pressing limitation is the simulations’s inability to

901 reproduce the subtle shoaling trend in oxycline depth over 2004-2019 evident in GOBAI-O,, which likely reflects
902  the limitations of climalogical boundary conditions in transmitting long-term changes in lateral oxygen transport or
903 progressive shifts in biological oxygen demand.

904 Similar limitations are apparent in the simulation’s representation of phosphate variability. Long-term HOT program
905  observations at station ALOHA reveal substantial subdecadal oscillations in surface phosphate concentrations (from
906 < 60 nmol kg! to > 70 nmol kg™') over the past three decades (Karl et al., 2017) that this configuration does not

907  resolve (Fig. S3). Letelier et al. (2019) found a link between these oscillations and the Pacific Decadal Oscillation
908 (PDO) phase, suggesting the PDO affects upper-ocean stratification at Station ALOHA. When the PDO enhances
909 stratification, the resulting decrease in input from below causes phosphate concentrations to drop. Compounding
910 this, episodic iron inputs stimulate biological uptake, further depleting the available phosphate in the surface layer
911 (Letelier et al., 2019). Reproducing these climate-driven oscillations would require two advances beyond the current
912 configuration: time-varying biogeochemical boundary conditions to capture PDO-driven changes in large-scale

913 circulation and subsurface nutrient supply at the lateral boundaries, and explicit representation of the iron cycle to
914 capture the biological mechanism by which aeolian iron deposition modulates diazotroph activity and PO4

915 drawdown. Although this simulation already incorporates time-varying atmospheric boundary conditions, these

916 alone are insufficient to resolve the nutrient stoichiometry changes that emerge from the coupled ocean-atmosphere-
917 ecosystem response. PDO-driven nutrient variability is largely mediated through changes in large-scale ocean

918 circulation and ventilation rather than atmospheric forcing alone (Stramma et al., 2020; Duteil et al., 2018),

919 requiring these signals to propagate through time-varying oceanic boundary conditions that the current

920  climatological configuration cannot provide. Time-varying biogeochemical boundary conditions would more

921 broadly improve the model's ability to respond to decadal trends and constrain lateral fluxes, potentially reducing
922 physical biases such as the salinity offset observed at Station ALOHA (Fig. 12) and improving interannual skill

923 across multiple biogeochemical tracers.

924 While this configuration reproduces the DCM depth and magnitude at Station ALOHA, it maintains elevated

925 chlorophyll concentrations below the DCM compared to the sharper decline observed (Fig. 13), a pattern also

926 evident in basin-wide oligotrophic region profiles (Fig. 7). Potential mechanisms underlying this bias include

927 inadequate top-down control from light-dependent grazing by microzooplankton, which in nature suppresses

928 phytoplankton biomass near the surface while permitting accumulation at depth (Moeller et al., 2019), and potential
929 limitations in the representation of self-shading below the chlorophyll maximum, where the dense DCM layer can
930 strongly attenuate light for cells immediately below the peak (Morel & Maritorena, 2001). Addressing these would
931 help sharpen the subsurface chlorophyll tail and have downstream benefits for carbon export efficiency and food
932 web dynamics (Burd et al., 2024). Beyond phytoplankton dynamics, zooplankton in the NPSG are also known to
933 perform extensive diel vertical migration (DVM), feeding in surface waters at night and descending to mesopelagic
934 depths during the day, actively transporting carbon well below the euphotic zone via respiration, excretion, and fecal
935 pellet production at depth (Al-Mutairi & Landry, 2001; Steinberg & Landry, 2017). Regional modeling suggests
936 DVM-mediated active transport represents a secondary but non-negligible component of biological pump

937 sequestration relative to gravitational settling (Poupon et al., in press). Incorporating zooplankton DVM into the

938 model configuration would improve the representation of active carbon flux to the mesopelagic, though this process
939 is unlikely to resolve the broadening of the chlorophyll profile below the DCM peak, which is more plausibly

940 governed by phytoplankton dynamics and light attenuation. Nonetheless, this inclusion would enhance the model’s
941 utility for carbon export representation, and fisheries and ecosystem-based management applications.
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942 Finally, the current configuration’s treatment of streams as dissipating in wave-breaking zones remains appropriate
943 for the open-ocean and reef-scale applications demonstrated here, with finer nearshore resolution representing a
944  natural avenue for future development. Riverine freshwater inputs and submarine groundwater discharge operate at
945 scales of tens to hundreds of meters yet deliver significant nutrient fluxes to Hawaiian coastal ecosystems (De Carlo
946 et al., 2007; Peterson et al., 2009), and incorporating these processes alongside enhanced coastal resolution could
947 support nearshore water quality assessment and land-sea interactions studies particularly relevant for high island
948 systems. Given the importance of oxycline depth for bigeye tuna habitat, the projected expansion of oxygen

949 minimum zones under climate change (Stramma et al., 2012), and the sensitivity of NPSG nitrogen cycling to

950 climate-driven nutrient oscillations, improving interannual biogeochemical skill across oxygen, nutrients, and

951 ecosystem structure represents the central target for the next generation of HIC6k development.

952 5. Conclusions

953 The HIC6k regional ocean biogeochemical model demonstrates the requisite skill to support fisheries and marine
954  resource management applications across the diverse scales relevant to Pacific Island ecosystems. Basin-scale

955 fidelity in temperature, nutrients, and oxygen provides a robust foundation for pelagic habitat modeling. Resolution
956 of island wake effects, despite quantitative limitations in eddy intensity, captures the essential mechanisms by which
957 islands modify oligotrophic ecosystems. Nearshore temperature skill enables coastal applications including coral
958 reef thermal stress assessment. The systematic biases identified in salinity propagation through carbonate chemistry
959  and EKE underestimation, prove clear targets for future refinement while not substantially undermining current

960 utility.

961 This configuration represents a significant step toward integrated ecosystem modeling for Pacific Islands marine
962 resource management, bridging the gap between global climate projections and local-scale ecosystem impacts. The
963 model provides a platform for assessing how basin-scale climate variability and change propagate through island-
964 modified processes to influence the pelagic and coastal ecosystems that support Pacific Island communities,

965 economies, and food security.

966 Code availability

967  All MOMS6 source code and other NOAA-GFDL model components used in this study are archived together at

968 https://doi.org/10.5281/zenodo.19478039 (Negrete Garcia et al., 2026a). Source code was originally sourced from
969  the relevant upstream GitHub repositories, including MOMS6 (https://github.com/mom-ocean/MOM6, Modular

970 Ocean Model, 2026); https:/github.com/NOAA-GFDL/MOM6, NOAA-GFDL, 2026a), and the CEFI regional

971 configuration (https://github.com/NOAA-GFDL/CEFI-regional-MOM6, NOAA-GFDL, 2026b). Alkalinity and DIC
972 were estimated using the ESPER algorithm of Carter et al. (2021), archived at

973 https://doi.org/10.5281/zenodo0.5512697, (Carter, 2021).

974  Data availability

975  The datasets used to construct model forcing, with corresponding access information, are as follows: the

976 GLORYSI12 reanalysis (https://doi.org/10.48670/moi-00021, Lellouche et al., 2021); the OSU TPXO9 Tide Model
977 (https://www.tpxo.net/home, Egbert and Erofeeva, 2002); the World Ocean Atlas (2018)

978 (https://www.ncei.noaa.gov/archive/accession/NCEI-WOA 18); ERAS Reanalysis

979 (https://doi.org/10.24381/cds.adbb2d47, Hersbach et al., 2023); atmospheric CO: concentrations from Meinshausen
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980  etal. 2016 (https:/doi.org/10.22033/ESGF/input4MIPs.1118); and the GFDL ESM4.1 model output prepared for
981 the CMIP6 historical experiment (https://doi.org/10.22033/ESGE/CMIP6.8597, Krasting et al., 2018).

982  All analyzed model output and the analysis codes used to produce this work are archived at

983 https://doi.org/10.5281/zenodo.19486919 (Negrete Garcia et al., 2026¢). Model parameter files, forcing files, and
984 initial condition files are separately archived at https://doi.org/10.5281/zenodo.19485393 (Negrete Garcia et al.,

985 2026b). Datasets used for model validation and comparison with their corresponding access URLs or DOlIs, are
986 listed below: OISSTv2.1 (https://www.ncei.noaa.gov/products/optimum-interpolation-sst, Huang et al., 2021); the
987  GLORYSI12 reanalysis (https://doi.org/10.48670/moi-00021, Lellouche et al., 2021); global ocean mixed layer depth
988 climatology from de Boyer Montégut (https://doi.org/10.17882/98226, de Boyer Montégut, 2024); the World Ocean
989  Atlas 2023 Nitrate, Phosphate, and Oxygen Output (https://doi.org/10.25923/39qw-7j08, Garcia et al., 2023a;

990 https://doi.org/10.25923/rb67-ns53, Garcia et al., 2023b); the Hawaii Ocean Time-series surface CO2 system data
991 product (https://hahana.soest.hawaii.edu/hot/hotco2/hotco2.html, Dore et al., 2009); ARGO float data

992 (http://doi.org/10.17882/42182; Argo, 2026); AVISO altimetry data (https://doi.org/10.48670/moi-00148; AVISO,
993 2023); STR temperature observations across NCRMP monitoring stations

994 (https://www.ncei.noaa.gov/erddap/tabledap/CRCP_Subsurface Temp Hawaii.html; NCEI accession #s 0162219,
995 0162216, 0210383, 0300489); NOAA Coral Reef Watch Skm temperature Product

996 (https://coralreefwatch.noaa.gov/product/Skm/index.php; NOAA Coral Reef Watch, version 3.1; Liu et al., 2014;
997 Skirving et al., 2020). GOBAI-O2 data for supplement from (https://doi.org/10.5194/essd-15-4481-2023; Sharp et
998 al. 2023).
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