
1.  Introduction
The North Pacific Subtropical Gyre (NPSG) is the largest marine ecosystem on Earth, comprising about 
12% of the Pacific Ocean (D. M. Karl & Church, 2017). The main Hawaiian Islands (MHI) are located at the 
southern edge of the NPSG, and a permanent thermocline inhibits the vertical mixing of nutrients into the 
euphotic zone severely limiting phytoplankton productivity. The Hawaiian island chain has a significant 
impact on atmospheric and oceanic circulation and the marine ecosystem in the region. The archipelago is 
an obstacle to the North Equatorial Current, and the mountains located on the island of Hawaii as well as 
on Maui disrupt the persistent northeast trade winds, resulting in unique circulation patterns in both the at-
mosphere and the ocean (Xie et al., 2001). At the mesoscale, the wind stress difference between the typically 
windswept channel between Maui and the island of Hawaii and the calmer lee of Hawaii leads to the forma-
tion of eddies to the west of the MHI (Calil et al., 2008; Chavanne et al., 2002; Jia et al., 2011; Patzert, 1969).

Numerous observation-based and modeling studies have explored the dynamics around the MHI that drive 
phytoplankton blooms in this oligotrophic environment. Data gathered by the Hawaii Ocean Time-series 
station program (HOT, D. M. Karl and Lukas, 1996) and Station ALOHA (D. M. Karl & Church, 2018) to 
the north of Oahu have proven invaluable. Observation-based studies have suggested that phytoplankton 
blooms around the MHI can result from numerous processes: (1) A deepening of light penetration and 
hence of the euphotic zone across the nitracline (R. M. Letelier et al., 2004); (2) Sporadic, short-lived nu-
trient injections through mesoscale and sub-mesoscale processes (Brown et al., 2008; Johnson et al., 2010; 
Kuwahara et al., 2008; Nencioli et al., 2008; Rii et al., 2008; Vaillancourt et al., 2003); (3) Nitrogen fixation 
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(Church et al., 2009; Dore et al., 2002; D. Karl et al., 1997; R. Letelier & Karl, 1996); and (4) Nutrient-rich 
buoyant plumes caused by lava input (Wilson et al., 2019). Furthermore, an increase in phytoplankton bio-
mass can be observed near the coasts of the islands (Gove et al., 2016).

Numerical studies of the region have so far been limited to one-dimensional biogeochemical models (Fen-
nel et  al.,  2002; Goebel et  al.,  2007; Smith et  al.,  2005) or to physical ocean circulation models (Ascani 
et al., 2013; Calil et al., 2008; Calil & Richards, 2010). The latter have mainly attempted to explore the role 
of mesoscale and submesoscale features such as eddies and fronts in displacing isopycnals and inducing 
vertical transport.

Our present research aims to bridge the gap between mainly local and/or episodic biogeochemical obser-
vations and regional model studies of ocean physics by presenting results from a coupled physical-biogeo-
chemical model of the MHI simulating the period 2010–2017. The model permits submesoscale features, 
and the physical model dynamics are based on a state-estimate reanalysis using nearly 50 million observa-
tions (Partridge et al., 2019). This set-up makes the model a unique tool to review hypotheses derived from 
previous studies and to improve our understanding of processes occurring on spatial and temporal scales 
not covered by observational data.

We present the model formulation and evaluate the model's performance before examining the drivers of 
phytoplankton blooms around the MHI.

2.  Materials and Methods
To simulate ocean physics and biogeochemistry around the main Hawaiian Islands, we use the Regional 
Ocean Modeling System (ROMS) coupled to the planktonic ecosystem model Carbon, Ocean Biogeochem-
istry and Lower Trophics (COBALT).

ROMS is a free surface, hydrostatic, primitive equation model using a stretched coordinate system in the 
vertical to follow the underwater terrain. ROMS utilizes a split-explicit time stepping scheme to allow differ-
ent time steps for the barotropic and baroclinic components. More details on ROMS can be found in Shchep-
etkin and McWilliams (1998, 2003, 2005). Our domain spans the main Hawaiian Islands (Figure 1). The 
model's bathymetry is based on data provided by the Hawaiian Mapping Research Group (HMRG, 2017). 
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Figure 1.  Model domain and snapshot of simulated near-surface chlorophyll (vertically averaged over 0–50 m, μg kg−1) 
and currents for 3 March 2013. For clarity, only every fifth current vector is drawn. The location of Station ALOHA is 
indicated by the magenta cross. The dashed vertical lines indicate the meridional sections shown in Figures 10 (blue 
line) and 13 (orange line). The pink rectangle indicates spatial averaging for model data shown in Figure 11.



Journal of Geophysical Research: Oceans

The grid has 4 km horizontal resolution with 32 vertical s-levels configured to provide a higher vertical res-
olution in the more variable upper regions. The configuration of the model, including the vertical stretch-
ing scheme, is presented in Souza et al. (2015) and Partridge et al. (2019). Tidal forcing is produced using 
the Oregon State University Tidal Prediction Software (Egbert et al., 1994), which is based on the Laplace 
tidal equations from TOPEX/Poseidon Global Inverse Solution (TPXO). Tidal constituents included in this 
simulation are the eight main harmonics; M2, S2, N2, K2, K1, O1, P1, Q1, as well as two long period and one 
non-linear constituent; Mf, Mm, and M4. The tidal harmonics are updated each year to define the phases 
referenced to the middle of that year in order to avoid any long term drifting of the tidal amplitudes and 
phases related to constituents we do not consider.

A sponge layer of 12 grid cells (48 km) linearly relaxes the viscosity by a factor of four and diffusivity by 
a factor of two close to the boundary to account for imbalances between lateral boundary conditions and 
ROMS. Lateral boundary conditions and restoring fields for ocean physics are taken from a reanalysis state 
estimate of the physical ocean state that was derived in a previous study covering the period mid-2007 to 
mid-2017 (Partridge et al., 2019). This state estimate has the same model grid (4 km horizontal resolution 
with 32 vertical s-levels) and was produced based on nearly 50 million physical observations using the in-
cremental strong constraint 4D-Variational data assimilation implemented in ROMS (Powell et al., 2008; 
Moore, Arango, Broquet, Powell, et al., 2011; Moore et al., 2011a, 2011b). Our simulation is running embed-
ded in the assimilated solution of Partridge et al. (2019) using a restoring timescale of 12 days for physical 
variables to avoid deviation from the state estimate due to the growth of small perturbations.

Atmospheric forcing of ROMS is based on the high-resolution output of a Weather Regional Forecast (WRF) 
model (Hitzl et al., 2014). WRF provides hourly forcing fields of surface air pressure, surface air temper-
ature, long- and short-wave radiation, relative humidity, rain fall rate, and 10 m wind speeds with 6 km 
resolution across the entire domain.

The planktonic ecosystem model COBALT (C. A. Stock et al., 2014) uses 33 state variables to resolve glob-
al-scale cycles of carbon, nitrogen, phosphorous, iron, and silica. The biomass currency variable in COBALT 
is nitrogen, which is combined with carbon based on the Redfield ratio of 106:16 (Redfield, 1963). A ratio 
of 1:40 is applied to the phosphorous-to-nitrogen stoichiometry of the simulated diazotrophs. For all other 
phytoplankton, zooplankton, and bacterial pools, the Redfield ratio of 1:16 is used. Phytoplankton iron is 
modeled with a dynamic internal cell quota with iron uptake rates based on ambient iron concentrations 
and internal quota determined by the rates of iron uptake versus growth (C. A. Stock et al., 2014; Sunda & 
Huntsman, 1997).

COBALT considers three phytoplankton groups: small, large, and diazotrophs. Primary production by each 
phytoplankton group is determined by light, nutrient availability, and basal and biosynthetic metabolic 
costs following Geider et al. (1997). Three zooplankton groups are simulated in COBALT: small (<200 μm), 
medium (200–2,000 μm), and large (2–20 mm). Nitrogen detritus produced by phytoplankton, zooplankton, 
and higher predators sinks at a speed of 100 m d−1. Unprotected organic matter is remineralized to e−1 of its 
original concentration after sinking for 188 m. Remineralization can be prevented for a protected fraction 
of organic material by the presence of biogenic minerals and lithogenic material. Oxygen and carbon are 
exchanged between the atmosphere and the ocean. Oxygen is produced during photosynthesis and lost dur-
ing respiratory activities. Total alkalinity (TA) and dissolved inorganic carbon (DIC) serve as tracers for the 
marine carbon cycle. A comprehensive description of COBALT including details on model dynamics, the 
governing equations, and parameter settings can be found in C. A. Stock et al. (2014). More details on the 
coupling, implementation, and performance of ROMS/COBALT can be found in Dussin et al. (2019), Van 
Oostende et al. (2018), and Zhang et al. (2018).

COBALT is nested within ROMS and is integrated using the same timestep as the physical model. Changes 
in biogeochemical variables affect the physical ocean model only via chlorophyll-dependent light attenua-
tion (Manizza et al., 2008). In addition to the physical fields, COBALT is forced by lateral boundary condi-
tions and atmospheric CO2 concentrations. Lateral boundary conditions are derived from a global COBALT 
simulation (C. A. Stock et al., 2014) covering the period 1988–2007. The output of this global simulation is 
used to generate monthly climatological fields for all required COBALT variables. Hence, our derived lateral 
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boundary conditions for COBALT do not account for interannual variability and follow a strictly seasonal 
cycle.

To account for parametrization differences between the global model and our regional model as well as the 
difference in time periods covered by both simulations, a bias correction is applied to the vertical profiles of 
DIC, TA, O2, silicate, nitrate, and inorganic phosphate at the boundaries of the regional model. Vertical pro-
files of these variables were derived using monthly measurements provided by the HOT program averaged 
for the time period of 2010–2017. Then, corresponding profiles were extracted from the fields of the global 
COBALT simulation at the grid point of Station ALOHA (22.75°N/158°W). The difference between the 
profiles is determined for each variable, and this bias is then subtracted from the profile at the lateral bound-
aries of our model domain. It should be noted that using a bias correction based on a single profile over the 
entire length of the model's boundaries may introduce errors to the domain since it assumes a constant bias 
across the model domain and cannot account for potential seasonal changes in model-observation differ-
ences. This procedure was mainly adopted based on the lack of observational data closer to the boundaries. 
However, the location of Station ALOHA was chosen to be representative of the greater oligotrophic NPSG 
habitat (D. M. Karl & Church, 2017) that defines the domain's boundaries. We believe that in the absence 
of more adequate observational data, our bias-correction procedure is appropriate. As described later in the 
manuscript, the presence of the Hawaiian Islands creates characteristic regions in which physical-biogeo-
chemical dynamics differ substantially from the ones in the oligotrophic NPSG. Consequently, we chose to 
only apply bias corrected boundary (and initial) conditions. A restoring of COBALT variables within the 
model domain is not applied.

Initial conditions for COBALT for 1 January 2010 were created by interpolating the de-biased, climatological 
fields from the global COBALT simulation onto the regional grid using the month of January. The spinup 
time of the model for upper-ocean processes that are the focus of our paper was determined to be 6 months.

Atmospheric CO2 concentrations are prescribed based on weekly data provided by the Mauna Loa Obser-
vatory Keeling et al., 1976). Atmospheric O2 concentrations are assumed to be constant. Atmospheric iron 
input is set to 7.3 μmol m−2 year−1 based on an estimate by L. M. Letelier et al. (2019). All other atmospheric 
or terrestrial input of nutrients is set to zero.

3.  Results and Discussion
3.1.  Evaluation of Model Results

The physical variables of our model simulation are only weakly affected by the biogeochemical fields and 
are largely determined by the boundary and restoring conditions taken from the decadal reanalysis con-
ducted by Partridge et al. (2019). In this study, it was shown that modeled Sea Surface Temperature (SST) 
and Sea Surface Height (SSH) fields exhibit a high pattern correlation with the remotely sensed data used 
for the data assimilation throughout the decade long simulation (see their Figure 8). Examining our results, 
we find that nesting within this state estimate provides consistent results with Partridge et al. (2019) (not 
shown). Thus, we will focus on the validation of the COBALT biogeochemical fields.

The HOT program has obtained physical and biogeochemical observations with approximately monthly 
resolution since October 1988 and provides an ideal dataset for the evaluation of our model data. Biases, 
root mean squared errors (RMSE) and correlations for all comparisons of simulated and observed time 
series and profiles are provided in Table 1. We start by checking the model's performance for capturing 
parameters that exhibit a clear seasonal cycle. Using a harmonic fit with a periodicity of 1 year and three 
parameters (A, B, C) of the form

         ( , , , ) (2 / 365) (2 / 365)f A B C t A B sin t C cos t� (1)

observed and simulated data, respectively, are decomposed into a mean seasonal cycle and residuals. Subse-
quently, a linear regression line was subtracted from these residuals for calculating correlations.

The mixed-layer temperature at Station ALOHA is well captured by the simulation (Figures 2a–2c). The 
mixed layer depth was determined using the temperature criteria of de Boyer Montégut et al., 2004. The 
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simulated mixed-layer temperature is 0.28°C warmer than the observation. The correlation amounts to 0.91 
with a RMSE of 0.58°C (Table 1). The simulated seasonal amplitude is 7.5% larger. The phases of the ob-
served and simulated seasonal cycles are identical. The detrended residuals (Figure 2c) exhibit a correlation 
of 0.80 and a standard-deviation ratio of 0.99. This result demonstrates that using a state-estimate reanaly-
sis, the model is capable of representing physical dynamics that go beyond the seasonal cycle. Mixed-layer 
oxygen concentrations (Figures 2d–2f) are underestimated by 3.90 μmol kg−1 (∼2.0%) of which the slightly 
warmer simulated mixed-layer temperature can explain ∼1 μmol kg−1 due to the reduced oxygen satura-
tion. The RMSE and correlation for mixed layer oxygen amount to 4.94 μmol kg−1 and 0.68, respectively 
(Table 1). Simulated mixed-layer oxygen exhibits a phase lag of 1 month compared to the observations. 
The seasonal oxygen amplitude is overestimated by 24% in the model. One possible contribution to this 
discrepancy can be found in the fact that simulated mixed layer depth is shallower than the observed one 
(Figure 3a). It should be noted, however, that scarcity of observational data may have an effect on the phase 
and amplitude of the harmonic fit. The correlation between the detrended mixed-layer oxygen residuals 
(Figure 2f) amounts to 0.57, and the ratio of the standard deviations is 0.98. Simulated surface pCO2 is low-
er by 2.40 μatm and precedes the observed seasonal cycle by half a month (Figures 2g–2i). The simulated 
pCO2 amplitude is 48% larger, and the shallower-than-observed mixed layer depth likely contributes to this 
overestimation. The correlation of the detrended residuals is 0.28, and the standard deviation ratio is 1.09.

Observed salinity-normalized DIC (sDIC) at Station ALOHA for the years 1988–2002 was found to exhib-
it a seasonal cycle with a minimum around October followed by a fall and wintertime increase (Keeling 
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Variable Bias RMSE Correlation Shown in

Temperature (mixed layer) 0.28 K 0.58 K 0.91 Figure 2a

Oxygen (mixed layer) −3.90 μmol kg−1 4.94 μmol kg−1 0.68 Figure 2b

pCO2 (surface) −2.40 μatm 9.31 μatm 0.83 Figure 2c

MLD −26.00 m 30.28 m 0.72 Figure 3a

sDIC (surface) −11.38 μmol kg−1 20.72 μmol kg−1 −0.09 Figure 3b

DIN (surface) −0.011 μmol kg−1 0.022 μmol kg−1 0.11 Figure 3c

Aragonite

Saturation (surface) 0.062 0.087 0.68 Figure 3d

Salinity (mixed layer) 0.001 psu 0.14 psu 0.59 Figure 3e

sTA (surface) −8.57 μmol kg−1 21.79 μmol kg−1 −0.19 Figure 3f

Silicate (surface) −0.11 μmol kg−1 0.22 μmol kg−1 0.08 Figure 3g

Phosphate (surface) −0.03 μmol kg−1 0.04 μmol kg−1 0.19 Figure 3h

DIC (profile) 6.17 μmol kg−1 9.93 μmol kg−1 0.99 Figure 4a

TA (profile) 7.23 μmol kg−1 9.70 μmol kg−1 0.99 Figure 4b

Oxygen (profile) −1.17 μmol kg−1 7.93 μmol kg−1 0.99 Figure 4c

Phosphate (profile) −0.0026 μmol kg−1 0.075 μmol kg−1 0.99 Figure 4d

Nitrate (profile) 0.24 μmol kg−1 1.06 μmol kg−1 0.99 Figure 4e

Silicate (profile) 0.39 μmol kg−1 2.83 μmol kg−1 0.99 Figure 4f

Surface chlorophyll (domain average) 0.013 μg kg−1 0.018 μg kg−1 0.82 Figure 5a

Surface chlorophyll (compared to HOT) −0.013 μg kg−1 0.031 μg kg−1 0.41 Figure 5b

Surface chlorophyll (MODIS at St. ALOHA) −0.001 μg kg−1 0.017 μg kg−1 0.66 Figure 5b

NPP (0–100 m) 22.26 mg C m−2 d−1 89.48 mg C m−2 d−1 0.38 Figure 5c

Chlorophyll (profile, summer) −0.011 μg kg−1 0.146 μg kg−1 0.40 Figure 5e

Chlorophyll (profile, winter) −0.011 μg kg−1 0.144 μg kg−1 0.33 Figure 5e

Table 1 
Model-Observation Comparison for Station ALOHA (and MODIS) Data: Biases, Root Mean Squared Errors (RMSE) 
and Correlations
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et al., 2004). A similar, however less pronounced, cycle can also be identified for the years 2010–2017 (Fig-
ure 3b). Simulated sDIC shows a fall and wintertime rise for the years 2012–2014 but is subject to a larger 
short-term variability than observed sDIC. The mean values of simulated and observed sDIC agree well with 
a model bias of −11.38 μmol kg−1 (Table 1). A seasonal cycle cannot be identified for surface sTA at Sta-
tion ALOHA–neither in the observations nor in the model data (Figure 3f). Simulated sTA exhibits larger 
short-term fluctuations than the observations. The model bias with respect to the temporal mean amounts 
to −8.57 μmol kg−1.

Simulated surface nitrate concentrations at Station ALOHA location are near zero and persistently smaller 
than observed values (not shown). Almost all the simulated dissolved inorganic nitrogen (DIN) near the 
surface is in the form of ammonia, presumably due to slow nitrification. Modeled growth of small and large 
phytoplankton, however, is mainly determined by the total available nitrogen. The in-situ snapshot observa-
tions of nitrate and nitrite at Station ALOHA exhibit a high variability on the timescale of days (Figure 3c) 
that is not seen for the simulated DIN. It should be noted that despite the use of a physical state estimate 
and realistic forcing for our simulation, model-observation covariance for these short-term (day-to-day) 
fluctuations cannot be expected. The mean values of observed nitrate and nitrite and simulated DIN are in 
acceptable agreement with a model bias of −0.011 μmol kg−1.

The simulated surface aragonite saturation is in good agreement with the observations (Figure 3d and Ta-
ble 1). A late summer/fall maximum is visible in both modeled and observed data but tends to be slightly 
overestimated in the simulation.

Simulated mixed-layer salinity (Figure 3e) has a different variability (likely due to the rain and evaporation 
data provided by WRF) but the observed and overall downward trend toward the end of the simulation that 
is visible in the observations is well captured by the modeled salinity. Simulated surface silicate exhibits a 
smaller variability compared to observations (Figure 3g). However, the mean concentrations are in good 
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Figure 2.  Evaluation of model data: time-series of mixed-layer and surface parameters. Comparison of simulated (red) and observed (blue) parameters at 
Station ALOHA. (a) mixed-layer temperature (°C); (b) Harmonic fit of mixed-layer temperature. Dashed lines indicate mean values; (c) Detrended residuals of 
mixed-layer temperature. (d)–(f) as in (a)–(c) for mixed-layer oxygen (μmol kg−1). (g)–(i) as in (a)–(c) for surface partial pressure of CO2 (pCO2, μatm). Mixed 
layer depth was determined using the temperature criteria of de Boyer Montégut et al. (2004). See also Figure 3.
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agreement. The temporal evolution of observed surface phosphate differs substantially from the simulated 
concentration (Figure 3h). While the simulated and observed magnitudes agree well during periods of low 
phosphate concentrations, the period of 2012–2014 is characterized by relatively high observed phosphate 
at Station ALOHA that is not captured by the model. Recent research by L. M. Letelier et al. (2019) showed 
that oscillations in phosphate can be explained by changes in the North Pacific Oscillation altering the 
sea-level pressure in the Northwest Pacific and the deposition of iron dust from Asia. This cycle of deposi-
tion determines periods of either iron or phosphate limitation. During the iron limitation phase, phosphate 
is abundant. Resolving this process would require interannually varying boundary conditions and employ-
ing a model of atmospheric dust transport that could not be incorporated for this experiment.

Observed, time-averaged profiles of DIC, TA, O2, phosphate, nitrate, and silicate at Station ALOHA are well 
captured by the simulation (Figure 4). All profile correlations amount to 0.99, and the simulated RMSEs 
surface concentrations of simulated and observed nitrate and phosphate are near zero. The vertical increase 
in modeled nutrient concentrations starts at slightly shallower depths than for observed nitrate and phos-
phate. O2 concentrations are overestimated by the model in the depth levels of minimum concentrations 
(600–1,000 m, Figure 4c), whereas DIC, nitrate, and phosphate are underestimated at this depth. This pat-
tern of differences in the vertical profile is indicative of remineralization of organic matter occurring at 
shallower levels in the model compared to the observations. In addition, the model's vertical resolution in 
this depth range around Station ALOHA is in the order of 100–200 m which leads to a smoothing of verti-
cal gradients. It must be noted that using bias-corrected boundary and initial conditions contributes to the 
good agreement between simulated and observed profiles. However, after the start of the simulation, the 
bias correction is only applied at the open boundaries. The good agreement between observed and modeled 
profiles provides evidence that the dynamics of the processes are captured by the model with consistent 
parametrization of the model's physics and biogeochemistry.

Estimates provided by the Moderate Resolution Imaging Spectroradiometer (MODIS, NASA Goddard Space 
Flight Center et  al.,  2018) allow for a domain-wide comparison between remotely sensed and modeled 
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Figure 3.  Evaluation of model data: time-series of mixed-layer and surface parameters. Comparison of simulated (red) and observed (blue) parameters at 
Station ALOHA. (a) Mixed layer depth (m); (b) salinity-normalized, surface dissolved inorganic carbon (sDIC, μmol kg−1); (c) surface dissolved inorganic 
nitrogen (DIN, μmol kg−1), modeled: sum of inorganic nitrate and ammonia, observations: sum of nitrate and nitrite; (d) surface aragonite saturation; (e) 
mixed-layer salinity (psu); (f) salinity-normalized, surface total alkalinity (sTA, μmol kg−1); (g) surface silicate (μmol kg−1); and (h) surface inorganic phosphate 
(μmol kg−1). Simulated data are based on daily averages smoothed by using a running window of 30 days. Simulated data was vertically averaged over the first 5 
s-levels (0–17 m).
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surface chlorophyll data (Figure 5a). The seasonality of surface chlorophyll—with higher concentrations 
during the winter half—is well captured by the model. Higher simulated chlorophyll can partly be attrib-
uted to the fact that MODIS reports chlorophyll a concentrations whereas modeled chlorophyll represents 
a sum. Chlorophyll profiles at Station ALOHA show that chlorophyll b concentrations can reach about one 
quarter to one third of chlorophyll a levels. However, the contribution by chlorophyll b tends to be smaller 
in the upper water column. Hence, it is likely that the model slightly overestimates total surface chlorophyll 
concentrations.

Near-surface chlorophyll concentrations are in good agreement for modeled, remotely sensed and in situ ob-
servations at Station ALOHA (Figure 5b). The time-averaged vertical profiles of chlorophyll exhibit a deep 
chlorophyll maximum layer (DCML) in the observed and in the simulated data (Figure 5e). A deepening of 
the DCML during the summer months (L. M. Letelier et al., 2004) is captured by the model. However, the 
simulated summer DCML occurs approximately 20 m—on average—shallower than the observed one. For 
winter time, the discrepancy is even higher, reaching ∼35 m. The exact reason for this mismatch is unclear. 
We speculate that the parameterization of the dynamical chlorophyll-to-carbon ratio (Geider et al., 1997) 
and the vertical model resolution of ∼20 m at this location and depth range contribute to the shallower 
simulated DCML. Furthermore, the representation of low-versus high-light adapted phytoplankton cells 
(Thompson et al., 2021) needs to be enhanced. Improving the representation of the DCML will therefore be 
the goal of future fine-tuning of the model.

Estimates of daytime net primary production (NPP) integrated over the upper 100 m are in the order of 
400–800 mg C m−2 d−1 for the Station ALOHA location (Figure 5c). This range is well represented by our 
model results. It should be noted that—by default—the COBALT model outputs NPP integrated over the 
upper 100 m and ignores productivity below. However, observational data from Station ALOHA indicate 
that only 11.6 ± 6% of NPP is occurring below 100 m underscoring the validity of our comparison. Daily val-
ues of simulated (daytime) NPP exhibit large short-term fluctuations associated with changes in shortwave 
radiation and mesoscale features that are not seen in the monthly observation-based estimates.

Concentrations of mesozooplankton (>200 μm) in the upper 150 m were reported to be in the range of 
0.19–0.28 mmol C m−3 at Station ALOHA for the time period 1994–1997 (C. Stock & Dunne, 2010; Roman 
et al., 2001). Averaging the sum of the simulated medium and large zooplankton classes (>200 μm) over 
the upper 150 m, it can be seen that the modeled range amounts to ∼0.15–0.40 mmol C m−3 with a mean of 
0.28 mmol C m−3 (Figure 5d).
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Figure 4.  Evaluation of model data: vertical profiles. Comparison of simulated (red, orange) and observed (blue, cyan) profiles at Station ALOHA. (a) dissolved 
inorganic carbon (DIC); (b) alkalinity; (c) oxygen; (d) phosphate; (e) nitrate (The sum of nitrate and nitrite is shown for Station ALOHA data.); and (f) silicate. 
All data are in μmol kg−1. Blue and red line show time-averaged data. Time-averages for HOT data were interpolated to the model's depth axis at the Station 
ALOHA location to allow for better comparison. Orange and cyan dots indicate individual measurements (observations) and daily values (model). Please note 
the split y-axis.
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The HOT program is serving physical and biogeochemical data on an approximately monthly basis. As a 
consequence of the monthly resolution, the temporal evolution and dynamics of processes occurring on 
timescales shorter than 60 days cannot be captured. ROMS/COBALT on the other hand can output “station 
data” for designated locations at any given time interval.

Using a Fourier transformation (Baron de Fourier, 1822; Cooley & Tukey, 1965), we decomposed the ob-
served and simulated Station ALOHA oxygen time series (taken at a depth of 420 m) into their frequency 
components and calculated the corresponding spectral density, which is a measure of the variance con-
tributed to the time series by each frequency. Oxygen was chosen based on the fact that its concentration 
is affected by ocean physics and biogeochemical processes and therefore typically subject to high temporal 
variability. The spectra for simulated and observed oxygen at Station ALOHA are in good agreement show-
ing the most energy on annual timescales (Figure 6). However, there is also significant energy associated 
with timescales shorter than what is resolved by HOT. Writing model data for the Station ALOHA location 
every 20 min, it can be seen that the spectral energy related to the effect of tides and the diurnal cycle is 
close to that associated with annual timescales. For those shorter term processes, the model can work as a 
unique tool to complement observational data and to help understand biogeochemical dynamics occurring 
on timescales of days to months.
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Figure 5.  Model-observation comparison for remotely sensed and in situ chlorophyll, net primary production and zooplankton. (a) Spatially averaged monthly 
mean near-surface simulated (red) and remotely sensed (blue) chlorophyll concentrations. (b) As in (a) for Station ALOHA with cyan line representing in situ 
chlorophyll data. (c) Comparison of daytime net primary production (NPP, mg C m−2 d−1) integrated over the upper 100 m observed (blue) and simulated (red) 
for Station ALOHA. (d) Vertically averaged (0–150 m) mesozooplankton (>200 μm) simulated at Station ALOHA (red, mmol C m−3). The blue bar indicates 
the range of observed values (C. Stock & Dunne, 2010; Roman et al., 2001). (e) Vertical profiles of chlorophyll concentrations at Station ALOHA of simulated 
(red) and in situ (blue) data. Solid lines indicate temporal averages over summer months; dashed lines over winter months. Horizontal bars indicate standard 
deviations. All chlorophyll concentrations are given in μg kg−1.
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3.2.  Drivers of Phytoplankton Blooms

The oceanographic setting of the MHI creates a unique environment when it comes to the dynamics that 
drive phytoplankton blooms and primary productivity. To the north and to the east of the islands, the per-
manent thermocline of the NPSG severely limits the vertical entrainment of nutrients into the euphotic 
zone. In the lee of the islands, the interaction of trade winds, the tall mountains and ocean currents result 
in mesoscale and sub-mesoscale features that can strongly affect the nutrient availability in the near-surface 
waters. Furthermore, the water masses are separate. The regions to the north and the east of the islands 
are dominated by NPSG waters, while to the west of the MHI warmer waters are entrained by the North 
Equatorial Counter Current (Xie et al., 2001). In the following, we will disentangle the role of these different 
processes in spurring phytoplankton blooms.

We start by examining the modes of variability of simulated net primary productivity (NPP, integrated over 
the upper 0–100 m). When calculating the empirical orthogonal functions (EOF), a 12 grid points wide area 
at the boundaries of the model domain and the first 6 months of the simulation were excluded to avoid 
biases due to boundary restoring and trends during the spin-up period, respectively. The first three EOFs 
of NPP explain ∼56% of the total variability (Figures 7a–7c) with the first EOF alone accounting for ∼41%. 
The EOF1 exhibits a domain-wide monopole structure (Figure 7a) and a clear seasonal cycle in its principal 
component (PC1). The PC1 starts to increase early each year and peaks in mid to late summer (Figure 7d). 
The patterns of the EOF2 and EOF3 show a pronounced minimum/maximum to the west of the island of 
Hawaii as well as to the north of Molokai and Maui (Figures 7b and 7c). The PC2 and PC3 appear to have a 
sporadic behavior with spikes that last for time periods of days to weeks.

Simulated small phytoplankton dominates the oligotrophic region (Figure 7f) in good agreement with ob-
servations (Campbell & Vaulot, 1993; L. M. Letelier et al., 1993; Partensky & Garczarek, 2010). In the do-
main average, small phytoplankton contains 49.2  ±  1.2% to the total phytoplankton biomass (averaged 
for 0–200 m). Large phytoplankton and diazotrophs contribute 36.9 ± 1.0% and 13.9 ± 1.6%, respectively. 
During net primary production, nitrogen is accumulated in one, two, or all of the three phytoplankton 
classes represented in COBALT. Spatial averages of the nitrogen content in phytoplankton (Figures 7e–7h) 
reveal that the temporal evolution of the PC1 can mainly be regarded as a superposition of the seasonal 
cycles of small phytoplankton and diazotrophs with a smaller contribution by large phytoplankton. The 
contribution by small phytoplankton to the seasonal NPP maxima stems mainly from an early summer 
deepening of its vertical extent in the water column. Simulated diazotrophs, on the other hand, are subject 
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Figure 6.  Power spectrum for simulated and observed oxygen at Station ALOHA. Spectral density (μmol kg−1 h) for simulated oxygen sampled every 20 min 
(red) and oxygen observed at Station ALOHA (blue, years 2010–2017). Power spectrum was calculated for oxygen concentrations at a depth of 420 m.
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to shallow, late-summer blooms (Figure 7h) when the vertical extent of small phytoplankton is decreasing. 
The seasonal amplitude of nitrogen biomass found in large phytoplankton is lower compared to the small 
class (Figures 7e and 7g). They are also subject to an early summer bloom at depths between 50 and 100 m. 
However, at the same time concentration of large phytoplankton decrease in the upper water column.

Elucidating the dynamics behind the EOF1 of NPP requires two separate mechanisms that operate on a 
domain-scale but with a slight seasonal offset. Seasonal changes in solar radiation are an obvious candi-
date for controlling seasonal changes in NPP on a domain scale and have been identified by L. M. Letelier 
et al. (2004) as a major driver of early summertime deepening of the DCML and an associated chlorophyll 
increase in deeper layers of the euphotic zone at Station ALOHA. Figure 8 depicts the seasonal cycle of do-
main-averaged simulated chlorophyll, nitrate, and irradiance for the upper 150 m. For clarity, only the years 
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Figure 7.  EOF of net primary production (NPP) and domain-averaged phytoplankton concentrations. Panel (a) EOF1 of depth-integrated (0–100 m) NPP (mg 
C m−2 d−1). Panels (b) and (c) as in (a) for EOF2 and EOF3, respectively. Explained variances (EV) are given in the panel titles. A 12 grid points wide area at 
the boundaries of the model domain as well as the first 6 months of the simulation were excluded from the EOF calculation to avoid biases due to boundary 
restoring and spin-up trends, respectively. Panel (d) Corresponding PC1 (black), PC2 (magenta), and PC3 (cyan) (no units). Vertical line indicates time of 
snapshot shown in Figure 1 and time of meridional section shown in Figure 10. (e) domain- and depth-averaged (0–150 m) phytoplankton concentrations 
for small (blue) and large (red) phytoplankton classes and diazotrophs (green). Panels (f)–(h) Domain-averaged phytoplankton concentrations for the three 
different classes as indicated in the panels. All phytoplankton concentrations are given in μmol N kg−1.
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2011 and 2012 are shown as examples, but other years exhibit the same evolution. With the overall increase 
in irradiance at the beginning of the year, the isolumes start to deepen. The difference in simulated isolume 
depth between summer and winter solstice can reach up to 20 m. As a consequence of this seasonal isolume 
displacement, the vertical extent of the euphotic zone reaches depths of higher nitrate concentrations. The 
winter position of the 2 W m−2 isolume at the start of year 2011 is at ∼60 m and has a corresponding nitrate 
concentration of 0.1 μmol kg−1. By March 2011, this isolume has deepened to ∼77 m and overlaps with a 
nitrate concentration of almost 0.2 μmol kg−1. The maximum depth of the 2 W m−2 isolume of ∼83 m at the 
end of June corresponds to the winter position of the 0.4 μmol kg−1 nitrate isoline, which would equate to 
a quadruplication of the winter nitrate concentration at this isolume. However, the actual nitrate concen-
trations only reach ∼0.15 μmol kg−1 since the additional nitrate available to phytoplankton is immediately 
consumed and removed from the water column.

The position of the simulated DCML follows the displacement of the isolumes. Small phytoplankton con-
tributes the most to the change in simulated chlorophyll with an additional contribution by large phyto-
plankton at deeper layers; whereas, diazotrophs play only a minor role in this early summer bloom (see 
also Figures 7f–7h). The simulated domain-scale temporal behavior of isolumes and chlorophyll is in good 
agreement with the findings by L. M. Letelier et al. (2004) albeit a slightly shallower DCML in the model 
and our results demonstrate that light-driven dynamics identified at Station ALOHA can be regarded as 
representing a key mechanism controlling the domain-wide, seasonal chlorophyll concentrations around 
the MHI.

The seasonal cycle of simulated diazotrophs is mainly determined by irradiance, water column stratification, 
and excess phosphate concentration. Diazotrophs are modeled according to Trichodesmium in COBALT 
(Capone et al., 1997; C. A. Stock et al., 2014). Their growth (and nitrogen fixation) strongly depends on the 
availability of light energy, phosphate, and iron and is inhibited by oxygen (see Equation 7 in Supplementa-
ry Material of C. A. Stock et al., 2014). Consequently, their blooms occur in the upper water column during 
maximum summer SSTs (Figure 9). The summer leads to a strong stratification and a minimum in mixed 
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Figure 8.  Seasonal cycle of domain-averaged irradiance, chlorophyll, and nitrate concentrations. Domain-averaged 
chlorophyll (μg kg−1, shaded), irradiance (W m−2, blue lines), and nitrate (μmol kg−1, black lines) for years 2011–2012. 
Data have been smoothed using a running window with a length of 11 days. Only 2 years are shown for clarity.
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layer depth (Figure 9c) supplying diazotrophs' need to remain near the well-lit surface. Furthermore, warm 
SSTs lower oxygen solubility and decrease oxygen inhibition of simulated nitrogen fixation (Figure 9a).

Defining an excess phosphate concentration (PO4*) by comparing the concentrations of nitrate and ammo-
nia in the upper 50 m to the availability of phosphate (scaled by the Redfield ratio):

 *4 ( 3 4) / 16PO NO NH� (2)

We also find that the start of the simulated seasonal diazotroph bloom coincides with the seasonal maxi-
mum of excess phosphate (Figure 9b). Over the course of the diazotroph bloom, the excess phosphate is 
consumed resulting in a seasonal minimum of PO4* around the end of each year.

The depth, phase, and amplitude of our regional seasonal cycle of diazotroph blooms are in good agreement 
with a one-dimensional modeling approach carried out at the Station ALOHA location (Fennel et al., 2002). 
Our late-summer maximum of diazotroph concentrations are in the order of 0.05–0.15 μmol N kg−1 for 
the Station ALOHA location (based on daily averages). These values compare well with concentrations of 
0.05–0.08 μmol N kg−1 simulated by Fennel et al., 2002) and with observed values of ∼0.065 μmol N kg−1 
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Figure 9.  Variables affecting the seasonal cycle of simulated diazotroph concentrations. Panel (a) Domain-averaged, near-surface oxygen concentrations 
(0–50 m, μmol kg−1). Panel (b) Domain-averaged, near-surface excess phosphate concentrations (0–50 m, μmol kg−1). Please see text and Equation 2 for details. 
Panel (c) Domain-averaged diazotroph concentration (μmolN kg−1) and mixed layer depth (m). Mixed layer data have been smoothed using a running window 
with a length of 30 days for clarity.
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reported by R. Letelier and Karl 1996) (See conversion between biomass and nitrogen content in Fennel 
et al., 2002.) The results of our simulation (as well as the ones presented by Fennel et al. (2002)) with respect 
to diazotrophs are also in good agreement with measurements of nitrogen isotopic ratios and the abundance 
of the photosynthetic pigment phycoerythrin carried out at Station ALOHA (Dore et al., 2002). However, 
the maximum of our domain-averaged diazotroph bloom occurs slightly later than what has been observed 
for Station ALOHA. Simulated nitrogen fixation rates vary from a minimum of 38.6 mmol N m−2 year−1 in 
year 2013 to a maximum of 71.5 mmol N m−2 year−1 in 2016. These values are in good agreement with mod-
eled values presented by Fennel et al. (2002) as well as observations (Church et al., 2009; D. Karl et al., 1997) 
as shown in Table 2. The drivers of interannual changes in observed, and simulated N2 fixation rates will be 
the focus of a future study.

The EOF2+3 and PC2+3 of NPP clearly point to sporadic and short-lived spikes occurring mainly to the 
west of the island of Hawaii as well as close to islands' coastal areas (Figures  7b–7d). The near-surface 
chlorophyll and currents associated with the maximum of the PC2 in early 2013 (vertical line in Figure 7d) 
indicate that cyclonic eddies contribute substantially to these spikes in NPP in this region (Figure 1). The 
depicted eddy was formed in early February 2013 at the northwestern tip of the island of Hawaii. At the 
end of March, the eddy propagated westward and lasted as an individual feature until early May when it 
merged with another cyclonic eddy south of Oahu and eventually dissipated in early July 2013 (not shown). 
Figure  10 shows key parameters of the eddy for 2 March 2013 along a meridional section indicated by 
the blue vertical line in Figure 1. The zonal location of the section was chosen based on the near-surface 
chlorophyll maximum. The SSH exhibits a depression of ∼30 cm near the center of the section compared 
to the edges of the eddy (Figure 10a). Near-surface current velocities increase on either side of the center 
and reach a maximum of 0.8 m s−1 at about 50 km to the north and south of the center before decreasing 
again (Figure 10a). Based on these physical parameters, the overall meridional extent of the eddy can be 
approximated by almost ∼200 km.

The downward displacement of the sea surface has to be compensated by a doming of the isopycnals in 
a quasi-geostrophic balance. It can be seen that this doming reaches more than 150 m. The 24.5 kg m−3 
isopycnal is found at a depth of ∼170 m at the eddy's edges but is subject to outcropping near its center 
(Figure 10b). Consequently, nitrate concentrations increase in the upper euphotic zone by 1–2 orders of 
magnitude compared to surrounding waters reaching values of up to 10 μmol kg−1 (Figure 10b). This in-
jection of nitrate results in a strong but localized increase in simulated productivity in both the small and 
large phytoplankton class (Figures 10c–10e). The modeled eddy shares several similarities with the cyclonic 
eddy Opal and the simulated dynamics are in very good agreement with observations collected for this eddy 
(Brown et al., 2008; Nencioli et al., 2008; Rii et al., 2008). Opal occurred in February and March of 2005 
also to the west of the island of Hawaii and had a similar diameter of ∼200 km. The 24.0 kg m−3 isopycnal 
was lifted by more than ∼100 m and nitrate concentrations in the euphotic zone increased by 1–2.5 μmol 
kg−1 compared to casts taken outside the influence of the eddy (Nencioli et al., 2008). Furthermore, Brown 
et al. (2008) reported a strong diatom bloom within the core region of Opal, which is consistent with the 
simulated increase in the large phytoplankton class (Figure 10e).

The overall dynamics of enhanced nutrient supply to the euphotic zone by doming of isopycnals remain 
active through the lifetime of the simulated eddy but become weaker as the angular velocity of the eddy de-
creases. NPP near the center of the eddy is about one order of magnitude higher compared to surrounding 
waters during the early phases and reaches maximum values of ∼2,000 mg C m−2 d−1. Over the lifetime, the 
eddy's maximum NPP is reduced to ∼500 mg C m−2 d−1.

The number of cyclonic eddies forming in the west of the island of Hawaii in our physical state estimate 
is on average 4.1 per year with a range of 2 (year 2015) to 6 (year 2012) eddies per year. All of these eddies 
result in a substantial—but localized and relatively short-lived—increase of NPP, underscoring the pivotal 
role of interactions between Northeast trade winds and the mountains of the western Hawaiian islands for 
plankton blooms in this oligotrophic region.

Ship-based measurements of eddies are typically limited to a number of transects for one event (e.g., Nen-
cioli et al., 2008). The model provides us with an opportunity to draw a more continuous picture of the 
(simulated) ecosystem dynamics over a longer period of time. The evolution of eddy-driven changes of the 
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ecosystem to the west of Hawaii for the entire year 2013 is depicted in Figure 11, including the strong cy-
clonic eddy discussed above. It can be seen that the year is characterized by the passage of two cyclonic and 
two anticyclonic eddies. Even though the SSH anomalies for both cyclonic eddies are similar (Figure 11a), 
the doming of isopycnals and hence the nutrient supply to the euphotic zone is substantially smaller for 
the cyclonic eddy occurring later in the year (Figure 11c). The phytoplankton dynamics in both eddies turn 
out to be very different. The first 2 weeks of the cyclonic eddy occurring in March are characterized by a 
surface increase in both small and large phytoplankton (Figures 11d and 11e). After this initial phase, small 
phytoplankton is removed by grazing (not shown) and abruptly replaced by large phytoplankton. This shift 
demonstrates that the timing of transects might be crucial when gathering ship-based data of ecosystem 
dynamics in eddies. The contribution by large phytoplankton to the total phytoplankton biomass reaches 
more than 70% (Figure 11b) whereas the contribution by small phytoplankton drops to below 30% during 
this shift. The diazotroph contribution decreases from ∼12% to below 3% during the passage of the cyclonic 
eddy.
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Figure 10.  Meridional section across simulated cyclonic eddy to the west of the island of Hawaii as shown in Figure 1. 
Top panel: Simulated SSH anomaly in m (blue line, left hand axis) and absolute value of velocity in m s−1 (red line, right 
hand axis). Panel (b) Simulated nitrate concentrations (μmol kg−1); (c) simulated chlorophyll (μg kg−1); (d) simulated 
small phytoplankton concentration (μmol N kg−1), and (e) simulated large phytoplankton concentration (μmol N kg−1). 
Black lines in panels (b)–(e) indicate depths of simulated isopycnals (kg m−3).



Journal of Geophysical Research: Oceans

During the second cyclonic eddy, a different dynamics are observed. De-
spite the similarities in SSH evolution, the increase in nitrate supply is 
not as pronounced and consequently phytoplankton concentrations only 
rise slightly and at deeper layers of 30–70 m. Circulation-induced NPP 
is also substantially different for both eddies. The first eddy contributes 
a total of ∼28% to the annual NPP (in the location shown) whereas the 
second cyclonic eddy contributes only 17%.

The passage of the two anticyclonic eddies results in a downward dis-
placement of the isopycnals and a decrease in nitrate concentrations (Fig-

ure 11c). This is associated with a slight reduction in both small and large pythoplankton biomass. Maxima 
in diazotroph biomass coincide with the passage of the two anticyclonic eddies with the one occurring in 
the month of October being significantly more pronounced (Figure 11b). The complexity of the simulated 
temporal evolution in this highly dynamic region to the west of the island of Hawaii is a good example 
how continuous model output can complement the understanding of processes derived from observational 
transects.
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This study Fennel et al. (2002) Karl et al. (1997)
Church et al. 

(2009)

38.6–71.5 26.7–54.3 31 ± 18–51 ± 26 41.3 ± 24.1

Table 2 
Simulated and observed Rates of N2 Fixation (mmol N m−2 yr−1) at Station 
ALOHA

Figure 11.  Simulated eddy-induced nitrate and phytoplankton variability to the west of the island of Hawaii for the 
year 2013. (a) Simulated sea surface height anomaly (m). (b) Contribution by simulated phytoplankton classes to total 
phytoplankton biomass (%): small (blue), large (red), and diazotrophs (green). (c) Nitrate concentration (μmol kg−1). (d) 
Simulated small phytoplankton (μmol N kg−1). (e) simulated large phytoplankton (μmol N kg−1). Black lines in panels 
(c)–(e) indicate the depths of the 24.0, 24.5, and 25.0 km m−3 isopycnals, respectively. Spatial averaging was applied for 
11 grid points in longitude and latitude centered around 19.44°N/156.73°W. Please see pink rectangle in Figure 1.
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Results of observational studies at Station ALOHA are indicative of increased nitrogen fixation occurring 
during periods of positive SSH anomalies (Böttjer et al., 2017; Church et al., 2009; Fong et al., 2008). Using 
our model output, we have tested a potential SSH-nitrogen fixation relationship for the region west of the 
island of Hawaii (where SSH anomalies are typically the largest) and for Station ALOHA. Based on the 
entire simulation, the correlation between SSH anomalies and vertically averaged (0–100 m) diazotroph 
concentrations amounts to 0.45 for the region west of the island of Hawaii (Figure 12a). This correlation, 
however, varies greatly between different model years with a range of 0.12–0.69 and does not warrant robust 
conclusions. For the Station ALOHA location, it can be seen that SSH anomalies are smaller while verti-
cally averaged diazotroph concentrations reach larger values (Figure 12b). Using all model years, the cor-
relation between SSH anomalies and vertically averaged diazotroph concentrations amounts to −0.22 but 
varies from year to year with a range of −0.52–0.32. Based on 9 years of measurements, Böttjer et al. (2017) 
concluded that N2-fixation rates above one standard deviation above the mean coincided largely with the 
passage of anticyclonic eddies and the associated positive SSH anomalies. Limiting the simulated data to di-
azotroph concentrations greater than one standard deviation above the time average, the slope of the linear 
fit becomes positive. However, the correlation of r = 0.18 is very small and does not allow for a meaningful 
interpretation.

The location of the maxima/minima of the EOF2 and EOF3 of NPP is not only found to the west of the is-
land of Hawaii but also to the north of Molokai and Maui (Figures 7b and 7c). The northeast side of the MHI 
is subject to sporadic, localized upwelling driven by the trade winds and the interaction of the North Equa-
torial Current with the island topography. This island mass effect (Doty & Oguri, 1956; Gove et al., 2016) can 
supply nutrients to the euphotic zone. Figure 13 shows a meridional section off the north shore of Molokai 
for late November 2011. The nearshore SST is about 1 °C colder corresponding to an outcropping of the 
23 °C isotherm that is found at a depth of ∼80 m further offshore. Surface nitrate concentrations are strong-
ly enhanced near the island reaching values of 2 μmol kg−1 compared to values well below 0.1 μmol kg−1 
further to the north. Part of the upwelled nitrate is horizontally advected in a local near-surface loop current 
(not shown), creating a second peak in nitrate concentrations at about 60–80 km offshore. The spatial struc-
ture of near-surface chlorophyll and NPP follows the pattern of nitrate concentrations with substantially 
increased NPP (and chlorophyll concentration) within 10  km of the island and a second offshore peak 
(Figure 13a). Upwelling increases near-shore chlorophyll concentrations by more than 300% compared to 
offshore values for this upwelling event. The corresponding increase in NPP is of similar magnitude.
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Figure 12.  Relationship between SSH anomalies and diazotroph concentrations. (a) Simulated diazotroph concentrations (μmol N kg−1) versus SSH anomalies 
(m) for the region west of the island of Hawaii. Red line indicates a linear fit for all data shown. Blue line indicates a linear fit for diazotroph concentrations 
greater than one standard deviation above the time average. (b) Same as in (a) for Station ALOHA.
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Taking into account the entire period of our simulation and all of the MHI, it can be seen that the topo-
graphic outcropping leads to an average increase of 4%–10% in nearshore chlorophyll concentrations (Fig-
ure 14a). The main contribution comes from the islands of Maui and Molokai with increase rates of 15%–
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Figure 13.  Island mass effect: Meridional section off the north shore of Molokai (156.88°W). See orange line in Figure 1 for location. (a) Near-surface 
chlorophyll (μg kg−1, blue line) and NPP integrated 0–100 m (mg C m−2 d−1, red line). (b) temperature (°C, shaded) and nitrate concentration (μmol kg−1, 
contours).

Figure 14.  Island mass effect for chlorophyll and net primary production for summer (JJA) and winter (DJF) months. (a) Vertically averaged chlorophyll 
increase (%) versus distance from shore (km) for all islands (black) and Maui county (red) and MODIS (all islands, green). (b) Depth-integrated (0–100 m) 
net primary production increase (%) versus distance from shore (km) for all islands (black) and Maui county (red). Solid lines indicate DJF, and dashed lines 
indicate JJA data.
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20% whereas the remaining islands see increases of less than 5% (not shown). The island-wide nearshore 
increase in NPP ranges between 2% in summer and 7% in winter (Figure 14b).

When calculating the island mass effect for MODIS chlorophyll data, it must be kept in mind that accuracy 
of ocean color data in the nearshore environment is not guaranteed and that results should be interpreted 
with caution. When excluding points closer than 8 km to shore from our analysis, it becomes evident that 
our simulation underestimates the overall nearshore chlorophyll increase by a factor of three (Figure 14a). 
One reason for this discrepancy can be found in the fact that terrestrial nutrient input is not taken into 
account in the current set-up. Furthermore, certain coastal features cannot be represented in a 4 km res-
olution. Lastly, the model's capacity to simulate elevated nearshore chlorophyll concentrations might be 
hampered by a limited representation of the phytoplankton community structure. The spatial extent of the 
island mass effect simulated by our model is on average approximately 30 km and is in good agreement with 
the MODIS data and values presented by Gove et al. (2016). It should be noted, however, that nearshore ad-
vection of nutrients and chlorophyll as well as the occurrence of phytoplankton-laden eddies in the vicinity 
of the islands can complicate the computation of the spatial extent of the island mass effect.

The physical mechanisms behind the island mass effect such as sporadic wind- and current-driven near-
shore upwelling of colder waters occur throughout the year and do not show indication of seasonality. This 
island mass effect, however, is more pronounced during winter season (DJF) compared to summer (JJA) for 
both our simulation as well as the MODIS chlorophyll data (Figure 14a). Our analysis reveals that the sum-
mertime nitracline is approximately 20 m deeper resulting in lower nutrient concentrations of the upwelled 
water. This result is in good agreement with measurements presented by L. M. Letelier et al. (2004), and we 
speculate that it is also the main reason behind the stronger winter increase seen in the MODIS chlorophyll 
data. However, an additional effect of terrestrial runoff cannot be ruled out. The latter is typically stronger 
during winter (wet) season and would result in an enhanced coastal nutrient input not taken into account 
in our model simulation.

4.  Conclusions and Perspective
Our simulations have identified three major provinces and four critical processes for phytoplankton blooms 
around the main Hawaiian islands. The oligotrophic open ocean regions are characterized by a seasonal 
deepening of light levels across the spring nutricline as well as nitrogen fixation during late summer strat-
ification of the water column. The southwestern side of the MHI—in particular the west of the island of 
Hawaii—is home to cyclonic eddies in which isopycnal doming can increase nutrient concentrations in the 
euphotic zone by up to 100 times. The immediate vicinity of the islands exhibits an island mass effect due 
to wind- and current-driven upwelling of nutrient-rich water especially on the north shores of Molokai and 
Maui.

Embedding the model in a physical state estimate and using high-resolution atmospheric forcing has al-
lowed for a realistic incorporation of ocean physics and has resulted in a good agreement between simulated 
and observed physical and biogeochemical parameters. Our results show that the model can be used as a 
one-of-a-kind tool to complement measurements and to test hypotheses arising from observational data. 
In particular, the understanding of processes occurring on shorter timescales not covered by the HOT pro-
gram can be improved through the use of model data. Furthermore, continuous three-dimensional model 
output can help put into context measurements gathered during individual transects and other snapshot 
observations.

In addition to complementing observational data, the presented model can be used to carry out more robust 
future projections for the main Hawaiian islands. Given that current global climate models cannot capture 
the dynamic circulation features around the islands, our high-resolution regional model will be a unique 
tool to capture both the natural variability as well as the anthropogenic trend in physical and biogeochem-
ical variables.

The model resolution, setup, and parameterizations will be further improved in the future. The simulation 
of the DCML at Station ALOHA—which is currently too shallow—will be addressed by refining the dynam-
ical chlorophyll-to-carbon ratio and by increasing the vertical resolution of the model. The latter will also 
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help to enhance the representation of vertical profiles in water depths of 400–1,000 m where the current 
spacing of model grid points leads to a smoothing of vertical gradients.

Another shortcoming of the present setup is the use of climatological biogeochemical boundary conditions 
as well as the lack of varying atmospheric iron input which hampers the representation of interannual var-
iability of phytoplankton blooms. Taking into account terrestrial nutrient inputs will likely result in a better 
capturing of the island mass effect. The role of frontogenesis and straining in promoting phytoplankton 
blooms has been neglected here and will be the focus of a future study using a higher model resolution.
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