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Abstract. This study analyses data assimilative numerical simulations in an eddy dominated western boundary current: the
East Auckland Current (EAuC). The goal is to assess the impact of assimilating surface and subsurface data into a model of
the EAuC via running observing system experiments (OSEs). We used the Regional Ocean Modelling System (ROMS) in
conjunction with the 4-dimensional variational (4D-Var) data assimilation scheme to incorporate sea surface height (SSH) and
temperature (SST), and subsurface temperature, salinity, and velocity from three moorings located at the upper, mid and lower
continental slope using a 7-day assimilation window. Assimilation of surface fields (SSH and SST) reduced SSH root mean
square deviation (rmsd) by 25% in relation to the non-assimilative (NoDA) run. The inclusion of velocity subsurface data
further reduced SSH rmsd up- and downstream the moorings by 18-25%. By improving the representation of the mesoscale
eddy field, data assimilation increased complex correlation between modelled and observed velocity in all experiments by at
least three times. However, the inclusion of temperature and salinity slightly decreased the velocity complex correlation. The
assimilative experiments reduced the SST rmsd by 36% in comparison to the NoDA run. The lack of subsurface temperature
for assimilation led to larger rmsd (>1°C) around 100 m in relation to the NoDA run. Comparisons to independent Argo
data also showed larger errors at 100 m in experiments that did not assimilate subsurface temperature data. Withholding
subsurface temperature forces near-surface average negative temperature increments to the initial conditions that are corrected
by increased net heat flux at the surface but this had limited or no effect on water temperature at 100 m depth. Assimilation
of mooring temperature generates mean positive increments to the initial conditions that reduces 100 m water temperature
rmsd. In addition, negative heat flux and positive wind stress curl were generated near the moorings in experiments that
assimilated subsurface temperature data. Positive wind stress curl generates convergence and downwelling that can correct
interior temperature but might also be responsible for decreased velocity correlations. The few moored CTDs (8) had little
impact in correcting salinity in comparison to independent Argo data. However, using doubled decorrelation length scales of
tracers and a 2-day assimilation window improved model salinity and temperature in comparison to Argo profiles throughout
the domain. This assimilation configuration, however, led to large errors when subsurface temperature data was not assimilated

due to incorrect increments to the subsurface. As all reanalyses show improved model-observation skill relative to HY COM-
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NCODA (the model boundary conditions), these results highlight the benefit of numerical downscaling to a regional model of
the EAuC.

1 Introduction

The East Auckland Current (EAuC) is a western boundary current (WBC) that originates as the reattachment of the subtropical
water flow to a continental margin on the New Zealand Northeastern Continental Slope (NZNES) (Stanton et al., 1997) (Fig. 1
—see Fig. 5 in Chiswell et al. (2015) for a detailed schematic). The EAuC mean transport was estimated to be 9 Sverdrups (Sv)
(Roemmich and Sutton, 1998) with variability at periods longer than 100 days (Stanton and Sutton, 2003). Previous studies
suggested that the EAuC intrudes onto the continental shelf bringing subtropical waters to shallow regions (60 m), possibly
driven by bottom Ekman transport (Zeldis et al., 2004; Santana et al., 2021). Long-term variability (> 100 days) in the EAuC
was suggested to be driven by baroclinic Rossby waves (Laing et al., 1998; Chiswell, 2001). Santana et al. (2021) observed
locally formed mesoscale eddies and their arrival from the east using a one-year time series of in situ and remotely-sensed sea
surface height (SSH) and temperature (SST) data. The EAuC is more eddy-dominated compared to other WBC, where the ratio
between the eddy and mean kinetic energies is larger (0.3) than the East Australian Current’s (EAC; 0.1) (Fig. 8 in Oke et al.
(2019)). Mesoscale eddies are generated by barotropic and baroclinic instabilities, which limit the predictability of the system
(Marchesiello et al., 2003; Feng et al., 2005), and accurate simulation of the EAuC variability needs to incorporate observations,
potentially through data assimilation, to realistically represent eddies and other features that vary on short time-scales (Oke
et al., 2005, 2013, 2015; Santana et al., 2020).

Data assimilation (DA) combines observations and numerical model outputs to obtain an improved estimation of the ocean
system, called the analysis. The ocean analysis can be achieved via the Ensemble Kalman Filter method and its variants which
have flow-dependent information about the model error statistics but require a large (20+) number of simulations (Bannister,
2017). The ocean analysis can also be obtained using calculus of variations through the minimisation, in a least-squares sense,
of the difference between model results and observations (Weaver et al., 2003; Di Lorenzo et al., 2007; Moore et al., 2011a).
The 4-dimensional variational data assimilation (4D-Var) method reduces model-data misfits over a finite time interval (assim-
ilation window) using available observations while preserving dynamical consistency and it has been used in notable studies in
oceanography (Powell et al., 2008; Zavala-Garay et al., 2012; Kerry et al., 2016; Powell, 2017; Pasmans et al., 2019; Siripatana
et al., 2020; de Paula et al., 2021). These studies are realistic 4D-Var applications using the Regional Ocean Modelling system
(ROMS), from which different values of assimilation-window length, observational errors, and decorrelation length scales were
used for the tests performed in this current study.

Observing system experiments (OSEs) aim to assess the importance of distinct sets of observations on the quality of different
analyses (Oke et al., 2015). By withholding observational subsets, one can estimate the importance of those data in the ocean
reanalysis. For instance, Zavala-Garay et al. (2012) used ROMS 4D-Var to show that assimilation of SST and SSH data
increased temperature error between 350 and 750 m in comparison to a non-assimilative run. The authors found that further

assimilating temperature from XBTs or synthetic temperature generated from its relation with SSH was needed to constrain the
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degradation in temperatures between 350 and 750 m. Pasmans et al. (2019) stated that assimilation of temperature and salinity
from ocean gliders should be accompanied by surface measurements to prevent the generation of unrealistic instabilities.
Siripatana et al. (2020) compared two reanalyses: (i) assimilated traditional observations only (satellite SSH and SST, and
temperature and salinity from Argo floats) and (ii) assimilated traditional observations and data from moorings, gliders and
high-frequency radar; and found improved subsurface results of temperature and velocity in the latter experiment.

The EAuC system lacks traditional subsurface data, where Argo profiles are rare and the region can experience months with-
out any water column measurement. Between May 2015 and May 2016, the EAuC region was sampled along Topex/Poseidon
147 line, and five mooring lines (named M1 to M5) were deployed in coastal waters and the continental rise to measure velocity,
temperature and salinity (Fig. 1) and were analysed in Santana et al. (2021). During this one year of observations, Santana et al.
(2021) identified distinct periods of mesoscale activity in the region driven alternately by anti- and cyclonic eddies, as well as
a period of encroachment of the EAuC jet towards the continental slope. Intensive offshore sampling efforts such as these are
potentially cost-prohibitive. Therefore, determining the most important variables and locations of interest for ocean sampling
is key in the region, especially in this eddy-dominated WBC. The EAuC also showed strong velocity shear on the continental
mid-slope (Santana et al., 2021), which might indicate the need for subsurface data for accurate velocity simulation.

The goal of this study is to evaluate the impact of assimilating subsurface observations into a model of EAuC system.
We conducted a set of OSEs where the most complete simulation assimilated surface fields (SSH and SST), and mooring
velocity, temperature and salinity (ASFUVTS) (Fig. 1). The other experiments suppressed observation types in the assimilation
algorithm. They withheld velocities (NoUV); subsurface temperature and salinity (NoTS); and all mooring data (NoUVTS).
As control, we examined a non-assimilative simulation (NoDA). Argo data was left out of all experiments for independent
model-data comparison. Sensitivity tests on decorrelation length scales and assimilation window were also conducted which

helps deciding the best assimilation configuration for an operational forecast of the EAuC.

2 Methods
2.1 Numerical model

We use the Regional Ocean Modeling System (ROMS), a primitive-equation, hydrostatic, and free-surface ocean model that
solves the Reynolds-averaged form of the Navier—Stokes equations. ROMS is a fully nonlinear, finite-difference model that
uses terrain-following (sigma) vertical coordinates and horizontal orthogonal curvilinear coordinates on a staggered Arakawa
C-grid (Shchepetkin and McWilliams, 2003, 2005; Haidvogel et al., 2008). The model domain (290 x 150) is rotated 52.14°
clockwise to better resolve the NZNES and spans 332 km offshore at the widest point (near North Cape) (Fig. 1). The domain
has a horizontal resolution of approximately 2 km, which roughly captures coastline variability and still resolves the conti-
nental shelf and slope without large computational cost. The model has 30 vertical sigma layers and model bathymetry was
interpolated from the 250 m resolution bathymetric data set built by the National Institute of Water and Atmospheric Research
(NIWA - https://niwa.co.nz/our-science/oceans/bathymetry). We use a vertical discretisation scheme that increases the resolu-

tion near the surface and bottom by applying stretching function type 4 and transformation equation option 2 (Shchepetkin and






