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Abstract Accurate forecasting of ocean currents in dynamic regions remains a critical challenge
due to the sparsity of observations in global ocean observing networks and the limited resolution of
present-day regional ocean models. Lately, traditional observing platforms have been complemented
by newly available data streams capable of sampling at higher spatial and/or temporal resolutions

in dynamically significant regions in near-real time. However, the relative merits and trade-offs of
incorporating these “nontraditional” observations into ocean state estimates have not been thoroughly
investigated. Here, we perform a detailed statistical and dynamical comparison of two high-resolution
reanalysis products assimilating different combinations of traditional and nontraditional observations
in the East Australian Current (EAC) system, a vigorous western boundary current. We show that
sea-surface height and temperature are well-constrained by satellite measurements; however, below
the surface, a reanalysis incorporating fully available observations better represents the ocean state.
The core of the EAC jet is effectively constrained by subsurface observations from deep water moorings
upstream of jet separation, while radar-derived nearshore surface velocities in the separation zone are
found to resolve the submesoscale cyclonic band inshore of the EAC. Cost function sensitivity analysis
of both products reveals excessive model adjustment at depth causing the reanalyzes to overestimate
alongshore transport relative to a 22-year freely evolving simulation. Overall, the assimilation of
nontraditional observations delivers marked improvement in representing dynamical features of the
EAC. However, this improvement is not as pronounced in the model forecast due to the introduction
of nonphysical dynamics or forcing, suggesting that other improvements such as increased model
resolution are required.

Plain Language Summary Estimating and forecasting the ocean state is challenging in

a highly dynamic region such as a western boundary current. Integrating ocean observations with
numerical models through data assimilation improves the quality of ocean prediction. This study
investigates the improvement made by assimilating a range of less traditional observations (TRAD) (such
as glider and high frequency coastal radar) when combined with more TRAD (such as satellite derived
observations of sea surface temperature and height and deep profiles) in the East Australian Current
(EAC). Overall, marked improvement in estimating the EAC dynamics has been observed when the more
targeted observations are included.

1. Introduction

Both operational oceanography and ocean research applications rely critically on the combination of
ocean observations from in situ and remote sensing networks with sophisticated hydrodynamic models
using novel data assimilation techniques to obtain higher resolution and reduced uncertainty reanalysis
products. In recent decades, significant effort in the operational oceanography research community has
been directed toward improving data assimilation techniques and systems to increase the understanding
and predictability of ocean currents near continental shelf regions worldwide because of their ecological
and economic importance (Roughan et al., 2018). Of particular interest are western boundary currents
(WBCs): warm, narrow, swift currents that flow poleward along the western side of the major ocean ba-
sins before separating from the shelf and extending eastward. WBCs and their zonal extensions strongly
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Figure 1. (a) Schematic diagram of the circulation in the EAC system. (b) Location of traditional observations used in the TRAD assimilation (SSH, SST, and
sea surface salinity are not shown). (c) Location of additional observations used in the FULL assimilation. (d) Number of observations from each traditional
observation platform in each 5-day assimilation window over the 2-year reanalysis. (e) Number of observations from each observation platform in each 5-day
TRAD assimilation window over the 2-year reanalysis. The gray contour lines off the coast in panels (a-c) are 200-, 1,000-, and 2,000-m isobaths, respectively.
EAC, East Australian Current; SSH, sea surface height; SST, sea surface temperature; TRAD, traditional observations.

influence regional shelf circulation, coastal ecology (Lee et al., 1981; Shulzitski et al., 2015), and fisher-
ies (Richardson et al., 2009). WBC systems are highly dynamic and are associated with flow instability,
abundant mesoscale variability and high kinetic energy (Mata et al., 2000; Stammer, 1997), which make
them challenging to monitor (Feron, 1995; Imawaki et al., 2013; Roughan et al., 2014, 2017) and forecast
(Metzger et al., 2014).

The East Australian Current (EAC) is the WBC for the South Pacific subtropical gyre (Figure 1a). The
EAC flows southward along the southeastern coast of Australia and intensifies at around 31° S (Ker-
ry & Roughan, 2020a) as the continental shelf reaches its narrowest point (16 km) before separating
from the coast between 31°S and 32.5°S (Cetina Heredia et al., 2014). The zonal extension of the EAC
turns eastward to form the EAC eastern extension, shedding large warm core eddies in the Tasman Sea
(Cetina Heredia et al., 2014; Oke & Middleton, 2000). Despite having the weakest mean flow among
the WBCs (Mata et al., 2000), the EAC has high-eddy variability (Mata et al., 2006). The EAC southern
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extension is a complex region where eddy dipoles can drive cross-shelf exchange (Malan et al. 2020;
Ribbat et al., 2020).

Among the first data assimilating efforts to understand the EAC circulation (e.g., Oke et al., 2013; Sakov
& Sandery, 2015), Zavala-Garay et al. (2012) and Kerry et al. (2016) are considered the first to utilize the
combined Regional Ocean Modeling System (ROMS) and 4-dimensional variational (4D-Var) data assim-
ilation scheme in the region. Variational data assimilation techniques solve for the analysis through an
optimization framework using variational calculus to provide the “best” estimate of the ocean state given
the available observations and underlying dynamical model (Le Dimet & Talagrand, 1986; Lewis & Der-
ber, 1985). Incremental Strong-constraint 4D-Var (IS-4DVAR), in particular, solves for the increments in
the initial condition, model forcing, and boundary conditions such that the distance between the revised
model trajectory and all the observations in a specific time window is minimized in a least-square sense
and assumes a perfect model. The technique makes use of the tangent linear model to iteratively update the
model increments in the cost function minimization process within each assimilation window (Di Lorenzo
et al., 2007).

Zavala-Garay et al. (2012) assimilated data from traditional ocean observing platforms (i.e., satellite-derived
sea surface height (SSH) and temperature, and vertical temperature profiles from expandable bathythermo-
graphs) into a coarse-resolution model of the EAC (18-30 km horizontal grid) to evaluate the skill of the
reanalysis to predict mesoscale variability of the EAC for 2001-2002. By introducing additional subsurface
pseudo-observations based on an empirical relationship between surface observations and subsurface var-
iability, the forecast skill of their (low resolution) system was found to be reliable for up to 2 weeks for the
upper 1,000 m of the ocean.

In contrast to Zavala-Garay et al. (2012), which relies upon traditional observational data streams, Kerry
et al. (2016, 2020a) developed a reanalysis of the EAC assimilating newly available observations derived
from high-frequency (HF) radar, shelf moorings, gliders, and a full transport resolving mooring array to-
gether with the range of preexisting traditional observational platforms to yield the “best estimate” of the
ocean state in the EAC area over the assimilation period, 2012-2013. Kerry et al. (2016) used ROMS, the
ROMS (Shchepetkin & McWilliams, 2005) and the IS-4DVAR data assimilation scheme (Moore et al., 2011)
with a horizontal gridscale of 2.5 km (over the shelf) to 6 km (in the open ocean) and 5 km in the along
shore direction.

Kerry et al. (2018) used the reanalysis from Kerry et al. (2016) to assess observation impact in the EAC and
found that observations taken in regions of greater dynamical variability have the strongest influence on the
circulation estimates. Large data volume and dependency between each data stream was also shown to be a
dominant factor in determining the impact of the observations on the model adjustment. For instance, large
volumes of satellite sea surface temperature (SST) data with long decorrelation length-scales have the great-
est total impact but small impact per observation. Kerry et al. (2018) also found that observations situated
in the EAC jet such as moorings and HF radar can propagate information away from the observation site.

In operational oceanography where the emphasis is on real-time forecasts, the assimilation framework
is generally limited to what we refer to as “traditional” observations such as satellite-derived meas-
urements and vertical profiles from ARGO floats that historically were the only datasets available in
real-time. The merits and trade-offs of assimilating observations from more modern observational plat-
forms such as HF radar, gliders and deepwater and shelf moorings and the impact of these observations
on the representation of the EAC dynamics by the reanalysis have yet to be thoroughly investigated.
In this study, we seek to assess a reanalysis product utilizing the full suite of all available observations
(hereafter referred to as FULL) with a reanalysis product that only assimilates traditionally available
operational data streams (TRAD). As a control and benchmark, we also examine a 22-year nonassim-
ilating freely evolving simulation (Kerry & Roughan 2020b). We first investigate the ability of the two
reanalyzes (TRAD and FULL) to represent assimilated and nonassimilated observations using a range
of statistical analyses. Dynamical distinctions between the two models are explored by looking at fea-
tures such as volume transport, core structure, and surface vorticity. The cost function sensitivities
that describe the propagation of the assimilated information are assessed and discussed to explain the
results. Finally, we examine the temporal evolution of surface and subsurface variables to compare the
predictive skills of the two models.
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Table 1

Description of the Model Runs Used (Reanalyses and Free-Running); Showing Case Name, the Data They Assimilate, the Time Period and the Papers Describing

the Cases and the Data Citations

Case Assimilated data Time period Model description and data citation
Traditional observations (TRAD) SSH, SST, SSS Argo floats and XBTs January 12-December 13 -

Fully available observations (FULL) TRAD + HF radar, moorings and gliders ~ January 12-December 13 Kerry et al. (2016, 2020a)

2-year free-running model (FREE) = January 12-December 13 Kerry et al. (2016)

22-year free-running model (FREE22) - January 94-September 16 Kerry and Roughan (2020a, 2020b)

Abbreviations: HF, high frequency; SSH, sea surface height; SSS, sea surface salinity; SST, sea surface temperature; XBTs, expendable bathythermographs.
FULL: This refers to the reanalysis product that assimilates all available observations (SSH, SST, SSS, Argo, XBT, HR radar, shelf and deep moorings and glider
data: see Section2.3) over the 2-year period from January 2012 to December 2013. It is the same as the system described in detail in Kerry et al. (2016, 2020a)
except for the modifications described below.

TRAD: This refers to the reanalysis product that is identical to FULL in its data assimilation configuration, expect that it only assimilates “traditionally

available” observations (SSH, SST, SSS,

Argo, and XBT: see Section 2.3).

FREE: This refers to the free-running (nonassimilating) simulation over the 2-year period from January 2012 to December 2013. It is used to show the
improvement gained by assimilating observations (FULL and TRAD) over the 2-year period (e.g., in Figures 3-5 of this study and in Figures 9-15 of Kerry

et al. [2016]).

FREE22: This refers to the free-running simulation over a 22-year time period from January 1994 to September 2016, described in Kerry and Roughan (2020a,

2020b).

2. Model Configuration
2.1. The ROMS Configuration

In this study, we adopt the model configuration of the EAC system described in Kerry et al. (2016, 2018,
2020b). The model uses the ROMS to simulate the mesoscale eddy-dominated ocean circulation off the
southeastern coast of Australia. ROMS is a free-surface, hydrostatic, primitive equation ocean model widely
used in the oceanography research community (Haidvogel et al., 2000; Marchesiello & Middleton, 2000;
Shchepetkin & McWilliams, 2005). The hydrostatic primitive equations in ROMS are solved on a curvilinear
grid with a terrain following vertical coordinate system.

The study domain extends along SE Australia from 25.25° S to 41.55° S and roughly 1,000 km offshore
(Figure 1a). This domain is chosen such that it covers the area of maximum EAC jet coherence, the EAC
separation region, the region of high eddy activity associated with the EAC eastern extension, and the EAC
southern extension. The grid is rotated 20° clockwise such that the coastline is oriented roughly parallel
with the domain's y-axis. The cross-shore horizontal resolution varies from 1/44° (2.5 km) over the con-
tinental shelf to resolve the shelf at the narrowest point (31°S) and gradually increases to 1/18° (6 km)
offshore. The horizontal resolution is 1/22° (5 km) in the along-shore direction. The EAC shelf is narrower
than most WBC shelves ranging 16-30 km upstream of its separation (Roughan & Middleton, 2002, 2004),
so care was taken when developing the grid to maintain the shelf width. High resolution over the shelf helps
minimize pressure gradient errors that emerge in terrain following coordinate schemes, which otherwise
may result in artificial along-slope flow for steep topography (Haney, 1991; Mellor et al., 1994). Topographic
smoothing is applied to the model to ensure low horizontal pressure gradient errors while still representing
the shelf and seamount structures. The model utilizes 30 vertical S-layers with higher resolution in the
upper 500 m to resolve mesoscale dynamics and higher resolution near the seabed for improved accuracy
at the bottom boundary layer. To better resolve surface currents, a near-constant-depth surface layer is pro-
vided by applying the vertical stretching scheme of De Souza et al. (2015). Initial conditions and boundary
forcing are derived from the Bluelink ReANalysis version 3p5 (BRAN3p5; Oke et al., 2008, 2013). The model
bathymetry at all three open boundaries is merged to the BRAN3 bathymetry. Any misfits in baroclinic en-
ergy to the BRAN3 condition are absorbed at the boundary via a flow-relaxation scheme.

In this study we refer to four different configurations of the EAC ROMS model. Each case is described below
and summarized in Table 1, also see Section 2.3.

The FULL, TRAD, and FREE configurations are forced at the surface with 6-hourly atmospheric fields
provided by the 12 km resolution Bureau of Meteorology (BOM) Australian Community Climate and
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Earth-System Simulation (ACCESS) reanalysis (Puri et al., 2013). Adjustments made compared to the
configuration of Kerry et al. (2016) are (1) The upper ocean temperature (warm) bias was improved
in the free-running configuration by scaling the air temperature in the atmospheric forcing to better
match other atmospheric products. (2) We removed daytime SST observations and any night observa-
tions when the wind speed was less than 2 m/s to account for skin temperature effects. The percentage
of SST observations removed per 5-day cycle is 0.33%-54.3% (mean of 20.77%). (3) The observation
errors applied to the temperature profiles from the expendable bathythermographs (XBTs) were dou-
bled to better account for the uncertainty in the timing and location of the XBT measurements. (4) The
temperature vertical decorrelation scale was relaxed to 20 m (from 10 m) to improve the projection of
SST observations to the subsurface. Overall these changes resulted in smaller initial cost functions and
smaller differences between the final nonlinear the final tangent-linear cost functions, indicating a
more stable reanalysis system.

The FREE22 surface forcing is provided by daily atmospheric fields from the National Center for Environ-
mental Prediction’s (NCEP) reanalysis atmospheric models (Kistler et al., 2001). FREE22 has been found to
represent well the mean flow, seasonal, and intra-annual variability of the EAC. This study uses FREE22 for
the purpose of benchmarking the representation of the EAC dynamics by the FULL and TRAD reanalyses/
forecasts.

2.2. The 4D-Var Assimilation Configuration

4D-Var solves for increments in model initial conditions, boundary conditions, and forcing in such a way
that the model trajectory over a specific assimilation window is optimized by minimizing the cost function
involving the background, the observations, and their associated error covariances in a least-squares sense.

Assuming Gaussian errors for observations and model prior, the gradient of the cost function we seek to
minimize is of the form

Ved =3 M (i) HIR (H:M(t;,1))52 - d;) + P (52), 1)
i=0

where 8z is the augmented vector of the model's initial conditions, surface forcing and boundary conditions
from time step t, to t, with T denotes the transpose. M (ti,to )T is the adjoint of the tangent linear model
which integrate the model back in time. H; represents the nonlinear observation operator mapping the
model values to the observations space. The difference between the background and the observations at
time i is computed in the innovation d; = y, — H, (x” (t,-)), where y; is the observations vector. The uncer-

tainty of the observations and the model background is defined in the observation error covariance matrix
R and the background error covariance matrix P, respectively.

The ROMS framework used in this study has a suite of tools including a tangent linear version of the nonlin-
ear model and its associated adjoint operator, tailor-made to solve 4D-Var optimization problems for large-
scale coastal/regional ocean system. The tangent linear and adjoint components of ROMS were introduced
by Moore et al. (2004).

The IS-4DVAR configuration for the FULL case is described in detail in Kerry et al. (2016). We adopt the
same configuration to build the TRAD reanalysis (traditional observations only); the only difference is the
smaller number of observations assimilated. A 5-day assimilation window was employed as the tangent
linear model assumption remains valid over this time period.

2.3. Observations: The Two Reanalysis Products

The two reanalysis products used in this study assimilate different combinations of what we refer to as tradi-
tional and nontraditional observations. The TRAD reanalysis includes the assimilation of readily available
operational observations including satellite-derived SSH, SST, sea surface salinity (SSS), vertical profiles
of temperature and salinity from profiling Argo floats and vertical profiles of temperature from XBTs. The
FULL product includes the TRAD observations, as well as surface velocity measurements from HF coastal
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radar (HF radar), temperature and velocity observations from continental shelf moorings off the coast of
New South Wales (NSW) and Southeast Queensland (SEQ), data from five deep water moorings in the EAC
transport array, and ocean gliders. The locations and volume of the observations over the 2-year simulation
period are shown in Figure 1. The reader may refer to Kerry et al. (2016) for more detailed specifications of
the above-mentioned data, the processing performed prior to assimilation and the prescribed observation
uncertainties.

3. Results
3.1. Representation of Observations

In this section, we assess the performance of the two systems (FULL and TRAD) in analysis mode to rep-
resent both assimilated and nonassimilated observations. First, the representation of the traditional obser-
vations in both systems is analyzed. Then the representation of the nontraditional observations by both
the FULL case (in which they are assimilated) and the TRAD case (in which they are not assimilated) is
compared. Finally, assessment of the representation of conductivity-temperature-depth (CTD) cast obser-
vations not assimilated into either system is performed.

3.1.1. Traditional Observations
3.1.1.1. Sea-Surface Height

The skill of the FULL and TRAD reanalysis in representing SSH observations was evaluated using the root
mean square (RMS) observation anomaly with respect to the time mean, and the RMS difference between
the reanalyzes and observations (Figure 2). The observed SSH exhibits greater variability than the two re-
analyzes, as is evident from the maximum in RMS anomaly around 33°S. However, both FULL and TRAD
reanalyzes successfully represent the overall structure of the SSH variability, with a maximum RMS anom-
aly of approximately 0.35 m located at around the same latitude.

The time series of spatially averaged RMS SSH observation anomaly and RMS SSH difference between
the FREE, FULL, and TRAD cases and the observations are depicted in Figure 2a. Each point in the series
represents a single assimilation window. The RMS difference for both TRAD and FULL cases are similar
in magnitude and notably smaller than the RMS anomaly of the observations and the free-run. The time
series further emphasizes the better performance of the TRAD reanalysis compared to the FULL reanalysis,
with the 2-year time mean of RMS SSH difference being lower (0.06 m) for TRAD compared to the FULL
(0.075 m).

The RMS difference between the analyses and observations for the TRAD and FULL cases is small com-
pared with the variability of the observations (Figures 2c and 2e), with FULL showing slightly greater spa-
tial mean RMS difference (0.075 m) than the TRAD case (0.059 m). This indicates better performance for
TRAD in representing the SSH observations, an expected result because the TRAD assimilation is not con-
strained by other observations present in the FULL assimilation system.

3.1.1.2. SST and Subsurface Temperature

A clear improvement of FULL and TRAD cases in matching the SST observations compared to the free run
is shown in Figure 3a. The time mean RMS SST between observations and the FREE is at 1.26°C; larger
than those of the reanalyzes. Similar to the results obtained for SSH, the SST errors for the FULL case is
slightly larger than those of the TRAD case, with the time mean of 0.39°C for FULL and 0.36°C for TRAD.
This effect is again caused by the FULL case trying to fit other nontraditional observations omitted from the
TRAD reanalysis.

Figures 3b and 3c show the RMS difference of subsurface temperature between models (FREE, FULL,
and TRAD) and observations from ARGO and XBT profiles, respectively. Overall, we observe a marked
improvement of the reanalyzes in estimating the subsurface temperature of the upper 1,000 m with re-
spect to the FREE, with both FULL and TRAD analysis RMS difference reduced to a range of 0.7-1°C
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Figure 2. (a) Timeseries of the root mean square (RMS) SSH difference between the analysis and observations, both
for FULL and traditional observations (TRAD), for each assimilation window. RMS sea surface height (SSH) anomaly
over 2-year period from (b) TRAD analysis, and (d) FULL analysis. RMS SSH difference between (c) TRAD case and
observations and (e) FULL case and observations.

from the free run value of around 1.9°C for ARGO, and reduced to a range of 0.5-1.1°C from the max-
imum free run value around 2.7°C for XBT observations in the upper 500-m depth. Below 500 m, the
observations are sparse in both time and space and the circulation is less influenced by the mesoscale cir-
culation, which results in smaller differences between the two analyses and the free-running simulation
below such depth. For ARGO floats in which the observations have good spatial and temporal coverage
over the 2-year period, the TRAD case gives slightly lower RMS difference both in the analysis and fore-
cast compared to the FULL case across the upper 500-m depth. This is also to be expected as the FULL
case is fitting other surface observations.
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Figure 3. (a) The RMS difference in sea-surface temperature between the analysis and observations the for FULL

and TRAD cases, for each assimilation window. Profiles of RMS temperature difference between the free run and
observations, the analysis (FULL and TRAD) and observations for (b) Argo subsurface temperature profiles, averaged
over the 2-year assimilation period, and (c) as in (b) for XBT subsurface temperature profiles. Argo and XBT depth bins
are 25 m from the surface to 200 and 50 m below 200 m. RMS, root mean square; TRAD, traditional observations; XBT,
expendable bathythermograph.

3.1.2. Nontraditional Observations

3.1.2.1. Surface Currents From HF Radar

For the representation of the nontraditional observations by the two models, we first examine their esti-
mates of surface currents under the radar footprints. The scalar radial current speeds as measured by two
radar sites are converted into surface velocities and compared with the surface velocity outputs from the
FULL and TRAD cases. We use complex correlations between the observations and FULL and TRAD as a
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FREE, (b) TRAD analysis, and (c) FULL analysis. 200-, 1,000-, and 2,000-m bathymetry contours are shown using gray lines. Red lines show the 0.9 complex
correlation contour. TRAD, traditional observations.

measure of similarity between each velocity field. Note that this comparison is available only at the location
where the radar beams from two sites overlaps. Also, for computation, we only include the grid cells where
the beam intersection angle is greater than 30°, in which the conversion of radial speed to velocity compo-
nents are considered accurate (Kerry et al., 2016).

The complex correlations between the observed and modelled surface velocities are shown in Figure 4. The
complex correlation of surface velocities between FREE and the observations exhibits values of 0.75-0.9
over the EAC core and lower values offshore of the continental shelf slope where the circulation is more
eddy-dominated. There is considerable improvement in complex correlations for the TRAD analysis com-
pared to the FREE, with the region over the EAC core exhibiting complex correlations larger than 0.9, with
lower correlations in- and off-shore. For the FULL analysis, the surface velocity is well represented across
the HF radar footprint with the majority of the observed area having a complex correlation greater than
0.9, except around the edge of the coverage region where there are few observations or the radial speeds are
small.

3.1.2.2. Moorings

To compare the performance of the FULL and TRAD cases in reproducing subsurface velocities we
investigate the complex correlation between velocity observations (from moored ADCPs) and modeled
velocities for several profiles (Figure 5). The mean complex correlation across the depths for the FULL
analysis are 0.91 =+ 0.08 and 0.94 + 0.06 for the SEQ200 and SEQ400, respectively. These moorings are
located on the shelf and shelf-slope at the latitude where the EAC is found to be most coherent. The
corresponding TRAD analysis complex correlations are considerable better than the FREE throughout
the water column and have values approaching 0.9 in the upper 100 m for SEQ200 and upper 300 m
for SEQ400.

Similar observations are made for the deep-water array moorings 1-4 (EAC1-4), that is, the FULL analy-
sis yields a large correlation above 500-m depth. The complex correlation for TRAD is also large at these
depths for EAC1-4. Below the 1,000-m depth, the complex correlation coefficients between the observations
and the models are small as the model trajectory is barely adjusted toward the observations due to larger
observation uncertainty compared to the observed velocity magnitudes and lower model background er-
ror uncertainties. The complex correlations of FULL and TRAD in the upper 500 m at EACS are slightly
smaller compared to other deep mooring sites due to its location outside the main jet and a more variable
eddy-dominated circulation.
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Figure 5. Complex correlations between the observed velocities and the three cases: FREE (blue), TRAD (red), and FULL (magenta) at the mooring locations.
TRAD, traditional observations.

The improvement of representing the subsurface velocity of the FULL and TRAD analyses upon the FREE
is also shown downstream on the shelf as can be seen for CH100, SYD100, and SYD140 plots. The FULL
analysis mean complex correlation across the depths is 0.91 + 0.04 for CH100 and 0.85 = 0.03 for Sydney
shelf moorings. Overall, the difference in complex correlation of subsurface velocity between FULL and
TRAD is quite monotonic with depth, with a difference at about 0.1 for all moorings.

The representation of the subsurface velocity observations was also investigated using variance ellip-
ses shown in Figure 6. Mean velocity vectors, calculated from the time series over 18-month period of
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Figure 6. Mean velocity vectors (m/s, arrows) and velocity variance ellipses for 120 m (Row 1), 500 m (Row 2), 1,500 m (Row 3), and 3,000 m (Row 4) for the
TRAD (red) and FULL (green) cases, with the observations in blue (by column). TRAD, traditional observations.

mooring deployments, show poleward velocity from the sea surface to 1,500 m across the continental
shelf to EAC4 for TRAD, FULL and OBS, and weaker equatorward velocity at EAC5 (155.308E; Figure 6
second row and onward). Both reanalyzes show an agreement with the observed mean velocities down to
1,500 m with the FULL analysis showing better performance in reproducing mean speed and direction.
The observations show a stronger poleward velocity at 3,000 m due to a stronger poleward return flow at
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Figure 7. (a) The locations of the CTD casts obtained during three separate time periods as indicated by the colored
diamonds. RMS difference between the FULL and TRAD analyses and observations for temperature (middle row)
and potential density (bottom row) for April 2012 (b and c), August 2013 (d and e), and February 2013 (f and g). CTD,
conductivity-temperature-depth; RMS, root mean square; TRAD, traditional observations.
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the base of the EAC core. At these depths, the model velocity values have small variance compared to the
defined observation uncertainty, causing the assimilation of the velocity at these depths to provide little
constraint to the analysis. Specifically, the nominal minimum observation error for velocity is specified
as 0.10 m/s for all depths below 10 m (as described in Kerry et al., 2016), while the specified background
error in the deep ocean is of the order of 0.01 m/s. The variance ellipses in the FULL analysis perform
well in capturing the observed variability of the EAC in the east-west direction and better match those of
the observations.

3.1.3. Nonassimilated Observations

The performance of the FULL and TRAD reanalyzes were further investigated using nonassimilated data
obtained from shipboard CTD casts taken on three separate cruises during the assimilation period. The first
set of CTD casts comprises of 15 CTDs that were taken as part of the deployment of the EAC array, along
the EAC array transect from April 21-27, 2012 (blue diamonds in Figure 7a). The second cruise commenced
on February 27-28, 2013 with five CTD casts off the coast of Sydney between 34.3-36.4° S and 151.6-152.8°
E (pink diamonds). Finally, we use 28 CTD casts from a cruise between August 21 and 31, 2013, along two
transects off Brisbane (green diamonds) at the time the EAC array was removed.

The RMS differences in temperature and potential density between the TRAD and FULL analyses and the
nonassimilated CTD observations are reported in the middle and bottom rows of Figure 7, respectively. For
the April 2012 period (left column), RMS difference in both temperature and potential density reflects the
overall reduction in the model-observations discrepancy in the FULL case relative to the TRAD case. At the
depth of 200-400 m, the error for the FULL analysis reduces to about one-third in the magnitude of the
RMS error of the TRAD case, which peaks at about 0.45 kg/m”® at 200-m depth. A similar trend is observed
for the RMS temperature error in the April 2012 scenario. This improvement in the FULL case is to be ex-
pected as this set of CTD casts were taken at approximately the same coordinates and the same time as the
deployment of deep water moorings (EAC1-5). The information gained at the mooring sites propagates to
the location of the CTD casts along the EAC array transect via the model adjustment in the data assimilation
scheme.

In contrast, the RMS error plots for the second cruise off Sydney 1 year later (Figure 7, right column) shows
no significant difference between FULL and TRAD cases. As for the August 2013 cruise, we observe slightly
lower error for the FULL case, but the different between the FULL and the TRAD is not as pronounced
as in the April 2012 scenario. This is because during August 2013 there is a coherent EAC jet that can be
well-constrained by SSH observations in the TRAD case, while the April 2012 scenario is associated with a
much weaker circulation regime with weak northward flow across the EAC array.

3.2. Representation of Dynamical Features

In this section, we assess the two reanalyzes in terms of their representation of dynamical features in the
EAC in order to determine which features are better captured by the FULL case relative to the TRAD case.
We also investigate the contributions of the specific nontraditional observations (glider and HF radar) in
constraining the EAC.

3.2.1. Current Transport and Core Structure

The preliminary examination of the EAC core structure and transport for the FULL and the TRAD analyses
is done through visualizing the mean of the alongshore velocity as well as the differences of the alongshore
velocity mean (FULL-TRAD) at Brisbane (near EAC array), Coffs Harbour, and Sydney cross-shore sec-
tions, respectively. Off Brisbane (Figures 8a-8c), the poleward current core in the FULL case is shallower
and the jet is narrower near the surface compared to the TRAD case because the FULL is well-constrained
by the observations from the EAC array and the shelf moorings. The FULL-TRAD mean velocity difference
reveals stronger northward counter-currents, one adjacent to the continental slope and another near the
surface offshore of the EAC jet for the FULL case. The alongshore velocity std of both cases (not shown)
are comparable with slightly larger velocity variance at the EAC jet and the surface for the FULL case. This
information is not carried downstream to Coffs Harbour (Figures 8d-8f), where the core depth in the FULL
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Figure 8. Cross-sections of mean alongshore velocity at (a-c) 27.5°S, the EAC mooring array, (d-f) off 30°S, Coffs Harbour and (g-i) 34°S, Sydney, for the

TRAD (a, d, and g) and FULL (b, e, and h) cases, and their difference (c, f, and i). The magenta downward-pointing triangles mark the mooring locations at the
surface. EAC, East Australian Current; TRAD, traditional observations.

case is similar to that in the TRAD. The EAC core has deepened compared to off Brisbane and become more
unrealistic due to lack of observational constraint. Off Coffs Harbour, the FULL case shows weaker mean
poleward transport along the shelf slope to about 2,500-m depth and stronger mean transport in the EAC
core. This is related to the HF radar observations off Coffs Harbour that introduce increased cyclonic vortic-
ity inshore of the EAC, as discussed further in Section 3.2.4. Off Coffs Harbour, the FULL case also displays

SIRIPATANA ET AL.

14 of 29



ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans

10.1029/2020JC016580

Latitude at coast
)
N

37 . ‘ . . ‘
-10 -15 -20 -25 -30 -35 -40 -45

Mean Transport (Sv)

Latitude at coast
)
N

f

1

10 15 20 25
Transport Standard Deviation (Sv)

(c)

\

‘ e

0

(d)

50 100 150 200 250 300
Cross-sectional area, -0.05ms™" contour (m2)

Latitude at coast

;

S

0

50 100 150 200
Distance offshore, -0.05ms™" contour (km)

(e)

— FULL

Free-run

TRAD

I L

0

25

50 75 100

Cross-sectional area, -0.2ms™' contour (m2)

(f)

Latitude at coast

0

50

100 150 200 250

Distance offshore, -0.2ms™' contour (km)

Figure 9. Alongshore transport, EAC core width and cross-sectional area computed every 5 model grid cells (~25 km) from the 22-year free-running ROMS
simulation, the FULL analyses and the TRAD analyses. (a) Mean transport (computed inside the —0.05 m/s contour in the alongshore velocity mean), (b)
transport standard deviation, (c) the cross-sectional area inside the —0.05 m/s contour in the alongshore velocity mean, (d) the distance offshore of the
—0.05 m/s contour in the alongshore velocity mean, (e) the cross-sectional area inside the —0.2 m/s contour in the alongshore velocity mean, (f) the distance
offshore of the —0.2 m/s contour in the alongshore velocity mean. The transport is defined as positive (negative) equatorward (poleward). EAC, East Australian
Current; ROMS, Regional Ocean Modeling System; TRAD, traditional observations.
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larger velocity std near the surface which extends to 155° E (not shown). Off Sydney (Figures 8g-8i), the
EAC core is deeper in the FULL case (deeper —0.05 m/s contour). The equatorward flow offshore of the
EAC core is stronger in the FULL case across all three sections, the difference increasing poleward.

To quantitatively analyze the EAC core structure, we plot in Figure 9 the time-mean alongshore transport,
the mean EAC core width and the cross-sectional area inside the —0.05 m/s contour in the alongshore mean
velocity across the latitudes, compared between the FREE22 ROMS simulation, the FULL analyses and the
TRAD analyses. The FREE22 simulation (Kerry & Roughan, 2020b) has been shown to provide a realistic
representation of the EAC core and its downstream evolution, and therefore, is chosen to be used as the
benchmark against the FULL and TRAD reanalyzes in this study. We found that the width of the EAC core
is well represented by the assimilation of surface observations (Figures 9d and 9f) but the depth of the core
is greater with data assimilation (as reflected in larger transport and cross-sectional area in Figures 9a, 9c,
and 9e). In particular, the TRAD analysis overestimates the depth of the EAC core throughout the latitudi-
nal range. In the FULL case, the EAC core depth is constrained by observations at the EAC array but extends
deeper than is realistic downstream (even deeper than in the TRAD case). Given that FREE22 provides a
realistic representation of the core depth (Kerry & Roughan, 2020a), the unrealistic depth structure in the
analyses is likely associated with the cost function being too sensitive to changes in velocity at depth result-
ing in adjustments to the velocity at depth in the initial conditions.

3.2.2. Cost Function Sensitivities

In the inner loops of the 4D-Var assimilation scheme, the adjoint model computes the sensitivities of
the cost function to the increment adjustments (Moore et al., 2011). The conjugate gradient method is
used to determine how far to step to evaluate the new increment that reduces the cost function. The new
increments are run through the tangent linear model and the cost function is reevaluated. For every
assimilation window, the adjoint sensitivity of the cost function to perturbations for each inner loop
(1-15) is saved during the assimilation procedure. To interpret these sensitivities, we multiply them by
the square root of the average variances for 5-day windows over a long-term (10 years) free running sim-
ulation, which provides a realistic perturbation over 5 days (the same model used to compute the prior
background error covariances).

We found the temperature sensitivities are surface intensified (not shown) while the sensitivities to along-
shore velocity extend to the ocean bottom (Figure 10). This causes the EAC core to extend deeper in the
assimilation runs than in the FREE22 case (Figure 9). The EAC core cross-sectional area of the TRAD and
the FULL as defined by the area inside —0.2 m/s contour across the latitudes are comparable. However,
using the —0.05 m/s contour (Figure 9c), the FULL case exhibits small cross-sectional area north of 30.7°S
as the jet is constrained at 27.5°S by the EAC array. Downstream of 30.7°S, the core extends deeper for the
FULL case as the high sensitivities to the velocity are observed to extend horizontally in both latitudinal and
longitudinal directions (Figures 10e and 10f). The FULL case is constrained around 28°S by observations
from the EAC array. However, the area inside the —0.05 m/s contour is greater as the current evolves down-
stream (Figure 9c) due to these sensitivities (Figures 10e and 10f). The excessive cost function sensitivities
to the velocity at depths suggest the need to reduce the velocity background error covariances to improve
our estimation of the EAC core structure.

Because the sensitivities are flow dependent, to understand how they are propagated through the ocean
we investigate specific assimilation windows. The pattern of high frequency internal waves is revealed
by looking at snapshots of the cost function sensitivity as shown in Figure 10g. The assimilation is intro-
ducing more HF dynamics as a way of propagating information through the model. Frequency spectra of
alongshore velocity at various depths in the middle of the EAC core (not shown) have increased energy
at frequencies greater than the inertial frequency. This is characteristic of internal waves, which allow in-
formation propagation across the model domain within a 5-day assimilation window (Maiwa et al., 2010;
Woodham et al., 2013).

3.2.3. Eddies

To determine how each reanalysis product performs in representing eddies during the assimilation period,
and in particular, how the additional data streams (i.e., glider observations) in the FULL case may help
improve the eddy representation, a representative sample of eddy events are explored. Three eddy events
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Figure 10. Sensitivities of the cost function multiplied by 5-day standard deviations for alongshore velocity. (a) Sensitivities of TRAD cost function to surface
velocity (left to right). Mean sensitivities across all assimilation windows for inner loop 2, mean sensitivities for inner loop 15, standard deviation of sensitivities
for inner loop 2, standard deviation of sensitivities for inner loop 15. (b) As in (a) but for FULL cost function. (c) As in (a) but for cross-section through 33.9°S.
(d) As in (a) but for alongshore section. (e) As in (c) but for FULL case. (f) As in (d) but for FULL case. (g) Sensitivities of the FULL case cost function for (left
to right) assimilation window beginning on the May 24, 2012 inner loop 2, inner loop 15, assimilation window beginning on the April 21, 2012 inner loop 2,
inner loop 15. TRAD, traditional observations.
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Figure 11. Representations of the eddies at the Sydney section by the models and observations from three different scenarios. Rows a and b: FULL and TRAD
analyses, respectively, for January 14, 2012, where only ARGO observations are available. Rows ¢ and d: FULL and TRAD analyses, respectively, for May 25,
2012, where the XBT observations becomes available. Rows e and f: FULL and TRAD analyses, respectively, for April 22, 2013, where the glider observations
become available. The first column shows the instantaneous SST (colored), SSH (contoured), and observation locations. The magenta dots are the Argo
locations, the green dots are the XBTs, and the red dots (row e) are the gliders. The Sydney cross-section is plotted using thick white lines. TRAD, traditional
observations; XBT, expendable bathythermograph.

off the Sydney coast (33.9° S) corresponding to the three available observations scenarios are investigated:
(1) January 14, 2012, where four Argos were presented inside the eddy (Figures 11a and 11b), (2) May 25,
2012, where the XBT observations becomes available (Figures 11c and 11d), and (3) April 22, 2013, where
the glider observations becomes available for the FULL case and transverse the eddy (Figure 11e).

The results show that for the first two scenarios the eddy representations from both analyses are compara-
ble. This make sense as the Argo and XBT observations are incorporated by both models. The clear differ-
ence between the two models appears in the third scenario where the HF glider observations are assimi-
lated in the FULL case. Looking at the structure of the eddy, we see the maximum depth of the —0.05 m/s
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Figure 12. (a) Time-mean surface vorticity from the FULL analyses, (b) standard deviation of surface vorticity computed from 4-h snapshots from the FULL
analyses and (c) time-mean surface vorticity difference between the FULL analyses and forecasts. Panels (d—f) are the same as (a—c) but for the TRAD case.

(g) Difference in time-mean surface vorticity from the FULL analyses and the TRAD analyses, and (h) difference in the standard deviation of surface vorticity
from the FULL analyses and the TRAD analyses. The approximate footprint of the HF radar observations is shown by the black box around Coffs Harbour and
the 1,000-m EAC model bathymetry contour is shown. The plots exclude 10 grid cells inside the boundaries (the sponge layer). HF, high frequency; TRAD,
traditional observations.
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Figure 13. RMS error between the analysis/forecast and the observations, spatially averaged over the model domain, against time from the beginning of the
assimilation windows for (a) SST, (b) SSH, (c) Argo in upper 200 m, (d) Argo 200-500 m, (e) XBT in upper 200 m, and (f) XBT 200-500 m. RMS, root mean
square; SSH, sea surface height; SST, sea surface temperature; XBT, expendable bathythermograph.

alongshore velocity contour of the FULL case (Figure 11e) is approximately 600 m, which is a realistic eddy
depth (Rykova & Oke, 2015), while for the TRAD case the eddy depth descends below 2,000 m. We found
that this constraint in the FULL case persists through the 5-day window both in the forecast and the analy-
sis. The information from the gliders not only imposes strong constraints on the depth of the eddy but also
strongly alters its meridional extension. The alongshore cross-sections of the eddy (not shown) show that
the meridional width of the eddy at the surface, as measured by the distance inside the —0.2 m/s contour, is
smaller, from about 3° (333 km) in the TRAD case (no gliders) to roughly 1.3° for the FULL case.

3.2.4. Vorticity

Surface relative vorticity is given by ¢’ = 0v / dx — du / 0y, where v and u are the along and cross shore veloc-
ity components. Positive vorticity indicates anticyclonic rotation while negative vorticity indicates cyclonic
rotation. We compute the surface vorticity from the modeled surface velocity fields every 4 h for the FULL
and TRAD cases (Figure 12). In both cases, the analyses show anticyclonic vorticity offshore of the 1,000-m
isobath, where the EAC flows poleward and separates from the coast, and cyclonic vorticity over the conti-
nental shelf on the inshore edge of the EAC (Figures 12a and 12d). Upstream of the typical EAC separation
zone (~32°S), vorticity variability is greatest inshore of the 1,000-m contour (Figures 12b and 12e), where
frontal eddies form inshore of the EAC jet (e.g., Roughan et al., 2017). Downstream of the separation region
the vorticity variability spreads across the region of elevated eddy activity in the Tasman Sea.

On average over the 2 years, the FULL case has more cyclonic vorticity inshore of the 1,000-m isobath
between 28 and 36°S compared to the TRAD case (Figure 12g), indicating an increase in cyclonic rota-
tion inshore of the EAC jet. The sharp vorticity gradient along the inshore edge of EAC derives from the
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Figure 14. Complex correlation of daily averaged surface velocities measured by the HF radar with FULL reanalysis (row a) and FULL forecast (row b),
separated by window day. Complex correlation of daily averaged surface velocities measured by the HF radar with TRAD reanalysis (row c) and TRAD forecast
(row d), separated by window day. Black lines show 0.9 complex correlation contour and gray lines show the 70-, 200-, 1,000-, and 2,000-m isobaths. Only grid
cells with a minimum of 15 velocity values over the 2-year period are shown, the values inside the 50-m isobath are removed as the computed velocities are
unreliable here due to geometric dilution of precision. HF, high frequency; TRAD, traditional observations.

assimilation of HF radar surface radial velocity observations (~29.75-31.25°S) and the information is ad-
vected both up and down stream. The FULL case also has greater vorticity variance (Figure 12h) which
suggests stronger and more abundant submesoscale features. The advection of relative vorticity is com-
monly the main contributor to the vorticity balance, as estimated for the Hawaiian Islands by De Souza
et al. (2015).

3.3. Predictive Skill

First we assess the predictive skill for the surface variables for the FULL and TRAD cases. Figure 13a shows
the RMS error between the SST analyses/forecasts and the observations within a 5 days window, averaged
over the 2-year period. The forecasts are initialized by the previous analysis at the end of day 4. The ability
to represent the SST observations by the forecasts decays over the 5 days. This may be due to a combination
of the circulation features evolving to be in the incorrect locations in the forecast and due to errors in the
surface forcing. The TRAD case displays slightly lower RMS SST error both in the forecast and analysis
relative to the FULL case. This is caused by the high impact of SST observations on the surface adjustments
of the model, especially, in the absence of other nontraditional observations. At the end of the forecast
window, the RMS SST error in both cases converges, as the error stems from the forcing and boundary con-
ditions dominating the assimilation system. Similar results can be drawn from Argo and XBT temperature
observations (Figures 13c-13f) as these near-surface observations are included in both products. For SSH
(Figure 13c), however, better predictive skill of the TRAD case compared to the FULL case is obvious with
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Figure 16. Top row: Difference in time-mean surface vorticity between the FULL and TRAD analyses, separated by window day. Bottom row: Difference in
time-mean surface vorticity between the FULL and TRAD forecasts separated by window day. TRAD, traditional observations.

the differences in RMS SSH of about 0.01 m across 5 days. This result is due to a lower volume of SSH data
compared to SST.

The predictability of the surface velocity has been assessed and is presented in Figure 14. Panels (a) and
(b) show complex correlations of daily averaged surface velocities under the HF radar footprint over a
5 days window for the FULL analysis and forecast, respectively. The FULL analysis demonstrates the
ability of the assimilation system to replicate the observations well, with a pointwise complex correla-
tion mostly above 0.9 under the radar footprint. The complex correlation of the FULL forecast, however,
starts off with comparable high values as the analysis but gradually degrades over time as observed by a
reduction in the area inside the 0.9 complex correlation contour (shown using black lines) in the along
shelf direction. The correlations remain high over the EAC core, but decrease elsewhere. Panels (c) and
(d) of Figure 14 show the complex correlations of daily averaged surface velocities for the TRAD analysis
and forecast, respectively. In the TRAD case, although starting with only a small region of high complex
correlation, the correlation does not decay over time for both analysis and forecast. This result is to be
expected since there are no HF radar observations to constrain the TRAD reanalysis. It is worth noting
that by the fifth day, the FULL forecast complex correlation closely resembles those correlation maps of
the TRAD case.

The examination of the predictive capability of the data assimilation models is presented in the terms
of the time evolution of complex correlation between the simulated and observed subsurface velocities
as shown in Figure 15. The panels (a-d) correspond to SEQ400, EAC2, CH100, and SYD400 moorings,
respectively. At SEQ400 where the EAC is typically most coherent, the velocity complex correlation
of the FULL forecast (shown in magenta) initially approaches 1 in the upper 300 m similar to its rea-
nalysis counterpart. The correlation decreases with time approaching the smaller complex correlation
value of the TRAD case within 5 days. Again, there is no significant change in the complex correlation
profile over time in the TRAD case for both the forecasts and the analyses for all mooring sites. The
FULL analyses complex correlation is somewhat constant over the 5-day assimilation window for all
sites. The complex correlation degrades in the FULL forecast at each mooring, with the faster decay in
complex correlation at the CH100 and SYD140 sites which are on the continental shelf downstream of
the EAC separation latitude where the circulation is more dynamic and therefore more challenging to
predict.

Finally, we also make a comparison of the difference in daily time-mean surface vorticity between the FULL
and the TRAD cases with 5-day assimilation window, both in the analysis and the forecast modes (Fig-
ure 16). The FULL cases exhibits increased cyclonic vorticity inshore of the EAC in the analyses across the
5 days compared to the TRAD case (Figure 16, top panels) as the TRAD does not assimilate the observations
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Figure 15. Complex correlations between observed and modeled velocities for the FULL analysis, (blue), FULL forecast (magenta), TRAD analysis (red), and

TRAD forecast (green), at the mooring locations, separated by window day (columns). Each row represents a single mooring site. SEQ400 (row a), EAC2 (row
b), CH100 (row ¢), and SYD140 (row d). TRAD, traditional observations.
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from the HF radar. In the FULL forecasts, the vorticity gradient inshore of the EAC between 28 and 33°S
becomes less sharp over the 5 days although remains sharper than the TRAD forecasts at Day 5.

4. Discussion
4.1. Representation of the Observations by the Reanalysis Products

We showed that the FULL case generally represents observations better than the TRAD case across a num-
ber of diagnostics. A notable exception is the surface fields (SSH and SST), which have larger RMS differenc-
es in the FULL case than the TRAD case (Figures 2 and 3). This is because the FULL reanalysis also adjusts
to the inclusion of the extra (nontraditional observations) that add additional features to the reanalysis and
thus affect the longer scales resolved by the observed SSH and SST. As the number of satellite-derived SST
observations is far greater than any other dataset, SST dominates the cost function compared to SSH, so the
difference between the representation of SST in the TRAD and the FULL cases is less than the difference for
SSH. This can be addressed by subsampling the satellite SST observations to reduce the volume of depend-
ent observations and reduce their dominance compared to SSH.

Over the EAC core region and in the upper 1,000 m the TRAD analysis performs considerably better than
the FREE case (Figure 5), indicating that assimilation of surface observations (specifically SSH) provides
improved representation of velocity on the shelf and in the upper water column influenced by the mesos-
cale circulation. This is consistent with the results of Moore et al. (2011), who showed that SSH observations
have the largest impact on the accurate representation of shelf transport, and Oke and Schiller (2007), who
established that altimetry observations are essential for resolving mesoscale circulation. Furthermore, com-
parison of the TRAD analysis with the nonassimilated CTD observations (August 2013 scenario) further
highlights the importance of the satellite SSH observations by showing that the errors between the TRAD
analysis and the observations only differs slightly to the FULL case (Figure 7, middle). We believe that this
is due to the strong geostropic flow being well constrained by the SSH observations, in comparison to the
period of weak flow (April 2013) which is poorly represented by the TRAD case.

The inclusion of subsurface moored observations in the FULL case has a strong influence on the adjustment
of the EAC flow. As such, the FULL analysis has a better representation of the mean jet at the mooring
locations (Figures 5 and 6). However, at abyssal depths (below 3,000 m) the FULL case underestimates the
return flow in the observations due to large observation uncertainty in comparison with the background
error covariance. This shows that representing currents at abyssal depths remains a challenge.

4.2. EAC Core Structure and Cost Sensitivity

The adjustment in the state vector by 4D-Var alters the model trajectory as a result of the system attempt-
ing to better represent the observations while abiding by the model physics. The flow-dependent nature
of 4D-Var means that information can propagate away from observation sites by various oceanic process-
es, which include, but are not limited to, advection, barotropic and baroclinic waves (Kerry et al., 2018;
Kurapov et al., 2011). Consequently, significant changes in the dynamic features of the EAC both down-
stream and upstream of the added observations can easily be envisaged.

While both FULL and TRAD analyses match the FREE22 well in terms of distance offshore of the EAC core
(Figures 9d and 9f), both cases overestimate the transport and EAC cross-sectional area (inside the —0.05
m/s contour) at most latitudes (Figures 9a, 9c, and 9e). The increased cross-sectional area estimates result
in increased transport which further indicates that 4D-Var overadjusts the velocities at depths. The adjoint
sensitivities of the cost function to alongshore velocity are shown to extend from the surface to the ocean
bed (Figure 10), causing the EAC core to extend deeper in the assimilations than in the more realistic freely
evolving simulation, leading to increased transport. The EAC core has also been found to extend over the
full depth of the ocean (4,500 m) in the BRAN reanalysis product which makes use of an Ensemble Optimal
Interpolation assimilation scheme (Oke et al., 2008; Oke & Griffin, 2011). To prevent this issue, it is desira-
ble to reduce the velocity background error covariances in future assimilation setups. Despite our consider-
able effort to prescribe reasonable error covariance models, these drawbacks remind us of the importance
of constantly updating the error covariances as new information becomes available. Determining the error
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covariances for optimal estimations is indeed an on-going and one of the most challenging research areas
in data assimilation (Bousserez et al., 2015; Dreano et al., 2017; Moore et al., 2012; Ngodock et al., 2020).

4.3. Eddies and Submesoscale Variability

Traditionally the depth extent of eddies in the EAC has been limited to the “level of no motion,” which has
long been believed to be approximately 2,000-m deep (Bowen et al., 2005; Ridgway & Dunn, 2003). The
observation-based study of Rykova and Oke (2015) showed that in the EAC region the temperature anom-
alies within anticyclonic and cyclonic eddies can reach up to 1,500 and 2,000 m, respectively. However, in
numerical models such as BRAN, the depth extent of these eddies tends to be over represented as discussed
by Roughan et al. (2017), sometimes extending the full depth of the water column (4,000 m) as shown in
Oke and Griffin (2011).

In our case, the added sensitivity of the assimilation system at depth negatively affects the estimation of the
eddy depth and structure. Both TRAD and FULL cases shown unrealistic eddy depth (exceeding 2,000 m)
through the imperfect design of the error covariance matrices. The deep glider data (FULL) was found to
be effective in constraining the eddy structure, including depth estimates. The FULL analysis estimates the
EAC core depth (as measured by the —0.05 m/s contour) at the location of the studied eddy to be around
600 m. The diameter of this depth constraint in the alongshore direction is about 100 km, corresponding to
the spatial length scale of the studied eddy (111 km) and in agreement with the typical length scale of ener-
getic mesoscale eddies (100-200 km) in WBCs globally (Chelton et al., 2011a, 2011b; Roughan et al., 2017).

The strong constraint of the transport by ocean gliders found in this study is consistent with the results re-
ported in Powell (2017), where, despite the small percentage of data, the inclusion of subsurface sea glider
observations accounted for 23% of the total impact on transport adjustment. The glider data are also known
to be very effective in constraining isopycnal tilt across the transport section. In this study, the benefit of
including glider data is shown the representation of eddy depth. It is also noteworthy that the glider obser-
vations should be used with caution. The work by Pasmans et al. (2019), in which the reanalysis using the
combination of surface and glider observations was skillful in estimating and forecasting the subsurface
ocean features, has demonstrated that assimilating glider observations without the surface observations can
create erroneous eddy variability that will deteriorate forecast performance.

Kerry et al. (2020b) shows that the sharper across-current vorticity gradient within the EAC leads in turn to
more intense submesoscale features growing on its inshore side. The submesoscale variability growing from
jet instabilities manifested over the continental shelf are not resolved by the model grid but are captured
by the observations. As such, data assimilative models can recover these submesoscale structures in the
analysis mode. We show this in the FULL case where assimilation of HF radar velocities improves the vor-
ticity gradients. The FULL reanalysis also has greater vorticity variance which suggests stronger and more
abundant submesoscale flows originating from sharper cross-current vorticity gradient. However, the FULL
forecast was unable to reproduce the sharp cyclonic band inshore of the EAC after 5 days. This suggests
the model resolution of 2.5-6 km is too coarse to maintain the vorticity gradient observed by the HF radar.

4.4. Predictive Skill

Our results show that the predictive skill is similar for SST, SSH, and subsurface temperature (Figure 13) for
both the TRAD and the FULL cases, and both exhibit similar diverging trends between the forecast and the
analysis. A slightly smaller 5-day RMS error for the TRAD case is expected as the FULL also fits the high
volume nontraditional observations.

Under the radar footprint, the predictive performance of the surface velocity in the FULL forecast decays
to the same accuracy level of the TRAD forecast within 5 days (Figure 14). This suggests that introducing
high-resolution HF radar observations does not contribute to the predictive skill beyond the spatial and
temporal resolution of the EAC model as the error from the boundaries and forcing quickly dominate the
forecast. The complex correlation of the subsurface velocity at several mooring sites, separated by day from
the beginning of the forecast window (Figure 15) shows that the FULL forecast also decays to the same
accuracy as the TRAD within 5 days. However, notable are the different decay rates at different sites in the
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FULL analysis, where the flow over the shelf (at the mooring locations) shows much faster degradation (in
complex correlation) compared to that of flow in deep water (at the deepwater mooring locations). This is
due to the more complex and fine-scale dynamics over the shelf which are more difficult to predict and not
adequately resolved by the EAC model.

Surface vorticity is another useful metric, which in the FULL case, shows the adjustments to the velocity
initial conditions and wind stress forcing allow the analysis to better represent the cyclonic band inshore of
the EAC and achieve greater cyclonic vorticity over the shelf slope (Figure 12b). However, the wind forcing
adjustments made by the model are not considered to be realistic dynamical drivers for maintaining sharp
cyclonic fronts inshore of the EAC. It is likely that increased model resolution is required to better repre-
sent these small-scale fast-evolving dynamics (as also suggested by Sandery and Sakov [2017] and Kerry
et al. [2020b]).

5. Summary and Conclusions

The goal of an advanced data assimilation technique such as 4D-Var is to provide an estimate of the ocean
state that represents the observations in the correct dynamical context. Considerable advances in data as-
similation techniques, increased computing power to allow higher resolution models, and the availability
of new observation platforms has motivated the inclusion of such observations in model estimates and
predictions. The challenge is to configure the ocean model and its data assimilation system such that the
observations can be represented in the correct dynamical context and that these dynamics can be resolved
in forecast mode. This study builds on the work of Kerry et al. (2016, 2018) and takes a simpler yet more
practical approach to observation impact by comparing the state-estimates and forecasts of the system that
assimilates all available observations (the FULL case) and a system that assimilates only the traditionally
available observations (the TRAD case).

While the FULL system provides the best representation of the observations that it assimilates (from
HF radar, the EAC deepwater array, shelf moorings, and gliders), we show that the TRAD system also
provides improved representation of velocity on the shelf and in the upper 1,000 m for the deepwater
moorings and improved estimates of surface velocities over the EAC core region observed by the HF
radar array, when compared to the free-running model. The relative performance of the FULL and
TRAD systems compared to subsurface CTD cast observations, not assimilated in either system, is
dependent on the circulation regime. The TRAD case performs equally as well as the FULL when a
strong coherent EAC jet can be well constrained by SSH observations, but during periods of weak flow
the subsurface structure is not well represented by TRAD case compared to the FULL. The width of
the EAC core is well represented by the assimilation of surface observations in both the TRAD and
the FULL systems. While the free running model provides a better representation of the EAC core
depth (Kerry & Roughan, 2020a), both reanalysis products overestimate the core depth of the EAC
and its eddies due to excessive cost function sensitivity to velocity at depth. In the FULL case, the EAC
core depth is well constrained by observations from the EAC array but performs less well downstream
where the EAC core and eddies extend deeper than is realistic, while in the TRAD case the EAC core
is too deep throughout its latitudinal extent. Eddy depth is well represented in eddies sampled by the
glider observations in the FULL case.

In forecast mode, corrections made to the subsurface ocean structure by the assimilation of data from moor-
ings or gliders relax on time scales of 5 days to the same as TRAD. Assimilation of surface radial velocities
in the FULL case produces a sharper vorticity gradient inshore of the EAC at the HF radar location and
upstream and downstream, but this improvement does not persist throughout the 5 days forecast window
as the free running model is unable to resolve the sharp vorticity gradients observed by the HF radar. After
5 days, the skill in surface velocity predictions under the HF radar footprint is the same for the FULL and
TRAD cases.

While the goal of 4D-Var is to fit to the observations while correctly representing the circulation dynamics,
the results of this study highlight the challenges associated with assimilating observations that can intro-
duce unrealistic dynamics into the model to achieve a fit to the observations. Improvements to the assimi-
lation configuration are required to overcome this. In particular, this study suggests we should reduce the
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velocity background errors at depth to achieve better representation of the depth of the EAC core and its
eddies, which are well represented in the free running model.

Furthermore, these results highlight the challenges associated with the assimilation of a range of datasets.
For example, with the HF radar data assimilation, although the data were thinned to have the same spatial
resolution as the model, the model is unable to reproduce the sharp vorticity gradient observed. A higher
resolution numerical model is likely required to reap the benefits of assimilation of surface radial velocities
in forecast mode. Indeed, while predictions of mesoscale eddies, which are typically slowly evolving, are
mostly dependent on correct representation of their initial state, predicting more rapidly evolving features
requires focus on reducing model error.

Overall, while the FULL case provides a superior reanalysis due to the inclusion of a number of data from
newly available nontraditional observation platforms, the TRAD system performed equally well for fore-
casts with lead times of 5 days. Further work is required on the FULL assimilation system to better repre-
sent the circulation dynamics such that superior forecasts can be achieved.
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http://argo.jcommops.org). The Argo Program is part of the Global Ocean Observing System (http://doi.
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doi.org/10.26190/5e683944e1369 and https://doi.org/10.26190/5ebe1f389dd87. Use of the FREE22 model
output should be cited as Kerry and Roughan (2020b). Use of the FULL reanalysis output should be cited
as Kerry et al. (2020a).
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