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KEYWORDS Summary Future wide-swath altimetry missions will provide high-resolution information
3D Ocean state about ocean surface elevation, and facilitate the characterization of meso- and sub-mesoscale
estimation; ocean activities. In this study, the demand analysis of three-dimensional (3D) oceanic state
Wide-swath reconstruction on wide-swath SSH data features was evaluated using a data assimilation strat-
altimeter; egy. Three groups of experiments were performed to determine if the wide-swath altimetry
Accuracy; observations would improve the three-dimensional (3D) field estimates of ocean temperature-
Spatial-temporal salinity-velocity (T-S-V), and to evaluate how the spatial and temporal resolution and accuracy
resolution of the wide-swath altimetry observations affected the ocean state estimation. The Regional

Ocean Modeling System and the four-dimensional variational data assimilation method were
used in the experiments, with numerical simulation for the Taiwan region at a resolution of
1/10° as the example. The sensitivity of the 3D ocean state construction to the wide-swath
altimetry measurements was also investigated. The results showed that the wide-swath sea
surface height (SSH) measurements would have an overall positive impact on the 3D T-S-V field
and that the positive effect would increase as the resolution and accuracy of the observations
increased, but the net benefits would gradually decrease. Among the three examined features
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of the wide-swath altimetry observations, the temporal resolution had the most influence on

the 3D ocean state analysis.
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1. Introduction

Since 1973, many altimetry missions, such as Skylab,
Geosat, ERS, Topex/Poseidon, and the Jason surveys, have
been launched to measure sea surface elevation. Informa-
tion about sea surface height (SSH) collected by altimeters
has become an essential element of ocean investigations
(Gaspar et al., 1994; Hwang et al., 1998; Martin-Neira et
al., 1998; Qiu and Chen, 2005; Tandeo et al., 2014). Al-
timetry observations can be merged with other data to give
the broadest possible interpretation of the mechanisms that
drive oceanic processes (Morrow and Birol, 1998; Piecuch
and Ponte, 2011; Soto-Mardones et al., 2004; Wang and Liu
2006), and may also be assimilated into ocean and climate
models to enhance the accuracy of the predictions (Cooper
and Haines, 1996; De Mey and Robinson, 1987; Evensen and
Van Leeuwen, 1996; Matsumoto et al., 2000; Mellor and
Ezer, 1991). While the resolution and accuracy of the al-
timetry data are the most important aspects of these mod-
elling applications, to date, few researchers have presented
the detailed demand for SSH observations in ocean analysis.

Thanks to these continuous worldwide observations of
SSH from satellite altimeters, we have been able to ex-
tend our research in various directions and, for example,
gain knowledge about the variations in absolute circula-
tion (Chelton et al., 1990; Korotaev et al., 2003; Miller et
al., 1988; Nerem et al., 1990; Strub and James, 2002), and
map eddies at the global scale (Chaigneau et al., 2008; Le
Traon et al., 1990; Traon, 1991; Wang et al., 2003). Gen-
erally, ocean circulation occurs at the large-scale (ocean-
basin scale) and could be recognized from the altimetry ob-
servations easily. Mesoscale eddies have a horizontal scale
of between 25 and 500 km and generally move across the
ocean at speeds of less than 10 km/day (Koblinsky et al.,
1992). However, the sub-mesoscale processes (with scales
between 50 and 100 km) are not visible in the images from a
traditional altimeter (Klein et al., 2015). It is expected that
the future wide-swath altimetry, such as the Surface Wa-
ter and Ocean Topography (SWOT) mission (to be launched
in 2021), would provide the ocean SSH fields in two dimen-
sions at a global scale and make a prominent contribution
to the study of sub-mesoscale processes (Bell et al., 2015;
Le Traon et al., 2017).

Moreover, the sea surface elevation reflects more than
just the surface conditions, and may also benefit for the
estimates of three-dimensional (3D) ocean state in ocean
modelling system. In some of the previous studies, surface
elevation information has been proved to have a positive im-
pact on the ocean model (Fan et al., 2004; Killworth et al.,
2001; Kurapov et al., 2011; Martin et al., 2007; Penduff et
al., 2002). Conversely, the major challenge for altimetry in
the future is how to incorporate data from both wide-swath

and conventional along-track altimeters into high-resolution
ocean general circulation models, to facilitate a detailed
description and high-resolution forecast of the ocean state
(Pujol et al., 2012). Approaching the challenge of using
wide-swath altimetry data, Gaultier et al. (2016) under-
line the need to test their effective impact on ocean anal-
yses and forecasts by performing observing system simula-
tion experiments. Using the simulated observations derived
from a fully eddy-resolving free simulation, the contribu-
tion of forthcoming wide-swath altimetry missions on the
ocean analysis and forecasting system is firstly quantified
(Bonaduce et al., 2018).

To further clarify the demand of 3D ocean state estima-
tions on the wide-swath altimetry data, the impact of SSH
assimilations was evaluated at various spatial and temporal
resolutions and levels of accuracy in this study (Figure 1).
The paper is organized as follows. The method for simulat-
ing the wide-swath altimetry observations is described in
Section 2. Section 3 refers to the main body of the paper, in
which we discuss how the future wide-swath SSH observa-
tions will influence data assimilation based on the Regional
Ocean Modeling System (ROMS) and four-dimensional varia-
tional data assimilation (4DVAR). In section 4, the sensitivity
analysis of 3D ocean state simulation to the wide-swath SSH
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Figure 1  Flowchart of the demand analysis of 3D ocean state
on the wide-swath altimeter observations.
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Figure 2 Graph a) is the global sea surface height anomaly (SSHA) from AVISO and the observation orbit of Jason-2 (black lines) on
1 January 2010. The gray lines are the two boundaries of the simulated altimeter’s swath, derived by translating the measurements
of Jason-2 horizontally. Graph b) presents the simulated altimeter observations with a 6°-wide swath, and the Jason-2 orbit (black

lines).

observations, carried out to further validate the conclusion
from section 3, are considered. Section 5 comprises a sum-
mary and discussion.

2. Simulation of the wide-swath altimetry
observations

The wide-swath altimetry observations were extracted from
the AVISO gridded products (SEALEVEL_GLO_PHY_L4_REP_
OBSERVATIONS_008_047 available at http://marine.
cop-ernicus.eu/) based on the Jason-2 orbit (see Figure 2).
The details of the wide-swath altimetry simulation are
presented as follows.

According to previous studies (Ducet et al., 2000; Vélez-
Belchi et al., 2013), some detailed characteristics of ocean
state could be reconstructed in the gridded SSH products
(as shown in Figure 1). To simulate the future altimeter of a
certain swath, the measure orbit of Jason-2 were employed
and translated horizontally with a desired swath width W.
Namely, the zonal boundary of simulated wide-swath orbit

was restricted by the longitude of Jason-2 measurements
(Lon) and the swath W, and the SSH data located in [Lon-
W/2, Lon+W/2] were extracted from the AVISO gridded
products.

The wide-swath altimetry observations using a 6° swath
are presented in Figure 1(b). Unfortunately, the extracted
SSH measurements were very limited, and we may not find
any observations in the study region. Therefore, a track
union during the repeat period of Jason-2 (9.9156 days) was
considered as the hypothetical orbit of wide-swath altime-
ter, so that we could make a reasonable coverage for the
regional simulation. The 10d and 5d union of observations
generated from 1 Jan 2010 to 10 Jan 2010 near Taiwan Is-
land are presented in Figure 3. Here, the 5d union was se-
lected every two days. As shown in Figure 3, the data of both
alternatives were sufficiently dense to cover the whole re-
gion, but the gaps between the two adjacent orbits of 10d
union were too narrow (~3°) to specify a wide-swath. Thus,
in this study, the 5d union choice was adopted to simulate
the wide-swath altimetry observations, and the extracted
observations are presented in Figure 3(c).
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Graph a) and b) are the 10d and 5d orbit simulations based on the Jason-2 measurements. Graph c) represents the

simulated altimetry observations with a 2°-wide swath near Taiwan Island.

3. Impact of wide-swath SSH observations on
the 3D T-S-V estimates

In section 2, the simulation of wide-swath altimetry obser-
vations was performed. In the following, three groups of
experiments were carried out with ROMS and 4DVAR, to ex-
plore how sensitive the oceanic 3D T-S-V estimates are to
the features of the wide-swath SSH data, including the spa-
tial and temporal resolution and accuracy. The configuration
of the model and the assimilation were presented at first,
and then the impact of the SSH assimilation with different
data features is evaluated, respectively.

3.1. Configuration of the model and assimilation

The ocean model ROMS and the 4DVAR scheme were used in
the experiments. ROMS is a free-surface, hydrostatic, prim-
itive equation model discretized with a terrain-following
vertical coordinate system (Shchepetkin and Mcwilliams,
2005). The model domain covered the area from 15°N to
30°N, and from 115°E to 140°E (Figure 4), with an eddy-
resolved horizontal resolution of 0.1° x 0.1° and 30 S-
coordinate layers in the vertical. The level 2.5 Mellor Ya-
mada scheme (Mellor and Yamada, 1982) was used to pa-
rameterize the vertical mixing process. The temperature
and salinity fields were initialized by the Levitus climatology
dataset, and the free surface and velocity were set to 0. The
bathymetry field was produced from ETOPO1 data (Amante
and Eakins, 2009). The minimum and maximum depths
across the whole domain were set at 10 and 5000 m, respec-
tively. A daily mean wind field from the Cross-Calibrated
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Figure 4 Model domain and bathymetry (m).

Multi-Platform (CCMP) ocean surface wind product (Atlas
et al., 2011) with a horizontal resolution of 0.25° x 0.25°
was used for the wind field. The other daily atmospheric
forcing fields, including heat fluxes, solar radiation fluxes,
evaporation-precipitation (E-P), air temperature, and spe-
cific humidity, were obtained from the U.S. National Cen-
ters of Environmental Prediction (NCEP) reanalysis (Kalnay
et al., 1996) at a horizontal resolution of 1.875° x 1.875°.
The monthly temperature, salinity, sea surface height, and
velocity field from simple ocean data assimilation (SODA)
were used for the lateral boundary conditions.

Data for 5 years, starting from 1 Jan. 2005, were inte-
grated into the forward model so that a dynamically bal-
anced state was achieved, and then the outcomes were used
to calculate the background error covariance matrix. The
parameters that were used to model the background error
covariance matrix (D) and the observation error covariance
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Table 1 Summary of the SSH assimilation cases at different spatial resolutions.
Case 1 Case2 Case3 Case 4 Case 5
SSH  0.25° x 0.25° gridded products No SSH  0.25° x 0.25° along-track  0.5° x 0.5° along-track  1° x 1° along-track
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Wide-swath SSH observations at different spatial resolutions (a: AVISO gridded products; b: 0.25° x 0.25°; c: 0.5° x 0.5°%;

d: 1° x 1°). The boundary (red dotted line) is determined by the orbit of Jason-2 using a 2° swath width.

matrix (R) were designed as Moore et al. (2011). The back-
ground errors of all initial conditions control variable com-
ponents of D were 50 km in the horizontal and 30 m in the
vertical. Horizontal correlation scales chosen for the back-
ground surface forcing error components of D were 300 km
for wind stress and 100 km for heat and freshwater fluxes.
The correlation lengths for the background open boundary
condition error components of D were chosen to be 100 km
in the horizontal and 30 m in the vertical. The observation
errors were assumed to be uncorrelated in space and time,
and the variances along the main diagonal of R were as-
signed as a combination of the measurement error and the
error of representativeness, which are generally additive. A
measurement error of 0.02 m was chosen for AVISO SSH.

3.2. Impact of SSH at different spatial resolutions

An experiment with five cases was designed to evaluate the
impact of the spatial resolution on the 3D ocean T-S-V field.
The details are listed in Table 1. In case 1, the 0.25° x 0.25°
gridded SSH observations were assimilated and its outcomes
were regarded as the ideal scenario. Due to the verified pos-
itive impact of the SSH measurements of our previous study
(Zhou et al., 2018), the outcome of case 1 was sufficiently
accurate to assess the other cases. In cases 3—5, the SSH

observations with different spatial resolutions were gener-
ated by choosing alternately along the satellite track, and
the derived observations were assimilated, respectively. To
highlight the effect of SSH assimilation, case 2 with no data
assimilation was also performed.

In the following, the model outputs of case 1 were
denoted as T(x, y, z, t) and the results of the comparative
cases were M;(x, vy, z, t) where i=2, 3,---. Moreover, the
temporally and vertically averaged error H;(x, y), the
temporally and horizontally averaged error V;i(z), and the
spatially averaged error S;(t) were calculated as:

1
LMy 2. 6) =Ty z.t),
ztt z t

1
Vi@ = 1n YN Mk vz t) — T(x. . Z. t)],
X v t

Hi(x.y) =

5(t) = ﬁ SO M vz )~ Tix, v 2. 6)l,
X y z

where [, l,, [;, and [; were the dimensions of the four-
dimensional model results, respectively.

For simplicity, only the observations of the ascending
orbit were employed. The re-formed wide-swath SSH ob-
servations at different spatial resolutions are shown in
Figure 5. As we can see, the extracted observations only
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reflected the local sea level elevation characteristics,
and the amount of information contained in the along-
track observations varied with the spatial resolution. This
suggested that the positive enhancement may decrease
considerably if the wide-swath observations became locally
sparse.

As shown earlier, the outcomes of case 1 were used
as the true states to verify the 3D T-S-V fields derived in
cases 2—5. The spatial and temporal errors associated with
the 3D temperature field are illustrated in Figure 6. As
shown in Figure 6, the accuracy enhancement increased
as the spatial resolution increased, but with limited net
promotion. Compared with case 2, the outcomes of the

remaining cases were obviously enhanced, and the enhance-
ment of case 3 was the greatest, in which the 0.25° x 0.25°
along-track observations were assimilated. Besides, the spa-
tially averaged error tended to increase as the model
ran forward, mainly caused by the accumulation of gaps
between the ideal gridded and simulated along-track
observations.

Meanwhile, the 3D salinity and velocity fields were vali-
dated. The error statistics results are presented in Figure 7
and Figure 8, and some similar conclusion was obtained. But
the salinity and velocity estimations showed a different sen-
sitivity to the spatial resolution of wide-swath SSH obser-
vations. As we can see from Figures 6—8, the temperature
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Figure 7
similarly as Figure 6, but for the 3D salinity field.

estimation was enhanced by a maximum of 0.15°C, but for
the salinity and velocity field, the values were 0.02 psu and
0.01 m/s, respectively.

3.3. Impact of SSH at different temporal
resolutions

In this section, an experiment with five cases was carried
out using different assimilation intervals, to simulate the
situation of SSH observations at different temporal resolu-
tions. The daily AVISO SSH gridded products was adopted as
the ideal case, and the reduced intervals every 3, 5, or 10
days were considered, respectively (Table 2). As the higher
assimilation frequency are more beneficial for ocean analy-
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Evaluation of the salinity outcomes of SSH assimilation cases at different spatial resolutions. Graphs a)—f) are presented

Table 2 Summary of the SSH assimilation cases at differ-
ent intervals.

Case 4
5-day

Case 5
10-day

Case 3
3-day

Case 2
No SSH

Case 1

Interval  1-day

sis (Powell et al., 2008), the daily assimilation case (case 1)
was applied to verify the outcomes of the remaining cases.

The evaluation was conducted using the similar strategy
in section 3.2, and the results are presented in Figure 9—
11. As we can see, the 3D T-S-V field estimated by the 3-day
assimilation interval (case 3) presents to be the most ac-
curate scenario. Unlike the accuracy promotion caused by
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the increasement of spatial resolution, more sensitive re-
sponse was found when the temporal resolution changed. In
other words, the temporal resolution of wide-swath altime-
ter observations seems to be more effective than its spatial
features in the data assimilation.

3.4. Impact of SSH at different levels of accuracy

The quality of the observations has an extremely significant
role in the data assimilation, and the model solution would
be distorted by the inaccurate information. To analyze the
impact of the accuracy of wide-swath SSH observations on
the 3D T-S-V field construction, some random noise with a
fixed mean value was added to the SSH observations. The
mean value of added noise was configured as 0.01 m, 0.03

m, 0.05 m, 0.1 m, and 0.15 m. Then the processed SSH ob-
servations at different levels of accuracy were assimilated
into the ocean model, respectively. The details of the ex-
periment are shown in Table 3, and the assimilation of SSH
observations without any noise was taken as the ideal sce-
nario to verify the remaining cases.

The evaluation of 3D T-S-V fields is presented in
Figure 12—14. As we can see, the 3D T-S-V simulations
were enhanced when the SSH observations were assimi-
lated. However, accuracy of the SSH observations seemed to
have less impact than the spatial and temporal resolution,
as the difference between cases 3—7 was relatively finite.
As shown in Figure 12(h), 13(h), and 14(h), the 3D T-S-V esti-
mations from 0.15 m to 0.01 m were enhanced by less than
0.1°C, 0.05 psu, and 0.03 m/s, respectively. Considering the
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Table 3 Summary of SSH assimilation cases with different noise levels
Case 2 Case 4
No SSH assimilation 0.03 m

Case 7
0.15m

Case 6
0.1m

Case 5
0.05m

Case 3
0.01 m

Case 1
SSH 0

addition way of the noise, the abnormal conclusion could be
explicated to some degree. The artificial noise was gener-
ated with a fixed mean value, which may lead to a similar
pattern of the generated observations, and then the char-
acteristics of the sea surface elevation were still contained,
more or less.

4, Sensitivity analysis

The above analysis indicated that the 3D T-S-V field esti-
mations could get improved when the wide-swath altimetry
observations were assimilated. Among the three discussed
features, the temporal resolution was considered to be the
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Figure 10 Evaluation of the salinity outcomes of SSH assimilation cases at different temporal resolutions. Graphs a)—f), each

presents errors similarly as Figure 9, but for the 3D salinity field.

Table 4 Average absolute bias and the percentage en-
hancement (in brackets) of the assimilation cases at dif-
ferent spatial resolutions (Sres).

Table 5 Average absolute bias and the percentage en-
hancement (in brackets) of the assimilation cases at dif-
ferent temporal resolutions (Tres).

Sres 0.25° 0.5° 1° No SSH Tres 3-day 5-day 10-day No SSH
T (°C) 0.193 (34%) 0.198 (32%) 0.223 (24%) 0.292 T (°C) 0.172 (61%) 0.268 (40%) 0.411 (7%)  0.443
S (psu) 0.06 (22%) 0.061 (21%) 0.068 (12%) 0.077 S (psu) 0.055 (61%) 0.087 (38%) 0.14 (7%) 0.141
V (m/s) 0.047 (27%) 0.048 (25%) 0.054 (16%) 0.064 V (m/s) 0.043 (50%) 0.063 (27%) 0.085 (1.2%) 0.086

most effective one. In this section, we tried to quantify the
impact of the spatial and temporal resolution and the accu-
racy, and analyze the sensitivity of 3D T-S-V construction to
these wide-swath SSH features.

Comparing with the corresponding ideal scenario cases,
the absolute bias of the three groups of experiments was
averaged and presented in Table 4—6. Besides, the percent-
age of enhancement was also calculated with respect to the
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Evaluation of the velocity (eastward component) outcomes of SSH assimilation cases at different temporal resolutions.

Graphs a)—f), each presents errors similarly as Figure 9, but for the 3D velocity field.

Table 6 Average absolute bias and the percentage enhancement (in brackets) of the assimilation cases at different accuracy

levels.

Accuracy 0.01m 0.03 m 0.05m 0.1m 0.15m No SSH
T (°C) 0.009 (98%) 0.021 (95%) 0.034 (92%) 0.074 (83%) 0.106 (76%) 0.441
S (psu) 0.003 (98%) 0.006 (96%) 0.009 (94%) 0.021 (86%) 0.032 (78%) 0.147
V (m/s) 0.002 (98%) 0.005 (94%) 0.009 (89%) 0.018 (79%) 0.025 (70%) 0.084

case without data assimilation. In each group, the positive
effect of the SSH assimilation increases with better param-
eter choices. Moreover, the 3D T-S-V fields showed different
sensitivity to these three features, and the temporal res-
olution of the assimilated wide-swath SSH observations
seems to be the most attractive one. As shown in Table 5,

the enhancement between two adjacent cases differs by as
much as 33%, larger than the variations in Tables 4 and 6.
To make the three groups of experiments comparable,
the error scales were normalized accordingly. Firstly, the
error of cases without SSH data assimilation and the ideal
scenarios were configured as the two extreme values, 1 and
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Figure 12  Evaluation of temperature outcomes of SSH assimilation cases at different levels of accuracy. Here, graphs a)—d),

each presents the temporal and vertical averaged error H;i(x,y) (i=2, 3, 4, 5, 6, 7) of the 3D temperature field for cases 2—7.
Otherwise, graph e) and f) present the temporal and horizontal averaged error V;(z) and spatial averaged error S;(t), in which lines
with different color give the results of cases 2—7, respectively.
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Figure 13  Evaluation of the salinity outcomes of SSH assimilation cases at different levels of accuracy. Graphs a)—h) are presented
in the similar way to those in Figure 12, but for the salinity field.
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Figure 14 Evaluation of the velocity (eastward component) outcomes of SSH assimilation cases at different levels of accuracy.
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and temporal resolutions and different accuracy levels.

0, respectively. Assuming the error series were represented
by e;, then the formula for the normalization is:

. e; — min (e;)
" max (e;) — min (e;)’

E;

After that, all the errors were set between 0 and 1, i.e.,
E; € (0,1).

The normalized T-S-V errors of the three groups of exper-
iments are shown in Figure 15. In each graph, the slope of
the curves is regarded as the sensitivity to the correspond-
ing data feature. Thus, as shown in the figure, the 3D T-S-
V field was demonstrated to be the most sensitive to the
temporal resolution of wide-swath SSH observations, which
confirmed the above conclusion. Thus, if we would like to
model the 3D ocean state by assimilating the wide-swath
altimeter observations, the temporal resolution or the as-
similation interval is the parameter which deserves more
attention.

5. Conclusions

In this study, the impact of wide-swath altimeter observa-
tions on the construction of the oceanic 3D T-S-V field was
investigated, based on ROMS and 4DVAR. Using the AVISO
gridded products and the observe orbit of Jason-2, the wide-
swath altimetry measurements were simulated and gener-
ated at different spatial and temporal resolutions and levels
of accuracy. After that, three groups of experiments were
performed to examine the impact of these features on the
assimilation results. In each group, the derived ocean T-S-V
fields were evaluated by the specified ideal scenario. The
comparisons indicated that, the estimation of the 3D ocean
state obtains an obvious enhancement when the wide-swath
SSH information got assimilated, and the effect increased
with better parameter choices. Besides, the estimate of the
3D T-S-V fields was demonstrated to be the most sensitive
to the temporal resolution, for which the derived 3D T-S-V
fields could be improved by up to 54%, and this conclusion
was confirmed by analyzing the normalized errors.

The forthcoming wide-swath altimeter observations
certainly have a positive effect on the estimates of the
ocean 3D state. However, it is unrealistic for the design
of the altimeter to hold all the optimal parameters at the
same time, and thus some non-essential qualities must

. Zhou et al./Oceanologia 62 (2020) 309—325
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Normalized error statistics. Graphs a)—c) represent the results of SSH assimilation experiments using different spatial

be sacrificed. In such situation, the sensitivity analysis
could be applied to evaluate which parameter might be
weakened. In the future, we would like to refine the quan-
titative assessments and evaluate the capacity to detect
some ocean dynamical processes. Otherwise, we would also
like to thoroughly investigate the potential applications
and advantages of the forthcoming wide-swath altimetry
observations.
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