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Abstract

Remote sensing products are significant in the data assimilation of an ocean model. Considering the resolution
and space coverage of different remote sensing data, two types of sea surface height (SSH) product are employed
in the assimilation, including the gridded products from AVISO and the original along-track observations used in
the generation. To explore their impact on the assimilation results, an experiment focus on the South China Sea
(SCS) is conducted based on the Regional Ocean Modeling System (ROMS) and the four-dimensional variational
data assimilation (4DVAR) technology. The comparison with EN4 data set and Argo profile indicates that, the
along-track SSH assimilation result presents to be more accurate than the gridded SSH assimilation, because
some noises may have been introduced in the merging process. Moreover, the mesoscale eddy detection
capability of the assimilation results is analyzed by a vector geometry-based algorithm. It is verified that, the
assimilation of the gridded SSH shows superiority in describing the eddy’s characteristics, since the complete
structure of the ocean surface has been reconstructed by the original data merging.
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1 Introduction

An efficient simulation of ocean could make a significant con-
tribution to the prediction of oceanic dynamic progress and cli-
mate change. Using the consistency constraints with laws of time
evolution and physical properties, the estimation of an ocean
model state could be enhanced, when the observed information
is accumulated into the oceanic model states by data assimila-
tion technology (Bouttier and Courtier, 2002). Remote sensing
has collected large mount observations with high temporal and
spatial coverages, such as sea surface temperature (SST) and sea
surface height (SSH). According to the research of Kurapov et al.
(2011) and O’Dea et al. (2012), the accuracy of model simulation
could be enhanced when the remote sensing products, such as
SSH and SST, are assimilated in the model. Therefore, an excel-
lent assimilation strategy in ocean data assimilation is becoming
a meaningful issue in the oceanographic research.

Since the remote sensing observations mainly focus on the
surface, the three-dimensional (3-D) ocean structure character-
istics could hardly be captured directly. Cooper and Haines
(1996) proposed a new algorithm to assimilate the sea surface
pressure by displacing the water columns vertically. With surface
pressure data assimilated every 9 d, the simulation error was re-

duced accordingly, but this method was designed for Cox (1985)
model and cannot be applied to a free-surface model. White et al.
(1990) presented an assimilation procedure of continuous alti-
metric sea level observations, into a realistic wind-driven numer-
ical synoptic ocean model. The sea level observations were dy-
namically interpolated onto a regular grid, and then the gridded
information was assimilated. Xiao et al. (2006) performed an as-
similation experiment of the altimeter data based on the Prin-
ceton Ocean Model (POM), and the evaluation indicates that the
accuracy of ocean currents is obviously improved. Shu et al.
(2009, 2011) assimilated the SST and CTD data into a coastal
model by an ensemble Kalman filter method. Benefited from the
assimilation, both temperature-salinity (T-S), velocity and water
mass characteristics were well simulated. Ratheesh et al. (2012)
explored the usefulness of satellite-derived surface data for now-
casting of oceanic circulation features, including the SST and the
sea level anomaly (SLA). Surface information was projected into
the vertical using predetermined correlation functions firstly, and
then both original and vertical projected observations were as-
similated into the ocean model, resulted in an enhanced now-
casting capacity. Moore et al. (2011a, b, c) developed a four-di-
mensional variational data assimilation (4DVAR) module in the
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ROMS. In the 4DVAR, all the available observations over a finite
time interval were taken into consideration, in order to identify
the global optimal estimation of ocean states.

The assimilation would be benefited when the SSH is intro-
duced into the ocean model efficiently. Regularly, the altimeter
missions sample the sea level along their ground tracks every 7
km, result in the limited coverage of the along-track SSH data.
Considering the continuous variation characteristics of the sea
level (Gill, 1982), a gridded SSH product named Archiving Valid-
ation and Interpretation of Satellite Oceanographic (AVISO) is
generated by merging the multi satellite altimeter data. Com-
pared with the along-track observations, the complete structure
of the ocean surface is reconstructed.

In this paper, we will analyze the impact of the two SSH data
sets on the assimilation, based on the ROMS and an incremental
strong constraint 4DVAR method. First, the model configuration,
the twin experiment and the validation data are introduced in
Section 2; Section 3 is the main body, both the accuracy and the
eddy detection capability of the experiment results are discussed.
In Section 3.1, the accuracy analysis is conducted with the EN4
data set and Argo (array for real-time geostrophic oceanography)
T-S profiles, while the evaluation of eddy detection capability is
presented in Section 3.2. At last, some final remarks are given in
Section 4.

2 Experiment configuration and data

2.1 Model configuration

The ROMS is a free-surface, hydrostatic, primitive equation
model discretized with a terrain following vertical coordinate sys-
tem (Shchepetkin and McWilliams, 2005). The model domain
covers the whole South China Sea (SCS) and its adjacent area
from 1° to 30°N, 99° to 134°E (Fig. 1), with an eddy-resolved hori-
zontal resolution of 0.1°x0.1° (about 10 km) and 30 S-coordinate
layers in the vertical. The level 2.5 Mellor Yamada (1982) scheme
is adopted as the parameterization of the vertical mixing process.
The temperature and salinity fields are initialized by the Levitus
climatology data set, while the free surface and velocity are set as
0. The ETOPO1 data (Amante and Eakins, 2009) is employed to
produce the bathymetry field, and the minimum and maximum
depths in the whole domain are set to be 10 and 5 000 m, respect-
ively. The wind field employs a daily mean wind field from the
Cross-Calibrated Multi-Platform (CCMP) ocean surface wind
product (Atlas et al., 2011) with a horizontal resolution of
0.25°x0.25°, which is converted into the wind stress using the
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Fig. 1. Model domain and bathymetry. The red contour repres-
ents the 200 m isobath.

bulk formula given by Large and Pond (1982). The other daily at-
mospheric forcing fields, including heat fluxes, solar radiation
fluxes, evaporation-precipitation (E-P), air temperature and spe-
cific humidity, are obtained from the National Centers of Envir-
onmental Prediction (NCEP) reanalysis with a horizontal resolu-
tion of 1.875°x1.875° (Kalnay et al., 1996). Finally, the lateral
boundary conditions, including the monthly temperature, salin-
ity, sea surface height and velocity field are provided by the
Simple Ocean Data Assimilation (SODA) data set.

2.2 Assimilation configuration

The model comes to an ocean dynamic balanced state after 5
a integration starts from January 1, 2002. Then the SSH assimila-
tion experiment is conducted during January 2007. In the data as-
similation progress, the forcing and the boundary fields remain
the same as prior model simulation. Advanced Very High-Resol-
ution Radiometer (AVHRR) SST provided by the NOAA is em-
ployed for its high quality. It is a gridded product with a resolu-
tion of 0.25°x0.25° and is produced by merging the satellite ob-
servations and in situ measurements based on the optimal inter-
polation (Reynolds et al., 2007). To facilitate the calculation, the
AVHRR is reduced to 1°x1° by selecting every four grids.

The SSH used in the experiment is provided by the AVISO,
with the support from the Centre National D’études Spatiales
(CNES). The gridded product is available every day since July
2006, and the spatial resolution is 0.25°x0.25°. The correspond-
ing along-track SSH observations merged in the gridded products
are also available. In the experiment, the original along-track ob-
servations and the gridded product from the AVISO are assimil-
ated to evaluate their impact on the assimilation. To ensure the
comparability, we use the original along-track observations of the
gridded product merging in the assimilation, and the SSH de-
rived from Jason-1, GFO and Envisat is gathered for the twin ex-
periment. Since the reference level of the SSH and ROMS free
surface is different, the steric signal is removed firstly using the
result of Willis et al. (2004). The AVISO sea surface height anom-
alies (SSHA) with the steric signal removed is then added to the
mean model height (Fig. 2). Compared with the processed AVISO
“SSH”, the main spatial characteristics have been captured by the
prior model simulation. According to the study of Powell et al.
(2008) focus on the assimilation interval, a 7 d assimilation inter-
val on the model solutions is chosen in this paper.

The goal of 4DVAR is to identify the best estimate circulation
(commonly referred to as the analysis or posterior), by minimiz-
ing the difference between the model and the observations in a
least-squares sense, with a prior hypothesis about errors and
possibly additional constraints. Moreover, the errors and uncer-
tainties of initial conditions, surface forcing, and boundary con-
ditions are all taken into consideration in the cost function.
Therefore, the three fields are referred to as control variables, and
the problem in the 4DVAR is reduced to identifying the appropri-
ate combination of control variables that yield the best estima-
tion over a finite time interval.

The choice of parameters for modeling the background error
covariance matrix (D) and the observation error covariance mat-
rix (R) are designed as Moore et al. (2011b). The background er-
rors of all initial condition control variable components of the
background error covariance matrix are considered to be correl-
ative for 50 km in the horizontal and 30 m in the vertical. Hori-
zontal correlation scales chosen for the background surface for-
cing error components of the background error covariance mat-
rix are 300 km for wind stress and 100 km for heat and freshwater
fluxes. The correlation lengths for the background open bound-
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Fig. 2. Model SSH (a) and processed AVISO SSH (b) (with the steric signal removed and the mean model height added).

ary condition error components of the background error covari-
ance matrix are chosen to be 100 km in the horizontal and 30 m
in the vertical. Observation errors are assumed to be uncorrel-
ated in space and time, and the variances along the main diagon-
al of the observation error covariance matrix are assigned as a
combination of measurement error and the error of representat-
iveness. The measurement errors of the AVISO SSHA and the
AVHRR SST are chosen as the following standard deviations: 0.02
m for the SSHA, 0.4°C for the SST.

In order to explore the impact of the two SSH data on the as-
similation, four cases are designed as Table 1. The 1°x1° reduced
SST is assimilated in both the four cases. Case 1 is designed as the
control experiment and no SSH is assimilated, while the reduced
gridded SSH of 1°x1° is assimilated in Case 2, the gridded SSH
with an original resolution (0.25°x0.25°) is considered in Case 3 and
the along-track SSH observations are employed in Case 4. Here Ca-
se 2 is designed to make the strength of gridded products clearer.

Table 1. Resolution of data assimilated in Cases 1-4

Case 1 Case 2 Case 3 Case 4
SST/°C 1°x1° 1°x1° 1°x1° 1°x1°
SLA/m none 1°x1° 0.25°%0.25° along-track

2.3 Validation data

To evaluate the accuracy of the experiment results, the EN4
data set and Argo T-S profiles are employed as the validation
data. The EN4 gridded data set is a global monthly objective ana-
lyzed ocean T-S product, generated by Hadley Centre of the UK
Met Office. It covers the period from 1900 to present. Observa-
tions from all types of ocean profiling instruments with T-S in-
formation are ingested into the data set (Good et al., 2013). The
spatial resolution is 1°x1° in the horizontal and 42 layers in the
vertical.

The Argo project is designed to observe large-scale subsur-
face ocean T-S profiles globally. The observation starts from the
surface and may reach 2 000 m depth, with a complete cycle of 10
d (Roemmich and Gilson, 2009). In this paper, the Argo temper-
ature profiles are obtained from the China Argo Real-Time Data
Center and the Global Data Assembly Centre (Argo, 2000). After
temporal-spatial matching and quality control, 35 profiles are left
and the distribution is shown in Fig. 3.

3 Results
The gridded SSH products are supposed to hold the complete
reconstructed structure on the surface, but the resolution
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Fig. 3. Location of the matched Argo profiles (blue triangle) dur-
ing January 2007, the orbit represents the along-track SSH obser-
vations (AVISO) added the mean model height.

(0.25°x0.25°) is lower than the original observations (7 km) along
the orbit of altimetry. Owning to the different strength of the two
SSH data, the assimilation results would present different proper-
ties accordingly. In this section, both the accuracy and eddy de-
tection capability of the outcomes would be discussed.

3.1 Accuracy analysis

To analyze the accuracy of the experiment globally, the res-
ults of the cases are compared with the EN4 data. First, monthly
average of the result is calculated, and then interpolated to 3-D
grid of EN4 from the vertical and horizontal, respectively. A hori-
zontal absolute bias (HAB, b, 1,) and vertical absolute bias (VAB,
b, ,) above 5 000 m are calculated as follows:

N
1 y .
b= DM (0. K) — E (i.j. )], (1)
1 k=1
1 N, Nj
v = M ia'7k —E ia.ak )
b, N2N3j§§| (i.j.k) = E (i, k)| @)

where M and E represent the assimilation result and EN4 data;
N, is the total vertical layers of EN4 above 5 000 m; N, and N3
stand for the horizontal dimensions of EN4.

As shown in Fig. 4, Cases 2-4 with the SSH assimilation both
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achieve a promotion in the vertical and horizontal. Respectively,
the HAB of ocean temperature of the southern SCS and the north-
eastern Taiwan obtains a remarkable enhancement, and may
reach up to 2°C; the VAB distribution in Fig. 4b indicates that, the
absolute bias would also decrease after the SSH assimilation.
Case 4 with along-track observations assimilated obtains the best
performance, followed by Case 3. The VAB mainly occurs in the
200-1 200 m and the absolute bias could exceed 1°C. In order to
present the impact of different SSH products expressly, the glob-
al averaged absolute bias between the four cases and EN4 are
collected. As shown in Table 2, Case 4 seizes the smallest temper-
ature (0.87°C) and salinity (0.076) error, while the gridded SSH
assimilation cases get the medium ones.

In the following section, the Argo profile is applied to validate
the accuracy of the four cases locally. Considering the micro en-
hancement of salinity in the assimilation experiment, we mainly
concentrate our attention on the comparison of temperature.
The outcomes of the assimilation are interpolated to the meas-
ure position of each Argo profile sequentially, first in the vertical
and then in the horizontal. Ultimately, 2 113 matched temperat-
ure measurements of Argo are obtained. To evaluate the results’
accuracy, both an absolute bias (A-Bias) and a root mean square
error (RMSE) are calculated. As shown in Fig. 5, Cases 2-4 have
an accuracy promotion after the SSH assimilation, no matter
which SSH data were ingested. Generally, the difference mostly
occurs in 10-25°C and the model outcome seems to be the high-
er one. Moreover, the Case 3 with original gridded SSH assimil-
ated seizes the best accuracy (A-Bias: 0.77°C, RMSE: 1.14°C),
which is contrary to the comparison with EN4. Here, the unbal-
anced distribution of the Argo profiles ought to be punished, be-
cause more Argo profiles are located beyond the altimetry track,
making the conclusion one-sided.

Furthermore, compared with the location of altimeter track,
the temporal matched Argo profiles are divided into two parts:
along the track or beyond the track. The spatial interval 25 km of

Table 2. Averaged difference of T-S between EN4 and Cases 1-4

Case 1 Case 2 Case 3 Case 4
Temperature/°C 0.900 1 0.898 0 0.8917 0.8713
Salinity 0.0776 0.0774 0.076 6 0.0757

the gridded SSH product is chosen as the threshold value, and 11
along-track and 24 beyond-track profiles are obtained, respect-
ively. The representative classification of Argo profiles of 2007-
01-01 and 2007-01-26 is presented in Fig. 6. The accuracy analys-
is of the two separated profile groups is illustrated in Fig. 7, and
the A-Bias and the RMSE are appended as well. Compared with
Case 1, Case 4 performs the best with a reduction of 0.154°C
(RMSE) and 0.08°C (A-Bias) along the altimeter track. Accord-
ingly, Case 3 holds an enhancement of 0.147°C and 0.05°C. Bey-
ond the altimeter track, similar promotion of accuracy can hardly
be obtained in Case 4, due to the limited influence of the along-tra-
ck observations. However, there still exists some slight promotion,
by the benefit of the global optimization capacity of the 4DVAR.

3.2 Eddy detection capability

According to the research of Zhang et al. (2014), a mesoscale
eddy plays an important role in the oceanic transports of heat,
salt, fresh water, dissolved CO,, and other tracers. Therefore, an
accurate simulation of eddy is necessary in the research of ocean
dynamics. In our experiment, the model is configured with an
eddy-resolved horizontal resolution 0.1°x0.1°, and is enough to
capture the main structure of eddy. In this section, the vector
geometry-based eddy detection algorithm (Nencioli et al., 2010)
method is employed, to evaluate the eddy detection capability of
the four assimilation cases.

As presented in Fig. 8, Case 1 without the SSH assimilation
has already gained the ability in eddy capture, and the eddies de-
rived from the Kuroshio Current could be well characterized.
Moreover, the detection of eddy are strengthened after the SSH
assimilation. To acquire a quantitative analysis, we calculate the
radius and eddy kinetic energy (EKE, E, ) of the detected eddies
during January 2007. The specific algorithm (Penven et al., 2005)

is given as follows:
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where A represents the area of the eddy; R is the radius of a
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circle with the same area A; N means the total number of grids
involved in an eddy; and /; and v/; are the horizontal velocity
anomaly of grid i, herei = 1,2, ---  N.

The distribution of radius and EKE of detected eddies are
shown in Fig. 9. We can see that, the radius and EKE of the detec-
ted eddies are smaller than 150 km and 1 500 cm?/s2, which
meets the conclusion of Cheng and Qi (2010) well. Besides, the
number, radius and EKE of detected eddies are presented in

Table 3. The total number of detected eddies increases signific-
antly after the SSH assimilation. However, both the averaged
radius and EKE of Cases 2 and 4 are tending to decay, because
of the low resolution and bad coverage of the SSH. After all, the
capability of Case 4 seems to be the most remarkable one in
ocean mesoscale eddy detection, as the complete structure
characteristics of eddy have been reconstructed by the merging
procedure.
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4 Conclusions

In order to explore the impact of the SSH types (along-track
and gridded) on the data assimilation, a twin experiment with
four cases is conducted based on the ROMS and the 4DVAR. In
the accuracy analysis, the EN4 data set and the Argo profiles are
employed to validate the assimilation results globally and locally.
The comparison with EN4 indicates that, Case 4 with the along-
track SSH assimilation seizes the best accuracy. Though the grid-
ded SSH is equipped with the better coverage, the “valid” obser-
vations are limited because the 0.25°x0.25° resolution is lower
than the density of altimeter original measurements (7 km). Dif-

55

ference occurs in the comparison with the Argo profiles. The av-
eraged error of the gridded SSH assimilation in Case 3 presents
an optimal accuracy, where the centralized distribution of valida-
tion profiles in the analysis should be punished. Then the valida-
tion profiles are divided into two groups: along-track and bey-
ond-track, by considering their distance with the nearest alti-
meter observations. Case 4 with the along-track SSH assimilation
presents a higher accuracy promotion along the track, while
slight error reduction beyond the track.

Besides, the mesoscale eddy detection capability of the mod-
el result is discussed. In this paper, the statistical characteristics
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of the detected eddies, including the number, the radius and the  similation. The along-track SSH product has more real observa-
EKE is studied. Because the complete ocean structure is recon-  tions, while the gridded one contains more complete character-
structed in the gridded SSH products, more reasonable eddies  istics. When assimilated into the ROMS, higher accuracy can be
are detected out in Case 3. Totally speaking, both the along-track  achieved by the benefit of real observations with the along-track
and gridded SSH products have a significant effect on the dataas-  observations, and more reasonable ocean mesoscale eddy char-
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Table 3. Statistical characteristics of the detected eddies in
Cases 1-4
Case 1 Case 2 Case 3 Case 4
Cyclonic 47 56 50 54
Anticyclonic 46 65 59 65
Mean radius/km 56.0 49.4 57.5 54.8
EKE/cm?2.s-2 244.5 165.4 210.7 182.8

acteristics can be detected with the gridded product.
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