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ABSTRACT

Previous studies are mainly limited to temperature and salinity (7/S) profiling data assimilation, while data
assimilation based on Argo float trajectory information has received less research focus. In this study, a new
method was proposed to assimilate Argo trajectory data: the middepth (indicates the parking depth of Argo
floats in this study, ~1200 m) velocities are estimated from Argo trajectories and subsequently assimilated
into the Regional Ocean Model System (ROMS) using four-dimensional variational data assimilation
(4DV AR) method. This method can avoid a complicated float trajectory model in direct position assimilation.
The 2-month assimilation experiments in South China Sea (SCS) showed that this proposed method can
effectively assimilate Argo trajectory information into the model and improve middepth velocity field by
adjusting the unbalanced component in the velocity increments. The assimilation of the Argo trajectory-
derived middepth velocity with other observations (satellite observations and 7/S profiling data) together
yielded the best performance, and the velocity fields at the float parking depth are more consistent with the
Argo float trajectories. In addition, this method will not decrease the assimilation performance of other
observations [i.e., sea level anomaly (SLA), sea surface temperature (SST), and 7/S profiles], which is in-
dicative of compatibility with other observations in the 4DV AR assimilation system.

1. Introduction

As the largest marginal sea in the west Pacific Ocean,
the South China Sea (SCS) is strongly influenced by the
wind, which has intraseasonal variations. As a result, the
upper layer circulation of the SCS is characterized by
anticyclonic circulation in the southern SCS, cyclonic
circulation in the northern SCS during summer and cy-
clonic circulation during winter because of the wind
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direction reversal (Wyrtki 1961; Hu et al. 2000; Liu et al.
2008). The current structures below 500m are poorly
understood and less studied than the upper circulation
due to the lack of observations. The intermediate cir-
culation studies are mainly based on the diagnosis of
hydrography data (Chu and Li 2000), numerical simu-
lations (Chao et al. 1996; Yuan 2012) and some in situ
observations (Liao et al. 2005). The circulation in the
middle layer of the SCS appears as an overall anticy-
clonic circulation, driven by the outflow from the SCS to
the Pacific Ocean in the Luzon Strait (Yuan 2012).
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However, the intermediate circulation still lacks accu-
rate description due to the lack of comprehensive in situ
observations and the numerical model drawbacks.

Strong western boundary currents (Fang et al. 2012;
Wang et al. 2013; Quan et al. 2016) and mesoscale eddies
(Wang et al. 2003; Xiu et al. 2010; Chen et al. 2011; Li
et al. 2011; Lin et al. 2015; Zhang et al. 2016) could also
be easily detected from the surface observations; that is,
many mesoscale eddy activities are observed east of
Vietnam. However, some mesoscale eddies appear in
the subsurface and could not be observed on the surface
(Song et al. 2019). Two anticyclonic eddies were de-
tected in the subsurface of the southern SCS with in situ
hydrography data (Zhang et al. 2014). Chen et al. (2015)
found a mesoscale eddy in the deep layer of the north-
western SCS with mooring ADCPs. How the ocean
circulation model captures the structure of the meso-
scale eddy in the subsurface still needs to be researched.

An effective tool to improve our understanding of
oceanography (i.e., intermediate circulation or mesoscale
eddy) is data assimilation, which combines limited ob-
servations and numerical model. The previous ocean data
assimilation in the SCS is mostly based on satellite
data and in situ temperature and salinity (77/S) profiling
data and mainly improves simulation of the temperature
and salinity fields in the upper 1000 m. Data assimilation
for the velocity field in the middle layer is usually ne-
glected in the SCS due to a lack of velocity observations.

The international Argo program, which has been
implemented since 2000, has enriched the number of
observations in the middle layer to a certain extent
(Wang et al. 2012a,b). Currently, the number of active
floats in the global ocean is approximately 3900. Despite
monitoring of the temperature and salinity in the upper
ocean, the Argo float trajectory data also provide an-
other way to study the current structure in the middle
layer of the ocean (Park et al. 2004). Over last decade, a
variety of methods have been explored for Lagrangian
data assimilation (Kuznetsov et al. 2003; Molcard et al.
2003, 2005; Spiller et al. 2008; Muscarella et al. 2015;
Slivinski et al. 2015). However, most of the studies are
using simple model and synthetic observations, that is,
from a model forecast. In fact, profile floats trajecto-
ries are influenced by vertical shear, surface drift and
topography.

In the Mediterranean Forecasting System (MFS), the
position information of the Argo trajectories has been
directly assimilated with other observations [i.e., sea
surface height (SSH), sea surface temperature (SST),
and 77/S profiles]. Retaining the state of the upper layer,
simulation of the velocity structure at parking depth
could be improved by 15% with Argo float trajectory
data assimilation (Taillandier et al. 2006; Taillandier and
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Griffa 2006; Nilsson et al. 2011, 2012). One big challenge
on direct position assimilation is estimation of appropri-
ate covariances, which is inherent nonlinearity (Castellari
et al. 2001; Slivinski et al. 2015). Particle filter method can
deal with the nonlinearity (Slivinski et al. 2015), but it is
rarely used in ocean data assimilation. Instead of assim-
ilating the original trajectory directly, we estimate the
middepth (~1200m) velocity field from the Argo float
trajectory and then assimilate the estimated velocity ob-
servation into the model to circumvent this problem.
Since the velocity is already included in the ocean model,
the usage of middepth velocity observations allows us
to forgo additional trajectory prediction models, which
is a difficult task. In addition, the assimilation of Argo
trajectories has not yet been used in the SCS, which is
another focus of this study.

The study is organized as follows: In section 2, the
middepth velocity estimation method from Argo tra-
jectories and corresponding quality control are intro-
duced. In section 3, the experimental setup of ocean data
assimilation for the estimated velocity at the parking
depth is described. In section 4, the simulation results
are analyzed. Finally, conclusions and suggested corre-
sponding future work are presented in section 5.

2. Velocity retrieval and 4DVAR

The proposed Argo trajectory assimilation method is
composed of the estimation and assimilation of mid-
depth velocity. In this method, the quality control and
observation error estimation of the velocity data are two
important aspects. The assimilation technique uses four-
dimensional variational data assimilation (4DVAR).
The background error covariance in 4DVAR is im-
plicitly developed with the ocean state during the as-
similation time window; thus, 4DV AR is more suitable
than 3DV AR for data assimilation of sparse velocity
observations.

a. Middepth velocity retrieval

Several methods have been provided to estimate the
velocities at parking depth (Park et al. 2005; Xie and
Zhu 2008; Lebedev et al. 2007; Ollitrault and Rannou
2013), which were then applied to estimate the regional
or global ocean circulation at the basin scale (Voet et al.
2010; Park and Kim 2013; Ollitrault and Colin de
Verdiere 2014; Markova and Bagaev 2016; Wang et al.
2018). In this paper, the method provided by Park et al.
(2005) is adopted due to the method’s high level of
accuracy.

The estimation of middepth velocity vqecp is based on

v, . =Ar/At, D

deep
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where Ar and At is the drift distance and time within the
subsurface. The difference between different methods is
how the float trajectory is treated on the surface, that is,
how the descend start point Pf,q and ascend end point
P} is treated. In Park’s method, one advantage is tak-
ing the linear velocity and the inertial velocity into
consideration during the accurate estimation of Pp,g and
P/ c. The other advantage is that instead of using linear
extra interpolation, an extra interpolation method based
on a least squares fit of trajectory positions is adopted to
estimate Pjg and P, and surface velocity. According
to Park et al. (2005), the subsurface velocity v, at the
parking depth can be written as follows:

£ Hn
P.r—P

Vieen = DSt Ea - BBy Q)

eep At
where P;;'é and Pi’é are the estimation of P}q and P},
E'\ ¢ and E}}g are the errors due to the inaccuracy of Pg
and P}, respectively, and E is the error related to
velocity shear. Although the Argo trajectories include
the tidal current information, according to the previous
studies, the error introduced by tides are much smaller
than the error introduced by the inaccuracy of satellite
surface positioning and vertical velocity shear (Park
et al. 2004; Lebedev et al. 2007; Ollitrault and Rannou
2013). Thus, the time-averaged middepth velocity
from Argo trajectories in this study are treated as not
include tides. Park et al. (2005) estimated the total
error (E g — Ejyg — E), about 0.2 cms ™! with over six
satellite position points at surface, which confirms the
accuracy of the estimated velocity.

b. Quality control procedure for velocity

Before assimilation into the model, two rounds of
quality control are employed for higher velocity accu-
racy. The first round of quality control is applied to the
original trajectories of the Argo float before velocity
estimation, which is completed in four steps (Wang et al.
2018). The first step is removing the points if the
distance between two adjacent points is larger than
1.5°% the second step is eliminating data if the time
does not satisfied Th ' < TR < Thp < Ty (T% ! is the
last satellite positioning point in the (n — 1)th cycle
and 77 is the first satellite positioning point in the nth
cycle); in the third step, data are discarded if the
satellite observational position is less than one in the
nth cycle; and in the fourth step, the time information
of the nearest satellite position is used if Tj}g or TXy; is
missing.

The second round of quality control is applied to the
velocity at parking depth, which is finished in two steps.
The first step is discarding data with a speed of less
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than 1cms ™! (account for 10.1% of the total), which is
comparable to the total error defined in section 2a (ap-
proximately 0.2cms ') (Park et al. 2005). The second
step is discarding velocity if the parking depth changed
dramatically during the adjacent cycles (account for 7%
of the total), for example, the parking depth jumped
from 1200 m to several hundred meters suddenly, and
jumped back to 1200 m.

After quality control, the middepth velocities have
been used to estimate the current structure of the
basin scale in the SCS (Wang et al. 2018), indicating a
cyclonic circulation at 1200 m in northern SCS. The
root-mean-square error (RMSE) of middepth veloci-
ties with YoMaHa’07 (Lebedev et al. 2007) product
is 1.28 cms ™! for zonal and 1.11 cms ™' for meridional
(Wang et al. 2018).

It should be mentioned that the middepth velocity
obtained in section 2a is time-averaged velocity during
the drifting period in the subsurface instead of the in-
stantaneous velocity. Correspondingly, the background
field should also use the time-averaged velocity field
during the same parking period, which is difficult to
satisfy due to the variation in the drifting period for
different Argo floats. As an alternative choice, the
middle time and position during the drifting period is
considered to be the observation time and position in
this study.

3. Experimental setup for trajectory-derived
velocity assimilation

The western SCS is characterized by a dominant
western boundary current (SCSWBC) and an active
mesoscale process. The mean speed is approximately
12-16cms ™! at 1000m in the western SCS (Zhou et al.
2010). When an Argo float moved to the western SCS,
the Argo float more easily captured by the dominant
processes. Thus, the western SCS is selected as the area
in which to study the impact of the Argo trajectory data
assimilation on the middepth current structure. During
the study period, float 5903457 had just moved into
the western SCS and therefore it was studied with an
intense focus.

a. Estimation of model states

The assimilations system is SCS 4DVAR system,
which combined the Regional Ocean Modeling System
(ROMS; version 3.7; https://www.myroms.org) and ob-
servations using the primal formulation of incremen-
tal strong constraint 4DVAR (IS4DVAR) (Moore
et al.2011a,b). In ROMS-IS4DV AR method, the best
estimation of ocean states can be obtained by mini-
mizing the cost function:


https://www.myroms.org
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FIG. 1. The process of continuous data assimilation in 4DVAR; X(¢) denotes the model states at
time ¢.
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where x denotes the state vector (7, S, ¢, u, v), f denotes
the atmosphere forcing (wind stress, heat flux), and b
denotes the lateral open boundary conditions. Other
terms in (3) are as follows: d = y — H(x) is the inno-
vation vector that represents the difference between
observations and model analog in observation space,
and B,, By, B, and R are the error covariance matrices
for background field, surface forcing, lateral boundary
conditions, and observations.

In ROMS-IS4DVAR, the increments of model states
are separated into balanced and unbalanced compo-
nents. All the balance components are based on the
T increments 6 T, which is estimated by minimizing the
cost function (3) (Weaver et al. 2005). The balanced S
field is estimated through nonlinear 7-S relationship;
the balanced density field is estimated through non-
linear equation of state of §7 and 8S; SSH is diagnosed
as a function of 8p (baroclinic part) and (6u, v) (baro-
tropic part); the balanced pressure increment &p
is computed by hydrostatic equation; finally, the dy-
namically consistent velocity field is obtained through
geostrophic balance except near the equator. Thus, a
dynamically consistent mass field is obtained first,
then a dynamically consistent velocity field. The mid-
depth velocity assimilation influenced the model ve-
locity field through the unbalanced components, which
propagated horizontally and vertically through corre-
lation matrix (expressed as the solution of a diffusion
equation), then influenced other variables through
model dynamics.

The assimilation procedure is shown in Fig. 1.
Observations are continuously assimilated into the
model in all assimilation experiments every 4 days
(equal to the working cycle of Argo floats in SCS).
Specifically, in one cycle, for example, the model inte-
grates from 1 to 5 January 2013 (denoted as “‘Prior”;

Fig. 1, green line) to provide background fields and
extract model value in observation space. Then the
model states are adjusted through 4DVAR. After as-
similation, the model initialized from the analysis field
at 1 January 2013 and integrated to 5 January 2013
again (denoted as ‘‘Posterior”’; Fig. 1, red line). In next
cycle, the model starts from the end states of previous
cycle (1-5 January) and repeat the progress until the
end date (28 February 2013). All experiments were
conducted for 2 months, with a total of 15 data assim-
ilation cycles.

b. Model configuration

The generic length scale (GLS; Warner et al. 2005),
k—w vertical mixing scheme, harmonic horizontal vis-
cosity (mixing coefficient: 4m?s™'), no slip boundary
conditions, quadratic bottom friction (bottom drag co-
efficient: 2.5 X 107?) and sponge layer are employed
as the SCS ROMS configuration. The model domain
covers part of the northwestern Pacific Ocean (1°-30°N,
99°-134°E) with a horizontal resolution of 1/10° and
24 vertical levels. The bathymetry is derived from
GEBCOO08 with a minimum depth of 10m and a
maximum depth of 5500 m (Fig. 2).

‘ -500
25°N | -1000
-1500
-2000
2500
15°N| -3000
-3500
-4000

-4500
5°N

-5000

: — -5500
100°E 110°E 120°E

FI1G. 2. Bathymetry (m) and model domain (1°-30°N, 99°~134°E).
The black contour represents the 200-m isobath. TW represents
Taiwan Island.
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FIG. 3. Distribution of (a) in situ observations and (b) Argo float 5903457 T/S profile positions during 1 Jan-28
Feb 2013. The range in (b) is marked by a black box in (a); the numbers in (b) represent the observational sequence

in the first 2 months of 2013.

The model is initialized from climatological Simple
Ocean Data Assimilation (SODA) data and is forced
by a climatological forcing (COADS) for 10 years, which
is considered to be the model spinup process. Then, the
model is integrated for the period of 2000-15, which is
forced by real surface forcing and boundary conditions.
The heat and freshwater fluxes are extracted from
the ECMWEF interim reanalysis (ERA-Interim) dataset
(https://apps.ecmwf.int/datasets/data/interim-full-daily)
with a horizontal resolution of 0.75° and a temporal
resolution of 6 h (Dee et al. 2011). The wind stresses are
calculated using the bulk formula with 10-m U-wind and
V-wind components from the cross-calibrated multi-
platform (CCMP), version 2.0 (Atlas et al. 2011; ftp://
ftp2.remss.com), with a horizontal resolution of 0.25°
and a temporal resolution of 6 h. The southern, eastern,
and northern boundaries adopt open boundary conditions
from SODA, version 3.3.1 (Carton et al. 2018; https:/
www.atmos.umd.edu/~ocean/), while the west boundary
is closed. In detail, radiation and nudging boundary
conditions are chosen for the 3D variables (i.e., u, v,
temperature and salinity), Flather boundary conditions
are chosen for the depth-integrated velocity compo-
nents, and clamped boundary conditions are chosen for
the free surface.

Tides are not included in our model. It is challenging
for assimilating altimetry data into a model include tide,
since tides are high frequency signal compared to the
mesoscale variability. Xie et al. (2011) compared the
model fields with or without tides, the differences are
minor on monthly averaged velocity field and the in-
fluence on temperature and salinity decreased with
depths below 100 m. The 77§ difference between with or

without tide are about 0.2°C (0.05 psu)~ ' (Wang et al.
2017). For simplicity, tides are excluded in the model in
this study.

c. Observations

The observations used in the data assimilation ex-
periments are satellite altimeter data (SSH), satellite
SST, in situ 7/S profiling data and Argo trajectory-
derived middepth velocity data. The SSH data are
delayed time, and gridded maps of sea level anomaly
(MSLA) data from AVISO (before 2016, http://
www.aviso.oceanobs.com/duacs/). The blended SST

20 |
* U
v
15} |
X
P
g
210}
@
2
[0}
o
5‘ -
0 e e
20 5 -0 -5 0 5 10 15

deviation cm/s

FIG. 4. Distribution of velocity deviation between HY COM-
NCODA product and Argo data at 1200 m during 2006-16. Blue
is the distribution of zonal ocean current u, and green is the dis-
tribution of meridional ocean current v.
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FI1G. 5. (top) RMSEs and (bottom) CCs of (left) u and (right) v for different observation error
standard deviations in January and February 2013. The red line represents the result of ex-

periment with an observation error of 2cms !
periment with an observation error of Scms™ .

data used in the experiments are version 2 AVHRR-
only products produced by NOAA (Reynolds et al.
2007; ftp://eclipse.ncdc.noaa.gov). Both SSH and SST
data are available every day with a horizontal spatial
resolution of 0.25°. The in situ data (Argo, CTD and
XBT, etc.) are the quality-controlled temperature and
salinity profiles from the ENSEMBLES project (EN4.2.1)
provided by the Met Office Hadley Center (Good et al.
2013; http://hadobs.metoffice.com/en4/download.html,
Fig. 3a). Before assimilated into the model, the 77/S

profiles were interpolated to 23 z levels: —5, —10, —15,
-20, =25, =30, —35, —40, —50, —60, —75, —100,
—125, —150, —200, —250, —300, —400, —500, —600,

—800, —1000, and —1200 m. This interpolated data may
cause redundancy somewhere due to the ROMS terrain-
following coordinate system. However, some error
data in a single profile will be eliminated simulta-
neously. The Argo trajectory data were provided by the
Coriolis Operational Oceanography data center (ftp://
ftp.ifremer.fr/ifremer/argo).

The observation errors are assumed to be uncorrelated
at any time or at any point as defined in most ocean
data assimilation systems. The variances along the
main diagonal of observation error covariance are a
combination of measurement error and representative
error. Measurement errors from different data sources
are obtained with the following standard deviations

, and the blue line represents the result of ex-

(Moore et al. 2011b): 2 cm for SSH, 0.4°C for SST, 0.1°C
for in situ temperature 7, and 0.01 psu for in situ sa-
linity S.

For the middepth velocity, since the Argo positions
are not perfect, a total error is given without dis-
tinguishing different error sources that are mentioned in
section 2a. This total error is estimated through the Hybrid
Coordinate Ocean Model-Navy Coupled Ocean Data
Assimilation (HY COM-NCODA; http://tds.hycom.org/
thredds/dodsC/GLBu0.08/exp_90.9) product (as shown
in Fig. 4). Most of the misfits are distributed between —5
and +5cms ! (accounting for approximately 83% of
the total number), and the standard deviation of these
misfits (between —5 and +5cms™ ') is about 2cms ™.
Thus, the observation error has been tested with standard
deviations of 2 and Scms ™ for the 2-month assimilation.

TABLE 1. Experimental design. The assimilated observations are
marked with Y; otherwise, the observations are marked with N.
The columns show SST (satellite SST), SLA (sea level anomaly
observation), 7' (in situ temperature profile), S (in situ salinity
profile), and VEC (velocity derived from Argo trajectory).

Expt name SST SLA T/S VEC
Ctrl N N N N
Expl Y Y N N
Exp2 Y Y Y N
Exp3 Y Y Y Y
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The total RMSEs and correlation coefficients (CCs) of
the middepth (u, v) with Argo trajectory-derived (u, v)
are shown in Fig. 5 (since there are no direct velocity
observations, the Argo trajectory-derived velocities are
used as the true velocities). As the 2cms ™! velocity er-
ror performed better than the Scms™! velocity error,
with smaller RMSEs (2.6cms™ ' for u and 2.8cms™
for v) and higher CCs (0.66 for u and 0.69 for v). The
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F1G. 6. Two-month-averaged velocity field
from (a) Ctrl, (b) Expl, (c) Exp2, (d) Exp3, and
(e) the difference between Exp3 and Exp2. The
float 5903457 trajectory is represented by the
magenta line, the starting position of the float in
January is represented by the magenta square,
the final position is represented by the triangle,
and the center is represented by the magenta
pentagram. The EC in the model fields is rep-
resented by a black pentagram. The predicted
float 5903457 trajectories (released at a realistic
position) of 4 days are marked with a blue line,
and the last positions of predicted trajectories
are marked with blue dots.

observation error of the middepth is set to 2cms ™! in

this study.
d. Experimental design

Four experiments were designed to evaluate the
Lagrangian velocity assimilation influence on the model
forecast (Table 1). The reference experiment does not
assimilate any data (Ctrl). In Expl, only satellite data
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TABLE 2. RMS misfits between model values and observations
at 1200 m for EC, u, v, and position misfit. The CCs placements are
in parentheses. The eddy center from the model output (EC) is the
location of the minimum speed in the eddy. The EC (13.8°N,
111.1°E) of the trajectory observations is identified by eight nearly
symmetrical points (3, 4, 5, 6, 8, 9, 10, and 11 in Fig. 3b) of the
trajectory, i.e., the position where the sum of the distance to these
points is the shortest.

Ctrl Expl Exp2 Exp3
EC (km) 87.7 54.1 25.6 0.9
U(ems™) 6.1(-0.15) 6.1(022) 3.9(0.81) 3.2(0.87)
V (cms™') 7.2(0.06) 109 (—0.51) 7.7 (0.58) 2.5(0.94)
Distance (km) 25.5 31.2 18.2 16.4

(SST and SLA) are assimilated. In Exp2 both satellite
data and in situ 77/S profile data are assimilated. In Exp3,
additional Argo trajectory-derived middepth velocities
are added to the Exp2 dataset. In Expl to Exp3, the
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assimilation window is 4 days. All experiments begin
from the same initial conditions (model’s the real fore-
cast on 1 January 2013) and are driven by the same
surface forcing and boundary conditions. To evaluate
the effects of assimilating different data more accu-
rately, the climatological nudging has been closed in all
assimilation experiments.

4. Results analysis

During the first 2 months in 2013, there were 88 active
Argo floats in the whole model region, among which
23 Argo floats were distributed in SCS. After quality
control, these floats provided 382 middepth velocity
observations in January and February 2013 (Fig. 3a).
The mean parking depth is 1179 m, and 358 observations
deeper than 1100 m (accounting for ~94% of the total
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FIG. 7. Month-averaged velocity field at 1200 m in January 2013 for (a) Ctrl, (b) Exp1, (c) Exp2, and (d) Exp3.
The float 5903457 and 5902163 trajectories are represented by the magenta lines, the starting positions of the floats
in January are represented by the squares, and the final positions are represented by the triangles. The pentagrams

denote the locations of the floats on 31 Jan 2013.
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number). The mean speed is 3.4 cms ™! with a maximum

speed of 13.1cms™'. The Argo floats were mainly ir-
regularly distributed in the northern SCS (Fig. 3a). Two
floats are in western SCS: float 5903457 completed a cycle
near the east coast of Vietnam in January—February 2013
and float 5902163 drifted southwestward. The following
analysis is mainly based on the float 5903457 float
(Fig. 3b) and with less focus on float 5902163.

a. The impacts of different assimilation experiments
in the western SCS

The impacts of assimilating different observations
were compared based on the 2-month-averaged current
structure at 1200-m depth, as shown in Fig. 6. An
anticyclonic eddy appeared at ~14°N in all experi-
ments, while apparent differences are identified, such
as eddy radius, position of eddy center (EC) and speed.

These observation influences on middepth velocity field
can be expressed as

SV =K 8T  + K 8S* + K 8" +ov;, (4
where K7, Kys, and K, are balance operator based on
geostrophic balance, 8T, 88*, and 8{" are balanced in-
crements of 7, S, and SSH, and Sv’{, is the unbalanced
increment of velocities « and v.

In Expl, the assimilation of SLA and SST introduced
barotropic and baroclinic adjustment into velocity field,
among which the barotropic adjustment is dominant,
and yielded the largest radius of an eddy in Exp1 (Fig. 6b)
at approximately 104km (defined as the distance of
model EC to the western boundary). The barotropic and
baroclinic geostrophic adjustment together narrowed the
radius of the eddy to 74km in Exp2 (Fig. 6¢). However,
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with blue lines, and the last positions of predicted trajectories are marked with blue dots.

the increments introduced by the balance operator (i.e.,
K, r8TF + K568 + K,;8{") are part of the geostrophic
currents (i.e., v¥). In Exp3, the radius further de-
creased to 61 km due to the introduction of middepth
velocities (Fig. 6d). Except the balanced components
through geostrophic adjustment, the unbalanced com-
ponents (i.e., 8v%)) are also adjusted in Exp3.

Along with the changes in radius, the position of the
EC changed. The EC of Exp3 is obviously closest to the
EC of the float 5903457 trajectory. The EC in Exp2
is closer than in Expl, proving that assimilation of in
situ 7/S profile observations is necessary for improving
subsurface states. The EC misfits between the model
and trajectories are listed in Table 2. The misfit between
Exp3 and the observations is the smallest (approximately
0.9km), followed by Exp2 (approximately 25.6 km). When
the balanced components in the velocity increment are

overly strong, an opposite correction is made through
the introduction of unbalanced components in the ve-
locity increment (Fig. 6¢).

The impact on trajectory prediction had also been
compared in Fig. 6. Due to the topography, the particles
mainly went northward in January 2013, which could be
seen in all assimilation experiments. However, obvious
differences occurred in February 2013. The particles
released in Exp3 moved almost along the realistic
trajectories, while in Exp1l and Exp2 the particles drifted
away from realistic trajectories. The movements of
particles, approximately two-dimensional in 4 days,
were in agreement with the Eulerian velocity field. Thus,
an improvement of Lagrangian velocities could be ex-
pected with the improvement of Eulerian velocity field.
This improvement was quantified in terms of relative
differences (%) between Exp3 and Exp2 float position
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misfits (16.4 and 18.2km, respectively, in Table 2) and
found to be about 7% (take the Ctrl as a reference).

Except for float 5903457, float 5902163 is also in
the western SCS. All experiments showed that float
5902163 affected by a cyclonic eddy and move south-
ward in January 2013 (Fig. 7). However, the velocity
field in Exp3 was closer to the float 5902163 trajectory
after the float left land boundary at the end of January
(23-31 January 2013) with introducing of middepth ve-
locities. In February, the velocity field was affected by
both floats (floats 5903457 and 5902163; Fig. 8). As a
result, the core of the anticyclonic eddy in Exp3 was
distorted and closer to the north land boundary than in
Exp2. Thus, this float can be captured by the south edge
of eddy core in Exp3 and go westward.

b. Vertical propagation of corrections

The velocity corrections at ~1200m are likely to
propagate vertically due to the cross-correlation in the
background error covariance, and propagate forward
through the model dynamics. This vertical propagation
has been studied above the parking depth of the float
5903457 (Fig. 9). In Exp2, the eddy structure at different
depths is similar, such as the radius and position of
EC. The EC distance between 500 and 1000m is only

20.9km, which means that the eddy is almost vertically
distributed without tilt. When the middepth velocities
are assimilated, the radius (especially in the zonal di-
rection) of the eddy decreases with depth, and the EC
moves southwest, approaching the trajectory structure.
The EC distance between 500 and 1000m increases
to 75.5km in Exp3, which means the EC tilts toward
the southwest.

The vertical influence could also be seen from pre-
dicted trajectories at different depth. The predicted
trajectories in Exp2 and Exp3 were consistent with
Eulerian velocity field at different depth, as at parking
depth. In Exp3, the position misfits amplified with the
increase of distance to parking depth, indicating that
the influence of middepth velocity was weakened with
the increase of distance. (This could also be proved from
Figs. 11 and 12, in which the difference between Exp2
and Exp3 are little at surface.) This probably one reason
for the EC tilt with depth.

The assimilation of the middepth velocity also yielded
changes in the mass field through model dynamics, that
is, advection process. A zonal transect through trajec-
tory EC (13.8°N, 111.1°E) is shown in Fig. 10. In Exp2, a
cold core is distributed mainly between 110.5° and 112°E,
which is broader than the diameter of the trajectory
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the floats in January are represented by the squares, the final positions are represented by the triangle, and the

pentagrams denote the locations of floats on 15 Jan 2013.

(Fig. 6). In Exp3, the cold-core diameter is narrowed
(between 110.5° and 111.5°E) and more consistent with
the float trajectory. The largest change in the temperature
fields (~0.2°C) due to velocity correction is approxi-
mately 600-1000 m (Fig. 10e), although the float parking
depth is approximately 1200 m. The contribution of ve-
locity corrections to the salinity field is on the order of
0.005 psu (Fig. 10f).

Although Argo floats are important for the subsurface
states, SST and SLA are more important at surface. The
assimilation of Argo 7/S profile and middepth intro-
duced some errors in the velocity field at the region near
floats (Figs. 11 and 12), but the main pattern is similar to
Exp2 and observations. It should be mentioned that the
movement of float 5903457 was in contrast to the surface
velocity (Fig. 11a) field, indicating that the eddy in
1200 m cannot be detected from surface. Differing from
float 5903457 was the trajectory of float 5903163 drift-
ing from northeast to southeast at surface (Fig. 11) and
1200m (Fig. 7). An anticyclonic eddy appeared near

float 5902163 in January and disappeared in February
at surface (Figs. 11a and 12a). All assimilation experi-
ments captured the pattern at surface due to the as-
similation of satellite data. However, influenced by the
topography, the anticyclonic eddy near float 5902163
cannot extend to 1200m (Figs. 7 and 8). The slow
movement (~3cms ') of float indicated that this float
was also influenced by the middepth velocity field.

c. System compatibility

When adding a new dataset, it is important that the
forecast quality of the SST, SLA, T profile, and S profile
not decrease. The compatibility of the trajectory with
other observations in the 4DV AR system was checked
through statistical analysis. The RMSEs between the
model field and observations are defined as follows:

N
RMSE(X) — \/2 (x;nodel _ x;)bservation)z/N, (5)
i=1
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where x denotes the SST, SLA, T (temperature pro-
file), or S (salinity profile), and N is the total number
of term x for 2 months. In terms of SST and SLA,
only water depths greater than 200 m are counted. The
2-month RMSEs in whole region and western SCS in
our concern (13°-16°N, 110°-114°E) are shown in
Table 3. The assimilation experiments show better
performances overall than the Ctrl experiment. Expl
performed best in SST and SLA but increased the error
in salinity forecast. While in situ 7/S profile data are

assimilated, the error in salinity forecast can be re-
duced but the RMSEs in SST and SLA increased
slightly at the same time. When the additional Argo
trajectory-derived middepth velocities are intro-
duced, the forecast level of other variables is main-
tained at the previous levels as in Exp2 except slight
improvement in SLA. This demonstrates that the
method we used can effectively assimilate the Argo
trajectory into the model without introducing other
problems.

TABLE 3. Two-month-averaged RMSEs between model fields. "Whole” denotes the whole model region (1°-30°N, 99°~134°E) where
deeper than 200 m; “WSCS” the denotes the western SCS near eastern coast of Vietnam (13°-16°N, 110°-113°E).

Ctrl Expl Exp2 Exp3
Whole WSCS Whole WSCS ‘Whole WSCS Whole WSCS
SST (°C) 0.88 1.0 0.26 0.15 0.27 0.19 0.27 0.2
SLA (cm) 8.6 6.6 4.1 2.3 5.1 2.9 4.8 2.7
T (°C) 0.86 0.86 0.81 0.92 0.65 0.38 0.65 0.37
S (psu) 0.23 0.06 0.32 0.11 0.17 0.03 0.17 0.04
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FIG. 13. (a),(b) Mean bias and (c),(d) RMSE of (left) temperature and (right) salinity over 2 months in the whole
model region (1°-30°N, 99°~134°E) where deeper than 200 m.

The biases of T and S are shown in Fig. 13 (whole
model region) and Fig. 14 (western SCS). The assimi-
lation of middepth velocities increased the 7 and S
biases in upper 300 m slightly but reduced the T and §
biases below 300 m. The largest biases and RMSEs oc-
curred about 150 m due to the drawback of the model.

Generally, the assimilation of satellite and 77 profile
data are not enough to yield accurate modeling of the
middepth velocity field in the western SCS. Except for
balanced information, assimilation of the Argo trajectory
can aid in providing additional unbalanced information,
which further improves the forecast quality of the ve-
locity fields at the float parking depth.

5. Summary and discussion

Argo trajectory data are useful in studying basin-scale
current structures and detecting subsurface mesoscale
eddy in the middle layer of the ocean but are rarely used
in ocean data assimilation. In this paper, the Argo tra-
jectory data are assimilated into a regional model of
the SCS. Instead of directly assimilating the trajectory
data, which requires a complicated trajectory prediction
model, the middepth velocities are first retrieved from
the float trajectories and then assimilated into the ocean
model. As pointed out by Molcard et al. (2005), pseudo-

Lagrangian method is efficient provided that position
sampling period is smaller than Lagrangian time scale.
In SCS, the sampling period of Argo position is 4 days,
while the Lagrangian time scale is about 7-15 days in
ocean interior. Thus, this method can be used in SCS
to assimilate Argo position into model. Before as-
similated into the model, the trajectories were sub-
jected to two rounds of quality control, and the
observation error of the middepth velocities was
estimated from the distribution of velocity misfits
between the Argo and HYCOM-NCODA product
and finally set to 2cms ™'

Four experiments were designed to evaluate the in-
fluence of the Argo trajectory assimilation on the mid-
depth velocity field. A comparison of 2 months of results
from four experiments showed that the assimilation of
middepth velocities is useful in simulation of the prog-
resses that are not detected from surface, that is, anti-
cyclonic eddy east off Vietnam at ~1200m. With the
introducing of the middepth velocities, the Eulerian
velocity are improved for ~11% (zonal) and ~72%
(meridional) compared with traditional data assimila-
tion experiment (Exp2); the radius and EC misfit of
eddy reduced to 61 and 0.9 km, respectively. Along with
the radius decreased, a cold core diameter is narrowed.
Except the Eulerian aspect, the Lagrangian velocity is also
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FIG. 14. (a),(b) Mean bias and (c),(d) RMSE of (left) temperature and (right)salinity over 2 months in the western
SCS (13°-16°N, 110°-114°E).

improved, the predicted trajectory matched well with the
realistic trajectory, with an improvement of 7% compared
with Exp2. A statistical analysis of the whole region and
western SCS showed that this pseudo-Lagrangian assim-
ilation method can reduce the 7 and S biases and
RMSEs below 300 m, and maintain the forecast level of
other observations without introducing other problems,
such as spurious values in the model states.

The influence of middepth velocity can be seen from
the balance relationship. Although the main component
of velocity at 1200 m is geostrophic current, accurately
modeling the complicated velocity field in the SCS
subsurface cannot be adequately accomplished by only
adjusting balanced components through satellite and
in situ 7/S profile data assimilation. Middepth velocity
data assimilation can adjust the unbalanced component
of velocity field, which influences the properties of the
mesoscale process in the subsurface, such as position
and strength. Velocity field corrections are not limited to
the observation position at the float parking depth but
also propagate horizontally and vertically. The vertical
influence is weakened with the shallow of depth. As a
result, the eddy east of Vietnam tilted southwest with
the increase of depth. A comparison of Exp2 and Exp3
showed that the velocity field corrections also impact the
mass fields. However, this process is achieved through

model dynamics but not balance relationship, since
temperature is the base variable in ROMS IS4DVAR.
This probably one reason for the slightly increase of 7/S
biases and RMSEs in upper 300m. The above conclu-
sion is mainly drawn from floats 5903457 and 5902163 in
the western SCS near Vietnam but can also be applied to
other regions with Argo float trajectories in the SCS (not
shown). This finding will be useful for more accurately
describing the middepth velocity in the SCS and de-
ployment of Argo floats that short cycle period (smaller
than Lagrangian time) should be considered for better
effect.

Some shortcomings remain in this paper. One is our
model does not include tides, which are important for
progress in deeper than 2400 m in the SCS (Wang et al.
2016, 2017). The major problem of including tides in
model is the changing for assimilating SLA due to its
high-frequency variability. Add tides to the model will
be considered in future work. The data assimilation
system made some simple assumptions as in most ocean
data assimilation, including the correlation matrix is
isotropic and uniform and observation errors between u
and v is uncorrelated, which are not true. The horizontal
and vertical correlation length scales are uniform (50 km
horizontally and 30m vertically), which is one reason
why the assimilation of satellite data imposed a larger
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radius in Expl than in the other experiments. The
assimilation window is 4 days in the assimilation ex-
periments following Moore et al. (2011b), which may
not be the optimal assimilation window in the SCS.
These drawbacks will be addressed further in future
studies.
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