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Using a new global ocean reanalysis of the second generation Global Ocean Data Assimilation System of the Beijing Climate
Center (BCC_GODAS2.0) spanning the period 19902009, we firstly quantify the accuracy of BCC_GODAS?2.0 in representing
the temperature and salinity by comparing with OISST and SODA data. The results show that the assimilation system may effec-
tively improve the estimations of temperature and salinity by assimilating all kinds of observations, especially in the equatorial
eastern Pacific. Moreover, the root mean square errors of monthly temperature and salinity are respectively reduced by 0.53°C
and 0.28 psu, compared with the model control simulation results. Then, the applicability of this ocean reanalysis for sea surface
temperature (SST) anomaly variability in the tropical Pacific is evaluated with the observational HadISST data. The NINO3 index
of the new reanalysis shows a good agreement with that of HadISST, with a correlation of 93.6%. Variations in SST from
BCC_GODAS2.0 are similar to those obtained from HadISST data along the equator, showing the major large zonal-scale fea-
tures such as the strong magnitude of seasonal cycle. The amplitude of SST anomaly standard deviation in the equatorial eastern
Pacific is also closer to observations (HadISST) than NCEP GODAS does. Besides, the first two leading empirical orthogonal
function (EOF) modes of the monthly SST anomalies over the tropical Pacific region are explored. The EOF1 pattern of
BCC_GODAS?2.0 captures a traditional El Nifio pattern, which improves magnitudes of the positive SST anomaly in the cold
tongue of the eastern Pacific. The EOF2 pattern exhibits a El Nifio Modoki pattern. Comparatively, the EOF2 pattern of
BCC_GODAS2.0 extends more strongly toward the subtropics. It also overcomes the problem that negative loadings are confined
in the narrow equatorial eastern Pacific. Consequently, the magnitude and spatial distribution of the leading EOF patterns of
BCC_GODAS2.0 are well consistent with those of HadISST.
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In recent decades, the techniques of satellite remote sensing
have been widely applied in ocean observation systems,
which are now available to provide plenty of surface marine
data, including satellite altimetry, satellite remote sensing of
SST and surface wind stress etc. Compared with the tradi-
tional types of in situ data (drifting buoys, moored buoys
and ships), the remote sensing data has the advantage of
being extremely homogeneous with high spatial and tem-
poral resolution and being available in almost real time.
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However, the remote sensing data is confined to the surface
information. The lack of subsurface information means that
it can be difficult to provide a complete and reasonably ac-
curate description of the large scale ocean state. This has
limited ocean research on physical processes. Ocean data
assimilation is capable of mostly confirming the ocean state
through utilization of acquired information [1]. Thus one
way of improving the situation is to develop the global
ocean data assimilation system by effectively applying ob-
servations to ocean models in conjunction with data assimi-
lation [2], which can produce reasonably accurate reanalysis

csb.scichina.com  www.springer.com/scp



3510 Wang DX, etal.  Chin Sci Bull

with more complete time-space distribution.

Due to the lack of computing resources, the three-
dimensional variation (3DVAR) and optimal interpolation
(OI) are widely used in the global data assimilation system
for real-time operational ocean forecasting [3], such as the
Forecasting Ocean Assimilation Model (FOAM) imple-
mented at the UK Met. Office [4], the NCEP Global Ocean
Data Assimilation System (GODAS) [5] and the System for
Ocean Forecasting and Analyses (SOFA) [6]. In China, the
3DVAR was originally developed by Zhu et al. [7]. Then,
Yan et al. [8] introduced the efficient 3DVAR analysis-
based method to assimilate observational data sets into the
tropical-Pacific circulation model. These observations in-
clude temperature data from the expendable bathythermo-
graphs (XBT), thermistor data from the Tropical Ocean and
Global Atmosphere-Tropical Atmosphere Ocean (TOGA-
TAO) mooring array, sea level anomalies from the TOPEX/
Poseidon and Jason-1 altimetry (T/P-J), and temperature
and salinity profiles from the Array for Real-time Geo-
strophic Oceanography (ARGO) floats. Xiao et al. [9] eval-
uated a 3DVAR system for the South China Sea (SCS) by
assimilating the sea level anomalies TOPEX/Poseidon al-
timetry. The 3DVAR method was also used in the first gen-
eration Global Ocean Data Assimilation System of Beijing
Climate Center (BCC_GODAS1.0) [10,11]. However, the
observational data assimilated into the BCC_GODASI1.0 is
only the temperature field, not including the salinity field.
In addition, an experimentally feasible scheme is not pro-
posed to assimilate the satellite remote sensing data in
BCC_GODAS1.0. Considering the fact that the climate has
changed during recent years [12], it is necessary to develop
a new assimilation system with the higher assimilation ca-
pacity for meeting modern operating systems needs of stud-
ying climate variations. For this reason, Xiao et al. [13],
therefore, developed the second generation Global Ocean
Data Assimilation System of Beijing Climate Center
(BCC_GODAS2.0), which assimilated the ocean data sets
of GTS, ARGO floats, NOAA AVHRR, FY-3A and
TOPEX/Poseidon into a global ocean model. Compared
with the BCC_GODASI1.0, Xiao and her colleagues intro-
duced the techniques of vertical projection [14], recursive
filter [15] and nonlinear temperature-salinity relationship
[16-18], then developed a new method for assimilating al-
timeter and SST data under one dynamic constraint based
on the 3DVAR.

In this paper, we use this new ocean reanalysis over the
period 1990-2009 to examine the impacts of the assimila-
tion result in compare with the simulation without any data
assimilation. For verification, different aspects of the fields
obtained from the new reanalysis are analyzed and com-
pared with the observational data, which will provide im-
portant information to improve the assimilation system per-
formance and ultimately to study and predict climate change
impacts.
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1 Assimilation system and data sets
1.1 Assimilation system (BCC_GODAS2.0)

The ocean model used for the BCC_GODAS2.0 is the
Modular Ocean Model (MOM.v4, [19]), which is developed
and supported by researchers at NOAA’s Geophysical Fluid
Dynamics Laboratory. The model uses a global tripolar grid.
This part of the grid has a single pole over Antarctica. In the
Arctic region, the grid places a bipolar region, where the
two poles are situated over land. It removes the spherical
coordinate singularity present at the geographical North
Pole. The resolution in the zonal direction is 1°, while the
resolution in the meridional direction is 1/3° within 10° of
the equator, smoothly changing to 1° in the poleward direc-
tion of 30°. There are 50 vertical levels with a 10 m resolu-
tion in the top 225 m. The topography is a montage of that
developed by satellite data in the region of 72°S to 72°N
(http://topex.ucsd.edu/marine_topo/mar_topo.html) [20], the
NOAA (1988) 5-minute global topography ETOPOS (http://
www.ngdc.noaa.gov/mgg/global/etopo5.HTML) [21] and
the International Bathymetric Chart of the Arctic Ocean
(IBCAO, http://www.ngdc.noaa.gov/mgg/bathymetry/arctic/
arctic.html) [22]. The model was forced by monthly mean
wind at 10-m level and air temperature at 2-m level from
the NCEP-DOE reanalysis 2 [23].

1.2 Assimilation scheme

BCC_GODAS2.0 is a 3DVAR-based assimilation system
and the control variables are temperature and salinity fields.
The assimilation scheme of BCC_GODAS2.0 can be
grouped into two steps that are illustrated as follows.

During the first step, the vertical distribution of tempera-
ture and salinity are retrieved by assimilating the altimeter
data and observational SST datasets along each ground
track under the following dynamic constraint [24]:

Zn p(T,S, P)—PO(P)d

"=, £u(p)

z 1)

where p(T,S, p) is the equation of state for calculating
density; p,(p) = p(0,35, p) is reference density; Z,, is the

reference depth (taken 1000 m here). The observational SST
is projected downward only to the mixed layer. The projec-
tion operator can be constructed according to the correlation
of SST between observation and model. The correlation
coefficient gradually decreases with depth, being set equal
to 1 on the sea surface and to 0 at bottom of mixed layer. If
the observational SST and SSH are respectively taken into
account in the cost function, we have to define their own
observation error covariance matrices. When being defined
inappropriately, it would introduce additional errors. As a
result, the cost function to be minimized is defined by the
following:
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where T and S are the vertical temperature and salinity vec-
tors, respectively; Ty, Sy are respectively the corresponding
background fields obtained from the model result; By, By are
the background error covariance matrices in the vertical
direction, respectively; O is the observation error covariance
matrix; h,, is the mean sea surface height (SSH) of the mod-
el; hy is the observed SSH anomaly from altimeter data; the
dynamic constraint, /. is calculated from eq. (1) by project-
ing satellite remote sensing of SST downward.

In the second step, at every model level, the cost function
is minimized as follow:

J=(T-T,) E; (T-T,)+(5-5,) E'(S-5,)
+(HT -T,)" O;'(HT - T,)
+(HS - S,)" O5' (HS - S,), 3)

where T and S are the temperature and salinity vectors at
some level, respectively; Ty, Sy, and E7, Eg are the back-
ground fields and the background error covariance matrices
in the horizontal direction, respectively; O, Os are the ob-
servation error covariance matrices of temperature and sa-
linity at the corresponding level; H is the observational bi-
linear operator which interpolates the model grid to the ob-
servation location.

The background error covariance matrix is defined em-
pirically as follows:

A Ay’
B =Aexp| — — , 4

where A denotes the background error variances of temper-
ature (taken as 2.0) and salinity (0.15); Ax, Ay are distances
between of any two grid points; L,, L, are correlation scales
in the east-west and south-north directions, respectively.
Here, we take L, = 450 km, L, = 650 km for the temperature
and L, = 420 km, L, = 510 km for the salinity. The observa-
tional variances of temperature and salinity are set as 0.1
and 0.05, respectively. Further details and superiorities of
the assimilation scheme can be found in Xiao et al. [13].

1.3 Data sets

For this study, we analyzed two sets of the model outputs
that cover the period from 1990 to 2009, one being the
assimilation run (BCC_GODAS?2.0) and the other being
the control run (CTL) without data assimilation. For ver-
ification, we examine the annual mean of SST and salin-
ity against the Optimally Interpolated Sea Surface Tem-
perature (OISST, [25]) and the Simple Ocean Data As-
similation (SODA, [26,27]) datasets. In addition, we also

Chin Sci Bull

September (2012) Vol.57 No.26 3511

analyze the seasonal and interannual variations in the
temperature and velocity fields over tropical Pacific by
comparing with the 1° x 1° UK Met Office Hadley Cen-
tre Sea Ice and Sea Surface Temperature dataset (Had-
ISST, [28]) and the NCEP Global Ocean Data Assimila-
tion System product (GODAS [5]). To be consistent, we
take the OISST, HadISST and NCEP GODAS data sets
over the same period of 1990-2009. Anomalies are
computed by removing the monthly mean climatology for
the above period. The SODA is taken from January 1990
to December 2008 because of its availability.

2 Results

The temperature and salinity are the fundamental compo-
nents of the oceanography, and are the most important pa-
rameters for the seawater equation of state, suggesting that
they have a closer relation to the other physical property.
Consequently, it is significantly important to evaluate an
assimilation system whether can improve the prediction of
temperature and salinity. In this section, firstly, we will
examine the impacts of observations assimilation on the
temperature and salinity fields in the sense of the mean state
of the global ocean and root mean square error (RMSE).
Secondly, validation is judged on the basis of the assimila-
tion system’s depiction of both seasonal and interannual
variability over tropical Pacific Ocean. The aim was to
compare the assimilation result against observations (or
other reanalysis), to identify weaknesses and strengths.

2.1 Analysis-error statistics of the assimilation
products

In order to evaluate the overall performance of the data as-
similation system (BCC_GODAS?2.0), we present the annu-
al mean bias for temperature and salinity at the surface
(Figure 1). For the SST, the maximum SST bias between
the CTL and OISST exceeds 4°C, while the cold SST bias is
lowest (below —3°C) in Northwest Atlantic region (Figure
1(a)). As expected, the problem is overcome to a great ex-
tent in the assimilation result, in which the distribution of
annual mean SST is in good agreement with that of the
OISST, especially in the equatorial eastern Pacific. The SST
bias between the BCC_GODAS2.0 and OISST lies in the
range +1°C except for some coast regions (Figure 1(b)). It
should be noted that the improvement of SST is relative
small in the western boundary region in the assimilation
result, which may be a result of poorer quality of the satel-
lite data near the coast. For the sea surface salinity (SSS),
the bias is somewhat higher in the eastern and central Pa-
cific Ocean, Atlantic Ocean and western Indian Ocean, with
the largest value exceeding 2 psu (Figure 1(c)). After assim-
ilating all kinds of observations, the SSS bias between the
BCC_GODAS2.0 and SODA is reduced, ranging within
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Figure 1 Distributions of SST bias (°C) and SSS bias (psu) averaged from 1990-2009. (a) CTL SST and OISST; (b) BCC_GODAS2.0 SST and OISST;

(c) CTL SSS and SODA SSS; (d) BCC_GODAS2.0 SSS and SODA SSS.

+0.5 psu (Figure 1(d)). Maybe due to both the model bias
itself and the scarcity of observational data in high latitudes,
the SSS bias is still large in Arctic Siberia after data assimi-
lation. Besides, the model is force with climatological river
runoff data, and is not being considered the effect of fresh-
water forcing on salinity, which, to some degree, contrib-
utes to the SSS bias in these regions.

Figure 2 shows standard deviation (STD) distributions of
SST and SSS to reflect interannual variability. A large STD
of SST is seen in regions of western boundary current ex-
tensions (Kuroshio and Gulf Stream), equatorial eastern
Pacific Ocean and along the 30°S latitude (Figure 2(a), (c)
and (e)). Compared with CTL, the amplitude of STD in
BCC_GODAS2.0 is more similar to OISST in equatorial
eastern Pacific Ocean. By contrast, SSS interannual varia-
bility is weak, with the large STD in the Arctic region. The
SSS in CTL shows weaker variability in Arctic than that in
SODA, but stronger in tropical Pacific and Indian Ocean.
This situation is improved drastically in these regions after
assimilation (Figure 2(b), (d) and (f)).

Figure 3 shows the vertical distribution of RMSE relative
to the SODA data. Here, SST is replaced by OISST because
it incorporates in situ observations as well as satellite-based
observations. On the whole, the improvement of tempera-
ture and salinity is very significant. For the temperature
(Figure 3(a)), the assimilation result produces improvement
obviously in the subsurface ocean, with a maximum of
1.05°C. The overall RMSE is reduced by 0.53°C compared
to that of CTL. For the salinity (Figure 3(b)), the RMSE of
BCC_GODAS2.0 is reduced by 0.40 psu at most, with

averaged RMSE of 0.28 psu. Compared with BCC_
GODAS1.0, the RMSE estimations of BCC_GODAS2.0 for
temperature and salinity have a certain improvement at each
level. Similar to Xiao et al. [13], it is indicated that assimi-
lation of satellite remote sensing data can effectively im-
prove both temperature and salinity estimations. We also
note that the overall RMSE estimations for temperature and
salinity exceed the NCEP GODAS by 0.35°C and 0.14 psu,
respectively.

2.2 Temperature variation over tropical Pacific Ocean

The RMSE only shows the overall improvement for tem-
perature and salinity, not showing detailed variations at
some local areas, such as in the tropical Pacific Ocean,
where ENSO is the most important mode of variability in
the present climate and dominates the interannual variability
of the coupled ocean atmosphere interactions. In the fol-
lowing section we continue to further evaluate the perfor-
mance of BCC_GODAS?2.0 in tropical Pacific by compar-
ing with the observational data (HadISST) and the NCEP
GODAS.

The seasonal cycle is a prominent mode of climate varia-
bility in tropical Pacific Ocean and exerts a significant con-
trol over the dynamics of ENSO [29], so seasonal variations
in SST along the equator (2°S-2°N) are presented by sub-
tracting the annual mean (Figure 4). It is obvious from the
figure that seasonal variations in SST from the BCC_
GODAS2.0 correspond well to those of HadISST along the
equator, being strong in the central and eastern Pacific but
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Figure 2 Standard deviation of SST (left panels, °C) and SSS (right panels, psu). (a) OISST; (b) SODA; (c)-(d) BCC_GODAS2.0; (e)—(f) CTL.
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Figure 3 Vertical distribution of RMSE for temperature (a) and salinity (b) for the period 1990-2009. The numbers in brackets indicate overall RMSE.

weak in the western Pacific. In addition, the clear westward
propagation of dominant annual period fluctuation is repre-
sented well in BCC_GODAS?2.0, with warm SST in spring
(March and April) and cold SST in autumn (September and
Octobber). With regard to amplitude, BCC_GODAS2.0 has

a maximum of warm SST (2.49°C) slightly lower than that
of HadISST (2.75°C), and has a minimum below —2.0°C
(about —1.94°C in HadISST). We further plot the STD of
monthly SST anomalies averaged over the area 2°S-2°N as
a function of longitude and calendar month. As is shown in
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Figure 4 Seasonal cycle of SST (annual mean removed) averaged over 2°S—2°N along the equator (shaded) and the standard deviation of SST anomalies
as a function of longitude and month (contours). (a) HadISST; (b) NCEP GODAS; (c) BCC_GODAS?2.0; (d) CTL.

Figure 4, the variance of SST anomalies in BCC_
GODAS?2.0 has a pronounced seasonal cycle in the equato-
rial eastern Pacific (140°-100°W), being largest in autumn
and early winter and smallest in spring, which may explain
why the prediction skill decreases greatly in boreal spring in
some dynamic prediction models of ENSO [30]. It is worth
noting that the amplitude of the STD in BCC_GODAS2.0 is
much closer to that of HadISST than the NCEP GODAS
does.

Figure 5 displays the longitude-depth distributions of
temperature and zonal current along the equator (2°S—2°N)
from the NCEP GODAS, BCC_GODAS2.0 and CTL, re-
spectively. These three analyses show similar large zonal-
scale features, such as the decreased thermocline depth
(20°C isotherm) from the west to the east, caused by the
slow accumulation of warm water in the western Pacific in
response to the trade winds [31]. With regard to the east-
ward Equatorial Undercurrent (EUC) of NCEP GODAS, the
core from each month slopes upward toward the east along
the thermocline depth with maximum flow around 140°W.
The variations of the EUC in BCC_GODAS?2.0 are similar
to those of NCEP GODAS, including the location of maxi-
mum value, but there are some differences in strength. The

magnitude maxima of the assimilation system varies largely
in different months, from about 45.5 cm/s in April to 37.8
cm/s in October (Figure 5(b) and (e)), compared respectively
with the 77.0 cm/s and 48.1 cm/s of the NCEP GODAS cur-
rents (Figure 5(a) and (d)).

We turn now to analyze the interannual variability of
monthly SST anomalies over tropical Pacific. Since inter-
annual variations are associated with El Nifio activity, rep-
resented by the Nifio3 index (averaged SST anomalies over
5°S-5°N, 150°-90°W), the time series of Nifio3 index for
the period January 1990 to December 2009 is shown below
(Figure 6). Generally, these three time series show signifi-
cant interannual fluctuations during the study period. The
Nifio3 index for BCC_GODAS2.0 corresponds well to that
obtained from HadISST, both in amplitude and phase. The
correlation coefficient between CTL and HadISST is 0.92,
with corresponding RMSE of 0.41°C. They are respectively
improved to 0.94 and 0.36°C after assimilating real obser-
vations. Further, we carry out an empirical orthogonal func-
tion (EOF) analysis to evaluate climate modes of variability
over tropical Pacific (30°S-30°N, 120°E-80°W). The dom-
inant two EOF modes of the monthly SST anomaly are pre-
sented in Figure 7. The EOF1 mode of HadISST shown in
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Figure 6 The time series of Nifio3 index of HadISST (shadow), BCC_GODAS?2.0 (solid line) and CTL (dash line) during the period from January 1990 to
December 2009. The RMSE and CORR represent the root mean square error and correlation coefficients, respectively.

Figure 7(a) captures the traditional El Nifio pattern, charac-
terized by anomalous warming in the eastern equatorial
Pacific Ocean, while anomalous cooling appears in the
western Pacific Ocean [32]. This pattern explains around
51.3% of the tropical Pacific SST anomaly interannual
variability for the period 1990-2009. For the EOF1 of
BCC_ GODAS2.0 that explains 41.6% of the total interan-
nual SST anomaly variance (Figure 7(c)), the magnitudes of
positive loadings in the equatorial eastern Pacific are rela-
tive weaker than that of HadISST, but have an increase
above 0.3°C compared with CTL, indicating that assimilat-
ing observations can improve the SST anomaly variability
in the cold tongue region. The EOF2 pattern of HadISST

(Figure 7(b)), explaining 15.2% of the SST anomaly vari-
ance, exhibits the El Nifio Modoki pattern [33], which
shows a warming horseshoe pattern over the central equato-
rial Pacific with cold centers on both sides of the warm
center along the equator. Comparatively, the EOF2 pattern
of BCC_GODAS2.0 extends more strongly toward the
north subtropics, but less toward the south subtropics (Fig-
ure 7(d)). More importantly, it overcomes the problem that
negative loadings are confined in the narrow equatorial
eastern Pacific (Figure 7(f)). Consequently, the magnitude
and spatial distribution of the leading EOF patterns of
BCC_GODAS2.0 are well consistent with those of Had-
ISST.



3516 Wang D X, et al.

(a) EOF1 51.3%

(c) EOF1 41.6%

Chin Sci Bull

September (2012) Vol.57 No.26

(b) EOF2 15.2%

(d) EOF2 15.1%

(e) EOF1 42.4%

150°E 180° 180°W

120°W  S0°W 120°E 150°E 180°

() EOF2 14.8%

150°W

120°wW  90°W

-08 -06 -04 -02 0

(] )

0.2 04 086 08 1.0 1.2

Figure 7 The first (left panels) and second (right panels) EOF modes of tropical Pacific SST anomalies (1990-2009) multiplied by respective standard
deviations of the principal components. The numbers at the top indicate the corresponding explained variances. (a), (b) HadISST; (c), (d) BCC_GODAS2.0;

(e), (f) CTL.

3 Conclusions

We present some preliminary results from a new ocean rea-
nalysis for the period 1990-2009 to evaluate performances
of the assimilation system (BCC_GODAS2.0) by compar-
ing with the OISST, HadISST, SODA and NCEP GODAS
datasets. The main conclusions are as follows:

(1) On the whole, the assimilation result may effectively
improve both temperature and salinity estimations, espe-
cially in the equatorial eastern Pacific. By comparison with
the OISST and SODA, the RMSE estimations of tempera-
ture and salinity are reduced by 0.53°C and 0.28 psu, re-
spectively.

(2) The results of tropical Pacific Ocean show that the
assimilation result produces more distinguished improve-
ments. Variations in SST from the BCC_GODAS2.0 are
represented well the large scale features in the equatorial
Pacific, such as strong magnitude of seasonal cycle in the
central and eastern Pacific and weak magnitude in the west-
ern Pacific, and the westward propagation of the annual
period fluctuations, with warm SST in spring and cold SST
in autumn. The amplitude of the STD in BCC_GODAS2.0
is much close to HadISST than the NCEP GODAS does.

Additionally, The BCC_GODAS?2.0 qualitatively reproduces
variations of the EUC, but with weak magnitude. Besides, the
positive interannual variations of EOF1 pattern of BCC_
GODAS?2.0 are improved by 0.3°C in the equatorial eastern
Pacific compared with CTL. The EOF2 pattern solves the
problem that negative loadings are confined in the narrow
equatorial eastern Pacific, making the magnitude and spatial
distribution close to the observations (HadISST).

In summary, the new ocean reanalysis (BCC_GODAS2.0)
shows a significant improvement relative to CTL. There
some problems in the reanalysis, such as limited improve-
ment in mid-latitudes and large salinity bias in high lati-
tudes, so some efforts are needed to continue to improve the
assimilation system. The temporal and spatial characteris-
tics of El Nifio and El Nifio Modoki will be discussed fur-
ther in another paper.
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