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Abstract

With a 3D Var assimilation scheme, several types of observations— sea surface tempera-
tures (SST), sea level height anomalies (SLHA), and the upper ocean 400 meter depth-
averaged heat content anomalies (HCA)— were assimilated into a hybrid coupled model
of the tropical Pacific. The ocean analyses and prediction skills of the SST anomalies
(SSTA) from the assimilation of each type of observation were presented for 1980-1998.
SST assimilation, besides improving the simulation of SSTA, also slightly improved the
HCA and SLHA simulations in the equatorial Pacific, especially in the east. The ocean
analyses with the assimilation of SLHA improved the simulations of SSTA, SLHA and
HCA in the equatorial Pacific, while the assimilation of HCA improved the SLHA and
HCA simulations.

For ENSO predictions, assimilating SST yielded the best prediction skills for the Nino3
region SSTA at lead times of 3 months or shorter, but severely degraded the predictions at
longer lead times. The best Nino3 SSTA predictions for lead times longer than 3 months
came from the initializations with the assimilation of HCA and SLHA data. Assimilating
SLHA yielded prediction skills for the Nino3 SSTA almost as good as assimilating HCA,
indicating considerable potential for improving ENSO predictions from altimetry data.

In this study, a neural network (NN) approach was used to find the nonlinear statistical
relations among model variables for the assimilation of HCA and SLHA. Using NN yielded

better prediction skills than using multiple linear regression.



1 Introduction

For the ENSO (El Nifio-Southern Oscillation) phenomenon (Battisti and Sarachik, 1995;
Neelin et al. 1998), prediction skills are dependent on the initialization scheme used in the
prediction models. When Zebiak and Cane (1987) first made ENSO predictions with a dy-
namical coupled model, they used the observed surface wind stress in the tropical Pacific
to force the ocean model for several years prior to the prediction. Predictions were then
made by running the coupled model forward in time from the established ocean initial
conditions. Due to the fast response of the atmosphere to the ocean, the initial conditions
of the atmospheric model were a ‘slave’ to the ocean state as expressed through the sea
surface temperature (SST). The initialization scheme has been widely adopted in subse-
quent intermediate coupled models and coupled general circulation models (Balmaseda et
al. 1994; Kleeman 1993; Kirtman and Zebiak 1997) and can produce a useful prediction
skill of around 0.6 correlation for Nino3 SSTA at the lead time of 6 months.

The above initialization scheme only uses the surface wind stress information. An
alternative is to initialize the prediction models taking into account the feedback from the
ocean to the atmosphere, or to use other observations, in particular, the direct observations
of the ocean state. The hybrid coupled model of Barnett et al. (1993) was initialized
with observed SST. Chen et al. (1995) developed an ocean initialization scheme for the
Zebiak and Cane (1987) coupled model with the consideration of feedback from ocean to
atmosphere through a nudging approach. Furthermore, they assimilated the sea level data
using a similar nudging scheme for the coupled model (Chen et al. 1998), improving the
forecast skills of the Lamont model. Kleeman et al. (1995) assimilated the 400-m depth-

averaged equatorial temperature anomaly into an intermediate complexity coupled model



by using the adjoint variational technique. In their work, the subsurface information was
used as proxy data, connected by an empirical relation to the model prognostic variables,
for initializing the model states. The results indicated that such an initialization approach
can lead to a marked increase in hindcast skills, in particular for long lead times exceeding
8 months. Ji et al. (1998) and Rosati et al. (1997) used the observed three-dimensional
temperatures to directly initialize the coupled general circulation models through a 3D Var
assimilation system, and found that initializing the ocean by the assimilation of observed
subsurface temperature data generally leads to improved prediction skills.

Compared with the field of numerical weather prediction, techniques for data assimi-
lation and initialization in ENSO prediction are still at a relatively early stage of develop-
ment. A basic issue — which observations are most useful in initializing ENSO predictions,
is still not clear for the seasonal prediction community. A major obstacle to answering
this question is the expensive hindcast experiments with data assimilation needed by fully
coupled models, as a considerable ensemble of experiments seems necessary for a robust
comparison. Another difficulty is that oceanic observations are still considered spatially
sparse and temporally sporadic, although the ocean observing network for the tropical Pa-
cific was vastly improved during TOGA (Tropical Ocean Global Atmosphere) (McPhaden
et al. 1998). The complete and accurate altimetry observations available provide a new
opportunity to explore the impact of the sea level data not only in the extra-tropical
oceanic variability (Ikeda et al. 1995, Kamachi et al. 2001), but also on ENSO simulation
and prediction. The comparisons between the impact of assimilating altimetric sea level
heights and assimilating subsurface in situ observations on the initialization for ENSO

predictions have recently been addressed by several groups (e.g. Ji et al 2000; Carton et



al. 1996; Segschneider et al. 2000). However, much of these work mainly focused on the
ocean analyses and the time periods discussed only cover a few ENSO cycles, limited by
the short history of datasets (e.g. the altimetry observations only beginning from 1992).
Therefore, a major interest in this paper is to try to assimilate different types of data
and examine their impact on the ocean analyses and ENSO prediction skills. A final
objective is to show that data assimilation with the use of nonlinear neural networks can
yield higher ENSO prediction skills when compared to the use of linear regression.

This paper is structured as follows: Section 2 briefly describes the hybrid coupled
model and the assimilation scheme. Section 3 introduces the data and proposes strategies
for assimilating SLHA and HCA into the ocean model. The ocean analyses from assimi-
lating different types of data and the impact of initializations from the ocean analyses on
ENSO predictions are presented in Sections 4 and 5, respectively, followed by summary

and discussion in section 6.

2 The hybrid coupled model and the assimilation sys-

tem

2.1 The hybrid coupled model

The hybrid-coupled model (HCM) combines a dynamical ocean model with a statistical
atmospheric model for coupled interaction studies (Barnett et al. 1993; Syu and Neelin
2000; Balmaseda et al. 1994). Although fully dynamical coupled ocean-atmosphere mod-
els have been well developed and more widely used in recent years, HCM still has some

merits, such as (1) the climate drift problem is avoided; (2) lower computing costs than
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a full CGCM (coupled general circulation model) which allow us to run a considerable
ensemble of hindcast experiments; (3) comparable or even better ENSO prediction skills
relative to a CGCM (Palmer and Anderson 1994; Kang and Kug 2000; Barnston et al.
1999).

The hybrid coupled model used in this study is composed of a nonlinear dynamical
ocean model and a nonlinear empirical atmospheric model (built from neural networks),
and identical to the NHCM (Nomnlinear Hybrid Coupled Model) in Tang (2001). The
ocean model is one of intermediate complexity, originated from Anderson and McCreary
(1985) and Balmaseda et al. (1994, 1995), but extended to six active layers in this study.
The 1.5° x 1.5° resolution model, covering the area 30°N - 30°S and 123°E - 69°W, consists
of the depth averaged primitive equations in six active layers (with initial thickness of 100
m, 175 m, 250 m, 320 m, 400 m and 500 m from top to bottom), overlying a deep inert
layer. The model allows for an exchange of mass, momentum and heat at each interface
by vertical mixing parameterized as entrainment. The time step for integration is two
hours. The detailed formulation of the ocean model is presented in the Appendix.

A control experiment is first made with the uncoupled ocean model, forced by the
Florida State University (FSU) observed wind stress (Goldenberg and O’Brien 1981)
from 1961-1989. The upper ocean heat content (HC) from the control run is then used
as predictors in a nonlinear empirical model for reconstructing the wind stress at zero
lead time. The first 3 PCs (Principal Components, i.e. the EOF time coefficients) for
the HC were chosen as predictors and the leading three wind stress (zonal or meridional)
PCs as predictands. A separate empirical model was used to predict each wind stress PC.

Feed-forward neural networks (NN) (Hsieh and Tang, 1998) were used to construct the



nonlinear atmospheric models.

To alleviate artificial skills, the cross-validated scheme (von Storch and Zwiers 1999)
was used to develop the atmospheric models during 1964-1989. A cross-validation pro-
cedure involves dividing the data record into several segments, selecting one segment for
the test data and the rest for training data. The NN model was built using the training
data only, and model predictions were tested on the test data. Next, another segment was
selected as the test data, and a new model version was built. This was repeated until the
entire data record had been used for testing. The cross-validation scheme ensures that no
training data are used for testing the prediction skills, hence the artificial skill associated
with the overfitting problem can be effectively eliminated. Further details of the ocean
model, the atmospheric model and the coupled model can be found in Tang et al (2001).

The model heat content is defined here using the same formula as Balmaseda et al.

(1994, 1995):

hi(T; —T7) 2
O = i) HC = Y HC,, 1
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where T7 is the temperature of the bottom layer, and Hj,;(7) is the initial thickness of
layer 7. Averaged over 30 years of simulation, the climatological monthly model depths
in the top two layers range from 89m to 144m in the first layer, and from 134m to 188m
in the second layer, with variations in season and in space.

The atmospheric and ocean models are coupled as follows: The anomaly pattern of HC
(with respect to the monthly climatology) from the ocean model is projected onto the first
three EOF spatial modes to extract the predictors. The atmospheric model (NN) is then
used to reconstruct the wind stress anomalies. The reconstructed wind stress anomalies

are added to the climatological wind stress field to force the ocean model. The coupling is
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done once every 15 days (the coupled model is not very sensitive to the coupling interval

varying between one day to one month).

2.2 The assimilation system

The data assimilation system is the 3D Var assimilation system described by Derber and
Rosati (1989). Since the vertical correlation is ignored in the observational error covariance
matrix as in Derber and Rosati (1989), it is actually a 2D Var assimilation system, though
we will still use the common name 3D Var in this paper. The 3D Var assimilation
scheme has been used in operational ENSO forecasts at NCEP (National Center for
Environmental Predictions) and at GFDL (Geophysical Fluid Dynamics Laboratory) (Ji

et al. 1995, 2000; Rosati et al. 1997). The 3D Var minimizes the cost function
. 1 Tp-1
1= §T ET+ E(D(T) — To) " F(D(T) — To) (2)

The superscript T represents the transpose, T is an N component vector containing
the correction to the guess field (the guess field being generated by the model before
assimilating the latest data), E is an estimate of the N x N first guess error covariance
matrix, D is a simple bilinear operator interpolating from the model grid to the obser-
vational stations, Tg is an M component vector containing the difference between the
observations and the interpolated guess field, and F is an estimate of the M x M ob-
servational error covariance matrix, where N and M denote the number of model grid
points and the number of the observational stations respectively. The first term of the
functional (TTE™'T) is a measure of the fit of the corrected field to the guess field, while

the second term measures the fit of the corrected field to the observations. The result is



a weighted average of the guess field (which contains information from an earlier period)
and the observations.

The estimated spatial error covariance matrices, E and F determine the spatial struc-
ture and amplitude of the correlation field. A simple Gaussian function with the ho-
mogeneous and isotropic assumptions is used to determine E while ignoring the vertical
correlations as in Derber and Rosati (1989), i.e. the horizontal covariance between any

two points is given by

ae—r2/(bzcos¢)’ (3)

where ¢ is the latitude of the grid point, r the distance between any two points, a=0.01,
and b = 570 km, as in Derber and Rosati (1989).

For the observational error covariance matrix F, we assume that the observational
errors are not correlated, i.e, the matrix F has only diagonal elements which are the
observational error variances. For SST and SLHA, each element of the diagonal error
covariance matrix is constant, with the value (0.5°C)? for SST. For the HC anomaly, the
error variances assigned are (0.25°C)? in the western Pacific and (0.5°C)? in the eastern
Pacific due to less observational stations in the east. These values are obtained empirically
from sensitivity experiments, and following recommendations from previous studies (e.g.
Ji at al, 1995). The observational error variances used in the SLHA assimilation will be
given in section 3.3 as a different approach is used for SLHA assimilation.

The function I in (2) is minimized using a preconditioned conjugate gradient algorithm
(Gill et al. 1981). The preconditioning in the algorithm is supplied by the E matrix, which
allows the solution to be found without directly inverting the E matrix. Further details

about the algorithm can be found in Derber and Rosati (1989) and Gill et al. (1981).
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The assimilation system also includes data quality control. The initial gross check is to
ensure that the data used are not over land. This is implemented by one land-ocean mask
in which the grid weights are set to 1 over ocean and 0 over land. Before the guess field
and observations enter the assimilation system, they were both mask-filtered. When the
magnitude difference between the guess field and the observations is greater than 25% of
the magnitude of the guess field, the observations are eliminated. This might lose effective
corrections for poor simulations in a few model grid points, but ensures the ocean model
is gradually adjusted, without problems arising from the imbalance between the velocity
and density fields. The data are inserted daily into the model with a smooth transition

at the end of each month.

3 Methodology for assimilating different types of data

3.1 Data

The data used in this study are the monthly mean SST obtained from COADS (Compre-
hensive Ocean-Atmospheric Data Set, Smith et al. 1996) with 2° lat. by 2° lon. resolution,
and the monthly 2° by 2° mean surface wind stress from FSU. For SLHA data, we use
the NCEP reanalysis data set of 1.5° lat. by 1° lon. instead of the observations, because
it has a longer record and higher spatial resolution than the short altimetry observations
or the sparse tide gauge data. This reanalysis data set has recently been used for ENSO
predictions (e.g. Syu and Neelin 2000; Kang and Kug 2000). The 20° isotherm depth at
the equator used in next section is also from the reanalysis data set. For brevity, we call

the SLHA from the reanalysis data set the NCEP SLHA.



The monthly 400-m depth-averaged heat content anomalies (HCA) are from the data
set of subsurface temperature and heat content provided by the Joint Environmental
Data Analysis Center at the Scripps Institution of Oceanography. This data set consists
of all available XBT, CTD, MBT and hydrographic observations, optimally interpolated
by White (1995) to a three-dimensional grid of 2° lat. by 5° lon., and 11 standard depth
levels between the surface and 400m.

SST can be directly assimilated into the model because their model climatology is
similar to their observed climatology and because they are also prognostic variables in

the model. With SLHA and HCA, the situation is more complicated.

3.2 HCA observations

An important component of the coupled ocean-atmosphere system on the interannual
timescale is the upper ocean heat content, which is the source of memory for the system.
Many studies have shown (e.g. Zebiak and Cane 1987; Rosati et al. 1997) that the fluc-
tuations in upper-ocean heat content are both systematic and significant in the evolution
of ENSO.

According to Eq. (1), the model HCA can be computed at each model step; however,
assimilating the HCA data is not easy, as HCA is not a prognostic model variable. When
Kleeman et al. (1995) and Moore and Anderson (1989) assimilated subsurface temperature
into their ocean models, they used a linear empirical relation to transfer the corrections in
the subsurface thermal fields to the corrections of the model prognostic variables. Here we
will use a similar method to project the HCA analyses to four model prognostic variables,

— SSTA, the first layer thickness anomalies (H1A), the second layer temperature anoma-
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lies (T2A) and the second layer thickness anomalies (H2A). Instead of linear regression,
we use nonlinear regression by NN to find the empirical relations between HCA and these
four model variables, as there is no a priori reason to believe these relationships to be
linear.

The procedure to model these relations is very similar to the construction of atmo-
spheric models in Section 2: (1) An EOF analysis is applied to the control model HCA
and to each of the four prognostic variables during the period 1964-1990. The first three
modes are retained to construct the empirical relation, as they explained over 60% of
the variance for all variables. (2) An ensemble of neural networks (25 NNs used here) is
trained where the inputs to each NN are the 3 PCs of the HCA and the output is one
of the PCs of a prognostic variable. Three hidden neurons are used in each NN. The
final relation is the ensemble average over 25 NNs. The cross-validated scheme is used to
obtain these empirical equations as done in the construction of the atmospheric model.
A total of 12 ensembles of NNs are needed to reconstruct the 3 leading PCs of the 4
prognostic variables from HCA. (3) As the observed heat content is the integral of the
temperatures over the upper 400 meters, while the model HC is defined as the integral
of the temperatures over the first two layers (275 meters), the observed HCA values are
scaled to match the standard deviation of the model HCA before being assimilated.

Next, we perform a consistency check: HCA from the control experiment was per-
formed to estimate the prognostic variables, which were then used to recompute HCA by
Eq. (1). Fig. 1 shows a time-longitude plot of the HCA along the equator during 1980-
1998, taken from observations, control experiment and recomputed from the prognostic

variables SSTA, H1A, T2A, H2A. As shown in Fig. 1c, the recomputed HCA agreed well
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with the original control experiment values, and both agreed fairly well with the observed

values.

3.3 SLHA observations

As sea level height is usually a diagnostic variable in intermediate complexity ocean mod-
els, the SLHA observation cannot be directly assimilated into the ocean models. Even
when sea level height is a prognostic variable in models, it is not sensible to correct the
sea level height directly. So a similar approach as before, i.e. using linear regression to
transfer SLHA corrections to the corrections in the other model prognostic variables, is
often used for SLHA assimilation (e.g. Ji et al. 1998, 2000; Carton et al. 1996). We
first performed the SLHA assimilation using the same approach as in our HCA assimila-
tion. Unfortunately, this approach did not work well in assimilating SLHA into our ocean
model, with the prediction skills of Nifio3 SSTA even degrading at all lead times (not
shown). The reason is not well understood, but the systematic errors of the SLHA am-
plitude simulation by the low vertical resolution model is probably one major cause. The
magnitude of the systematic errors vary spatially in the tropical Pacific, and one cannot
remove the systematic errors by uniformly scaling the simulated SLHA. An alternative
approach is needed.

Since large-scale variations in sea level height are in effect determined by dynamical
and thermodynamical processes of the upper ocean, there are good relations among SLHA,
the displacement of thermocline and SSTA as shown in Fig. 2. Also, the top thickness
anomalies H1A of the model are mainly dominated by the lowest-order baroclinic mode

and fairly well reflect the thermocline perturbations as shown in Fig. 3. The alternative
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approach is to derive proxy data of the SSTA and H1A from the NCEP SLHA.

An EOF analysis is first performed separately for the control experiment SLHA, SSTA
and H1A. The modeled SLHA are obtained by diagnosing the modeled sea surface pressure
(Tang 2001). The statistical relations of SLHA to H1A and to SSTA are extracted with
a nonlinear NN approach using the first three PCs for each variable — the first 3 PCs
accounted for a total of 65% of the variance for all three variables.

Then from the leading 3 NCEP SLHA PCs, the NNs gave the 3 leading PCs for
the SSTA or the H1A, which when combined with the spatial EOF patterns yielded the
proxy SSTA and H1A fields. In terms of agreement with the observations, the proxy
SSTA is much better than the SSTA from the control experiment (Fig. 4a), justifying
that the proxy SSTA can be used to correct the model SSTA. There are observations to
compare directly with the proxy H1A; however, Fig. 4b shows that the proxy H1A indeed
better simulates observed ENSO signals than the H1A from the control experiment. For
example, the control experiment simulates the peak time of 1997 El Nifio around early
1997, too early compared with other observed variables (e.g. SSTA).

With this approach, the assimilation of SLHA is transfered to the assimilation of
proxy SSTA and proxy H1A. The reason that the proxy SSTA data is used instead of the
observed SSTA in this approach is that we want to only use SLHA information, and to
investigate the impact of assimilating SLHA on ENSO simulations and predictions. The

observational error covariance for proxy SSTA and H1A was set to (0.5°C)? and (1m)?.
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3.4 Assimilation approaches

The assimilation is performed only for the ocean model. As the SLHA data starts from
1980 only and the HCA data has relatively poor quality prior to 1980, all experiments are
set to start from 1980. As in the control experiment, the ocean model is forced with the
observed FSU wind stress, but monthly oceanic data are assimilated during January 1980
to April 1998. Predictions are then made by running the coupled model forward in time
from the established ocean initial conditions for 15 months. The assimilation domain is

confined to the equatorial Pacific, 15°S - 15°N, for all experiments.

4 QOcean analyses

First, we will examine the impact of data assimilation on ENSO simulation through
comparing the ocean analyses from the assimilation of different data sets. Three physical
variables, SSTA, SLHA and HCA, are examined in the ocean analyses. As the ocean
analyses are also the initial fields of the predictions to be discussed in the next section,
the following analyses will actually explore the features of the initial fields.

The correlations and RMSE (root mean square error) between the observed SSTA and
the modeled SSTA from the control experiment and the oceanic analyses are shown in
Fig. 5. A common characteristics in all experiments except SST assimilation is that good
simulated skills only appear in the eastern-central equatorial Pacific. This is probably be-
cause the assimilation cannot effectively correct the parameterization of heat flux which
mainly determines the SST variations in the western Pacific. The poor simulated skills

of SSTA in the western Pacific are common defects in almost all ocean models including
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OGCMs (Barnett et al. 1993; Chen at al. 1997). As in Fig. 5, the oceanic analyses with
the assimilation of SST and SLHA are significantly better than the control experiment in
simulating the tropical Pacific SSTA. The most pronounced improvement in the tropical
Pacific SSTA simulation is from SST assimilation, with high correlation (over 0.8) be-
tween observations and simulations for almost the whole assimilation domain. Since the
model simulations are compared to the same data that were directly assimilated, it is not
surprising that such a high correlation was achieved. The analyses with HCA assimilation
brought little improvement to the SSTA simulation, even slightly worse in the equatorial
eastern boundary.

Fig. 6 shows the correlations and RMSE between the NCEP SLHA and the modeled
SLHA from the control experiment and the oceanic analyses. SLHA simulations in all
experiments share a similar feature, i.e. good correlation of over 0.6 cover the whole
equatorial belt in contrast with the good correlation found only in the equatorial eastern
Pacific for SSTA simulations. In terms of correlation, the improvements in the SLHA
simulation are mainly in the central equatorial Pacific with SLHA assimilation, and in
the eastern equatorial Pacific with SST and HCA assimilation. The assimilation of SLHA,
however, generates a bigger RMSE in the eastern equatorial Pacific compared with the
control experiment. This is probably associated with the use of proxy data, since the
statistical models for producing the proxy data generally reduce the predicted variance.

The comparisons between observations and analyses in terms of HCA simulation are
shown in Fig. 7. The best correlation coefficients appear in the analysis with HCA as-
similation as expected. As we have assimilated HCA into the ocean model through an

indirect approach, the good improvement of HCA simulation from this ocean analysis
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also provides some justification for this approach. The analyses from the assimilation of
SLHA or SST also generate improvement for the HCA simulation in the equatorial eastern
Pacific.

Fig. 8 shows the evolution of the observed and modeled SSTA in the Nino3 region in
the eastern equatorial Pacific. While all experiments captured the major observed ENSO
signals, the HCA assimilation has the better capability for generating the anomalous
extremes than SLHA assimilation and the control experiment, although it sometimes
exaggerates the extrema simulations. The common deficiencies for all experiments (except
that with SST assimilation) are the delay in simulating the occurrence of the 1982-83 warm
event, and the relatively weak simulated amplitude for the 1997 event. However, the phase
delay in 1982 was much alleviated with HCA assimilation. In addition, the much colder
simulation than observation in the control experiment for 1995-1997 were also alleviated
in the analyses with the assimilation of HCA and, to lesser extents, SLHA. The evolution
of the observed and modeled Nino3 SLHA and Nifio3 HCA (not shown) also manifest

similar features as the Nino3 SSTA.

5 ENSO prediction

Next we examine the predictions by the NHCM. A total of 73 prediction cases, initialized
from April 1980 to April 1998, were run starting at three months intervals (1 January, 1
April, 1 July, 1 October), and continued for 15 months.

Fig. 9a shows the NHCM predictive skills initialized from the control experiment and
the ocean analyses with the assimilation of several data sets, where the predicted Nino3

SSTA is compared with the observed values. All predictions beat persistence (not shown)
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at lead times greater than 2-3 months. Generally, all suffered an initial shock in the first
2-3 months, leading to lower skills than persistence. The correlation skills of the control
experiment decline with lead time, reaching a minimum at 9 months, beyond which the
skills rebound and stabilize till a lead time of 15 months. The best overall predictive skills
were attained by initializations with the assimilation of HCA, with correlation skills of
above 0.7 at a lead time of 6 months, and above 0.6 for all lead times. Not far behind were
the second best results attained by the assimilation of SLHA. Finally, SST assimilation,
which was the best performer at 1-2 month lead times, did much worse than the control
experiment at lead times beyond 9 months.

Contrasted with the considerable improvement of the correlation skills in the predic-
tions initialized with SLHA and HCA assimilation, the improvement in the RMSE from
these initializations is less impressive (Fig. 9b).

Overall, the predictions initialized with HCA and SLHA assimilation are better than
the predictions initialized from the control experiment. The SST assimilation attains very
good prediction skills for short lead times, but underperforms the control for lead times
beyond 6 months.

Fig. 10 shows the predicted Nifio3 SSTA initialized from the control experiment and
the different ocean analyses at the lead time of 6 months and 12 months. It was found
that the initializations from the ocean analyses with the assimilation of SST, SLHA and
HCA— especially HCA and SLHA— seem to give better predictions for ENSO warm
events. But it seems that the initializations from these ocean analyses can more easily
produce spurious ENSO cold events, especially for the predictions initialized with SST

assimilation.
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We next show several prediction cases for two typical ENSO events, the 1982/83 and
1997 El Nino. The predictions started from the January of the event year to the following
January.

The predictions of the Nino3 SSTA initialized from various assimilation experiments
are plotted in Fig. 11 for the two events. Compared with the observed SSTA, all experi-
ments successfully predicted the two anomalous warmings, except for the SST assimilation
in the 1982/83 event. However, except for the experiments with SLHA and HCA assim-
ilation, the other predictions suffered a phase delay in the peak time, especially for the
predictions initialized from the control experiment. Once again, the initializations with
the SLHA and HCA assimilation generated the best predictions in terms of the phase and
amplitude.

A key step in the assimilation of HCA and SLHA is the construction of statistical
relations either for transfering assimilated information to model prognostic variables or
for generating proxy data. Here NN is used instead of traditional linear regression (LR). To
explore whether NN has any advantage over LR, the two NHCM assimilation experiments
for HCA and SLHA were repeated using LR.

As seen in Fig. 12, the prediction skills are generally sensitive to the statistical relation
used in the assimilation, in particular for HCA assimilation. Because the ocean analyses
were derived from the statistical relations in HCA assimilation, in contrast to SLHA
assimilation where the ocean analyses are the weighted average of model simulations
and observation, the HCA assimilation could have a larger initial shock than the SLHA
assimilation. The initial shock might be more affected by the assimilation scheme itself

than the choice of linear or nonlinear statistical relation, so that the differences between
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NN and LR could be subtle in the first few months of prediction for HCA assimilation as
shown in Fig. 12 (left panel). After the initial shock has dissipated after a few months,
the advantages of NN over LR are then manifested. In contrast, the initial shock is small
for SLHA assimilation, so the advantages of NN could be seen at short lead times (Fig.
12, right panel). At longer lead times, NN did not show advantages relative to LR in
SLHA assimilation.

The more significant differences between NN and LR in HCA assimilation than in
SLHA assimilation is probably associated with their methodology. In SLHA assimila-
tion, only SSTA and H1A variables are related to SLHA, whereas in HCA assimilation,
additional deeper variables (T2A and H2A) which are less linearly related to the surface
conditions, are related to HCA. Hence, stronger nonlinear NN relations were likely used in
HCA assimilation than in SLHA assimilation, thereby accentuating the difference between
NN and LR.

The finite sample size implies some uncertainty in the computed correlation coefficient.
Error bars in Fig. 12 were obtained by a bootstrap method (Yuval, 2001). The differences
in the correlation skills appear to result from the assimilation methodology than from the

uncertainty of the finite sample size.

6 Summary and discussion

Using a 3D Var assimilation scheme, we have examined the effects from assimilating
different types of data on the ocean analyses and on ENSO prediction skills. The data
assimilated were the SST, SLHA and the upper ocean 400 meter depth-averaged HCA,

during 1980-1998. Neural network (NN) techniques have been used to relate data for
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diagnostic variables (e.g. HCA and SLHA) to prognostic variables in the model.

Three variables, SSTA, SLHA and HCA, were chosen to validate the ocean analyses.
The analyses with SST assimilation generated the best performance for SSTA simulation
in the whole assimilation domain, and some improvements for SLHA and HCA simulation
in the eastern and central equatorial Pacific. The analyses with the assimilation of SLHA
improved the simulations of all three variables in the eastern and central equatorial Pacific.
The assimilation of HCA improved the ocean analysis mainly for HCA itself, and slightly
for SLHA in the eastern and central equatorial Pacific.

For the Nino3 region SSTA predictions, HCA and SLHA assimilation were the best
in improving the prediction skills—the improvement from SST assimilation was the best
only for lead times of 3 months or shorter; at longer lead times, SST assimilation degraded
the predictions.

One interesting result is that the SST assimilation can lead to relatively good ocean
analysis but poor prediction skills at long lead times. There are several possible rea-
sons why the assimilation of SST observations cannot benefit ENSO predictions at long
lead times. The first is that the methodology cannot effectively correct the subsurface
thermodynamical structure. The thermocline is mainly affected by the atmospheric wind
stress and the direct impact of SST on it is of little significance. Another reason is that
there exist large systematic differences in the spatial distribution of variances between the
model SST field and the observed SST field, which can be seen in their EOF modes (not
shown). Compared with the observed SST modes, the modeled SST modes appear to be
more narrowly confined to the equator, with less variability near the eastern boundary.

These are common defects found in many ocean models including OGCMs. With the
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assimilation of the observed SST, the structure of the model SST is quickly forced to
resemble its observational counterpart; however, the model adjustment is relatively slow,
especially for the adjustment of the thermocline, which mainly determines the variability
of SST anomalies in the equatorial central and eastern Pacific, resulting in imbalances
between the dynamical and thermal fields, i.e., the observational forcing to the model SST
is far faster than the adjustment of dynamical fields. A balanced state of the model at the
initial time is very important for good prediction skills at longer lead times. This could
be suggested by Fig. 5, where the SST corrections are almost ‘perfect’, and Figs. 6 and
7, where the improvements in SLHA and HCA are far less perfect. One cannot expect
to effectively correct model biases by data assimilation in most situations, especially by
three dimensional assimilation without posing any constraint conditions. Corrections to
systematic biases should mainly rely on the improvement of model physics.

While this work has shed some light on the effects of assimilating various types of
data on ENSO simulation and prediction, many questions remain. For instance, would
assimilating more than one type of data be able to provide even better initial conditions
for ENSO prediction? How are the results shown in this paper sensitive to factors other
than the assimilated data— e.g. the assimilation scheme, the assimilation parameters, the
model and observational error covariance matrices, and the methods for validation? The
importance of these factors might even exceed the type of assimilated data in determining
the performance of the assimilation experiments. We have explored some of these factors
by running some sensitive experiments— in a set of sensitivity experiments, the one gen-
erating the best Nifio3 SSTA predictions was selected as the appropriate one. Sensitivity

experiments have been performed for choosing the observational error covariance matrix,
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and the universal values a and b in Eq. (3).

That the methodology of assimilation could have considerable impact is revealed in
the case of HCA and SLHA assimilation. The neural network tended to yield higher
forecast skills than linear regression, implying that the nonlinearity of ocean variables
cannot be ignored in the assimilation. In addition, the approach used successfully in HCA
assimilation did not work well for SLHA assimilation, so a rather different procedure was
used for SLHA assimilation in this study. This also suggests that the comparisons with
the assimilation of SST may not be entirely fair, as it was directly assimilated into the
model, unlike the assimilation of SLHA and HCA, where statistical relationships from
NNs were used. Nevertheless this exploratory work has (a) allowed us to implement data
assimilation schemes that are likely to improve the ENSO prediction skills of our hybrid
coupled model, which has been used to issue routine operational ENSO forecasts, and (b)
provided two applicable nonlinear methods for assimilating HCA and SLHA respectively

into intermediate complexity equatorial coupled models.

7 Appendix: Ocean Dynamical Model

Like the two-layer model of Balmaseda et al (1994), this 6-layer model includes explicit
nonlinear thermodynamics for all layers, accounting for horizontal advection, vertical heat
transport, diffusion and, in the first layer, surface heat flux. Besides the physical processes
considered in the two-layer model, the 6-layer model includes a viscosity between these
layers to account for wind driven Ekman effects, simple connective mixing between 2

adjacent layers due to upwelling and horizontal advection.

22



The model equations are as follows;

0 0 0 h; T
w4 A s = — Vg 4+ M+ = 4+ 0V2 (ha) + Vi, 4
<8t+uax+vay+f ) u VPt Mt (hiu;) + (4)

0 0 0 . 9
(a"‘ui%'i‘via_y)E—Qs'i‘Hz'i"iv T, (5)

where layer subscript ¢ =1, ..., N. The symbols v and v are the zonal and meridional
components of velocity respectively, p is the pressure, h is the layer thickness, bf 7 is
the wind stress, 7' is temperature, f is the Coriolis parameter given by f = By, po
is a constant density, and v, d and k are coefficients of momentum, thickness and heat
diffusivity. The terms D;, M;, H; are mass, momentum and heat exchanges between layers
and are discussed below. The term (), is the surface heat flux determined as for the 2-
layer model and V; is a vertical viscosity used if the Ekman layer is resolved. Vj is

parameterized as
V; = Az’(uiq - Ui) + Ay (ui+1 - ui); where  A; 1, < A,

The pressure gradients are

1 i—1 N hz i—1
0 j=1 j=i j=1

where ¢ and « are the gravitational constant and the thermal expansion coefficient

respectively. The pressure at sea surface is

Ps = —gpn+1 (Ho - i hj) — g i pihj, (7)
j=1 j=1
and H is the total depth of the model (a constant), and p; is the density of the jth layer.
The upwelling, €.;, and downwelling, €4;, velocities between layers 7+ and 7 + 1 are
parameterised as follows;
i = (H; — hi)?/te:H;, if h;<H; else €;=0, (8)
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eqi = —(H; — h)* [tai H;, it hi > H; else ey =0,

where H; is the nominal layer depth towards which entrainment or detrainment tend to
force layer 4, and t.; and ¢4 are the entrainment and detrainment time scales respectively.

The total vertical velocity may therefore be expressed as

1 1
€ = E(eei + |€es|) + i(fdi — |€asl)-

The thickness of the 7th layer can be changed by mass exchanges at both its top and
bottom surfaces, with layer i — 1 above and i + 1 below. The total mass exchanged in (6)

is given by
! !
Dl = 61 - Gi—l'

Note that within each layer the parameters only control entrainment or detrainment with
the layer below. Any entrainment or detrainment with the layer above is determined by
the thickness of the layer above.

The momentum exchanges for layer ¢ are

M; = €uiy1 — €, u; for € >0,e._, >0, (9)
M; = €ujpy — €,_,u5-1 for € >0,e;_, <0,

M; = éu; — €;_ju; 4 for € <0,e_, <0,

M; = cu; — €, u; for € <0,¢e_, > 0.

The heat transport term related to upwelling and downwelling is

H; = —eNi(T; = Tiy1) /hi — ¢ Mica(Tim1 — T;) /by for > 0,¢_, <0, (10)
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H;=0 for € <0,¢6_, >0,

where \; is a parameter controlling the effective vertical temperature gradient. To

make total heat content conservative, A; is taken to be 1.
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Figure 1: Time-longitude plots of the ocean heat content anomalies along the equator

during 1980-1998 from (a) the observations and
model using (b) as predictors. Values prior to 1980 are not shown

observed HC is poor.

shaded.
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Figure 2: The time series of (a) the first principal component (PC) (i.e. EOF time co-
efficient) and (b) the second PC, for the NCEP SLHA (thick line), the observed SST
(dashed line) and the depth of the 20°C isotherm. The first two EOF modes explain over
65% of the variance for each variable. The annual cycle has been removed prior to EOF
analysis of each variable. The values of 1 and r2 are the correlation coefficients of SLHA

to SSTA, and SLHA to the depth of the 20°C isotherm respectively.
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Figure 3: The time series of (a) the first PC and (b) the second PC, of the depth of the
20°C isotherm (solid line) and the modeled H1A (dash line) from the control experiment
(with the ocean model forced by the FSU wind stress). The value of r is the correlation
coefficient between the two curves. The annual cycle has been removed prior to the EOF

analysis of each variable.

33



4 T T I ' ' ' ! ' I
A\
3 0 r1=0.81,12=0.66 ~T obs. J :
A — proxy .
|<£ ) i —— control | 1
]
n 1
)
O OR,
<
Z -1
-2
| | I l ' : ' ' :

-3
1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000

— proxy
—— control

20

10

NINO3 H1A

-10

-20
1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000

Figure 4: (a) The time series of the Nino3 SSTA index from observations (dashed line),
the control experiment (thin line) and proxy SST (reconstructed from NCEP SLHA)(thick
line). The correlation between the observed index and the proxy index, and between the

observed and the modeled index are given by 71 and 72 respectively. (b) The time series

of the modeled H1A (thin line) and the proxy H1A (thick line) at Nino3.
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control experiment and the ocean analyses with the separate assimilation of SST, SLHA
and HCA relative to the observed SSTA during January 1980- April 1998. The areas with

correlation over 0.7 and RMSE over 0.7°C are shaded.
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Figure 8: Time evolution of observed and modeled Nino3 SSTA during January 1980-
April 1998. Solid line denotes observed SSTA and dashed line is modeled SSTA from
the control experiment and the ocean analysis with the assimilation of SST, SLHA and
HCA from top to bottom. The numbers on the right side are the correlations between the
corresponding solid and dashed curves. For better legibility, the Nifio3 SSTA for different

experiments have been shifted vertically by units of 5.
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Figure 9: (a) Correlation and (b) RMSE between observed and predicted Nino3 SSTA,
as a function of lead time. The predictions are initialized every 3 months from April
1980 - April 1998. The thick line is from the predictions initialized from the control
experiment. The skills from the predictions initialized from the ocean analyses are shown
by the asterisks for SST assimilation, dashed line for SLHA assimilation, and circles for

HCA assimilation.
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Figure 10: The predicted Nino3 SSTA (solid line) at the lead time of 6 months (left

panels) and 12 months (right panels) initialized from April 1980 to April 1998, with the

observed value shown by the dashed line. The predictions are initialized from the control

and the ocean analyses with the assimilation of SST, SLHA and HCA (from the top to

bottom).
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Figure 11: The predicted Nino3 SSTA (thin line) for the 1982/83 warm event (left panels)
and 1997/98 warm event (right panels) initialized from the control experiment and the
ocean analyses with the assimilation of SST, SLHA and HCA (from the top to bottom).
The observed SSTA (thick line) is also shown for comparison. At each experiment, 5
predictions are given initialized at January 1, April 1, July 1, October 1 and the following

January 1. 41
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Figure 12: Correlation between observed and predicted SST anomalies in the Nino3 region,
as a function of lead time, for the assimilation of HCA (left panel) and SLHA (right panel).
The NN results are the solid curves; the LR results are the dashed curves. Error bars
from bootstrapping are also shown for the NN results. The predictions are for the April,

1980-October, 1998 period.
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