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Introduction

Global coupled ocean/atmosphere models have come to a point where they can be used as expertise tools for climate simulation. In particular, climate drift have been reduced so that the mean simulated state (e.g. in terms of temperature) is not too far from the observed. Such models then need global observations, either for comparison, or for assimilation purposes. Sea-level variations from TOPEX/POSEIDON (T-P) provide a quantitative data base which is used here as an observational basis to assess and investigate seasonal to interannual variability from the OPA/OASIS/ARPEGE coupled model. 

Cerfacs motivation in DUACS was to follow on the experience in ocean data assimilation shared with other groups in previous project (e.g. AGORA) and gain experience in the field of seasonal prediction. A secondary goal was to bring those two fields together and assess the impact of ocean data assimilation on seasonal prediction using the model developed at Cerfacs. 

The results summarised in the first part of this report (WP3102) were obtained during the first year of the project and relate quantitatively sea level fluctuations to ocean dynamics and thermodynamics and to the forcing. In the second part (WP3202), we describe the assimilation scheme, the physical basis and the implementation into our model, and early experiments that were made during the second year of the project. These experiments lead to a significant improvement of our assimilation system, and we present in the third part (WP3302) results from two reference experiments covering the period 1993-97. Finally results of WP3302 were used as initial conditions for two sets of forecast experiments on the same period, covering the major ENSO event of 1997. The fourth part (WP3402) examines the skill of the latest version of the OPA-OASIS-ARPEGE coupled model in forecasting sea surface temperature anomalies during that period, and how assimilation of sea level data impacts on these prediction. Though our model is global, and though we partly discuss in parts 2 and 3 assimilation results outside the tropical Pacific, we only discuss in part 4 tropical Pacific prediction as it is the most important source of seasonal to interannual variability and it is probably the most predictable.

WP3102 Assess Sea-Level Information

WP3102-1 Data and analysis

The coupled model developed at Cerfacs uses the Meteo-France ARPEGE model for the atmosphere (T42 and T31 truncature), the CNRS OPA global model and the OASIS coupler software. It follows the rigid lid approximation and sea-level is diagnosed off-line. The results used in those early studies of DUACS were issued from experiments made at Cerfacs prior to the beginning of the project.

The four years of TP data (from October 1992 to October 1996) processed at CLS-Argos have been used. They have been degraded from the initial 1/2° grid to a 1° resolution grid, which is closer to the actual model resolution. Fifteen years of sea-level data diagnosed from two coupled runs were used, where both atmosphere (resolution and physics) and ocean (lateral diffusion computed horizontally and along isopycnals) models have been changed. In addition, results from forced ocean experiments over the period 1979-93 using the same ocean model configurations are used.

In addition, several variables have been diagnosed from model results, which give information relevant to processus involved in sea-level fluctuations. The diagnostics involve sea level computation (from the rigid lid pressure gradients), upper ocean steric height computation (essentially due to upper ocean seasonal heat storage), mixed layer depth variation, and barotropic and baroclinic (estimated through thermocline displacement) variability. All those diagnostics have been analysed in terms of EOF in order to extract the dominant modes of variability, and have been compared to each other and to altimeter data. Additionally, a study of the initial drift occurring in the ocean after coupling, both in terms of temperature and sea-level, has been conducted using a small ensemble of short coupled integration starting from forced initial conditions. Though the observed altimetric time series is short, interannual variability is shown to be present both in the tropics and in the subtropics. Thus, both observations and model results have been analysed through an EOF analysis in order to extract the dominant modes of variability.

WP3102-2 Upper ocean steric fluctuations

The comparison between the sea level root-mean-square (rms) variability in the observations, in the ocean model forced by observed SST and in the fully coupled model shows that the classical problem with primitive equation models in the mid-latitude western boundary currents (too diffuse due to inadequacy between surface fluxes and temperature feedback term) may be overcome through coupling, in particular in the Kuroshio extension where the coupled sea level variability is closer to observation than the forced one. In general, sea level variability increases in those particular areas when isopycnal diffusion is used.

On the large scale, the precision of T-P data have suggested that the upper level seasonal steric variability dominates. Steric sea level height due to temperature changes in the upper 200 meters have been computed using the model results. The seasonal cycle of this signal explains quite everywhere more than 75% of the total sea level variability. At mid-latitudes, the amplitude of this seasonal signal is about 20% less in the coupled experiments than in the forced, due to weak winds in the atmosphere model which decrease the strength of the air-sea interactions. However, no significant change in the phase of this seasonal signal have been evidenced between forced and coupled. Air-sea heat flux estimation with sea level variation (time derivative) gives good results for large scale mid-latitude areas, but is deficient in the western boundaries.

WP3102-3 Barotropic and baroclinic fluctuations

The upper ocean steric height signal has been subtracted to analyse sea level fluctuations due to the dynamics of the ocean interior. Barotropic fluctuations are evaluated using barotropic stream function (BSF) and then subtracted so that the remaining signal is only due to baroclinic variations under the mixed layer. This remaining signal is compared to thermocline vertical displacements. In general, the dynamical (barotropic + baroclinic) signal is of the order of 1 or 2 cm rms, except in some particular areas. Those are the interior of the subtropical gyres and the Antarctic Circumpolar Current (ACC), south-west of Australia and of South-America. In the ACC, these are regions where the BSF variability is high, and where the barotropic flow is directly forced by the high frequency zonal wind-stress. The baroclinic variations show good agreement with the thermocline displacement in the northern subtropical gyres. There, the barotropic flow is modulated by the baroclinic fluctuations which act to decrease sea level variability. 

WP3102-4 Conclusions

This kind of model/data comparison leads first to some information about the coupled model performance. In our case, the upper level steric component has a too weak seasonal cycle certainly due to atmospheric deficiency, and ocean dynamics is too less energetic in the western basins, which is a common feature for that kind of low-resolution models. On the other hand, the quantitative analysis of processes involved in sea level fluctuations helps interpret the principal modes of observed variability. One must be aware of this information in assimilating T-P data into the coupled model. It is also anticipated that the assimilation scheme will degrade performances in areas where barotropic fluctuations dominated. 

WP3202 Adapting the SOFA-OPA assimilation system 

The aim of this section is to relate the results obtained early in the project with the OPA-SOFA altimeter data assimilation system in forced and coupled mode. The general goal of this project is to provide the coupled OPA-ARPEGE-OASIS model with initial conditions, and thus to use them for seasonal climate prediction experiments. In particular, we wanted to investigate how a fully coupled model initialisation impacts the coupled model forecasts, compared to the classical forced approach used for instance at the ECMWF. Few coupled GCM assimilation studies have been performed to date. One of the most recent (LaRow and Krishnamurti, 1997) nudged atmosphere data (in fact ECMWF analyses) and Sea Surface Temperature into their global coupled model. They showed that one single forecast with this initialisation method does better SST prediction than any of the forecast members initialised by separated ocean and atmosphere analyses. This suggests that there is a potential for climate prediction to use coupled model assimilated results.

In the following, we describe the model configurations used and the assimilation scheme, we summarise the experiments achieved and their results, and the improvements we have made to the assimilation system.

WP3202-1 Model configurations

We report below the results of the first experiments achieved in 1998 for this study. Those experiments all use the OPA-SOFA data assimilation system over the 1993 period. 

In forced case, the OPA ocean model is driven by the six-hourly wind stresses and heat fluxes from the ECMWF Reanalysis/analysis
 (ERA). The OPA ocean model configuration, developed by LODYC, which is common to the three experiments, is global, with an average resolution of 1.5( in latitude and 2( in longitude, and has 31 levels. Its full description can be found elsewhere (e.g. Guilyardi, 1997). The SOFA assimilation software, developed by LEGOS, which principle is described below, is implemented as a "driver" alternating model integration with analysis. The assimilation scheme statistical tools have also been used to compare model altimeter data in forced only experiments. 

In coupled mode, the forcing applied to the ocean model is determined interactively by the ARPEGE model through the OASIS coupler. The ARPEGE version used in these early experiments is the 2nd version (cycle 14) which has been used, and is fully described, in Guilyardi (1997). The spectral truncature is T31 and it has 19 levels.

WP3202-2 The SOFA assimilation software

The SOFA software (System for Ocean Forecasting and Analysis) implements a reduced-order optimal interpolation scheme, based on the Extended Kalman Filter (EKF) equations. Reduced-order means that the EKF equations are solved in a space of dimension much smaller than the model state vector dimension, which must make sense for the particular problem to be treated. In our case, the altimetric observational data set to be used fits this, so that the reduced-order projection first interprets model state in terms of sea-level variation. The SOFA user must also define the pseudo-inverse of that reduced-order projector, which will apply the reduced order analysed correction to the model space. In our case, it is defined by the Lifting/Lowering scheme (Cooper and Haines, 1996). The knowledge of ocean interior variability modes associated with sea level fluctuations is not known everywhere in the global ocean, and thus the vertical extrapolation of sea level information can not rely everywhere on prior in-situ data analysis. This is why the Lifting/Lowering method is very useful. This method stipulates that a sea level anomaly is related to a change of the ocean interior structure equivalent to a lowering/lifting of the whole water column, by an amount proportional to the sea level anomaly. This method has the advantage of conserving water properties on isopycnals, and needs no prior knowledge of the ocean variability, and is thus highly suitable in our case. This Lifting/Lowering method has been implemented in the SOFA software, and has been tested in the case of a forced run of the OPA model with additional hypotheses : assimilation is performed in the upper 1500 m, with a no-change constraint at that depth. Additionally, the method keeps the mixed layer unchanged, and lifting of the water column greater than 300 m are not accounted. The advantage of using a sequential assimilation method such as optimal interpolation is that it can easily been used both in the coupled and forced cases. As mentioned above, weekly SST observations are additionally assimilated through a flux correction term.

WP3202-3 Three experiments over 1993

Three one-year preliminary experiments have been done to evaluate the assimilation method. Two in forced mode, with and without assimilation (denoted AG2 and AG1 respectively), and one in coupled model (DU1). The third one is the first attempt to assimilate data in coupled mode. The models have been initialised as follows: OPA is restarted in the three experiments from a 6h ERA forced run over 1989-92; ARPEGE is restarted in DU1 from a climatological SST forced run. 

It was shown in an interim report how the assimilated runs are much closer (in terms of sea level) to the altimeter observations than the forced only one. On average over the globe, the rms "correction" is about 6.5 10-3 m2 in AG2, whereas it amounts to 4.2 10-3 m2 in AG1 and 4.6 10-3 m2 in DU1. The sea level prediction error decreases quite everywhere. This is particularly true in the tropical Pacific, especially in the eastern part of the North Equatorial Counter-Current, where the forced model seems to have some deficiencies (see below). Assimilation seems also to influence the northern subtropical gyres, and particularly the Kuroshio and Gulf Stream regions, where sea level anomaly errors are much reduced. This was awaited since those areas are very difficult to model, and especially with a coarse resolution model. The benefit of data assimilation in those regions is thus potentially important. In the southern oceans, however, the benefit of assimilation is not obvious everywhere. If sea level error seems to be reduced south of the Indian and Atlantic oceans, it increases in the south-east Pacific, in a region known for rapid barotropic fluctuations driven by the wind.

Comparing maps for AG1 and DU1 suggests that sea level errors are of the same order of magnitude, whether the ocean model runs in forced or in coupled mode. Some differences occur however. In the subtropical areas, sea level errors seem further reduced. This may be due to a better agreement between sea surface temperature and atmospheric forcing in coupled case than in forced case, where a contradiction often occurs in forced experiments due to the dynamics of the ocean itself.

WP3202-4 Problems due to altimeter assimilation 

The temperature time evolution at depth in the three experiments, on the Pacific equator at 180(E, shows that the assimilation experiments (and especially AG1) exhibit a rapid diffusion (in two months) of the thermocline while the forced only experiment keeps a well defined thermocline around 120-150 m deep. The reason for it is due to an interference between the assimilation scheme and the TKE mixed layer model (Blanke and Delecluse, 1993) embedded in OPA. As a results, the upper ocean tend to be less and less stable, allowing the wind stress influence to penetrate deeper, thus enhancing the diffusion effect. This shows that a dynamical adjustment of the both current velocities and the vertical diffusion coefficient at the assimilation step is needed. In coupled mode, two things seem to happen. During the first 5 to 6 months, the thermocline seems to maintain, suggesting that an unknown coupled process is able to overcome the thermocline diffusion. After May, when the trade winds begin to blow again, the thermocline is rapidly destroyed and a sudden temperature drift of about 3(C affects the upper 50 to 70 meters. 

WP3202-5 Assimilation scheme improvements 

The work reported in the previous section showed that assimilation of altimeter data into the OPA global model  using the SOFA software implementing a reduced order Kalman Filter caused problems. In particular, severe drifts in the tropics occurred causing the thermocline temperature gradient to smooth, and to disappear in a few months. The following improvements to the original software have been achieved:

· Implementation of a velocity update based on the same assumptions as the Cooper-Haines scheme for density;

· Update of the turbulent kinetic energy (tke), which is a prognostic variable determining the vertical diffusion coefficients;

· A control over the mean model-data misfit bias. Due to the use of SOFA in other contexts (in particular for regional mesoscale circulation where the mean sea level height over a given basin is not considered), this bias was systematically removed from the misfits. In a global context, this bias must not be removed. This caused the model to drift (see for example figure 5, bottom panel);

· Better criterion for the determination of the mixed layer depth under which no change is applied by the assimilation scheme. The density criterion used made that the mixed layer considered was too shallow. This improvement has probably the biggest impact on the assimilation results, because the high values of tke inside the mixed layer were then extrapolated to regions near the thermocline, causing it to diffuse.

Using this improved assimilation system, we have performed two experiments in order to test the impact of assimilation on results. Those experiments are described in the next section, and will be the reference experiments for the DUACS project, both for the intercomparison between all project results, and for initialising a set of coupled forecasts.

WP3302 Reference experiments for DUACS 

This section shows results from the reference experiments achieved at Cerfacs for the DUACS project. We show first how the improved system changes the results, then we show general assimilation statistics. We then summarise first validation tests with respect to independent data (tide gauge, TAO data) and depict the ENSO 1997 event from those experiments.

WP3302-1 Quick comparison to earlier results

Figure 1 shows temperature sections at the equator, for experiments without assimilation (reference) and for assimilation experiments using the old and the improved assimilation software. One can see that, where the temperature gradient almost disappears in the old assimilation experiment after only three months of assimilation, it is reasonably preserved in the new one. In fact, there seems to be some remaining smoothing of the temperature gradient, but it is seen later in the simulation (see for example figure 10 below) that the model is able to recover a stratification close to what is produced by the model without assimilation. 

Based on these new results, we decided that the model behaviour in presence of data assimilation was reasonably improved to extend the simulations to the five year period extending from 1993 to 1997. In the following, we show results from two forced experiments, with and without assimilation, over this period. These experiments will be used later to initialise coupled hindcast experiments. We indeed decided that coupled assimilation using our model was not mature enough to initialise a coupled model for seasonal prediction.

WP3302-2 10-day sea level prediction statistics.

Figure 2 shows the 10-day sea level anomaly prediction error (i.e. model-observation misfit before assimilation), mean-squared over all the oceans from 1993 to 1997 for the two experiments. At first glance, data assimilation seems to have no effect. However, as we saw in the previous experiments, the effect of data assimilation is to reduce the error almost everywhere, except in the ACC and the southern oceans, where they are increased. In the case of these experiments, both effects seem to compensate. This means that data must not be assimilated the way we did in those southern regions. Note that recent results by Stammer and others report that errors in altimeter data due to an aliasing of high frequency barotropic signals may be important in this region and may contribute to the prediction error increase we observe. Further improvements of the assimilation scheme are currently being achieved with respect to this particular problem in another context. 

Figures 3a and 3b indeed show that sea level prediction error is much reduced in the Pacific and in the Atlantic. This also true in the Indian ocean (not shown). One can see in particular in the Pacific ocean that the sea level error is reduced at a rather stable level after the first few assimilation steps. On the contrary, the unassimilated run shows a sea level error curve decreasing until approximately mid-1994 and increasing in the last 3 years. This is probably due to the fact that we use a model mean sea surface averaged over 1993-1995. This also means that the model-data bias control by the assimilation scheme sensibly corrects for low-frequency changes of this mean sea surface. High frequency error signals occurring in the Atlantic need further studies.

Figure 4 shows the geographical distribution of the sea level prediction error for both experiments. As previously mentioned, and apart from the southern oceans, there is quite everywhere a reduction of the error, meaning that the assimilation method has a significant impact. Note that the prediction error in the tropical belt is of the order of 2 cm rms, and has a local maximum of about 3 cm rms just on the equator. This corresponds to a drop by about 1 cm rms with respect to the unassimilated run, which is a much smaller decrease than at latitudes of 10 to 30 degree. This illustrates the fact that the model has a rather large skill even without assimilation in the narrow band of a few degrees around the equator, and that there is not much improvement to be awaited in this region. Note also the zonal pattern of sea level error prediction in those tropical areas. Contrary to the subtropics, the error prediction is not the highest in areas where the variability is the highest (for example the eastern part of the tropical Pacific at 10 north shows a local maximum of variability linked to the NECC). 

In summary, the sea level error prediction in the tropics has a clear zonal pattern and does not vary significantly in time, in particular in the Pacific.

WP3302-3 Tide gauge comparison

We now report some comparison with a few independent sea level measurements from tide gauges, as collected by the University of Hawaii, 10-day averaged at Topex/Poseidon maps and provided to us by J. Segschneider from ECMWF.

Figure 5 shows time series of sea level anomalies with respect to the 1993-97 mean for the Galapagos tide gauge, Topex/Poseidon and the model (both unassimilated and assimilated). At first look, no significant improvement can be found, and the difference between the model and the tide gauge is of the same order as between the tide gauge and Topex/Poseidon. Note in the bottom panel the effect not controlling the model-data misfit bias on this particular measurement. 

Figures 6 and 7 show the scatter-plots of tide gauge sea level variations versus model sea level variations. As previously announced, the improvement of data assimilation is not clear on the equator, since root mean square differences are barely reduced at Nauru, and even slightly increased at Galapagos. The most important reduction of those root mean square differences is obtained at Funafuti, i.e. at 8.3 degree from the equator. Outside the equator, improvement is obtained after data assimilation in the Hawaii location and in the Azores, due to an enhancement of the upper ocean steric variability caused by seasonal heat storage. No change is observed in the Indian ocean where the model variability is definitely too low.

WP3302-4 A preliminary description of the 1997 event with and without data assimilation.

The biggest interannual event in the period of interest occurred in the first semester of 1997, and its reproduction by the model, with and without data assimilation, is a important issue for the impact evaluation of altimeter data. Figure 8 shows the sea level anomaly as predicted by the model without assimilation, with assimilation and as seen by the altimeter. The effect of assimilation is to lift the mean sea level in the tropical Pacific upward, and especially reduce the negative anomalies around 7 degree south and north. The equator centred positive anomaly is almost not changed, but its spread north and south of the equator is extended. Positive anomalies in the North Equatorial Counter-Current (near 10 degree north) appear clearly when data are assimilated. Again, it can be seen that most of the improvements due to data assimilation occur off equator, in regions where few TAO data are collected.

Figure 9 shows the evolution of the 20(C isotherm depth at the equator over the five years in both experiments. Despite the improvements depicted above, data assimilation still produces a climate drift during the first few months, of less than one degree in the tropical Pacific. One effect of this drift is that the 20(C isotherm depth is shallower in the assimilated run. But the altimeter assimilation allowed to correct for some systematic errors of the model, such as a too shallow thermocline in the region 110 West. Comparison with TAO observed 20(C isotherm depth maps is not obvious as those are presented as 2N-2S averages. But it seems that it is on average too low in the model when no data are assimilated, whereas it is too high in the assimilated run. 

Figures 10 to 12 show temperature sections in December 1996 and 1996, in both runs. Sections along the equator show that data assimilation still has sometimes a smoothing effect on the thermocline thermal gradient. But this gradient is able to recover. As mentioned above, the temperature drift is obvious in the left panels of Figure 10. North-South sections show changes in the slope of the thermocline, and subsequent intensification/relaxation of the currents. The effect of data assimilation thus seems to intensify the currents at 5 North both in 1996 and 1997, especially at 110 West. A further comparison with raw TAO data has been engaged. It shows in particular that the improvement in the eastern part of the basin is clearly seen on subsurface currents.

WP3302-5 Short assessment of the use of NRT data in our assimilation system.

Beyond from the period 1993-97 which was chosen as a standard period for the DUACS project, we have continued our assimilation experiments till the end of November 1998 when the sixth year of HH data ends. In addition, we have tested the assimilation of NRT data on a short period starting at the end of July till the end of November 1998 to check the quality of NRT data. A short look at Figure 13, which shows sea level errors in the Pacific (as in Figure 3) with and without assimilating both types of data, makes obvious that the quality of NRT data is quite equivalent to HH data, and is able to constrain the ocean model as well.

WP3302-6 Conclusions

The global ocean data assimilation system thus improved seems to give reasonable results. In particular, sea level prediction error is reduced almost everywhere, at a particular stable level (in both time and space). The biggest improvement is obtained in the tropical band, but off equator. The southern oceans need a special treatment, since the assimilation seems to degrade the model skill in those areas. However, since those regions are not crucial for seasonal prediction, we decided that our result could be used to initialise a coupled model for hindcast experiments.

WP3402 Coupled seasonal prediction experiments 

WP3402-1 A new coupled model

The implementation of a new coupled model on the Meteo-France and ECMWF computing centres has been a heavy technical task. Both for scientific reasons (there is a great improvement between ARPEGE-Climat versions 2 and 3, as shown for example by a current work by C. Cassou at Cerfacs) and for technical reasons (the use of Fujitsu computers on which the version 2 of ARPEGE-Climat does not work), we have decided to use a new version of the OPA-OASIS-ARPEGE coupled model.

OPA is not changed to remain compatible with the version we currently use for assimilation purposes. But both ARPEGE and OASIS are used in earlier versions with respect to the coupled model used in the first part of the DUACS project.

The new ARPEGE model (3rd version) is the earliest one, which has several major improvements. The final configuration in the framework of this project is a T63 truncature for the physics, but using a T42 physics (which has about the same behaviour as a full T63 version at lower computational cost), and with 31 vertical levels. The most important changes are the time stepping, with the introduction of semi-Lagrangian scheme, and the use of a completely different cloud scheme developed at CNRM. This version has been extensively validated in forced mode, but is used for the first time in coupled mode in the framework of DUACS.

A new version of OASIS was also needed to allow communication between the coupler and the models on the Fujitsu computers. The new truncature used for ARPEGE also implied a lot of technical work (definition of the grid interpolation schemes, of the coupling fields, introduction of new continental seas in the ocean model, etc…) now completed. 

WP3402-2 Experiments design

We followed the PROVOST approach: ECMWF analyses are interpolated on ARPEGE grid to restart the atmosphere, and results issued from the experiments mentioned in part C are used to restart the ocean. As mentioned above, we will not be able to use coupled assimilation results for these hindcast experiments. 5-member ensemble forecasts are thus constituted (i.e. 5 restart for the ARPEGE model issued from consecutive days, for one oceanic restart), 4 ensembles each year (starting in March, June, September, December) over the five year period will be achieved. This should allow to estimate the impact of the altimeter data assimilation on the predictions. The total number of forecasts is 200 (100 for each set of forecasts) and the total duration of simulated climate is 100 years. Computations were made partly on ECMWF's VPP700 under a "Special project", and partly on the VPP5000 of Meteo-France.

We have denoted our two forecasting experiments FSP for forecasts initialised without altimeter assimilation, and DSP for forecasts initialised with altimeter assimilation. We often refer to them as FSP-NoAss and DSP-Assim.

We show in the following some results of these experiments, as a first approach to assess the impact of assimilation on the forecasts. Results focus on the tropical band and on the ENSO 1997 prediction.

WP3402-3 Climate drift and seasonal anomalies

At first order, the signal predicted by the coupled model is its initial drift, due to the imbalance between ocean and atmosphere initial conditions. We present in this paragraph how this drift was estimated in our case, what it looks like in the tropics and what is the impact of altimeter data assimilation on it.

Several possibilities may be chosen for the estimation of the drift. Here, we have chosen to present results where the climate drift in the ocean was computed with respect to the OGCM experiment from which we have taken the initial conditions, i.e. we compare forecasts to ocean analyses. This has several advantages: in the absence of an ocean analogue to the atmospheric reanalyses, this is the only way of estimating the drift for most of the ocean variables, apart from SST or from a few other variables at some locations which are observed regularly; this allows to understand more precisely the physical nature of the drift (and of the anomaly predictions) because we compare model coupled and uncoupled variables, and because we compare consistently all variables. But it may also introduce some confusion since in our case, the reference is not the same whether we use assimilated initial conditions or not. In the following, we mention differences between the two sets of analyses if need.

Figures 14 to 16 show the climate drift estimated as explained above for SST, over the years 1993 to 1995. This choice was made because we did not want to include the strong 1997 event in this estimation. Figures 14 and 15 show the SST in the tropical belt for March and September starts, which are respectively the best and the worst cases. In all cases the drift is towards a cold state of the Pacific between 10(N and 10(S, of an amplitude roughly ranging from -0.5(C to -2(C. This drift is classical of a coupled model when its atmosphere component has a tendency to produce too strong trade winds (which is the case of ARPEGE-V3, Cassou and Terray, 2000). This drift is associated with a shallowing of the thermocline in the east and a deepening in the west (not shown). Some more regional features are visible along the coasts of California and of Peru, where a combination of several factors can explain a warm drift associated with a weakening of the upwellings: the classical bias of atmosphere models in those regions where low level clouds are misrepresented; the presence of "Gibbs phenomenon" associated with the spectral formulation of ARPEGE in those areas where strong orography gradients exist; and also some problems associated with the interpolation of winds in the coupling procedure.

Outside the tropical Pacific, the drift has a seasonal dependent sign poleward of 20(, due to the fact that the coupled model underestimates the seasonal cycle of temperature. In the tropical Atlantic, the drift is warm, associated with a deepening of the thermocline. The Indian ocean has a drift strongly seasonally dependent.

The impact of altimeter assimilation on the coupled drift can be seen by comparing Figure 14 to Figure 14 and Figure 16b to Figure 16a. At first glimpse, assimilation does change neither the sign nor the amplitude of the drift. For a March start, little change can be observed after 6 months. Differences in the nino3 region are within 0.1(C, and in the nino4, assimilation has a negative effect but limited to 0.2(C. For a September start, the cold anomaly along the equator has a smaller meridional extension in the eastern part of the basin, while the core of the drift in the warm pool (located near the dateline) is shifted to the west. This leads to a cold drift in nino3 reduced by about 0.4(C, and almost unchanged in nino4. For the other seasons, altimeter assimilation reduces the drift severely (for about 0.5(C) for a December start, but only slightly for a June start. 

As a conclusion, altimeter data assimilation seems to impact positively on the climate drift of the coupled model, with an amplitude strongly seasonally dependent. The impact is the most important in the nino3 region in seasons (September and December) when the drift is the largest.

WP3402-4 ENSO'97 prediction 

Having estimated the climate drift on ocean variables, we can now subtract this drift to the individual forecasts in order to get predictions of the absolute value of the corresponding variable. The next step is to define anomalies with respect to a given "mean climatology". Again different choices are possible. We have chosen again to compute anomalies with respect to the mean climatology of the ocean model itself (respectively without and with assimilation for FSP and DSP experiments) of the years 1993 to 1996, in order not to take into account the ENSO 1997 event, which would have a heavy weight. Note that since we have chosen to compute the drift from the first three years of the experiment, the prediction of the ENSO 1997 as shown in Figures 16 to 18 is completely independent from any information later than 1996, and in this sense may be regarded as a "pure" forecast.

Figure 17 shows the SST anomalies prediction in the nino3 and nino4 regions for all individual members, both without and with altimeter data initialisation. The forecasts can be compared to the corresponding reference (i.e. computed from the forced experiment used to initialise the forecasts) SST anomaly. The two sets of forecasts have great similarities. Both of them show in general good agreement with the reference. In nino3, the most visible failures of the FSP-NoAss experiment are to predict cold anomalies in March 1995 and in June 1996, and to predict the development of the ENSO 1997 to stop after July
. The first failure is corrected in the DSP-Assim experiment, but the other two are kept, and even made worse. In nino4, the model fails to catch the onset of the 1997 event, overestimates the anomalies in late 1997, and underestimates the cooling at the termination of the event. The assimilation does not correct for the onset but seems to improve the forecast both during the peak and the termination. Figure 18 shows the ensemble mean prediction at several lead time. One can see that the onset of the ENSO event is less evident after month 4, but remains visible even till month 6. However, the time of the predicted peak is delayed roughly by one month every month lead. The effect of assimilation in the nino3 region is to underestimate the peak, but following the same scheme (i.e. difference between months 1-3 and 4-6). In nino4, its effect is to improve the forecast.

Figure 19 shows maps of 3-month averaged SST anomalies every three months from late 1996 to early 98. One can see in particular that the underestimation of the peak in the DSP-Assim experiment is really due to weaker anomalies, and not for example to a displacement of the area of highest variability.

WP3402-5 Mean impact of assimilation on the prediction scores

Figures 20 to 23 show Anomaly Correlation Coefficients (ACC) and Root Mean Square errors (RMS-error) computed for SST anomaly from 1993 to 1997 and both prediction experiments. Figures 20 and 21 show such scores for nino3 and nino4 indexes as a function of lead-time. As can be seen, ACC after 6 month change between FSP-NoAss and DSP-Assim from 0.88 to 0.76 in nino3 and from 0.69 to 0.82 in nino4. In nino3, the negative impact of assimilation is really significant after month-lead 3, while its positive impact in nino4 can be seen from month-lead 2.

Concerning the RMS-error, similar conclusions can be made. After six months, RMS-error is increased from 0.7(C to 0.9(C in nino3 and decreases from 0.8(C to 0.65(C in nino4. Note that in nino4, the interannual variability of SST in the reference experiment (Assim versus NoAss, shown in Figure 21) has increased from 0.9(C to a bit less than 1.2(C, due to the westward shift of the core of variability. This is consistent with a general trend of the assimilation experiment where the warm pool is more confined to the west. It is surprising that though the variability increases when altimeter data are asssimilated, the coupled model is able to better predict it. Figures 22 and 23 show the geographical distribution of those fields at different lead-time, along with 99% significance tests.

We need to make further analyses of these results. In particular, we need to understand why nino3 forecasts are worse when assimilating altimetry and why the reverse in nino4. Here is one qualitative hypothesis, which needs to be supported by specific analyses. From analyses made elsewhere (DeWitte, personal communication), the effect of altimeter assimilation in the warm-pool is to degrade slightly its structure because of the change of nature of variability in that particular area. Indeed, the Cooper/Haines scheme proves to be efficient where the 1st baroclinic mode is dominant and where the higher modes are negligible. Some evidence show that (at least in the model) the second baroclinic mode plays a role in the warm pool that can not be neglected anymore. So the effect of data assimilation in that area is to project too much signal on the 1st baroclinic mode, thus constructing in that region initial states dynamically inconsistent with the basic state, though the sea level error is reduced. On the contrary, many features (in particular comparison to in-situ currents) show that assimilation is greatly improving the model results east of 160(W. What basically does the coupled model is to "freely" propagate this information across the basin. It then propagates the spin up of the model starting from inconsistencies from west to east, and the reverse from east to west. We will now work on this hypothesis and thus try to correct the assimilation scheme.

General conclusions

During this DUACS project, we have built a complete ocean analysis and seasonal forecast system based on the OPA, ARPEGE and OASIS coupled model and on the SOFA assimilation software. We have tested assimilation in coupled mode, and though it was not conclusive, we have thus a tool which may prove helpful in the future, in particular if the coupled model drift comes to be drastically reduced. We have improved the assimilation results in order to be able to use them for seasonal prediction experiments. We have performed a substantial set of forecasts to assess the impact of altimeter data assimilation on the climate prediction. The DUACS project has allowed us to make this kind of experiment for the first time at Cerfacs.

Our results may not be clearly conclusive. We have not fully shown that the altimeter data could improve our forecasts. Altimetry improves some aspects, but some others are degraded. We need to further understand why. However, this was a first attempt which results are quite encouraging. They are particularly encouraging with regard to several points:

· Apart from the spin up of the model, which was initiated with Levitus climatology, no other in-situ data have been used in any of our simulations. In particular, no temperature nor salinity damping was applied at depth. 

· Even the mean sea surface was built from the forced only model run. In that sense, our forecasts rely only on the wind and flux information from ECMWF analyses, on Reynolds SST and (in the Assim experiments) on altimetry.

· The damping towards observed SST (-40 W/m2), though it may be a bit strong for climate studies, is rather weak if we consider it as a pseudo SST assimilation term. It is for example much weaker than what is used at ECMWF.

· Our model is global, and some results not shown here show that the atmosphere forecasts, in particular over Europe in winter, show some skill.

If it turns out that the assimilation of altimeter data in the warm pool is the reason why prediction are degraded in nino3 (which is probable), then we should envisage to modify our approach uniformly based on the Cooper-Haines scheme. We could in particular build on the results from the Ganes project (Greiner, personal communication) where the correction in terms of sea level is split into several parts (which are the baroclinic and barotropic parts, but could be several barotropic modes).

The next step would of course be the introduction of in-situ temperature (and possibly salinity) data in our assimilation scheme. The new version of the SOFA software allows to do that. Then, the logical next step is to find a strategy for combining both altimetry and in-situ data.

Besides the improvement of our assimilation scheme, Cerfacs intend to build on the DUACS experience to make more systematically seasonal predictions. We then intend to use NRT data in a near future at least for tests.

Figures:

Figure 1: Vertical section of temperature at the equator in the Pacific ocean on March 31th for top: forced experiment, middle: earlier assimilation experiment, bottom: new assimilation experiment.

Figure 2: Mean square model/data difference, over the global ocean, (m2) for ten-day sea level forecasts as a function of time (assimilation cycle every ten days) from January 1993 to December 1997.

Figure 3: Same as figure 2, but for the Pacific ocean (northward of 30S, a) and for the Atlantic ocean (northward of 30S, b).

Figure 4: Geographical distribution of the Root Mean Square model/data difference (cm) for ten-day sea level forecasts over the five years.

Figure 5: Time series of sea level height (tide gauge, Topex/Poseidon and model) at Galapagos for the unassimilated run(top), the assimilated run (middle) and an assimilated run where the model/data bias was not controled by the assimilation (see text).

Figure 6: Scatter plots of sea level height variations at 6 locations: unassimilated model vs tide gauge.

Figure 7: same as Figure 6: assimilated model vs tide gauge.

Figure 8: Sea level anomaly prediction for June 18th 1997 for the unassimilated run (top) and the assimilated run (middle). At bottom is the Topex/Poseidon observed anomaly.

Figure 9: Evolution over 5 years of the depth of the 20C isotherm in the tropical Pacific ocean for the unassimilated run (left) and the assimilated run (right).

Figure 10: Vertical section of temperature along the equator in the tropical Pacific for 1996 (left) 1997 (right), unassimilated run (top), assimilated run (bottom).

Figure 11: Same as figure 10, but from 30 South to North at 110W.

Figure 12: Same as figure 10, but from 30 South to North at 165E.

Figure 13: Mean square model/data difference, over the global ocean, (m2) for ten-day (HH) and seven day (NRT) sea level forecasts as a function of time from end of July to end of November 1998. Both unassimilated and assimilated runs are shown using either HH or NRT data to compare/assimilate.

Figure 14: Sea surface temperature drift of the FSP experiment (NoAss) for a) a March start, b) a September start. Monthly means at +1, +2, +4 and +6 months are shown. Isocontour interval is 0.5(C.

Figure 15: same as Figure 14, but for the DSP experiment (Assim).

Figure 16: Sea surface temperature drift for the four seasons in the the nino3 (top) and nino4 (bottom) regions of a) the FSP experiment (NoAss), b) the DSP experiment (Assim).

Figure 17: All members sea surface temperature anomaly prediction in the nino3 (top) and nino4 (bottom) regions of a) the FSP experiment (NoAss), b) the DSP experiment (Assim). The bold line is the anomaly of the corresponding reference experiment.

Figure 18: Ensemble mean sea surface temperature anomaly prediction for month-lead 1 to 6 in the nino3 (top) and nino4 (bottom) regions of a) the FSP experiment (NoAss), b) the DSP experiment (Assim).

Figure 19: Ensemble mean sea surface temperature anomalies as predicted (month lead 1-3) in the two experiments (FSP-NoAss, top left; DSP-Assim, top right), and as analysed in the forced experiments (NoAss, bottom left; Assim, bottom right), for a) DJF 1997, b) MAM 1997, c) JJA 1997, d) SON 1997 and e) DJF 1998.

Figure 20: Anomaly Correlation Coefficients as function of the month lead for sea surface temperature in nino3 (top) and nino4 (bottom) in a) the FSP (NoAss) experiment and b) the DSP (Assim) experiment. Also shown is the persistence.

Figure 21: Root-Mean-Square error of sea surface temperature in the nino3 (top) and nino4 (bottom) regions for a) the FSP (NoAss) and b) DSP (Assim) experiments.

Figure 22: Maps of Anomaly Correlation Coefficients of the sea surface temperature (same as Figure 19) for month-lead 2, 4 and 6 of the forecasts, a) for FSP (NoAss) experiment and b) the DSP (Assim) experiment.

Figure 23: Same as Figure 21 but for Root-Mean-Square error of the sea surface temperature.
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User requirements satisfaction

We have used HH T-P only data to perform our assimilation experiments. These data have proven to be of very high quality, and they represent a real potential for improving model results. In particular, the special treatment to correct for along track large scale error seems very efficient, and makes them directly useful for climate studies. Their gridded form (MSLAs), without gaps, considerably simplifies data handling and management. The easy-to-use data format allowed an easy implementation into our assimilation system. The set up of the DUACS server was also very useful in providing us with an easy access to the most recent data.

Concerning NRT data, as we are not an operational centre, we did not retrieve them in near-real-time from the DUACS server, but rather every month or so. The server was very useful for that. Up to now, we have used them mainly to update our data base and to map these data with our own visualisation softwares. As reported above, we have also made assimilation tests in our analysis system, which results compare remarkably well with HH data. This leads us to envisage a more systematic use of those data to produce regular analyses on a monthly basis or so. In this respect, we are greatly satisfied with the NRT products and wish this service to be kept operational after the end of DUACS. 

� ECMWF operational analyses are used from January 1994.


� Note that a similar behaviour during this period can be seen from operational analyses at ECMWF.





