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4D-Var: a major improvement to the Canadian global data assimilation system

As of Tuesday March 15 2005 at 1200 UTC, the Canadian Meteorological Centre will introduce a major change to the global data assimilation system by implementing a 4D-Var analysis scheme.

Summary of changes 

The 3D-Var (3-Dimensional Variational) data assimilation system for the global forecasting suite will be extended to a 4D-Var scheme.  This extension to include time as the fourth dimension of the analysis system implies that the analysis is no longer a simple snapshot of the atmospheric conditions at the time of the analysis (like in the 3D-Var which does this for the primary synoptic hours).  Instead, the 4D-Var system provides a time evolution of the atmospheric conditions during the assimilation time window (for the current implementation, this window was chosen to maintain coherence with the 3D-Var, that is 6 hours centered on the main synoptic hours).  The 4D-Var analysis is done by using the GEM forecast model itself as part of the assimilation process, and by using observations that are well distributed during the analysis time window.  The 4D-Var then computes the best fit between these observations and the model forecasts.  The resulting analyses show a much improved dynamical consistency and are accompanied by a significant improvement in the global system performance.

The temporal data selection has been extended so that the 4D-Var will make use of much more data than the 3D-Var, although we are not adding any new type of data with this implementation.  Indeed, a fair amount of asynoptic data that could not be assimilated properly by the 3D-Var analysis system will now be used by the 4D-Var (actually potentially as many more observations as there are model time steps during the assimilation window).  For example, for a typical 6-hour assimilation time window, the amount of aircraft data assimilated is increased by a factor of 3.

It should be noted that there is no change to the forecast model (time step, dynamics, physics nor resolution), or to the data quality control processes.  The 4D-Var will be used in the global assimilation system only.  The regional system will continue to use the 3D-Var system as it currently does.  There will however be some impact on the regional system performance due to the use of the global analyses at the beginning of the 12-hour regional spin-up cycle.  Work is underway to develop a 4D-Var scheme for the regional system but a significant amount of work remains to be done before it can be implemented.  Additional technical information about the 4D-Var and the assimilation procedures will be found on the MSC web site (http://www.smc-msc.ec.gc.ca/cmc/op_systems/recent_e.html).

It is also important to note that due to the larger amount of computer time required to run the 4D-Var, the availability of the global suite of products will be delayed by about 20 minutes.

Performance evaluation

This new 4D-Var data assimilation system has been tested on a large number of cases.  Data assimilation cycles for a 2 month winter period (11 December 2003 to 11 February 2004) and a 2 month summer period (15 July to 15 September 2004) have been performed.  The new system has also been running in parallel since early December 2004.  Analyses and forecasts from the parallel global system have been verified against radiosonde data over several observational networks as well as against analyses, and evaluated by CMC operational meteorologists.  The impact on the regional system has been evaluated using several cases and in a parallel run since mid-January 2004.

Overall, the mass and wind field forecasts are improved, mostly for the medium range forecasts.  However the impacts on statistical guidance for both global and regional systems are quite small, and therefore there is little impact on SCRIBE.

Assimilation

As mentioned above, the 4D-Var makes a much better usage of all available data.  As a consequence, the 4D-Var analyses do not fit the conventional radiosonde data as closely as the 3D-Var analyses do.  This reflects the much larger use of asynoptic and satellite observations in 4D-Var.  In addition, the percentage of data rejected by the quality control (for all types) is substantially smaller in the 4D-Var system.  The quality of the first guess fields is also significantly improved, as shown by a much better fit of the first guess to all data types, for all networks.

CMC operational meteorologists did notice significant differences with the Jet stream and mass field especially over the Pacific Ocean.   The larger differences between the 4D-Var analysis and the conventional radiosonde data were noticed, but were often subtle and difficult to subjectively evaluate.

Global model forecasts

As it is often the case with modifications to the data assimilation system, the impact on the resulting model forecasts is a very good indication of the improvements in the analyses.  With the 4D-Var, this impact is impressive.  Objective verification has shown marked improvements in the mass and wind fields, over all regions but more particularly over North America and the Southern Hemisphere.  The improvement was larger at day 3 but was noticeable up to day 10.  The West Coast was the area showing the most improvements over Canada.  This is an area where there are less conventional observations upstream and where the better usage of satellite data can contribute the most.  Another aspect noted in the verification is a reduction in the number of bust forecasts.  Verification of QPF indicated a slight improvement in the 4D-Var beyond 48 hours.  Verification of weather element forecasts, including those used by SCRIBE, was also carried out but did not show any significant difference up to day 5.

CMC operational meteorologists compared the two models up to 120 hour forecast during the parallel run period.  Overall, the 500mb height and mean sea level pressure were found equivalent in nearly 60% of cases at 48-hour while in nearly 40% of cases at 120 hour forecast.  The differences between the two forecast systems were growing significantly beyond 48-hour forecast except over the Arctic region.  The largest improvements were found over the Pacific and decreasing towards the Atlantic.  The 4D-Var system was preferred 2 times out of 3 cases showing differences over the Pacific region (including waters) while it had only an edge over the 3D-Var over the Atlantic region (including waters).  This small advantage of the 4D-Var is however more systematic beyond 72 hours over the Atlantic.  For 24-hour precipitation, the 4D-Var system was much preferred over the Pacific region already at day-2, and especially at day-3.  Results are mixed at day 2 elsewhere, but clear improvements were found with the 4D-Var system beyond 72 hours over central North America as well as over the Atlantic.

Overall, the CMC operational meteorologists judged the parallel configuration much better.

Regional model forecasts

Although the regional spin-up system still uses the 3D-Var, there is nonetheless some impact as the spin-up does make use of the improved global model fields at the beginning of the 12 hour spin-up cycle.  Verification during the parallel run has shown a slight gain, mostly for 24 and 48 hour forecasts of wind and mass fields.  The impact is larger over Western North America but can also be seen over the entire North-American network.  Verification of QPF indicated a very slight improvement for classes below 20 mm.  Verification of weather elements used by SCRIBE has shown a slight improvement for the parallel, mostly for wind, PoP and max temperature.

The comparative evaluation indicates very small improvements to the regional forecast system for all regions.  Overall the two systems were rated equivalent in 3 cases out of 4.  The most significant improvement is noted over central continent with the mean sea level pressure especially at 48 hour.  Again the improvement is found over the central continent and West but mixed results are obtained over the East coast when considering the mass field.  For 24-hour precipitation, the differences were generally very small, but improvements were noted for day-1 over the West coast while, surprisingly, the parallel system day-2 forecast was preferred in 20% of cases against 10% over the East coast.
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