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1. Introduction

The transition from the Naval Research Laboratory (NRL) to Fleet Numerical Meteorology and Oceanography Center (FNMOC) of the NRL Atmospheric Variational Data Assimilation System (NAVDAS) will position the Navy for the future in the area of data assimilation.  While the current multivariate optimum interpolation (MVOI) system has served FNMOC well since its initial implementation in 1988, it is out of date and not capable of taking full advantage of the myriad of remotely-sensed meteorological observations currently available and planned for the future.  NAVDAS was designed to effectively exploit these non-conventional observations and, thus, improve the forecast performance of the Navy's atmospheric prediction systems.  The first step in this transition process will be the implementation of NAVDAS for the Navy Operational Global Atmospheric Prediction System (NOGAPS).  Since the software to directly assimilate radiances from polar orbiter satellites is still under development, the initial implementation of the NAVDAS/NOGAPS system will assimilate retrieved temperatures from the polar orbiter satellites.  When the radiance assimilation software development has been successfully completed, the operational NAVDAS/NOGAPS system will be upgraded to incorporate those observations.  The second step in the NAVDAS transition process will be the implementation of NAVDAS for the Coupled Ocean Atmosphere Mesoscale Prediction System (COAMPSTM) at FNMOC.  The final step in the NAVDAS transition process will be the implementation of NAVDAS for the on-scene mesoscale prediction system, COAMPS-OSTM.

The focus of this first Validation Test Report is the NAVDAS/NOGAPS system.  In the next section we provide an outline of the system and describe its operational performance characteristics and its limitations.  The experimental design and the results of the validation tests are discussed in Section 3.  Finally, we conclude with a summary of the results and the recommendations of the Technical Validation Panel.

2. Outline of the NAVDAS/NOGAPS System

The input to the NAVDAS three-dimensional variational (3DVAR) analysis is the NAVDAS innovation vector.  The innovation vector also serves as input to the NAVDAS Data Quality Monitoring and Display System.  The collection of executables that are used to create the NAVDAS innovation vector perform the same functions that are currently handled by QCISIS, aircraft QC, and a substantial portion of the MVOI code.  The NAVDAS 3DVAR analysis executable performs the actual analysis itself utilizing the innovation vector as input and outputs the corrections in eigenvector space.  Post-processing executables convert the corrections from eigenvector space to physical space (similar software performs the same function in the NOGAPS forecast model as well), output the NAVDAS correction and analysis fields, perform a sea-level pressure analysis, and compute and output diagnostics.

Description of the NAVDAS Executables

innov_nogaps.exe  - Processes the conventional observational data that are present in the "big" t-files (rawinsondes, pibals, surface, aircraft, non-Wisconsin geostationary satellite winds).  Performs the quality control currently done by QCISIS and aircraft QC.  For a date time group, say 2003061512, it reads the file t2003061512 and the necessary NOGAPS background fields and outputs the file tfile_2003061512.

t_atovs_nogaps.exe -  Processes the ATOVS satellite temperature retrievals.  It reads the SATFGGE file atovs_2003061512 and the necessary NOGAPS background fields and performs some quality control in the process of producing superobs that are output to the file atovs_2003061512 (different file, different path, same name).

satwnd_nogaps.exe -  Based on its input, this executable processes the scatterometer winds, SSM/I wind speeds and total precipitable water, and the geostationary satellite winds processed by the Air Force Weather Agency (AFWA).  For the scatterometer data it reads the SATFGGE file scatq_2003061512 and the necessary NOGAPS background fields and performs some quality control in the process of producing superobs that are output to the file scatt_2003061512.  For the SSM/I data it reads the SATFGGE file ssmi_2003061512 and the necessary NOGAPS background fields and performs some quality control in the process of producing superobs that are output to the file ssmiv_2003061512.  For the AFWA winds it reads the necessary data files and NOGAPS background fields and performs some quality control in the process of producing superobs that are output to the file satwnd_2003061512.

totppw_nogaps.exe -  Reads the files satwnd_2003061512 and/or ssmiv_2003061512, and the necessary NOGAPS background fields to generate profiles of pseudo-relative humidity using background moisture saturation to specify where the changes in total precipitable water should take place, and then writes  file qfile_2003061512.

sort_nogaps.exe -  Reads the files tfile_2003061512, atovs_2003061512, scatt_2003061512, ssmiv_2003061512, satwnd_2003061512, qfile_2003061512, and tc_syn_2003061512 (output from the TC Bogus program) and produces the files innov_2003061512 and xfile_2003061512.  The file innov_2003061512 is the innovation vector and is input to the 3DVAR analysis.  The file xfile_2003061512 contains all of the observations that were processed but are not put into the innovation vector.

nav3d_nogaps.exe - Reads the innovation vector, innov_2003061512, and performs the 3DVAR analysis.  Upon completion, it outputs the file, rsd_vec_2003061512, which contains the synthetic residuals (theoretical differences between the observations and the analysis) along with information about any quality control decisions made during the analysis.  It also outputs files necessary for the initiation of the NOGAPS spectral forecast model.

eig_incr_nogaps.exe – Reads the corrections from nav3d_nogaps.exe in the form of coefficients of the eigenvectors of the background covariance matrix along with the background fields, converts the corrections from coefficient-space to physical space, adds the corrections to the background, and then outputs both the analysis and correction fields.

prep_pmsl_nogaps.exe – Reads the analyzed sea-level pressure from nav3d_nogaps.exe and eig_incr_nogaps.exe along with the observations of sea-level pressure written by innov_nogaps.exe, computes the difference between sea-level pressure observations and 3DVAR-analyzed sea-level pressure, and then writes a file in innovation-vector format, pmsl_2003061512.

nav2d_nogaps.exe – Reads the innovation vector, pmsl_2003061512, from prep_pmsl_nogaps.exe and analyzes data into a correction field for sea-level pressure.

pmsl_cor_nogaps.exe – Reads the correction field produced by nav2d_nogaps.exe along with the sea-level pressure analysis written by eig_incr_nogaps.exe and then adds the two fields to produce a re-analyzed sea-level pressure analysis. This analysis uses data that could not be used in nav3d_nogaps.exe to produce a sea-level pressure analysis that fits all sea-level pressure observations, even those corrected to sea level from high terrain.

stats_nogaps.exe - Reads the innov_2003061512 and rsd_vec_2003061512 vector files, and the necessary NOGAPS fields and computes statistics comparing the observations with both the analysis and background fields. The statistics are computed separately for all observation types and displayed for selected regions. There are three options to this program depending on the character string that is piped to the executable. Echo ‘theory’ | …stats_nogaps.exe produces the theoretical or synthetic statistics. Echo ‘analysis’ | ..stats_nogaps.exe produces the statistics comparing the observations to the analyzed fields. Echo ‘forecast’ | …stats_nogaps.exe produces the statistics comparing the observations to the tau zero forecast fields. The tau zero fields are output by NOGAPS after the corrections have been applied to the background on model coordinates.

NAVDAS Preprocessing Functions
- Compute the observation minus background differences (innovations). This is done for each data type in separate programs. For example the t2003061512 files would be processed by innov_nogaps.exe, whereas atovs_2003061512 would be processed by t_atovs_nogaps.exe. The preprocessors read in the three-dimensional background fields at the –3h, 0h, +3h time levels for each data type and interpolate them in both space and time to each observation location/time. Other background information is interpolated and stored in the innovation vector (for example, virtual temperature, surface pressure change over the –3h, 0h, +3h time levels). 

- Assign observation errors for each data type. This function is critical to the optimality of the solution computed by NAVDAS. (innov_nogaps.exe, t_atovs_nogaps.exe, satwnd_nogaps.exe) 

- Present the information to NAVDAS in a form that will allow it to compute most rapidly. This is done by organizing data, such as the aircraft observations and pibal/raob data, so that they look like profiles. (innov_nogaps.exe) 

- Prepare the surface pressure observations for a two-dimensional surface pressure analysis. (innov_nogaps.exe) 

- Subject data to quality control such as the complex QC, aircraft QC, surface QC, and satellite wind QC. (innov_nogaps.exe, t_atovs_nogaps.exe, satwnd_nogaps.exe) 

- Decrease the total number of observations by area averaging (superobing) very dense data such as ATOVS (t_atovs_nogaps.exe), satellite feature winds and scatterometer winds, SSM/I wind speeds and SSM/I total precipitable water (satwnd_nogaps.exe). 

- Finally, the data are partitioned into prisms and thinned according to the total number that NAVDAS can accept. In addition, for those regions where the background is expected to have larger than average error, the numbers are increased up to the maximum possible count if the data are available. (sort_nogaps.exe) 

NAVDAS Analysis

- Using a variational three-dimensional analysis algorithm (Daley and Barker 2001), performs a fully global three-dimensional analysis correction.

NAVDAS Postprocessing Functions
- Corrections in the form of eigenvector coefficients are converted from coefficient-space to physical space, are added to the background, and are output as fields along with the analysis fields (eig_incr_nogaps.exe).  Sea-level pressure is reanalyzed using all observations of sea-level pressure, including those extrapolated from high terrain (prep_pmsl_nogaps.exe, nav2d_nogaps.exe, pmsl_cor_nogaps.exe). Statistics comparing the observations with both the analysis and background fields are also computed and displayed in a printer output format (stats_nogaps.exe).

Operational Performance Characteristics and System Limitations

The NAVDAS/NOGAPS data assimilation system has been designed to run efficiently on the multiprocessor, distributed memory AMS computers at FNMOC.  For a typical global analysis utilizing on the order of 300,000 to 400,000 observations, the entire system runs in approximately 15 to 20 minutes on AMS1 utilizing 60 of the 512 processors.  The preprocessing software typically runs in 5 minutes while the postprocessing software typically runs in 3 minutes.  The global NAVDAS 3DVAR analysis itself scales perfectly to 60 processors and runs in 7 to12 minutes, depending on the number of observations.  The "beta-run" of the NAVDAS/NOGAPS data assimilation system has been run by FNMOC since March 2003 and has demonstrated its robustness in the operational environment.

In its initial implementation, the NAVDAS/NOGAPS data assimilation system will be running in a sub-optimal configuration utilizing retrieved temperatures from polar orbiter satellites rather than directly using radiances.  As discussed in the introduction, upon the successful completion of software development, the operational NAVDAS/NOGAPS system will be upgraded to incorporate these observations. 

3.  Experimental Design and Results

Both the NAVDAS/NOGAPS and MVOI/NOGAPS data assimilation systems were run with a 6-h update cycle over two test periods:  July 20 – September 18, 2002 and November 20, 2002- December 31, 2002.  Each run was initiated from the same set of NOGAPS initial conditions and allowed to "spin-up" using its respective data assimilation system for 6-7 days before any test forecasts were made.  Five-day NOGAPS forecasts were run at 00Z for each data assimilation system from July 27 – September 18, 2002 and from November 26 – December 31, 2002.  The resulting NOGAPS one-day to five-day forecasts were then verified against their respective 00Z analyses and against 00Z rawinsonde observations for August-September 2002 and December 2002.

August–September 2002

First, we examine the forecast height anomaly correlations for the August-September 2002 test period.  For each system, the 1000 and 850 mb forecast height anomaly correlations for both hemispheres are displayed in Fig. 1, while those for 700 and 500 mb are displayed in Fig.2. The NAVDAS system performs consistently better at 1000 mb in the Northern Hemisphere. The anomaly correlations for the two systems are virtually identical at 850 mb, while the MVOI system performs slightly better at 120 h at 700 and 500 mb.  In the Southern Hemisphere the overall performance of the two systems is quite close.  The MVOI system performs slightly better 72h and 96h, while the NAVDAS system performs slightly better at 120h.  

The forecast wind vector root mean square errors with respect to each system's analyses for the Northern Hemisphere at 850, 700, 500, 250, 100, and 50 mb are shown in Fig. 3, while those for the Southern Hemisphere and the tropics are shown in Figs. 4 and 5, respectively.  We see in Fig. 3 that, for the Northern Hemisphere, these errors are virtually identical for the two systems at all levels except 50 mb where the NAVDAS errors are considerably less for all forecast lengths.  For the Southern Hemisphere (Fig. 4), the NAVDAS errors are noticeably less at all forecast lengths at 100 mb and 50 mb.  The errors are virtually identical for the two systems at all other levels.  For the tropics (Fig. 5), the NAVDAS errors are noticeably greater at 500 mb.  The errors are virtually identical for the two systems at all other levels.

For both systems, the mean forecast height error and the standard deviation of the forecast height errors with respect to the global rawinsonde network at 850, 700, 500, 250, 100, and 50 mb are shown in Figs. 6 and 7.  We see that below 100 mb the NAVDAS mean height error is smaller at all forecast lengths.  For these four levels, the height standard deviations for the two systems are comparable in magnitude at all forecast lengths.  At 100 and 50 mb, the NAVDAS mean height errors are considerably larger at all forecast lengths, but the NAVDAS height standard deviations are a little smaller at all forecast lengths except 24 h.  The primary reason for these differences is that temperature is the analyzed variable in NAVDAS while heights are directly analyzed by the MVOI.  It can be clearly seen in Fig. 7 that the MVOI analysis draws more closely to the height observations, especially at 100 and 50 mb.  Despite that, as noted previously, the NAVDAS forecast height standard deviations at those levels are smaller after 24 h.  The forecast wind vector root mean square errors with respect to the global rawinsonde network at 850, 700, 500, 250, 100, and 50 mb are displayed in Fig. 8.  We see that the errors for the two systems are virtually identical at 850, 700, 500 and 250 mb for all forecast lengths.  The NAVDAS errors are slightly smaller at 100 mb and noticeably smaller at 50 mb for all forecast lengths.  The NAVDAS analysis draws more closely to the wind observations, especially at 700 and 50 mb.

December 2002

Next, we examine the forecast height anomaly correlations for the December 2002 test period.  For each system, the 1000 and 850 mb forecast height anomaly correlations for both hemispheres are displayed in Fig. 9, while those for 700 and 500 mb are displayed in Fig.10.  In the Northern Hemisphere, the NAVDAS system performs noticeably better at 1000 mb and slightly better at 850 mb.  The performance of the two systems is virtually identical at 700 mb, while the MVOI system performs slightly better at 500 mb at 120h.   In the Southern Hemisphere, the NAVDAS system performs better at all levels, displaying the most noticeable improvement at 1000 mb.  

The forecast wind vector root mean square errors with respect to each system's analyses for the Northern Hemisphere at 850, 700, 500, 250, 100, and 50 mb are shown in Fig. 11, while those for the Southern Hemisphere and the tropics are shown in Figs. 12 and 13, respectively.  We see in Fig. 11 that, for the Northern Hemisphere, these errors are virtually identical for the two systems at all levels and forecast lengths except for 50 mb where the NAVDAS system performs better for all forecast lengths less than 120h.  For the Southern Hemisphere (Fig. 12), the NAVDAS errors are slightly less for all forecast lengths at 850, 700, 500 and 250 mb, are noticeably less for all forecast lengths at 100 mb, and are considerably less at all forecast lengths at 50 mb.  For the tropics (Fig. 13), the MVOI errors are slightly less at all forecast lengths at 850 and 700 mb, are noticeably less at all forecast lengths at 500 mb, are nearly identical to those for NAVDAS at 250 mb, and are slightly less at 100 mb at 72h, 96h, and 120h.  The NAVDAS errors are slightly less at all forecast lengths at 50 mb.

For both systems, the mean forecast height error and the standard deviation of the forecast height errors with respect to the global rawinsonde network at 850, 700, 500, 250, 100, and 50 mb are shown in Figs. 14 and 15.  We see that at all levels below 50 mb the mean height errors for the two systems are within about 3m of each other.   At the lowest four levels, the height standard deviations for the two systems are comparable in magnitude at all forecast lengths.  The standard deviations for the MVOI system are lower at 100 mb.  At 50 mb, the NAVDAS mean height errors are considerably larger and the NAVDAS standard deviations are noticeably larger.  The forecast wind vector root mean square errors with respect to the global rawinsonde network at 850, 700, 500, 250, 100, and 50 mb are displayed in Fig. 16.  We see that the NAVDAS errors are slightly smaller at 850, 700, 500 and 250 mb at 24h, 48h, and 72h.  The NAVDAS errors are slightly smaller for all forecast lengths at 100 and 50 mb.  As we noted for the August-September test period, the MVOI analysis draws more closely to the height observations while the NAVDAS analysis draws more closely to the wind observations.

Tropical Cyclone Verification

The August-September 2002 test period was an active one for tropical cyclones (TCs).  There were 2 hurricanes and 7 tropical storms in the Atlantic basin, 3 hurricanes and 2 tropical storms in the eastern North Pacific basin, one typhoon and one tropical storm in the central North Pacific basin, and 3 typhoons and 4 tropical storms in the western North Pacific basin.  The Joint Typhoon Warning Center and the National Hurricane Center (NHC) routinely utilize NOGAPS TC track forecasts to issue official warnings, which they are now required to make out to 120h.  The TC track forecast performance for both systems was evaluated globally for all forecasts initiated when a TC was in a warning status and verifying at a time when the TC was in a warning status (the so-called JTWC verification rules).  The NAVDAS system forecast errors were 75, 119, 173, 234, and 293 nm at 24h, 48h, 72h, 96h, and 120h respectively.  The respective forecast errors for the MVOI system were 70, 122, 173, 199, and 251 nm.  The number of cases was 96, 74, 55, 43, and 31, respectively.  There were no significant differences between the forecast errors for the two systems out to 72h.  The MVOI system performed better at 96h and 120h.  A substantial part of this improved performance was due to one central North Pacific hurricane, Ele, for which the MVOI performed very well with 96h and 120h errors of 162 and 190 nm, respectively.  For that TC the respective errors for the NAVDAS system, which performed poorly, were 273 and 385 nm.

The December 2002 test period was not an active one for TCs.  There was one typhoon in the western North Pacific basin and 2 TCs of typhoon strength in the Southern Hemisphere.  The TC track forecast performance for both systems was evaluated globally in the manner described previously.  The NAVDAS system forecast errors were 60, 105, 141, 218, and 286 nm at 24h, 48h, 72h, 96h, and 120h, respectively.  The respective forecast errors for the MVOI system were 85, 103, 147, 208, and 306 nm.  The number of cases was 19, 16, 13, 10, and 7, respectively.  The better performance for the NAVDAS system at 24h was primarily due to unusually poor performance by the MVOI system at 24h for the typhoon (Pongsana) in the western North Pacific.  Given the small sample size, the differences between the forecast errors for the two systems at the other forecast lengths were not significant.

A particularly long-lived typhoon (Kujira) was active in the western North Pacific from April 9-25, 2003 during the beta testing of the NAVDAS/NOGAPS system.  For this TC, both the MVOI and NAVDAS systems performed well.  The NAVDAS system forecast errors were 71, 82, 98, 101, and 114 nm at 24h, 48h, 72h, 96h, and 120h, respectively.  The respective forecast errors for the MVOI system were 53, 81, 116, 179, and 172 nm.  The number of cases was 13, 12, 11, 10, and 7, respectively.  The NAVDAS forecasts at 96h and 120h for this TC were especially notable.

When we combine the results from the two test periods and the beta testing, the NAVDAS system forecast errors were 72, 112, 157, 210, and 264 nm at 24h, 48h, 72h, 96h, and 120h, respectively.  The respective forecast errors for the MVOI system were 71, 114, 161, 197, and 247 nm.  The respective number of cases was 128, 102, 79, 63, and 45.  The overall performance of the two systems out to 72h is strikingly similar.  While the MVOI system displays smaller errors at 96h and 120h, they are not statistically significant given the relatively small sample size and the variability of the longer range forecasts.  Clearly the performance of the two systems at 96h and 120h is much more variable as evidenced by the superior performance of the MVOI system for Ele and the superior performance of the NAVDAS system for Kujira.

4.  Summary and Conclusions

NAVDAS has been developed by NRL to replace the aging MVOI data assimilation system run operationally at FNMOC for both NOGAPS and COAMPSTM.  It was designed to effectively assimilate the myriad of remotely-sensed meteorological observations currently available and planned for the future that cannot be used to full advantage by the MVOI system.  The first step in this replacement process is the implementation of the NAVDAS/NOGAPS system.  Because the software necessary to assimilate satellite radiances is still under development, the initial implementation of the NAVDAS/NOGAPS system will not utilize these observations.

The NAVDAS/NOGAPS system was compared with the MVOI/NOGAPS system for two test periods, August-September 2002 and December 2002.  The forecast skill of the two systems was compared using a number of statistical methods.

For the August-September 2002 test period, the forecast height anomaly correlations for the NAVDAS/NOGAPS system were consistently better at 1000 mb for the Northern Hemisphere while the MVOI/NOGAPS system performed slightly better at 120h at 700 and 500 mb.  The overall performance of the two systems for the Southern Hemisphere was quite similar.  The forecast wind vector root mean square errors, computed using forecast and analysis fields, were virtually the same below 100 mb for both hemispheres while the NAVDAS/NOGAPS system's errors were smaller at 50 mb in the Northern Hemisphere and at 100 mb and above in the Southern Hemisphere.  For the tropics, the MVOI/NOGAPS system had smaller errors at 500 mb while the two systems had comparable errors at all other levels.  When the forecasts from the two systems were compared with observations from the global rawinsonde network, the NAVDAS/NOGAPS mean height errors were found to be smaller while the standard deviations of the height errors were found to be comparable below 100 mb.  At 100 mb and above, the NAVDAS/NOGAPS system had larger mean height errors but slightly smaller standard deviations of height error.  The forecast wind vector root mean square errors were almost identical below 100 mb while the errors for the NAVDAS/NOGAPS system were smaller at 100 mb and above.  

For the December 2002 test period, the forecast height anomaly correlations for the two systems were compared.  The NAVDAS/NOGAPS system performed noticeably better at 1000 mb and slightly better at 850 mb for the Northern Hemisphere.  The performance for the two systems was virtually identical at 700 mb while the MVOI/NOGAPS system performed slightly better at 500 mb at 120h.  For the Southern Hemisphere, the NAVDAS/NOGAPS system performed better at all levels, displaying the most noticeable improvement at 1000 mb.  The forecast wind vector root mean square errors for the Northern Hemisphere were virtually the same below 50 mb while the NAVDAS/NOGAPS system had smaller errors at 50 mb for all forecast lengths less than 120h. For the Southern Hemisphere, the NAVDAS/NOGAPS system had smaller errors at all levels and forecast lengths with the most noticeable improvement at 100 mb and above.  For the tropics, the MVOI/NOGAPS system had slightly smaller errors at 850, 700, and 100 mb and noticeably smaller errors at 500 mb.  The two systems had comparable errors at 250 mb, and the NAVDAS/NOGAPS system had slightly smaller errors at 50 mb.  When the forecasts from the two systems were compared with observations from the global rawinsonde network, the mean and standard deviation of the height errors were found to be comparable below 100 mb.  The MVOI/NOGAPS system displayed smaller mean height errors at 50 mb and smaller standard deviations at 100 and 50 mb.  The forecast wind vector root mean square errors for the NAVDAS/NOGAPS system were smaller at all levels below 100 mb at 24h, 48h, and 72h and smaller for all forecast lengths at 100 and 50 mb.

The TC forecast performance for the two systems was found to be strikingly similar out to 72h.  The forecasts for the longer forecast lengths (96h and 120h) were found to be much more variable but not significantly different in the mean.  

Despite being run in a degraded capacity compared to its potential (use of satellite temperature retrievals rather than direct assimilation of radiances), the NAVDAS/NOGAPS system displayed forecast performance comparable to that of the MVOI/NOGAPS system.  The NAVDAS/NOGAPS data assimilation system runs efficiently on the multiprocessor, distributed memory AMS computers at FNMOC.  For a typical global analysis utilizing on the order of 300,000 to 400,000 observations, the entire system runs in approximately 15 to 20 minutes on AMS1 utilizing 60 of the 512 processors.  The "beta-run" of the NAVDAS/NOGAPS data assimilation system has been run by FNMOC since March 2003 and has demonstrated its robustness in the operational environment.  Therefore, it is the recommendation of the Technical Validation Panel that the NAVDAS/NOGAPS system be transitioned from NRL to FNMOC for operational implementation.
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Fig. 1.  A comparison of 1000 and 850 mb forecast height anomaly correlations for the MVOI and NAVDAS systems for the Northern and Southern Hemispheres, August-September 2002.
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Fig. 2.  A comparison of 700 and 500 mb forecast height anomaly correlations for the MVOI and NAVDAS systems for the Northern and Southern Hemispheres, August-September 2002.
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Fig. 3.  A comparison of 850, 700, 500, 250, 100, and 50 mb forecast vector wind root mean square error for the MVOI and NAVDAS systems for the Northern Hemisphere, August-September 2002.
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Fig. 4.  A comparison of 850, 700, 500, 250, 100, and 50 mb forecast vector wind root mean square error for the MVOI and NAVDAS systems for the Southern Hemisphere, August-September 2002.
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Fig. 5.  A comparison of 850, 700, 500, 250, 100, and 50 mb forecast vector wind root mean square error for the MVOI and NAVDAS systems for the Tropics, August-September 2002. [image: image27.png]850 MB GLOBAL
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Fig. 6.  A comparison of 850, 700, and 500 mb forecast mean height error and standard deviation for the MVOI and NAVDAS systems with respect to the global rawinsonde network, August-September 2002.
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Fig. 7.  A comparison of 250, 100, and 50 mb forecast mean height error and standard deviation for the MVOI and NAVDAS systems with respect to the global rawinsonde network, August-September 2002. 
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Fig. 8.  A comparison of 850, 700, 500, 250, 100, and 50 mb forecast wind vector root mean square error for the MVOI and NAVDAS systems with respect to the global rawinsonde network, August-September 2002.   
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Fig. 9.  A comparison of 1000 and 850 mb forecast height anomaly correlations for the MVOI and NAVDAS systems for the Northern and Southern Hemispheres, December 2002.
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Fig. 10.  A comparison of 700 and 500 mb forecast height anomaly correlations for the MVOI and NAVDAS systems for the Northern and Southern Hemispheres, December 2002.
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Fig. 11.  A comparison of 850, 700, 500, 250, 100, and 50 mb forecast vector wind root mean square error for the MVOI and NAVDAS systems for the Northern Hemisphere, December 2002.
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Fig. 12.  A comparison of 850, 700, 500, 250, 100, and 50 mb forecast vector wind root mean square error for the MVOI and NAVDAS systems for the Southern Hemisphere, December 2002. 
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Fig. 13.  A comparison of 850, 700, 500, 250, 100, and 50 mb forecast vector wind root mean square error for the MVOI and NAVDAS systems for the Tropics, December 2002. 
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Fig. 14.  A comparison of 850, 700, and 500 mb forecast mean height error and standard deviation for the MVOI and NAVDAS systems with respect to the global rawinsonde network, December 2002.
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 Fig. 15.  A comparison of 250, 100, and 50 mb forecast mean height error and standard deviation for the MVOI and NAVDAS systems with respect to the global rawinsonde network, December 2002.
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Fig. 16.  A comparison of 850, 700, 500, 250, 100, and 50 mb forecast wind vector root mean square error for the MVOI and NAVDAS systems with respect to the global rawinsonde network, December 2002.   
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