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ABSTRACT

The synoptic scale monsoon circulation systems, such as low, depression, and storms in a monsoon season constitute some of the factors responsible for intra-seasonal variability of the monsoon rainfall. So it is important to accurately predict and simulate their strength, intensity as well as longevity of these systems. Ten numerical experiments were conducted to study the effect of assimilation of satellite and conventional observations, and both satellite and conventional data assimilation. The results indicated that the assimilation experiments using nudging led to consistent improvement in the structure of the mean sea level pressure, lower tropospheric cyclonic wind and 24 hour accumulated precipitation. The experiments using all observations showed the lowest false alarm ratio values and highest probability of detection for different precipitation thresholds. This study brings out the importance of assimilation upper air observations data, especially the upper air temperature and humidity whose assimilation appears to drive the model.
1.
INTRODUCTION

The total amount of rainfall over the Indian region during the monsoon season does depend on the formation and movement of tropical weather disturbances such as low-pressure systems and monsoon depressions, which form over both the Bay of Bengal as well as the Arabian Sea. According to Sikka (1977), monsoon depression is one of the most important synoptic-scale disturbances, which forms over the monsoon trough region and whose formation and subsequent movement plays an important role in the space and time distribution of rainfall. The capability of a numerical weather prediction model to produce useful forecasts is critically dependent on the availability of accurate initial conditions, employed for integrating the model. To obtain an improved initial analysis, one can ingest and assimilate the various meteorological observations into the initial analysis. However, most of the monsoon depressions over India form over the oceanic region, which happens to be data sparse. Remotely sensed data from satellite can be assimilated in areas where conventional observations are sparse.

One of the important questions, which need to be addressed, concerns the need to investigate the impact of surface observations as well as upper air observations both singly and collectively on the forecast skill using analysis nudging. It is well known that the continuous four-dimensional data assimilation (FDDA) approach using nudging allows the surface layer and the free atmosphere to interact through the planetary boundary layer (PBL) dynamics. Hence one desires specific answers to the following questions (i) how well can surface data assimilation using nudging correct model errors near the surface and affect the model errors in the free atmosphere, (ii) how well can assimilation of upper air observations using nudging improve the model prediction in the free atmosphere and also correct model errors at the surface, (iii) how well can assimilation of both upper air and surface observation using nudging effectively reduce the model error and enhance the forecast skill. The meteorological data to be assimilated include upper air and surface observations such as winds, temperature and humidity. It would also be desirable to identify that variable which would provide the best model performance among the above meteorological variables if assimilated using nudging.
The chief objective of this study is to determine the effect of assimilation using nudging of the various individual observations and combination of observations such as wind, temperature and humidity extending over both the upper air as well as surface on the prediction of monsoon depressions, which formed over the Bay of Bengal during September 2006. The data utilized in this study include both satellite as well as conventional meteorological observations. It would be of interest to the data assimilation research community in operational weather forecasting centers in India to know the relative importance of the different meteorological variables, which if assimilated using nudging, would provide the highest model skill in prediction of monsoon depressions over the Bay of Bengal.

2.
METHODOLOGY
The present study utilized the MM5 version 3.6 (Grell et al. 1994). The model was configured with twenty-three vertical layers (centered at σ = 0.995, 0.985, 0.97, 0.945, 0.91, 0.87, 0.825, 0.775, 0.725, 0.675, 0.625, 0.575, 0.525, 0.475, 0.425, 0.375, 0.325, 0.275, 0.225, 0.175, 0.125, 0.075, 0.025) and two nested domains (Outer Domain: 30 km grid spacing with 118 x 130 grid cells in east-west and north-south directions; Inner Domain: 10 km grid spacing with 211 x 211 grid cells in the east-west and north-south directions). The other model settings included: an MRF PBL scheme, the Kain-Fritsch cumulus scheme, simple ice scheme, a simple radiation scheme, and a multi-level soil model.  The NCEP (National Centers for Environmental Prediction) FNL (final) data available at a horizontal resolution of 1o x 1o and a time resolution of 6 hours were used to develop the initial and lateral boundary conditions. A one-way nesting option was employed.

Ten numerical experiments were designed to study the impact of the satellite data (temperature and humidity profiles from MODIS, surface wind vector over the seas from QuikSCAT, winds from INSAT CMV) and conventional upper-air and surface observations as well as effect of combinations of observations on the simulated structure of the monsoon depressions. The observations are assimilated using analysis nudging from 19 September 2006 00 UTC to 20 September 2006 00 UTC and 27 September 2006 00 UTC to 28 September 2006 00 UTC for case 1 and case 2, respectively and the experiments were subsequently run in the free-forecast mode for the next 60 hours.  The nudging coefficients utilized had values of 1 x 10 –4 s –1 for winds, 2.5 x 10 –4 for temperature, and a value of 1 x 10 –5 s –1 for mixing ratio. The results of the MM5 simulation of 10 km grid spacing corresponding to the ten numerical experiments were then compared with one another as well as with TRMM observations and NCEP FNL analysis. The model results being compared are thus for the time period for which the model is run in the free-forecast mode.

3.   
RESULTS AND DISCUSSION
To quantify the improvement in the prediction of the sea level pressure field for the various experiments, the following strategy was conceived. A box with a 15o x 15o domain was identified over the center of the depression, the location of the minimum NCEP FNL SLP. The spatial correlation as well as the rms errors of the SLP field for the model runs were calculated at different times, with respect to the NCEP FNL analysis and are shown in figures 1a-d. Figure 1a and 1c reveal that the assimilation runs using individual observations (QSCAT, INSAT CMV, and MODIS) show lower values of spatial correlation of SLP as compared to the assimilation runs using combined observations (SURFACE, UPPER, WIND, TEMP & HUM, and FULL). The CONV run consistently shows higher spatial correlation of SLP as compared to all the other model runs. Also, the spatial correlation value decreases in all the model runs with the increase of the forecast time. The NOFDDA run shows slightly higher spatial correlation values as compared to the QSCAT and INSAT CMV runs. The INSAT CMV run shows the least value of spatial correlation at all forecast time. The QSCAT run, having assimilated surface wind observations only over the sea, possibly failed to simulate accurately the SLP pattern of a land depression and led to a noticeable position errors of the depression center. However, it is difficult to explain the low spatial correlation of SLP in the INSAT CMV run. It is a matter of relief that both the QuikSCAT and INSAT CMV, (together of course, with IMD rawinsonde), data being assimilated in the UPPER run has produced good spatial correlation of SLP. Figure 1b shows that consistent with the spatial correlation of SLP, the model runs using assimilation of individual observations, such as QSCAT, INSAT CMV and MODIS show higher values of rms errors as compared to the model runs using assimilation of combination of observations. The SURFACE run however shows the least value of rms errors of SLP as compared to the other model runs. All the model runs show (figure 1c) higher values of spatial correlation of the SLP at the initial times of forecast (28 September 2006 12 UTC, and 29 September 2006 00 UTC). The FULL run shows the highest spatial correlation as compared to the other model runs at all times of forecast except for 28 September 2006 12 UTC. Consistent with the above observations, there is a marked reduction in the values of rms errors of the SLP field in the FULL run as compared to the other model runs. Also, the CONV run shows lower values of the rms errors and is comparable to the rms errors from the FULL run. The NOFDDA run, however, shows higher values of rms errors of SLP. The above implies the positive improvement in the prediction of the SLP field due to the assimilation of observations using nudging in the MM5 model.
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Figure 1a-d. Spatial correlation and root mean square error of the mean sea level pressure from the different numerical experiments with respect to NCEP FNL analysis.
Figures 2a-d show False alarm ratio (FAR) and Probability of Detection (POD) (Katsanos et al. 2004) of 48-hour accumulated rainfall from the model runs with respect to the Tropical Rainfall Measurement Mission (TRMM) rainfall for different threshold rainfall amounts. All the model runs overestimate the 48-hour accumulated rainfall with respect to the TRMM rainfall, with the UPPER and the MODIS runs having the least and the highest bias. The FULL run has smaller FBI values at the initial forecast time but the bias increases with forecast time. Figure 2a shows FAR values of UPPER run are lower as compared to the other model runs for all threshold rainfall and the FAR values of FULL run are comparable with the UPPER run for the higher values of threshold rainfall. Due to the lower number of false alarm and relatively lower bias, it is not surprising that the UPPER and FULL runs (figure 2d) have the highest probability of detection of the observed rainfall events. As seen in the case1, all the model runs over predict the rainfall with the NOFDDA, and assimilation runs using the surface data such as SURFACE and QSCAT is having the highest bias. The INSAT CMV and MODIS runs have lower bias. Also, the bias reduces with the increase of the threshold rainfall for all model runs. Figure 2c shows that FULL run has lower values of FAR as compared to other model runs, with the NOFDDA run having the highest FAR. Also, the false alarm ratio increases with the threshold indicating that all the runs have difficulty with false alarms corresponding to the high intense rainfall events. Further, the CONV run shows higher values of POD as compared to other model runs (figure 2d). Again, the POD drops sharply with the threshold for all model runs indicating that all model runs have difficulty in correctly simulating the high intense rainfall events.
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Figure 2a-2d. False alarm ratio (FAR) and probability of detection (POD) of 48-hour accumulated rainfall from the numerical experiments with respect to Tropical Rainfall Measurement Mission observations. 
4.
CONCLUSION
Ten numerical experiments (NOFDDA (no assimilation), CONV, QSCAT, INSAT CMV, MODIS, SURFACE, UPPPER, WIND, TEMP & HUM, and FULL) were conducted to study the effect of assimilation of different observations using analysis nudging in the prediction of a monsoon depressions using the MM5 model. The horizontal structure of the SLP, lower tropospheric wind at 850 hPa, and 24-hour accumulated precipitation from the ten model runs in the 10 km horizontal resolution were compared with the NCEP FNL analysis and the TRMM rainfall observations. All the model runs did capture the horizontal structure of the SLP field as seen in the NCEP FNL analysis for the both monsoon depression cases. However, SURFACE and QSCAT runs have simulated the relatively better SLP structure and active cyclonic circulation of lower tropospheric wind at 850 hPa than the other model runs for the case1. The quantitative validation of the SLP structure from the model experiments with the NCEP FNL analysis for all cases showed that the assimilation experiments with individual observations had lower spatial correlation than the assimilation experiments with combination of observations. In this regard, CONV and FULL runs showed higher values of spatial correlation. All the model runs, exhibited an increase of FAR and a decrease of POD with increase of the threshold intensity of rainfall, indicating that all the model runs had difficulties with spurious false alarms and hence difficulty in accurately simulating the high intense rainfall events. However, CONV, UPPER, and FULL runs showed lower values of FAR and lower over-estimation of rainfall events as well as higher values of POD as compared to other model runs, for most of cases studied.
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