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Abstract

Research has been conducted to compare daily, monthly and seasonal rain rates derived from Tropical Rainfall Measuring Mission (TRMM) multisatellite precipitation analysis (TMPA) using rain gauge analysis from 1998 to 2002. Three rain gauges in the Bali islands were employed. Statistical analysis was used to analyse the relationship of the TMPA product with the rain gauge data. Resulting statistical measures consisted of the linear correlation coefficient (r), the mean bias error (MBE), the root mean square error (RMSE) and the mean absolute error (MAE). The results of these analyses indicate that satellite data have lower values than the gauge estimation values. The validation analysis showed a very good relationship with the gauge data on monthly timescales. However, a poor relationship was found between the gauge data and the daily data analysis from the TMPA. The 3B42 and 3B43 products showed the same levels of relationship during the wet season and dry season. The correlation in the dry season was better than during the wet season. Statistical error levels during the wet season were better than in the dry season. The 3B43 showed slight improvement in these values when compared with the 3B42 (both the random error measurement and the scatter of the estimates were reduced). In general, the data from TMPA are potentially usable to replace rain gauge data, especially to replace the monthly data, if inconsistencies and errors are taken into account.

Introduction 1.

Precipitation is probably the most important component in the mixture of hydrologic cycle parameters and is mostly accountable for shaping the climatic state of water on the earth, its variability and climatic trends (Anagnostou 2007). Accurate temporal knowledge of global precipitation is essential for understanding the multi-scale interactions among weather, climate and ecological systems, as well as for improving our ability to manage freshwater resources and predict high-impact weather events including hurricanes, floods, droughts and landslides (Hou et al. 2008). However, measuring precipitation is one of the most difficult observational challenges of meteorology because precipitation occurs intermittently and with pronounced geographic and temporal variability (National Oceanic and Atmospheric Administration (NOAA) 2006).

Previous estimates of tropical precipitation have been made on the basis of climate prediction models with the occasional inclusion of very sparse surface rain gauges and/or relatively few measurements from satellite sensors (Feidas 2010). Rain gauge observations yield relatively accurate point measurements of precipitation but suffer from sampling errors in representing areal means, and are not available over most oceanic and unpopulated land areas (Petty and Krajewski 1996, Xie and Arkin 1996). Remote sensing techniques, such as those using radar or satellites, are complementary methods for monitoring rainfall over large areas (Chokngamwong and Chiu 2004). A combination of gauge data, radar and satellite measurements is ultimately needed to improve space–time rainfall estimation (Chiu et al. 2006a).

Infrared and passive microwave satellite observations, such as the Tropical Rainfall Measuring Mission (TRMM) multisatellite precipitation analysis (TMPA) products, could be used to drive estimates of large-scale precipitation over much of the globe (Xie and Arkin 1996). The TMPA rain products are based on using the TRMM precipitation radar (PR) and the TRMM microwave imager (TMI) combined with rain rates to calibrate rain estimates from other microwave and infrared (IR) measurements (Huffman et al. 2007). The TMPA products are well suited for this study because the available rain gauge measurements are also used in the calibration process (Mehta and Yang 2008).

Extensive details about the TRMM ground validation program, site descriptions, algorithms and data processing are provided by Wolff et al. (2005). For years, other groups have studied different locations to validate TRMM data. For example, Feidas (2010) used TRMM over Greece, Mehta and Yang (2008) used TRMM to provide an improved description of the climatological features over the Mediterranean basin, Su et al. (2008) used TMPA to make hydrologic predictions in the La Plata basin, Islam and Uyeda (2007) determined the climatic characteristics of rainfall over Bangladesh, Ikai and Nakamura (2003) calculated rain rates over the ocean, Nicholson et al. (2003) validated TRMM rainfall for West Africa, Barros et al. (2000) studied a monsoon case in Nepal, Chiu et al. (2006a) compared TRMM with the rain rate over New Mexico, and Chokngamwong and Chiu (2004, 2006) compared the TRMM with rain gauge data in Thailand.

Generally, the rainfall patterns of the Bali area are influenced by monsoons, with the maximum amount of precipitation occurring during the peak of the wet season from December to February and decreasing to a minimum during the valley of the dry season from June to August (As-syakur 2007, Aldrian and Djamil 2008). In addition to being influenced by monsoons, the rainfall of the region is also related to large-scale climatic phenomena such as the El Niño southern oscillation (ENSO) (Aldrian and Susanto 2003). Moreover, complex topography also causes rainfall fluctuations (Aldrian and Djamil 2008). In the region of our study, the wet season begins in November and lasts until April, and the dry season begins in May and lasts until October (Hendon 2003, Aldrian and Djamil 2008). The peak of the wet season in January coincides with the north-west monsoon across the Australian-Indonesian region, known locally as the ‘west monsoon’. Conversely, the dry season coincides with the south-east monsoon, known locally as the ‘east monsoon’ (Hendon 2003). The west monsoon and east monsoon rain rates have distinctive features in Bali as well as in the other parts of Indonesia that experience monsoons.

In this work, attempts have been made to compare the rainfall determined by TMPA products, which are a combination of TRMM PR and TMI, with the values taken from ground-based rain gauges in Bali. The main objective of this article was to advance our quantitative understanding of the capability of these products to contribute to analyses of climatic-scale rainfall.

2. Study area

Jump to section

Our research was conducted in Bali, Indonesia, located at 8° 3′ 40″ S, 8° 50′ 48″ S and 114° 25′ 53″ E, 115° 42′ 40″ E with a total area of 5636.66 km2 (see figure 1). The study area is classified as having a tropical monsoon type of climate, resulting from the monsoon winds, which change direction according to the seasons. Most areas of Bali are mountainous, with hills that run from west to east in the centre of the island. Generally, the land use in this island is dominated by agriculture, which comprises 65.35% of our study area. 
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	Figure 1. The study area.



	


3. Data and validations

3.1 Data

Daily fields of precipitation from three rain gauges over the island of Bali were used as references to validate the satellite estimation. The rain gauge data were obtained from the Indonesian Meteorology, Climatology and Geophysics Agency (BMKG) office for the Bali region, and cover the period from 1998 to 2002. The TRMM climate rainfall products used here for comparison with the reference gauge data set are the TMPA, the TRMM and other satellite precipitation (3B42) analysis as well as the TRMM and other sources precipitation (3B43) analysis.

The TRMM is co-sponsored by the National Aeronautics and Space Administration (NASA) in the USA and the Japan Aerospace Exploration Agency (JAXA, previously known as the National Space Development Agency, or NASDA), and has collected data since November 1997 (Kummerow et al. 2000). TRMM is a long-term research program designed to study the earth's land, oceans, air, ice and life as a total system (Islam and Uyeda 2007). The TRMM standard products are classified into three levels. Level 1 products are the calibrated and geolocated raw data. Level 2 products are derived geophysical parameters at the same resolution and location as those of the level 1 source data. Level 3 products, referred to as climate rainfall products, are the time-averaged parameters mapped onto a uniform space–time grid (Feidas 2010).

The TMPA, based on TRMM-calibrated multiple satellite microwave and infrared measurements, provides global coverage of precipitation over the 50° S–50° N latitude belt, at 0.25° × 0.25° spatial and 3‐h temporal resolutions for 3B42 and monthly temporal resolution for 3B43 (Huffman et al. 2007). The TMPA estimates are produced in four stages: (1) the microwave estimates of precipitation are calibrated and combined, (2) infrared precipitation estimates are created using the calibrated microwave precipitation, (3) the microwave and infrared estimates are combined and (4) rescaling to monthly data is applied (Huffman et al. 2007, 2010). The TMPA retrieval algorithm used for this product is based on the technique by Huffman et al. (1995, 1997) and Huffman (1997). The TMPA data sets consist of 45% precipitation from passive microwave radiometers (TRMM-TMI, Aqua-Advanced Microwave Scanning Radiometer (Aqua-AMSR) and Defense Meteorological Satellite Program – Special Sensor Microwave Imagers (DMSP-SSMIs)), 40% from operational microwave sounding frequencies (NOAA-AMSUs) and 15% infrared measurements from geostationary satellites (Geostationary Operational Environmental Satellite (GOES)) Meteosat/Meteosat Second Generation (Meteosat/MSG) (Mehta and Yang 2008).

According to Chiu et al. (2006b), the 3B42 and 3B43 estimates are the optimal combination results of microwave precipitation estimates, which are used to adjust IR estimates from geostationary observations. Then, all available 3-h microwave-IR combination estimates are put into their appropriate space–time bins. These high-resolution data are summed over a calendar month to create a monthly multisatellite (MS) product. Owing to the lack of global gauge data recorded on a daily basis, the 3B42 product is scaled so that the short-period estimates sum to a monthly total that includes monthly gauge analyses. The MS and gauge analysis is the result of a combination of monthly rainfall from the Climate Assessment and Monitoring System (CAMS) and Global Precipitation Climatology Centre (GPCC) rain gauge analyses, which are merged optimally to create a post-real-time monthly satellite-gauge (SG) product, which is the TRMM product 3B43. The 3B42 is then scaled by the ratio of monthly MS to SG to match the monthly rain gauge analyses used in 3B43. The TMPA processing is designed to maximize data quality, so TMPA is strongly recommended for any research work not specifically focused on real-time applications (Huffman and Bolvin 2007).

3.2 Validations

The data coverage for this study was five years (1998–2002). The main validation was for the monthly satellite rainfall products, but similar measures were applied to the daily precipitation. Rainfall accumulations for the gauge observations and the satellite estimates were computed by aggregating the daily and monthly values. In this research, the satellite monthly data is obtained from 3B42 and 3B43. The 3B42 data had been computed by aggregating 3-h temporal resolution data over 24 h to obtain daily rainfall data. Monthly data of the 3B42 are obtained by aggregating the daily values. The validation of the monthly satellite products was also conducted separately for the two distinct seasons of the year (wet and dry seasons), which reflect the influence of the monsoon cycle. The wet season refers to the interval between November and April, and the dry season refers to the interval between May and October (Hendon 2003, Aldrian and Djamil 2008). Two types of analyses were conducted on the daily and monthly data: point-by-point analysis and areal average analysis.

Point-by-point analysis consisted of a comparison between gauge data and satellite data on daily and monthly bases. All data were then sorted to obtain scatterplot distributions, the mathematical relationships and the error values. Areal average analysis consisted of an areal average comparison for monthly totals as well as for long-term means of daily and monthly rainfall for the 5-year period, where values for the three stations were spatially averaged. That analysis was used to obtain daily, monthly and seasonal time-series spatially averaged patterns.

Several statistical scores could be used to analyse the relationship of the TRMM products to the rain gauge data. The measures of the closeness of the satellite estimates to the observed values consisted of the linear correlation coefficient (r), the mean bias error (MBE), the root mean square error (RMSE) and the mean absolute error (MAE), which were defined as follows (Feidas 2010): 
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where i s are the estimated values, i g are the reference gauge values, σi s and σi g are their standard deviations (respectively) and n is the number of data pairs. The MBE represents the systematic component of the error by providing a measure of the overestimation or underestimation of the gauge data by the satellite estimates. In contrast, the MAE and RMSE are used to ascertain the random component of the error in the satellite estimates. The RMSE involves the square of the departures from reality and, therefore, is sensitive to extreme values (Willmott 1982). If the RMSE is used, then anomalous values could significantly change the evaluation of a TRMM when comparing it with rain gauge data. The MAE uses the absolute difference, thus reducing the sensitivity to extreme differences. In our analysis, the MBE and RMSE were used to ascertain the systematic and random components of the error, respectively, in our product estimates. The RMSE was calculated after the MBE was removed from the satellite estimates. All errors are expressed in percentage form to account for the daily, monthly and seasonal variations of rainfall in the area and, therefore, to evaluate the reliability of the TRMM products on daily and monthly scales.

4. Results

This study first compared the daily rain gauge data with the 3B42 data. In general, rainfall from 3B42 was lower than the rainfall from the gauge data: the average rainfall from the rain gauge was 6.7 mm d–1, whereas the average rainfall from 3B42 was 4.5 mm d–1. Figure 2 shows the scatterplots of the daily gauge data versus 3B42. The amounts of data are also indicated in the plot. The 3B42 data have poor correspondence with the gauge data (r = 0.28), and the MBE value with the daily data is –2.24 mm d–1 (–33.50%). In addition, the values of the RMSE and MAE are 11.11 mm d–1 (166.04%) and 6.06 mm d–1 (90.53%), respectively. 

	

View larger version(35K)



	Figure 2. Scatter plots of daily 3B42 TRMM product versus daily gauge data in the period from 1998 to 2002.



	


A comparison of long-term means of daily rainfall measured by 3B42 and gauges for the five-year period is shown in figure 3. Daily rainfall was spatially averaged over the three stations. Figure 3 indicates that the pattern of the long-term mean daily rainfall for the five-year period is similar for both data, whereas the average rainfall measured by TRMM differs substantially from the rain gauge values. The relationship between these data is slightly correlated (r = 0.59) with an MBE of –2.24 mm d–1 (–33.50%), and RMSE and MAE of 5.28 mm d–1 (78.83%) and 3.96 mm d–1 (59.09%), respectively. When comparison is made for each season separately, correlations in the wet period are lower than in the dry period. In the wet period, the correlation coefficient is 0.35, and in the dry period, the correlation coefficient is 0.57. In the wet period, the value of MBE is –3.08 mm d–1 (–29.08%), and the values of RMSE and MAE are 6.62 mm d–1 (62.40%) and 5.67 mm d–1 (53.46%), respectively. Furthermore, in the dry period, the value of MBE is –1.42 mm d–1 (–49.97%), with values of RMSE and MAE of 3.29 mm d–1 (115.55%) and 2.28 mm d–1 (80.17%), respectively. 
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	Figure 3. Long-term means of daily rainfall measured by 3B42 (TRMM) and gauges for the five-year period. Daily rainfall is spatially averaged over the three stations.



	


The second result of this research is the comparison between monthly rain gauge data and monthly TMPA 3B42 and 3B43 data, spatially averaged over the three stations. The intra-annual variation of the long-term mean monthly rainfall measured by TRMM and the rain gauge data, spatially averaged over the three stations are shown in figure 4. This figure indicates that the patterns of monthly rainfall are quite similar. The data show very good agreement with the ground reference, yielding high correlations for these products. The correlation of 3B42 is 0.97 and the correlation of 3B43 is 0.96. The patterns of 3B42 and 3B43 are quite similar, which indicates that both types of data can be used as one reference to determine rainfall patterns in the locations that do not have a rain gauge. In Indonesia, the pattern of rainfall is important because Indonesia has three different rainfall patterns (Aldrian and Susanto 2003). Time-series of monthly totals, spatially averaged over the three stations, for TMPA products and gauge data, are shown in figure 5. The time-series relationship of the rain gauge with 3B42 and 3B43 is very strong (r = 0.93). 

	

View larger version(12K)



	Figure 4. Monthly average rainfall pattern measured by TRMM and rain gauges, spatially averaged over the three stations.
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	Figure 5. Time-series of monthly totals, spatially averaged over the three stations, for TMPA products and gauge data from 1998 to 2002.



	


Figure 6 compares monthly values of the error statistics for the TMPA products. The correlation between 3B42 and 3B43 and the gauge data is high (r > 0.8) except in March (r = 0.77). Correlation levels during the wet season are very unstable, whereas in the dry season they are quite stable. However, the correlation levels declined from the beginning until the end of the dry season. This trend occurred in both types of products (see figure 6(a)). MBE and MAE values have the same pattern in those products. At the beginning of the wet season, the values are low. Then the values increase and stabilize in the mid-season before declining again at the end of the season. Unstable MBE values seen during the dry season, especially for the 3B43 products, are low in July and high in September. The MBE values of the 3B42 product are quite stable, in the range of 38% to 47%, except in September (see figure 6(b)). The same trend also occurs in MAE values during the dry season. The MAE values are relatively stable, in the range of 40% to 52%, except in September (see figure 6(c)). The value of the RMSE is relatively large, in the range of 46% to 61%. However, the RMSE value is relatively stable, except in July and September (see figure 6(d)). In general, if the random errors of a product estimate are more than 50% of the measured rainfall amount, then the estimates are deemed to not be reliable in relative terms. 
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	Figure 6. Average monthly values of the error statistics: (a) the correlation coefficient, (b) MBE, (c) MAE and (d) RMSE, over the period from 1998 to 2002.



	


In general, average monthly rainfall derived from TMPA was lower than the rainfall from the gauge data. The average rainfall from the rain gauges was 203.6 mm month–1, whereas the average rainfall from 3B42 was 135.4 mm month–1 and from 3B43 was 141.3 mm month–1. Figure 7 compares the scatter plots of the monthly TMPA products versus the gauge data. The amounts of data are also indicated in the plot. Monthly data show good agreement with the ground reference, yielding high correlation coefficients. The correlation of the monthly 3B42 and 3B43 with the reference data is generally high (r = 0.81 and 0.82, respectively), but a lot of data have distributions that underestimate. This underestimation is evident from the negative MBE error. The MBE error of 3B42 is –33.50%, and the MBE error from 3B43 is –30.60% (see figure 8(a)). The other error statistic values between the two types of TMPA as compared with the rain gauge data are quite similar; the MAE value is 28% (see figure 8(b)), and the RMSE value is 34.12% for 3B42 and 32.61% for 3B43 (see figure 8(c)). 
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	Figure 7. Scatter plots of (a) the 3B42 and (b) the 3B43 product versus the gauge data for monthly rainfall (1998–2002).
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	Figure 8. Statistical scores between the TMPA products and the rain gauge data for the monthly rainfall values and monthly rainfall for the wet and dry seasons (1998–2002): (a) MBE, (b) MAE and (c) RMSE.



	


The scatter plots of the monthly rainfall estimates of the two products against gauge data for the wet and dry periods of the year are presented in figure 9. The amounts of data for each product are also indicated in the plot. Correlation coefficients during the wet period are lower than in the dry period. 3B42 and 3B43 have very similar scatter plots and correlations in the wet and dry periods, which is the same as the monthly condition. The only difference is in the level of correlation for each period or season. 3B43 is lower than 3B42 in the wet season, whereas in the dry season, 3B43 is higher than 3B42. However, the differences are insignificant. Although the correlation during the dry season is higher than during the wet season, this condition does not occur above the level of statistical error. The values of the error statistics in the wet season are lower than in the dry season, and the statistical error values for 3B43 are better than the corresponding values for 3B42. The MBE values between 3B42 and 3B43 are similar during the wet season, and during the dry season, error values are relatively large (see figure 8(a)). The MAE values are quite similar in these seasons (see figure 8(b)), while at the same time, the RMSE values from 3B42 and 3B43 are similar in the wet season and relatively large in the dry season (see figure 8(c)). 
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	Figure 9. Scatter plots of the 3B42 and 3B43 products versus the gauge data for monthly rainfall for wet and dry season: (a) 3B42, wet season; (b) 3B43, wet season; (c) 3B42, dry season; and (d) 3B43, dry season.



	


5. Summary and conclusions

An overview of the comparison of the TRMM multisatellite precipitation analysis (TMPA) products and daily to monthly gauge data from Bali island is presented here. An extensive comparison of the gauge observations and satellite-derived estimates of daily to monthly rainfall were performed over a five-year period on daily, monthly and seasonal timescales.

The comparison of five years of daily, monthly and seasonal variations of rainfall at the study site from TMPA combined with gauge data shows that the satellite gave lower values than the gauge estimates. The validation analysis demonstrated that both of the TRMM-merged rainfall products (3B42 and 3B43) showed very good agreement with gauge data in Bali on monthly-to-seasonal timescales. On the other hand, a very poor relationship was shown between the daily data analysis from 3B42 in comparison with the gauge data.

Because the daily data could only be obtained from 3B42, the daily analysis was only performed by this product. Very poor correlation was shown in the results of the point-by-point analysis. In contrast, a better daily correlation was obtained by averaging all points. This result indicates that point-by-point analysis would be very poor as a stand-alone daily climate product. However, if the 3B42 daily data were used to cover large areas by averaging, then this product would be capable of adequately estimating the variability in daily precipitation (see Su et al. (2008)).

The 3B42 and 3B43 products showed the same levels of relationships with rain gauge data during the wet season and the dry season. The error levels in the wet season were lower than in the dry season. Monthly values of the error statistics showed instability during the rainy season. However, the instability did not affect the MBE error, the absolute error or the random error. The 3B43 showed slight improvements when compared with the 3B42 in terms of its ability to reduce both the random error and the scatter of the estimates.

The intra-annual variation of the comparison statistics showed relatively high correlations between the satellite estimates and the gauge data during the dry season and lower correlations during the wet season. There were, however, higher error values when the correlation was higher, a behaviour that is opposite to what we would expect. This pattern has been also found by Feidas (2010). The lower rainfall amounts recorded during the dry season affect the situation. During the dry season, the amount of rainfall recorded in the rain gauge data and the satellite data is small, and the level of correlation becomes lower while the error values become larger. However, because the error values are given as percentages, the statistics error values become large, although the actual statistics error value of the rainfall (mm month–1) is small. The opposite trend occurs during the rainy season. This explains why the logarithms of 3B42 and 3B43 are not very accurate when the amounts of rainfall are low.

The accuracy levels of the rainfall data obtained from 3B42 and 3B43 are generally similar, as indicated by the correlation values between both data and the gauge data. However, error analysis shows that 3B43 is better than 3B42. In general, the data from TMPA are potentially usable to replace rain gauge data, especially with the monthly data, if the inconsistencies and errors are taken into account.
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