GROUND VALIDATION OF IMERG MONTHLY RAINFALL PRODUCT OVER INDONESIA
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ABSTRACT: The Integrated Multi-Satellite Retrieval for GPM (IMERG) final rainfall product was validated using ground rainfall data in the Indonesian territory for five years from 2015 to 2019. This study evaluated IMERG's performance in describing monthly characteristics of rainfall variation over two major spatial approaches: elevation and rainfall pattern regions in the study area. Statistical validation is employed in the form of linear correlation coefficient (r), Mean Bias Error (MBE), and Root Mean Square Error (RMSE). The analysis, which concentrated on April 2014 to March 2019, showed that 96% of 154 total validation locations have a high correlation score between IMERG and rain gauges (r = 0.5 – 0.97). IMERG consistently overestimated rainfall on all elevation classes except on common plains area. In this hilly area, RMSE tends to become more substantial, and MBE becomes negative. IMERG correctly identified monthly time series patterns and monthly mean patterns of rainfall in Indonesia's three distinct rainfall regions. However, the overestimated condition tends to occur in the dry season period.

1. INTRODUCTION

Rainfall is an essential meteorological element in the tropics such as Indonesia's maritime continent and observed by observers at weather observation stations every day. The data and information on rainfall need various kinds of human activities such as agriculture, plantations, fisheries, transportation (land, sea, air), and others (Prawirowardoyo, 1996). Many Indonesian region locations are very vulnerable to rainfall conditions (BMKG, 2003; Swarinoto, 2006). Normal rainfall conditions often cause floods and landslides, and in the opposite situation, below-average rainfall causes dryness. Both conditions result in a decrease in food production. For areas prone to these conditions, water management is vital to be provided (Swarinoto, 2001).

The interaction between the atmosphere and the sea around Indonesia, such as the El Niño-Southern Oscillation (ENSO) and Indian Ocean Dipole (IOD) events, affects the rain variability in Indonesia (Aldrian and Susanto, 2003; Aldrian et al., 2007; Saji et al., 1999). With the high level of atmospheric variability, the analysis of rainfall in Indonesia requires long observations with adequate representation of data distribution. Rain gauges in each rain observation station are useful and relatively accurate in describing rain conditions in a place. However, the rainfall station is not evenly well distributed, especially in areas with rugged topography, uninhabited areas, and ocean, resulting in reduced accuracy, especially in the distribution of spatial rainfall patterns. This condition affects the prediction of rain by using various climate model applications (Feidas, 2010). The possibility of obtaining rainfall data needed in various scientific applications could receive from meteorological satellites. Rainfall products from the satellite are essential precipitation data in hydrology, climatology, and meteorology studies for the last few decades. Applications of satellite rainfall products are rapidly increasing due to their extensive spatial coverage, continuous measurement, the fact that they are free of charge, and some products' availability in nearly real-time via the internet. Most importantly, the satellite precipitation product could overcome the spatial coverage limitation of point-based ground observations in less accessible mountainous and oceanic regions (Tan et al., 2017).

The new generation of weather observatory satellites, namely Global Precipitation Measurement (GPM), is an international mission to provide next-generation observations of rain and snow after the Tropical Rainfall Measurement Mission (TRMM) era. NASA and the Japan Aerospace Exploration Agency (JAXA) launched the GPM Core Observatory satellite on February 27th, 2014, carrying advanced instruments to set a new standard for precipitation measurements from space. The Integrated Multi-satellite Retrievals for GPM (IMERG) products provide better spatial (0.1°) and temporal (30 min) resolutions than the TRMM and Multi-satellite Precipitation Analysis (TMPA) products. Besides, the coverage of the IMERG (60°N–60°S) is also more extensive compared to the TMPA products (50°N–50°S). IMERG is presently available from mid-March 2014 to the present (with access delay in the order of about three months for the final run version). 

The performance of IMERG in depicting precipitation features over various areas have been examined. In the United States, Sungmin and Kirstetter (2018) showed that IMERG precipitation estimates could be a reliable alternative to ground-based measurements even at the sub-daily scale, IMERG substantially overestimates normalized amplitude of diurnal precipitation in the central U.S., while it tends to underestimate diurnal variations over the mountain regions. Gaona et al. (2017) found that IMERG underestimation bias is small enough to propose it as a reliable source of precipitation data in a mid-latitude country such as the Netherland. In Singapore, IMERG correlated well with gauges measurements monthly but moderately on a daily scale (Tan and Duan, 2017). They also identified that IMERG overestimated moderate precipitation events (1–20 mm/day). Xu et al. (2017) highlighted the superiority of GPM to TRMM in the southern Tibetan Plateau region. Also, they recommended that further improvement of the rainfall retrieval algorithm is needed by considering topographical influences for both GPM and TRMM rainfall products. In the India monsoon area, Prakash et al. (2017) showed that the IMERG estimates represent the mean monsoon rainfall and its variability more realistically. However, rainfall estimates show an exceptionally smaller correlation coefficient, larger RMSE, more considerable negative total bias over northeast India, where orographic effects dominate precipitation. 

Other areas such as Ethiopia (Sahlu et al., 2016), Taiwan (Huang et al., 2018), and Brazil (Salles et al., 2019) have also validated the IMERG product.  However, the capability of IMERG in illustrating precipitation variations over the Indonesian maritime continent (i.e., the area of interest in this study) has not been evaluated in detail by these documented studies or by other classes; therefore, this subject examined herein. 


2. METHODOLOGY

2.1 IMERG Rainfall data

The Integrated Multi-satellite Retrievals for GPM (IMERG) is an algorithm to combines information from the GPM satellite constellation into precipitation estimates over the majority of the Earth's surface (Huffman et al., 2018). IMERG uses the GPM constellation configuration to inter-calibrate precipitation data from all constellation radiometers. Temporal and spatial gaps in the IMERG microwave precipitation estimates are filled by morphing the estimates in between the microwave overpasses and incorporating infrared satellite imagery (I.R.) estimates with a Kalman-filter where the gaps are too long (over about 3 hours) to produce 0.1°x 0.1° half-hour global products (Jackson et al., 2017). IMERG products are available in the form of IMERG-E, IMERG-L, and IMERG-F. Those three terms are explained as follows: "Early" multi-satellite product is produced 4 hours after observation time, "Late" multi-satellite product is delivered 12 hours after observation time, and once after the monthly gauge analysis is received "Final" satellite-gauge product is available three months after the observation. The IMERG-F or research products are produced by The NASA Precipitation Processing System (PPS) when all the required high-quality ancillary and geolocation data are received with the objective of accuracy, completeness, and consistency. The detailed characteristics of IMERG-F (Huffman et al., 2018) used in this study were shown in Table 1 below.

Table 1 IMERG Level 3 Final Run specification used in this research
	Algorithm
	Integrated Multi-satellite Retrievals for GPM

	Basic acronym
	IMERG

	Data sets
	3IMERGHH/3IMERGM Final Run multi satellite-gauge combination

	Spatial grid; Coverage
	0.1°x0.1° lat/lon; 14°S - 8°N/ 90°E - 142°E

	Version
	06A

	Time interval; span
	• daily; April 2014-March 2019
• monthly; April 2014-March 2019

	Latency
	Final 3.5 month after the month's end



2.2 Ground rainfall observation data

This study covers an area between 14°S to 8°N and 90°E to 142°E (Figure 1). Geographically, the site belongs to Indonesian territorial (colored map). Rainfall data on 154 locations of rain gauges obtained from the Agency for Meteorology, Climatology, and Geophysics of the Republic of Indonesia (BMKG) spread across 34 provinces in Indonesia. The monthly data were accumulated from daily observations by standard manual (Observatory) and automatic (Hellmann) rain gauges. The analysis concentrated on the period of April 2014 to March 2019. The months that contain missing value were removed and were not used in the validation process. Some of these rain gauge locations are on Indonesia's large islands. Some others are on small islands. In addition to variations in island size, the rain gauge location varies according to the elevation, as shown in Figure 1. 
Most of these rain gauge locations represent the three significant groups of rain patterns in Indonesia (Figure 2). Region A has one peak of wet season around December-February and one peak of the dry season around June-August, and it forms U-shape. This region experiences strong influences of two monsoons, namely the wet northwest (N.W.) monsoon from November to March (NDJFM) and the dry southeast (S.E.) monsoon from May to September (MJJAS). Region B has two peaks of rainfall in October–November (ON) and March to May (MAM). This Equatorial pattern is caused by the sun's annual movement, which the equator has twice in the past year. The convection center point's movement brings about a cross-continent convective cloud formation area known as Inter-Tropical Convergence Zone (Bayong, 1999). Besides, the Indian Ocean's westerly wind also carries water vapor toward the Maritime Continent, especially in spring and autumn (Wyrtki 1961, Hastenrath and Lamb 2004).  Region C has one peak from June to July (J.J.) and one trough (November–February). According to Aldrian and Susanto (2003), this pattern anomaly is more caused by ocean currents in the area called Indonesian Through Flow (ITF). In the middle of the year, warm ocean currents flow from the warm pool area north of Irian Island into the north Maluku sea. As a result, this area experiences the peak of the rainy season. So with these field data, IMERG's rainfall product accuracy will be tested based on location elevation and three different rainfall regions in Indonesia. Further explanation will be given in the validation method section.
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Figure 1 Research area
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Figure 2 Distribution of rain gauge locations based on three rainfall pattern types in Indonesia

2.3 Validations

Statistical validations are used for validating IMERG rainfall product in this research are: 
Linear Correlation Coefficient (r): this analysis was performed to determine the relationship between rainfall from IMERG and in situ data. The cross-correlation analysis can identify how the validity of rainfall data from IMERG. The equation (Feidas, 2010) used in the study is the linear correlation coefficient (r). 


												(1)



Mean Bias Error (MBE) and Root Mean Square Error (RMSE): this analysis used to find out how much the average error value between the data from IMERG and in-situ data. The equation (Feidas, 2010) used are:


												(2)



												(3)


Where  are the estimated values (satellite data),  are the reference gauge values,  and  are their standard deviations (respectively), and n is the number of data pairs. The correlation coefficient (r) measures the degree of linear association between the estimated and observed distributions. The MBE represents the systematic component error by overestimating or underestimating the gauge data by the satellite estimates. The RMSE involves the departures' square from reality and, therefore, is sensitive to extreme values.

The validation was conducted based on two major approaches: topographical and rainfall pattern zoning on the study area. The elevation classification was based on the rain gauges' location and the consideration of the number of rain gauges available in each class (Table 2). Besides the elevation based validation, IMERG data was also validated to rainfall data in three types of Indonesian rain patterns. Not all observational data were used for this purpose because several rain gauge locations were located between two areas of rainfall pattern, from 154 rain gauge stations on existing data selected to only 119 stations that match the location criteria and rain patterns. The distribution of validation locations is 94 stations located in parts of Indonesia, which covers the monsoonal types (A), 17 stations located at the Equatorial types (B), and eight stations located at anti-monsoonal types (C). Figure 2 showed the rain gauge station's distribution according to monsoonal type, semi-monsoonal type, and anti-monsoonal type of rainfall. Point-by-point analysis and spatial analysis were applied to the monthly data (As-syakur et al. 2011). The point-by-point analysis consisted of a comparison between gauge data coordinates with satellite data corresponding pixel. The average spatial analysis consisted of a spatial average of all rain gauge locations compared to all corresponding pixels of satellite data based on the Indonesia rainfall region.


3. RESULTS

3.1  Monthly point by point time-series validation

Figure 3 shows the Time series of monthly rainfall points between IMERG and rain gauge data based on 154 locations in five-year records. In general, point-by-point analysis results indicate that the relationship between IMERG with rain gauge is medium to very high (0.41 to 0.96). The time series of monthly rainfall showed 128 point gauges have a very high correlation (r > 0.7), 20 point gauges with high Correlation (r=0.5-0.699), and only six rain gauge locations have medium correlation (r = 0.43 – 0.499). It can be boldly stated that 96% of total validation locations show a high compatibility level between IMERG and rainfall observations in the field. The point-by-point error statistical results show RMSE of 154 point gauges varied between 22% – 205%. The majority of validation locations (98 rain gauges) have RMSE less than 50% from their monthly rainfall average. Fifty point gauges have RMSE between 50% - 100%, and only 6 locations have RMSE more than 100% from their monthly rainfall average.
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Figure 3 Monthly point by point correlation between IMERG and rain gauge data period April 2014 to March 2019

Table 2 shows statistical scores of validation adapted to the rain gauge locations elevations. Slightly varying results in the accuracy of IMERG in distinct elevation classification was discovered. The best accuracy of IMERG occurs in low land areas with a very high correlation score (r=0.80), and the RMSE score was 88.09 mm/month. The characteristic of the IMERG rainfall value on lowland rainfall observation shows an overestimated trend. Nearly similar results were obtained in rainfall data near the coast and medium plains area. The corresponding correlation values were 0.79, and 0.80 with RMSE were 93.42 mm/month and 106.17 mm/month, respectively. The statistical error value in the coastal area has a similar character to the lowlands.
Furthermore, the lowest correlation value found in the highland area with an R score was 0.75. The recorded statistical error values were 99.79 mm/month for RMSE and 17 mm/month for MBE, which indicate an overestimation of rainfall condition. In contrast, significant differences were found in the medium plains' IMERG data characteristics, which has a lower value than the observed value (MBE = -17.31 mm/month).

Table 2 Validation of IMERG in Indonesia based on elevation
	Elevation (m)
	Classification
	Number of rain gauge
	r
	MBE
	RMSE

	0.1 - 10
	Coastal area (very low land)
	41
	0.79
	21.47
	93.42

	10.1 - 100
	Lowland
	78
	0.80
	19.77
	88.09

	100.1 - 750
	Medium plains
	22
	0.80
	-17.31
	106.17

	750.1 - 1656
	Highlands
	13
	0.75
	8.53
	99.79





3.2  Monthly rainfall spatially averaged validation on three rainfall regions in Indonesia

The second result of the validation processes was comparing averaged rainfall data spatially within each rain type. Figure 4 showed the average time series monthly rainfall measured by IMERG and rain gauges in region A, region B, and region C. The pattern of averaged time-series monthly rainfall from IMERG was quite similar to gauge data in Indonesia's unique rainfall region. Table 3. showed statistical validation results. In Monsoonal type (region A), the average monthly rainfall from IMERG was 212.09 (mm/month). Meanwhile, the average monthly rainfall from the rain gauge time series was 201.99 (mm/month). The spatially averaged time-series monthly rainfall relationship between IMERG and rain gauge has a very high correlation (r=0.99) with RMSE was 8.34%, and the MBE score was 5.08%. In the Semi-monsoonal type (region B), the average monthly rainfall from IMERG and rain gauge were 212.09 (mm/month) and 201.99 (mm/month), respectively. The spatially averaged time-series monthly rainfall relationship between the two datasets has a very high correlation (r=0.99), and RMSE was 8.34%. The MBE score was 5.08%, indicating overestimation slightly from IMERG data to ground references. In the Anti-monsoonal type (region C), the same as other regions, the rainfall pattern was almost identical, although IMERG average rainfall was higher than rain gauge average rainfall. IMERG averaged data was 221.44 mm/month while ground observation rainfall average in Region C was 203.7 mm/month. Statistical scores indicated a very high Correlation (r = 0.93) between satellite data and ground reference data. The score of RMSE and MBE was 19.77% and 9.04%, respectively.
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Figure 4 Comparison of monthly rainfall spatially averaged time series from IMERG and rain gauges in Monsoonal type (A), Semi-monsoonal type (B), and Anti-monsoonal type (C) on period April 2014 to March 2019

Figure 5 shows the monthly relationship between measured by IMERG and rain gauge in regions A, B, and C for five years averaged.  This analysis shows the ability of IMERG to describe the annual rainfall pattern in the Indonesian territory. In region A, IMERG data showed perfect agreement with the ground reference giving a very high Correlation (r=0.997), and RMSE was 13.0 mm/month (table 4). Statistical mean bias error value (10.55 mm/month) indicates that IMERG data was higher than average rainfall on ground references. This condition dominantly occurred from February to September. In region B, which has two peaks of rainfall in a year, IMERG followed this double peaks rainfall pattern well (Figure 5). The Correlation was very high (r=0.976) and RMSE only 20.69 mm/month (Table 4). Almost the same as region A, monthly mean IMERG data in this region also higher than ground observation (MBE = 14.05 mm/month) but the period of significant gap occurred from December to March and July to October. The annual pattern of area C from IMERG has produced a similar pattern to the rain gauge rainfall annual data pattern (Figure 5). The Correlation was very high (r=0.97), and RMSE was 25.62 mm/month (Table 4). The Mean Bias Error showed a positive score (18.36 mm/month), indicating overestimation from IMERG to ground rainfall observation. The period of significant deviation between these two data occurred from November to April.

Table 3 Statistical monthly time series validation results between IMERG and rain gauge data, spatially average based on Indonesian Rainfall Pattern
	Type
	Rainfall Average (mm/month)
	r
	MBE (%)
	RMSE (%)

	
	Rain gauge
	IMERG
	
	
	

	A
	201.59
	212.09
	0.99
	5.21%
	8.60%

	B
	233.58
	247.56
	0.92
	5.99%
	14.67%

	C
	203.07
	221.44
	0.93
	9.04%
	19.77%



[image: ][image: ][image: ]
Figure 5 Comparison of annual pattern of IMERG and rain gauge rainfall data in Monsoonal type (A), Semi-monsoonal type (B), and Anti-monsoonal type (C) averaged on period April 2014 to March 2019

Table 4 Statistical annual pattern validation results between IMERG and rain gauge data
	Type
	r
	MBE
	RMSE

	
	
	
	

	A
	0.996
	10.48
	13.27

	B
	0.976
	14.05
	20.69

	C
	0.970
	18.36
	25.62




4. SUMMARY

The distribution of monthly rainfall by satellite data showed high compatibility with ground references almost in all validation areas. The IMERG data depicted rainfall conditions on the local site (point by point) in Indonesia, which has many islands, variations in the topography, and the seas' influence around Indonesia. Only a few local areas where rainfall could not be adequately captured by IMERG (only 4%). Based on the elevation approach, the result described that the IMERG product did not show a significant difference in estimating monthly time series rain patterns in a coastal area, lowland, medium plains, and highlands by ranging the high correlation result. Furthermore, IMERG consistently overestimated rainfall on all elevation classes except on medium plains area. In this hilly area, RMSE tends to become more extensive, and MBE becomes negative. This result indicated that the IMERG product encountered difficulties estimating rainfall on the hilly area or mountain foothill. Prakash et al. (2018) also showed that IMERG has a larger RMSE and more massive negative total bias over Himalayan foothills and northeast India. Satellite precipitation estimates are still somewhat uncertain in areas where precipitation is dominated by the orographic effect (Navarro et al., 2019).

[bookmark: _GoBack]A further step in evaluating the performance of IMERG was the analysis of monthly time series data spatially averaged in three distinct rainfall pattern regions in Indonesia. The distribution of monthly rainfall by satellite data showed an overestimated condition in monsoonal type (region A), equatorial type (B), and anti-monsoonal type (C). Based on the statistical results, the satellite performed a better estimation of rainfall for the wet season than the dry season period. The distribution of satellite rainfall was mostly underestimating during the wet season whereas overestimating during dry seasons. This pattern has also been found in Singapore (Tan and Duan, 2017), and a similar result in Brazil (Salles et al., 2019). IMERG encountered difficulties in estimating rainfall in the dry period, when rainfall events characteristics were generally less intense, lower volume, and more sparsely distributed across the territory. 

The annual pattern from spatially averaged rainfall provided by IMERG indicated the near-perfect capability of this data to figure out the main ways of monthly rainfall, which significantly similar to ground data. This situation indicates that IMERG products can use to determine annual climatic characteristics. The monthly average rainfall relationship measured by IMERG and rain gauge showed good agreement with the ground reference giving very high Correlation (r=0.97-0.99), and RMSE was less than 25 mm/month. These results indicated that IMERG data has good prospects as a source of rainfall data for remote areas that are difficult to reach or locations that do not yet have rain observation network infrastructure. Furthermore, the IMERG product can be used to find rainfall patterns in areas with a rain gauge.
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