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Abstract

:

This study assesses the performance of satellite precipitation products (SPPs) from the latest version, V06B, Integrated Multi-satellitE Retrievals for Global Precipitation Mission (IMERG) Level-3 (including early, late, and final runs), in depicting the characteristics of typhoon season (July to October) rainfall over Taiwan within the period of 2000–2018. The early and late runs are near-real-time SPPs, while final run is post-real-time SPP adjusted by monthly rain gauge data. The latency of early, late, and final runs is approximately 4 h, 14 h, and 3.5 months, respectively, after the observation. Analyses focus on the seasonal mean, daily variation, and interannual variation of typhoon-related (TC) and non-typhoon-related (non-TC) rainfall. Using local rain-gauge observations as a reference for evaluation, our results show that all IMERG products capture the spatio-temporal variations of TC rainfall better than those of non-TC rainfall. Among SPPs, the final run performs better than the late run, which is slightly better than the early run for most of the features assessed for both TC and non-TC rainfall. Despite these differences, all IMERG products outperform the frequently used Tropical Rainfall Measuring Mission 3B42 v7 (TRMM7) for the illustration of the spatio-temporal characteristics of TC rainfall in Taiwan. In contrast, for the non-TC rainfall, the final run performs notably better relative to TRMM7, while the early and late runs showed only slight improvement. These findings highlight the advantages and disadvantages of using IMERG products for studying or monitoring typhoon season rainfall in Taiwan.
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1. Introduction


Located in East Asia, Taiwan (120°E–122°E, 22°N–25.2°N; about 144 km wide, 394 km long) is an island with complex terrains (Figure 1a), making it a valuable location for studying the effects of topography on the movement and structure of typhoons and their related rainfall variations [1,2]. On average, 3–5 typhoons (Figure 1b) affect Taiwan each year (Figure 1c) [3,4]. From July to October (hereinafter JASO), i.e., the typhoon season, more than 40% of seasonal rainfall in Taiwan is attributed to typhoon-related rainfall (hereinafter TC rainfall; Figure 1d) [5,6]. As TC rainfall frequently leads to flooding, debris flows, and large economic losses [7,8], many studies have focused on understanding the spatio-temporal characteristics of TC rainfall in Taiwan over various timescales [9,10,11]. Local researchers might generally use high-density rain-gauge observations [11,12] or the weather radar network data [13,14,15,16,17,18] for the study of TC rainfall; however, the raw data of these observations usually are not free accessible for “non-local” researchers. Instead, free accessible satellite precipitation products (SPPs) become an important source of information for “non-local” researchers interested in studying TC rainfall over Taiwan. Thus, it is crucial to conduct studies to evaluate the performance of SPPs in estimating TC rainfall over Taiwan. However, on comparison with the number of studies carried out in other regions evaluating similar issues [18,19,20,21,22], the performance of SPPs in estimating TC rainfall over Taiwan remains significantly understudied.



The Tropical Rainfall Measuring Mission 3B42 v7 (hereinafter TRMM7), which was launched in November 1997 and ceased in December 2019, has been the most frequently used SPP for the study of rainfall variations in East Asia [23,24,25], including Taiwan [26], over the past 20 years. To continue the monitoring of global precipitation, the Global Precipitation Measurement (GPM) Core Observatory Satellite was launched in February 2014 [27]. In March 2019, the National Aeronautics and Space Administration (NASA) released the newest version (v6) of Integrated Multi-satellitE Retrievals for GPM (IMERG) Level-3 products, which include TRMM-era data since June 2000 [28]. The IMERG Level-3 consists of three different SPPs, namely, early, late, and final run (hereinafter IMERG-E, IMERG-L, and IMERG-F, respectively), based on the release time. The IMERG-E and IMERG-L are released around 4 h and 14 h after the nominal observation time, respectively, and are frequently considered as the near real-time (NRT) products [28]. Unlike the NRT products, IMERG-F ingests monthly Global Precipitation Climatology Center (GPCC) gauge analyses for bias adjustment and is released approximately three months after the nominal observation time. For the details of features of the different versions of IMERG Level-3 products, please refer to [28].



Because IMERG-F was suggested by NASA for most research purposes, more recent studies have evaluated the performance of IMERG-F in depicting the local rainfall over various regions [29,30,31,32,33]. For example, [29] compared the ability of IMERG-F v3 and TRMM7; they noted that IMERG-F v3 exhibits an overall better performance than TRMM7 in depicting the TC-related rainfall during 2014 to 2015 for eight TCs over the coastal region of China. However, [29] did not focus on the TC-related rainfall over Taiwan. Recently, [30] assessed the ability of IMERG-F v5 and noted that it can qualitatively depict multiple timescale variations in rainfall over Taiwan, similar to the local rain-gauge observations. In [33], the differences among IMERG-F v5, IMERG-F v6, and TRMM7 were compared; they suggested that IMERG-F v6 outperformed both IMERG-F v5 and TRMM7 in capturing the interannual variation of summer convective afternoon rainfall events over Taiwan within the period of 2000–2018. However, neither [30] nor [33] examined the performance of IMERG-E and IMERG-L products, nor did they focus on TC-related rainfall features. It was known that relative to IMERG-F, the NRT products (i.e., IMERG-E and IMERG-L) can provide rapid information on rainfall features, which are beneficial for estimating the effects of heavy rainfall events. However, the number of studies assessing the robustness of IMERG-E and IMERG-L products in depicting rainfall features over Taiwan is relatively small, compared to those of IMERG-F. Therefore, this study primarily aims to clarify this issue, with a focus on TC-related rainfall features.



Further objectives of this study were to clarify: (1) whether the use of SPPs from IMERG Level-3 v6 (instead of TRMM7) is advantage to the study of TC rainfall features, and (2) whether the differences between the abilities of these SPPs to depict TC and non-TC rainfall features are obvious. Clarifying these issues will help understanding the advantages and disadvantages of using IMERG Level-3 products for studying or monitoring typhoon season rainfall in Taiwan. The remainder of this manuscript is organized as follows. Information on the data and statistical methodology are introduced in Section 2. The evaluation and application of SPPs in studying the multiple timescale variations of TC and non-TC rainfall over Taiwan are documented in Section 3. Explanations for why the examined statistic scores have provided those values are given in Section 4, and the summary is provided in Section 5.




2. Data and Methods


2.1. Data


In this study, we used gridded hourly rain-gauge data, generated from more than 400 rain gauges provided by the Central Weather Bureau in Taiwan (hereinafter, CWB data) as the reference base for evaluation. Four selected SPPs were evaluated, including the latest versions of (1) IMERG-E, IMERG-L, and IMERG-F (i.e., v6; available at https://pmm.nasa.gov/data-access/downloads/gpm) [28] and (2) TRMM7 (i.e., v7; available at https://pmm.nasa.gov/data-access/downloads/trmm) [34]. The IMERG products provide calibrated and uncalibrated precipitation estimations, and we used the calibrated precipitation estimates in the evaluations. Production details for calibrated precipitation estimates of these IMERG products are described in [28]. For the purpose of this study, however, some of the processing steps for IMERG-E, IMERG-L, and IMERG-F pointed out by [28] were documented here. For IMERG-L and IMERG-F, the precipitation estimates were propagated forward and backward (allowing interpolation) in time. In contrast, for IMERG-E, only the forward propagation method (which basically amounts to extrapolation forward in time) was applied. In addition, the bias adjustment using “monthly” GPCC gauge analyses was applied only for IMERG-F, but not IMERG-E and IMERG-L.



Basic information of time delay, the spatio-temporal resolution of SPPs examined in this study is documented in Table 1. The original spatial resolution of IMERG products is 0.1 × 0.1 with a 30 min temporal resolution, and for TRMM7, the original resolutions are 0.25 × 0.25 and 3 h, respectively. To compare with the CWB data, all of these SPPs were interpolated linearly into a 0.1 × 0.1 spatial resolution. Daily (monthly) data were produced by accumulating rainfall during a day (month), for the time period 2000–2018 JASO. In addition, we utilized: (1) wind circulation data from the fifth generation of the ECMWF ReAnalysis (available at ERA5; https://www.ecmwf.int/) [35] to help with the construction of Figure 1b, and (2) the GPCC data (available at https://opendata.dwd.de/climate_environment/GPCC/full_data_daily_V2018_05) [36] to aid discussions in Section 4.




2.2. Identification of TC and Non-TC Rainy Days


The calculation of TC rainfall and non-TC rainfall was performed in several steps. First, a “rainy day” is determined when the area-averaged daily rainfall recorded by the CWB is greater than 0.1 mm per day (hereinafter mm·d−1) [33]. Second, following [33], when the distance between Taiwan’s coastline (Figure 1a) and the center of a TC is within 300 km on a rainy day, it is defined as a TC rainy day (hereinafter TC day). The TC track information was obtained from the best track data provided by the Joint Typhoon Warning Center (https://www.metoc.navy.mil/jtwc/jtwc.html). Other rainy days are defined as non-TC rainy days (hereinafter non-TC days). In total, 2224 rainy days are defined during the period 2000–2018 JASO, with 282 TC days and 1942 non-TC days.




2.3. Statistical Methods for Comparison


Statistical methods used for the quantitative evaluation included the relative bias (RB, perfect score = 0), root-mean-square error (RMSE, perfect score = 0), relative root-mean-square error (RRMSE, perfect score = 0), probability of detection (POD, perfect score = 1), critical success index (CSI; also known as the threat score, perfect score = 1), and false alarm ratio (FAR, perfect score = 0) [37]. The RB, RMSE, and RRMSE were calculated using the following equations:


   RB    =       ∑      (  SPP − CWB  )      ∑      (  CWB  )    ,  



(1)






   RMSE    =       ∑        (  SPP − CWB  )   2   N      ,  



(2)






   RRMSE    =        1 N    ∑        (  SPP − CWB  )   2       1 N    ∑      (  CWB  )    ,  



(3)




where N is the sample sizes used for the comparison between SPP and CWB. The POD, CSI, and FAR are defined as follows:


   POD    =   hits   hits + misses   ,  



(4)






   CSI    =     hits   hits +  false   alarms  + misses   ,  



(5)






     FAR    =    false   alarms    hits +  false   alarms    .  



(6)




The definition of hits, misses, and false alarms is presented in Table 2, and the definition of these contingency score parameters (including POD, CSI, and FAR) are discussed in detail by [37].



In addition, the spatio-temporal similarities between CWB and SPPs are calculated based on the spatial correlation coefficient (Scorr, perfect score = 1) and temporal correlation coefficient (Tcorr, perfect score = 1), respectively. The correlation coefficient (Corr) between CWB and SPP is calculated based on Equation (7).


     Corr    =     ∑      (  SPP −   SPP  ¯   )   (  CWB −   CWB  ¯   )        ∑        (  SPP −   SPP  ¯   )   2    ∑        (  CWB −   CWB  ¯   )   2      ,  



(7)




where N is the sample size (i.e., number of spatial grid points for Scorr; number of temporal points for Tcorr),     SPP  ¯    is the mean of all sample sizes of SPP, and     CWB  ¯    is the mean of all sample sizes of CWB. Probability density function (PDF) of an analyzed variable is calculated based on Equation (8).


   PDF     ( % )    =      number   of   analyzed   variable   at   selected   threshold       number   of   analyzed   variables   at   all   thresholds      100 % .  



(8)




The selection of all these statistical scores were based on what the features (temporal similarity or spatial similarity or quantitative rainfall estimation, etc.) we were interested to examine in Section 3.





3. Results


3.1. Seasonal Mean


Figure 2a shows the horizontal distribution of the seasonal mean total rainfall over Taiwan, averaged during 2000–2018 JASO and estimated from the CWB and selected SPPs. Focusing on the CWB of Figure 2a, there are two maximum rainfall centers, one each in southern and northeastern Taiwan. The formation of these two maximum centers is caused mainly by the interactions between the topography and monsoonal flows [38,39]. By separating the total rainfall (Figure 2a) into non-TC (Figure 2b) and TC (Figure 2c) rainfall, we note from CWB that both also consist of two maximum centers, similar to those for total rainfall. However, relative to non-TC rainfall, TC rainfall distribution shows a more evident east–west contrast, with greater rainfall over eastern than western Taiwan. This feature, which was also noted in previous studies [40], might arise because TCs tend to make landfall more frequently over eastern Taiwan than over western Taiwan [4,41].



By comparing the features documented in Figure 2a–c, we note that all IMERG products tend to underestimate the total, non-TC, and TC rainfall. The use of IMERG products to estimate rainfall distribution over Taiwan seems minimizing the topographic effect (i.e., too smooth compared to CWB). Among IMERG products, IMERG-F has an area-averaged rainfall value much closer to that of CWB, whereas the value of IMERG-E is much less than that of CWB (see Table 3). Despite the magnitude difference, all IMERG products can depict the southern (but not northern) maximum center, for the total and non-TC rainfall. As inferred from [30], two possible reasons might explain why IMERG has bias in underestimating precipitation over northern Taiwan: (1) the brightness temperature of warm orographic clouds is generally too warm for infrared thresholds, and (2) the ice content within warm orographic clouds is generally too low to be detected by passive microwave sensors. For the TC rainfall, IMERG-E and IMERG-L have depicted two maximum rainfall centers similar to CWB, while IMERG-F shows only one maximum center and a more distinct east–west contrast, with greater rainfall over eastern Taiwan than western Taiwan. Overall, the rainfall distribution suggested by the two NRT products (i.e., IMERG-E and IMERG-L) is similar, but the rainfall magnitude in IMERG-L is slightly greater than that in IMERG-E and closer to CWB. Relative to IMERG-E and IMERG-L, it seems that IMERG-F reduces the bias in underestimating the rainfall magnitude but increases the bias in illustrating the spatial distribution.



To further clarify the performance difference among IMERG products, we calculated RB and Scorr between CWB and SPPs for those patterns shown in Figure 2a–c; the results are shown in Figure 2d–f. All SPPs were found to have negative RB values, suggesting that all SPPs have a bias toward underestimating typhoon season rainfall (Table 3). Among SPPs, IMERG-F has the value of RB closest to 0 (−0.15 for total rainfall, −0.18 for non-TC rainfall, and −0.12 for TC rainfall), suggesting that its performance in the quantitative estimation of examined rainfall is better than that of other SPPs. After IMERG-F, IMERG-L has a slightly better overall performance for RB (−0.23 for total rainfall, −0.27 for non-TC rainfall, and −0.21 for TC rainfall) than IMERG-E (−0.25 for total rainfall, −0.29 for non-TC rainfall, and −0.22 for TC rainfall). Overall, IMERG-L had the highest Scorr values for total rainfall (~0.62), non-TC rainfall (~0.60), and TC rainfall (~0.68), while IMERG-E has higher Scorr values than IMERG-F for all assessed rainfall. This confirms the earlier suggestion that IMERG NRT products are more skilled than IMERG-F in illustrating the spatial distribution of examined rainfall, especially for TC rainfall.



It is noteworthy that [33] recently demonstrated that IMERG-F is better than TRMM7 in capturing the summer rainfall variations over Taiwan. Based on the findings of [33], we conducted the horizontal distribution of seasonal mean rainfall for total, non-TC, and TC days estimated from TRMM7 (Figure 2a–c) and compared these with the IMERG products. As seen from Figure 2d–f, IMERG-F performs better than TRMM7 in terms of RB and Scorr for all examined rainfall. Furthermore, IMERG-E and IMERG-L tended to perform better than TRMM7, especially for TC rainfall. To clarify whether the findings revealed in Section 3.1 are also true for the daily variations, we conducted related evaluations as discussed below.




3.2. Daily Variation


Figure 3 shows the comparison of daily rainfall area-averaged over Taiwan between CWB and selected SPPs for non-TC days (Figure 3a) and TC days (Figure 3b). The evaluations are based on the Tcorr and RRMSE. It is understood that when the values of Tcorr and RRMSE closer to the perfect score (i.e., 1 and 0, respectively), it implies that the SPP has better performance skill. Therefore, for non-TC rainfall in Figure 3a, we concluded that IMERG-F had the best performance (Tcorr = 0.88, RRMSE = 0.79), followed by IMERG-L (Tcorr = 0.84, RRMSE = 0.89), TRMM7 (Tcorr = 0.84, RRMSE = 0.91), and IMERG-E (Tcorr = 0.82, RRMSE = 0.95), in that order. With regard to TC rainfall (Figure 3b), IMERG-F (Tcorr = 0.95, RRMSE = 0.34) also performed best, followed by IMERG-L (Tcorr = 0.89, RRMSE = 0.54), IMERG-E (Tcorr = 0.89, RRMSE = 0.56), and TRMM7 (Tcorr = 0.88, RRMSE = 0.60).



To assess the ability of SPPs to illustrate the spatial distribution of daily rainfall over Taiwan, we calculated the values of Scorr between CWB and selected SPPs for each of the non-TC and TC days. The Scorr-related occurrence frequency is shown in Figure 4a (non-TC) and Figure 4c (TC) with the probability density function given in Figure 4b (non-TC) and Figure 4d (TC). As noted in Figure 4a,b, the non-TC days have the top three Scorr occurrence frequencies with values of <0.1, (0.6–0.7), and (0.7–0.8). In contrast, Figure 4c,d show that the TC days have the top three Scorr occurrence frequencies at (0.5–0.6), (0.6–0.7), and (0.7–0.8). All SPPs appear to perform better in representing the Scorr for TC days than for non-TC days. Indeed, by accumulating the percentage with Scorr values ≥ 0.5 in Figure 4b,d, we note from Table 4 that about 67.7% to 74.5% of TC days have Scorr values ≥ 0.5, whereas only about 47.2% to 52.2% of non-TC days have Scorr values ≥ 0.5. This implies that, overall, all SPPs are more capable of illustrating the spatial distribution of daily rainfall for TC days than for non-TC days. This is consistent with the results shown in Figure 2e,f. Figure 4 and Table 4 also demonstrate that all IMERG products showed increases within 3.9–6.8% in the accumulated percentage of Scorr ≥ 0.5 for non-TC days as well as TC days, relative to TRMM7. Among the IMERG products, IMERG-L has the best Scorr performance, and IMERG-F has the poorest, although the difference among IMERG products shown in Table 4 is only <2.9% and <1.1% for TC and non-TC days, respectively. The possible reasons why IMERG NRT products are better than IMERG-F in terms of Scorr values will be discussed in Section 4.



It is noted that the results shown in Figure 3 and Figure 4 do not provide information on the ability of SPPs to capture the rainfall occurrence frequency at different intensity thresholds. This information is important for constructing Table 1, which provides the necessary elements for calculating POD, CSI, and FAR. Therefore, we examined the ability of SPPs to capture the occurrence frequency of non-TC and TC rainfall at various intensity thresholds (Figure 5). In total, 761,264 grids counted from 1942 non-TC days, and 110,544 grids from 282 TC days were used to construct Figure 5a,b. The method for the calculation of the number of grids is explained in the caption of Figure 5.



Overall, as shown in Figure 5a,b, IMERG-F (TRMM7) performs better (poor) than other SPPs for capturing the occurrence frequency of rainfall events at most rainfall thresholds; this finding is true for both non-TC days and TC-days. To better compare the difference among SPPs and the difference between non-TC and TC days, we further utilized the information provided in Figure 5a,b to calculate the related probability density function for five different ranges of rainfall intensity: 0–0.1 mm⋅d−1 as non-rainy, 0.1–5 mm⋅d−1 as light rainfall, 5–20 mm⋅d−1 as moderate rainfall, 20–80 mm⋅d−1 as heavy rainfall, and >80 mm mm⋅d−1 as extreme rainfall. The selection of criteria for non-rainy to heavy rainfall followed the method of [33], while the definition of extreme rainfall was defined according to [42].



As shown in Figure 5c,d, all SPPs overestimate the non-rainy percentage, and the related bias (i.e., the difference between CWB and SPPs) is much greater in Figure 5c than in Figure 5d. For light rainfall, all SPPs tend to underestimate the percentage of its occurrence frequency, and the related bias is also greater in Figure 5c than in Figure 5d. Among SPPs, IMERG products perform better than TRMM7 in capturing the non-rainy and light rainfall occurrence frequencies, not only for non-TC days (Figure 5c) but also for TC days (Figure 5d). Other features that were observed during the comparison between Figure 5c,d are as follows: (1) the capabilities of all SPPs in depicting the percentage of moderate to extreme rainfall for non-TC days are similar; (2) overall, TRMM7 has poor performance than all IMERG products in depicting the percentage of heavy to extreme rainfall for TC days; (3) IMERG-F is better than others for extreme TC rainfall, while IMERG-L is better for light to heavy TC rainfall. Using all the rainy grids identified in Figure 5, we calculated POD, CSI, and FAR based on Equations (4)–(6) to evaluate the capabilities of SPPs for quantitative rainfall estimation at different thresholds (Figure 6).



It is known that the higher the POD value, the higher the CSI value, and the lower the FAR value, the better the performance in quantitative rainfall estimation [43]. As shown in Figure 6, IMERG-F has the highest POD and CSI values among other SPPs at most rainfall thresholds; this is not only the case for non-TC days (Figure 6a,b) but also for TC days (Figure 6d,e). Conversely, the value of FAR in IMERG-L is the lowest among SPPs at most rainfall thresholds; this is also true for both non-TC (Figure 6c) and TC days (Figure 6f). Relative to IMERG-E and TRMM7, IMERG-L also had higher POD and CSI values for TC days at rainfall thresholds > 80 mm⋅d−1, suggesting that its performance in quantitative estimation for extreme rainfall on TC days is better than IMERG-E and TRMM7. However, for non-TC days, IMERG-L has POD and CSI values closer to IMERG-E and TRMM7 at most rainfall thresholds.



It is worthy of note that TRMM7 has a poor performance than all IMERG products in terms of illustrating POD, CSI, and FAR for TC days, especially at rainfall thresholds > 80 mm⋅d−1 (Figure 6d–f). This suggests that, relative to TRMM7, IMERG products can provide more accurate rainfall estimations for studying and monitoring TC rainfall in Taiwan. Furthermore, it can be inferred from Figure 6d–f that areas with more intense rainfall would likely have larger errors in quantitative rainfall estimation for TC days. Indeed, by calculating the point-to-point RMSE between CWB and SPPs for TC days during the 2000–2018 JASO (Figure 7b), we note that all SPPs tend to have more bias over southern mountainous regions and northeastern Taiwan—areas of more intense rainfall—as demonstrated in the CWB of Figure 2c. For the non-TC days, we noted that there are also two maximum RMSE centers (Figure 7a), the locations of which are consistent with the two maximum centers revealed in the CWB (Figure 2b). Overall, relative to Figure 7a which shows no significant difference among SPPs, Figure 7b clearly demonstrates that all IMERG products outperform TRMM7 in the quantitative rainfall estimation of TC days. This is consistent with the results shown in Figure 3, Figure 4, Figure 5 and Figure 6.




3.3. Interannual Variation


In addition to the seasonal mean and daily variation, the interannual variation of TC rainfall in Taiwan is also an issue that has attracted research attention [2,9,10]. Here, we examined the ability of SPPs to depict the temporal evolution of interannual variations in non-TC (Figure 8a) and TC rainfall (Figure 8b), area-averaged in Taiwan during the period 2000–2018 JASO. By focusing on the CWB in Figure 8a,b, it is noted that TC rainfall has a greater interannual variability than non-TC rainfall; this is consistent with the results of previous studies [10]. Despite the bias in underestimating the rainfall intensity, all SPPs seem to be able to capture the phase evolution of the interannual variation of non-TC and TC rainfall, similar to those estimated by the CWB. To clarify this hypothesis, we further calculated the related Tcorr between the CWB and selected SPPs using the time series in Figure 8a,b, and the results are given in Table 5.



As shown in Table 5, all SPPs had a Tcorr of ≥0.88 (passing a 99% significance t-test), confirming that all SPPs are highly capable of capturing the phase evolution for the interannual variation in rainfall for both non-TC and TC days. Spatially, the point-to-point Tcorr shown in Figure 8c suggests that all SPPs tend to better illustrate the interannual variation of non-TC rainfall over southwestern Taiwan. In the case of TC rainfall, all SPPs tend to better illustrate its interannual variation not only over southwestern Taiwan but also in northeastern Taiwan. The differences shown in Figure 8c,d are consistent with those in Figure 2c,d, which show that all SPPs tend to capture the northeastern maximum rainfall center better for TC days than for non-TC days.



It is also noted from Figure 8 that IMERG-F is much better than the other SPPs at illustrating the temporal evolution of TC rainfall and slightly better for non-TC rainfall on the interannual timescale. Consistent with this result, we note from Table 5 that IMERG-F also has a much smaller RRMSE value than the others when comparing the time series of TC rainfall (Figure 8b) and a slightly smaller value for non-TC rainfall (Figure 8a). After IMERG-F, IMERG-L ranks second in Table 5, with higher Tcorr values and smaller RRMSE values than those of IMERG-E and TRMM7. This is true for both TC and non-TC rainfall.





4. Discussions


It can be inferred from Section 3 that the overall performance of all IMERG products is better than that of TRMM7 in depicting the typhoon season rainfall over Taiwan. In particular, non-rainy to light rainfall detection is more accurate in the IMERG products than in TRMM7 (Figure 5c,d). Possible reasons for this include: (1) the spatio-temporal resolution of all IMERG products is finer than that of TRMM7 and can, thus, better represent short-lived and finer-scale rainfall events, and (2) the extension of the GPM sensors (e.g., the dual-frequency precipitation radar) used in IMERG is more sensitive to light rain, increasing the ability of IMERG to detect precipitation [44,45,46]. Furthermore, as demonstrated in Section 3, IMERG-F has superior performance among all SPPs in most of the assessed features, but its spatial rainfall distribution (i.e., Scorr in Figure 2 and Figure 4) is inferior to that of IMERG-E and IMERG-L. Possible reasons for this are discussed below.



According to [28], IMERG-F is adjusted to monthly GPCC data, whereas IMERG-L/IMERG-E is not; it is, therefore, assumed that the process of adjusting monthly GPCC data might increase the bias of IMERG-F in Scorr performance. To assess this hypothesis, we followed the methods in Figure 2a–c to construct Figure 9a–c, using GPCC. In addition, we calculated the Scorr between GPCC and IMERG products for the spatial distribution of seasonal mean rainfall for the total, non-TC, and TC days (Table 6).



As presented in Table 6, IMERG-F has the highest Scorr values among the IMERG products, confirming that its spatial rainfall distribution over Taiwan is closest to GPCC during the typhoon season. This explains why the Scorr shown in Figure 2d–f for the comparison between IMERG-F (IMERG-E/IMERG-L) and CWB is more (less) close to those shown in Figure 9d for the comparison between GPCC and CWB. It can also be noted from Figure 9a–c that only one maximum rainfall center is suggested in GPCC; this is in contrast to the two maximum centers demonstrated in the CWB (Figure 2a–c). It is likely that, compared to the number of rain gauges used in CWB (>400 gauges; [33]), the number used in the GPCC over Taiwan (<30 gauges; [36]) is too small to represent the spatial details of rainfall features. Therefore, by adjusting the monthly GPCC to produce IMERG-F, the Scorr performance in Figure 2 and Figure 4 for IMERG-F is poorer than those for IMERG-E and IMERG-L. In contrast, because GPCC has better RB performance than IMERG-E and IMERG-L (Figure 9d and Figure 2d–f), IMERG-F also has better RB performance than IMERG-E and IMERG-L (Figure 2d–f). With regard to the performance of IMERG-E and IMERG-L, we note from Section 3 that IMERG-L is slightly better than IMERG-E for both quantitatively and qualitatively representing the spatio-temporal variations of all examined rainfall over Taiwan. This is consistent with previous studies [47,48,49] that examined rainfall over other regions, suggesting that the use of both forward and backward propagation methods in IMERG-L may help reduce the errors in rainfall estimation as compared to IMERG-E, which only applies the forward propagation method.



Finally, we note from Section 3 that all SPPs tend to perform better for TC rainfall than non-TC rainfall. A similar feature has also been noted in previous studies [50,51], where it was found that satellite-based retrievals tend to capture more intense rain events better than less intense events. This may be due to the higher signal to noise ratio of the passive microwave-based precipitation sensors used in IMERG [28] and TRMM7 [34], which are favorable for convective precipitation measurements. Furthermore, the differences in performance between TC and non-TC rain may be attributed to the greater persistence and uniformity of the rain areas of the TC cases compared to the more transient nature of isolated convection in the non-TC cases that may not be captured by satellite observations with lower temporal resolution than rain gauges.




5. Conclusions


In this study, the performance of IMERG-E, IMERG-L, and IMERG-F in depicting the typhoon season rainfall over Taiwan during the period 2000–2018 JASO was evaluated, and the performance capabilities of these IMERG Level-3 products with the performance capability of TRMM7 were compared. Analyses focus on clarifying two issues: (1) whether using IMERG Level-3, instead of TRMM7, adds value to the study of TC rainfall features and (2) the identification of the differences between the abilities of SPPs to depict TC and non-TC rainfall features. The evaluations used more than 400 rain gauges over Taiwan (i.e., the CWB) as a reference base for comparisons, and examinations included multiple timescale features, including seasonal mean, daily variation, and interannual variation. The performance capabilities of SPPs were quantified based on the statistical analysis of RB, RMSE, RRMSE, PDF, POD, CSI, FAR, and the spatio-temporal Corr formulated in Section 2.



Our results show that all IMERG products tend to perform better than TRMM7 for most of the examined rainfall features over Taiwan. The difference in the performance of IMERG products and TRMM7 is more evident for TC rainfall than for non-TC rainfall. Among IMERG products, IMERG-F performs better than IMERG-L, which is slightly better than IMERG-E for most of the feature examined (other than Scorr) for both TC and non-TC rainfall. The difference observed in the performance of IMERG-F and IMERG-E/IMER-L is attributed to IMERG-F being adjusted to the monthly GPCC data, whereas IMERG-E/IMERG-L is not. It was found that adjusting the monthly GPCC, reduced the errors in quantitative rainfall estimation for IMERG-F, but increased its errors in illustrating the spatial rainfall distribution over Taiwan. With regard to the difference between IMERG-E and IMERG-L, we suggest that the use of both forward and backward propagation methods in IMERG-L may help reduce the errors in rainfall estimation as compared to IMERG-E, which only applies the forward propagation method. Our discussions also explain that IMERG products outperform TRMM7 in depicting typhoon season rainfall over Taiwan might be attributed to the finer spatio-temporal resolution and the extension of the GPM sensors used in IMERG products. These findings highlight the advantages and disadvantages of using IMERG Level-3 products for studying or monitoring typhoon season rainfall in Taiwan.



Finally, as all IMERG-Level 3 products have problem in accurate quantitative rainfall estimates (i.e., underestimating the rainfall) over Taiwan, we suggest that an improvement in the precipitation retrieval algorithm should be considered to improve the current IMERG validation scheme.
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Figure 1. (a) Topography of Taiwan. (b) Infrared cloud image obtained from Gridded Satellite B1 Observations (https://www.ncdc.noaa.gov/gridsat/) and 925 hPa wind filed obtained from ERA5 reanalysis (https://www.ecmwf.int/), for a representative typhoon event that occurred on 19 September 2010, 00 UTC. (c) Annual evolution of monthly mean of typhoon-related (TC) cases (bars) and TC rainy days (black line) affecting Taiwan, averaged within the period of 2000–2018. The methods used for identifying TC cases and TC rainy days are documented in Section 2. Corresponding to (c), (d) shows the monthly accumulation of rainfall for TC rainy days (blue bars), total rainy days (gray bars), and percentage of TC rainfall accumulation relative to total rainfall (red line), estimated from the CWB rain gauge data averaged within the period of 2000–2018. 
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Figure 2. Horizontal distribution of seasonal mean rainfall averaged from (a) total days, (b) non-TC days, and (c) TC days during 2000–2018 July to October (JASO) for the CWB and four SPPs (including IMERG-E, IMERG-L, IMERG-F, and TRMM7). (d–f) show the spatial correlation (Scorr) and the relative bias (RB) for the comparison between CWB and SPPs in (a–c), respectively. 
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Figure 3. Scatter plots of the daily area-averaged rainfall over Taiwan, estimated from CWB (x-axis) and selected SPPs (y-axis), for (a) non-TC days and (b) TC days during 2000–2018 JASO. Plots include the 1:1 line (dotted line), and the least-squares regression line (solid line), using rainfall estimated by CWB as the independent variable and those by SPP as the dependent variable. Statistical values of Tcorr, relative root-mean-square error (RRMSE), and the regression coefficient (β) for the comparison between CWB and SPPs are given in the top left corner of each plot. 






Figure 3. Scatter plots of the daily area-averaged rainfall over Taiwan, estimated from CWB (x-axis) and selected SPPs (y-axis), for (a) non-TC days and (b) TC days during 2000–2018 JASO. Plots include the 1:1 line (dotted line), and the least-squares regression line (solid line), using rainfall estimated by CWB as the independent variable and those by SPP as the dependent variable. Statistical values of Tcorr, relative root-mean-square error (RRMSE), and the regression coefficient (β) for the comparison between CWB and SPPs are given in the top left corner of each plot.



[image: Remotesensing 13 00622 g003]







[image: Remotesensing 13 00622 g004 550] 





Figure 4. (a) Occurrence frequency of Scorr between CWB and selected SPPs (x-axis) for non-TC days during 2000–2018 JASO, and for different ranges of Scorr values (denoted as r). Corresponding to (a), (b) is the Scorr-related probability density function for non-TC days. (c,d) is similar to (a,b), respectively, but for the statistical values that estimated from TC days during 2000–2018 JASO. 
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Figure 5. Rainfall occurrence frequency at different intensity thresholds over Taiwan for (a) 1942 non-TC days (sample size = 761,264 grids for 1942 days with 392 grids per day) and (b) 282 TC days (sample size = 110,544 grids). (c,d) corresponds to (a,b) but shows the probability density function for the occurrence frequency of grids with rainfall intensity at five different ranges, including non-rainy (0–0.1 mm⋅d−1), light (0.1–5 mm⋅d−1), moderate (5–20 mm⋅d−1), heavy (20–80 mm⋅d−1), and extreme (>80 mm⋅d−1). 
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Figure 6. Statistical evaluations based on non-TC days in Taiwan during 2000–2018 JASO: (a) probability of detection (POD), (b) critical success index (CSI), and (c) false alarm ratio (FAR). (d–f) are similar to (a–c), respectively, but for statistical evaluations based on TC-days in Taiwan during 2000–2018 JASO. 
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Figure 7. Spatial distribution for the RMSE between CWB and selected SPPs estimated from (a) non-TC days and (b) TC days, during 2000–2018 JASO. RMSE values that pass the 99% significance t-test are marked by dots. 
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Figure 8. Interannual variation of (a) non-TC rainfall and (b) TC rainfall accumulated from July to October and area-averaged over Taiwan within the period of 2000–2018. Horizontal distribution of point-to-point Tcorr between CWB and selected SPPs for the interannual variation of (c) non-TC rainfall and (d) TC rainfall during 2000–2018 JASO. Tcorr values that pass the 99% significance t-test are marked by dots in (c,d). 
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Figure 9. Similar to Figure 2a–c, but for the season mean rainfall of (a) total days, (b) non-TC days, and (c) TC days, estimated from Global Precipitation Climatology Center (GPCC). In (a,c), gray shows areas with no data. (d) Scorr and RB between GPCC in (a,c) and CWB in Figure 2a–c. For comparison with CWB, the GPCC with original spatial resolution of 0.5° × 0.5° is interpolated linearly into 0.1° × 0.1°. 
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Table 1. Summary of Integrated Multi-satellitE Retrievals for Global Precipitation Mission Level-3 (IMERG-E, IMERG-L, and IMERG-F) and Tropical Rainfall Measuring Mission 3B42 v7 (TRMM7) Satellite Products.
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	Satellite Product
	Upload Delay Time
	Spatial Resolution
	Time Resolution
	Morphing Algorithm





	IMERG-E
	4 h
	0.1° × 0.1°
	30 min
	forward



	IMERG-L
	14 h
	0.1° × 0.1°
	30 min
	forward and backward



	IMERG-F
	3.5 month
	0.1° × 0.1°
	30 min
	forward and backward



	TRMM7
	2.5 month
	0.25° × 0.25°
	3 h
	-
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Table 2. Contingency table used for the comparison between rain-gauge observations provided by Taiwan Central Weather Bureau (CWB) and satellite precipitation products (SPPs).
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	CWB ≥ Rainfall Threshold
	CWB < Rainfall Threshold





	SPP≥rainfall threshold
	hits
	false alarms



	SPP <rainfall threshold
	misses
	correct rejections
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Table 3. Area-averaged rainfall over Taiwan, estimated from Figure 2a–c (units: mm⋅d−1).
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	CWB
	IMERG-E
	IMERG-L
	IMERG-F
	TRMM7





	Total rainfall
	11.76
	8.81
	9.00
	10.01
	8.52



	Non-TC rainfall
	6.31
	4.47
	4.62
	5.16
	4.56



	TC rainfall
	49.29
	38.66
	39.13
	43.57
	35.48
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Table 4. Accumulated number and percentage (%) of days in Figure 4 with Scorr values ≥ 0.5. Highest values are bold.
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Non-TC Rainfall

	
TC Rainfall




	
SPP

	
Days

	
%

	
Days

	
%






	
IMERG-E

	
1004

	
51.7

	
203

	
72.0




	
IMERG-L

	
1013

	
52.2

	
210

	
74.5




	
IMERG-F

	
993

	
51.1

	
202

	
71.6




	
TRMM7

	
916

	
47.2

	
191

	
67.7
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Table 5. Statistical values for the comparison of the interannual variation in rainfall between CWB and SPPs shown in Figure 8a,b. Values closest to perfect scores (Tcorr ~1 and RRMSE ~0) are bold.
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Non-TC Rainfall

	
TC Rainfall




	
SPP

	
Tcorr

	
RRMSE

	
Tcorr

	
RRMSE






	
IMERG-E

	
0.88

	
0.32

	
0.92

	
0.29




	
IMERG-L

	
0.90

	
0.29

	
0.93

	
0.28




	
IMERG-F

	
0.91

	
0.23

	
0.99

	
0.14




	
TRMM7

	
0.90

	
0.30

	
0.91

	
0.35
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Table 6. Scorr values between GPCC for Figure 9a–c and IMERG products in Figure 2a–c. Highest values are bold.
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	Total Rainfall
	Non-TC Rainfall
	TC-Rainfall





	IMERG-E vs. GPCC
	0.49
	0.40
	0.64



	IMERG-L vs. GPCC
	0.52
	0.46
	0.65



	IMERG-F vs. GPCC
	0.71
	0.59
	0.83
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