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Abstract


Highly accurate and real-time estimation of precipitation over large areas remains a fundamental challenge for the hydrological and meteorological community. This is primarily attributed to the high heterogeneity of precipitation across temporal and spatial scales. Rapid developments in remote sensing technologies have made the quantitative measurement of precipitation by satellite sensors a significant data source. The Global Precipitation Measurement (GPM) mission makes precipitation data with high temporal and spatial resolutions available to different users. The objective of this study is to evaluate the accuracy of Integrated Multi-satellite Retrievals for GPM (IMERG) V06 (Early, Late, and Final) satellite precipitation products (SPPs) at high latitudes. Ground-based observation data across Finland were used as a reference and compared with IMERG data from 2014 to 2019. Three aspects were evaluated: the spatial coverage of the satellite estimates over Finland; the accuracy of the satellite estimates at various temporal scales (half-hourly, daily, and monthly); and the variation in the performance of SPPs over different spatial regions. The results showed that IMERG SPPs can be used with high confidence over Southern, Eastern, and Western Finland. These SPPs can be used with caution over the region of the historical province of Oulu but are not recommended for higher latitudes over Lapland. In general, the IMERG-Final SPP performed the best, and it is recommended for use because of its low number of errors and high correlation with ground observation. Furthermore, this SPP can be used to complement or substitute ground precipitation measurements in ungauged and poorly gauged regions in Southern Finland.
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1. Introduction


Precipitation is a critical component in ensuring a water balance and is a vital element of the hydrological cycle. It is the key factor in the analysis of hydrological processes [1,2]. However, because precipitation is highly dependent on the topographic features and climatic conditions of a specific study area, meteorological authorities have been burdened with the task of obtaining temporally and spatially dense precipitation measurements. Obtaining continuous and reliable ground observations with sufficient spatial and temporal resolutions is challenging because of the operational and maintenance costs [3]. Accurately estimating precipitation over large areas in real-time remains a fundamental challenge for the hydrological and meteorological community owing to the high heterogeneity of precipitation across temporal and spatial scales [4,5,6]. The two main sources of reliable precipitation data are ground-based measurements using rain gauges and radar observations [7]. Rain gauges directly measure precipitation at any given point; however, they cannot represent spatial variations [4,8]. Therefore, different interpolation methods have been adopted to derive the spatial distribution from point-based precipitation values [9,10]. The number and distribution of data points measured in a specific region affect the accuracy of such interpolation methods. Moreover, spatial interpolation leads to accuracy-related errors, particularly in regions where the network of gauges is sparse and scarce [11,12]. Alternatively, ground-based weather radar delivers high resolution and almost constant precipitation measurements spanning large areas depending on the radar spectrum, which is approximately 250 km [13]. However, precipitation data from weather radar are subject to major limitations, such as range-dependent systematic and randomized errors [8,14]. In addition, the data quality can be affected by surrounding obstructions, such as high-rise buildings, mountains, and other topographical features. Furthermore, radar networks are expensive to purchase, install, manage, and repair, which severely limits their availability in many countries around the world. Thus, obtaining reliable precipitation measurements across several climatic/topographic regions remains a challenge.



Recent advances in remote sensing and the use of satellite-dependent technologies has made the quantitative measurement of precipitation by satellite sensors a significant data source [15]. Satellite precipitation products (SPPs) have been proven to provide high spatiotemporal accuracy efficiently. Several SPPs have been made available to users and have been comprehensively evaluated over various climatological and topographical regions, such as the Climate Prediction Center (CPC) MORPHing technique (CMORPH), Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks (PERSIANN), Tropical rainfall measuring mission Multi-satellite Precipitation Analysis (TMPA), and Integrated Multi-satellitE Retrievals for Global Precipitation Measurement (IMERG) [16,17,18,19,20]. The coverage and availability of precipitation data with such high spatial and temporal resolutions have provided an alternative data source, particularly for regions with data scarcity. Furthermore, the data provide global coverage with subdaily intervals that, in many cases, surpass those used in traditional ground-based measurements.



NASA released the Tropical Rainfall Measuring Mission (TRMM) satellite at the end of 1997. This satellite provides the TMPA SPP, which has been made available to the public and covers regions between 50° N and 50° S. The precipitation estimates are provided with fine spatial (0.25° longitude × 0.25° latitude) and temporal (3 h) resolutions. The TMPA SPP is one of the most accurate and commonly used precipitation products because of its good performance at detecting moderate to high rainfall over tropical and subtropical regions [21,22]. Over 17 years of operation, the TMPA SPP not only delivered global high-resolution precipitation estimates but also accumulated sufficient knowledge and a reliable methodology for the next GPM tool to be used.



Since the launch of the GPM mission in 2014, evaluating and benchmarking its SPPs have been the focus of research attention. In particular, IMERG has received considerable attention lately because it provides precipitation estimates with the finest resolution [18]. Major enhancements in GPM include the improved orbital inclination (65°), which allows coverage of additional climatic zones; double wavelength, which improves its detection of light precipitation; and high-frequency channels (165.5 and 183.3 GHz), which enhance the detection of both light and solid precipitation [23]. GPM offers IMERG SPPs with spatial (0.1° longitude × 0.1° latitude) and temporal (half an hour) resolutions higher than TMPA SPPs.



Considerable work has been conducted to assess the accuracy and inconsistencies among upgraded versions (V3, V4, V5, and V6) of the IMERG algorithm [18]. Liu [24] analyzed the global systemic discrepancies between TMPA and IMERG and found major systematic variations according to the nature of the surface and precipitation intensity. Recent studies have shown that IMERG generally performs well, although various erroneous features are observed across different regions. Most findings have reported that the SPP performance can vary considerably across diverse ecosystems, climatic conditions, latitudes, altitudes, etc. [25,26,27]. The usefulness of IMERG SPPs has been investigated for regions of specific characteristics. For example, Prakash et al. recently showed that IMERG significantly improves monsoon precipitation detection compared with TMPA [28]. Omranian et al. concentrated on IMERG’s potential for hurricane replication [29], whereas Khan and Maggioni assessed IMERG’s performance over oceans [30]. Assessments at the country level have been reported for mainland China [31,32,33], India [34], Iran [35], the United Arab Emirates [4], Saudi Arabia [36], Brazil [37,38], the Netherlands [39], Germany [40], Austria [41], Spain [42], and Cyprus [43]. However, IMERG SPPs have rarely been evaluated for countries at high latitudes.



GPM SPPs represent a feasible data source with high temporal and spatial resolutions that may help minimize the propagation of uncertainty in hydrological modeling [44]. However, systemic bias and random errors are typically found in satellite precipitation estimates [45,46]. Mei et al. [47] showed that SPPs are likely to underestimate extreme events and thus contribute to the overall error of hydrological modeling. While they are currently rarely used in European modeling scenarios related to hydrology, GPM data have been provided for various future applications. These topics include flood modeling in mountainous regions [30] and calculating the landslide threshold and debris flow-triggering rainfall [28]. More importantly, GPM data were recently integrated as part of the Global Flow Detection System (GFDS) [31,32]. The deficient performance across different European countries in many validation studies [33] has led to ambiguity over its potential applicability. Therefore, studying the GPM performance across Finland is warranted to allow better understanding of GPM SPP performance at high latitudes in Europe. Studies on the SPP performance are highly location-dependent, particularly in difficult topographies with a broad range of correlation values to gauge measurements [17,46]. Consequently, assessing SPPs is crucial before they are implemented at particular locations.



Finland is situated inside the transition zone from oceanic to continental climates with various apparent precipitation patterns, which makes it an extremely interesting and difficult case study site. Finland extends between 60° and 70° N; therefore, GPM coverage and precipitation detection capability of the SPPs at high latitudes could be evaluated. According to the GPM mission, their satellites can detect various precipitation types and intensities between 65° N and 65° S. To date, however, no study has investigated their satellite coverage [23]. In recent documentation of IMERG V06, NASA reported that the complete sets of sensors can accurately detect precipitation up to latitudes of 60° N and 60° S [18,48,49]. To the best of our knowledge, this study is the first to evaluate the coverage of IMERG SPPs at higher latitudes of 60–70° N. The findings may also suggest a better use of IMERG SPPs over the best-covered regions.



Herein, the performance of IMERG SPPs was evaluated through a comparison with subdaily, daily, and monthly ground-based observation data as a reference across Finland for the 6-year period of 2014–2019. This evaluation focused on determining the temporal and spatial variability in rainfall detection. Three aspects were evaluated: the spatial coverage or extent of satellite estimates at high latitudes; the variability of the satellite detection at various temporal scales (half-hourly, daily, and monthly); and spatial accuracy of the satellite detection depending on the climatological and topographical regions. The following research questions were addressed:




	
What is the difference in detection accuracy between the performances of near-real-time and calibrated IMERG SPPs?



	
Do topographic and climatic features have a significant impact on the satellite detection performance of the rainfall intensity?



	
What is the extent of satellite coverage for regions at high latitudes?



	
Does data aggregation to monthly and daily timescales reduce or increase the satellite estimation errors compared with the subdaily dataset (half-hourly)?








Answering these questions can help improve the detection performance of the IMERG algorithm at high-latitude countries, such as Finland.




2. Study Area


Finland’s proximity to the North Pole makes its climate one of the coldest (Figure 1). While the topography of Finland is largely flat, there are hills and mountains located toward the northwest [50]. As a northern European country, Finland is known for its steep temperature gradient, particularly during winter, which influences the freeze and thaw cycles across the country. It was reported that the average annual temperature during the period between 1981 and 2010 varied from 5 °C to −2 °C, while the average annual precipitation was reported to have varied between 450 mm to 700 mm [51,52,53]. Moreover, there are significant seasonal variations in rainfall distribution. Summer (June–August) is the rainiest season, with an average precipitation of more than 200 mm for most of the country [53]. In autumn (September–November), the average precipitation is several tens of millimeters lower than that in summer; however, the number of rainy days is higher. Spring (March–May) is the driest season, with an average precipitation of approximately 100 mm. The average precipitation in winter (December–February) is within the ranges of spring and autumn [53]. Spatial distribution of precipitation (Figure 1c) in the period 1981–2010 indicates that, on average, more precipitation is received in the Southern and Eastern parts of the country and less in the Northern parts. However, it should be noted that the year-to-year variation is large for both the spatial and temporal distribution of precipitation.



Several factors control the climate of Finland, typical examples of which are longitudinal gradient, maritime climate from Eurasia, the Scandinavian mountain range, and the Baltic Sea [52]. The Köppen–Geiger climate classification categorizes Finland as a cold climate region with no dry season, with cold summers in almost all of the country and warm summers in a small coastal area in southern Finland [54]. Southwestern Finland is familiar with a thermal winter season that lasts on average 14 weeks, while in northern Finland, thermal winter is almost twice as long. Moreover, the permanent snow season is about 22 to 27 weeks long [53,55]. In terms of watersheds, it can be said that Finland is the home of three categories of watersheds: those characterized by a multitude of lakes in the central part of the country; small and medium-sized coastal rivers; and large and medium-sized rivers of northern Finland (Figure 1b). The central part of Finland is mostly covered by lakes. It is estimated the thousands of lakes in this part of the country cover about 10% of the total area of Finland [56].




3. Methodology


This section explains the procedure that was used to evaluate the accuracy of the post- and near-real-time IMERG SPPs. The following subsections provide details of the procedure, and Figure 5 at the end of the section summarizes the implemented procedure.



3.1. Data Acquisition


3.1.1. Finnish Meteorological Institute Precipitation Datasets


The Finnish Meteorological Institute (FMI) produces high-quality observational data for various uses, such as meteorology. The data range from basic climatic conditions to air quality, sea, and oceanic information (Figure 1). The FMI conducts various research programs, such as the impact of the atmosphere on the environment and people, climate change, adaptation, and marine research. In 2013, the FMI decided to make data openly available to the public, including precipitation data [57]. The FMI has multiple departments that are responsible for producing such data, and the Service Development Unit is responsible for quality control [58].



The precipitation data are provided at three temporal resolutions: monthly, daily, and subdaily (10 min). For this study, the three resolutions were downloaded from the FMI website (https://en.ilmatieteenlaitos.fi/download-observations/; accessed on 28 April 2021) for 88 stations that performed observations over the 6-year period of 2014–2019. Figure 2 compares the spatial resolution of the SPPs and the rain gauge distribution across Finland.




3.1.2. GPM SPP Datasets


GPM SPPs range from raw non-distributed data to high-resolution processed precipitation data. NASA is the data provider and classifies the data into four levels of 0–3 (Figure 3). They recommend the level-3 SPP data for research purposes, which is produced with the Day-1 IMERG algorithm. The advantage of this algorithm is its capability to merge, incorporate, and intercalibrate all microwave and infrared (IR) satellite estimates, all other estimators from the TRMM satellite era, and ground measurements of the precipitation [23,59]. The resultant algorithm has high temporal (half-hourly) and spatial (11 km × 11 km) resolutions. The IMERG algorithm generates three primary SPPs: near-real-time (early and late runs) and post-real-time/calibrated (final run). The final run product is calibrated using GPCC data, which include data from ground stations in Finland, preventing a completely independent evaluation. However, the final product of IMERG is calibrated using monthly rainfall data, whereas this study evaluates the performance of IMERG by comparing it to subdaily, daily, and monthly temporal resolution. IMERG V06 SPPs were downloaded from NASA servers (https://gpm.nasa.gov/data/directory; accessed on 1 December 2020). Figure 2 shows the spatial extent (intersections/grids) of the GPM satellite that covers the study area. The ground observation data were aggregated from 10 min to half-hourly precipitation rates to match the finest temporal resolution of the satellite owing to the use of subdaily data.





3.2. Data Processing and Analysis


3.2.1. Processing of IMERG SPP Data


The IMERG data were provided in HDF5 files, which require processing and converting to a more applicable format. In addition, the data cover the whole world; therefore, only the data files concerning Finland were extracted. Then, the data were adjusted to match Finland’s time zone. A post-processing verification was performed randomly to ensure all data spatially matched Finland. Finally, the data were stored in CSV files to facilitate the subsequent analysis.




3.2.2. Matching Coordinates of SPPs and Ground Stations


The main step of the data analysis was a point-to-point evaluation. The location of each rain-gauge station was matched with the closest GPM satellite intersection. The core concept of this step was driven by the spatial resolution of the GPM data (pixels), which was approximately 11 km × 11 km. Creating a hypothetical pixel centered on a station and adding half of the spatial resolution (11 km/2 = 5.5 km) to each side resulted in a box within which GPM intersections were identified (Figure 4). The identified GPM intersection was the closest match to the rain-gauge station. The two datasets of GPM estimates and rain gauge observations could then be compared.





3.3. Evaluation Techniques


3.3.1. Statistical Performance Measures


The performances of the IMERG SPPs were assessed according to seven frequently used statistical performance measures (Table 1). These measures were used to quantify the precipitation detection accuracy of the IMERG SPPs. The measures were divided into three groups; each group served as an assessment tool for the IMERG SPPs [26,33,38,60]. The first group was used to measure the contingency (i.e., detection accuracy) of the SPPs and included the probability of detection (POD), false alarm ratio (FAR), and critical success index (CSI). The second group was used to assess the error and bias associated with the satellite estimates and included the root mean squared error (RMSE), mean absolute error (MAE), and relative bias (RB). Finally, the consistency between the SPPs and corresponding rain gauge measurements was assessed using the correlation coefficient (CC).




3.3.2. Spatial and Temporal Assessments


Spatial matching between the point observations of rain gauges and areal estimates of satellites is a challenging and difficult process [61]. Various errors may affect the matching process, such as propagation errors in the satellite estimates, satellite retrieval algorithm errors, sampling errors, and gauge-associated errors (e.g., instrumental error) [62,63,64]. Although the uncertainties associated with the SPPs and ground measurements were not within the scope of this study, they could not be neglected from the evaluation of the overall performances of the near- and post-real-time SPPs.



The spatial and temporal assessments were conducted in Finland for the period of 2014–2019. The FMI observations were used as a reference; all rainfall events were compared against the corresponding satellite estimates. For the spatial assessment, the coverage of the satellite estimates over Finland was examined. A station-based analysis was conducted to evaluate the performance of the satellite at each rain-gauge station. Finally, the overall performance of the satellite was evaluated for different climatological and administrative regions. For the temporal assessment, the consistency in the different IMERG SPPs (IMERG-Early, IMERG-Late, and IMERG-Final) was evaluated for multiple ground observation resolutions (monthly, daily, and subdaily). In other words, a two-dimensional assessment was performed using the measures listed in Table 1. Different gauge temporal resolutions (monthly, daily, and subdaily) were used to evaluate the IMERG SPPs, and the detection accuracies of the near-real-time (IMERG-Early and IMERG-Late) and post-real-time (IMERG-Final) SPPs were compared for precipitation events. Figure 5 shows a summary of the spatial and temporal assessment evaluation of IMERG SPPs.






4. Results and Discussion


The statistical performance measures were used to quantify the detection accuracy, consistency, and errors associated with the IMERG SPPs compared to ground observations of FMI stations. The obtained results are discussed comprehensively in the following sections.



4.1. GPM Satellite Spatial Coverage


Spatial coverage of the GPM satellite over high latitudes was evaluated using different techniques. The percent coverage of the GPM satellite data over Finland was evaluated for FMI ground stations and the different regions (Figure 6). The coverage was calculated as the ratio of the difference between detected values retrieved by the satellite over a specific location during the study period to the complete number of data. The results showed that the regions between 60° N and 63° N, which contain 56% of the FMI stations, had a superior satellite detection coverage of more than 60%. These stations covered the South part of Finland, which includes the Southern, Eastern, and Western Finland regions (Figure 6b). The central region of Oulu (63°–66° N) contained 27% of the FMI stations and experienced moderate detection coverage. The SPPs detected about 50%–60% of the precipitation events that occurred during the study period of 2014–2019. Conversely, the IMERG SPPs over the Lapland region in Northern Finland (66°–70° N) showed an extremely poor detection coverage of less than 50%. Although the coverage was poor, the SPPs still detected more than 40% of the overall precipitation events that occurred during the study period.




4.2. Spatial Assessment


4.2.1. SPP Detection Accuracy


The detection accuracy of the IMERG SPPs was assessed through the performance measures POD, FAR, and CSI. Regional assessments were conducted within each region to compare the detection accuracies. Overall, all assessed regions throughout Finland exhibited extremely high detection accuracy for the entire study period with an average POD of 0.85–0.9, FAR of 0.2–0.3, and CSI of >0.7 (Figure 7).



POD ranged from 0.8 to >0.9 for most of the regions (Figure 7). Eastern and Southern Finland showed the highest detection accuracy with a POD of more than 0.9. Oulu and Western Finland exhibited slightly lower detection accuracies with a POD of 0.85. Conversely, Lapland had relatively low detection accuracy—especially the mountainous region in Lapland—with more than 50% of the region exhibiting a POD of <0.85. With regard to the IMERG SPPs, IMERG-Late, and IMERG-Final showed a significantly improved detection performance compared with IMERG-Early for most of Finland.



FAR was used to evaluate false precipitation detection by the satellite (Figure 7). IMERG-Early showed good performance with an average FAR of 0.1 for most regions, except for Eastern and Southern Finland. Surprisingly, IMERG-Late and IMERG-Final showed higher FAR values for most regions, from 0.2 in Oulu and Eastern, Southern, and Western Finland to 0.5 in Lapland. Overall, the mountainous regions clearly showed higher FAR values than the plain or coastal regions, which supports the POD results. In addition, the calibrated SPP (IMERG-Final) did not lead to improved results compared with the near-real-time SPPs (IMERG-Early and IMERG-Late).



Most regions (>80%) had extremely high CSI values of more than 0.7 (Figure 7). A significant poor performance of the satellite was observed for the mountainous region of Halti in Lapland. Although the coverage of the GPM satellite was extremely poor for Lapland overall, this result questions the precipitation detection capability of the satellite for mountainous regions at high latitudes. Furthermore, the IMERG products showed a relatively low performance over a limited number of stations in the western and southwest coast sites as well as in Eastern Finland (Figure 7). Overall, the calibrated SPP did not indicate a significant improvement in CSI compared with the near-real-time SPPs. All IMERG SPPs demonstrated the same precipitation detection performance for most of Finland.




4.2.2. Correlation between SPPs and Ground Observations


The correlation coefficient (CC) was calculated to assess the consistency between the rain gauge observations and IMERG SPPs (Figure 8). Overall, all IMERG SPPs exhibited a high correlation with an average CC of more than 0.7. IMERG-Final had the highest CC compared with the near-real-time products with a range of 0.7–0.75. The consistency between the ground observations and satellite estimates was remarkable for most of Finland. IMERG-Early showed a high correlation over both Southern and Northern Finland with an average CC of 0.69. IMERG-Late exhibited a slight improvement for most of Finland with an average CC of 0.70. IMERG-Final had the highest correlation with a remarkable average CC of 0.74. Surprisingly, the highest CC values were observed for Northern Finland (i.e., Lapland and Oulu).




4.2.3. Satellite Error


Errors associated with satellite precipitation estimates were evaluated according to RMSE, MAE, ME, and BIAS (Figure 9). The error indicators were applied to quantify the errors associated with each IMERG product over each region in Finland during the study period of 2015 to 2019. Overall, the calibrated SPP (IMERG-Final) had the lowest estimation errors than the near-real-time SPPs (IMERG-Early and IMERG-Late).



Although the RMSE values were not significant, IMERG-Early showed the highest error among the other IMERG products with an average RMSE of 4–5 mm for Oulu and Western and Southern Finland (Figure 9). For Lapland and Eastern Finland, IMERG-Early had a lower average RMSE of 4 mm. IMERG-Late showed a slightly lower RMSE with an average of 4 mm for Oulu and Eastern and Western Finland, and average RMSE values of 4.5 and 3.7 mm for Southern Finland and Lapland, respectively. In contrast, IMERG-Final significantly reduced RMSE with a range of 3.1–3.5 mm and average of 3.25 mm for all Finland regions. Among all regions, Lapland had the lowest RMSE compared with other parts of Finland. Among SPPs, IMERG-Final exhibited the best performance over the region of Finland.



MAE, ME, and BIAS showed a similar trend as the RMSE results (Figure 9). Lapland and Western Finland had the lowest MAE for all IMERG SPPs with averages of 1.6 mm for IMERG-Early, 1.55 mm for IMERG-Late, and 1.4 mm for IMERG-Late. Similarly, Oulu, Eastern Finland, and Southern Finland had average MAE values of 1.7 mm for IMERG-Early, 1.65 mm for IMERG-Late, and 1.4 mm for IMERG-Final. BIAS indicated that all IMERG SPPs overestimated the precipitation by an average of 1%–2%. Overall, the calibrated SPP (IMERG-Final) had the lowest MAE, ME, and BIAS values and thus the lowest estimation error.





4.3. Temporal Assessment


The differences between the IMERG SPPs (IMERG-Early, IMERG-Late, and IMERG-Final) were evaluated by comparison against ground observation datasets with monthly, daily, and subdaily temporal scales.



4.3.1. Satellite Detection Accuracy


The detection accuracy of the IMERG SPPs was assessed through POD, FAR, and CSI (Figure 10, Figure 11 and Figure 12). Furthermore, the half-hourly, daily, and monthly datasets for each FMI station were used. Overall, the IMERG SPPs had relatively similar detection accuracies, with IMERG-Final and IMERG-Late performing slightly better than IMERG-Early. The highest detection accuracy was observed in the case of the half-hourly dataset, whereas the lowest detection accuracy was observed for the case of the monthly dataset. This was particularly observed for the Northern regions of Finland due to missing data in IMERG SPPs. This may have resulted in an error in detection when IMERG data were aggregated to the daily and monthly levels.



For the half-hourly dataset, all IMERG SPPs showed POD values of 0.91–0.97 (Figure 10). For the daily dataset, the SPPs showed significantly reduced POD values of 0.75–0.9. For the monthly dataset, the SPPs performed extremely poorly with POD values of <0.5. This covered a considerable number of stations (more than 40%) located in the middle and Northern Finland (Oulu and Lapland). The average POD values were 0.72, 0.9, and 0.95 with the monthly, daily, and half-hourly datasets, respectively. The CSI results supported the POD results (Figure 11). In the case of the half-hourly dataset, the SPPs had the highest precipitation detection accuracy with an average CSI of 0.88 (>0.7 for all stations). In the case of the daily dataset, the SPPs showed a relatively high detection accuracy with an average CSI of more than 0.7 for approximately 60% of FMI stations. The only exception was stations in Lapland, which had an average CSI of 0.68–0.7. In the case of the monthly dataset, the SPPs showed relatively poor performance for Oulu and Lapland with CSI values of 0.43–0.6. Meanwhile, Southern, Eastern, and Western Finland had high detection accuracy with CSI values of more than 0.7.



The FAR results were interesting regarding the false detection of precipitation. The half-hourly and monthly datasets yielded the lowest FAR values with averages of 0.06 and 0.03, respectively. Conversely, the daily dataset yielded several false detections with an average FAR of 0.22. Although FAR was not high for the daily dataset, the results captured false detections when subdaily data were aggregated. The monthly results also indicated that the FAR values could be sensitive to data aggregation. Aggregating fine-resolution precipitation data into a monthly dataset will definitely conceal the false detections of precipitation by the satellite.




4.3.2. Gauge–Satellite Correlation


CC was used to evaluate the consistency between the rain gauge observations and SPPs at different temporal scales (Figure 13). CC showed almost no difference between the near-real-time SPPs (IMERG-Early and IMERG-Late) and calibrated SPP (IMERG-Final), but CC clearly differed depending on the temporal scale. With the half-hourly dataset, CC was lowest with an average range of 0.3–0.4 for most FMI stations spread across the country. With the monthly data, CC improved to 0.5–0.6 for most stations, except for 10% of the stations in the southern area, which had a very low CC of <0.3. With the daily dataset, CC was much higher at >0.6 for around 90% of the FMI stations.



The poor performance at the half-hourly temporal resolution indicates that any slight difference between the ground measurements and satellite estimates would reduce CC. In addition, dealing with a large number of data can result in a large accumulation of differences, which can affect the sensitivity of the performance measure. This interpretation also applies to the monthly resolution because the aggregation of fine-resolution precipitation data to the monthly timescale would certainly result in a high propagation error for the satellite precipitation estimates.




4.3.3. Satellite Error Evaluation


RMSE, MAE, and BIAS were used to evaluate the errors of the IMERG SPPs at different temporal scales. The IMERG SPPs did not show significant differences when compared at the same temporal resolution. Interestingly, the error associated with the satellite estimates was found to be insignificant. With the half-hourly dataset, RMSE was 0.24–0.44 mm for IMERG-Early and 0.2–0.4 mm for IMERG-Late and IMERG-Final (Figure 14). With the daily and monthly datasets, RMSE was 2.5–4 mm and 20–40 mm, respectively. When data are aggregated from a fine resolution (e.g., half-hourly) to a coarse resolution (e.g., monthly), the amount of error is generally expected to increase. Thus, the errors were evaluated on a relative scale. The monthly resolution resulted in the highest error with increased RMSE and MAE of >30 mm and 20 mm, respectively (Figure 14 and Figure 15). RMSE showed no significant differences between IMERG-Early and IMERG-Late. However, IMERG-Final showed a slight improvement (20% reduction in errors) compared with the near-real-time SPPs with an average RMSE of 2 mm for most parts of the country at a daily temporal resolution. MAE showed similar results as RMSE, except that IMERG-Final outperformed the other SPPs for the three temporal datasets with an error reduction of more than 30%. The BIAS results indicated that the SPPs tended to slightly overestimate the precipitation at the half-hourly and daily scales by 0.03% and 1.5%, respectively (Figure 16). In contrast, the SPPs underestimated the precipitation with an average BIAS of 18% at the monthly scale.





4.4. Discussion


This study investigated the spatial coverage of IMERG SPPs over high-latitude regions of Finland. To date, one study has reported the poor performance of IMERG SPPs at high altitudes over Sweden [65]. This above-mentioned study used the statistical performance measures CC, Bias, and CSI to validate the IMERG SPPs and the sensitivity of their results at different latitudes over Sweden. However, it did not investigate the spatial and temporal variations in the satellite coverage or performance at high altitudes or the extent that the IMERG SPPs detected precipitation events in the study area. Previous studies have reported similar limitations of satellites when measuring precipitation at high altitudes. For example, Tan et al. [49] reported that the passive microwave imager (PMI) performs poorly at high latitudes, implying that GPM satellites can only use direct infrared (IR) sensors to estimate precipitation. The spatial coverage results indicate that IMERG SPPs can be used in Southern, Western, and Eastern Finland because they have extremely good coverage, whereas they need to be used with caution in Oulu and Lapland.



The results of the spatial assessment indicate that the calibrated and near-real-time SPPs had extremely high precipitation detection accuracy. However, IMERG-Final showed slightly better detection accuracy and had the highest correlation with the ground observation and low error. The IMERG SPPs showed remarkable performances in Southern, Western, and Eastern Finland, whereas the correlation and accuracy decreased and the errors increased in Northern Finland, particularly Lapland. Although most of Finland exhibits a flat topography, there are high hills and mountains in Halti, Ridnitšohkka, and Kovddoskaisi, which are in the far north of Lapland. High errors associated with satellite estimates have been reported by several groups for various locations around the world. For instance, Navarro et al. reported that the IMERG SPPs performed poorly at detecting precipitation over Europe in general and the Alps and Scandinavian mountains in particular [48]. Similar conclusions have been reported in Asia and the Middle East. In India, Prakash et al. [13] found that the orographic process contributed to higher errors and negative bias for IMERG estimates over mountainous areas. In the Kingdom of Saudi Arabia, IMERG SPPs performed the worst at high altitudes, which was attributed to high uncertainty of the satellite detection owing to rapid changes in the climatic conditions [60].



The temporal assessment showed that all IMERG SPPs had a high detection accuracy at different temporal scales. However, the half-hourly dataset resulted in the highest detection accuracy, whereas the daily dataset resulted in the lowest estimation error and highest correlation between the satellite estimates and ground observations. Thus, the daily IMERG datasets are recommended for detecting precipitation over Finland. Similar results were obtained by Asong et al. [66], who conducted a study over Southern Canada using two datasets. They found that the precipitation detection accuracy was high for both datasets; however, the error was lower, and correlation was higher in the case of the daily dataset than in the case of the 6-h dataset.




4.5. Study Limitations


Although the aim of this study was to comprehensively evaluate the performance of IMERG SPPs over Finland at different spatial and temporal scales, it had some limitations that should be addressed to enhance the overall results:




	
The information about specific stations used to calibrate IMERG-Final was limited, which prevented a completely independent evaluation of the three SPPs. However, IMERG-Final had similar results to the near-real-time SPPs on multiple occasions.



	
Although the FMI rain gauges are distributed well across the country, a denser distribution would allow for a more comprehensive evaluation with mutable spatial scales [65]. A dense gauge network would also allow a grid box-level evaluation of the IMERG SPPs, which could help in quantifying the errors and uncertainties associated with satellite estimates [66].



	
An uncertainty analysis should be performed to comprehensively investigate whether the errors were due to surrounding factors such as the geological features and climatological patterns or due to faults with the satellite instruments or algorithms.










5. Conclusions


Herein, a point-to-point matching technique was used to evaluate the accuracy of calibrated and near-real-time IMERG SPPs over Finland. Ground precipitation measurements were used as a reference. The following three aspects were assessed: the spatial coverage of the satellite estimates at high latitudes, the spatial distribution of the detection accuracy at the station and regional scales, and the detection accuracy at different temporal scales. Multiple performance measures were used: POD, FAR, and CSI for the satellite detection accuracy; RMSE, MAE, ME, and BIAS for bias and errors in the SPPs; and CC for the correlation between the ground observations and SPPs. The key findings were as follows:




	
Overall, the regions lying between 60° and 63° N (Southern, Eastern, and Western Finland) had superior detection coverage of >60%. Oulu had moderate detection coverage of 50%–60%. Conversely, Lapland (66°–70° N) showed extremely poor detection coverage, with approximately half of the precipitation events not being detected. However, the satellite was still able to detect >40% of the precipitation events that occurred in Lapland during the study period.



	
The results of the spatial assessment indicated that the calibrated and near-real-time IMERG SPPs had extremely high precipitation detection accuracy. IMERG-Final showed slightly better detection accuracy than the other SPPs, the highest correlation with the ground observation, and the lowest error. The IMERG SPPs performed remarkably well in Southern, Western, and Eastern Finland, whereas they performed poorly in the Northern Finland, particularly Lapland.



	
The temporal assessment showed that all IMERG SPPs had high detection accuracy at different temporal scales (half-hourly, daily, and monthly). However, the detection accuracy was highest in the case of the half-hourly dataset. The estimation error and correlation results were the best with the daily dataset. Thus, the IMERG daily dataset is recommended for detecting precipitation events over Finland.








These findings indicate that the IMERG SPPs can be used with high confidence for Southern, Eastern, and Western Finland, and they need to be used with caution for Oulu. They are not recommended for use in Lapland. IMERG-Final is the best SPP to use because of its low estimation error and high correlation with ground observations. IMERG-Final can be used to complement or substitute ground precipitation measurements in ungauged and poorly gauged regions in Southern Finland.



Further studies are strongly recommended to clarify the deficiencies of satellite detection for high-latitude regions. Uncertainty analysis should also be included in future studies because errors from ground measurements (e.g., instrumental complications, atmospheric conditions, and gaps in the data) and from satellite sensors may be sources of detection uncertainties. Various variables may influence the satellite precipitation estimates, including the brightness of the visible spectrum clouds and cloud error [49] and should be considered. Uncertainties owing to errors can spread through IMERG algorithms to applications that depend on IMERG data, such as hydrological models.
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Figure 1. (a) Study area and FMI rain-gauge stations, (b) hydrological regions in Finland [52,56]. (c). Average annual precipitation in Finland (1981–2010). Courtesy: Finnish Meteorological Institute, with permission. 
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Figure 2. (a) GPM satellite intersections/grids over Finland. (b) Finland historical districts and distribution of FMI rain-gauge stations. 
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Figure 3. Definition of GPM SPP levels. 
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Figure 4. Coordinate-matching process layout. 
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Figure 5. IMERG SPPs evaluation process. 
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Figure 6. Spatial coverage of satellite estimates: (a) rain-gauge stations and (b) regional scale. 
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Figure 7. Satellite detection accuracy according to POD, FAR, and CSI. 
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Figure 8. Scatterplots of gauge–IMERG correlation for each region in Finland: IMERG-Early, IMERG-Late, and IMERG-Final. 
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Figure 9. Boxplots comparing the errors associated with SPP estimates using RMSE, MAE, ME, and BIAS for each region in Finland. 
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Figure 10. Spatial distributions of the hourly, daily, and monthly POD for IMERG-Early, IMERG-Late, and IMERG-Final. 
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Figure 11. Spatial distributions of the hourly, daily, and monthly CSI for IMERG-Early, IMERG-Late, and IMERG-Final. 
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Figure 12. Spatial distributions of the hourly, daily, and monthly FAR for IMERG-Early, IMERG-Late, and IMERG-Final. 
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Figure 13. Spatial distributions of the half-hourly, daily, and monthly CC for IMERG-Early, IMERG-Late, and IMERG-Final. 
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Figure 14. Spatial distributions of the half-hourly, daily, and monthly RMSE for IMERG-Early, IMERG-Late, and IMERG-Final. 
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Figure 15. Spatial distributions of the half-hourly, daily, and monthly MAE for IMERG-Early, IMERG-Late, and IMERG-Final. 
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Figure 16. Half-hourly, daily, and monthly BIAS for IMERG-Early, IMERG-Late, and IMERG-Final. 
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Table 1. Statistical measures used for evaluating IMERG SPPs.






Table 1. Statistical measures used for evaluating IMERG SPPs.





	
Contingency of Satellite Estimates




	
Probability of Detection (POD)

	
      P  S G      P  S G   +  P G      

	
(1)




	
Critical Success Index (CSI)

	
      P  S G      P  S G   +  P S  +  P G      

	
(2)




	
False Alarm Ratio (FAR)

	
      P S     P S  +  P  S G       

	
(3)




	
Bias and error of Satellite Estimates




	
Mean Absolute Error (MAE)

	
    1 n    ∑   i = 1  n   |   X i  −  Y i   |    

	
(4)




	
Root Mean Squared Error (RMSE)

	
      1 n    ∑   i = 1  n     (   X i  −  Y i   )   2      

	
(5)




	
Relative Bias (RB)

	
      1 n    ∑   i = 1  n   (   X i  −  Y i   )      ∑   i = 1  n   Y i      ×   100 %   

	
(6)




	
Consistency between the Rain-Gauge Data and Satellite Estimates




	
Correlation Coefficient (CC)

	
      1 n    ∑   i = 1  n   (   X i  −  X ¯   )   (   Y i  −  Y ¯   )     σ x   σ y      

	
(7)








n: number of observations; X: satellite precipitation estimates;   X ¯  : average of satellite precipitation estimates; Y: gauge precipitation measurement;   Y ¯  : average of gauge precipitation measurements;     σ x   : standard deviation for satellite data;    σ y   : standard deviation for gauge data;    P  S G    : probability of the GPM satellite and rain gauge when both detected precipitation;    P S   : number of data points of the satellite estimates when the precipitation was detected by rain gauges; and    P G   : number of data points when the rain gauges observed precipitation while the satellite does did.
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