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Abstract

:

In central Italy, particularly in the Umbria-Marche Apennines, there are some complete, high-altitude weather stations, which are very important for assessing the climate in these areas. The mountain weather stations considered in this study were Monte Bove Sud (1917 m.a.s.l.), Monte Prata (1816 m.a.s.l.) and Pintura di Bolognola (1360 m.a.s.l.). The aim of this research was to compare the differences between the precipitation measured by the rain gauges and the data obtained by satellite using the IMERG algorithm, at the same locations. The evaluation of possible errors in the estimation of precipitation using one method or the other is fundamental for obtaining a reliable estimate of precipitation in mountain environments. The results revealed a strong underestimation of precipitation for the rain gauges at higher altitudes (Monte Bove Sud and Monte Prata) compared to the same pixel sampled by satellite. On the other hand, at lower altitudes, there was a better correlation between the rain gauge value and the IMERG product value. This research, although localised in well-defined locations, could help to assess the problems in rain detection through mountain weather stations.
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1. Introduction


The aim of this study is to analyse rainfall and snowfall in mountain areas, and in particular to investigate the problem of the probable marked underestimation that affects high-altitude rain gauges. In fact, discrepancies have often been found between the data obtained from the interpolation of weather stations at altitudes below 1000 m in mountainous areas and the precipitation measured at higher altitudes [1,2]. Nevertheless, these differences, even when they are considerable, have not been sufficiently investigated in order to understand the possible malfunctions of rain gauges or to see whether it actually rains less than expected in mountain areas. Previous studies have shown that, in general, there are frequent losses of precipitation from rain gauges due to wind speed, which produces phenomena such as: snow blowing, splashing of rain drops, rain gauge wetting and evaporative loss [3,4]. However, in the mountain environment there are greater problems than in other places in collecting precipitation data; for example, it has been shown that, in some cases, wind speed can result in an underestimation of rainfall and snowfall, by up to 80% if the speed is greater than 10 m/s [5,6], while rain gauge wetting and rain drop splashing are negligible and common to rain gauges, even at lower altitudes [4]. Important errors regarding the amount of precipitation in mountain areas can produce problems for all related research. For example, a correct estimation of precipitation is necessary, not only for the evaluation of the quantity in order to better define an area climatically, but also to evaluate the actual recharge to which the reservoir is subjected [7]. It is also very important to determine snowfall, both for the assessment of groundwater recharge and for the subsistence or possible existence of ski facilities [8]. Recently, increasingly accurate and reliable data are becoming available from algorithms that interpret satellite images. A new programme based on the Global Precipitation Measurement (GPM) satellite constellation was launched in 2014 and uses the Integrated Multi-satellite Retrievals for GPM (IMERG) algorithm to obtain the most correct precipitation values possible. As a result, many researchers rely directly on the use of satellite data to estimate precipitation in a given area [9,10]. However, IMERG data are much more often calibrated using data from reference weather stations, appropriately validated by analysing the reliability of the satellite product [11]. Thus, it seems that field measurements still allow for greater accuracy where available and especially are measurements at the precise point of interest; in addition, weather stations provide the collection of other climate variables that could not otherwise be estimated without them. In some places, satellite data are used instead of rain gauges due to the poor reliability of the latter and because of the lack of them [12]. In some cases, attempts have been made to assess the differences between mountain rain gauges and satellite observations [13]; it is usual for the current literature to make an assumption regarding the reliability of rain gauges, which is not always correct, and therefore deserves to be studied in order to resolve any measurement errors. As a result, the current state-of-the-art is ambiguous with regard to an accurate understanding of the problems of rain gauges in high mountain weather stations or possible discrepancies in satellite data [14,15]. Furthermore, in order to better assess the reliability of satellite estimates and rain gauges, it would be very important to perform interpolations, taking into account validated and reliable rain gauges, even if they have a lower altitude. In one study, the performance of satellite data, improved through the use of interpolation, was evaluated in order to achieve better levels of accuracy of precipitation data [16]. To conclude, the current state of the literature leaves unsolved problems in the case of mountain environments, both with regard to the correct estimation of precipitation by rain gauges and with regard to the reliability of satellite products for measuring rainfall. In this context, the present study has the ambitious objective of solving the problems affecting mountain rain gauges and IMERG data, evaluating the possible underestimation of both altitude-based interpolations and possible climatic variables at the same weather station investigated. The aim is to be able to better quantify rainfall by assessing any errors that plague rain gauges or satellite data in the mountainous areas of central Italy in order to provide a reliable estimate and a method of interpretation for future analysis in these environments.




2. Materials and Methods


2.1. Satellite Data


There are many types of satellite-derived precipitation products, among which one in particular, Integrated Multi-satellitE Retrievals for GPM (IMERG), was chosen for its good resolution, 0.1° × 0.1°, and the good results it has shown in the literature compared to other satellite products [17]. Satellite data were collected for this study from 2010 to 2021 through the use of the IMERG, from 2014 to 2021, and the Tropical Rainfall Measuring Mission (TRMM), from 2010 to 2014. The GPM is a constellation of 10 satellites, which uses an algorithm to obtain accurate estimates of precipitation over much of the Earth’s surface [18]. The GPM constellation initiated by National Aeronautics and Space Administration (NASA) and Japan Aerospace Exploration Agency (JAXA) includes many other space agencies around the world. The satellites are equipped with two data acquisition instruments, a dual-frequency precipitation radar (DPR) and a GPM microwave imager (GMI). The DPR is a radar that provides 3D images of the structure and characteristics of the precipitation, while the GMI is a radiometer with a conical scanner that operates on several channels and provides indications of the water content of the precipitation. The IMERG algorithm in its latest version (V06) was applied to all available GPM and TRMM data in order to make the record as long and reliable as possible (2000–2021). In this study, the latest version of IMERG, V06, dated March 2019, was used, which has a very high spatial resolution of 0.1° × 0.1° and a minimum time interval of 30 min. The IMERG data are pre-calibrated by the Deutscher Wetterdienst (DWD) Global Precipitation Climatology Centre (GPCC) in order to control data bias.




2.2. Weather Stations


Weather stations have historically been the first devices for the collection of climatic data on the ground and are still among the most reliable for most of the world. The weather stations that were taken into consideration for this research were: Monte Bove Sud, 13.19 E 42.91 N (1917 m.a.s.l.), Monte Prata, 13.21 E 42.87 N (1816 m.a.s.l.) and Pintura di Bolognola, 13.23 E 42.99 N (1360 m.a.s.l.) (Figure 1). The data from these three weather stations were obtained from the Regional Weather-Hydro-Pluviometric Information System of the Civil Protection of the Marche Region. The data from the above weather stations have a daily step and were collected from 2010 to 2020, as earlier data were not available. From these weather stations, data on precipitation, prevailing wind direction, wind speed and ground snow level were extracted because they could be useful for assessing possible problems in precipitation amounts related to other climatic variables. In addition, data from other rain gauges, 27 in total, (Figure 1) close to the three mountain weather stations under investigation were collected from the above-mentioned Institution’s database in order to obtain interpolations of rainfall in the area [1,19]. All weather stations have undergone a thorough data quality control process [20].




2.3. Comparison IMERG-Rain Gauges


From an operational point of view, the first step was the comparison procedure between the IMERG data and the rain gauge data of the three weather stations under examination. The comparison is based on a technique previously used by some researchers and is called point-to-pixel [5,21]; this technique takes the exact coordinates of some rain gauges and allows the acquisition of the rain gauge pixel data through the use of ArcGis 10.8 software. Then, depending on the chosen time interval, in our case the daily one, the gridded data corresponding to the rain gauge are extracted. A subtraction was carried out between the satellite and rain gauge observations, and the daily average difference was evaluated on an annual scale and for each month. Furthermore, using the snow level sensor located at each weather station studied, transforming snow cm into water equivalents, the data were compared with the rain gauge values and IMERG data. In addition, the difference in precipitation between IMERG values and rain gauge values was taken into account in relation to the daily average wind speed in m/s. The classes of average daily speeds were obtained by searching for a numerosity congruent with the significance level chosen for the survey, i.e., 95%. The methods to assess the appropriate sample size were the “sample size for one sample, continuous outcome” [22] and, to compare IMERG data with rain gauge data, the “sample size for matched samples, continuous outcome” [23]. Then, in order to investigate the discrepancies between the different rain gauges, an assessment of the prevailing winds and their speeds day-by-day was carried out, evaluating the precipitation for each class of values in order to identify any problems in rain detection. Subsequently, data from 27 validated weather stations with an altitude below 1400 m were interpolated. The method chosen was backward multiple linear regression [24], with annual precipitation as the dependent variable and five independent variables such as slope, exposure, altitude, distance from the sea and distance from the main ridge line [25]. This multiple regression model allowed the elimination of the independent variables that do not have significance (95%) in explaining variance and therefore do not improve the model, the F-test was decisive for the exclusion. The results were correlated with the IMERG satellite data to assess the difference between the interpolation and the value obtained from the IMERG analysis. Finally, a percentage increase was evaluated to make the rain gauge or IMERG data more reliable.





3. Results


3.1. Point-to-Pixel Analysis


The IMERG data were downloaded and then entered into the ArcGis 10.8 GIS software (GeoScene Information Technology Co. Ltd., Beijing, China), which allowed the correct coordinates of the three analysed weather stations to be identified and the satellite measured value to be extracted. The point-to-pixel procedure resulted in 10 years of daily IMERG precipitation data, also divided into rainfall and snowfall. The correlation of the daily IMERG data with the rain gauge data was then assessed using the Pearson correlation coefficient. The daily correlation coefficient between the IMERG data and rain gauge data showed a not very high correlation between them over 10 years. At the same time, the correlation between the monthly data and the annual data was also evaluated, as was that between the daily data for each individual year.



It is evident that the correlation is not very high in general; however, there are some situations where there is a very good correlation, as in the case of daily data of Monte Bove Sud (MB) in 2018, and situations where the correlation is particularly low, as in the case of Monte Prata (MP) in 2016 or Pintura di Bolognola (PB) in 2019 (Table 1). These correlation coefficients must be taken into account to deduce possible differences in the conditions that allowed these fluctuations to occur. In particular, these differences could be due to particular humidity conditions that make the measurement of satellite data less accurate, or there could be important winds along certain directions that affect the measurement by rain gauges, or large amount of snow, etc. The next step was to investigate both monthly and annual mean differences between IMERG and rain gauge data.



First of all, from a graphical point of view, the annual data were analysed, which tended to show for the two weather stations at higher altitude (MB and MP) lower rainfall values than IMERG (Figure 1). On the other hand, in the case of PB, rainfall and satellite data were in better agreement, with very similar years and years alternating between higher rainfall measured either by rain gauges or by satellites (Figure 2). In particular, there is substantial agreement in the fluctuations between rain gauges and satellite data, with few discrepancies, probably signifying systematic background underestimation (Figure 2).




3.2. Snowfall Differences


IMERG data and rain gauge data at the same locations show very high differences that have very large fluctuations between years and months (Table 2). It is also very interesting to assess the seasonal variations, which show important differences for MB and MP in autumn and winter, while for PB the seasons that differ most are spring and summer. This leads to two considerations. The first is that there are evidently errors on the part of one or both measurement methods, and the second is that the differences increase under certain climatic conditions. In order to assess whether snow days have an effect on the difference in precipitation between IMERG data and rain gauge data, all daily satellite precipitation data were selected and compared with rain gauge data on the same days. This showed an average annual snowfall difference from 2010 to 2020 of −73.8 mm for PB, 17.6 mm for MB and 16.4 mm for MP. As also shown above, MP and MB, also due to a similar altitude, have very similar differences from the IMERG data. Thus, in the case of PB, the snowfall measured by the rain gauge on the days reported by IMERG is greater than the satellite data. On the other hand, in the case of MB and MP, the snowfall from the rain gauges is in line with the IMERG data, even with higher amounts of precipitation detected by the satellite. In order to assess a possible underestimation of the IMERG and rain gauges, the daily snowfall level, measured daily using an ultrasonic sensor, was evaluated. The procedure took into account the theory that any increase in snow cover is due to snowfall; the water/snow equivalent ratio was considered to be 1:10, an average value proven in the literature, in the absence of direct detection [13].



The calculation of water equivalents from the measured snow level shows a consistent underestimation of precipitation for both rain gauges and IMERG data (Table 3); however, in the case of the PB rain gauge, the difference is much less pronounced at 6.6%. This measured difference therefore leads to an underestimation of snowfall for both satellite data and rain gauges. Snowfall at these altitudes also has a decisive effect on annual precipitation averages, which are consequently underestimated.




3.3. Wind Analysis


It was assumed that the failure to detect part of the snow or liquid precipitation could be due to errors induced by wind intensity, as highlighted in the literature [5,6]. Therefore, the difference in precipitation was assessed from both satellite data (IMERG) and rain gauges, in relation to different wind speeds. The wind speed variable was classified by merging contiguous integer values of speed in m/s, based on the statistical method “sample size for one sample, continuous outcome” to define the correct sample size to achieve the chosen objectives, which were 95% significance with an error of no more than 0.3 mm of rain. At the same time, the sample size between the two sets of IMERGs and rain gauges was evaluated using the “sample size for matched samples, continuous outcome” method with a 95% significance level, as well as a maximum error value of 0.2 mm of rain. Both sample size conditions were satisfied, so that differences between IMERG and rain gauges could be evaluated significantly at certain wind speed intervals.



Table 4 shows the common behaviour of the investigated mountain rain gauges as a function of different wind speeds. In particular, it is possible to observe that the trend of the IMERG data compared to those of the rain gauges is very similar, more pronounced in the case of MB and PB and less pronounced for MP.



It can be observed from the graph (Figure 2) that in the range from 7 to 20 m/s wind speed, the IMERG precipitation data increases, while those of the rain gauges increase less or even decrease. The differences seem to be very well correlated between the various measuring points; in fact, the Pearson correlation coefficient shows the following values: MB–MP is equal to about 0.85; MB–PB is equal to about 0.96 and MP–PB is equal to about 0.81. Thus, it can be seen that the pattern of the variation between the IMERG data and the rain gauge data is very similar between the three weather stations. In order to better understand the differences affecting the investigated weather stations, wind was also taken into account by observing the annual distribution of wind in percentage.



The prevailing direction is similar for MP and MB, correlation coefficient 0.67, while it seems to be significantly different for PB, which has approximately 0 correlation with the other two weather stations (Figure 3). In particular, the two prevailing directions for PB are W-SW and E-NE, while for MB and MP they are W-NW and S-SE. These differences are probably due to the exposure, which is equal to 278° for MP, 230° for MB and 246° for PB, but also to the geomorphology of the surrounding area. MB is somewhat shielded from the South and East by the northern part of the mountain itself, which reaches altitudes above 2000 m (Figure 4). In particular, much lower precipitation was observed at the MB rain gauge compared to the IMERG data, with daily mean wind speeds above 5 m/s for the E-SE (diff. of 2.5 mm per day) and SE-S (diff. of about 7 mm per day) directions. MP has a difference of 3.5 mm per day in the case of winds greater than 5 m/s blowing from the S-SE, while in the case of winds of the same magnitude, from the N-NE and W-SW, the rain gauge detects even more precipitation than the satellite, while for the other directions the observations are in agreement. PB has the same trend as MB, therefore with an underestimation of the rain gauge when the winds are stronger, especially for the N-NW direction (diff. of about 8 mm per day), but in general the precipitation measured by the rain gauge is higher than that measured by the satellite, compared to the other two weather stations investigated. The reason for these differences has been hypothesised to be the topography of the area, where both MB and PB are located on slopes, although with different percentages of prevailing winds, with very close and higher mountains on the north and east sides, which generates less precipitation, especially when there are strong winds. In the case of MP, it is located on a promontory within the Apennine chain, but the other mountains are at a sufficient distance not to cause significant shielding for the rain gauge (Figure 4).



Obviously, each case of each weather station has to be evaluated separately, but in the case of MB and PB, with the weather stations downwind for certain wind directions (Figure 5), it leads to an underestimation of the precipitation measured by the rain gauge compared to the IMERG data of about 30–50%. Obviously, although with the IMERG data there is less underestimation of the data from the high-altitude rain gauges, they cannot be considered completely reliable, as they probably also underestimate the real value of precipitation, as can be seen from the difference between the precipitation data of the PB rain gauge (at a lower altitude than the other two weather stations) and the satellite data.




3.4. Interpolation Comparison


In order to further assess the reliability of satellite-derived precipitation, IMERG data augmented with snowfall not detected by satellite were considered. These data were correlated with interpolations of rainfall data from validated and homogenised neighbouring weather stations at a lower altitude. This made it possible to evaluate the difference between the expected rainfall values and those measured by the satellite and corrected with the actual snowfall data. Backward multiple linear regression, chosen for the statistical analysis, made it possible to exclude independent variables that were not significant for the model. In particular, slope and exposure were excluded using the F-test because they did not add a further explanation of variance to the three considered factors of altitude, distance from the sea and distance from the main ridge. On average, the model annually, from 2010 to 2020, allowed for an explanation of variance of more than 50%, resulting from the adjusted R-squared value, which is a satisfactory value given the high variability of the precipitation parameter. The resulting model equation was used for interpolation at the three investigated weather stations and throughout the neighbouring territory, taking into account the continuous values of the independent variables on which the model is based (Table 5).



The IMERG data, to which the snowfall has been added, are much higher than those recorded by the rain gauge for both MB and MP; in fact, on average, the rain gauge records 500 mm less than the satellite data for MB and 400 mm for MP. On the other hand, PB shows a measured value about 160 mm lower than the IMERG satellite data with the addition of the detected snow. The interpolation data are much closer to the IMERG data with the addition of the snow detected than the rain gauges, both for MB and MP; however, for PB, the values from the rain gauge are higher than the interpolation result by about 200 mm and are less distant from the satellite values. In any case, it has to be considered that adding the corrected snowfall value to PB and the increased value in the case of winds above 5 m/s from the N-NW would reach values very similar to those that IMERG increased by the corrected snowfall value.



In any case, in order to statistically evaluate the closeness between the IMERG, MLR, and RG data, the standardised root mean square error (RMSSE) was calculated; RMSEE results showed that the IMERG and MLR values were closer than the RG and MLR values for the higher altitude stations MB and MP, whereas the values for the PB rain gauge were almost identical (Table 6).





4. Discussion


This research highlights and certifies critical issues in the detection of high-altitude precipitation that were previously only assumed to be possible. In particular, there is a difference between rain gauge data and IMERG satellite data; in the case of MB and MP, satellite data is significantly higher, while in the case of PB the satellite data is similar to the rain gauge data. In this research, we did not assume that rain gauges are reliable after appropriate data quality control procedures and useful for calibrating IMERG data [26,27], but tried to assess the weaknesses of both IMERG and rain gauge methods.



As a first step, it was decided to analyse the snowfall measured by the snow level sensors of the three weather stations studied, which revealed a serious underestimation of snowfall for satellite data and rain gauges. MB and MP have an underestimation of the snow amount compared to IMERG data of 13.4 and 15.6%, while compared to the rain gauge, there is a difference of 21.6 and 23.7%, respectively. On the other hand, Pintura di Bolognola has an underestimation of the snow amount of 11.2% for the IMERG data, while it is only 6.6% for the rain gauge. A certain degree of underestimation of rain gauges in the case of snowfall in high mountains is an established fact [28], and the underestimation percentages identified in this research are in agreement with what has been observed, for example, in northern Italy, in the Alps [29]. As explained in the results, the water/snow equivalent ratio was estimated based on existing literature, which may vary the rates of increase, but not substantially. It is significant to note that the errors in snow detection are about 8% higher for rain gauges than for satellite data in the case of MB and MP, while this result is reversed in the case of the PB weather station (6% higher error for IMERG). The IMERG estimation error is often observed in coastal and mountain environments [26], in particular in the latter there is a tendency to underestimate precipitation [30,31], and this is further confirmation of the extremely significant underestimation of the MB and MP rain gauges; while the PB weather station is in line with the satellite data, probably due to a lower elevation than the other two, which limits its underestimation [32]. Subsequently, anemometric data were studied in an attempt to explain the important differences observed in precipitation between rain gauge and satellite data. The research evaluated the amount of precipitation detected by both the satellite and the rain gauge at certain wind speeds. This analysis showed a similar pattern in the difference in precipitation between IMERG and rain gauge data. The trend showed a growth in precipitation above 5 m/s for the satellite data, while this growth was not found in the case of the rain gauge data, which was more pronounced for MB and PB and less pronounced for MP. This lack of precipitation at high wind speeds for rain gauges can certainly be due to snow blowing or the splashing of rain drops [3,4,33]. At the same time, the location of the different weather stations was also assessed, and this showed that weather stations where precipitation does not increase above 5 m/s wind speed have very close peaks that produce a shielding in some wind direction, leading to problems in rain gauge detection. An important component is left out of the analysis, namely the local atmospheric circulation, which through further analysis could provide additional information on prevailing winds not explained by the topography of the area. Finally, as further evidence of the underestimation that occurs in mountain rain gauges, an interpolation was made, taking into account weather stations with an altitude below 1400 m a.s.l. The topographic parameters of the weather stations were employed as independent variables in the multiple linear regression, backward elimination technique [1,34]. The result explained over 60% of the variance by removing the slope and exposure from the analysis as they do not favour an increase in the r-squared adjusted value, then determining a model composed of the following independent variables: altitude, distance from the main ridge line and distance from the sea. In any case, the precipitation results showed once again the serious underestimation of the high mountain rain gauges at MB and MP, while the PB rain gauge shows values in agreement and even higher than the interpolation. Finally, the annual average of IMERG was calculated with the addition of snowfall in snow/water equivalent. From this calculation, the values were much higher than the rain gauge readings for both MB and MP, while they were only slightly higher than the rain gauge readings for PB. This would lead to an underestimation of rain gauges above 1800 m by 70 to 120% and only 11% for PB. This problem in estimating real precipitation in high mountains has been highlighted by numerous other studies around the world [34]. In any case, although there is a clear improvement in the estimation of precipitation at high altitudes using IMERG satellite data augmented by the snow/water equivalent ratio, some research has shown underestimation errors, even with IMERG data in mountain environments [30].




5. Conclusions


This research highlights the poor reliability of precipitation measured by rain gauges in high mountains and recommends the use of IMERG data modified with the addition of the water/snow equivalent ratio where possible to measure snowfall levels. In the future, it would be important to consider the introduction of new sensors, at some strategic weather stations, which would allow a more accurate measurement of precipitation and which would also lead to an even more accurate calibration of IMERG measured values. This assessment is essential for many precipitation-related fields, which currently rely on incorrect quantities in areas where water recharge is greatest.
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Figure 1. Geographic map of central Italy; blue dot for the mountainous weather stations under investigation, red dot for interpolation rain gauges. 
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Figure 2. Annual comparison between IMERG data and rain gauge data at the same locations: MB (Monte Bove), MP (Monte Prata), PB (Pintura di Bolognola). 
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Figure 3. Average daily rainfall from 2010 to 2020 at different average wind speeds (0–2; 2–3; 3–4; 4–5; 5–7; 7–20) for MB (Monte Bove), MP (Monte Prata), PB (Pintura di Bolognola). 
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Figure 4. Annual percentage of prevailing wind direction from 2010 to 2020. 
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Figure 5. Map of areas with higher altitude than the weather stations analysed. 
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Table 1. Correlation coefficient between IMERG and rain gauges data in the three locations: Monte Bove Sud, Monte Prata and Pintura di Bolognola.
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	Time Interval
	Monte Bove Sud
	Monte Prata
	Pintura Di Bolognola





	Daily 2010–2020
	0.56
	0.53
	0.46



	Monthly 2010–2020
	0.66
	0.64
	0.61



	Annual 2010–2020
	0.69
	0.60
	0.57



	Daily 2010
	0.55
	0.66
	0.50



	Daily 2011
	0.69
	0.55
	0.41



	Daily 2012
	0.55
	0.64
	0.59



	Daily 2013
	0.45
	0.46
	0.61



	Daily 2014
	0.45
	0.60
	0.41



	Daily 2015
	0.56
	0.59
	0.44



	Daily 2016
	0.44
	0.33
	0.42



	Daily 2017
	0.61
	0.63
	0.38



	Daily 2018
	0.90
	0.41
	0.35



	Daily 2019
	0.47
	0.59
	0.34



	Daily 2020
	0.66
	0.61
	0.52
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Table 2. Monthly and year-on-year average difference between IMERG data and data from analysed rain gauges; the unit of measurement is mm.
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	Time Interval
	Monte Bove Sud
	Monte Prata
	Pintura di Bolognola





	January 2010–2020
	45.2
	57.7
	21.8



	February 2010–2020
	52.3
	41.8
	−7.7



	March 2010–2020
	42.4
	46.6
	−11.0



	April 2010–2020
	3.3
	11.9
	−39.2



	May 2010–2020
	−5.9
	14.0
	−40.3



	June 2010–2020
	37.0
	51.3
	42.4



	July 2010–2020
	19.8
	15.6
	22.8



	August 2010–2020
	22.7
	34.2
	29.0



	September 2010–2020
	28.7
	36.4
	1.8



	October 2010–2020
	41.2
	39.7
	5.4



	November 2010–2020
	77.4
	25.5
	−35.5



	December 2010–2020
	64.2
	40.1
	11.7



	Spring 2010–2020
	13.3
	24.2
	−30.1



	Summer 2010–2020
	26.5
	33.7
	31.4



	Autumn 2010–2020
	49.1
	33.9
	−9.4



	Winter 2010–2020
	62.3
	41.1
	−0.7



	2010
	534.1
	466.8
	270.5



	2011
	242.9
	141.5
	−203.9



	2012
	517.3
	437.9
	−31.6



	2013
	506
	445.3
	−362



	2014
	174.5
	298.6
	6.1



	2015
	474.8
	690.9
	−140.9



	2016
	173.3
	322.9
	183.2



	2017
	690.7
	544.2
	451.9



	2018
	330.1
	870.2
	171



	2019
	308.7
	−77.4
	−311



	2020
	760.7
	410.2
	−16.8
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Table 3. Average annual difference (2010–2020) between snow level water equivalents (SLWE) and IMERG data and average annual difference (2010–2020) between SLWE and rain gauges data (RG); the values are given in mm (MB mm; MP mm; PB mm) and as a percentage of the annual average rainfall during the period 2010–2020 (MB%; MP%; PB%).
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	Difference
	Time Interval
	MB mm
	MB%
	MP mm
	MP%
	PB mm
	PB%





	SLWE-IMERG
	2010–2020
	177.1
	13.4
	219.3
	15.6
	163.3
	11.2



	SLWE-RG
	2010–2020
	193.1
	21.6
	234.2
	23.7
	96.2
	6.6
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Table 4. Average annual difference (2010–2020) between snow level water equivalents (SLWE) and IMERG data and average annual difference (2010–2020) between SLWE and rain gauges data (RG); the values are given in mm (MB mm; MP mm; PB mm) and as a percentage of the annual average rainfall 2010–2020 (MB%; MP%; PB%).






Table 4. Average annual difference (2010–2020) between snow level water equivalents (SLWE) and IMERG data and average annual difference (2010–2020) between SLWE and rain gauges data (RG); the values are given in mm (MB mm; MP mm; PB mm) and as a percentage of the annual average rainfall 2010–2020 (MB%; MP%; PB%).





	Wind Speed m/s
	MB

IMERG mm
	MB RG mm
	MP IMERG mm
	MP RG mm
	PB IMERG mm
	PB RG mm
	MBIMERG–

RG%
	MPIMERG–

RG%
	PB IMERG–

RG%





	0–2
	3.2
	3.0
	3.7
	3.7
	4.6
	8.6
	0.1
	0.0
	−3.9



	2–3
	3.7
	4.3
	3.7
	3.8
	4.7
	7.9
	−0.5
	−0.1
	−3.2



	3–4
	4.8
	5.3
	4.2
	4.6
	5.3
	9.1
	−0.5
	−0.4
	−3.7



	4–5
	5.6
	7.1
	6.0
	6.4
	8.6
	14.7
	−1.5
	−0.4
	−6.1



	5–7
	7.4
	6.5
	6.9
	6.3
	8.0
	10.8
	0.9
	0.6
	−2.8



	7–20
	11.3
	6.6
	10.3
	9.7
	8.2
	6.8
	4.7
	0.6
	1.3
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Table 5. Cumulative annual precipitation for Monte Bove Sud (MB), Monte Prata (MP) and Pintura di Bolognola (PB), calculated through interpolation (MLR), IMERG data to which was added the real snowfall data (IMERG) and the data measured by the rain gauge (RG); x1 = altitude, x2 = distance from the sea, x3 = distance from the main ridge.
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	Year
	Linear Regression Equation
	MLR

MB
	MLR

MP
	MLR

PB
	RG

MB
	RG

MP
	RG

PB
	IMERG MB
	IMERG MP
	IMERGPB





	2010
	y = −134.60 + (0.42 × x1) + (18.19 × x2) + (12.90 × x3)
	1704
	1668
	1404
	838
	1073
	1299
	1595
	1828
	1780



	2011
	y = 750.24 + (0.14 × x1) + (0.64 × x2) + (−4.24 × x3)
	1051
	1033
	955
	462
	554
	1080
	792
	819
	1101



	2012
	y = 972.98 + (0.15 × x1) + (1.18 × x2) + (−3.82 × x3)
	1324
	1305
	1220
	798
	931
	1470
	1504
	1500
	1621



	2013
	y = 1019.43 + (0.24 × x1) + (5.99 × x2) + (−5.56 × x3)
	1811
	1781
	1622
	1015
	1162
	1999
	1806
	1961
	1908



	2014
	y = 682.64 + (−0.19 × x1) + (11.18 × x2) + (1.71 × x3)
	948
	966
	992
	920
	922
	1321
	1327
	1524
	1368



	2015
	y = 1294.94 + (0.14 × x1) + (−1.48 × x2) + (−8.64 × x3)
	1472
	1451
	1374
	1011
	1095
	1841
	1617
	2073
	1873



	2016
	y = 473.50 + (0.24 × x1) + (10.02 × x2) + (1.94 × x3)
	1491
	1466
	1305
	1059
	1158
	1176
	1445
	1738
	1435



	2017
	y = 729.75 + (0.13 × x1) + (6.51 × x2) + (−0.49 × x3)
	1344
	1329
	1231
	825
	857
	1192
	1693
	1648
	1824



	2018
	y = 1302.64 + (0.01 × x1) + (−0.37 × x2) + (−12.29 × x3)
	1290
	1279
	1245
	1332
	952
	1569
	1860
	2012
	1891



	2019
	y = 808.15 + (0.29 × x1) + (2.99 × x2) + (−2.62 × x3)
	1530
	1498
	1341
	816
	1192
	1479
	1177
	1163
	1269



	2020
	y = 407.61 + (0.29 × x1) + (9.17 × x2) + (0.91 × x3)
	1480
	1449
	1266
	776
	982
	1561
	1695
	1585
	1734
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Table 6. Value of the root mean square error standardized (RMSSE) calculated on a monthly basis for Monte Bove Sud (MB), Monte Prata (MP) and Pintura di Bolognola (PB), calculated through interpolation (MLR), IMERG data to which was added the real snowfall data (IMERG) and the data measured by the rain gauge (RG).
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	MB MLR-IMERG
	MB MLR-RG
	MP MLR-IMERG
	MP MLR-RG
	PB MLR-IMERG
	PB MLR-RG





	RMSSE
	0.03
	0.41
	0.08
	0.52
	0.49
	0.53
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