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Abstract

:

Rainwater harvesting (RWH) for domestic uses is widely regarded as an economic and ecological solution in water conservation and storm management programs. This paper aims at evaluating long-term trends in 20-day cumulative rainfall periods per year in Poland, for assessing its impact on the design and operation conditions for RWH systems and resource availability. The time-series employed corresponds to a set of 50-year long time-series of rainfall (from 1970 to 2019) recorded at 19 synoptic meteorological stations scattered across Poland, one of the European countries with the lowest water availability index. The methods employed for assessing trends were the Mann–Kendall test (M–K) and the Sen’s slope estimator. Most of the datasets exhibit stationary behaviour during the 50-year long period, however, statistically significant downward trends were detected for precipitations in Wrocław and Opole. The findings of this study are valuable assets for integrated water management and sustainable planning in Poland.
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1. Introduction


As in many areas across the world, Poland is currently experiencing a deficit in water resources. The freshwater resources per capita have decreased from an average of 1839.3 m³ (for the period 1946–2011) to less than 1600 m³ [1]. This water availability index for Poland is almost three times lower than the European average (4800 m3 per capita) and nearly four times smaller than the world’s average (6000 m3 per capita) [2], making Poland one of the countries with fewer water resources in Europe [3,4].



According to Orlińska-Woźniak et al. [5,6], the leading causes of this situation are both adverse climatic and hydrological conditions, as well as a robust socio-economic development in Poland, observed in recent decades. The topographic, geological and meteorological features of the area, as well as land use, influence the distribution and size of surface water, groundwater, and rainwater resources [5]. Atmospheric precipitation is the primary source of Polish water resources, so they largely determine the renewable nature of water resources, characterised by a considerable time and spatial variability. The average annual rainfall in lowland areas is 450–650 mm, while in the mountain areas annual this parameter reaches more than 1000 mm. While mountain and foothill areas are relatively abundant in water, shortages of this resource are already occurring in the lowlands [7]. As for the average monthly precipitations, the lowest values correspond to the winter months from December to February (an average of 34.9 mm/month) and the highest occurring in the summer months from June to August (an average of 73.4 mm/month). This distribution is characteristic of Poland’s climatic zone. The annual cycle of precipitation phenomena determines the average annual variability of surface run-off. The total running waters resources of Poland are about 62 km3, based on the average between 1951 and 2005, but it should be noted that there is a higher frequency of extended low streamflow periods when compared to high streamflow periods [8].



The state of water resources is one of the main concerns related to climate change, as progressive global warming alters the water cycle [9]. In the coming decades, Poland faces the threat of water shortages and a decrease in the national surface and groundwater resources, and it is anticipated that extreme hydrological phenomena (both drought and floods) might increase as a result of climate change [10]. There is evidence that severe water deficits and excesses can occur in the same area over a single season. For instance, in July 1997, heavy rainfalls that caused violent floods were followed by an abnormally dry period across a significant part of Poland. Another example was the summer of 2006 when a period of heavy rainfalls was immediately followed by a severe drought [11].



Within this context, increasing awareness about this situation has led to individual and institutional actions to save and protect water resources around the world include promoting the sustainable use and management of water resources, reducing water losses in supply systems, and searching for alternative freshwater sources [12]. In water supply systems, one of the main objectives is reducing the water losses by preventing failures in water intakes and networks. Consequently, integrated water management systems employ the support of advanced computer models and artificial neural networks to achieve this goal [13,14,15]. The rainwater harvesting (RWH) is promoted as a widely available, alternative source of water for an entire range of uses, including household purposes, and its implementation in residential buildings are regarded as economically and ecologically beneficial, as long as adequate maintenance and operation are guaranteed [16]. The use of rainwater for replacing the tap water for indoor and outdoor demands reduces pressure on water supply systems and water intakes [17]. On a large scale, RWH reduces the energy demand employed for raw water intake, pumping and treatment in water supply systems; and it also relieves sewage systems and reduces the risk of local floods, as it favours local rainfall retention [18,19,20]. These are attractive features for water supply and wastewater management systems operators.



The law in Poland prohibits the discharge of rainwater and drainage water into the sanitary sewage system. Water supply companies carry out intensified inspections in this area. To promote rainwater harvesting as complementary technology, in June 2020 the Polish Ministry of Climate and the National Fund for Environmental Protection and Water Management announced the “My Water” programme. It will be implemented in the years 2020–2024. Twenty thousand home installations are to be built to manage rainwater and snowmelt on the property. It is estimated that the house investments will retain 1 million m3 of water annually at the place of rainfall on private plots.



The RWH reliability requires considering quantitative and qualitative criteria, expressed through the system sizing and water quality parameters. The primary task is to efficiently collect rainfall and securely store the precipitation for later in-situ use, to guarantee the quality and quantity of the harvested rainwater for the allowing the maximum possible replacement of tap water [21].



Regular residential water requirements include cooking, cleaning, dishwashing, garden watering, laundry, showers, baths and toilet flushing (Figure 1). Depending on the quality standards met, a rainwater harvesting system can provide up to 100% of the tap water needs in the household. According to European statutes, if the RWH system provides water that meets bathing quality, it can replace over 50% of total tap water demand, and if drinking water quality is achieved, it can be safely used for all household purposes, even as the single water source of the dwelling place [22,23].



The use of rainwater in households requires meeting physicochemical and microbiological water quality standards, such as those defined in the European Water Directives. The Bathing Water Directive provides quality standards of public freshwater bathing areas (e.g., rivers or lakes), to safeguard public health and protect the aquatic environment. [22]. The Drinking Water Directive concerns the quality of water intended for human consumption, to protect human health from adverse effects of any contamination [23]. The quality of the collected rainwater depends on the cleanness of the conveying system, atmospheric contamination, the storage conditions and the filtering and treatment processes applied in the RWH system. The stages of passing through the atmosphere and flowing down the catchment determine the rainwater composition, which is affected both by local and long-distance transported dust and aerosols of natural and anthropogenic origin [24,25,26,27,28]. The regional distribution of precipitation also influences the pollution of run-offs. The longer the dry periods between rainfall, the rainfall flushes away more accumulated pollutants from the roof. The first flush rainfall volume should therefore be diverted from the tank to avoid pollution from roof runoff [29]. Frequent, long-lasting, and moderate precipitations are associated with a better quality of collected rainwater. Many studies conducted over the last two decades [30,31,32,33,34,35,36,37,38] confirm that water from RWH systems can be successfully used (excluding first flush) for household purposes, both indoors and outdoors. The physicochemical and microbiological composition of supplied rainwater is suitable for animals and plants, as well as for cleaning and washing purposes.



The technical factors that determine the RWH system design for residential buildings are water volume requirements, rainfall distribution along the year, type and size of the catchment, and rainfall data (Figure 2). As the system layout remains constant for the lifetime of the RWH system, its performance is defined by the precipitation regime, climate variability and long-term trends observed in rainfall [21].



The rainfall regime heavily affects both the freshwater resources availability and RWH design and operation. At the same time, RWH systems help to reduce the burden on limited freshwater resources, as in the Poland case. Sustainable and efficient use of rainwater on a national scale requires evaluation of occurrence and behaviour of local rainfall, even more in the context of global warming and climate change [39], as well as a lot of local buy-in and coordination. Therefore, this paper aims at analysing long-term trends in precipitation in Poland, for assessing its impact on the design and operation conditions for RWH systems and resource availability.




2. Materials and Methods


2.1. Rainfall Data


The rainfall pattern is the main indicator of household rainwater harvesting potential in Poland. This paper analyses a set of 50-year long time-series of daily rainfall (from 1970 to 2019) at 19 Polish cities. The daily time step was chosen due to the very long simulation period and the national scale of the research, although it is known that more accurate results are obtained for continuous simulation [40]. The primary source of precipitation data are the records by meteorological stations managed by the Institute of Meteorology and Water Management—National Research Institute (IMWM-NRI) [41], located in major Polish cities: Białystok, Suwałki, Olsztyn, Gdańsk, Koszalin, Szczecin, Toruń, Poznań, Gorzów Wielkopolski, Zielona Góra, Wrocław, Opole, Katowice, Kraków, Rzeszów, Kielce, Lublin, Łódź and Warsaw (Figure 3). Verified daily rainfall data come from synoptic stations, which are the highest order meteorological station type in Poland. These stations are linked with the World Meteorological Organization (WMO) observing and prediction system called World Weather Watch (WWW) as well as with the European Flood Awareness System (EFAS). The use of these two sources guarantees the quality and completeness of measurement data over the 50 years employed for this analysis.



The authors assumed that IMWM-NRI precipitation data recording methods employed for time-series used in this study were homogeneous and robust. Moreover, the vast majority of these meteorological stations were tested by Pińskwar et al. [42] for homogeneity tests of the rainfall time-series (Mann–Whitney–Pettitt test, Penalised maximal t-test and the Standard Normal homogeneity test (SNHT) for single series), which indicated the adequacy of these data for statistical analysis, except for the Racibórz and Śnieżka stations, both excluded in the present study.



The WMO recommends using a long-term period for statistical analysis of meteorological variables [39], with a minimum of 30 years of multi-year data for determining climatological standards. A more extended period of measurements is taken into account if the analysis aims at evaluating the variability in time of a climate variable. Some authors have conducted recent studies for Poland assessing time-series longer than 30 years. Pińskwar et al. [42] analysed changes in extreme precipitation in Poland, for the period 1951–2015. Similarly, Lupikasza [43] conducted trend detection tests to study the spatial and temporal variability of extreme rainfalls in Poland for the period 1951–2006. Kaźmierczak et al. [44] evaluated trends in rainfall for Wrocław in the years 1961–2017, finding a statistically significant decreasing trend for moderately intense precipitations. Urban et al. [45] examined the variability of snow cover in the Polish and Czech Western Sudeten Mountains, in the years 1961–2015.



Figure 3 also depicts the spatial variability of the average multi-annual rainfall in Poland. The occurrence of high rainfall values in the foothill areas is a characteristic of the continental climate of Poland, as represented by meteorological stations in the south of the country such as Rzeszów, Kraków, Katowice or Wrocław. Additionally, relatively low annual rainfall occurs in the central part of the country, in the lowland belt covering towns from Szczecin to Lublin, while the highest magnitudes occurs on the western portion of Baltic coast and the Tatras mountain area (over 1000 mm per year). Annual precipitation amounts of eastern portion of Baltic coast is characterised as low. The average annual precipitation (from 1970 to 2019) in the analysed cities is 597.3 mm. Among the cities analysed in the study, the lowest average annual precipitation occurs in Gdańsk (512.7 mm) and Poznań (518.1 mm), and the highest in Koszalin (731.6 mm) and Katowice (724.6 mm).



Figure 4 shows that the highest average monthly rainfall occurs in the summer season, from May (V) to October (X), and within a range from 50 to 80 mm. In winter, especially from December (XII) to February (II), most precipitation occurs as rain-on-snow or snow (about 20–40 mm monthly). Generally, for all the months over the long-time period under analysis, the annual highest magnitudes of average monthly precipitation were recorded in Koszalin, Katowice or Kraków. In contrast, the annual lowest magnitude precipitations occur in Gdańsk, Poznań, Szczecin, Gorzów Wielkopolski, Zielona Góra or Wrocław.




2.2. Rainwater Storage Period and Tank Capacity


This paper presents a general model for analysing residential RWH systems to assess the impact of rainfall patterns on the reliability of such systems in Poland. The recommended storage period for rainwater for individual RWH systems is 2–3 weeks, with the possibility of safe prolongation up to 4 weeks [46]. The analysis assumes a typical water storage period of 20 days, in which the rainwater tank capacity allows it to meet the indoor rainwater requirements. The study included four sizes of households with the same catchment area and different rainwater demand profiles, where 20-day rainwater supply will be provided by tanks with storage capacities of 1.0, 2.0, 3.0 and 4.0 m3 (Table 1). Filling such tanks requires between 10 and 40 mm of total precipitation, considering a 125 m2 catchment area (a typical roof size in Poland) with a 0.8 run-off factor for typical conditions (20% water loss). The first flush volume has been neglected to simplify the calculation.



Figure 5 graphically shows the water balance model for analysing an RWH system during a 20-day storage period. The working fields of 1.0, 2.0, 3.0 and 4.0 m3 storage capacities were marked in four shades of blue. The graph illustrates the basic principles of the analysis and at the same time allows to quickly determine the amount of rainwater delivered during 20 days from a tank with a specific capacity and for a particular 20-day cumulative rainfall.



For example, for a 20-day cumulative rainfall of 5 mm, RWH systems with tanks of all analysed capacities will be able to collect and provide 500 dm3 of rainwater for use in the household (case A). These savings correspond to 500 dm3 of tap water, e.g., for flushing toilets or washing within the typical storage period of 20 days. When the 20-day cumulative rainfall is 15 mm, a 1.0 m3 tank will not be able to store all the available rain, but it will provide the 1000 dm3 of rainwater corresponding to its capacity (case B), which fully satisfies the rainwater demand in a building with an RWH system of this size during the typical storage period. Accordingly, larger harvesting systems (2.0, 3.0 and 4.0 m3) would accumulate this entire rainfall and provide 1500 dm3 of rainwater, but it will not fill the tanks, and it will not cover the total rainwater requirements either, meaning that these RWH systems would require supplementing the demand with tap water (case C). For a 20-day cumulative rainfall of 35 mm, the run-off would fill and exceed the capacity of the tanks up to 3.0 m3. In these cases, the rainwater will meet and cover the local 20-day water requirements. The 4.0 m3 RWH system, with a rainwater demand of 4000 dm3, will collect and supply only 3500 dm3 of rainwater, which requires partial reliance on tap water to meet the requirements. (case D). Based on the previous considerations, the overflows are a loss of resources for RWH systems, while on the other hand, insufficient rainwater translates into costs associated with consuming tap water. Therefore, the magnitude of the 20-day cumulative precipitations, along with the stochastic nature of rainfall, determines the working conditions of the RWH systems. The proposed 20-day water balance model was used to analyse the long-term impact of 50-year rainfall time series on RWH reliability in 19 Polish cities.



This study analyses the 20-day cumulative rainfalls above 10, 20, 30 and 40 mm, which correspond to the assumptions made for filling tanks with volumes of 1.0, 2.0, 3.0 and 4.0 m3. Additionally, precipitations in the range of [0–10), [10–20), [20–30) and [30–40) mm are analysed to show the intermediate operating states of the RWH systems when 20-day water demand is partially covered by rainwater and completed with tap water. The assessment also includes statistical distributions of operational RWH parameters, potential and pattern of precipitation and their 50-year change trends at 19 cities in Poland.




2.3. Research Methods


There are several statistical tests for detecting trends in hydrological time-series (e.g., linear regression test, the Mann–Kendall test (M–K), and the Spearman’s rho test). This research employs the non-parametric M–K test, widely applied in hydrological studies [47,48,49,50,51], mostly because M–K does not require normally distributed data and it has low sensitivity to outliers, in this case, extreme meteorological phenomena such as floods or droughts.



This test uses rank correlation statistics to answer the question as to whether the values measured in the time series present a statistically significant increasing or decreasing trend. The M–K test analyses the sign of the difference between successive elements of the time series Xt, given as    x 1  ≤  x 2  ≤   … ≤  x t   , where each new value is compared to all previously measured values [52,53], and  t  stands for time unit   t = 1 ,   2 , … ,   50  . The following equation calculates the statistic  S :


  S =   ∑   i = 1   n − 1     ∑     j = i + 1  n  s i g n  (   x j  −  x i   )   



(1)




where the indexes j and i emphasise all possible pairs composed of earlier and later values of a deseasonalised (e.g., annual) series Xt. By substituting    x j  −  x i  = θ   we get:


  s i g n  ( θ )  =  {      + 1   f o r   θ > 0       0   f o r   θ = 0       − 1   f o r   θ < 0        



(2)




where   s i g n  ( θ )    is the is the positive or negative sign of the parenthetical result.



To indicate the direction of a trend and its statistical significance, the sign of the S statistic, the Sen’s slope estimator and the confidence level magnitudes should be determined. If the statistic  S  is positive, the more recent measurements are higher than the previous, indicating an upward trend in the measured values. If S is negative, there is a downward trend.



The rate of the change of the analysed trend in time can be described by the directional coefficient of the straight line expressed by Sen’s slope estimator  β  (also called Theil-Sen slope estimator), which is commonly used to detect the magnitude of trends in univariate time series. It can be defined as the median value of all the slopes given by all the possible pairs among data forming the time series    X t   :


  β = m e d i a n  (     x j  −  x i    j − i    )   



(3)




calculated for every   i < j  , where   i = 1 ,   2 ,   … ,   n − 1   and   j = 2 ,   3 ,   … ,   n  . The calculation of the intercept parameter    y S    can be used to construct the trend lines in plots of this type of slope. Following [54,55],    y S    can be computed as:


   y S  =  X t  − β t  



(4)




with  t  and  β  indicating the element of the time-series and Sen’s slope, respectively.



According to [54,56], the null hypothesis is the absence of trend (   H 0  : β = 0  ) and the alternative hypothesis is that a statistically significant trend is detected (   H 1  : β ≠ 0  ), considering statistically significant changes above a confidence level of 95% [57]. For this paper, the confidence level index (  C L I  ) ranging from 90 to 95% is assumed to be close to statistical significance, whereas the magnitudes of   C L I   between 75 and 90% directly indicates a tendency to change. Based on the considerations by [42], all investigated changes below the confidence level of 75% are considered as irrelevant and without a specific direction of change.



According to Wagesho et al. [57], the theoretical lower (  L C L  ) and upper (  U C L  ) confidence limits of the Theil-Sen slope can be calculated as:


  L C L =    t i  −  Z  1 − α / 2     V a r  ( S )     2   



(5)






  U C L =    t i  +  Z  1 − α / 2     V a r  ( S )     2   



(6)




where    t i    stands for the number of data points (observations) in the i-th data pairs (also called tied data) of analyzed data set and    Z  1 − α / 2     is the (  1 − α / 2  ) value of the normal distribution, whereas for two-sided (upper and lower bound) the magnitude of 95% (  α = 0.05  ) confidence limit of the corresponding    Z  1 − α / 2   = 1.96  .



For independent and identically distributed data, the S mean is E(S) = 0, and the sample variance   V a r  ( S )    is given by:


  V a r  ( S )  =   n  (  n − 1  )   (  2 n + 5  )  −   ∑   i = 1  m   t i   (  i − 1  )   (  2 i + 5  )    18    



(7)




where m is the number of the tied groups in the data set of extent  i . For example, in the eight element sequence of measurements given by    t i  ∈  {  15 ,   14 ,   11 ,   11 ,   14 ,   14 ,   11 ,   15  }    m = 3 denotes tied groups, for which t1 = 2 for the tied value 15, t2 = 3 for the tied value 14, and t3 = 3 for the tied value 11.





3. Results


3.1. Precipitation Potential


First, the annual occurrence of 20-day cumulative rainfall higher than 10, 20, 30 and 40 mm in the 19 analysed cities was examined. The results of the analyses, as the percentage share in the year of periods with 20-day rainfall sums exceeding the preset amount, are summarised in Table 2.



Using Bialystok as an example, the percentage duration during the year of periods with 20-day cumulative rainfall exceeding 10 mm averaged 86% (during the 50 years), with a minimum value of 74% observed in 2019 and a maximum value of 99% in 1970. A 20-day cumulative rainfall of at least 10 mm allows filling a tank with a volume of 1 m3 under the assumed conditions (Figure 5). For cumulative precipitation exceeding 20 mm, the annual average percentage for this period is 65%, with values ranging from 45% (for 1975) to 90% (for 1970). Similarly, the average annual duration of periods with 20-day cumulative rainfall exceeding 30 mm falls to 45%, with a minimum value of 30% (for 1986) and a maximum of 71% (for 2017). Twenty-day cumulative rainfall exceeding 40 mm occurred on average 30% of the year, with a minimum of only 13% recorded in 1989 and a maximum of 55% in 1970, with this 20-day cumulative of 40 mm allowing to fill a 4 m3 tank, as shown in Figure 5. Figure 6 presents the behaviour of the 20-day cumulative rainfall described for Białystok over the years 1970–2019. The dashed line marks the corresponding thresholds of 10, 20, 30 and 40 mm, the blue line marks the year with the most extended duration of states with the sum above the dashed line, while the red line marks the year with the shortest total duration of these states.



Similar results occurred in the remaining 18 analysed cities. The annual average percentage of 20-day periods with cumulative rainfall exceeding 10 mm ranged from 79% for Gdańsk to 89% for Koszalin. For this threshold, the maximum observed in Kielce is worth noting, which was as much as 100% in 1970. For periods with totals exceeding 20 mm, the average share in the year of these periods oscillated between 54% in Gdańsk to 74% in Katowice. For the threshold of 30 mm cumulative rainfall, the annual average ranged from 35% for Gdańsk and Poznań to 56% for Katowice and Koszalin. For the highest threshold value (for rainfall totals exceeding 40 mm), the minimum annual average of 20-day periods occurred for Poznań (21%) and the maximum for Koszalin (41%).



The annual fraction with 20-day cumulative rainfalls according to the class intervals of [0–10) mm, [10–20) mm, [20–30) mm, and [30–40) mm was calculated and summarised in Table 3.



The annual average frequency of periods with a 20-day cumulative rain between [0–10) mm ranged from 10% for Katowice to 21% for Gdańsk. In the case of the interval between [10–20) mm, the smallest average found was 16% (Katowice and Koszalin), while a highest equal to 25% found in three cities: Gdańsk, Poznań and Toruń. For the interval between [20–30) mm, the average fraction of the year ranged from 17% (Koszalin) to 22% (Łódź and Poznań). Zielona Góra registers the highest average fraction of the year with 20-day cumulative rainfall ranging [30–40) mm (17%), and the smallest occurs in Gdańsk (12%).




3.2. Trends of Change


Significant changes in the behaviour of the rainfall regime might have an impact on the operating conditions of the RWH systems. Therefore, this paper assesses the existence of trends in the precipitation time-series in the 19 meteorological stations analysed for the period 1970–2019, using the M–K test for this purpose. Table 4 summarises these results, including the statistic S and the CLI. To increase the readability of the table, statistically significant changes (  C L I   ≥ 95%), changes close to statistical significance (  C L I   from 90 to 95%) and tendencies to change (  C L I   from 75 to 90%) are highlighted blue (increasing) and yellow (decreasing).



In the analysed period, statistically significant decreasing trends for a 20-day cumulative rainfall higher than 20, 30 and 40 mm were found in Opole, and for cumulative rainfall over 40 mm in Wrocław. Additionally, upward trends close to statistical significance were detected Koszalin and Zielona Góra. Also, the assessment discovered tendencies to change (both signs) in other additional 15 cases. Figure 7 presents the plot of statistically significant trends for Opole and Wrocław, based on Equations (3)–(7), with the analysed precipitation 95% confidence limits for median marked as the narrow area in red, and the 95% prediction bounds for observations in pink.



Furthermore, Table 5 summarises the trend detection assessment results for the annual fraction with 20-day cumulative rainfalls for the intervals of [0–10) mm, [10–20) mm, [20–30) mm, and [30–40) mm. To increase the readability of the table, statistically significant changes (  C L I   ≥ 95%), changes close to statistical significance (  C L I   from 90 to 95%) and tendencies to change (  C L I   from 75 to 90%) are highlighted blue (increasing) and yellow (decreasing).



There is evidence of statistically significant upward trends for Gorzów Wielkopolski ([30–40) mm) and Opole ([10–20) mm), and Figure 8 presents these results. Similarly, trends close to statistical significance were detected for Koszalin (downwards for [0–10) mm and upwards for [30–40) mm), Poznań (decreasing for [10–20) mm), Warsaw (increasing for [30–40) mm) and Zielona Góra (downwards for [10–20) mm and upwards for [30–40) mm). The results for Białystok, Kielce, Olsztyn and Suwałki suggest a stationary behaviour when considering these intervals of 20-day cumulative rainfall.



It is worth noting that for Poznań the amount of 20-day rainfall sums in the ranges [0–10) mm (CLI = 68%) and [10–20) mm (CLI = 91%) decreased, while there was no increase in the ranges [20–30) mm and [30–40) mm. However, let us observe (Table 4) that Poznań is the only city in which a clear upward trend in the 20-day rainfall sums exceeding 40 mm (CLI = 88%) was noted. It follows that in Poznań the occurrence frequency of very large 20-day rainfall sums exceeding 40 mm is increasing.





4. Discussion


From the results presented in the previous section, the observed frequency and behaviour of 20-day cumulative rainfall exceeding individual threshold values (≥10, ≥20, ≥30 and ≥40 mm), as well as class intervals ([0–10), [10–20), [20–30) and [30–40) mm), are similar in the 19 analysed locations, especially concerning their average and standard deviation with no clear outliers in any of these intervals. However, regions with smaller rainwater harvesting potential can be distinguished (e.g., Gdańsk and Poznań), as well as those with a higher rainwater harvesting potential (e.g., Katowice and Koszalin). The indicated areas (with higher and lower rainwater harvesting potential) are closely related to the climatological characteristics and topographic location of individual regions of Poland. The spatial diversity of annual rainfall in the analyzed multi-year period was shown in Figure 3. On the one hand, the proximity of the Baltic Sea in the north of the country and mountain ranges in the south, on the other hand the most common southwestern atmospheric circulation, causes the occurrence of higher rainfall magnitudes—both annual and interval cumulative values.



With respect to [42,43] the strongest decreasing trends were observed mainly in the south and west of Poland, especially 20-day cumulative rainfall exceeding 20, 30 and 40 mm. The weakest trends were mainly recorded in central, eastern and northeastern Poland, where most of the rainfall increasing trends were weak and poorly distributed spatially. Twenty-day cumulative rain over 40 mm occurred in densely populated regions with strong with a strong influence of socio-economic development, which corresponds to [43,44].



Except for Opole and Wrocław, all the regions, exhibit stationarity or an upward trend in their cumulative 20-day rainfall over 10 mm and 20 mm (see Table 4). This behaviour means that the design and overall performance of small and medium-sized RWH systems would not be affected by climate variability anytime soon, at least based on the results using the 1970–2019 time-series as a baseline. In Opole, the increase in the total fraction of the year with 20-day cumulative rainfall between 10 and 20 mm occurs at the expense of statistically significant decrements of periods with rainfall over 20 mm. It is also worth noticing the case of Gorzów Wielkopolski, whose statistically upward trend for 20-day cumulative rain for the interval [30–40) mm would represent a 1.1% average increment per decade, implying that the possibility for larger RWH systems in the region is increasing.



Statistically significant decreasing trends in the annual fraction of the year with 20-day cumulative rainfall over 20, 30 and 40 mm for Opole (changes at approximately −2.6% per decade) and above 40 mm for Wrocław (changes at −2.3% per decade) may have an impact on reducing the potential for rainwater use in single-family housing in these cities, especially in the case of higher water demand (larger tanks). However, environmental policies [58] and the research and development of water-efficient appliances [59,60] could help to mitigate the negative impact of these detected trends, and might even improve the overall performance of the existing RWH systems.



Based on the results in Table 3 and their corresponding behaviour summarised in Table 5, approximately 40% of 20-day cumulative precipitations occur in the interval between 10 and 30 mm. This percentage was found by averaging the means of the 20-day cumulative rainfall of the second and third class intervals in Table 2, and it also matches the precipitation behaviour described in Figure 4, with most of the stations presenting monthly averages below 50 mm between September and April. As stated by Semaan et al. [21], this knowledge is important because the adequate sizing of RWH systems is synonym to optimising their operation. Undersizing the system results in insufficient and unreliable water supply, while oversizing augments capital costs with minimum marginal benefits, as well as posing potential water quality risks.



The results in Table 2 show that 20-day cumulative rainfall events exceed 40 mm around 30% of the year. This situation provides the possibility of water management policies and projects focused on improving the quality and recharging groundwater resources. Groundwater aquifers are present in about 90% of the country [61], and they are a vital source of potable water for Poland. Still, they are currently endangered by the mining industry, fracking and other industrial activities [61,62,63,64].



Receptivity to RWH systems is usually positive for a wide range of everyday uses. However, costs related to their operation and maintenance, linked to the uncertainty regarding the rainfall regime are common hindrances to their extensive implementation [16]. Therefore, studies such as this one become useful water management tools, both for overcoming these barriers and for improving water resources management.




5. Conclusions


This paper assessed how long-term trends in precipitation in Poland might impact the design and operational conditions of RWH systems and resource availability. The study analysed the presence of trends in the rainfall time-series for 19 cities in Poland for years 1970–2019, from the perspective of design and operation of RWH systems. Therefore, there were analysed the 20-day cumulative rainfall periods along the year higher than the thresholds 10, 20, 30 and 40 mm, as well as the class intervals [0–10) mm, [10–20) mm, [20–30) mm and [30–40) mm. The results of the M–K test detected statistically significant (CLI ≥ 95%) or close to statistical significance (90% ≤ CLI < 95%) trends in 14 of the 152 datasets under analysis (9.2% of the total), and tendencies to change (75% ≤ CLI < 90%) in approximately 18% of the datasets, with less than half of them corresponding to downward trends. Most of the datasets exhibit stationary behaviour during the 50-year long period, and our findings suggest that the majority of the cities would not be negatively affected by changes in the rainfall regime, except for Wrocław and Opole. However, these changes in rainfall would represent a variation of less than 3% a decade, an impact that can be feasibly offset by policies and water-efficient devices.



The findings of this study are useful assets for integrated water management and sustainable planning in Poland, a European country with one of the lowest water availability index. By improving the understanding of hydrological variability, the assessments of trends and behaviour of hydrometeorological time-series help to reduce the uncertainty during the planning stages of RWH systems, which is a common obstacle to implementing these water storage technologies.
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Figure 1. Rainwater ratio in residential water demand depending on the quality of supplied rainwater according to the European Water Directives. 
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Figure 2. A schematic framework of a residential rainwater harvesting system (RWH) inputs and outputs. 
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Figure 3. The 19 analysed cities on the map of annual precipitation in Poland. 
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Figure 4. Average monthly rainfall amounts in analysed cities. 
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Figure 5. Ideal scheme of operation of rainwater tanks. 
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Figure 6. Twenty-day cumulative rainfall for Białystok (1970–2019) at threshold values (a) 10 mm, (b) 20 mm, (c) 30 mm and (d) 40 mm. 
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Figure 7. Statistically significant trends of changes in the sum of twenty-day rainfall in the years 1970–2019 in Opole (a) ≥ 20 mm, (b) ≥ 30 mm, (c) ≥ 40 mm and Wrocław (d) ≥ 40 mm. 
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Figure 8. Statistically significant trends in the sum of twenty-day precipitation in the years 1970–2019 in (a) Gorzów Wielkopolski ([30–40) mm) and (b) Opole ([10–20) mm). 
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Table 1. Determining factors of four analysed cases of residential RWH system.
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	Household 1
	Household 2
	Household 3
	Household 4





	20-day rainwater demand
	1000 dm3
	2000 dm3
	3000 dm3
	4000 dm3



	Catchment area (roof)
	125 m2
	125 m2
	125 m2
	125 m2



	Storage capacity (tank)
	1.0 m3
	2.0 m3
	3.0 m3
	4.0 m3
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Table 2. Twenty-day cumulative rainfall for set thresholds—percentage share in the year.
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City

	
Total Rainfall

	
Total Rainfall

	
Total Rainfall

	
Total Rainfall




	
≥10 mm

	
≥20 mm

	
≥30 mm

	
≥40 mm




	
Min

	
Mean

	
Max

	
SD

	
Min

	
Mean

	
Max

	
SD

	
Min

	
Mean

	
Max

	
SD

	
Min

	
Mean

	
Max

	
SD






	
Białystok

	
74%

	
86%

	
99%

	
7%

	
45%

	
65%

	
90%

	
9%

	
30%

	
45%

	
71%

	
9%

	
13%

	
30%

	
55%

	
9%




	
Gdańsk

	
52%

	
79%

	
98%

	
9%

	
30%

	
54%

	
83%

	
11%

	
16%

	
35%

	
58%

	
10%

	
7%

	
23%

	
43%

	
8%




	
Gorzów Wlkp.

	
68%

	
84%

	
95%

	
7%

	
35%

	
61%

	
86%

	
11%

	
13%

	
41%

	
66%

	
12%

	
5%

	
26%

	
45%

	
10%




	
Katowice

	
73%

	
90%

	
98%

	
6%

	
58%

	
74%

	
87%

	
8%

	
35%

	
56%

	
75%

	
10%

	
16%

	
40%

	
58%

	
10%




	
Kielce

	
67%

	
86%

	
100%

	
7%

	
47%

	
67%

	
95%

	
9%

	
24%

	
46%

	
68%

	
9%

	
12%

	
30%

	
44%

	
8%




	
Koszalin

	
71%

	
89%

	
99%

	
6%

	
43%

	
73%

	
91%

	
9%

	
31%

	
56%

	
77%

	
10%

	
19%

	
41%

	
67%

	
11%




	
Kraków

	
72%

	
88%

	
98%

	
6%

	
47%

	
69%

	
85%

	
9%

	
30%

	
49%

	
67%

	
9%

	
14%

	
33%

	
52%

	
8%




	
Lublin

	
66%

	
84%

	
96%

	
7%

	
39%

	
63%

	
84%

	
9%

	
23%

	
42%

	
62%

	
9%

	
5%

	
28%

	
43%

	
9%




	
Łódź

	
69%

	
85%

	
97%

	
7%

	
47%

	
64%

	
86%

	
9%

	
26%

	
43%

	
72%

	
10%

	
7%

	
27%

	
51%

	
9%




	
Olsztyn

	
73%

	
88%

	
99%

	
6%

	
41%

	
68%

	
91%

	
10%

	
21%

	
49%

	
71%

	
10%

	
11%

	
34%

	
55%

	
10%




	
Opole

	
69%

	
85%

	
97%

	
7%

	
37%

	
65%

	
86%

	
10%

	
19%

	
45%

	
66%

	
11%

	
5%

	
30%

	
50%

	
9%




	
Poznań

	
64%

	
82%

	
94%

	
9%

	
33%

	
58%

	
80%

	
12%

	
9%

	
35%

	
57%

	
12%

	
1%

	
22%

	
40%

	
10%




	
Rzeszów

	
67%

	
87%

	
99%

	
7%

	
34%

	
66%

	
84%

	
11%

	
15%

	
46%

	
68%

	
11%

	
9%

	
32%

	
50%

	
10%




	
Suwałki

	
75%

	
87%

	
98%

	
6%

	
49%

	
66%

	
83%

	
9%

	
29%

	
47%

	
73%

	
8%

	
15%

	
31%

	
54%

	
8%




	
Szczecin

	
59%

	
84%

	
98%

	
8%

	
39%

	
63%

	
85%

	
10%

	
14%

	
41%

	
66%

	
11%

	
5%

	
27%

	
47%

	
9%




	
Toruń

	
63%

	
83%

	
98%

	
8%

	
31%

	
58%

	
77%

	
10%

	
8%

	
37%

	
56%

	
11%

	
0%

	
23%

	
43%

	
9%




	
Warsaw

	
65%

	
82%

	
95%

	
8%

	
43%

	
59%

	
81%

	
9%

	
23%

	
37%

	
63%

	
9%

	
5%

	
24%

	
42%

	
8%




	
Wrocław

	
67%

	
83%

	
95%

	
7%

	
41%

	
59%

	
77%

	
8%

	
20%

	
39%

	
56%

	
9%

	
12%

	
26%

	
46%

	
8%




	
Zielona Góra

	
70%

	
85%

	
96%

	
6%

	
40%

	
64%

	
83%

	
9%

	
22%

	
44%

	
63%

	
10%

	
7%

	
27%

	
50%

	
10%
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Table 3. Twenty-day cumulative rainfall for the analysed intervals—percentage share in the year.
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City

	
Total Rainfall

	
Total Rainfall

	
Total Rainfall

	
Total Rainfall




	
[0–10) mm

	
[10–20) mm

	
[20–30) mm

	
[30–40) mm




	
Min

	
Mean

	
Max

	
SD

	
Min

	
Mean

	
Max

	
SD

	
Min

	
Mean

	
Max

	
SD

	
Min

	
Mean

	
Max

	
SD






	
Białystok

	
1%

	
14%

	
26%

	
7%

	
5%

	
21%

	
34%

	
6%

	
6%

	
20%

	
31%

	
5%

	
7%

	
15%

	
30%

	
5%




	
Gdańsk

	
2%

	
21%

	
48%

	
9%

	
12%

	
25%

	
42%

	
6%

	
8%

	
19%

	
30%

	
5%

	
2%

	
12%

	
25%

	
5%




	
Gorzów Wlkp.

	
5%

	
16%

	
32%

	
7%

	
9%

	
23%

	
39%

	
8%

	
11%

	
20%

	
32%

	
5%

	
6%

	
15%

	
23%

	
4%




	
Katowice

	
2%

	
10%

	
27%

	
6%

	
5%

	
16%

	
30%

	
5%

	
10%

	
18%

	
28%

	
5%

	
6%

	
16%

	
27%

	
5%




	
Kielce

	
0%

	
14%

	
33%

	
7%

	
5%

	
19%

	
31%

	
6%

	
11%

	
21%

	
33%

	
5%

	
6%

	
16%

	
30%

	
5%




	
Koszalin

	
1%

	
11%

	
29%

	
6%

	
7%

	
16%

	
34%

	
5%

	
9%

	
17%

	
28%

	
5%

	
6%

	
15%

	
23%

	
4%




	
Kraków

	
2%

	
12%

	
28%

	
6%

	
6%

	
19%

	
35%

	
6%

	
9%

	
20%

	
33%

	
6%

	
6%

	
16%

	
25%

	
5%




	
Lublin

	
4%

	
16%

	
34%

	
7%

	
11%

	
22%

	
35%

	
6%

	
10%

	
20%

	
34%

	
5%

	
6%

	
15%

	
24%

	
4%




	
Łódź

	
3%

	
15%

	
31%

	
7%

	
6%

	
21%

	
31%

	
6%

	
9%

	
22%

	
31%

	
5%

	
5%

	
16%

	
28%

	
5%




	
Olsztyn

	
1%

	
12%

	
27%

	
6%

	
6%

	
20%

	
39%

	
7%

	
9%

	
19%

	
28%

	
5%

	
5%

	
15%

	
26%

	
4%




	
Opole

	
3%

	
15%

	
31%

	
7%

	
8%

	
21%

	
40%

	
7%

	
8%

	
20%

	
32%

	
6%

	
7%

	
14%

	
27%

	
5%




	
Poznań

	
6%

	
18%

	
36%

	
9%

	
13%

	
25%

	
37%

	
6%

	
11%

	
22%

	
34%

	
5%

	
2%

	
14%

	
25%

	
6%




	
Rzeszów

	
1%

	
13%

	
33%

	
7%

	
9%

	
21%

	
44%

	
7%

	
9%

	
20%

	
36%

	
6%

	
6%

	
14%

	
25%

	
5%




	
Suwałki

	
2%

	
13%

	
25%

	
6%

	
5%

	
21%

	
39%

	
6%

	
6%

	
19%

	
30%

	
6%

	
8%

	
16%

	
26%

	
4%




	
Szczecin

	
2%

	
16%

	
41%

	
8%

	
8%

	
21%

	
34%

	
6%

	
9%

	
21%

	
36%

	
6%

	
7%

	
15%

	
25%

	
4%




	
Toruń

	
2%

	
17%

	
37%

	
8%

	
10%

	
25%

	
52%

	
8%

	
11%

	
21%

	
34%

	
5%

	
6%

	
14%

	
23%

	
4%




	
Warsaw

	
5%

	
18%

	
35%

	
8%

	
11%

	
24%

	
39%

	
7%

	
9%

	
21%

	
35%

	
5%

	
5%

	
14%

	
28%

	
4%




	
Wrocław

	
5%

	
17%

	
33%

	
7%

	
10%

	
24%

	
42%

	
8%

	
9%

	
19%

	
30%

	
5%

	
1%

	
14%

	
27%

	
5%




	
Zielona Góra

	
4%

	
15%

	
30%

	
6%

	
9%

	
21%

	
38%

	
6%

	
11%

	
20%

	
35%

	
5%

	
7%

	
17%

	
27%

	
5%
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Table 4. Trend detection parameters for 20-day cumulative rainfall for the different thresholds under study, during the period 1970–2019.






Table 4. Trend detection parameters for 20-day cumulative rainfall for the different thresholds under study, during the period 1970–2019.





	
City

	
Cumulative

20-Day Rainfall

≥10 mm

	
Cumulative

20-Day Rainfall

≥20 mm

	
Cumulative

20-Day Rainfall

≥30 mm

	
Cumulative

20-Day Rainfall

≥40 mm




	
   S   

	
   β   (%)

	
    C L I    

	
   S   

	
   β   (%)

	
    C L I    

	
   S   

	
   β   (%)

	
    C L I    

	
   S   

	
   β   (%)

	
    C L I    






	
Białystok

	
39

	
0.04

	
25%

	
91

	
0.09

	
55%

	
178

	
0.13

	
86%

	
36

	
0.03

	
23%




	
Gdańsk

	
−24

	
−0.02

	
15%

	
−72

	
−0.07

	
45%

	
−170

	
−0.15

	
84%

	
−125

	
−0.10

	
70%




	
Gorzów Wlkp.

	
124

	
0.07

	
70%

	
94

	
0.09

	
56%

	
98

	
0.12

	
58%

	
32

	
0.03

	
20%




	
Katowice

	
2

	
0.00

	
1%

	
−67

	
−0.05

	
42%

	
−151

	
−0.09

	
79%

	
−142

	
−0.11

	
76%




	
Kielce

	
95

	
0.05

	
57%

	
−24

	
−0.01

	
15%

	
14

	
0.01

	
9%

	
−1

	
0.00

	
0%




	
Koszalin

	
203

	
0.10

	
91%

	
104

	
0.09

	
61%

	
82

	
0.08

	
50%

	
43

	
0.04

	
27%




	
Kraków

	
−10

	
0.00

	
6%

	
−32

	
−0.02

	
20%

	
−102

	
−0.09

	
60%

	
−82

	
−0.07

	
50%




	
Lublin

	
175

	
0.11

	
85%

	
4

	
0.00

	
2%

	
32

	
0.02

	
20%

	
98

	
0.07

	
58%




	
Łódź

	
15

	
0.01

	
9%

	
54

	
0.06

	
34%

	
−32

	
−0.02

	
20%

	
−79

	
−0.07

	
49%




	
Olsztyn

	
105

	
0.05

	
62%

	
−3

	
0.00

	
1%

	
−58

	
−0.06

	
37%

	
−12

	
−0.01

	
7%




	
Opole

	
−156

	
−0.09

	
81%

	
−272

	
−0.26

	
98%

	
−296

	
−0.26

	
99%

	
−385

	
−0.27

	
99.9%




	
Poznań

	
120

	
0.07

	
68%

	
150

	
0.16

	
79%

	
161

	
0.17

	
82%

	
188

	
0.14

	
88%




	
Rzeszów

	
113

	
0.07

	
65%

	
51

	
0.05

	
32%

	
−14

	
−0.02

	
9%

	
−53

	
−0.04

	
34%




	
Suwałki

	
118

	
0.07

	
67%

	
169

	
0.14

	
84%

	
126

	
0.11

	
70%

	
122

	
0.09

	
69%




	
Szczecin

	
179

	
0.14

	
86%

	
153

	
0.13

	
80%

	
136

	
0.15

	
74%

	
121

	
0.12

	
68%




	
Toruń

	
147

	
0.11

	
78%

	
10

	
0.01

	
6%

	
23

	
0.03

	
15%

	
24

	
0.02

	
15%




	
Warsaw

	
136

	
0.10

	
74%

	
56

	
0.06

	
35%

	
86

	
0.07

	
52%

	
−6

	
0.00

	
3%




	
Wrocław

	
−37

	
−0.02

	
24%

	
−169

	
−0.11

	
84%

	
−194

	
−0.17

	
89%

	
−352

	
−0.23

	
99.7%




	
Zielona Góra

	
41

	
0.03

	
26%

	
109

	
0.09

	
63%

	
228

	
0.17

	
94%

	
120

	
0.11

	
68%
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Table 5. Trend detection parameters for 20-day cumulative rainfall for the different class intervals under study, during the period 1970–2019.






Table 5. Trend detection parameters for 20-day cumulative rainfall for the different class intervals under study, during the period 1970–2019.





	
City

	
Cumulative

20-Day Rainfall

[0–10) mm

	
Cumulative

20-Day Rainfall

[10–20) mm

	
Cumulative

20-Day Rainfall

[20–30) mm

	
Cumulative

20-Day Rainfall

[30–40) mm




	
   S   

	
   β   (%)

	
    C L I    

	
   S   

	
   β   (%)

	
    C L I    

	
   S   

	
   β   (%)

	
    C L I    

	
   S   

	
   β   (%)

	
    C L I    






	
Białystok

	
−39

	
−0.04

	
25%

	
−104

	
−0.06

	
61%

	
−129

	
−0.06

	
72%

	
132

	
0.05

	
73%




	
Gdańsk

	
24

	
0.02

	
15%

	
100

	
0.07

	
59%

	
174

	
0.08

	
85%

	
−162

	
−0.07

	
82%




	
Gorzów Wlkp.

	
−124

	
−0.07

	
70%

	
−125

	
−0.08

	
70%

	
−16

	
0.00

	
10%

	
271

	
0.11

	
98%




	
Katowice

	
−2

	
0.00

	
1%

	
169

	
0.07

	
84%

	
163

	
0.07

	
82%

	
49

	
0.03

	
31%




	
Kielce

	
−95

	
−0.05

	
57%

	
126

	
0.07

	
70%

	
−51

	
−0.03

	
32%

	
−21

	
0.00

	
13%




	
Koszalin

	
−203

	
−0.10

	
91%

	
−23

	
−0.01

	
15%

	
89

	
0.03

	
54%

	
209

	
0.08

	
92%




	
Kraków

	
10

	
0.00

	
6%

	
30

	
0.02

	
19%

	
76

	
0.04

	
47%

	
−71

	
−0.03

	
44%




	
Lublin

	
−175

	
−0.11

	
85%

	
184

	
0.09

	
87%

	
−57

	
−0.02

	
36%

	
−111

	
−0.05

	
64%




	
Łódź

	
−15

	
−0.01

	
9%

	
−74

	
−0.03

	
46%

	
156

	
0.07

	
81%

	
42

	
0.02

	
27%




	
Olsztyn

	
−105

	
−0.05

	
62%

	
44

	
0.02

	
28%

	
94

	
0.05

	
56%

	
−43

	
−0.02

	
27%




	
Opole

	
156

	
0.09

	
81%

	
268

	
0.15

	
97%

	
97

	
0.06

	
58%

	
−25

	
−0.01

	
16%




	
Poznań

	
−120

	
−0.07

	
68%

	
−202

	
−0.12

	
91%

	
−55

	
−0.03

	
35%

	
51

	
0.03

	
32%




	
Rzeszów

	
−113

	
−0.07

	
65%

	
69

	
0.03

	
43%

	
57

	
0.02

	
36%

	
187

	
0.09

	
88%




	
Suwałki

	
−118

	
−0.07

	
67%

	
−114

	
−0.05

	
66%

	
43

	
0.02

	
27%

	
34

	
0.01

	
22%




	
Szczecin

	
−179

	
−0.14

	
86%

	
−61

	
−0.03

	
38%

	
52

	
0.02

	
33%

	
109

	
0.04

	
63%




	
Toruń

	
−147

	
−0.11

	
78%

	
130

	
0.07

	
72%

	
38

	
0.02

	
24%

	
−62

	
−0.02

	
39%




	
Warsaw

	
−136

	
−0.10

	
74%

	
36

	
0.02

	
23%

	
4

	
0.00

	
2%

	
204

	
0.06

	
91%




	
Wrocław

	
37

	
0.02

	
24%

	
162

	
0.10

	
82%

	
86

	
0.03

	
52%

	
159

	
0.08

	
81%




	
Zielona Góra

	
−41

	
−0.03

	
26%

	
−229

	
−0.11

	
94%

	
−116

	
−0.04

	
66%

	
210

	
0.09

	
92%
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