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Abstract

:

Extreme events have the most adverse impacts on society and infrastructure, and present the greatest challenges with respect to impacts. Information on the status and trends of these events is, thus, important for system design, management, and policy decision-making. In this study, variations in daily and seasonal rainfall extremes were explored with a focus on the southwest Florida Gulf coastal zone for the period 1950–2016. Rainfall occurring on very wet days accounted for about 50% of the seasonal rainfall in the area (regardless of the season), while about 25% of the seasonal rainfall came from extremely wet days except in the period between October and December for which this latter value was about 40%. No significant changes were seen in the maximum one-day rainfall at any of the stations regardless of the time scale. However, there was a significant increase in the number of wet days in the rainy season at Myakka River (p = 0.0062) and Naples (p = 0.0027) and during October–December at Myakka River (p = 0.0204). These two stations also experienced significant increases in the number of wet days in a year. Significant increases in the contribution to rainy season rainfall from very wet days (rainfall > 25.4 mm, 1 in) were seen at Arcadia (p = 0.0055). Regional results point to an increasingly wetter climate with increasing contributions from extreme events in some areas, both of which have implications for design and management decision making.
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1. Introduction


Coastal regions are ecologically important with respect to supporting fisheries and wildlife and providing water purification. Furthermore, coastal regions protect inland areas from storm surges in addition to providing a number of intangible benefits [1,2,3]. Many of these areas are also of cultural and historical significance. Globally, coastal regions are economically important. In the U.S., for example, coastal regions (which also include the U.S. Great Lakes) contributed more than $352 billion to the U.S. GDP in 2014; in 2016, $1.5 trillion worth of cargo was transported in U.S. and international waters [4]. Like many other areas of the world, coastal regions are under threat from a changing or highly variable climate. In particular, there is the need to pay attention to extreme events as these have the most adverse impacts on society and infrastructure, and present the greatest challenges with respect to being able to cope with the impacts [5,6]. Information on the status and trends of these events is, thus important, for infrastructure design, management and policy decision-making in these areas. The aim of this study was to explore variations in indices of daily and seasonal rainfall extremes with a focus on the southwest Florida Gulf coastal zone. The study area comprises the region between the Florida Keys and Tampa Bay and covers the region west of Lake Okeechobee (Figure 1). While rainfall occurs throughout the year, the region described above experiences a distinct wetter period (June–September) and a drier period which runs from October of one year to May of the following year [7,8]. The region is characterized by severe storms, including tropical storms, which typically occur annually and hurricanes which occur about once every 10 years [8]. Results from previous work in the region [9] show a regional tendency towards long drier periods and decreases in rainfall in the period between October through December. Results also show increases in rainy season (June–September) rainfall. This current work furthers previous research to provide insights into variations in rainfall extremes. Methodologies and approaches used in this study are widely applicable.




2. Materials and Methods


2.1. Preprocessing of Rainfall Data


Rainfall data used in the aforementioned previous work [9] were used in this study. As these data only included values up to 31 December 2014, additional data were downloaded from the NOAA Climate Data Online facility (https://www.ncdc.noaa.gov/cdo-web/) to cover the period 1 January 2015–31 December 2017. This allowed the analysis to include the 2010s, which had not been possible in the previous study. In this effort, care was taken to ensure that data came from the same stations as used in the previous study. The data used that were available for this study covered the period from 1 January 1920 to 31 December 2017 depending on availability for specific stations, including from: 1 January 1920 (Arcadia and Fort Myers); 1 January 1930. (La Belle); 1 January 1943 (Myakka River); 1 January 1942 (Naples); and, 1 January 1965 (Punta Gorda). The designation for assigning decades was maintained from previous work including associated numbering starting from 0 (1890s) to 12 (2010s). As a starting point, data were screened for completeness and all station-years with at least 95% of data availability (not more than 18 missing values in any one year) were preserved for further processing. This initial screening primarily affected Arcadia in the 1990s and the earlier decades for La Belle and Punta Gorda, all of which had several years with large amounts of missing data in the affected decades.



For daily extremes, data were further evaluated for missing values and cleaned based on Expert Team on Climate Change Detection and Indices (ETCCDI) criterion on data quality for analyzing daily extremes [5] such that only years with four or fewer missing values were preserved. Following this screening, resulting data for La Belle were not sufficiently consistent for the daily analysis (33 years of complete data available, missing the 1990s and 2000s, inconsistent in the 2010s). This station was, thus, excluded from further analysis. The resulting datasets (all other stations) were then checked for integrity at each station by comparing statistical properties and distributions with those from the original datasets.



For the seasonal analysis, data were examined on a month-by-month basis as this is the initial level at which the data would be aggregated. Any months with greater than three values missing were removed from the analysis consistent with existing literature [10]. The remaining (three or fewer) missing values were imputed using the Multivariate Normal Imputation procedure in JMP® statistical software (SAS Institute Inc. 2017, JPM® 13. Cary NC, USA). The resulting datasets were checked for integrity by comparing their statistical properties and distribution with those of the original datasets. For this study, seasons were defined as Dry1 (January–May), Rainy (June–September), and Dry2 (October–December), consistent with previous work [9]. To determine seasonal rainfall amounts, monthly totals for the constituent months were summed up based on the seasons. For any one station-year, only seasons in which all constituent months had data were included in the development of seasonal data. For example, in any one year, the rainy season needed to have all four months of data for the season to be included in the analysis. Data were also evaluated from a decadal perspective considering only years with complete data as explained and decades with 5 years or more of complete data were preserved. Different criteria were used for the different time scales due to the number of missing values that could be tolerated without potentially confounding the analysis, as determined based on preliminary analysis of the data.



The pre-processed data were then screened to determine a common period on which to base the analysis. In this secondary screening, the period 1 January 1950–31 December 2016 was identified, resulting in data lengths of 49, 61, 53, 53, and 40 years at Arcadia, Fort Myers, Myakka River, Naples, and Punta Gorda, respectively.




2.2. Data Analysis


The pre-processed data were then analyzed to establish the statistical properties and essential characteristics [11] of the data as well as patterns in seasonal rainfall. Statistical properties included the minimum, maximum, mean, standard deviation, median, and interquartile range (IQR) for both daily and seasonal rainfall. The essential characteristics that were evaluated included annual and seasonal values of: One-day maximum rainfall; number of wet days; number of days with greater than 50.8 mm (2 in) and 101.6 mm (4 in) rainfall; and, the proportion of rainfall resulting from rainfall greater than the 95th and 99th percentile amounts. These characteristics are consistent with extreme indices described in previous studies [5,6,12,13,14,15]. For this study, a wet day was defined as a day with greater than 0.1 mm rainfall [11]. The percentile thresholds represent very wet days and extremely wet days, respectively [6]. Region-wide (Table 1), the 95th percentile rainfall corresponded closely to 25.4 mm (1 in) while the 99th percentile rainfall corresponded closely to 50.8 mm (2 in). Thus, these values (25.4 mm and 50.8 mm) were used to represent very wet and extremely wet days across all stations. In addition, the aforementioned essential characteristics were evaluated at the regional scale.





3. Results


3.1. Statistical Properties


Based on the statistical properties (Table 1), Myakka River had the highest daily mean rainfall in the region although values did not differ greatly across the region. Myakka River also had the highest amount of rainfall in the 95th and 99th percentile. The maximum value of daily rainfall was experienced at Punta Gorda (270 mm, 10.7 in) while Arcadia had the lowest value of maximum daily rainfall (187.5 mm, 7.4 in). However, the other values did not differ substantially across stations and when considered region-wide.




3.2. Essential Characteristics


Based on Table 2, Fort Myers had the highest one-day maximum rainfall in Dry1 (196.9 mm, 7.7 in) while this value was highest at Punta Gorda during the rainy season (270.5 mm, 10.6 in). Punta Gorda also had the lowest values of one-day maximum rainfall in both Dry1 and Dry2. For Dry2, this value was highest at Myakka River. The median amounts of seasonal rainfall experienced in Dry1 and Dry2 were both highest at Myakka River, with the value for Dry1 being 51.1 mm (≈2 in) higher than the regional median. Fort Myers had the highest amounts of Rainy season rainfall, which was 185.2 mm (7.3 in) higher than the region median, while Punta Gorda had the lowest amounts for both Dry2 and Rainy season. The number of wet days experienced varied across seasons but did not generally vary across station, with most of the values obtained being relatively close to the regional medians. The number of days with rainfall greater than 50.8 mm (2 in) and greater than 101.6 mm (4 in) also did not differ substantially across stations considering the different seasons.



Based on Figure 2, annual one-day maximum rainfall followed a cyclical pattern at Arcadia, although patterns for the 1990s were uncertain due to missing data during that period. Annual one-day maximum rainfall experienced general decline at all other stations although none of the trends were significant based on the Mann–Kendall test. The number of wet days in a year (Figure 3) experienced a decline at Arcadia in the years between the mid-1960s and the early 1990s but seemed to be on the rise, although with decreased variability relative to the earlier decades. A similar pattern was observed at Fort Myers with a decline between the 1950s and the 1980s and an increase in recent years. At Myakka River, the number of wet days in a year declined slightly between the 1950s and the 1970s and then increased dramatically after about 1975. The number of wet days in a year also increased substantially at Naples from the 1960s to the present. Both increases were statistically significant (p = 0.0013 and 0.0382, respectively).



Based on Table 3, the contribution of rainfall from very wet days ranged from 10% in Dry1 at Arcadia to 90% in Dry2 at Myakka River, with regional medians ranging from 51 (Dry1) to 56 (Dry2). The corresponding ranges for rainfall from extremely wet days were 7% in the rainy season at Arcadia and Fort Myers and to 86% in Dry2 at Fort Myers with regional medians ranging from 23% in the Rainy season to 40% in Dry2. Based on Figure 4, the amount of Rainy season rainfall contributed by days in which there was more than the 95th percentile rainfall amounts increased steadily at Arcadia (p = 0.0055) but did not change substantially at the other stations or for the 99th percentile rainfall. In both cases (95th and 99th percentiles), contributions increased significantly with increase in seasonal rainfall (p < 0.0001 to p = 0.026). This implies that more rainfall comes from extreme events during wetter years than it does during years with lower rainfall. Conversely, years in which more days have higher than the 95th or 99th percentile rainfall are generally likely to be overall wetter years.




3.3. Seasonal Patterns


Figure 5 shows total seasonal rainfall in the Rainy and Dry2 seasons for Myakka River and Naples stations. These two stations were selected for the figure as they tended to experience large amounts of rainfall. Based on the figure, a marked increase in Rainy season rainfall was experienced at Naples from about 1990. However, a corresponding decrease was also experienced in Dry2 at this station during the later decades. An increase in Rainy season rainfall was also observed at Myakka River, although not to the same extent as at Naples. A corresponding decrease in Dry2 rainfall was also observed at this station. Significant increases in Rainy season rainfall over time were observed at Fort Myers and Punta Gorda (p = 0.02, 0.03, respectively) while increases at the other stations were not significant. Corresponding declines in Dry2 rainfall were also observed at most stations although only changes at Arcadia were significant (p = 0.04). The patterns in Dry1 were mixed with decreases observed at Fort Myers, Naples, and Punta Gorda and increases at Arcadia and Myakka River, although none of the changes were significant. Further analysis showed significant increases in the number of wet days in a year during the Rainy season at Myakka River (p = 0.006) and Naples (p = 0.0027). With respect to Dry2, only Myakka River had significant change in the number of wet days in a year (increase, p = 0.04). No significant changes were seen in the number of wet days in a year in Dry1.




3.4. Regional Patterns in Seasonal Rainfall


For the Rainy season (Figure 6), the decadal one-day maximum precipitation was high in the 1960s but remained more or less constant during the rest of the decades. This is consistent with other analysis in this study, which showed no significant changes (α = 0.05) in one-day maximum precipitation for the respective stations and across the region. The number of wet days in the (Rainy) season declined during the 1950s to the 1980s then increased dramatically through to the present decade. The amount of rain received from 95th percent rainfall has also experienced increases in recent decades, having remained more or less constant between the 1960s and 1990s. This would imply an increasingly wetter rainy season with increasing contributions from extreme events in some areas, both of which have implications for design and management decision- making. The corresponding (decadal one-day maximum precipitation, number of wet days in the season, amount of rain received from 95th percent rainfall) did not change substantially in either of Dry1 or Dry2.





4. Discussion


In this study, variations in daily indices of daily and seasonal rainfall extremes were examined with a focus on the southwest Florida Gulf coastal zone. From the analysis, Myakka River had the highest mean daily rainfall and also the highest contributions from rainfall exceeding the 95th and 99th percentile thresholds. This station also had the highest rainfall in Dry 1 and Dry 2. For the most part, rainfall occurring on very wet days (rainfall > 25.4 mm, 1 in) accounted for about 50% of the seasonal rainfall in the area regardless of the season, while the impact of rainfall occurring on extremely wet days (rainfall > 25.4 mm, 1 in) was mostly felt in Dry2 accounting for about 40% of rainfall in this season. No significant changes were seen in the maximum one-day rainfall at any of the stations regardless of the time scale. However, there was a significant increase in the number of wet days in the rainy season at Myakka River (p = 0.0062) and Naples (p = 0.0027), and during Dry2 at Myakka River (p = 0.0204). These two stations also experienced significant increases in the number of wet days in a year. Regionally, increases were seen in the number of wet days and contributions from very wet days during the rainy season, suggesting an increasingly wetter season with increased contributions of extreme events during the season, both of which have implications for design and management decision-making.



The ability to assess and predict changes in extreme events is often hampered by lack of consistent historical data [16]. Most of the stations used in this study had long records of historical data—from as early as the 1890s at Fort Myers and Arcadia, and the late 1920s at La Belle. For the U.S. Historical Climatology Network stations, changes in rainfall instrumentation over time have not been significant [17] except in recent years [18]. The datasets undergo a detailed quality assurance/quality control process [18] making them the most reliable datasets for this study. However, the earlier records had a lot of missing data, which reduced their usability. La Belle had very few data for the 1920s, 1990s, and 2000s while data from the 1990s were largely inconsistent at Arcadia. Other than La Belle, the stations had the period between 1950 and 2016 in common, thus this period was used for the analysis. While this approach provided a common basis for comparisons across stations, a number of longer-term trends, that would have been discernible from longer datasets, were not evident. When considered from the 1920s, for example, Fort Myers had a significant decrease in the number of wet days in a year in Dry2 (p = 0.04) while significant decreases were seen in the number of wet days in a year in Dry1 at Arcadia (p = 0.04). Neither trend was evident from the current analysis. The large annual variability across all indices and stations could also have impacted trends given the presence of missing data.



Missing data are fairly common with rainfall data and climate data in general. Some approaches used in dealing with missing data include [19]: Discarding entries for which data are missing and only using those for which all data are available (complete case analysis); and, studying different aspects of the problem with different subsets of the data, depending on what data are necessary for the particular aspect (available case analysis). The former method might result in a much-reduced dataset, depending on the amount of data missing, and/or might result in a bias where the missing values differ systematically from complete values. A drawback with the latter method is that, depending on the problem being addressed, inconsistencies might occur in the results since analyses are based on different subsets of the original data. A commonly used alternative to the aforementioned methods of dealing with missing data, is to impute the missing data [19,20]. A lot of work has been done to develop methods for imputing missing data. These methods are widely used, although there is a limit to how much can reasonably be imputed without introducing undue uncertainties into the resulting dataset. However, consistent information on what constitutes “too much” missing data is generally lacking. Missing data thresholds reported in the literature range from three to five days for a month, and 15 to 60 days for a year, while some studies have considered data with 10% or fewer missing values as acceptable [10,17,21,22]. Other authors have simply stated that stations had “too much missing data” without substantiating the statement [23,24]. A criterion of no more than four missing values in a year is commonly used for analyzing daily extremes [5], thus, this criterion was adopted in this study. For the seasonal analysis, the criterion put forth for monthly data [10] was used.



Another challenge evident in analyzing changes or trends in extreme events is associated with isolating the effects of natural climate phenomena. These phenomena, such as the El Niño−Southern Oscillation (ENSO), which primarily affects winter rainfall [25], and the Atlantic Multidecadal Oscillation which affects total rainfall amounts and the occurrence of hurricanes [26], alone, and in their commingling with anthropogenic influences, could confound results. Such analysis is, however, beyond the scope of this study.




5. Conclusions


Variations in extreme indices for daily and seasonal rainfall were examined with a focus on the southwest Florida Gulf coastal zone. Significant increases were seen in the number of wet days in the Rainy season at Myakka River and Naples and during October–December at Myakka River. These two stations also experienced significant increases in the number of wet days in a year. Such changes in short-term rainfall events provide insights into long-term rainfall patterns. When considered regionally, increases were seen in the number of wet days during the rainy season and in the contribution to rainy season rainfall from very wet days (rainfall > 25.4 mm, 1 in). Results suggest an increasingly wetter rainy season with increasing contributions from extreme events depending on rainfall amounts, both of which have implications for design and management decision-making. For example, storm water and pollutant control practices would need to be designed or redesigned to account for larger runoff volumes resulting from increasingly larger precipitation events. In low-lying areas, landscape management would need to cater for and/or be adapted to handle increased flooding during the rainy season. Methodologies and approaches in this study are applicable in other areas where there is the need to determine patterns and trends in daily and seasonal rainfall extremes.
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Figure 1. Southwest Florida region showing weather station locations. Rivers from northwest to southeast: Mykka River, Peace River, and Caloosahatchee River. 
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Figure 2. Time series of annual one-day maximum rainfall at stations in the southwest Florida Gulf coastal region. Dashed line shows variations based on the LOWESS smoother (span = 0.75). 
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Figure 3. Time series of the number of wet days in a year at stations in the southwest Florida Gulf coastal region. Dashed line shows variations based on the LOWESS smoother (span = 0.75). 
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Figure 4. Percentage of Rainy season rainfall contributed by rainfall from days with greater than the 95th percentile rainfall amount (25.4 mm, 1 in) and the 99th percentile rainfall amount (50.8 mm, 2 in) in the southwest Florida Gulf coastal region. Dashed line shows variations based on the LOWESS smoother (span = 0.75). 
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Figure 5. Time series of total seasonal rainfall at Naples and Myakka River stations showing patterns for the Rainy season (top) and Dry2 (bottom). 
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Figure 6. Time evolution of Rainy season rainfall characteristics showing decadal variations across the region. Short horizontal lines: Medians for the respective decades. Solid line represents the median of the data. 
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Table 1. Statistical properties of daily rainfall for southwest Florida Gulf coastal zone stations for the period 01/01/1950–12/31/2016.
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	Stations
	Mean
	Stdev
	IQR
	95th pct
	99th pct
	Max





	Arcadia
	3.7
	10.8
	0.8
	24.4
	52.3
	187.5



	Fort Myers
	3.8
	11.3
	1.0
	23.9
	53.4
	197.6



	Myakka River
	4.0
	11.6
	1.3
	25.4
	57.2
	256.5



	Naples *
	3.8
	11.1
	1.5
	23.4
	51.3
	237.5



	Punta Gorda †
	3.5
	10.8
	0.8
	22.9
	50.8
	270.5



	All
	3.8
	11.1
	1.3
	24.1
	53.1
	270.5







* Dataset starts on 01/01/1953; † Dataset starts on 01/01/1970. n = 93,503 (All); 17,897 (Arcadia); 22,280 (Fort Myers); 19,361(Myakka River); 19,356 (Naples); and, 14,609 (Punta Gorda).
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Table 2. Seasonal rainfall characteristics for select stations in the southwest Florida Gulf coastal zone covering the period 01/01/1950–12/31/2016.
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	Stations
	Season
	n
	1-Day Max
	Median Rainfall, mm
	Median NWET, Days
	Max # Days > 50.8 mm
	Max # Days > 101.6 mm





	
	Dry1
	49
	159.5
	312.9
	28
	5
	2



	Arcadia
	Dry2
	49
	187.5
	149.1
	16
	3
	1



	
	Rainy
	49
	187.5
	837.2
	61
	7
	3



	
	Dry1
	61
	196.9
	287.3
	28
	6
	2



	Fort Myers
	Dry2
	61
	156.5
	146.6
	17
	3
	2



	
	Rainy
	61
	197.6
	927.1
	67
	8
	2



	
	Dry1
	53
	156.2
	358.9
	26
	4
	3



	Myakka River
	Dry2
	53
	210.8
	177.3
	16
	4
	1



	
	Rainy
	53
	256.5
	894.1
	60
	8
	1



	
	Dry1
	53
	172.0
	313.9
	31
	4
	2



	Naples *
	Dry2
	53
	132.1
	161.0
	19
	2
	1



	
	Rainy
	53
	237.5
	916.7
	68
	7
	3



	
	Dry1
	40
	127.5
	304.8
	27
	3
	1



	Punta Gorda †
	Dry2
	40
	124.5
	140.3
	16
	3
	1



	
	Rainy
	40
	270.5
	771.4
	58
	7
	2



	
	Dry1
	256
	196.9
	307.8
	28
	6
	3



	Region
	Dry2
	256
	210.8
	155.7
	17
	4
	2



	
	Rainy
	256
	270.5
	868.9
	64
	8
	3







* Dataset starts on 01/01/1953; † Dataset starts on 01/01/1970.
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Table 3. Contributions to seasonal rainfall from days with greater than 95th percentile and 99th percentile. Rainfall amounts expressed as a percentage of seasonal rainfall.






Table 3. Contributions to seasonal rainfall from days with greater than 95th percentile and 99th percentile. Rainfall amounts expressed as a percentage of seasonal rainfall.





	

	

	
% from Days with >95th Percentile

	
% from Days with >99th Percentile




	
Stations

	
Season

	
Min

	
Max

	
Median

	
Min

	
Max

	
Median






	

	
Dry1

	
10

	
85

	
50

	
10

	
61

	
24




	
Arcadia

	
Dry2

	
20

	
88

	
60

	
16

	
72

	
42




	

	
Rainy

	
11

	
70

	
57

	
7

	
47

	
21




	

	
Dry1

	
13

	
78

	
49

	
12

	
66

	
34




	
Fort Myers

	
Dry2

	
19

	
86

	
52

	
24

	
86

	
43




	

	
Rainy

	
32

	
76

	
56

	
7

	
46

	
23




	

	
Dry1

	
20

	
85

	
55

	
9

	
55

	
25




	
Myakka River

	
Dry2

	
15

	
90

	
56

	
19

	
75

	
40




	

	
Rainy

	
20

	
76

	
54

	
8

	
44

	
26




	

	
Dry1

	
16

	
83

	
50

	
12

	
67

	
25




	
Naples*

	
Dry2

	
14

	
78

	
41

	
18

	
58

	
33




	

	
Rainy

	
26

	
74

	
56

	
8

	
48

	
22




	

	
Dry1

	
14

	
86

	
48

	
12

	
64

	
32




	
Punta Gorda †

	
Dry2

	
18

	
78

	
51

	
31

	
71

	
46




	

	
Rainy

	
28

	
78

	
56

	
7

	
55

	
20




	

	
Dry1

	
10

	
86

	
51

	
9

	
67

	
29




	
Region

	
Dry2

	
14

	
90

	
52

	
16

	
86

	
40




	

	
Rainy

	
11

	
78

	
56

	
7

	
55

	
23








Study period: 01/01/1950–12/31/2016. * Dataset starts on 01/01/1953; † Dataset starts on 01/01/1970.
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