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Abstract: Global warming is likely to impact extreme storms in the eastern-half of the United States 7 
(eUS), ultimately affecting the probabilistic distribution of the dates of daily-maxima precipitation. 8 
In this study, probabilistic properties of timing of annual maximum precipitation (AMP) were stud- 9 
ied using circular statistics at 583 sites in the eUS (1950-2019). A kernel circular density method was 10 
applied to examine distributional modes of timing of AMP. The results of circular median shows 11 
that seasonality is pronounced across the eUS with many locations having their median date of 12 
occurrence in summer, and AMP seasonality is strong at the East North Central region. Similarly, 13 
results of circular density method applied to the distribution of AMP timing shows that around 90% 14 
of the sites have two or three modes of AMP seasonality in the eUS. Comparison of seasonality 15 
between two historical records of equal length (1950–1984 and 1985–2019) shows great spatial vari- 16 
ability across the eUS. Temporal changes in seasonal modes for AMP dates revealed four different 17 
cases of seasonality changes: (i) weakening of seasonality, (ii) strengthening of seasonality, (iii) 18 
strong seasonality for both the old and recent periods, (iv) uniform or no preferred seasonality for 19 
both periods. While a spatial coherence of seasonality changes was not observed, majority of sites 20 
showed strong seasonality (case iii) for old and recent periods mainly during summer and fall sea- 21 
sons.  22 
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 24 

1. Introduction 25 
In a variable and changing climate, characterization of the seasonality of extreme pre- 26 

cipitation and its temporal changes (nonstationarity) is critical to many hydrological and 27 
water resources management applications, including decision-making to stormwater 28 
management [1] as well as allocations of water for urban usage, agriculture, and ecosys- 29 
tems [2–4]. Consequently, characterization of changes in extreme precipitation seasonality 30 
over time provides an improved understanding of streamflow variability and helps de- 31 
velop flood risks mitigation and adaptation strategies under global climate change [5]. 32 
Limited past research has focused on characterization of extreme precipitation seasonality 33 
and its changes in a regional or national scale across the contiguous United States. Pryor 34 
& Schoof [5] used observations of daily precipitation around the conterminous USA to 35 
study the changes in seasonality. They used the percentile-based metric of annual precip- 36 
itation accumulation to look at the shifts in the mean day of the year at selected percentiles 37 
over three periods of 1911–1940, 1941-1970, and 1971-2000. They found a spatial pattern 38 
in the differences of 20-30 days in the mean day of year of 50th percentile of the annual 39 
total precipitation in some regions between the recent and both of other periods. How- 40 
ever, their results were limited to cover the year-round events for extremes selection. Us- 41 
ing Markovian precipitation models, Pal et al. [4] examined long-term trends in a local- 42 
based stations during the wet and dry seasons for the contiguous USA from 1930–2009. 43 
They found that the frequencies of precipitation days have increased for both wet and dry 44 
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seasons in most regions of the country. Moreover, the results reported a robust coherent 45 
sign in many stations as they showed early and/or late shifts in the timing of dry and wet 46 
seasons. However, the study lacks the temporal analysis for the specific data points of 47 
extreme precipitation. Mallakpour & Villarini [3] studied the seasonality of annual max- 48 
ima precipitation and seasonality of heavy precipitation frequency using a gridded data 49 
over the contiguous USA (1948-2012). The authors used the percentages of events occur- 50 
ring per season to report that the annual maximum precipitation and heavy precipitation 51 
frequency showed strong and distinct seasonality patterns related to different meteoro- 52 
logical processes. However, their approach was limited to show statistically significant 53 
results of seasonality and determine the shifts in timing. Dhakal et al. [6] characterized the 54 
extreme precipitation seasonality and its temporal changes for the contiguous USA over 55 
the period 1951–2014 and investigated their linkages to the large-scale climate variability 56 
indices of NAO, ENSO and PDO. The authors used the timing of annual maximum of 57 
total daily and monthly precipitation to look at the special pattern of events seasonality 58 
and its strength using the circular mean and mean resultant length. They found that many 59 
stations have their circular mean in summer and fall, with a 10–20-day shift in the recent 60 
period. They also reported a weak seasonality with low mean resultant length values, as 61 
well as weak connection to the climate variability. However, there is still a lack of study 62 
to comprehensively explore the extreme precipitation seasonality and its strength based 63 
on the events timing/date distribution. To this end, accurate assessment of extreme pre- 64 
cipitation seasonality, strength of seasonality, and their nonstationarity by using a com- 65 
prehensive circular statistical framework warrants analysis of changes in both timing and 66 
strength of seasonal modes in a single study. As stated by Dhakal et al. [1], the distribution 67 
of timing of extreme precipitation is often multimodal and instead of pre-defined seasons 68 
which impacts the strength of seasonality. There is still a lack of study exploring the sea- 69 
sonality of extreme precipitation in terms of changes in the calendar dates as well as the 70 
strength of distributional modes of timing of extreme precipitation events over the U. S. 71 
[1]. 72 

Circular statistics is a useful approach for the seasonality assessment of extreme 73 
events such as extreme precipitation [1]. One major advantage of using circular statistical 74 
approach to model the timing of extreme events is its ability to provide better understand- 75 
ing of variables modeled as circular random processes (i.e., the timing of an event within 76 
a cycle). Few past studies have used circular statistical approach for analysis of timing of 77 
extreme precipitation events or seasonality by using two summary statistics based on 78 
mean and variability [3,5]. However, as shown by Dhakal et al. [1], for sites with more 79 
than one mode of seasonality (bimodal or multimodal seasonality), information from two 80 
summary statistics (mean and variability) could be incomplete and inconclusive. As 81 
shown by Hirschboeck [7], the length and number of precipitation windows within a year 82 
are greatly impacted by regional patterns of seasonal weather and atmospheric moisture 83 
pathways. To our knowledge, none of the previous studies have specifically explored the 84 
seasonality (date of extreme precipitation) to properly reflect the possible multimodality. 85 
Additionally, in many cases changes in seasonality may be attributable to the changes in 86 
the distributional modes of timing of extreme precipitation events such as weakening, 87 
strengthening, emergence or dissipation of modes during different seasons or combina- 88 
tion of two or more of these cases. In this study we used a comprehensive circular statis- 89 
tical method including a probabilistic approach to: 90 

1. Characterize the spatial pattern of seasonality based on indices representing 91 
the timing of extreme precipitation events and strength of seasonality across 92 
the eastern United States. 93 

2. Identify the significant season(s) of extreme precipitation to properly reflect 94 
the possible multimodality in the distribution of extreme precipitation tim- 95 
ing. 96 

3. Examine whether there have been temporal shifts in the distributional modes 97 
of timing of AMP and if true, can it be attributable to either weakening, 98 
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strengthening, emergence or dissipation of seasonality modes during differ- 99 
ent seasons or combination of two or more of these cases? 100 

2. Materials and Methods 101 

2.1. Data and Study Area 102 

We used 752 stations of daily precipitation data (1-day or 24-hr total) over the period 103 
1950–2019 (n=70) from the Historical Climatology Network database [8]. To maintain the 104 
quality control of precipitation data, following two sets of screening criteria were used: 105 
(a) in each year percentage of days with missing values should be no more than 10%, and 106 
(b) for an individual station, precipitation record length should be greater than or equal 107 
to 63 years. Based on these filtering criteria, 583 stations across the eastern United States 108 
(eUS) were retained for analysis in this study (Figure 1). 109 

The study area of the current work covers the eastern half from the contiguous 110 
United States (eUS). We divided the study area into five regions based on the classification 111 
of NOAA – The National Centers for Environmental Information that divides the contig- 112 
uous USA into nine climatically consistent regions (https://www.ncdc.noaa.gov/monitor- 113 
ing-references/maps/us-climate-regions.php). The total number of stations used here are 114 
well and sufficiently distributed over the five selected regions (Figure 1) as fellows: Cen- 115 
tral or Ohio Valley (134 stations), East North Central or Upper Midwest (87 stations), 116 
Northeast (95 stations), South (150 stations), and Southeast (117 stations).  117 

2.2. Methods 118 

We defined the extreme precipitation event based on the block maximum approach. 119 
For each station, we generated the annual maximum daily precipitation series from Janu- 120 
ary 1 to December 31 (AMP). AMP was estimated as the maximum value of 1-day (or 24- 121 
hr) rainfall totals within each year. 122 

 123 
Figure 1. The eastern United States (eUS) with the locations of 583 Historical Climatology Network 124 
precipitation stations across the study region. Different colors represent five climatically consistent 125 
regions within eUS [Central (Ohio Valley), East North Central (Upper Midwest), Northeast, South, 126 
and Southeast] (https://www.ncdc.noaa.gov/monitoring-references/maps/us-climate-regions.php). 127 

https://www.ncdc.noaa.gov/monitoring-references/maps/us-climate-regions.php
https://www.ncdc.noaa.gov/monitoring-references/maps/us-climate-regions.php


Atmosphere 2023, 14, x FOR PEER REVIEW 4 of 16 
 

 

2.2.1. Circular Statistics 128 

We characterized the seasonality or timing of AMP events by using circular statistical 129 
approach [9,10]. In circular statistics, the date of occurrence of an event within a year is 130 
modeled as a circular random process characterized as a point or angle on the circumfer- 131 
ence of a unit circle [9]. As a first step, the Julian date (Di) on which the extreme precipita- 132 
tion event occurred was determined for each year; Di=1 for January 1st and Di=365 for 133 
December 31st (Di=366 for leap year). The Julian date for each extreme precipitation event 134 
was then transformed into a circular variable by computing [1]: 135 

αi = Di
2π

365
 (1) 

Here αi is the angular value (in radians) for the extreme event “i”. For example, if 136 
an AMP occurred on July 1st (Julian Date = 182) it would have a corresponding value of 137 
3.133 radians (or ~179 degrees). The circular mean direction α� representing mean date of 138 
occurrence of n extreme precipitation events is obtained by using [9]: 139 

α� = arctan(S C⁄ ) (2) 

Here S and C represent the polar coordinates of the mean date on a unit circle given 140 
by: 141 

S =
∑ sinαii=n
i=1

n
 (3) 

C =
∑ cosαii=n
i=1

n
 (4) 

The mean resultant length ρ measures the strength of seasonality by representing the 142 
spread of n extreme precipitation event occurrences about the mean date is then computed 143 
as: 144 

ρ =
√S2 + C2

n
 (5) 

Several published studies have used circular mean and mean resultant length to an- 145 
alyze seasonality of precipitation and streamflow records [1,6,11–19]. In this study, we 146 
used the circular median day of the year to provide simplified summary of annual max- 147 
ima daily precipitation timing variability for the 1950-2019 period. 148 

2.2.2. Circular Distribution Function 149 

The total probability of a circular distribution is concentrated on the circumference 150 
of a unit circle [9]. The von Mises distribution is often used to model circular data and has 151 
the probability density function (PDF) shown below: 152 

f(θ;μ, κ) =
1

2πI0(κ) ek cos(θ−μ), 0 ≤ θ < 2π (6) 

where θ is a mean direction parameter, and κ≥0 is a concentration parameter. I0(κ) in the 153 
normalizing constant is the modified Bessel function of the first kind of order 0 [9]. The 154 
parameter κ is bandwidth that determines the concentration of θ values towards the mean 155 
direction μ. We used the global optimum bandwidth developed by Dhakal et al. [1] as the 156 
median of the 1000 sets of bandwidths, estimated for the entire period using the likelihood 157 
cross-validation method which selects a bandwidth maximizing the likelihood cross-val- 158 
idation function [20].  159 

Significance of the probability density estimates was examined by using non-para- 160 
metric bootstrap method. Uniform distribution obtained from 1000 resampled data was 161 
compared against point-by-point probability density estimates of variability. The signifi- 162 
cant mode of seasonality for the extreme precipitation was estimated based on the empir- 163 
ical probability distribution function for the calendar dates of AMP measured at each 164 
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station. As such, the one-unit circle was divided into 365 points as each point refers to the 165 
Julian date of the year. Consequently, these days were separated to form the four seasons 166 
of the year: winter (December-January-February), spring (March-April-May), summer 167 
(June-July-August), and fall (September-October-November). The season is considered to 168 
have a significant mode of AMP timing when the number of significant days passes a 169 
certain number of days per season. Each continuous significant mode of the PDF is ex- 170 
tracted and examined against a certain threshold of number of days per season. Here, we 171 
selected that a season is considered as a significant mode when the number of significant 172 
days is at least twenty days per season. 173 

Three different examples of circular density estimate of the AMP dates are presented 174 
in Supplementary Figure 1 for (a) Minneapolis, Minnesota, (b) Flemington, New Jersey, 175 
and (c) Corning, Arkansas. The individual AMP dates are plotted as dots along the pe- 176 
rimeter of the inner circle and the irregular solid gray line represents the circular density 177 
estimates of the AMP dates. The dotted line represents median estimate for significance 178 
based on density estimates using resampled data (n=1000). For Minneapolis site, the cir- 179 
cular distribution appears to be unimodal with significant density spanning through 180 
June–September. The station of Flemington has a bimodal distribution with two signifi- 181 
cant periods of (June-August) and (August-September). The last example has a multi- 182 
modal distribution of three significant seasons: Spring (March-May), Fall (September), 183 
and winter (December-January). All the computations of circular statistics in this work 184 
were executed in R programming software by using the statistical package “circular” [21]. 185 

  186 
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3. Results and Discussions 187 

3.1 Characterization of the seasonality of extreme precipitation 188 

A preliminary assessment of seasonality is presented in Figure 2 based on an exami- 189 
nation of total counts of AMP dates that fall on each month of the year over the 70-year 190 
historical record of all sites in the selected region. The boxplots in Figure 2 depict the re- 191 
gional percentage of these counts. From Figure 2, we can see that monthly counts exhibit 192 
remarkable diversity across the five regions of the study area. For example, for Central, 193 
East North Central, and Northeast regions, majority of extreme precipitation events occur 194 
during Summer (JJA) and Fall (in September). While for the South, in addition to the Fall, 195 
there is significant portion of events occurring during Winter (DJF). On the other hand, 196 
counts of stations in the Southeast region show close to uniform behavior with extreme 197 
precipitations occurring evenly throughout all the four seasons. Such complex behavior 198 
observed in seasonal distribution of extreme event counts warrants the need of a superior 199 
technique for more clear and accurate representation of seasonality. To this end, an ordi- 200 
nary linear statistical approach is limited to detect a spatial pattern of seasonality and lack 201 
the ability to identify the shift in timing of events characterized by several different modes. 202 

 203 
Figure 2. The percentage of station monthly count of annual maximum precipitation (AMP) timing 204 
over 70-years (1950-2019). 205 

3.1.1. Spatial pattern of the seasonality of extreme precipitation 206 

The spatial pattern of seasonality of AMP represented by circular median day of the 207 
year is presented in Figure 3. It can be seen from Figure 3 that extreme precipitation events 208 
have distinct seasonality patterns for different climate regions across the eastern USA. The 209 
median dates of occurrence of AMP (Figure 3a) for majority of stations in the Central and 210 
East North Central regions are during summer. In the Northeast, many stations have the 211 
median date of occurrence during summer except several locations in the state of Maine 212 
and alongside the Atlantic coastal line have their median date of AMP in Fall. The sites in 213 



Atmosphere 2023, 14, x FOR PEER REVIEW 7 of 16 
 

 

the west of South and east of Southeast regions observe the median date of occurrence of 214 
extreme precipitation in Summer, while the rest of locations in both regions show no pat- 215 
terns of AMP seasonality. Based on regional boxplots (Figure 3b), the regional median 216 
date of occurrence of AMP for Central is July 19, East North Central is July 21, Northeast 217 
is August 20, South is July 11, and Southeast is August 12. It is worthy to note that both 218 
regions of South and Southeast revealed different patterns of AMP seasonality as an indi- 219 
cation to the mechanisms that impact the timing of extreme precipitation at different sea- 220 
sons in the area [6] such as the tropical cyclones, atmospheric rivers, and snowfall. The 221 
results presented here are confirming to the findings of seasonal patterns of extreme pre- 222 
cipitation in the previous studies [3-6]. However, documenting the AMP seasonality 223 
needs further analysis to discover the embedded significant seasonal modes in extreme 224 
precipitation. 225 

 226 
Figure 3. (a) Spatial patterns of median day of year of annual maximum daily precipitation during 227 
the study period of 1950–2019. (b) Regional distribution of median day of year of annual maximum 228 
daily. 229 

3.1.2. Modality and Strength of Seasonality of Extreme Precipitation 230 

The analysis of significant modality of AMP timing seasonality and the strength of 231 
seasonality are carried out by using the statistical framework presented in Section 2.2.2. 232 
Kernel circular density was computed for each station based on the calendar dates of 233 
AMP. To assess the significance of the density estimates, the bootstrap technique was used 234 
as explained in Section 2.2.2. In general, we identified four different groups of extreme 235 
precipitation timing based on the number of seasons with significant seasonal modes for 236 
AMP dates; (i) Group 1, when the significant PDF mode of AMP dates stalled over only 237 
one season in the year, (ii) Group 2, when there are two separate significant modes occur- 238 
ring over two different seasons, (iii) Group 3, same as previous group but with three 239 
modes distributed over three seasons, (iv) Group 4, four modes over four different 240 
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seasons. Figure 4 demonstrates that all locations have at least one significant season for 241 
the timing of AMP events. Overall results in Figure 4 show that 207 (36%) and 317 (54%) 242 
stations belong to Group 2 and Group 3 respectively. On the other hand, Group 4 is rep- 243 
resented by 57 (9%) sites while only 7 (1%) sites have their AMP concentrated in one sea- 244 
son (Group 1). Spatially, about 76% of the stations in Group 2 are distributed across the 245 
Central, Northeast, and Southeast regions, while only 8% of them are in the South region. 246 
For Group 3, most stations located in the Central and South regions represented 24% and 247 
38% of this group, respectively. However, the East North Central and Southeast regions 248 
included 14% and 16% of this group while the Northeast retained only 8% of stations. For 249 
Group 4, almost 98% of the sites are distributed in the Central, South, and Southeast re- 250 
gions. However, locations in Group 1 did not show a specific spatial pattern. Results pre- 251 
sented here summates that the majority of sites experienced two or three seasons of AMP 252 
dates. 253 

 254 
Figure 4. The number of seasonal significant mode of empirical probability distribution function 255 
estimates based on the calendar dates of annual maximum daily precipitation. The season considers 256 
as a significant mode when the number of significant days is at least twenty days per season. Prob- 257 
ability density estimates are assessed for significance based on density estimates using resampled 258 
data. A median estimate is obtained from the ensemble of distributions resulting from bootstrap 259 
resampling (N=1000). Bandwidth for the kernel density estimates is evaluated using the likelihood 260 
cross-validation method. 261 

Figure 5 demonstrates the spatial pattern of the significant mode of AMP dates for 262 
each season. In winter, there are only 109 (~19%) out of 583 stations having a significant 263 
mode for AMP. About 72% of them are located alongside the Gulf coast and upper the 264 
Mississippi in the South region, and the western half of the Southeast region. While the 265 
rest of sites are in the Central and Northeast regions with 20% and 8%, respectively, there 266 
is no significant mode for the extreme precipitation during winter in the East North Cen- 267 
tral region. In spring, the number of sites with significant AMP mode increase to 385 (66%) 268 
across the eUS. The Central and South regions included 64% stations with significant 269 
mode in spring (26% and 38%, respectively). On the other hand, the East North Central 270 
and Southeast regions contain moderate number of stations that has strong seasonality of 271 
AMP during spring with a percentage of total stations 15% and 16%, respectively, while 272 
the lowest number of locations with AMP timing during spring is ~6% in the Northeast. 273 
Both summer and fall represent strong seasonality of extreme precipitation timing as 536 274 



Atmosphere 2023, 14, x FOR PEER REVIEW 9 of 16 
 

 

(92%) and 550 (94%) stations across the study area have their significant mode this time. 275 
South climate region included the highest number of sites in summer (62%) and fall (46%) 276 
with non-significant seasonality mode, mainly clustered in the upper the Mississippi and 277 
in the western corner of the high latitude region. As such, these results show the spatio- 278 
temporal pattern of AMP timing based on seasonal and regional classification in a local- 279 
based analysis. 280 

 281 

                          282 
Figure 5. Seasonal significant mode of empirical probability distribution function estimates based 283 
on the calendar dates of annual maximum daily precipitation. The season considers as a significant 284 
mode when the number of significant days is at least twenty days per season.  285 

We examined the strength of AMP seasonality by extracting and counting the num- 286 
ber of days/points with a significant mode in a selected season. Figure 6 displays the spa- 287 
tial pattern for the length of modality of extreme precipitation over the four seasons in the 288 
eUS. Although the selected threshold of significant mode was 20 days in this study, 289 
threshold of 30 days was used per season to consider it as a strong season for AMP. In 290 
winter, the season is strong as most (73%) of the stations with significant AMP mode (109 291 
stations) in the South and Southeast observed at least 30 days length in which points are 292 
exceeded the median values of 1000 resampled data points. In spring, 316 (82%) out of 385 293 
stations with significant mode have strong seasonality of AMP, and 71% of them are in- 294 
cluded in the Central (28%) and South (43%), respectively. As such, the South is consid- 295 
ered as the region of strongest seasonality where strong modality is detected in 146 (97%) 296 
out of 150 stations, and 93% (136) of them observed a significant mode of 30 days or longer. 297 
On the other hand, the summer and fall are strong seasons for the AMP timing across the 298 
eUS as both seasons have 92% and 95% of total stations with significant mode, and 96% 299 
and 92% of the stations of these two groups, respectively have modality of extreme pre- 300 
cipitation with at least 30 days per season. However, the South and Southeast regions 301 
recorded the highest number of stations with weak seasonality in AMP dates (number of 302 
days is equal to or greater than 20 and less than 30) during summer as they included 91% 303 
(20 out of 22 stations). While Central, East North Central, and South regions represented 304 
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85% (40 out of 47 stations) of weak AMP seasonality in fall. As a result, finding presented 305 
here approve the robustness and ability of this work to determine the spatio-temporal 306 
patterns of AMP seasonality and detect the strength of extreme precipitation seasonality. 307 

 308 
Figure 6. The strength of station-by-station seasonal mode. The season is strong when the significant 309 
empirical probability distribution function last for 92 days. The threshold of significant mode for 310 
the season is 20 days.  311 

3.2. Non-stationarity in Seasonality of Extreme Precipitation 312 

Temporal change in the seasonality of extreme precipitation was evaluated by divid- 313 
ing the extreme precipitation time series into two blocks of equal length (n=35); old period 314 
(1950–1984) and recent period (1985–2019). The initial test of nonstationarity in seasonality 315 
is examined by calculating the regional percentage of monthly count of AMP dates across 316 
all the stations. Figure S2 displays the changes in the distribution of AMP dates between 317 
the old and the recent periods. Clear signals of shifting in AMP timing in summer in the 318 
old period toward fall in the recent period over the study area. However, this approach 319 
emphasis the limitations of such method [3] to detect and quantify the shift in extreme 320 
precipitation seasonality. Thus, to determine the temporal changes in seasonality of max- 321 
ima timing for each station, we calculated the differences in circular statistics and density 322 
of AMP for each station (details in the next sections). 323 

3.2.1. Temporal Change in Seasonality of Extreme Precipitation 324 

Temporal change in the seasonality of extreme precipitation was evaluated by ex- 325 
tracting the difference in circular median between the old and recent periods. Spatial pat- 326 
terns of differences in the median date of occurrence (∆med) are presented in Figure 7. 327 
The historical difference in the median day of the year for AMP (∆med) shows mixed 328 
spatial pattern with stations showing negative and positive values spread throughout 329 
most of the regions (Figure 7a), negative values indicate median AMP date shifting earlier 330 
(represented by red filled circles in Figure 7b) and positive values indicate median AMP 331 
date shifting later (represented by blue filled circles in Figure 7b) for the recent period. It 332 
is observed that for 274 (303) stations median AMP date has shifted earlier (later) for the 333 
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recent period. In case of at least 15-day shift in the median date of AMP between the two 334 
periods, there are a total of 394 out of 583 (~68%) exceeding the limit of shift, and 75% of 335 
these stations are located within the Central, South, and Southeast climate regions. Pock- 336 
ets of stations showing significant earlier shifts (30 – 182 days) in median AMP dates are 337 
concentrated in Central, Southeast, and South regions; with 21%, 25%, and 32.5% of the 338 
stations having at least a 30-day early shift in the recent period. On the other hand, stations 339 
with significant later shifts in median AMP dates are distributed in 29%, 33%, and 21% of 340 
the sites in the Central, South, and Southeast regions, respectively. They are concentrated 341 
in the northern area of Central region, along the coastal line of the Southeast region, and 342 
in the South, few clusters in the gulf area, and western part and high latitude area. Based 343 
on regional boxplot (Figure 7b), we did not observe notable difference in median AMP 344 
dates between two periods in the East North Central, and Northeast regions. A slight early 345 
(later) shift in median AMP date was observed in Central (South) regions for the recent 346 
period while a marked earlier shift (40–80 days) was observed in Southeast region (Figure 347 
7b). As such, defining the shift in AMP timing is critical to make the decision of floods 348 
management and mitigation [1]. 349 

 350 
Figure 7. (a) Spatial patterns of temporal changes in the median day of year for two 35-year blocks 351 
(1950–1984 and 1985–2019) of annual maximum daily precipitation. (b) Regional distribution of 352 
shifting in median day of year of annual maximum daily precipitation, boxplots show the median, 353 
interquartile range, and full range. 354 

3.2.2. Changes in Modality and Strength of Seasonality of AMP Timing 355 

To examine the potential shifts in modality and strength of seasonality for AMP, we 356 
applied the Kernel circular density at each station for the old and recent periods sepa- 357 
rately. To assess the significance of the density estimates, the bootstrap technique was 358 
used as explained in Section 2.2.2. We have identified four different cases of changes in 359 
seasonal modes for AMP dates; (i) weakening of seasonality; as the mode changed from 360 
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significant in the old period to insignificant in the recent period, (ii) strengthening of sea- 361 
sonality; as the mode changed from insignificant in the old period to significant in the 362 
recent period, (iii) strong seasonality for both the old and recent periods, (iv) uniform or 363 
no-preferred season(s) in both periods. To spatially visualize the stations showing the 364 
changes in seasonal modes for AMP dates, we extracted the significant and unique mode 365 
per season (with no overlapping density estimates) in every period for each station (Figure 366 
8). A station showing unique seasonal mode for the old period represents the case where 367 
the seasonal mode has weakened over time. Similarly, a station showing unique seasonal 368 
mode for the recent period represents the case where the seasonal mode has strengthened 369 
over time. As a result, both cases indicate a nonstationarity in the seasonality of AMP 370 
timing. However, the two other cases refer to no change over time in the season of extreme 371 
precipitation dates. Figure 8 displays the spatial pattern of stations with shift/non-shift 372 
over time in the unique seasonal mode for winter, spring, summer, and fall. 373 

 374 
Figure 8. Seasonal distribution (modality) of AMP timing at a local scale based on the calendar dates 375 
of two 35-year blocks (1950–1984 and 1985–2019) of annual maximum daily precipitation. The sea- 376 
son is considered as a significant mode when the number of significant days is at least twenty days 377 
per season.  378 

For winter the total number of stations with shift in their mode is 92 (~16% of total 379 
stations) stations. They are equally divided between the two categories of weakened and 380 
strengthened seasonality. Most of the stations with weakened seasonality are clustered in 381 
the Southeast (40%) and Northeast (~25%) regions, while stations with strengthening sea- 382 
sonality of AMP dates are mostly distributed in the Central (38%), South (30%), and South- 383 
east (26%) regions. On the other hand, the number of stations with no-shift in their unique 384 
seasonal mode between the old and recent periods is 491 out of 583 sites. There is approx- 385 
imately 70% out of the total stations with uniform distribution that expanded across the 386 
study region, while 14% of the stations have a strong season of AMP in both the old and 387 
recent periods which are concentrated in the upper Mississippi areas of Southeast, South, 388 
and Central regions. In spring, the total number of sites with weakened seasonality of 389 
AMP timing is 98, mostly grouped in the Southeast, Central, and East North Central re- 390 
gions with approximately 31%, 24%, 20% of the total stations, respectively. While the total 391 
number of stations with strengthened seasonality in the recent period increased to 118 392 
sites, about 83% of them are almost evenly distributed across the Central, East North 393 
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Central, and Northeast regions. On the other hand, number of stations with no-shift in 394 
their modes is 277 with significant season of AMP and 90 sites with uniform distribution. 395 
For the stations having unique seasonal mode, about 47% and 24% are in the South and 396 
Central regions, respectively. Stations with uniform distribution for the AMP in both pe- 397 
riods are distributed with 43% and 32% across the Northeast and Southeast regions, re- 398 
spectively. In summer, there is a significant increase in the number of stations with strong 399 
season of AMP dates for both old and recent periods as they represent about 86% of the 400 
total number of stations, which are equally separated across the study region. There are 401 
only 16 out of 583 stations having no-shift in their insignificant modes of AMP seasonality, 402 
and 12 of them are in the South region. On the other hand, stations with shift in their 403 
modes included 24 (42) stations with weakened (strengthened) seasonality of AMP dates, 404 
about 84 (86) % of them are distributed over the South and Southeast regions. Similarly, 405 
for fall, number of stations with strong season of AMP dates for both old and recent peri- 406 
ods represent about 80% of the total number of stations, which are equally separated 407 
across the study regions. Furthermore, there are 7 stations with uniform distribution in 408 
both periods and six of them are in the South region. On the other hand, there are 23 409 
stations with weakened seasonality of extreme precipitation timing and almost half of 410 
them are concentrated in the Central region. While stations with strengthened seasonality 411 
increased by approximately 400% (number of stations is 88), ~85% of them are within the 412 
Central (32%), South (32%), and Southeast (21%) regions. 413 

To examine the changes in the strength of seasonality of AMP dates, we extracted the 414 
points/days with a unique seasonal mode for each sub-period and calculated the differ- 415 
ence in the number of days between the old and recent periods at each location. The results 416 
in Figure 9 are determined by subtracting the number of significant points per season in 417 
the old period from the recent period. The positive values refer to strengthening the sea- 418 
sonality of AMP as there is an increase in the number of significant days per season in the 419 
recent period, while negative values imply that AMP seasonality has recently weakened 420 
due to the decrease in the significant days per season. We considered a shift in the number 421 
of significant days between the two periods when the subtraction product exceeds 10 422 
days. Figure 9 shows the spatial pattern of the difference in the number of significant days 423 
between the old and recent periods. In winter, the locations with no change in the strength 424 
of AMP seasonality represent ~70% (406 out of 583) of total locations, which are almost 425 
evenly distributed across the study region. On the other hand, stations with changes in 426 
strength of AMP seasonality are divided into two groups of strengthened and weakened 427 
AMP seasonality in the recent period. The group of weakened AMP seasonality has 85 428 
(~15% of total stations) sites spread over the regions of Central, South, and Southeast, with 429 
two pronounced clusters in gulf coast in the South, and the western high latitude areas 430 
from the Southeast region. While the other group of weakened AMP seasonality contain 431 
92 (15% of total stations) stations that are distributed across the Central, Northeast, South, 432 
and Southeast regions, with a noticeable concentration in the states of Florida and Georgia 433 
within the Southeast region. In spring, the number of stations with no change in the 434 
strength of AMP seasonality is 179 (~31% of total stations) stations which half of them are 435 
included in the South and Southeast regions. Locations with strengthened seasonality rep- 436 
resent about 28% (161 stations) of all studied locations, and they are more favored in the 437 
regions of Northeast, East North Central, and Central than in South and Southeast. Sta- 438 
tions with weakened seasonality represent about 42% (243 stations) of total studied sta- 439 
tions, and about 75% of them are included in the Central, South, and Southeast regions. It 440 
is worth noting that a discernible pattern of stations with weakened seasonality appears 441 
in a cluster of stations in the Gulf Coast area and upper Mississippi areas in the South 442 
region, and most of the locations in the Southeast region. Moreover, more than half of 443 
stations in the South observed a weakened seasonality for the recent period. In summer, 444 
the scenario of no change in the AMP seasonality is about 50% (287) of total stations in the 445 
study area, and about 70% of them are distributed over the Central, East North Central, 446 
and Northeast. Additionally, the East North Central is considered the strongest 447 
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seasonality region with AMP during summer for the old and recent periods as almost 90% 448 
of the stations have significant seasonal mode in both periods. On the other hand, there 449 
are 138 stations observing strengthened AMP seasonality in the recent period with about 450 
80% of them distributed in the regions of Central, South, and Southeast. The number of 451 
stations with weakened AMP seasonality is 158 that are located everywhere in the study 452 
region except the East North Central. In fall, the number of stations with no change in the 453 
strength of seasonality of AMP dates include 180 stations that are distributed over the 454 
study region. There is an increase of 165% in the number of stations (266) with strength- 455 
ened seasonality, and around 75% of them are concentrated in the regions of Central, 456 
South, and Southeast. Consequently, the number of stations with weakened seasonality 457 
of AMP decreased by more than 175% with 137 stations that are spatially spread over the 458 
study region with a majority concentrated in Southeast. Lastly, the results presented here 459 
showed the ability of the probabilistic approach to identify the non-stationarity in the sea- 460 
sonality of AMP timing and changes in the strength of seasonality. 461 

462 
Figure 9. Temporal change in strength of seasonal modes of AMP for two 35-year blocks (1950–1984 463 
and 1985–2019) of annual maximum daily precipitation. 464 
 465 

5. Summary and Conclusions 466 
Characterization of the seasonality of extreme precipitation and its temporal changes 467 

is rarely dealt with by the published literature [1,22]. Additionally, there is lack of study 468 
evaluating the seasonality (date of extreme precipitation) to properly reflect the extreme 469 
precipitation timing multimodality. In this study, we used a fresh statistical framework 470 
based on circular approach to examine the seasonality in dates of annual daily maximum 471 
precipitation (AMP) and their temporal changes over the period 1950–2019 for 583 stations 472 
across the eastern United States. Key findings from this study are summarized as follows: 473 

1. Assessment of seasonality in terms of circular median (representing median 474 
calendar date of AMP) shows mixed seasonality pattern across the eastern 475 
USA. All climate regions within the eastern U. S. display distinct pattern of 476 
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circular median for the AMP dates with majority of stations experiencing 477 
their maxima mostly during summer and fall seasons. 478 

2. Using the nonparametric circular density approach, we identified four dif- 479 
ferent groups of seasonal modes for AMP timing in the eastern USA; (i) 480 
Group 1, when the significant PDF mode of AMP dates stalled over only one 481 
season in the year, (ii) Group 2, when there are two separate significant 482 
modes occurring over two different seasons, (iii) Group 3, same as previous 483 
group but with three modes distributed over three seasons, (iv) Group 4, four 484 
modes over four different seasons. Around 90% of the study sites have two 485 
or three different seasons of AMP (fall under Group 2 or Group 3). Most of 486 
Group 2 sites are in the Northeast while sites with three AMP seasons (Group 487 
3) spread across the Central, East North Central, and South regions. 488 

3. Assessment of nonstationarity in modality and strength of seasonality for 489 
AMP dates between two historical records of equal length (1950–1984 and 490 
1985–2019) revealed four different cases of changes in seasonal modes for 491 
AMP dates; (i) weakening of seasonality; as the mode changed from signifi- 492 
cant in the old period to insignificant in the recent period, (ii) strengthening 493 
of seasonality; as the mode changed from insignificant in the old period to 494 
significant in the recent period, (iii) strong seasonality for both the old and 495 
recent periods, (iv) uniform or no preferred seasonality for both periods. As 496 
expected, a great spatial variability (was observed in modality and strength 497 
changes for AMP dates for cases (i) and (ii). While a spatial coherence of 498 
change across a large area is not visible, a noticeable pattern of weakened 499 
seasonality during the recent period was observed in the Gulf Coast area and 500 
upper Mississippi areas in the South region, and most of the locations in the 501 
Southeast region. On the other hand, majority of sites showed significant 502 
modes (strong seasonality) for old and recent periods during both summer 503 
and fall seasons (case iii). 504 

Overall, our study builds upon the previous studies by providing a comprehensive 505 
assessment of the seasonality of extreme precipitation, the strength of seasonality, and 506 
their temporal changes across the eastern USA. Results from our study might be helpful 507 
for several sustainable water resource management tasks such as scheduling of seasonal- 508 
ity-based stormwater management decisions [1], flood risk mitigation, and prediction of 509 
future precipitation seasonality. We have not made any attempt to explore physical mech- 510 
anisms affecting spatial variations in the influence of global climate events (e.g., atmos- 511 
pheric moisture contents such as: tropical cyclones and atmospheric rivers) on extreme 512 
precipitation seasonality [23]. 513 

Supplementary Materials: The following supporting information can be downloaded at: 514 
www.mdpi.com/xxx/s1, Figure S1. Empirical Probability Density Function (EPDF) estimates based 515 
on the calendar dates of annual maximum daily precipitation for: (a) Minneapolis, Minnesota, (b) 516 
Flemington, New Jersey, (c) Corning, Arkansas. Bandwidth for the kernel density estimates is eval- 517 
uated using the likelihood cross-validation method. Probability density estimates are assessed for 518 
significance based on density estimates using resampled data. A median estimate is obtained from 519 
the ensemble of distributions resulting from bootstrap resampling (N=1000); Figure S2. Distribution 520 
of the month of occurrence of annual maxima daily precipitation, in 1950–1984 (white) and 1985– 521 
2019 (gray) for the selected sites and regions presented in Figure 1. In all panels, boxplots show the 522 
median, interquartile range, and full range. 523 
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