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Abstract

:

Since extreme precipitation impacts society on small scales (i.e., a few kilometers and smaller, it is worthwhile to explore extreme precipitation trends in localized regions, such as Long Island (LI), New York. Its coastal location makes it vulnerable to various extreme events, such as tropical cyclones (TCs). This work aimed to quantify the extreme precipitation events on LI that are caused by TCs, as well as the percentage of TCs passing close to LI that cause extreme precipitation events. Both gauge-based and satellite-based precipitation datasets of varying resolutions (DAYMET, IMERG, and CPC) were used to understand the impact of dataset selection. Results are shown for the common time period of 2001–2020, as well as the full time periods of each dataset. DAYMET shows the highest percentage of extreme precipitation events linked to TCs for 2001–2020 (a maximum of 7.2%) and the highest number of TCs that caused extreme precipitation events (36.5%), with IMERG showing similar results. For the full and common time periods, the highest percentage of extreme precipitation events caused by TCs was found in eastern LI. TC-related extreme precipitation averaged over LI varied year to year, and amounts were dependent on the resolution of the observational dataset, but most datasets showed an increasing trend in the last 19 years that is larger than the trend in mean precipitation. Current infrastructure in the region is likely inadequately prepared for future impacts from TC-related extreme precipitation events in such a population-dense region.
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1. Introduction


Extreme precipitation is a local-scale phenomena that can cause damaging impacts through flash flooding [1], mudslides, and polluted stormwater runoff [2]; therefore, it is important to understand how to predict extreme precipitation and how it will change in the future. As global atmospheric and sea surface temperatures (SSTs) rise, changes in frontal passages, extratropical cyclones, and tropical cyclones (TCs) inherently yield changes in mean and extreme precipitation patterns. In the United States, the greatest increase in mean precipitation occurred in the Northeast, which has increased by 8% since 1991 [3]. It is important to note that the Northeast is in the mid-latitude westerlies zone and experiences a continental climate, despite its proximity to the Atlantic Ocean [4]. Data from the Climate Research Unit indicates that regional warming trends for the coastal Northeast in summer and fall have been some of the highest across North America over the last 117 years. This study also indicates that rising surface air temperatures in the coastal Northeast can be attributed to SST increases in the Northwest Atlantic Shelf associated with a weakening Atlantic Meridional Overturning Circulation (AMOC), as well as atmospheric circulation changes from a positive North Atlantic Oscillation (NAO) [4]. This large-scale forcing motivates the need to understand how precipitation and the storm systems that produce precipitation in the Northeast are changing over time.



Unlike mean precipitation, extreme precipitation is not necessarily constrained by planetary energy budget requirements [5] but is driven by increasing atmospheric moisture [6] and region-specific circulation [7]. The Clausius–Clapeyron relationship provides the theoretical framework to quantify the sensitivity of precipitation extremes to surface warming with climate change. The Clausius–Clapeyron scaling estimates that atmospheric moisture will increase with surface warming at about 6–7% per °C of warming, and extreme precipitation, since it typically occurs in saturated atmospheric environments, is expected to increase at approximately this rate or even above this rate [8]. Observations show that the amount of intense precipitation from events at or above the 99th percentile increased by a statistically significant 71% from 1958 to 2007 in the Northeast, the largest increase in the U.S. [9]. This study also showed that the frequency of these 99th percentile precipitation events increased by 58% in the Northeast over the same period, also the largest increase in the U.S. It is worth noting that the majority of precipitation in the Northeast occurs as isolated 1-day events, whereas the most extreme precipitation occurs on a single day embedded in 2–5-day events, such as extratropical storms or tropical cyclone landfalls [10].



Previous studies have assigned Northeast extreme precipitation events to a variety of different weather systems. With extreme events defined as exceeding a 1- in 5-year occurrence for the years 1908–2009, frontal systems caused 47% of extreme precipitation events, with TCs at 36%, and extratropical cyclones (ETCs) at 16% [11]. Looking at meteorological fall, this study showed that TCs were responsible for 44% of extreme precipitation events, and in the month of September alone, a separate study found that TCs were responsible for 55% of extreme precipitation events (defined using the 99th percentile of daily precipitation) in the Northeast [10]. In an attempt to understand the 1996–2016 increase in Northeast extreme precipitation (relative to 1979–1995), results indicate that almost half (48%) of the post-1996 increase originated from TCs [12]. Previous studies also found significant correlations in the tropical Central and Eastern Pacific that would indicate La Nina events cause an anomalously high frequency of TCs impacting New York State [13]. In the context of global climate change, although there remains uncertainty as to how the number of TCs will change over time, practically all studies come to the consensus that their intensities will increase [14,15,16,17,18,19,20,21]. Using a Representative Concentration Pathway Scenario (RCP4.5), one specific study for the coastal Northeastern US found an increase in TC-related precipitation [22], with another study showing an increase in TC-related North Atlantic precipitation by 10–30% by the end of the century [15,23,24]. Pseudo-global warming simulations continue to show that extreme rainfall from TCs is already higher compared to if these storms had occurred under pre-industrial conditions and may intensify at greater rates than Clausius–Clapeyron scaling [24,25,26,27,28,29,30,31]. In a warming world, rain near the center of North Atlantic TCs is expected to increase as a result of slower translation speeds and storm decay [32,33]. With growing populations and infrastructure near the coast, these changes suggest worsening socioeconomic damage.



Focusing on a local scale within the Northeast, Long Island (LI) is an island located in the southeast region of New York and is one of the most densely populated regions of the U.S., with a population of 8.06 million people as of 2020 [34,35,36,37]. Studies have indicated that the proximity of coastal stations to open water, like across most of LI, can enhance the availability of water vapor and account for higher precipitation intensity at these stations [10]. Even stronger local increases in short-duration extreme rainfall intensities are attributed to convective cloud feedbacks; however, their exact role is unknown due to the local scales involved [25]. As part of the Northeast region, LI does experience TC-induced extreme precipitation events. TC-related flooding can cause billions of dollars in structural damage and is one of the deadliest aspects of TCs [38]. In the 50-year period of 1963–2012, although roughly only a quarter of deaths (27%) from TCs in the U.S. were related to rainfall-induced freshwater floods and mudslides, TCs caused the most rainfall-induced flood deaths compared to any other hazard [39]. In 2021, precipitation records were shattered throughout LI and the surrounding region, stemming from TC-related events. During Post-Tropical Depression Ida on 1 September 2021, rain fell at a rate of 3–5 inches per hour in many areas [40], with Central Park in New York City recording 3.15 inches in one hour, shattering the record set less than two weeks prior by Tropical Storm Henri of 1.94 inches in one hour [41]. In addition, the site’s one-hour rainfall, two-hour rainfall of 4.65 inches, and six-hour rainfall of 6.63 inches all qualified as 500-year storm events, indicating that they have a 0.2% chance of happening in any given year [40]. According to the National Weather Service, 1 September 2021 was the wettest day on record for LaGuardia Airport in Queens, NY, on LI, with a daily total of 6.80 inches [42]. On LI, Ida’s highest rainfall total of 9.09 inches in Glen Cove is greater than twice the area’s average monthly rainfall for September (4.12 inches) [43,44]. Impacts of these TC-induced extremes included dozens of streamgages reaching major flood stage and approaching their operational limits [40], flooded infrastructure, water rescues, and property damage. The fraction of total precipitation due to TCs for the East Coast of the U.S. is on average greater for extreme precipitation compared with annual or seasonal mean precipitation, highlighting the significance of TCs in the upper tail of precipitation distributions [45].



This work aimed to understand the relation of TCs to extreme precipitation events on LI and demonstrate the impact of observational dataset resolution on the mean and extreme precipitation spatial patterns and trends. This paper is organized into the following sections. Section 2 defines how extreme precipitation is calculated, introduces the observational precipitation datasets used for this work, and explains the methodology for relating TCs to extreme precipitation events on LI. Key results for all datasets are then discussed in Section 3. The results are summarized and compared to similar regional studies in Section 4.




2. Methodology


Considering the diversity of the world’s climate, it is difficult to choose a single definition for extreme precipitation [46]. Two common parameters for distinguishing between the various indices of extremes are how the precipitation distribution is defined and how far into the tails of the distribution the index threshold is found. Indices that characterize the far tails of the distribution are more commonly relevant to society compared with indices that characterize distribution frequency. The simple explanation is: the more extreme the event, the more likely it is to cause considerable environmental and societal damage. One common metric used to quantify extreme precipitation is the 95th percentile of the cumulative daily precipitation distribution [47], which was the definition used in this study. The 95th percentile metric has been used extensively in analysis of extreme events (e.g., [48,49,50,51]).



The four main metrics employed in this work included mean precipitation, extreme precipitation (defined as above the 95th percentile), a metric that relates extreme precipitation events to TCs and, inversely, TCs to extreme precipitation events. The domain of the study included the New York counties of Nassau, Suffolk, Queens, and Kings, which are the four counties that make up LI. It should be noted that although there appear to be gaps in precipitation coverage for parts of LI for certain datasets, this is simply a result of larger grid cells with a higher fraction of area over water or outside LI counties. All findings were explored for the common time period among the precipitation datasets of 2001–2020 as well as for the full dataset time periods (shown in the Supplemental Material). Since the purpose of this study was to highlight how the use of higher-resolution datasets is best for capturing extreme events, results provided in the original manuscript were not re-gridded. However, since comparisons between trends and precipitation amounts were made, all datasets were also re-gridded to the coarsest CPC grid using a bilinear interpolation method. All analysis was then repeated on the re-gridded datasets, and shown as supplemental material. To calculate annual mean precipitation, the daily precipitation was summed over each year (1 January through 31 December), and then the area-weighted average was calculated over the time and spatial dimensions. To calculate annual mean extremes, the 95th percentile of daily precipitation for each year was calculated at each grid point, and then averaged over the time dimension. The 95th percentile of daily precipitation was also averaged over the spatial dimension to obtain a time series of spatially averaged 95th-percentile precipitation on LI. All statistical significance was tested at the 95% confidence level using the Mann–Kendall test, which is a nonparametric form of monotonic trend regression analysis [52]. Note that while this study focused on the 95th-percentile events, the methodology can be extended to other extreme precipitation metrics as shown in Table S1 in the Supplemental Material.



To link TCs to these 95th-percentile events, a best-track dataset for TC trajectories in the North Atlantic was used to determine if a TC’s center point passed within a great circle distance of 5° from the center of LI (defined as 40.8° N, 73.1° W) on days with precipitation at or above the threshold of the 95th percentile. This event was then defined as being related to a TC. For each grid point, the total number of TC-related events was divided by the total number of 95th-percentile or above events over the same time period, which provided the percentage of 95th-percentile precipitation events related to TCs. A second method was also used for comparison, where TC tracks were separated into those that came within 5° of LI and caused a precipitation event at or above the 95th percentile, and those that came within 5° of LI that did not cause an extreme precipitation event. The number of TCs that did cause an extreme precipitation event was divided by the total numbers of TCs that passed within 5° of LI in the same time period, to find the percentage of TCs that caused extreme precipitation events.



The observational datasets used for this project are detailed below.



CPC (CPC Unified Gauge-Based Analysis of Daily Precipitation over CONUS): with a spatial resolution of 27.75 km by 27.75 km, the CPC-gauge-based dataset provides daily precipitation from 1948 to 2020. Measurement is accumulated to 12Z of the day, with temporal coverage of 1 January 1948 through 31 December 2006, with real-time (RT) analysis available after 2006 [53,54,55].



IMERG (Integrated Multi-satellitE Retrievals for GPM): IMERG Final Run is derived from the IMERG Final Half-Hourly product GPM_IMERGHH. This derived result is the final estimate of the daily accumulated precipitation. Final Run is a satellite-gauge product which is run ~3.5 months after the observational month, using both forward and backward morphing and including monthly gauge analyses to create a research-level product. IMERG Final Run has concluding calibration in which the multi-satellite half-hourly estimates are fixed such that they sum to the Final Run monthly satellite-gauge combination. IMERG is designed to intercalibrate, merge, and interpolate “all” satellite microwave precipitation estimates, together with microwave-calibrated infrared satellite estimates, and precipitation gauge analyses covering the years 2000–2021 at a spatial resolution of 10 km by 10 km. The daily accumulated data were used in this work [56].



DAYMET (Daily Surface Weather and Climatological Summaries): DAYMET uses observational data of daily maximum temperature, minimum temperature, and precipitation from ground-based meteorological stations to produce gridded estimates of weather conditions from 1980 to 2020. DAYMET has a spatial resolution of 1 km by 1 km and a daily temporal resolution [57].



HURDAT: the Atlantic Hurricane database (HURDAT2) determines the official assessment of each TC’s history using post-storm analysis of tropical cyclones by the National Hurricane Center from 1851 to 2020 [58].




3. Results


	(a)

	
Mean Precipitation







Figure 1 shows the annual average daily precipitation for 2001–2020 for all three precipitation datasets. Days that included no precipitation (i.e., 0 mm/day) were included in the calculations. CPC showed a maximum grid cell value of 5.3 mm/day and a mean grid cell value of 2.8 mm/day. Grid points outside of central LI had values of less than 2 mm/day, likely due to the coarse resolution. The finer resolution of IMERG showed spatially averaged daily precipitation of 3.8 mm/day, with higher values close to the maximum value of 4.9 mm/day on the South Fork of LI. DAYMET, the finest-resolution dataset, indicated a mean precipitation value of 3.3 mm/day, albeit with less spatial variability, across the Island. Figure S1 shows the mean precipitation fields plotted for the entire time period of each dataset, which show minimal differences compared with Figure 1. Figure S2 shows the same field plotted when all datasets were re-gridded to the coarser CPC resolution, with very similar results and patterns. The time evolution of spatially averaged precipitation using DAYMET had an increase of 0.001 mm/day per year for 2001–2020 and a 0.007 mm/day per year increase for the full time period of 1980–2020 (Figure S3). However, the trends for IMERG and CPC for 2001–2020 were decreasing at rates of −0.001 mm/day per year and −0.017 mm/day per year, respectively. Greater increasing trends were seen when the full time period was used for DAYMET and CPC, with CPC indicating a statistically significant increase of 0.010 mm/day per year at the 95% confidence interval using the Mann–Kendall test, which translates to a 0.73 mm/day increase over 73 years. All other trends for mean precipitation, including those for the common 2001–2020 time period, were not statistically significant at the 95% confidence interval. It is interesting to compare these trends when all data were first re-gridded to the coarser CPC grid spacing (Figure S4). The full time period trend for DAYMET remained quite similar; however, the trend for the common time period decreased to −0.002 mm/day per year. The decreasing trend observed in IMERG increased in magnitude to −0.005 mm/day per year. Both the DAYMET and IMERG trends remained non-statistically significant at the 95% confidence interval. From Figure 1 and Figures S1–S4, it is clear that at the local scale there was a greater impact from the dataset resolution than from the type of dataset (i.e., gauge-based versus satellite-based).



	(b)

	
Extreme Precipitation







For annual mean 95th-percentile precipitation over LI for 2001–2020 (Figure 2), the patterns shown were in some cases different from the mean precipitation patterns in Figure 1. Figure 2 agrees with the expectation that the higher-resolution datasets will have higher extreme precipitation values [59,60]. The 95th-percentile precipitation for the low-resolution CPC dataset was much more spatially variable with values ranging from 5 to 12 mm/day and with higher values located in southwestern LI. The medium-resolution IMERG dataset showed much more homogeneity in values across LI, with a small range of 20–22 mm/day across LI grid points. The highest-resolution DAYMET dataset indicated a smaller range than CPC but a greater range than IMERG, with values ranging from 18 to 22 mm/day. Once again, very minimal differences were observed when the full time period was used for each dataset, as shown in Figure S5, as well as when results were re-gridded, as shown in Figure S6, and there was again more of an impact from the dataset resolution compared to the type of dataset at the LI local scale.



Next, the time evolution of 95th-percentile precipitation averaged over all grid points on LI is visualized (Figure 3). Some key takeaways from this time series are the increasing trends for both CPC (0.05 mm/day per year, or an increase of 0.95 mm/day in 19 years) and DAYMET (0.08 mm/day per year, or an increase of 1.52 mm/day in 19 years) for 2001–2020. IMERG, however, showed a decreasing trend over the same 19-year period of −0.06 mm/day per year (or a decrease of 1.14 mm/day in 19 years). The decreasing trend for IMERG appears to be a result of higher average 95th-percentile precipitation values found in the earlier portion of the time series, whereas calculations for DAYMET resulted in lower values for the same years. However, there were no statistically significant trends found across any of the datasets, likely owing, in part, to the short time frame investigated. When all datasets were re-gridded to the coarser CPC grid spacing in Figure S7, an increasing trend was still observed for DAYMET; however, a muted increase of 0.01 mm/day per year was observed from 2001 to 2020, with a very similar decreasing trend in IMERG of −0.07 mm/day per year. No statistical significance was found at the 95% confidence interval. A time series of 95th-percentile precipitation using the maximum magnitude of all grid cell values on LI, instead of the spatial average as in Figure 3 and Figure S7, was also explored (not shown). For 2001–2020, slight decreasing trends were found for CPC (−0.05 mm/day per year) and IMERG (−0.03 mm/day per year), with an increase trend for the highest-resolution DAYMET (0.17 mm/day per year). Though again, no trends were statistically significant at the 95% confidence interval using the Mann–Kendall test.



	(c)

	
Relation of Extreme Precipitation on Long Island to TCs







Figure 3, Figure 4 and Figure 5 shed light on the main motivation of this paper: quantifying how extreme precipitation events on LI are linked to TCs. The percentage of events at or above the 95th percentile that were related to TCs at each grid point are shown in Figure 4. The spatial average and spatial maximum values are denoted in the bottom right of each plot. For CPC, the percentages were the lowest overall and the most spatially homogeneous. IMERG and DAYMET were more similar in percentages, again demonstrating the impacts of higher resolution. For IMERG, the maximum value of 6.1% was located closer to New York City, and the spatial average was 3.4%. Higher percentages were also found in eastern LI, with the lowest values in central LI. DAYMET had maximum contributions from TCs in southwestern LI and eastern LI, with a maximum percentage of 7.2% and a spatial average of 5.5%. The local maximum in eastern LI is likely related to the recurving of TCs in this area, which is visualized in Figure 5. When all datasets were re-gridded to the CPC grid in Figure S8, it should be noted that the maximum percentages were identical, albeit with higher spatially averaged percentages. It is interesting to note that including the full time period of DAYMET (1980–2020) mutes many of the higher percentages found in the more recent common time period but still maintains the eastern LI maximum (Figure S9). This indicates that there was a higher percentage of 95th-percentile events due to TCs in the recent 19-year period, compared to the full 41 years. It would be of interest to look at any changes in translational speed and duration of these recurving TCs and how this may contribute to extreme precipitation. This point is further discussed in Section 4.



In Figure 3, dots were added to the time series on years in which at least one TC contributed to precipitation events at or above the 95th percentile. The detail that the higher-resolution datasets provide is evident, as both DAYMET and IMERG had much more frequent contributions to 95th-percentile events from TCs compared with CPC (Figure 3 and Figure 4). This pattern is best seen in the 1980–2000 period where most links to TCs in DAYMET were not observed in the CPC dataset (Figure 3). When all datasets were re-gridded to the CPC grid (Figure S7), the same pattern regarding frequency of dots was obtained, reinforcing this conclusion. Despite similar percentages overall, there do appear to be differences in which extreme precipitation events are identified as related to TCs; however, more work must be carried out to understand potential resolution sensitivities.



To gain more perspective on this relationship between extreme precipitation and TCs, calculations were inverted to determine the percentage of all TCs close to LI (using the 5° distance threshold) that resulted in a precipitation event at or above the spatially averaged 95th percentile. In Figure 5, all tracks of TCs that passed within this 5° distance are plotted in gray. Tracks plotted in blue indicate TCs that did contribute to a 95th-percentile event. The low-resolution CPC dataset showed only 3.6% of TCs caused a 95th-percentile event. However, the higher-resolution IMERG and DAYMET datasets had much more uniformity in their calculations, with 30.9% and 36.4% of TCs causing 95th-percentile events, respectively. When all datasets were re-gridded to the CPC grid, percentages and patterns remained similar, with 27.3% and 32.7% of TCs causing 95th-percentile events for IMERG and DAYMET, respectively (Figure S10). Although DAYMET overall had more TCs that contributed to 95th-percentile events (20 out of 55), there were a few TCs that contributed to 95th-percentile events according to IMERG that were not picked up in DAYMET (e.g., the track in central Pennsylvania and the Finger Lakes region of New York). When results were expanded to include the full dataset time periods (see Figure S11), more TCs that led to extreme precipitation events were found, but the percentages (5.2% and 34.7% for CPC and DAYMET, respectively) remained quite similar due to the related increase in TCs passing through the region.




4. Discussion and Conclusions


This paper explored the relationship between extreme precipitation and TCs for Long Island (LI), one of the most densely populated coastal regions in the U.S. Spatial analysis of annual mean daily precipitation for LI showed minimal differences for the common time period compared to the full dataset time period. DAYMET and IMERG had spatially averaged daily precipitation of 3.3 mm/day and 3.8 mm/day respectively, with CPC having a lower magnitude of 2.8 mm/day. Trends in spatially averaged mean precipitation for LI over time indicate mixed, non-statistically significant results depending on the dataset selection, as the highest-resolution DAYMET dataset indicated trends of 0.02 mm/day and 0.29 mm/day for the past 19 and 41 years, respectively (−0.04 mm/day and 0.33 mm/day for the same periods when re-gridded to the CPC grid). The only statistically significant trend found for LI was for the CPC dataset time period, with an increasing slope of 0.73 mm/day in 73 years. Anomalies of global mean precipitation had a trend over land of 0.03 mm/day per 100 years [61], so it is notable that mean precipitation trends calculated here over LI were larger.



Annual mean 95th-percentile precipitation for LI in the last 19 years had some noticeable differences depending on the dataset resolution. The highest-resolution dataset (DAYMET) had the highest values (20–22 mm/day) but the smallest range across LI, with IMERG having similar results (18–22 mm/day). The lowest-resolution dataset (CPC) had the lowest values (5–12 mm/day) but the highest range. Similar results and patterns were once again obtained after re-gridding to the coarsest CPC dataset spatial resolution. One conclusion of this analysis is that, at the LI local scale, the dataset resolution has more impact on spatial patterns compared to the dataset type (gauge-based or satellite based). This local-scale analysis also meets the expectation that higher-resolution datasets will contain higher extreme precipitation amounts, as found in previous studies [59,60]. Although the DAYMET dataset had the highest resolution, purely gauge-based datasets have their limitations. One study showed that merged analysis products (such as IMERG), using more than one satellite source and adjusted to rain gauges, are superior to single-source products [62]. Further, investigations into how spatially averaged 95th-percentile precipitation evolved over time for LI found mixed results; however, most datasets appeared to have an increasing trend in the last 19 years, higher than that for spatially averaged mean precipitation, with similar results obtained after re-gridding. However, no statistical significance was found for any of these trends.



In characterizing how extreme precipitation events on LI are related to TCs, the highest percentages of events at or above the 95th percentile related to TCs were found on the North Fork of eastern LI. We infer this is because recurving TCs are more likely to clip the east end of LI, where it juts out into the Atlantic Ocean. Since higher percentages were found for the last 19 years compared with the full dataset time periods, it can be concluded that the percentage of events at or above the 95th percentile due to TCs on LI are increasing over time. This is further visualized by the increase in the frequency of dots in the later time period in Figure 3. When calculations were flipped to determine the percentage of all TCs close to LI contributing to a 95th-percentile precipitation event (Figure 5), the general pattern continued, with the highest-resolution datasets indicating the highest percentages found. IMERG and DAYMET indicated that 30.9% and 36.4% of all TCs within 5° of LI contributed to an event at or above the 95th percentile (with 27.3% and 32.7% found, respectively for IMERG and DAYMET, after downscaling to the CPC grid in Figure S10).



This TC precipitation analysis for LI can be compared to previous studies performed for TCs in the Northeast. As mentioned in the Introduction, one study found that for extreme precipitation events in the Northeast from 1908 to 2009, about 36% were due to TCs [11]. However, a second study found that over 90% of extreme precipitation (using the 99th percentile of 6-hourly accumulated precipitation) in the midlatitudes was associated with fronts in the period 1979–2011 [63]. Another study showed that in the North Atlantic, 8% of extreme rainfall events were climatologically found to be accounted for by TCs from July to November for 1979–2005 [64]. The second and third study were found to be more consistent with the analysis performed in this work, since even the highest-resolution dataset found that at maximum, only 7.2% of extreme precipitation events on LI were due to TCs, with 92.8% originating from other sources. The results from the first study align better with this LI analysis when the metric for extreme precipitation is Rx1 day. When we repeated our analysis with the DAYMET dataset using a different extreme precipitation metric defined as the annual maximum 1-day precipitation, or Rx1 day, 36.8% of these events on LI were caused by TCs in the last 19 years, using the maximum of all data points (Table S1). When all LI grid cells were spatially averaged, our finding that 26.3% of Rx1 day events were caused by TCs also aligns with another recent study, who found that about 25% of the Rx1 day events for two stations on Long Island were TC-related for 1950–2011 [65]. Repeating analysis for Rx3 day and Rx5 day events (not shown) reduced contribution from TCs for DAYMET, which is likely a result of the relatively fast translation speeds of TCs as they combine with mid-latitude systems and transition to extratropical forms in the LI region. However, longer-duration TCs close to LI can contribute to more precipitation compared to shorter-duration TCs. It is also important to consider that LI is only a small portion of the Northeast region and therefore may have different storm-type contributions to precipitation than the Northeast as a whole.



For future work, it would be of great interest to take into consideration the antecedent soil moisture before these extreme events, since extreme flooding does not necessarily occur when the rarest precipitation extremes do, when land–atmospheric feedbacks are considered. A saturated ground greatly affects the observed flooding [25], as was the case with Post-Tropical Depression Ida. With precipitation intensity expected to increase with anthropogenic warming, proportionally more rainfall should be expected to convert to the flood hydrograph rather than being intercepted by vegetation or absorbed into soils and other catchment storages [25]. Another interesting avenue of exploration could be the impact of urbanization on flood intensity and size, as has been investigated in previous work for the Qinhuai River basin in China [66]. Some other extensions of this work include a different threshold metric, as it would be interesting to investigate how these results would change with lower or higher percentiles than the 95th. Invoking extreme value theory, a Generalized Pareto Distribution can be fit to these results to further characterize how extreme precipitation on LI is changing with time, as well as with other environmental factors such as ENSO and NAO [67,68]. With the important work being carried out to attribute wind speed and precipitation from TCs to climate change, it would be of great interest to apply this method to storms that have impacted LI. It has already been found through the hindcast attribution method that extreme rainfall was increased by about 5% in 2018′s Hurricane Florence [31], as well as by 8–18% for extreme 3 hourly rainfall amounts in 2019′s Hurricane Dorian [69]. Today’s infrastructure in many areas is designed to perform at a limit based on historical weather patterns [70]; however, with extreme precipitation events becoming more intense, and as shown in this study, found to be more related to TCs in the recent 19-year period on LI, a lot of the infrastructure is likely inadequately prepared for such changes. This is particularly a challenge for LI, which has an extremely high density of both people and infrastructure.
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Figure 1. Annual average daily precipitation (mm/day) over the common time period (2001–2020) for (top) CPC, (middle) IMERG, and (bottom) DAYMET. 
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Figure 2. Annual average 95th-percentile precipitation (mm/day) for the common time period (2001–2020) for (top) CPC, (middle) IMERG, and (bottom) DAYMET. 
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Figure 3. Time evolution of 95th-percentile precipitation (mm/day) averaged over LI for (blue) CPC, (pink) IMERG, and (green) DAYMET. Regression lines are only plotted for 2001–2020. Dots on the line plots show years when at least one TC passed within a great circle distance of 5° from the center of Long Island and contributed to an extreme precipitation event. 
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Figure 4. The percentage of 95th-percentile precipitation events due to TCs for the common time period (2001–2020) for (top) CPC, (middle) IMERG, and (bottom) DAYMET. 
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Figure 5. For 2001–2020, the blue tracks show the TCs that caused 95th-percentile precipitation events on Long Island, while the gray tracks show TCs that passed through the red circle (5° circle around the center of Long Island) but did not cause 95th-percentile precipitation events. The gray boxes show the total number of tracks that passed within the red circle, and the blue boxes show the number of tracks that contributed to 95th-percentile precipitation events (i.e., the number of blue tracks). 
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95th Percentile Precipitation (mm/day)
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