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Abstract Hurricane Maria was associated with record-breaking rainfall over Puerto Rico and caused
unprecedented flooding and landslides. Here we analyze the extreme rainfall produced by Hurricane
Maria using 35 stations with daily precipitation data from 1956-2016. A covariate-based extreme value
analysis point process approach that accounts for natural climate variability and long-term climate change
influences on extreme rainfall is applied. Hurricane Maria produced the single largest maximum rainfall
event since 1956 and had the highest total averaged precipitation of 129 storms that have impacted the
island since 1956. Return periods for an event of Hurricane Maria's precipitation magnitude decreased in
48.6% of stations across Puerto Rico and at least halved when averaged across the island. Within the most
affected areas it is likely that the probability of precipitation of Maria's magnitude has increased by a factor
greater than 1 (best estimate 4.85) as a result of long-term climate trends.

Plain Language Summary Hurricane Maria was associated with record-breaking rainfall over
Puerto Rico, which caused unprecedented flooding and landslides across the island and led to widespread
devastation. Here we analyze the extreme rainfall produced by Hurricane Maria using 35 historical weather
stations with daily precipitation data from 1956-2016. We use a statistical analysis technique to determine
how unusual Maria's rainfall was and if Maria's rainfall can be attributed to climate variability and/or
climate change. We find that Hurricane Maria produced the single largest maximum rainfall event since
1956 and had the highest precipitation of 129 storms that have impacted the island since 1956. Our study
concludes that extreme precipitation, like that of Hurricane Maria, has become much more likely in recent
years and long-term trends in atmospheric and sea surface temperature are both linked to increased
precipitation in Puerto Rico. These results place Maria prominently in the context of extreme storms that
have impacted Puerto Rico and indicate that such events are becoming increasingly likely.

1. Introduction

On 20 September 2017, Hurricane Maria made landfall on the southeast coast of Puerto Rico as a strong
Category 4 hurricane. Tropical cyclones (TCs) are not uncommon to the island, the long-term average for
TC landfalls in the northern Caribbean where Puerto Rico is located is one per year (Pielke et al., 2003),
the National Hurricane Center Report (2018) on Maria highlights it as the strongest hurricane to make land-
fall on the island since 1928 (Pasch et al., 2018). Maria broke rainfall records that resulted in unprecedented
flooding and mudslides and combined with sustained winds of 249 km/hr at landfall that contributed to a
near complete loss of the electrical grid and municipal water supplies for 3.4 million residents (Pasch
et al., 2018). All infrastructure was affected with 80% destruction of communication systems, including uti-
lity poles and cellular towers, and ultimately the storm resulted in a cost of 90 billion dollars in damage
between Puerto Rico and the U.S. Virgin Islands, which exceeds the previously most costly storm to affect
Puerto Rico directly, Hurricane Georges in 1998, by 85 billion dollars (Pasch et al., 2018). The official death
toll of Hurricane Maria is 64 deaths, though a mortality study by Kishore et al. (2018) found the number of
excess deaths associated with Maria is more than 70 times the official estimate bringing the total count closer
to 5,000. Disaster-related deaths are difficult to determine. While direct causes of death, such as flying debris
or drowning, are relatively easy to assign, indirect deaths resulting from delayed medical treatment or wor-
sening of preexisting conditions are much more difficult to capture (Kishore et al., 2018). Further hindering
this effort in Puerto Rico is the requirement that every hurricane-related death be confirmed by the Institute
of Forensic Sciences, which requires bodies to be brought to San Juan and delays the issuance of a death

KEELLINGS AND HERNANDEZ AYALA 2964


https://orcid.org/0000-0001-9932-1661
https://orcid.org/0000-0003-4397-8482
http://dx.doi.org/10.1029/2019GL082077
http://dx.doi.org/10.1029/2019GL082077
https://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1944-8007.HURRICANES1
https://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1944-8007.HURRICANES1
http://dx.doi.org/10.1029/2019GL082077
http://dx.doi.org/10.1029/2019GL082077
http://dx.doi.org/10.1029/2019GL082077
http://dx.doi.org/10.1029/2019GL082077
http://dx.doi.org/10.1029/2019GL082077
mailto:djkeellings@ua.edu
https://doi.org/10.1029/2019GL082077
https://doi.org/10.1029/2019GL082077
http://publications.agu.org/journals/

100 Geophysical Research Letters 10.1029/2019GL082077

nnnnnnnnnnnnnn
'AND SPACE SCiENCE

certificate (Kishore et al., 2018). A recent report concluded that the total excess mortality associated with
Hurricane Maria in Puerto Rico was 2,975, which is 46 times the official government estimate (Santos-
Burgoa et al., 2018). Additionally, estimates of between 114,000 and 212,000 residents are expected to
migrate away from the island in the first year, and up to 14% of the total population by the end of the second
year following the event (Meléndez & Hinojosa, 2017).

Several recent studies have focused on the relationship between climate change and the intensity of hurri-
canes. Mann and Emanuel (2006) found that the underlying factors in the increasing trends of Atlantic hur-
ricane intensity appear to be the influence of primarily anthropogenic forced large-scale warming, while
Elsner (2006) found causal evidence that increasing near-surface air temperatures lead to an increase in
sea surface temperature (SST) as evidence to support a hypothesis of human-induced climate change influ-
encing the intensity of TCs in the Atlantic. No trend in hurricane frequency has been detected. Other studies
have looked at the influences that teleconnections, such as the El Nino-Southern Oscillation (ENSO), and
anthropogenic influences, such as carbon dioxide (CO,), have on hurricane rainfall variability. A recent
study by Risser and Wehner (2017) used a covariate-based extreme value analysis (EVA) approach where
they found that human-induced climate change likely increased Hurricane Harvey's total rainfall by at least
19% and increased the chance of the observed precipitation by a factor of at least 3.5. Emanuel (2017) exam-
ined the annual probability of Hurricane Harvey's observed rainfall finding that it had become 6 times more
likely since the end of the twentieth century and that a similar magnitude event will be roughly 18 times
more likely by 2081-2100. Another study found that Hurricane Harvey was 3 times more likely due to
anthropogenic climate change (Van Oldenborgh et al., 2017). Patricola and Wehner (2018) examined the
anthropogenic influence on major TCs finding that relative to preindustrial conditions, climate change
has intensified extreme rainfall in Hurricanes Katrina, Irma, and Maria.

Here we focus on two main questions regarding the rainfall associated with Hurricane Maria. How does the
extreme rainfall associated with Hurricane Maria compare to the precipitation climatology of TCs in Puerto
Rico and how much of the rain attributed to the storm can be explained by natural climate variability and
anthropogenic climate change? To address these questions, data from 47 sites are used to estimate
Hurricane Maria's rainfall over the 3-day period the storm was within a 500-km radius of the island.
Historical data from 35 stations are used in an EVA point process model to examine the relationship between
modes of natural variability (North Atlantic Oscillation [NAO], Atlantic Multidecadal Oscillation [AMO],
and ENSO), long-term trends associated with anthropogenic climate change (atmospheric CO,, global tem-
perature, SST, and Cloud cover), and the extreme rainfall associated with Hurricane Maria. Changes in
return periods associated with Maria's peak precipitation are estimated for each of 35 historical stations.

2. Data

Six-hourly TC positions were extracted from the International Best Track Archive for Climate Stewardship
for the years 1970-2017 (Knapp et al., 2010). A Geographic Information System was utilized to calculate a
500-km buffer around the island, allowing us to define the portion of Maria's track that was within the
radius. Maria spent 3 days within the radius from 19 to 21 September 2017. This method has been used by
researchers examining TC rainfall in Puerto Rico and the extreme floods associated with those events
(Hernandez Ayala et al., 2017; Hernandez Ayala & Matyas, 2016, 2018). Those studies identified 86 TCs
within the 500-km radius around Puerto Rico from 1970-2010. In this study we expanded their data set to
include an extra 43 TCs that were within the 500-km radius during 1956-1970 and 2011-2017 for a total
of 129 storms.

Daily rainfall totals were obtained from the National Centers for Environmental Information (NCEI) for 19
stations and from the U.S. Geological Survey for 28 rain gauges with daily data for Hurricane Maria, for a
total of 47 sites. Daily rainfall totals were obtained from the NCEI for 35 historical stations with a minimum
of 70% of observations during the hurricane season that spans from 1 June to 30 November for a period that
begins 1 June 1956 and ends 30 November 2016. A recent study examining extreme rainfall associated with
Hurricane Harvey in Texas used a similar data coverage percentage to examine the storm's relationship with
climate variability and change (Risser & Wehner, 2017).

The teleconnection indices were obtained from the Climate Prediction Center. The Nifio 3.4 SST standar-
dized anomalies are part of the ERSSTv5 monthly index from the National Oceanic and Atmospheric
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Administration's National Center for Environmental Prediction (http://www.cpc.ncep.noaa.gov/data/
indices/). We used the NAO index constructed by projecting the daily (00Z) 500-mb height anomalies over
the Northern Hemisphere onto the leading mode of variability in the NAO (Hurrell, 1995). The AMO index
used is based on North Atlantic SST anomalies calculated from detrended long run averages of mean SST
observations (Enfield et al., 2001). Global mean CO, measurements are a combination of data obtained from
the International Institute for Applied Systems Analysis or ITASA (see https://tntcat.iiasa.ac.at/RcpDb)
available for 1950-2005 and the record from the Mauna Lua Observatory available for 1958-2017.

Global mean surface temperature data were obtained from the National Aeronautics and Space
Administration Goddard Institute for Space Science surface temperature analysis (Hansen et al., 2010).
Monthly mean SST data (extended reconstructed SST V5) for a section of the Atlantic Ocean where TCs that
impact Puerto Rico develop (12 N, 30 N and 45 W, 80 W) were obtained from the National Oceanic and
Atmospheric Administration’s Earth Systems Research Lab for 1956-2017. Monthly mean cloud cover data
for the same section of the Atlantic Ocean were obtained from the International Comprehensive Ocean-
Atmosphere Data Set for 1956-2017. It is well known that there is a relationship between warm Atlantic
SSTs and the intensity and frequency of major TCs (Emanuel, 2005, Webster et al., 2005), and for that reason
SSTs in a section of the Atlantic, where a significant increasing trend in SSTs has been found (Deser et al.,
2010), were examined in this study. Since cloud cover is highly influenced by changes in SST, it was also
included as one of the independent variables in this study.

3. Methods
3.1. Spatial Interpolation

The mean total average and the maximum rainfall were extracted from the 3-day precipitation totals for
Hurricane Maria for the dates (19-21 September) that the storm was within a 500-km radius of Puerto
Rico. The mean total average and maximum rainfall for Hurricane Maria were then compared to the other
129 TCs that have impacted Puerto Rico since 1956. Geostatistical interpolation was combined with histor-
ical observations in order to maximize the available record for analysis as only 7 of the 35 historical stations
remained operational during the passage of Maria. An inverse distance weighted and ordinary kriging (OK)
surface of maximum rainfall for Hurricane Maria were constructed from the 47 stations with data for the 3-
day period in order to examine the spatial distribution of extreme precipitation associated with the event.
The inverse distance weighted and OK surfaces were highly correlated (0.930), and the OK interpolated sur-
face was then used to extract the maximum rainfall for each of the 35 historical station locations. The OK
method has been used previously in Puerto Rico to examine the spatial distribution of TC rainfall and its
relation to extreme floods (Hernidndez Ayala et al., 2017; Hernandez Ayala & Matyas, 2018).

We have divided the stations on the island into two regions. The entire island forms the large region contain-
ing all 35 stations. The small region contains 19 stations. Stations were grouped in this way to differentiate
between Hurricane Maria's precipitation impact on the entire island as a whole versus the diagonal swath of
Maria from southeast to northwest where the highest precipitation values (>300 mm) were recorded
(Figures 1a and 1b). Puerto Rico historically exhibits high spatial variability in hydrology given its varied
topography and diverse precipitation formation mechanisms (Hernandez Ayala et al., 2017). This variability
is illustrated in Maria's rainfall with some stations at low elevation in the east and west periphery of the
island experiencing much lower precipitation than those closer to Maria's track or those at higher elevation.

3.2. EVA

An EVA was conducted for each of the 35 historical stations individually based on daily precipitation time
series for the hurricane seasons of 1956-2016. The 2017 observations were intentionally excluded to provide
an out-of-sample analysis of Hurricane Maria. We use a point process approach to EVA and extend it to
incorporate atmospheric variables (Coles, 2001). Such an approach has previously been used to examine
the influence of covariates on extreme meteorological values (Furrer et al., 2010; Keellings & Waylen,
2014; Photiadou et al., 2014) and more recently, in block maxima form, to attribute risk of individual events
(Risser & Wehner, 2017). The point process approach is advantageous in that far more of the information
about the upper tail of the distribution is available than would be possible using a smaller sample of block
maxima (Coles, 2001). A relative threshold equivalent to the 99th percentile of observations at each station
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Figure 1. Maximum daily rainfall interpolated surfaces for Hurricane Maria using inverse distance weighted (a) and
ordinary kriging (b). Island maximum (c) and island mean total rainfall (d) from 129 historical tropical cyclones with
the top five storms labeled.

is used to define an extreme data series of precipitation events crossing this threshold. These extreme events
are said to be part of a Poisson process as they are occurring randomly and at a variable rate (Coles, 2001).
Statistical theory states that maximizing the likelihood of this Poisson process leads to estimates of the para-
meters u (location or central tendency), o (scale or variance), and & (shape or skew) of the limiting general-
ized extreme value (GEV) distribution of the corresponding block maximum (Coles, 2001). The cumulative
distribution function of the GEV is given by

P(x) = exp [—{1 + é'%}?-‘

Multiple covariates are introduced into the estimation of GEV parameters such that those parameters are
allowed to vary over time and thus characterize changes in the distribution of extreme precipitation events
over time. Multiple covariates are used: annually averaged Nifio3.4 index, annually averaged AMO index,
seasonally averaged NAO index, seasonally averaged global CO,, global mean surface temperature, season-
ally averaged SST, and cloud cover. These covariates were chosen as they are known to influence TC activity
in the Atlantic, and they provide a clear distinction between modes of natural variability and long-term
change associated with human influences (Hernandez Ayala & Matyas, 2016; Patricola et al., 2014; Risser
& Wehner, 2017).

The covariates are introduced as non-stationary signals in Generalized Linear Models of both the location
and log-transformed scale parameters of the GEV such that

B(xX)=Bo,, + Brpx
In{o(x)} = By, + Bix
§(x) = Bogy

where ;) are the stationary model parameter estimates and f3;(;x are linear transformations of the time-
varying covariates (Coles, 2001). The shape parameter, & was modeled as an intercept only term as this

KEELLINGS AND HERNANDEZ AYALA 2967



100 Geophysical Research Letters 10.1029/2019GL082077

nnnnnnnnnnnnnn
'AND SPACE SCiENCE

parameter is numerically difficult to estimate with any accuracy (Katz et al., 2002). All possible linear com-
binations of covariates are examined and Akaike information criterion (AIC) in combination with the like-
lihood ratio test is used to select the best model, as this is most appropriate for comparing nested models
fitted with fixed maximum likelihood estimation (Coles, 2001). The best estimates of all statistical para-
meters in the AIC/likelihood ratio test selected model are obtained through maximum likelihood estimation
(MLE), and bootstrapping is used to quantify uncertainty in these estimates (see the supporting information
for more details). From these estimates return values (corresponding to the quantiles of the distribution of
extreme precipitation), return probabilities (the probability of a particular magnitude of precipitation),
and return periods (the inverse return probability) are calculated.

4. Results

As a tropical island, Puerto Rico receives a lot of precipitation, especially in the north and central regions of
the island, where rainfall can range from 3,000-4,300 mm annually (Colon & Jose, 2009). Out of 129 storms
that impacted Puerto Rico since 1956, including those to hit directly or within a 500-km radius of the island,
the extreme rainfall associated with Hurricane Maria had the largest maximum daily precipitation of
1,029 mm, equivalent to over one fourth of the average total annual rainfall at the wettest location on the
island at the Yunque National Rainforest. Overall, Hurricane Maria exhibited the highest values in maxi-
mum daily precipitation (based on all days when storm was within 500 km of island) and total mean preci-
pitation (mean precipitation total from that accumulated at each station while storm within 500 km of
island) when compared to the other 128 TCs that have impacted Puerto Rico since 1956 (Figures 1c and
1d). Hurricane Maria exhibited a 30% increase from the previous TC-related highest total mean rainfall event
(Tropical Storm Isabel in 1985; José J. Herndndez Ayala & Matyas, 2018). When compared to Hurricane
Georges, the last major storm to make landfall on the island in 1998, and previously the costliest weather
event, Maria exhibited a 66% increase in island mean total rainfall and a 33% increase in island maximum
total precipitation.

Previous work of Hernandez Ayala and Matyas (2016) found that extreme rainfall (>50 mm) occurred across
Puerto Rico when a storm center passed within a distance of 233 km or less, total precipitable water (TPW)
exceeded 44.5 mm, midlevel relative humidity was greater than 44.5%, and horizontal translational speed
measured at 6.4 m/s or less. Hurricane Maria exceeded those thresholds with a TPW of 51.5 mm, a midlevel
relative humidity of 53%, and an average horizontal translational speed of 3.65 m/s between 19 and 21
September, considering measurements before and after landfall on the island. In perspective of past events,
Tropical Storm Eloise (1975) and Hurricanes David (1979), Hortense (1996), and Georges (1998) triggered
flash floods and mudslides that caused combined losses of more than 3 billion dollars and more than 50 fatal-
ities over the island (Bennett & Mojica, 1998; Hebert, 1976, 1980; J.J. Hernandez Ayala et al., 2017; Pasch
et al., 2001; Pasch & Avila, 1999) yet all of these impacts combined do not match the life and economic losses
associated with Hurricane Maria.

Hurricane Maria's highest precipitation peaks were clustered in the eastern region of the island, especially in
the southeast where a station recorded 1,029 mm of rain on 20 September 2017 (Figure 1). Hurricane Maria's
precipitation decreased from east to west, with the exception of an area in the interior west where some sites
recorded values between 300 and 500 mm. The spatial pattern of maximum rainfall associated with
Hurricane Maria (higher east and lower west) is generally similar to that exhibited when TCs approach
within 220 km of Puerto Rico's coast and are embedded in moisture environments of 50 mm of TPW (José
J. Herndndez Ayala & Matyas, 2018).

Return period estimates for Maria's observed maximum daily precipitation are shown in Figure 2a. Results
from the EVA show 10% to almost 100% reductions in Maria's estimated return period through the record
across much of the island (Figure 2b) and a significant (as per Mann-Kendall test; Kendall, 1955) decreasing
trend in return period estimates of Maria's maximum daily precipitation at 17 of the 35 stations, which sug-
gests that a rainfall event of the magnitude of Hurricane Maria has become more likely at these locations
(Figure 2c). The changes in return periods were estimated from GEV parameters of stationary or null models
fitted to moving windows of 30 years through the record 1956-2016, at stations where inclusion of covariates
offered no model improvement, and by allowing GEV parameters to vary through time with covariates, at
stations where inclusion of covariates improved model fit. The majority of stations show a decreasing
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Figure 2. (a) Estimates of Maria's maximum daily precipitation return period at 35 historical stations (using the ordinary
kriging interpolation estimates). (b) Percent change in estimate of Maria's maximum daily precipitation return period
between beginning and end of record (1956-2016). A circular outline is shown to highlight stations where a covariate
model was selected over the null model. (c) Stations with positive, no trend, or negative trends in estimated return periods.
(d) Extreme value analysis point process selected best models at each of the 35 stations with covariate and related
generalized extreme value parameter indicated. AMO = Atlantic Multidecadal Oscillation; NAO = North Atlantic
Oscillation; SST = sea surface temperature; CC = cloud cover; GT = global mean surface temperature; GTA = global
surface temperature anomalies.

trend in return period (Figure 2c). Six stations exhibit increasing trends in return periods that may be
explained by the highly variable nature of TC rainfall in the central and western regions of the island and
influence of varied precipitation mechanisms (Colon & Jose, 2009; José J. Hernandez Ayala & Matyas, 2018).

When return period estimates of Maria's maximum daily precipitation are averaged within the large and
small regions, we find that estimated return periods and their 90% confidence intervals are decreasing
through the record in both regions (Figures 3a and 3b). The return period estimate has decreased from
approximately 300 to 115 years corresponding to a roughly threefold increase in return probability in the
large region. In the small region, the return period estimate has decreased from approximately 290 to
152 years corresponding to a roughly twofold increase in return probability.

The AIC and likelihood ratio test selected best models include covariates at 19 stations (54.3%) indicating
statistically significant relationships between extreme rainfall and the climate variability and change vari-
ables, predominantly AMO, NAO, global temperature, and cloud cover (Figure 2d). Eleven of these stations
are located within the small region. These results suggest that fluctuations in SSTs in the Atlantic (as indi-
cated by the AMO and NAO indices) in combination with the long-term upward trend in global tempera-
tures and cloud cover are related to extreme rainfall events in Puerto Rico. It is also of note that ENSO
offered no model improvement and was thus not included as a covariate in any model.

The covariate-based EVA models permit exploration of the effects of those covariates on extreme precipita-
tion so that we may isolate the effects of modes of natural and long-term anthropogenic sources of variation.
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Figure 3. Return period for observed Hurricane Maria maximum daily precipitation with 90% confidence interval using
the kriged station average for the large (a) and small (b) regions. Risk ratio comparing the probability of a range of peak
storm precipitation for 2017 values of all covariates versus 1956 values of long-term trend covariates holding all other
covariates constant at observed 2017 values (solid line) for the large (c) and small (d) regions. Likely (66%) confidence
bound shown as dashed line.

This is possible through comparison of conditional probabilities of event magnitude in actual versus
counterfactual realities. First, the covariate model can be used to estimate the probability of exceeding, Z,
above some threshold, z, of precipitation conditional upon observed 2017 values of the covariates, for
example, AMO and global temperature:

D:1(z) =P(Z>z|2017 values of AMO and global temperature)

Second, the probability of Z exceeding threshold z is calculated again, but in the counterfactual reality of
2017 observed AMO and 1956 observed global temperature:

Do(z) =P(Z>7|2017 value of AMO, 1956 value of global temperature)

The likelihood of these two events can then be compared using the risk ratio as is commonly used in prob-
abilistic event attribution (National Academies of Sciences, Engineering, and Medicine, 2016; Pall et al.,
2014; Risser & Wehner, 2017):

Here risk refers to the relative risk of the event under observed conditions versus the counterfactual reality.
Figures 3c and 3d show the best estimates of this risk ratio for a range of storm event peak precipitation
(100-1,000 mm) for the large and small regions. Only stations where the best model included long-term
trend covariates (atmospheric CO,, global mean surface temperature, SST, and cloud cover) were included
in calculation of risk ratios. The small region comprised 9 (of 17 stations, 53%) stations with long-term cov-
ariates identified in the best model and the large region comprised 14 (of 35 stations, 40%) stations. The best
estimates of risk ratios in both regions are above one for the entire range of maximum daily precipitation.
However, the likely lower bound is below one in the large region and thus not statistically significant. For
Maria's mean maximum daily precipitation (large region: 350 mm, small region: 412 mm) the best estimates
of the risk ratio are 3.22 (lower bound 0.79) for the large region and 4.85 (lower bound 1.02) for the small
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region. These lower bound estimates are notably static across the range of maximum precipitation and thus
insensitive to observational uncertainty. The step change at around 550 mm in Figure 3c is caused by a single
station, in the large region, exhibiting a negative shape parameter value in the fitted GEV model. A negative
shape parameter indicates a thin upper tail of precipitation and a bounded distribution that reaches an upper
limit. In reality statistical precipitation distributions are bounded, but it is not uncommon to fit unbounded
distributions as is the case for all other stations on the island (Cooley et al., 2007; Risser & Wehner, 2017).
Concordant patterns of estimated return periods and risk ratios were found under identical analysis using
only data from the seven stations that remained operational during the passage of Maria (see the
supporting information).

As with other attribution studies using similar statistical methods applied to observational data, as was done
here, it is essential to be aware that these results should only be interpreted in the Granger causality sense
(Granger, 1969). As such, these results cannot prove any causal relationships, but they can make risk ratio
attribution statements to climate trends. For Hurricane Maria's precipitation over Puerto Rico our models
suggest that there is a likely increase in the chance of observing Maria's peak precipitation, which is attribu-
table to long-term climate trends, at over half of the stations in the small region as the likely lower bound risk
ratio is above one. In the large region, less than half of the stations exhibit an increase in the risk ratio and
the likely lower bound is below one.

5. Conclusions

In the sense of the historical record, Hurricane Maria was an unprecedented storm event for Puerto Rico.
The island has not been impacted by a storm producing as much peak or total precipitation at any time dur-
ing the past 60 years. In a statistical sense, Maria's precipitation is an extreme outlier in the historical record
at most locations across the island and as such may have been the result of physical processes that were not
present during 1956-2016. As EVA provides an estimated limiting GEV distribution based on observations,
it is, therefore, limited by those observations in providing a statistical representation of underlying physical
processes. In this study, the out-of-sample estimation of Maria's peak precipitation return periods may be
overestimated given the length of the historical record. However, the lower bound of the risk ratios in
Figures 3c and 3d are stable over the range of all maximum precipitation values, including historically
observed levels and those far exceeding that of Maria, suggesting that the changes in extreme statistics are
robust. Almost half of the stations exhibit large reductions in return period estimates through the record
with Maria's peak precipitation estimated to be much more likely in recent years. When stations are aggre-
gated into large and small regions both agglomerations show a halving of Maria's estimated return period
during the record.

Puerto Rico exhibits large variability in its hydroclimate at inter and intra-annual timescales as a result of the
random passage of tropical systems and other heavy precipitation producing events such as easterly waves,
cold fronts, and convective storms. Since 1956, 129 tropical storms have passed within 500 km of the island
and together Puerto Rico and Hawaii account for 32% of the observed flows above the 99th percentile of all
unit discharges in the United States despite representing less than 5% of all observations (O'Connor & Costa,
2004). Such extreme variability present within the historical record across Puerto Rico has likely made EVA
estimation of return periods and risk ratios difficult and may account for both the lack of stations with sig-
nificant physical covariate-based models and lack of those with likely lower bounds of relative risk
above one.

Data limitations and the inherent stochastic nature of rainfall in Puerto Rico have restricted our ability to
reach definitive conclusions on the relationships between Maria's precipitation and climate variability and
change. Only 19 of 34 stations saw improvement over null models through introduction of physical
covariates, but ENSO was not statistically significant as a covariate suggesting that modes of Atlantic
variability and long-term trends related to human-induced climate change have more influence here.
Nine (of 17) stations in the small region of the island, which was most affected by Maria's precipitation,
have likely lower bounds of relative risk above one indicating a significant long-term climate trend
influence on the storm's precipitation there. Further studies based on dynamical modeling are needed
to confirm this finding.
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