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Hurricane Helene rainfall, 
September 2024
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https://www.weather.gov/owp/hdsc_aep  

Annual exceedance probability

https://www.weather.gov/owp/hdsc_aep


Terminology
ÅAnnual exceedance probability (AEP): based on past rainfall data 

and statistical methods, òthe probability associated with exceeding a 

given amount for a specified duration and at a given location in any 

given year at least onceó

ÅAverage recurrence interval (ARI), or return period: the inverse 

of AEP. If a rainfall amount has a 1% AEP, it has an average 

recurrence interval of 100 years. 
ÅIn other words, at that location, that rain amount should be expected to be 

exceeded, on average, once every 100 years
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Terminology
ÅAEPs and ARIs are also calculated for different rainfall durations

ÅAnywhere from minutes to weeks

ÅNOAA Atlas 14: the current official source of precipitation 

frequency estimates in the US.
ÅHas been expanded across the country over the last ~20 years.

ÅFirst editions released in 2004, most recent update was the interior 
northwest in 2024

ÅAtlas 14 still does not exist for Washington and Oregon

ÅNOAA Atlas 15: updated precipitation frequency estimates 

currently in progress. Expected release in 2026.
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Fort Collins, CO: most 1-day rainfall in each year
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Max: 4.63ó, 1997 



Sort these from lowest to highest, calculate a return period 
based on the data alone
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Because the 1997 storm 

happened once in 132 years, 

we could say it has a 132-year 

return period

(Is this a good assumption?)



These points appear to follow a curve, so we can use 
statistics to estimate that curve
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òGEVó: 

Generalized 

Extreme Value 

distribution, 

which is 
commonly 

used



What else needs to be considered?

ÅIf CoCoRaHS has taught us anything, itõs that rainfall can vary a lot 

over small distances. So we should probably also consider data from 

nearby stations if we have them.
ÅIf it has rained that hard on the other side of town, itõs possible it could rain 

that hard on your side of town too.

ÅThe most rain that could fall in a 24-hour period might not line up 

exactly with the 24-hour period when the observations are taken. 

Should account for this also.
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These factors are considered in NOAA Atlas 14, and their 
rain amounts are a little higher than our simple GEV fit
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NOAA Atlas 14 

in black



10https://hdsc.nws.noaa.gov/pfds/pfds_map_cont.html?bkmrk=co 

Fort Collins, Colorado

https://hdsc.nws.noaa.gov/pfds/pfds_map_cont.html?bkmrk=co
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Fort Collins, Colorado

https://hdsc.nws.noaa.gov/pfds/pfds_map_cont.html?bkmrk=co
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Fort Collins, Colorado, 24 -hr duration, confidence intervals

1-year ARI: 1.72ó 

(1.42-2.00ó)
1000-year 

ARI: 9.39ó 

(6.24-13.1ó)

https://hdsc.nws.noaa.gov/pfds/pfds_map_cont.html?bkmrk=co


Why do the ranges get so large?

ÅWe generally have 100-200 years of data at best, so there is a lot 

more uncertainty for the rarer events
ÅBut still possible to make an estimate of the 1000-year rain amount even 

without 1000 years of data!

Interested in trying this yourself? Thereõs a nice tutorial with example code at: 

https://comptools.climatematch.io/tutorials/W2D3_ExtremesandVariability/student/W2D3_Tutorial2.html  
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https://comptools.climatematch.io/tutorials/W2D3_ExtremesandVariability/student/W2D3_Tutorial2.html


Adding more data can 
change the estimates 
in a significant way

Atlas 14 was updated for 
Texas in 2018, after 
Hurricane Harvey

100-year, 24-hour ARI 
amounts increased by 
>20%, in large part because 
data from Harvey was 
included
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https://www.weather.gov/media/owp/oh/hdsc/docs/

Atlas14_Volume11.pdf 

https://www.weather.gov/media/owp/oh/hdsc/docs/Atlas14_Volume11.pdf
https://www.weather.gov/media/owp/oh/hdsc/docs/Atlas14_Volume11.pdf


Adding more data can change the estimates in a significant 
way
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3-day annual maximum 

rainfall at Asheville, NC, data 

through 2023



Adding more data can change the estimates in a significant 
way
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3-day annual maximum 

rainfall at Asheville, NC, data 

through 2024

Helene!



And measuring rainfall is 
difficult!
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NOAA Atlas 14 maps
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1% AEP (100-year), 24 hour 0.1% AEP (1000-year), 24 hour
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After 1 year:

4472 ò100-year 

rainstormsó on 

this map
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After 2 years
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After 5 years
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After 10 years
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After 20 years
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After 30 years, each 

point has a 26% 

chance of seeing a 

100-year rain 

event!

And nearly a 4% 

chance of getting 

more than one of 

them!



A 100-year rainstorm is rare at any given 
location, but we expect many of them to occur 
*somewhere* each year

Return periods are defined by the probability at a single 
point
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The chance of occurrence is the same in each 
year, so it is possible (though unlikely) to get a 
100-year storm in back-to-back years

(assuming the estimate of the 100-year threshold reflects 
Ã¶³ ​ÃÀÄ³‌ ´À³¿Ä³¼±È ½´ ½±±ÄÀÀ³¼±³+
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A 100-year rainstorm does not necessarily lead 
to a 100-year flood! 

The flooding could be more or less extreme, 
depending on the spatial extent of the rain, the 
characteristics of the watershed, the terrain, 
whether soils are wet, and so on
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¥³ ¯ºÂ½ ¹¼½Æ Ã¶¯Ã À¯·¼´¯ºº ·Â¼ Ã À¯¼²½»ºÈ
scattered   º³Ã Â Ã¯¹³ ¯ º½½¹ ¯Ã »¯¾Â ½´ À³¯º
rainstorms in the US!
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Data and methods

ÅPRISM daily precipitation analysis (Daly et al. 2021), 1981-2023
ÅGauges + radar

ÅLeans heavily on CoCoRaHS observations!

ÅNOAA/NCEP Stage IV analysis (Nelson et al. 2016), 2002-2024
ÅRadar + gauges

ÅDatasets analyzed for 24-h periods ending at 1200 UTC, all 

regridded to a consistent grid (4-km PRISM lat/ lon grid) over the 

CONUS

ÅCoCoRaHS observations, 2002-2024, matched to nearest grid point
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Data and methods
ÅExtreme rainfall is defined by exceedances of average recurrence interval 

thresholds from NOAA Atlas 14
ÅHere, focusing on 100-year (1% AEP) and 1000-year (0.1% AEP) over durations of 24-72 

hours. Pacific Northwest excluded from analysis because Atlas 14 is unavailable.
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Example problem

ÅBiggest rain event in 

Tennessee/Alabama history?

ÅNo, some kind of weird radar 

artifact
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Points exceeding the 

1000-year, 72-h ARI

2009-08-26



Example problem

PRISM has fewer of these, but 

still quite a fewê

Use a combination of 

automated and manual 

processes to remove spurious 

òeventsó, resulting in a QCõd 

database for each precipitation 

dataset
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Points exceeding the 

1000-year, 72-h ARI

2002-06-06
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Points exceeding the 1% annual exceedance probability (ò100-year rainfalló), 24 hours, 2002-2023

PRISM analysis (gauge + radar), periods ending 1200 UTC

Color shaded 

by year

No ARI 

information


