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Climate Change and PMP:  
Are These Storms Changing?

Hurricane Florence in September 2018.

Introduction

Recent extreme rainfall events, such as Hurricane 
Harvey in 2017 and Hurricane Florence in 2018, have 
raised the question of whether storms important for 
Probable Maximum Precipitation (PMP) development 

are changing or becoming more frequent because of climate 
change (Kappel and Hultstrand, 2018; Kunkel and Champion, 
2019). Applied Weather Associates (AWA) was able to evaluate 

this question utilizing a detailed, data-driven approach. AWA 
investigated hundreds of storms analyzed for PMP development 
and used in PMP studies completed since the early 2000s. Most 
of these storms have been analyzed using our Storm Precipitation 
Analysis System (SPAS). In addition, every storm considered has 
been through an extensive independent review process to ensure 
the rainfall accumulation depths are acceptable and each storm 
has been accepted for use in PMP calculations.
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The storm screening process followed a stepwise approach 
to identify any storm that has controlled PMP depths at one 
or more area sizes and durations in previous PMP studies. 
From this analysis, AWA established a database of all PMP-
controlling storms. It is important to note that this was not 
a modeling approach; we simply let the data talk to us to find 
out which storms are controlling PMP depths and identifying 
when they occurred. From this PMP database, numerous 
investigations were made possible, including evaluating the date 
of storm occurrence, the locations of the storms, and the storm 
types. The PMP database was the foundation of this analysis 
and allowed for a observational, data-driven investigation of 
whether storms that control PMP are becoming more frequent 
and whether changes are occurring by region and/or by  
storm type.

Climate Change Background

In recent years the claim that “this year is the hottest year on 
record” (NASA, 2019) is frequently made. However, there 
is tremendous uncertainty in using surface temperature 
observations to quantify the Earth’s temperature on a global 
scale (D’Aleo, 2020). Issues that increase uncertainty include a 
severe lack of coverage of observational sites, manipulation of 
raw observed data, inconsistency in observations, and improper 
siting, among others. Regardless, climate is changing, but this 
is nothing new.  Climate has always changed and always will 
change, whether humans are involved or not. Instead this 
paper answers the question of whether significant changes are 
showing up in the database of storms used to calculate PMP and 
if those changes match the reported trends in observational data 
and climate model projections.  

The focus of this paper is not on accuracy or validity of climate 
change and increasing temperatures, but instead on whether 
observational data representing the most extreme rainfall events 
used for PMP show any significant changes and, if so, how that 
affects the dam safety community and design of dams.  
Not surprisingly, climate change projections of precipitation 
have shown a wide range of outcomes regarding future 
precipitation (e.g. Kunkel et al., 2013; Easterling et al., 2016; 
Clavet-Gaumont et al., 2017; Kunkel et al., 2020; Hultstrand 
et al., 2020). Some model projections have shown an increase, 
others no change, and others a decrease. This varies by storm 
duration (i.e. hourly, daily, monthly, yearly), by storm location, 
by storm type, and by intensity or recurrence interval being 
investigated. The variance of projections and the wide variety  
of evaluation procedures adds to the uncertainty related to 
extreme precipitation and climate change projections.  

To address the uncertainty inherent in climate change 
projections, AWA utilized the observed data from extreme 
rainfall events used to develop PMP depths. AWA investigated 
observed trends of the storms which control PMP depths and 
related those to various projections of what might happen 
in a changing climate, as it relates to PMP. To do this, we 
investigated temperature trends for the United States and 
assumed those are valid. These temperature data sets show 
a significant upward trend of temperature and concurrent 
atmospheric moisture content over the past century (Kunkel 
et al., 2020). If this is accurate, are those rising temperatures 
and higher levels of moisture being reflected in extreme rainfall 
events which control PMP? Are we seeing an increase in PMP-
type storms in the observational record? If not, why?

Most model projections show that the climate has warmed since 
the end of the “Little Ice Age” cold period from the 1400s through 
the late-1800s. A basic physical property of the atmosphere 
known as the Clausius-Clapeyron relationship demonstrates 
that a given volume of air can hold about 7% more moisture 
per one degree Celsius increase in temperature (Lawrence, 
2005). Therefore, if the temperature trends are accurate and 
the atmosphere is warming, and all other variables related to 
the production of precipitation are changing accordingly, we 
should see a concurrent increase in precipitation. This would 
also include the most extreme precipitation events used for PMP 
development. These assumptions could break down, however, if 
there are factors as important as an increase in temperature and 
moisture and/or if our understanding of the meteorology which 
produces extreme rainfall is not properly modeled.

Trends of temperature and precipitation across the United 
States can be investigated by plotting the average annual 
temperature versus average annual precipitation. The 
information plotted in Figures 1 and 2 are from the National 
Centers for Environmental Information climate interface, where 
temperature and precipitation are plotted as a yearly average 
from 1895 through 2020. These plots show a steeper increasing 
trend for temperature than precipitation during the period and 
do not follow the expected Clausius-Clapeyron relationship.  

The difference between observed precipitation and the 
Clausius-Clapeyron expected relationship is likely the result 
of several factors, ranging from improper adjustments of the 
temperature observations (D’Aleo, 2020) to the fact that there 
are many other improperly quantified processes likely as, or 
more, important for precipitation production than simply 
increasing temperatures and moisture.
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Figure 1. Yearly mean temperature over the contiguous United States from 1895 through 2020

Continuous U.S. Average Temperature

Figure 2. Yearly mean annual precipitation over the contiguous United States from 1895 through 2020
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It is important to note that climate change is not new, but 
instead is rather normal. In fact, a lack of climate change would 
be more unusual. As noted before, climate will change whether 
human activities are involved or not. The question in today’s 
science is whether human activity is causing climate to change 
in ways that are different than the natural changes before 
significant human activity and, if so, will this cause PMP type 
storm events to become more severe and/or more frequent?

Climate models try to project the effects of human activity 
by solving atmospheric dynamics to replicate future climate 
conditions using various emissions scenarios of greenhouse 
gases as the variable (Wood, 2019). Unfortunately, many of 
the atmospheric processes the models try to solve are not 
known or quantified accurately.  Therefore, climate models 
produce a series of outputs that are possible representations 
of future conditions. Of course, this means that the climate 
model projections are just as likely to be inaccurate (Dessler, 
2020). These inaccuracies combined with the unknown effects 
of future emission scenarios result in climate model projections 
that produce a wide range of outcomes -- warmer, wetter, 
colder, drier, and everything in between -- all of which are 
possible, and all of which will happen at some point at some 
location, given enough time.  

Utilizing these projections to make design and policy decisions 
is very difficult. In essence, one could estimate any answer they 
want. This doesn’t mean the projections should not be evaluated 
and utilized as there is nothing wrong with applying “what if” 
scenarios to reduce risk and increase safety, but the unknown 
and uncertainty in the process must be properly communicated 
and applied.  

One recent example of applying “what if” scenarios was 
addressed during the Colorado-New Mexico Regional Extreme 
Precipitation Study (2018) where Colorado Dam Safety evaluated 
potential effects of climate change projections on future 
rainfall. Colorado Dam Safety, in partnership with other study 
participants, evaluated numerous climate model projections 
and climate change in the region. These evaluations resulted in 
updated dam safety guidance which included an increase of 7% to 
the deterministically derived PMP depths (Colorado-New Mexico 
Region Extreme Precipitation Study, Volume VI, 2018).

Climate Change and Precipitation

The replication of precipitation in future climate scenarios is 
one of the least accurate aspects of climate model projections 
(e.g. Alexander et al., 2013; Toreti et al., 2013; and Kunkel et 
al., 2020). There are many important processes involved in the 
development of precipitation beyond the amount of moisture 

available within the atmosphere. These other processes 
have both positive and negative feedback combinations that 
can produce just about any combination of outcomes. For 
example, with a warming atmosphere the result may be more 
precipitation in some areas for some storms types and some 
durations and less precipitation in other scenarios (Hultstrand 
et al., 2020). A warmer atmosphere may also produce more 
overall precipitation, but less frequent extreme (PMP-type) 
precipitation depending on whether the instability produced 
by thermodynamic processes is decreased or increased (storm 
efficiency). Some recent analyses of observed precipitation 
and climate model projections of precipitation show that 
less extreme rainfall events are increasing, while the most 
extreme events are not (Kunkel, 2010; Schoof and Robeson, 
2016; Hultstrand et al., 2020). Of course, these analyses have 
uncertainty as well (D’Aleo and Watts, 2010), but the general 
trends are still useful for a high-level analysis.

The current state-of-the-science computer models which try to 
replicate the Earth’s climate are not able to accurately analyze 
precipitation processes in future climate scenarios. This is a 
result of many factors, including incomplete representation 
of the atmospheric process that produce clouds and rainfall, 
uncertainty about the state of the climate currently, and 
future climate projections. Therefore, rather than rely on 
inaccurate computer model projections, AWA utilized actual 
observed extreme precipitation data to evaluate any trends in 
characteristics of storms which control PMP through time. 

Analysis Procedures

PMP studies completed by AWA over the last 20 years provide 
the data source needed for this evaluation (Figure 3). Each of 
those studies produced PMP depths which are controlled by 
one or more extreme rainfall events (PMP-type storms). From 
the storm databases utilized in each of these studies, AWA has 
created a database of more than 750 extreme rainfall events 
covering all North America from the early 1800s through 2020 
(Figure 4). The database was evaluated to determine which 
of those storms are controlling of PMP depths by storm type, 
location, and the year of occurrence. 

From these data, AWA plotted all storms which have controlled 
PMP depths at any area size and duration as part of one or more 
of our PMP studies. This produced 161 individual storm events 
being identified as controlling of PMP across North America 
(Figure 5). This storm list provides a robust data set from which 
to evaluate trends of PMP storms over time and by storm type 
as well as to evaluate whether storms controlling PMP are 
occurring more often. If so, does that match the climate change 
projections over the same timeframe?
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Figure 4. Locations of storms analyzed by AWA that 
have been used in PMP analyses in the United States

Figure 5. Locations 
of storms controlling 
PMP depths

Note. Color 
notes decade of 
occurrence, legend 
notes number 
of storms per 
timeframe.

Figure 3. AWA project locations by regulatory agency
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Methods Used to Evaluate the PMP Storm Database

Initially, all the PMP controlling storms were grouped, 
normalized, and plotted by decade of occurrence. A moving 
average trend was applied to the grouped dataset, and 
the analysis was used to quantify whether a trend of PMP 
controlling storms through time across North America existed.  

Figure 6 shows the results of this trend analysis for “All Storm” 
types. This shows the most active decades for PMP controlling 
storms were the 1930s, 1960s, and the first decade of the 2000s. 
This “All Storm” type trend analysis resulted in no significant 
trend (p > 0.05) through time, with a larger number of 
controlling storms occurring during the first half of the period 
(86 storms prior to 1965) versus the second half of the period 
(79 storms after 1965).  

This initial “All Storm” type analysis included all storms 
at all locations, and, therefore, may not show trends for 
different storm types (i.e. local, general, or tropical). AWA 
then separated the data by three storm types (Local, General, 
and Tropical) and performed the same trend analysis. This is 
important because each of these storm types are produced by 
different meteorological conditions and, therefore, would reflect 
different precipitation producing processes. Local storms are 
short duration, high intensity rainfall events resulting from 
thunderstorms and isolated from larger scale storm systems (e.g. 
see HMR 55A Section 12.1.1; Hansen et al., 1988). The General 

storm type produces long duration, large area size storms, with 
lesser intensity rainfall accumulation compared to Local and 
Tropical storm types. These are often associated with slow-
moving frontal systems or Atmospheric River events (Zhu and 
Newell, 1998; Ralph et al., 2004; Neiman et al., 2011). Tropical 
storm-type PMP events are rainfall directly related to a tropical 
storm (depression, tropical storm, and/or hurricane). These 
can be landfalling events or moisture moving onshore from a 
nearby storm.  Tropical events only occur during the tropical 
storm season (June through October) and produce rainfall with 
intensity similar to Local storms but often covering larger areas 
with longer durations.

The following figures (Figures 7-12) show the analysis for each 
storm type (Local, General, Tropical) as well as the location 
of each storm.  Similar to the overall data set, no significant 
increasing or decreasing trends through time are evident.  

Trend analysis of the data by decade showed the most active 
decade for local storms was the 1930s and the first decades of 
the 2000s, while for the general and tropical storms the most 
active decades were the 1960s and the first decades of the 
2000s. This is likely reflective of natural climate variability, 
as several well-known climate indices effecting temperatures 
and precipitation across North America on a 30 to 60-year 
cycle (Mantua et al. 1997; Enfield, 2001; Small and Islam, 2008; 
Giovannettone, in progress).

Figure 6. Number of PMP type controlling storms per decade for “All Storm” types

Note. Orange dash lines are the moving average trend.

Trend analysis of the data by decade showed the most active decade for local storms was 

the 1930s and the first decades of the 2000s, while for the general and tropical storms the 

most active decades were the 1960s and the first decades of the 2000s. 
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Figure 8. Locations of local storms controlling PMP depths

Figure 7. Number of controlling local storms per decade

Note. The orange dash line is the moving average trend.
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This paper presents the Oroville Dam Spillway incident, response, and recovery through the personal reflections of the author,  

as a member of a large, single-focus team with a goal to recover from a significant event and restore a functional service spillway  

in less than 8 months to a fully functional project within two years. Driven by the hydrologic cycle of northern California, 

the Oroville Spillway incident that started on February 7, 2017, needed to have a functional service spillway by November 1, 2017,  

to allow the project to pass flows, as needed, during the following flood control season.  Restoration of complete project spillway capacity,  

including the Emergency Spillway, was needed within a two-year period.  The author presents first-hand experiences from the initial  

global television emergency broadcast of a developing situation at Oroville Dam to construction in record-breaking heat, to repair two damaged 

spillways and restore the functioning capacity spillways at the tallest dam in the United States of America. The author worked with hundreds of 

engineers, scientists, managers and construction professionals on one of the greatest stories of recovery in the history of dam engineering. 

. 

OROVILLE SPILLWAY  

Personal Reflections on a 
Global Dam Safety Incident

Oroville Spillway. Photo Courtesy of the California Department of Water Resources

Producing Quality Geotechnical Instrumentation Since 1979. 
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Figure 10. Locations of general storms controlling PMP depths

Figure 11. Number  
of controlling  
tropical storms per 
decade

Note. The orange  
dash line is the 
moving average 
trend.

Figure 9. Number of 
controlling general 
storms per decade

Note. The orange dash 
line is the moving 
average trend.
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Figure 12. Locations of tropical storms controlling PMP depths

Conclusion

The analysis of the PMP controlling storms throughout North 
America demonstrated no significant trend through time for 
All, General, and Local storm type over the period from the 
early 1800s through 2019, though it did identify more storms 
controlling PMP depths prior to 1965 than after. The Tropical 
storm types did result in a positive trend over the period from 
the early 1800s through 2019; however, if the trend analysis was 
started after 1910, when better observational data are available, 
no significant trend would exist. This is important because it 
is likely that many tropical rainfall events that occurred prior 
to the 1910s were not captured adequately in the observational 
record. In addition, tropical storm events also contained the 
smallest sample size of the storm types, given their unique 
location of occurrence and seasonality.  

The lack of overall significant trends is somewhat surprising 
given reported warming of the atmosphere over the same 

timeframe and the associated ability of the atmosphere to 
hold more moisture. This demonstrates that, at least for the 
most extreme rainfall events controlling PMP depths, other 
processes that may not be well understood or modeled may be 
as important or more important in extreme rainfall production. 
In addition, it is likely that changes in observation quality, 
quantity, and accuracy effect the number of storms captured and 
their associated rainfall accumulation analysis.

The result of this analysis provides confidence that the current 
suite of PMP estimates which utilize storm data from the entire 
period of record are valid today and adequately represent the 
intent of the PMP process. Studies completed by AWA include 
all changes in climate that have occurred since the 1800s and 
are likely occurring today. Therefore, they also represent the 
expected range of changes that will continue to occur going 
forward through the timeframe covered by current climate 
model projections. 
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the storm increased it was clear this was larger than the usual storm. 
The flow began to increase down the Machhu river, first hitting 
Machhu Dam I and then turning downstream to Machhu Dam II. 
As the storm intensified, operators at the Machhu Dam II began to 
open gates to keep the dam from rising above maximum levels. By 
1:30 AM all the gates were opened fully except for three gates that 
were not properly functioning. Despite the nonoperational gates, the 
dam was passing 196,000 cubic feet per second. very close to its full 
capacity of 200,000 cubic feet per second. It wasn’t enough, and the 
water continued to rise. It was early afternoon on August 11, 1979, 
when water overtopped the earthen embankments on both sides of 
the masonry spillway leading to the failure of Machhu Dam II.

Lesson Learned: Dams should be thoroughly assessed 
for risk using a periodic risk review process including a 
site inspection, review of original design/construction/
performance, and analysis of potential failure modes and 
consequences of failure. The completed review supports a 
case for taking risk-informed actions at individual dams and 
for prioritizing actions for an inventory of dams.
Researcher: Mark Baker, P.E. 
Reviewer: Irfan Alvi, P.E. and Gregory Richards, P.E., CFM. Input 
was also provided by representatives from the Bureau of Reclamation, 
U.S. Army Corps of Engineers, and Federal Energy Regulatory 
Commission.

Past dam failures and incidents have shown that dams can fail from 
a wide variety of potential failure modes at loadings less than the 
design loads. Critical flaws in design/construction or deterioration 
may exist that are not visible during a dam condition inspection. 
To address these risks, the dam safety industry is moving toward 
adoption of performing periodic comprehensive reviews to evaluate 
the safety of dams. For example, such evaluations of dams can 
be based upon an in-depth risk assessment with identification 
of potential failure modes, their likelihood of occurrence, and 
consequences of dam failure.  Such periodic risk reviews are being 
performed by the Bureau of Reclamation, the US Army Corps of 

Engineers, the Bureau of Indian Affairs, the National Park Service, 
the Tennessee Valley Authority, and others. Completed reviews 
support a case for taking risk-informed actions at individual dams and 
for prioritizing actions for an inventory of dams.

First Video in ASDSO’s Dam Owner Education Series 
Now Available

ASDSO has launched an educational video series for dam owners 
called the ‘Dam Owner Academy.’ The first video, Dams 101, focuses 
on the types of dams and how they work. A huge thank you to the 
Dam Owner Outreach Committee for undertaking this important 
project. Also, thank you to Michelle Meehan and the Lexington, 
Kentucky Stantec team for producing the video and the states of 
Montana and North Dakota for proving FEMA Assistance Grants 
to finance the project. More videos are coming soon. Subscribe to 
ASDSO’s Youtube Channel and continue to check DamOwner.org 
for updates.

The first video in ASDSO’s dam owner education series is available through YouTube and 
DamOwner.org.

ASDSO Board of Directors 
and State Representative 
Updates
New Mississippi State Representative  
- William McKercher

William McKercher has been appointed the state representative for 
Mississippi. William McKercher was recently named Chief of the 
Dam Safety Division in the Office of Land and Water Resources. In 
his previous 17 years of service, William served as the Brownfield 
Program Coordinator and Branch Chief in the Groundwater 
Assessment and Remediation Division. 

V16.4 Proof 6.indd   56 10/7/19   3:27 PM

Kunkel, K.E., Karl, T.R., Squires, M.F., Yin, X., Stegall, S.T., & Easterling, D.R. (2020).  Precipitation extremes: Trends and relationships 
with average precipitation and precipitable water in the contiguous United States. Journal of Applied Meteorology and Climatology, 59(1), 
125-142. https://journals.ametsoc.org/doi/full/10.1175/JAMC-D-19-0185.1

Lawrence, M. G. (2005). The relationship between relative humidity and the dewpoint temperature in moist air: A simple conversion 
and applications. Bulletin of the Americal Meteorological Society, 86(2), 225-233. 

 
Mantua, N.J., Hare, S.R., Zhang, Y., Wallace, J.M., & Francis, R.C. (1997). A Pacific Interdecadal Climate Oscillation with impacts on 

salmon production. Bulletin of the Americal Meteorological Society, 78(1), 1069-1079. 

National Aeronautics and Space Administration (2020, January 15). NASA, NOAA analyses reveal 2019 second warmest year on record 
[Press release].  https://www.nasa.gov/press-release/nasa-noaa-analyses-reveal-2019-second-warmest-year-on-record.

National Centers for Environmental Information. (2019). Climate time series sata [Data set]. https://www.ncdc.noaa.gov/cag/global/
time-series

Neiman, P.J., Schick, L.J., Ralph, F.M., Hughes, M., & Wick, G.A. (2011). Flooding in western Washington: The connection to 
atmospheric rivers. Journal of Hydrometeorology, 12(1), 1337-1358. 

NOAA National Centers for Environmental information. (2020). Climate at a glance: National time series [Data set]. https://www.ncdc.
noaa.gov/cag/. Retrieved May 4, 2020. 

Ralph, F.M., Neiman, P.J., Wik, G.A., Gutman, S.I., Dettinger, M.D., Cayan, D.R., & White, A.B. (2006). Flooding on 
California’s Russian River: The role of atmospheric rivers.  
Geophysical Research Letters, 33(1), L13801.

Schoof, J.T. & Robeson, S.M. (2016). . Weather and Climate 

Extremes, 11(1), 28-40. 

Small, D., & Islam, S. (2008). Low frequency variability in fall 
precipitation across the United States. Water Resources Research, 

44(1), W04426. 

World Meteorological Organization. (1986).  Manual for 

estimation of probable maximum precipitation.  Operational 
Hydrology Report, 1. (2nd ed.). 

Zhu, Y., & Newell, R.E. (1998). A proposed algorithm for 
moisture fluxes from atmospheric rivers. Monthly Weather 

Review, 126(1), 725-735. 



S U M M E R  2 0 2 020

Bill Kappel
President/Chief Meteorologist, Applied Weather Associates
PO Box 175, Monument, CO 80132
(719) 964-3395 ∙ billkappel@appliedweatherassociates.com
 
Bill Kappel is the president and chief meteorologist of Applied Weather Associates.  Bill has been the project manager 
and technical lead for more than 100 Probable Maximum Precipitation studies over the last 15 years covering just 
about every meteorological setting possible. He has also been involved in more than 700 storm analyses using the 
Storm Precipitation Analysis System (SPAS) since 2002.  These results have been used to calculate PMP values, used 
for model calibration, in forensic meteorological investigations, and various climatological and precipitation frequency 
analyses.  Prior to joining AWA, he was an on-air meteorologist at several TV stations across the country.  

Doug Hultstrand
Senior Hydrometeorologist, Applied Weather Associates
PO Box 175, Monument, CO 80132

(719) 488-4311 ∙ dhultstrand@appliedweatherassociates.com	 	
 
Doug Hultstrand is a senior hydrometeorologist at Applied Weather Associates with 17 years of experience 
in meteorology, hydrology, and hydrometeorology. He has been involved in all aspects of probable maximum 
precipitation (PMP) development, an expert in extreme storm analyses, regional precipitation frequency analyses, 
annual exceedance probability (AEP) of PMP analyses, deriving rainfall areal reduction (ARF) factors, and is a co-
developer of the Storm Precipitation Analysis System (SPAS) and associated storm databases.    

Jake Rodel
GIS Analyst, Applied Weather Associates
PO Box 175, Monument, CO 80132

(719) 488-4311 ∙ jrodel@appliedweatherassociates.com
 
Jake Rodel is a GIS analyst at Applied Weather Associates (AWA).  He has been directly involved in all aspects of GIS 
development at AWA, including developing significant updates for statewide PMP GIS databases and implementation 
of PMP GIS tools.  He received an A.A.S in Geographic Information Systems (GIS) from Alexandria Technical College 
in 2002.

Kristi Steinhilber
Staff meteorologist, Applied Weather Associates
PO Box 175, Monument, CO 80132

(719) 488-4311 ∙ ksteinhilber@appliedweatherassociates.com
 
Steinhilber is a staff meteorologist at Applied Weather Associates in Monument, Colorado.  She has been directly 
involved in several technical aspects of PMP development, storm analyses, and climate change projections.  She 
received her Bachelor of Science degree in meteorology accompanied by a minor in mathematics from the University 
of Northern Colorado in 2007.



Join Us On Our Mission

Learn more at

DamSafety.com/joinASDSO

ASDSO’s mission is to improve the condition 

and safety of dams through education, support 

for state dam safety programs, and fostering a 

unified dam safety community.

Who is ASDSO? 
ASDSO is the leading national non-profit 

association dedicated to dam and levee safety. 

ASDSO was created in 1983 in response to an 
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interstate communication about dam safety. 

Becoming a part of the ASDSO community 

is a way to join with others to work toward 
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for a future where all dams are safe.
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me, my program and/or my 
company?
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