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When it Rains Does it Pour?
Design Precipitation Depths for
Dam Safety

Introduction

If a dam and its spillway are not sized appropriately to
pass the required inflow, a precipitation event can lead
to dam overtopping and failure. Selecting the design
precipitation is the first step in the hydrologic analysis
used to size the dam and spillway. The design
precipitation is typically based on either a selected
precipitation frequency (i.e. 100-year event) or
Probable Maximum Precipitation (PMP) event.

This article looks at the references available for
estimating the design precipitation for small dams in
Colorado, Montana, Utah, and Wyoming. The recent
extreme precipitation event in Colorado is also
examined in relationship to frequency estimates and
discussed in the context of dam safety.

Colorado’s 2013 Precipitation Event

The September 9-16, 2013, precipitation event was
caused by a slow-moving cold front stalled over
Colorado, clashing with warm humid monsoonal air
from the south. The precipitation resulted in
catastrophic flooding along Colorado’s Front Range
from Colorado Springs, north to Fort Collins. Numerous
low hazard dams that were designed to withstand a
100-year precipitation event overtopped, with nine
earthen dams breaching. According to the Colorado
Division of Water Resources, the high hazard dams
within the affected area performed well, with many
conveying spillway flows for the first time since they
were built.

The Hydrometeorological Design Studies Center
(HDSC) developed maps for the September event
showing the annual exceedance probabilities of the
worst case precipitation in relation to published
frequency data presented in National Oceanic and
Atmospheric Administration (NOAA) Atlas 14. Figure 1
shows the map for the full seven day storm duration.
Maps for 24-hour and 48-hour durations are also
available.

Colorado Flood Event, 9-16 September 2013
Annual Exceedance Probabilities (AEPs) for Worst Case 7-day Rainfall
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Figure 1: Worst Case 7-day Rainfall Annual Exceedance
Probabilities

As shown in Figure 1, exceedance probabilities were
estimated to be greater than the 0.1% (1/1000) for
areas including Estes Park, Boulder, and Aurora.
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Figure 2: Maximum observed rainfall amounts in
relationship to NOAA 14 estimates

Figure 2 shows the observed rainfall amounts for the
Justice Center rain gauge located in Boulder, in
relationship to the NOAA Atlas 14 precipitation
frequency estimates. For the seven day duration, the
observed precipitation was greater than the upper
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bound of 90% confidence interval for the 1,000-year
precipitation event.

The September event is a reminder of the importance
of designing a dam for the appropriate precipitation
event and hazard classification. Flooding did result
from the low hazard dam failures; however, there was
little flooding from the state-classified high hazard
dams, where failure would likely result in widespread
damage and loss of human life, because these dams
were designed appropriately for the PMP event.

The state criterion for determination of the dam design
precipitation is based upon dam size and hazard
classification. The hazard classification typically
accounts for dam height, storage capacity, likelihood of
failure (e.g. a dam located within a series of dams), and
potential for loss of life and property, should a failure
occur. The following discussion summarizes the hazard
classification system and methods used to identify the
dam design precipitation for Colorado, Utah, Montana,
and Wyoming.

For Colorado, design precipitation is selected based
upon dam size and hazard classification as presented in
Table 1. Additional guidelines are available for altitude
adjustments in the Colorado Rules and Regulations for
Dam Safety and Dam Construction.

Table 1: Colorado Inflow Design Flood Requirements

INFLOW DESIGN FLOOD REQUIREMENTS FOR COLORADO USING
HYDROMETEOROLOGICAL REPORTS (HMR)

HAZARD CLASSIFICATION

DAM SIZE - —
High |Significant| Low NPH

Large 0.90 PMP|0.68 PMP| 100 YR 50 YR

Small 0.90 PMP|0.45 PMP| 100 YR 25 YR

Minor 0.45 PMP| 100 YR | 50 YR 25 YR

Note: NPH = No Public Hazard Dam. This table was taken from
Table 5.2 of the Office of the State Engineer Dam Safety Branch’s
“Rules and Regulations for Dam Safety and Dam Construction,”
dated January 1, 2007.

For Utah, design precipitation is selected based upon
hazard classification as determined by the State
Engineer. Design precipitation for all low hazard dams
is the 100-year event, whereas significant and high
hazard dams must use the Spillway Evaluation Flood
(SEF). The SEF is defined as the most critical flood of

either the 100-year event applied to a saturated
watershed or one of the PMP events.

For Montana, all dams with a potential for loss of life
due to failure are classified as high hazard and the
minimum design precipitation considered for any
impoundment greater than 50 acre-feet is the 500-
year event. Design precipitation for all high hazard
dams is determined following a loss of life analysis
using the requirements summarized in Table 2.

Table 2: Montana Design Flood Requirements

Loss of Life (LOL) Design Flood
Less than or Equalto 0.5 500 YR
0.5t05 LOL x 1000
Py ="Ps 000 (lord)

Where:

r=-0.304 +.435 log10 (lol)

d =1ogl0 (PMP) - log10 (P5,000)

lol = estimated loss of life PMP = probable
maximum precipitation

5 to 1000

Ps5 000 = 5,000-year recurrence interval
precipitation

P, = design precipitation to meet spillway
standard

Greater Than 1000

Probable Maximum Precipitation (PMP)

This table was taken from Montana’s Rules and Regulations, Rule
36.14.502 entitled, “Hydrologic Standard for Emergency and
Principal Spillways”.

For Wyoming, determination of design precipitation
and dam hazard classification is at the discretion of the
State Engineer. Additionally, all reservoirs with a dam
height greater than 20 feet, storage capacity greater
than 50 acre-feet, and/or a reservoir located in an area
where extensive property damage or loss of life might
result, are required to have a minimum design
precipitation of the 100-year event.

State rules and regulations typically prescribe the
minimum criteria and not necessarily the method for
satisfying the criteria. For example, a common
requirement for low hazard dams is the 100-year
event. This design criterion is typically the 100-year,
24-hour rainfall with a specific temporal distribution of
hourly rainfall. Hydrological guidelines are then
followed to determine the Design Flood. Alternately,
the 100-year flood can be derived from actual stream
gauge data collected within the drainage area or a
similar nearby drainage area. The reader is cautioned
to work with each state’s dam regulatory agency to
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gain an understanding which methods and guidelines
are acceptable for meeting the state’s minimum

criteria.

Since 2004, NOAA, National Weather Service (NWS),
and HDSC have been working on updating and posting
online precipitation frequency estimates, such as the
100-year event, as part of NOAA Atlas 14 for various
parts of the United States. Funding is the largest
impediment to the updating process, and is typically
pooled from a variety of Federal, State, and local
agencies. Figure 3 presents where NOAA Atlas 14 is

currently available in blue.

available
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Figure 3: NOAA Atlas 14 Availability

As of 2013, Colorado and Utah have been updated to
NOAA Atlas 14, while Wyoming and Montana still use
NOAA Atlas 2 for storm durations of 1-hour to 24-
hours. In addition to NOAA Atlas 2, Montana also uses
the USGS WRI Report 97-4004 “Regional Analysis of
Annual Precipitation Maxima in Montana” (Parent,
1997). This document is used to produce large
recurrence intervals for 2-, 6-, and 24-hour storm
durations specifically for dam design purposes. The
typical duration used for dam design is the 24-hour

duration.

While NOAA’s goal is to update all states to NOAA 14,
as of this publication, no funding has been received by
NOAA and no plans are currently in place for updating

Montana and Wyoming to NOAA Atlas 14.

The durations for NOAA Atlas 14 range from 5-minutes
to 60 days and have an average recurrence interval
ranging from 1 to 1,000 years. The updated analysis is
different from NOAA Atlas 2 because it uses a longer
period of record and a denser network of rain gauge
stations, along with more robust and accepted
statistical techniques. The precipitation magnitude-
frequency relationships at individual rain gauge
stations were based on regional frequency analysis
approach based on L-moment statistics. The frequency
analyses were carried out on annual maximum series
(AMS) across a range of durations. Detailed
information and discussion for deriving the estimates
from rain gauge station data is provided in the NOAA
Atlas 14 Document.

The Precipitation Frequency Data Server (PFDS) is an
online point-and-click interface developed to deliver
NOAA Atlas 14 precipitation frequency estimates and
associated information. Upon clicking a state on the
map or selecting a state name from the drop-down
menu, an interactive map of that state will be
displayed. From there, a user can identify a location
from the map or enter the latitude and longitude for
which precipitation frequency estimates are needed.
The PFDS is shown in Figure 4.

NOAA's National Weather Service

\M:/ Hydrometeorological Design Studies Centess
Precipitation Frequency Data Server (PEDS)§

Home Site Map

NOAA ATLAS 14 POINT PRECIPITATION FREQUENCY ESTIMATES:

DATA DESCRIPTION

Data type: [precipitation depth | Eu its: | english EITmesene s type: \pan al duratior 77E|

SELECT LOCATION Enter Latitude and Longitude
1. Manually:

3) Enter location (dacimal degrees, use ™ for § and W): Iatitude: . longitude: ‘ |

b) Select station (click here for a list of stations used in frequency analysis for UT): |select station

Figure 4: Precipitation Frequency Data Server

Estimates and their confidence intervals can be
displayed directly as tables or graphs via separate tabs.
Links to supplementary information (such as ASCII
grids of estimates, associated temporal distributions of
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heavy rainfall, time series data at observation sites,
cartographic maps, etc.) are also available. The ASCII
grids of point estimates are the basis of the PFDS
interface results and are available to be downloaded in
a GIS compatible format. Figure 5 presents the
precipitation frequency table. The 24-hour duration,
100-year recurrence interval is highlighted in red. The
numbers in parentheses are the upper and lower
bound of the 90% confidence limits.
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Figure 5: Precipitation Frequency Table

The precipitation frequency data available in graphical
format includes depth-duration-frequency (DDF)
curves and precipitation frequency curves with 90%
confidence limits. Figure 6 presents the precipitation
frequency curves.
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Figure 6: Graphical Precipitation Frequency Curves

Precipitation frequency estimates from NOAA Atlas 14
are point estimates, and reductions should be applied
when used for areas. The conversion of a point
estimate to an areal estimate is usually done by
applying an areal reduction factor, obtained from a
depth-area-duration curve, to the average point
estimates within the subject area. Currently, the
depth-area-duration curves from the U.S. Weather
Bureau’s Technical Paper No. 29 can be used for this
purpose and is recommended by NOAA Atlas 14. The
NWS is investigating the areal reduction factors for
NOAA Atlas 14 and may issue new areal reduction
factors in the future.

The PMP, as defined in the HMR documents, is
“theoretically, the greatest depth of precipitation for a
given duration that is physically possible over a given
size storm area at a particular geographical location at
a certain time of the year”. No recurrence interval is
assigned to the PMP.

For Colorado, Montana, Utah, and Wyoming, the PMP
east of the Continental Divide is derived using the
methodology in HMR 55A; the PMP west of the
Continental Divide is derived using HMR 49 or HMR 57.
The PMP studies developed by NOAA and NWS are
shown in Figure 7 by geographical location in the
United States and are available online through NOAA.

CONTINENTAL UNITED STATES
R 48

HMR 39~
HAWAII ;

PUERTORICO |

Figure 7: Available PMP Studies
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Utah has published two updates to HMR 49:

e “2002 Update for Probable Maximum
Precipitation, Utah 72 Hour Estimates to 5,000
sq. mi. - March 2003” (USUL)

e “Probable Maximum Precipitation Estimates
for Short Duration, Small Area Storms in Utah -
October 1995” (USUS)

These augment, not supersede, HMR 49 and are
intended only for use in the state of Utah.

HMRs 55a, 49, and 57 provide precipitation values for
a local storm (thunderstorm) with 6 hours of duration
and a general storm with 72 hours of duration. The
results from both the general and local storm should
be used in hydrologic trials to determine the critical
design values.

The HMR methods require obtaining index
precipitation from maps, and then adjusting
precipitation depths for drainage area size, elevation,
and orographic effects specific to the watershed being
studied.

An alternative to the HMR documents for PMP
estimates is a site-specific analysis. Colorado has
developed an Extreme Precipitation Analysis Tool
(EPAT) and is currently conducting a formal 3™ party
meteorological peer review set for completion in April
2014. In general, a site-specific analysis is not readily
achievable for small dam owners and because it
typically requires a custom analysis by a consultant
engineer/meteorologist.

To determine design precipitation depths for
precipitation frequency events, NOAA Atlas 2 and/or
Atlas 14 are available (Montana also uses USGS WRI
Report 97-4004). NOAA Atlas 14 is an update and
supersedes NOAA Atlas 2 in Utah and Colorado, while
no update is currently planned for Montana or
Wyoming. One advantage of NOAA Atlas 14, the
precipitation depths can be easily obtained online
using NOAA's Precipitation Frequency Data Server.

PMP estimates can be estimated using HMR methods.
Precipitation for both the local and general storms is
derived for hydrological evaluation. An alternative to
the HMR methods is a site-specific extreme
precipitation analysis. Site-specific analysis is not easily

achieved and typically requires a custom analysis by a
consultant engineer/meteorologist.

Selecting the design precipitation is the first step in the
hydrologic analysis used to size the dam and spillway.
If the dam and spillway are not sized appropriately, an
extreme precipitation event can lead to dam
overtopping and failure. As the recent precipitation
event in Colorado shows, large or rare precipitation
events can occur and when they do, the importance of
appropriately selecting the design precipitation for a
given dam is reinforced.

Colorado Rules and Regulations for Dam Safety and Dam Construction,
January 01, 2007.

Colorado Launching Massive Emergency Dam Inspection Program, The
Denver Post, by David Olinger, September 23, 2013.

Montana Dam Safety Rules and Regulations, Rule 36.14.502 - Hydrologic
Standard for Emergency and Principal Spillways, November 5, 1999.

Regional Analysis of Annual Precipitation Maxima in Montana, USGS Water-
Resources Investigations Report: 97-4004, by Charles Parent, 1997.

Utah Requirements for the Design, Construction and Abandonment of
Dams, R655-11-4 Hydrologic Design, August 01, 2013.

Wyoming Surface Water Regulations and Instructions, Chapter 5 -
Reservoirs, 1977.

Current NWS Precipitation Frequency Documents (Including NOAA Atlas 2
and NOAA Atlas 14):
http://www.nws.noaa.gov/oh/hdsc/currentpf.htm

Current NWS Probable Maximum Precipitation Documents (Including HMR
55A, HMR 49, and HMR 47):
http://www.nws.noaa.gov/oh/hdsc/studies/pmp.html

HDSC Exceedance Probability Analysis for Select Storm Events:
http://www.nws.noaa.gov/oh/hdsc/aep storm analysis/index.html

Areal Reduction (Technical Paper No. 29):
http://www.nws.noaa.gov/oh/hdsc/Technical papers/TP29P4.pdf
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http://www.rules.utah.gov/publicat/code/r655/r655-011.htm#T4
http://www.rules.utah.gov/publicat/code/r655/r655-011.htm#T4
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https://2ce3bd20-a-84cef9ff-s-sites.googlegroups.com/a/wyo.gov/seo/seo-files/Chapter%205%20Reservoirs.pdf?attachauth=ANoY7crx_t8Mac_dzS0gD7QkBZjFdavz6h-CbDCAXomwe4W3Vy39vbd39GKTmatYM1HJsKO2OoNG8POxFo_U7nv5gwy09eC4brgeN5St_fc6W5NE9IunrECvrLugeBFCilott6ShiMxa9gUT_IFh7WhNFmhLBGgmfRiw_nrSoyVcVdlPn7_FgFcnHawRheFv9j_WR8JVTZ4--1UJ9K5hYFQf2bJDVu_k6FIx6-1eV-w8v46COl05zt4%3D&attredirects=0
http://www.nws.noaa.gov/oh/hdsc/currentpf.htm
http://www.nws.noaa.gov/oh/hdsc/studies/pmp.html
http://www.nws.noaa.gov/oh/hdsc/aep_storm_analysis/index.html
http://www.nws.noaa.gov/oh/hdsc/Technical_papers/TP29P4.pdf

