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Colorado Extreme Storm Precipitation Data Study

Summary

The Colorado Extreme Storm Precipitation Data Study was undertaken in Colorado in
response to ongoing scientific uncertainty regarding the magnitude (intensity, duration and
area) of precipitation that can conceivably occur at high elevations in the Rocky Mountain
region. This uncertainty has significant implications for spillway design, sizing
requirements and overall dam safety policies in Colorado and in other western states.
Colorado has extensive land areas at elevations above 7,500 feet and many large and small
reservoirs at high elevations. The study area for this project focused on areas in Colorado
bounded by the Utah border on the western edge, the Wyoming border on the northern
edge, the 5,000 foot (above mean sea level) elevation contour in eastern Colorado and the
New Mexico border on the southern edge. Data on extreme storm precipitation amounts
were also gathered from neighboring states having similar topography.

The Extreme Precipitation Data Study is the first step in a comprehensive effort,
supported by the Colorado Department of Natural Resources, Division of Water
Resources, to better understand extreme precipitation as a function of location and
elevation and its impact on dam safety regulations. This study focused on observational
precipitation and streamflow data during the period of instrumental record which dates
back approximately 125 years. The results of this study are intended to be utilized in later
project phases that will focus on numerical simulation of extreme storms at high elevations
leading toward a better definition of extreme storms and their spatial variations.

More than 300 storms were identified by this study since the late 1800s that have
produced very heavy precipitation either locally or over sizable areas in or near the
mountains of Colorado based on a definition given in Section 2. Of this large set of heavy
precipitation events, 36 extreme storms were identified that stand out as the heaviest
storms of record for selected geographic regions of the state and the storms that must be
considered when evaluating extreme precipitation and dam safety policies for high
elevation areas of Colorado. This set of storms also becomes candidates for inclusion in
future numerical modeling studies of extreme precipitation in elevated regions or in future
deterministic studies of probable maximum precipitation (PMP).

One of the nagging problems that continues to plague extreme precipitation studies is
uncertainty in the reliability of precipitation and flooding reports, especially for storms that
occurred long ago. Efforts were made in this study to identify storms for which
precipitation reports may be suspect, and some storms were removed from consideration
when lack of reliability was apparent. However, thorough evaluations of data reliability
were not performed for all storms.
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Selected findings from the Extreme Precipitation Data Study include:

e The heaviest precipitation amounts and the largest number of extreme storms observed
in Colorado have occurred along the Front Range from northwest of Fort Collins
southward to Trinidad.

e The largest number of extreme storms affecting mountainous areas west of the
Continental Divide have occurred in southwestern Colorado, most often during late
summer and fall. Many of these storms contain moisture sources with tropical origin.

e The frequencies and magnitudes of extreme precipitation events are lowest in the
northern mountains and northwestern valleys of Colorado.

e Precipitation amounts that have been observed associated with extreme storms are
lower at high elevations than at lower elevations.

A complete listing of storms is presented later in this report along with descriptions on
data sources and analysis methods. Four progress reports were written during the course
of this study and provide more background and detailed description of data collection and
analysis.
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Colorado Extreme Storm Precipitation Data Study

Introduction

This report summarizes the results of a nearly two-year study of extreme precipitation
characteristics in Colorado. The primary goal of this project was to identify and document
the heaviest storms that have occurred in or near the Rocky Mountains in Colorado. The
criterion used to define heavy storms was any storm that exceeded the 100-year storm
precipitation amounts for specified storm durations as published in the NOAA (National
Oceanic and Atmospheric Administration) Atlas 2, Precipitation-Frequency Atlas of the
Western United States, Volume III — Colorado (1973). The critical properties of storms
that determine their potential for producing flooding are precipitation intensity, storm
duration and storm area. In many of the storms included in this study, particularly the
local intense summer thunderstorms, only a limited amount of information is known about
storm areas. However, because of the importance of area and duration, some storms with
large areas or long durations were considered even though they may not have exceeded
100-year thresholds at any individual point.

The format for this report is consistent with the outline of the original proposal submitted
to the State of Colorado, Department of Natural Resources Division of Water Resources
in the summer of 1994. Activities and accomplishments are presented in the order
described in the original proposal. Most of the work for this project was conducted by
personnel of the Colorado Climate Center, Department of Atmospheric Science, Colorado
State University. However, some tasks were performed with assistance of other
organizations.

Activities and Accomplishments

1) Compilation of hourly and daily precipitation data.

The starting point for this project was the careful scrutiny of all archived National Weather
Service precipitation records back into the 1800s and up through 1993. For each station
and each month of record, the maximum observed precipitation for various durations was
determined. For many stations with data going back prior to 1948, this required manual
data processing and digitization. Maximum one, two and three-day precipitation totals
were determined for 598 official stations where precipitation has been measured on a daily
basis. For an additional 69 stations where precipitation has been measured hourly or more
frequently, maximum one-hour, two-hour, three-hour, six-hour, 24-hour, 48-hour and 72-
hour precipitation totals were determined for each month of record.



A database of observed monthly and annual maximum precipitation totals was assembled
and is available at the Colorado Climate Center at Colorado State University. Examples
of historic monthly maximum precipitation values for one site, Ouray, Colorado are shown
in Table 1 and 2. Figure 1 shows a graph of ranked annual maximum precipitation
amounts for specified storm durations at that same site. Similar information can be
assembled for all National Weather Service data collection sites in Colorado where many
years of data collection have occurred. Most stations have between 15 and 70 years of
data, but several dozen sites have monthly and annual extreme values for at least 80 years.
Maximum record lengths exceed 120 years at four sites, all east of the mountains.

Data from several other sources in addition to the National Weather Service were
examined in order to obtain greater detail at higher elevations. Data from the U.S. Bureau
of Reclamation San Juan Project, the National Atmospheric Deposition Program, the
National Park Service, the Denver Urban Drainage and Flood Control District, local water
departments and districts, the University of Colorado Long-Term Ecological Research
Site on Niwot Ridge, the U.S. Forest Service and the Natural Resources Conservation
Service were all investigated. For the most part, data from these sources were not
incorporated into the Colorado Climate Center’s precipitation database. However,
monthly and annual maximum one, two and three-day precipitation amounts were
digitized and saved for approximately 50 Natural Resources Conservation Service
SNOTEL (SNOw TELemetry) stations in the mountains of Colorado. Considerable data
quality evaluations were required for these data, especially for data collected prior to
1984.

Extreme rainfall dates and amounts were identified using analyzed data from all of the data
sources described above. In addition to serving as an excellent starting point for this
extreme precipitation study, this data set will also be of great value if and when the
original 1973 NOAA Precipitation-Frequency Atlas is updated.

2) Colorado Extreme Precipitation Storm List

The most essential and most time consuming portion of this study was the assembly of a
comprehensive list of extreme storms that have been observed in Colorado or which
occurred elsewhere in the Rocky Mountain region but which may be applicable to
Colorado. The purpose of this investigative research was primarily to produce a
sufficiently complete list of large storms so that it was nearly certain that the largest
storms to have ever been observed in or near Colorado were captured. Secondly, by
compiling a large list of storms, it is possible to learn the climatological aspects of extreme
precipitation in and near the high elevations of Colorado and the central Rocky Mountain
region.



Table 1. Maximum observed one-hour precipitation totals (in hundredths of an inch) by

month and year for the National Weather Service cooperative weather station at Ouray,
Colorado, 1947-1993.

Year Jan Feb Mar April May Jun Jul Aug Sep Oct Annual
1947 26 25 12 12 26
1948 18 10 27 15 17 9 20 23 14 13 18 11 27
1949 19 10 12 10 17 27 20 25 15 15 12 13 27
1950 14 21 14 0 0 10 19 3 17 4 9 18 3N
1951 1 9 15 17 9 9 - 18 15 10 20 26 18 26
1952 9 16 14 15 15 1 52 36 10 0 10 12 52
1953 24 7 13 10 22 14 64 14 S5 25 5 13 64
1954 3 13 1 4 32 18 24 8 27 15 16 14 32
1955 14 10 14 10 18 12 43 51 13 8 10 6 51
1956 16 1 2 17 10 19 17 15 4 14 10 12 19
1957 17 10 7 18 20 30 14 26 12 14 17 6 30
1958 9 17 9 6 29 5 ) 29 44 30 26 3 44
1959 9 14 5 19 11 6 10 36 1 10 26 13 36
1960 13 17 30 21 13 4 21 10 25 15 20 7 30
1961 8 4 13 14 6 16 58 32 20 22 16 5 58
1962 10 8 23 13 16 4 17 17 37 26 11 8 37
1963 9 13 11 11 15 17 26 18 15 16 15 10 26
1964 14 7 ) 10 19 5 19 61 18 11 12 14 61
1965 17 28 13 10 19 17 34 33 18 16 16 19 34
1966 12 7 16 12 10 18 25 46 21 12 10 20 46
1967 9 1 15 10 18 10 62 18 13 9 13 10 62
1968 13 15 6 18 18 3 39 16 12 14 8 10 39
1969 14 19 15 25 9 28 35 20 20 10 10 3 35
1970 18 10 7 13 8 26 13 35 29 13 1 10 35
1971 6 5 7 13 12 10 25 28 27 9 12 6 28
1972 10 5 12 11 7 16 10 18 18 12 12 18
1973 7 4 13 22 31 30 40 55 13 8 0 289 55
1974 10 15 13 9 2 14 17 9 11 10 18 9 18
1975 13 5 29 10 11 26 32 33 10 10 4 2 33
1976 9 12 8 11 18 10 26 6 26
1977 6 12 13 14 32 30 47 24 33 15 47
1978 10 6 14 19 8 6 31 15 15 18 19 10 31
1979 13 4 13 17 31 1 10 21 4 21 8 5 31
1980 8 6 8 15 15 0 12 12 10 15 1 7 15
1981 4 8 12 8 19 23 43 52 66 10 13 11 66
1982 15 11 11 9 12 12 23 33 17 8 8 1 33
1983 12 7 11 9 15 28 32 37 12 18 9 18 37
1984 6 7 8 12 0 20 16 15 16 23 10 10 23
1985 12 10 8 14 19 6 18 8 23 13 1 11 23
1986 16 7 10 12 11 108 26 27 27 25 26 6 108
1987 5 15 12 1" 9 8 20 17 19 15 18 7 20
1988 10 5 24 10 14 24 15 18 26 1" 17 14 26
1989 7 9 12 8 11 5 30 14 15 14 4 8 30
1990 8 12 19 16 15 14 37 13 40 20 10 10 40
1991 10 10 10 10 10 10 30 40 10 10 20 10 40
1992 20 10 10 20 20 10 60 20 10 10 10 20 60
1993 10 20 10 10 20 10 10 20 10 10 10 10 20
1994
1995

Max 24 28 30 25 32 108 64 61 66 30 33 29 108

Precipitation in 1/100 of an inch.




Table 2. Maximum observed one-day precipitation totals (in hundredths of an inch) by
month and year for the National Weather Service cooperative weather station at Ouray,

Colorado, 1893-1995.

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
1893 9
1894 42 55
1885 325 100 110 39 100 50 35 118 62 32 150 60 325
1896 40 90 70 70 70
1914 90 83 60 64
1915 125 70 75
1941 36 61 41 54 176 93 40 32 100 128 47 49 176
1942 40 30 45 73 35 20 34 38 66 69 15 40 73
1943 38 25 64 6 107 107 96 64 49 99 37 89 107
1944 43 15 175 150 20 94 59 43 32 91 96 43 175
1945 16 48 61 85 44 34 67 39 27 94 39 49 94
1946 40 17 88 57 75 6 42 54 23 65 " 30 88
1947 28 S0 34 70 32 88 99 61 63 154 34 30 154
1948 25 49 78 101 46 47 39 27 25 44 40 37 101
1849 34 25 51 65 32 72 4 26 40 60 30 30 72
1950 56 72 48 0 0 43 50 48 46 24 89 33 89
1951 38 52 52 30 23 14 31 21 62 100 47 37 100
1952 24 44 39 51 40 5 66 60 47 4 22 31 66
1953 48 26 30 60 73 32 82 42 10 11 55 33 111
1954 10 29 20 12 S0 20 79 19 66 37 54 45 79
1955 35 49 45 53 62 47 66 55 27 22 42 56 66
1956 49 26 36 54 26 28 53 34 10 56 39 25 56
1957 70 36 47 66 74 79 58 68 19 61 75 12 79
1958 54 66 22 74 29 12 16 38 62 65 60 27 74
1959 39 36 42 56 34 19 27 92 77 120 29 24 120
1960 65 73 76 77 56 29 37 16 66 40 44 61 77
1961 48 37 58 72 32 46 53 48 71 137 52 29 137
1962 32 58 61 57 104 16 33 20 85 119 45 20 119
1963 50 41 36 32 28 30 54 38 40 158 34 50 158
1964 29 42 47 50 33 25 39 112 37 13 96 38 112
1965 56 80 75 21 103 65 51 49 118 118 41 69 118
1966 22 20 25 81 24 43 50 55 33 43 34 120 120
1967 32 32 26 70 40 22 133 58 63 98 31 51 133
1968 41 110 21 36 41 8 56 45 36 62 28 67 110
1969 69 56 32 32 36 136 52 37 44 195 50 43 185
1870 32 22 46 60 32 47 38 88 129 69 107 31 129
1971 14 51 62 35 87 13 29 52 89 133 50 61 133
1972 30 16 46 41 19 20 53 20 62 124 4 70 124
1973 40 10 60 58 140 109 101 87 74 24 40 69 140
1974 41 62 42 54 2 66 39 19 47 32 76 41 76
1975 63 32 101 61 53 60 59 85 27 48 79 29 101
1976 62 70 4 74 42 13
1977 52 76 51 61 21 66 62 87 129 71 66
1978 63 23 65 56 41 19 49 45 40 123 133 83 133
1979 151 23 86 88 43 116 21 26 8 111 62 16 151
1980 68 60 47 37 45 0 19 33 19 65 41 23 68
1981 20 34 83 32 " 47 73 65 95 58 34 81 95
1982 55 66 41 47 210 16 45 123 66 51 56 45 210
1983 35 64 82 48 70 57 52 43 33 38 91 119 119
1984 39 81 70 82 52 80 50 40 56 111 41 58 111
1985 48 70 65 75 127 22 54 25 94 48 55 24 127
1986 49 45 85 98 74 131 80 69 111 42 131 32 131
1987 21 9 48 85 48 46 53 63 21 41 74 24 91
1988 36 67 109 41 115 45 25 75 118 16 99 67 118
1989 38 53 38 28 31 13 55 81 70 67 11 51 81
1990 12 71 114 162 n 16 72 47 89 103 82 18 162
1991 61 74 59 53 55 44 67 43 23 57 83 27 83
1992 40 46 i1 64 100 61 90 43 29 47 68 74 111
1993 57 77 59 69 90 43 17 61 51 44 n 44 90
1994 74 59 39 55 34 30 47 39 52 85 60 51 85
1995 49 35 109 89 70 71 78 81 48 27 61
1996 ’
Max 325 110 175 162 210 136 133 123 129 195 150 120 325

Precipitation in 1/100 of an inch.



Maximum Observed Precipitation Amounts
for Specified Durations
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Figure 1. Ranked annual maximum precipitation totals for Ouray, Colorado, 1948-1993,
for durations of one hour, three hours, six hours, 24 hours, 48 hours and 72 hours.




A variety of sources were used in determining the comprehensive Colorado storm list.
The data described in section 1 above was a key starting point. Other important sources
included Storm Data (a monthly government publication) reports, Colorado Climate
Center records, special engineering and consulting meteorologist’s studies, Colorado
Department of Natural Resources Division of Water Resources flood reports, U.S.
Geological Survey documents and reports including Water-Supply Paper 997, Floods in
Colorado, by Robert Follansbee and Leon R. Sawyer, local site-specific Probable
Maximum Precipitation consulting reports, and the formal federal Hydrometeorological
Reports Technical Paper Report Series and Storm Rainfall in the United States. Special
storm files maintained at the Denver Federal Center by the U.S. Bureau of Reclamation,
Flood Hydrology Group were also utilized extensively. Local sources such as historical
profiles and newspaper accounts were investigated to some extent, but this proved too
time consuming.

A simple definition of Extreme Precipitation was needed in order to easily and quickly
determine which storms qualified for consideration. Arbitrarily, it was determined that any
storm that exceeded the 100-year storm precipitation amounts for the specified storm
duration as published in the NOAA (National Oceanic and Atmospheric Administration)
Atlas 2, Precipitation-Frequency Atlas of the Western United States, Volume III —
Colorado (1973) qualified for consideration. Also, storms that did not exceed published
100-year storm amounts but which were extraordinary in other ways — large in area, long
in duration or some combination of both — also could be considered.

Storms that did not exceed NOAA Atlas 2, 100-year values were still included if they
were already included on existing extreme precipitation lists such as those included in
Federal Hydrometeorological Reports for this region.

Each storm was given a brief descriptive name, usually based on the town, river or other
landmark nearest the center of heaviest precipitation. A state name was assigned to each
storm based on the state in which the heaviest precipitation fell. (Note: with large general
storms, several states may receive heavy precipitation at the same time.) The date listed
for each storm was the date on which the heaviest precipitation fell or the period of
consecutive days when a larger storm system or episode first began and finally ended.
Each storm was assigned one or more geographical regions based on a simple 6-region
system as shown on Figure 2. Storms were categorized using a highly simplified
meteorological typing scheme: 1) General (G) storms which were large multi-state storm
systems accompanied by a clearly defined low pressure system and/or frontal boundaries,
2) Local Convective (LC) storms which were localized thunderstorms or thunderstorm
complexes not clearly associated with large-scale atmospheric lifting mechanisms, and 3)
Local Convective Storms embedded within General storm systems (GLC). Storms with
air masses of tropical origin were not treated or categorized separately. A single latitude
and longitude was assigned to most storms based on an estimate of the coordinates where
the heaviest precipitation fell.
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Two columns, “Maximum Precipitation” and “Remarks,” were used to cryptically describe
the heaviest rains associated with each listed storm. This was very inadequate for
providing detailed storms descriptions, but was intended to provide sufficient information
to a reader to allow a quick assessment as to the significance of the storm without
additional research. For most storms, the “Maximum Precipitation” column listed the
largest observed or estimated precipitation amount for each storm, if known. The
“Remarks” column added supplemental reports or a very brief description of impacts. The
storm list ends with two additional columns that indicate if information about the storm is
on file at the U.S. Bureau of Reclamation Flood Hydrology Section at the Denver Federal
Center and if a Depth-Area-Duration analysis has been performed.

The storm list contains very abbreviated information and was only intended to serve as an
index. More comprehensive information for each storm is contained in paper files
constructed and archived at the Colorado Climate Center on the Colorado State
University Foothills Campus. These files contain a wide range of data which vary
considerably from one storm to another. Examples include statewide precipitation data,
copies of original hand-written observation forms, U.S. weather maps, Storm Data
reports, upper-air soundings, isohyetal maps, depth-area-duration analyses, news
accounts, and research reports. More attention was given to the approximately 30 most
extreme storms. Little information was added to the files of the less significant storms due
to time limitations imposed by the project. Streamflow data associated with each storm
including total and peak discharge, areas affected and return-period analysis would be a
useful addition to each storm file. Unfortunately, time and resources ran out before this
step was completed.

An informal but very beneficial review process was utilized in assembling the storm list. A
preliminary compilation of storms was distributed midway through the project to about 20
precipitation and flooding experts in Colorado. This review helped identify a number of
addition storms and also pointed out some errors in the original list. Then in October
1996 near the end of this phase of the project, the Extreme Precipitation Committee,
invited by the State Engineer reviewed final storm list results.

Appendix A is a copy of the storm list as it appeared at the end of the project period in
October 1996. This list has proven to be fluid as new storms continue to come to our
attention. This is especially true for local convective storms which are often small is size,
short in duration and often not captured well by traditional data sources.

Evaluations of the validity of storm reports were conducted. Storms on the list that were
considered suspect for any of a variety of reasons were marked as such and subjected to
special scrutiny. They were not, however, removed from the comprehensive storm list
since the precipitation records most likely appear as published and documented in several
places and will likely be encountered in future precipitation studies. A special list of
“Suspect” storms was compiled (see Appendix B). These questionable extreme storm
reports were discussed by a committee of experts at a special project review meeting near
the end of this portion of the project in October 1996. The results of this discussion



appear with the table in Appendix B. Some of these storms have already been studied in
detail.

Large precipitation reports that are potentially significant to the design of high elevation
dams and spillways but which appear totally or partially erroneous present serious
problems in the analysis of extreme precipitation. Verification or disapproval of the
validity of precipitation observations is a difficult process requiring detailed
meteorological information and also local streamflow records. By associating properties
of storms (area, intensity and duration) to observed runoff and streamflow conditions,
validity of storms can be assessed. Results of selected storm evaluations follow:

There is considerable evidence that suggests that the Gladstone storm of October 1911
was a major and legitimate large storm. However, the local report of over eight inches of
rainfall in 24 hours was considered questionable by several who have investigated that
storm in detail. Reports of flooding were not consistent with widespread heavy rains of
that magnitude. While the majority of committee members reviewing the storm doubt the
validity of the individual Gladstone report, it is possible it could have occurred over a very
localized area.

There is scientific agreement that several large rain reports during the 1930s from
Leadville, including a 4.25” report in less than one hour in July 1937, were all inaccurate
due to unrepresentative precipitation measurement methods which included the use of a
special device for wind protection and improving winter snow catch that may have
enhanced summer rainfall.

A recorded 5.25 inch rainfall in a short period at Cimarron in June 1952 appears to be the
result of a gauge reading error by the observer. During a period of several years, a
number of similar large daily precipitation amounts were reported by the same observer,
suggesting a pattern of observational errors. Other reports included 3.60 inches on
September 21, 1952 and 6.00 inches reported January 20, 1962. When these values were
divided by 10, the Cimarron readings then were very consistent with reports from
surrounding locations for each of those storms. In addition, there was no evidence of
flooding associated with the June 1952 storm.

Most recently, a large high-elevation rainfall report of more than 4 inches in one day in
August 1995 at the Wolf Creek Pass 1E cooperative weather station was investigated
within a month of its occurrence. Again, improper manual rain gauge measurement
procedures resulting in a factor of ten magnification were likely to blame. A substitute
observer took the observation that day who may not have known proper procedures. The
substitute observer was not available for comment. A remote automated precipitation
gauge was operating within approximately one mile of that station and reported 0.40
inches. A team of USGS scientists were also in the area at that time. There was no
evidence of erosion or high stream flows anywhere in that area that day. Because the
storm was investigated quickly, the value was edited prior to digital archival at the
National Climatic Data Center. However, anyone utilizing the original hand-written



record rather than the digital database, will encounter the most-likely-erroneous four-inch
report.

3) Upper Air Analysis

Vertical soundings of temperature, humidity, wind and pressure in the atmosphere above
the ground have been taken on a regular basis at Denver and Grand Junction, Colorado,
for several decades. These data were analyzed as a part of this project in order to provide
a climatological perspective for evaluating extreme precipitation events occurring in or
near the Rocky Mountains in Colorado. This may prove very important as we move
toward greater utilization of numerical simulations of the atmosphere in understanding the
relationships between elevation, topography and magnitudes of extreme precipitation.

Upper air data go back into the 1940s for Colorado, but only the 1958-1992 period was
utilized in this study due to consistency in reporting times and locations. Only data
through 1992 were easily available at the onset of this study. Prior to conducting analysis,
key features of vertical profiles that could explain variations of extreme precipitation as a
function of elevation were identified. Based upon these preliminary determinations,
climatological analyses of the following variable were performed:

e Denver and Grand Junction 0000 and 1200 UTC temperature, humidity, and winds at
three levels above the surface: 700 millibars (approximately 10,000 feet above sea
level), 500 millibars (approximately 18,000 feet above sea level) and 300 millibars
(approximately 30,000 feet above sea level).

e Precipitable water in the atmosphere from the ground surface up to 700 mb and 500
mb.

e Freezing level (height above sea level).

o Height above sea level and the temperature of the Lifted Condensation Level (the level
in the atmosphere where clouds will form if air at ground level is lifted vertically until
it becomes saturated).

For each of these variables, data for each sounding for 35 years were grouped in 10-day
increments from March 1 through November 30 (when nearly all extremely heavy
precipitation events in Colorado have occurred). Values were sorted, ranked and assigned
probabilities of non-exceedance. Figures 3-6 show examples of the resulting probability
distributions for Denver and Grand Junction, respectively, for each of several variables.
These analyses provide a valuable climatological perspective from which extreme
precipitation characteristics can be investigated. For example, typically temperatures aloft
are warmest from late June into mid August. However, maximum precipitable water is
limited to late July into August, but upper level winds at that time of year are normally
quite light. Lifted Condensation Levels (LCL) are more complex since they relate to
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Cumulative Distribution levels for Denver

700 mb temperatures (deg C)
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Cumulative Distribution levels for Grand Junction
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Figure 3. Non-exceedance probability distributions for 700 millibar temperatures (°C) at
Grand Junction and Denver, Colorado, for the period March through November based on

1958 through 1992 upper air soundings.
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Cumulative Distribution levels for Denver
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Figure 4. Non-exceedance probability distributions for the height in meters above sea level
of the atmospheric freezing level at Grand Junction and Denver, Colorado, for the period
March through November based on 1958 through 1992 upper air soundings.
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Cumulative Distribution levels for Denver
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Figure 5. Non-exceedance probability distributions for the calculated depth of precipitable
water (in centimeters) between the ground surface and 500 millibars at Grand Junction and
Denver, Colorado, for the period March through November based on 1958 through 1992
upper air soundings. .
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Cumulative Distribution levels for Denver
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Figure 6. Non-exceedance probability distributions for the height in meters above mean
sea level of the Lifted Condensation Level at Grand Junction and Denver, Colorado, for
the period March through November based on 1958 through 1992 upper air soundings.
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temperatures and humidity near the surface and the rate of cooling of the atmosphere with
height. The height of the bases of convective clouds can be estimated using the LCL. It is
interesting the cloud bases are typically highest in late June — a time when the frequency of
extreme precipitation events in Colorado is low.

For each of the storms assembled on the final list of most extreme storms affecting
Colorado that have occurred since 1958, soundings were extracted and examined both for
Grand Junction and Denver and also for upper air sounding sites in adjacent states —
Albuquerque, New Mexico; North Platte, Nebraska and Salt Lake City, Utah.

An item of particular interest in this study was determining how unusual upper
atmospheric conditions were during extreme precipitation events with respect to the
“normal” range of conditions shown in Figures 3-6. Soundings taken at Grand Junction
and Denver near or during the time of several of the extremely heavy storms were
analyzed and the results compared to the normal climatological ranges to see if those days
stood out as extremely unusual in terms of any of these variables. What we discovered
was that for nearly all of the storm events tested, sounding conditions for any single
variable were not extreme. Precipitable water was usually more than the 50th percentile
and often more than the 75th percentile but did not exceed the 95th percentile. Upper
level temperatures varied widely. Freezing levels also were highly variable but were
typically higher than the median, especially for summertime Local Convective storms.
Lifted Condensation Levels were usually lower than normal, but not necessarily extremely
low.

There are a number of reasons why these results are not surprising. First, the soundings
were usually taken some distance away (both in time and space) from the extreme storm
events in question. Therefore, these soundings did not truly indicate the atmospheric
conditions in the immediate vicinity of each heavy rain storm. Secondly, a two-
dimensional sounding, while informative, certainly does not describe all features of the
three-dimensional atmosphere in which a storm develops and exists. For example,
important features of surface convergence and upper air divergence will not be identifiable
from a single sounding.

The environment of the storms have two critically important characteristics. One is the
thermodynamic structure of the atmosphere and the second is the dynamic features of the
atmosphere. The upper air sounding describes primarily the thermodynamic features. The
dynamic features are equally important, but each individual sounding contains little
information to define the dynamic environment. Consequently, the soundings produce
useful but not definitive information about the storm environment.
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4) USGS Streamflow Analysis

Streamflow data provide an alternative approach for investigating extreme storms.
Through the integration of rainfall magnitudes (depth), storm area and duration,
streamflow provides important evidence of both the existence and the extent of heavy
precipitation.

Streamflow data available from the U.S. Geological Survey were utilized in this study to
examine large storm events by identifying the magnitude and extent of observed high
flows. Streamflow data were used in this study in two different ways. First, streamflow
records from all portions of Colorado were examined to identify possible extreme storms
that had not been detected by precipitation reports. Secondly, streamflow records were
used in conjunction with extreme precipitation reports to help identify potentially suspect
and erroneous precipitation reports. It is known and understood that extreme rainfall does
not equate directly to extreme high flows so that rainfall may not be strictly inferred or
verified solely from records of peak streamflow events. The storm area and duration
along with basin geology, vegetation and land use all influence the amount of streamflow
resulting from a specified magnitude of rainfall. For the purposes of this study, however,
storms producing high streamflow were given greater weight than storms with similar
maximum reported precipitation but yielding much lower streamflows.

Analyses of streamflow records, including both direct (gauged) and indirect (manually
surveyed) observations, were conducted by John England, a graduate student in Civil
Engineering at Colorado State University at the time of the project. Dr. Robert Jarrett
originally developed this set of peak flow measurements. Dr. Jarrett of the U.S.
Geological Survey in Denver, Colorado, along with Dr. Thomas McKee and Nolan
Doesken of the Colorado Climate Center offered guidance and review. The results of this
work are included in Appendix C.

This investigation of streamflow records produced several results and conclusions. The
magnitude of observed peak flows associated with storms on this storm list were highly
variable ranging from extreme peak flows of record for events such as the Big Thompson
flood of 1976 and Plum Creek and related storms in June 1965 to relatively minor peaks
associated with other large storms. For the purpose of selecting a final list of most
extreme storms for future consideration, priority was given to storms that included both
very heavy rainfall reports and large peak flows.

Not enough work was done in this project to fully utilize streamflow records to help
identify very intense and usually quite localized convective storms that were not previously
identified based on precipitation records. Several large unit discharges that could be
associated with local storms of two to four inches of rainfall in short time periods (30
minutes to two hours) were observed from very small basins but were not looked at
closely since streamflow volumes farther downstream on larger rivers were not
significantly affected. Had there been more time and resources allotted for streamflow
analyses, undoubtedly many more candidate Local Convective storms could have been
identified and added to the list. This was not pursued, however, due to the relatively short
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amount of time allocated to this project and also due to the fact that these storms did not
appear to greatly exceed others already documented with both precipitation observations
and streamflow information.

5) Site Specific Studies and Data From Other States

Evaluations of extreme precipitation are ongoing in other states outside of Colorado.
Montana, Wyoming and Utah are or have been conducting studies pertaining to
uncertainties in estimates of probable maximum precipitation affecting spillway design in
the Rocky Mountain region. The National Weather Service Office of Hydrology has been
completing an update of precipitation-frequency statistics including estimates of return
period precipitation amounts for 100 to 1,000 years for the neighboring states of New
Mexico, Arizona and Utah. Also during recent years there have been a small number of
site specific analyses of probable maximum precipitation performed by meteorological
consultants in support of water storage projects being designed and built. These reports
could contain information about extreme local storms that may not have otherwise been
included.

An effort to collect and assemble information on site specific studies and data from nearby
states was undertaken with the help of Alan Pearson of the Colorado State Engineer’s
Office. A set of formal reports as well as informal data tabulations were assembled from
surrounding states along with reports containing site specific evaluations of probable
maximum precipitation for locations in Colorado. All reports were read, some were saved
as a part of the hardcopy Extreme Precipitation Data Study archive at the Colorado
Climate Center and other reports were returned as requested Several additional storms
from both in and outside of Colorado were identified as a result of this activity.

The following is a list of some of the reports and data sources assembled:

e A Centennial Survey of American Floods. Fifteen Significant Events in the United
States 1890-1990. NOAA Technical Memorandum NWS SR-133. Fort Worth, TX.
October 1990.

e Characteristics of Extreme Precipitation Events in Washington State. Washington
State Department of Ecology, Water Resources Program. Melvin G. Schaefer.
Olympia, WA October 1989.

e Estimating Bounds on Extreme Precipitation Events. National Research Council,
National Academy Press. Washington D.C. 1994.

e Greatest Known Areal Storm Rainfall Depths for the Contiguous United States.
NOAA Technical Memorandum NWS HYDRO-33, Silver Spring, MD, December
1976.
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Probable Maximum Precipitation over South Platte River, Colorado and the
Minnesota River, Minnesota. Hydrometeorological Report No. 44, Washington, D.C,,
January 1969.

Probable Maximum Precipitation Estimates, Colorado River and Great Basin
Drainages. U.S. Dept. of Commerce, U.S. Department of Army,
Hydrometeorological Report No. 49. Silver Spring, MD, September 1977.

Probable Maximum Precipitation Estimates — United States Between the Continental
Divide and the 103rd Meridian. U.S. Dept. of Commerce, U.S. Department of Army,
U.S. Dept. of Interior, Hydrometeorological Report No. 55. Silver Spring, MD,
March 1984, and No. 55 A (revised), 1987.

Probable Maximum Precipitation Estimates for Short Duration, Small Area Storms in
Utah. Presented at the May 1995 American Association of Dam Safety Officials
Western Regional Conference, Red Lodge, MT, May, 1995.

Statistical Analysis of Extreme Precipitation in Wyoming (Master’s Thesis), Daniel C.
Eastwood, Dept. of Statistics, Univ. of Wyoming, Laramie, WY, August 1995.

Evaluation of Design Criteria for Hazardous Dams (Master’s Thesis), Jerry L.
Buckley, Dept. of Civil Engineering, Univ. of Wyoming, Laramie, WY, August 1995.

Paleoflood Reconstructions within the Animas River Basin Upstream from Durango,
Colorado (Master’s Thesis), Jonathan William Pruess, Earth Resources Department,
Colorado State University, Fort Collins, CO, Spring 1996.

Paleoflood and Streamflow Data to Describe the Spatial Occurrence of Rainfall and
Snowmelt Floods in Wyoming (Master’s Thesis), Dianne L. Brien, Department of
Geology and Geophysics, University of Wyoming, Laramie, WY, May 1996.

Interdisciplinary Paleoflood Investigation of the Muddy Creek Basin for Retschard
Dam near Kremmling, Colorado. Dr. Robert D. Jarrett, U.S. Geological Survey
Water Resources Division, Denver, Colorado, in cooperation with the Colorado River
Water Conservation District, Glenwood Springs, CO 1996.

Unique Meteorological Aspects of the Williams Fork Drainage Basin in Colorado.
Loren Crow, CCM, Denver, CO, 1995.

Site-Specific Probable Maximum Precipitation (PMP) Study of the Muddy Creek
Drainage Basin in Colorado. Dr. Edward M. Tomlinson and Mark Solak. NAWC
Report AR 94-4, North American Weather Consultants, Salt Lake City, UT, October
1994.
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e Hydrologic Design Data Acquisition, Determination of an Upper Limit Design Rainfall
for the Colorado River above Hoover Dam. Prepared for the U.S. Dept. of Interior
Bureau of Reclamation by Morrison-Knudsen Engineers, Inc. March, 1989.

Several other site-specific studies of probable maximum precipitation have been done
during the past several years for high-elevation watersheds in Colorado. These reports
can be obtained from the Colorado State Engineer’s Office in Denver.

6) Reports and Presentations

During the course of this project, there were several opportunities to present preliminary
results at conferences and workshops. Three written papers were submitted and
additional oral presentations were given, all prior to the completion of a final storm list.
The opportunities to speak to a variety of audiences during preliminary phases of this
project offered excellent opportunities to share the goals of this project with other storm
experts and to encourage assistance in learning about extreme storms that have occurred
throughout Colorado. The written papers are included in this final report in Appendix D.
It is likely that presentations will continue to be given utilizing final lists and compilations
contained in or discussed in this report, since there is considerable public interest in heavy
precipitation in Colorado.

7) Workshop on Potential to Model Extreme Precipitation Events

a. Introduction

A workshop to discuss and evaluate the potential of mesoscale numerical models to
simulate large convective storms at various elevations and to understand the variation of
precipitation with elevation was held at CSU on April 19, 1996. The agenda for the
workshop is given in Table 3 and the list of attendees is given in Table 4. The clear intent
of the workshop was to explore the potential application of large state-of-the-art
mesoscale numerical models with three-dimensional capability. Three models were
included in the workshop. They are the Colorado State University Region Atmosphere
Model System (RAMS), the National Center for Atmospheric Research (NCAR) MM5
model, and the model developed by Terry Clark at NCAR. These three models
encompass most of the capabilities of present-day numerical meso-scale simulations.

One of the purposes of the workshop was to help reduce the uncertainty of the present
understanding of the variation of extreme rainfall as a function of elevation. Two separate
perspectives exist in the literature regarding the variation of extreme precipitation with
elevation on the Front Range of Colorado. Firstly, the estimates of Probable Maximum
Precipitation (the maximum rainfall that nature can produce) including 24-hour
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precipitation amounts of at least 15 inches above 10,000 feet (see Hansen et al., 1988).
Secondly, the analysis of streamflow by Jarrett and Costa (1982) shows the peak
streamflow on many streams in the Front Range above approximately 7,500 feet are due
to snowmelt and not extreme rainfall events. The paleohydrologic work by Jarrett and
Costa (1988) to estimate past floods would suggest that the stream channels above 7,500
feet have not experienced large rain produced floods in the past 10,000 years. These two
perspectives are not necessarily in conflict, but they do raise a significant scientific
question of what level of probability of a storm event should dams be expected to provide
protection from floods. If the numerical models could simulate large rainstorms at higher
elevations, the controlling physical processes could be identified and used to improve our
understanding of this phenomena.

The format of the workshop was to start with a series of presentations by individuals with
experience developing and/or using large models. They included Bill Cotton (CSU), Terry
Clark (NCAR), John Snook (NOAA) and Harry Orville (SDSMT). Lou Schreiner also
gave a brief discussion of the plans of the USBR to use models to contribute to the PMP
work.

b. Presentation summary

Bill Cotton’s presentation included a series of experiences with the CSU-RAMS model
and some speculation of the use of RAMS to simulate storms at higher elevations with
heavy rain. He indicated that a spatial resolution of 1-2 km would be required to simulate
large storms. He anticipated the environment of the large storms includes:

e synoptic ridge

e shortwave trough
e low level jet

e stationary front

e weak winds aloft
®

weak vertical shear

Initialization of the model is very important and information of soil moisture and
vegetation is really needed. He hypothesized that dry soil at higher elevations could lead
to stronger upslope winds in developing convection.

In regards to the idea that there might be an elevation limitation on heavy rain, he thought
high mixing ratio air might be used by storms before it gets to high elevations and that
much of the high elevation precipitation could fall as hail. He talked about the complexity
of the cloud microphysics and indicated that the newest version was not running in the
model at this time.

Terry Clark discussed the use of the Clark model in several areas which included wind
storms, forest fires, and a project specifically related to precipitation in Arizona for both
summer flash floods and winter precipitation. He showed comparisons of model
simulations with observations of precipitation. Results of the comparisons indicated the
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model can produce quantitatively good precipitation estimates both in magnitude and
spatial location. These results include mesoscale phenomena with considerable spatial
variation. He indicated a 2.7 km grid had been used and increased resolution would be
desirable for convection. He thought increased spatial resolution would also increase
precipitation in some locations. He would like to see the model simulate rain and then
include the simulation of run-off.

Lou Schreiner presented an outline of how he saw the Bureau of Reclamation using large
models. He is primarily interested in estimates of Probable Maximum Precipitation which
is the maximum storm that nature can produce. He would like the models to be able to
help with estimates of PMP on the plains and in the mountains, in regard to the
transposition of storms from one location to another, and in variations with elevation. He
plans to utilize the existing models.

John Snook has been running the CSU-RAMS and the NCAR-MMS5 model in essentially
an operational mode at a horizontal resolution of 10 km for Colorado starting each 12
hours. He used a special NOAA system to obtain data analyzed on a 10 km grid for
initialization. At present the system is constrained by computer resources and real-time
operational requirements. His evaluation is that the mesoscale models are capable of
providing reliable answers to large convective storms. He agreed that the grid spacing
must be smaller than 10 km.

Harry Orville (South Dakota School of Mines and Technology) spoke primarily about the
Black Hills of North Dakota which are dimensionally approximately 200 km in the north-
south direction and 100 km in the east-west direction with elevations much lower than the
Rocky Mountains. He showed a series of very detailed simulation results for the 1972
flood event in the Black Hills. This event had up to 15 inches of rain. He talked about 2D
and 3D simulations. He thinks quite a lot can be learned from the 2D simulations, but the
3D model results are needed to locate the storm relative to the topography.

c. Discussion

The discussion following the presentation included all of the participants and was
orientated to four topics which included:

e capability to simulate events,
e capability to verify events,
e time and cost.

Most of the time was spent on the first of these topics but a summary of each is given
here.

Each group using the models (Clark, RAMS, MMS) thought the models could be used to
simulate large convective storms successfully. Everyone agreed the grid spacing had to be
near 1 km. More discussion emerged regarding initialization, cloud microphysics, surface
vegetation and soil moisture, and use of 2D versus 3D models.
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Two views emerged in regards to initialization. One was that past storms could be
simulated with a moderate effort. The second was that the initialization was a significant
problem and that more progress could be made by watching for good cases in the future
and then perturbing the conditions to make the storm rain more than it actually did or to
move the storm from one location to another. Both views have merit and both should be
considered worthwhile. A caution was raised that some of the past storms may not have
enough information available for simulations.

The discussion of cloud microphysics had two thrusts. If higher elevations are involved

and some of the precipitation could fall as ice, then the more sophisticated microphysics

versions will be required. If temperatures are warm enough that all precipitation will be

rain, then the group had more diversity in their opinions about the need for sophisticated
microphysics. The need to understand how the storms change as they occur at different
elevations led to more agreement about the need to use advanced cloud microphysics.

The importance of surface vegetation and soil moisture was raised as a concern but no
uniformity of opinion was reached. Several participants thought the sensitivity of the
models to variations in these parameters should be explored. The main idea is that dry soil
could lead to warmer surface temperatures and could lead to larger inflow wind speeds
and perhaps a way to give preferential locations for storm development. Everyone was
concerned and uncertain how information about soil moisture could be obtained.

Experience in the Black Hills area indicates that 2D and 3D model simulations can be
important to understand large storm characteristics. Due to cost and time involved in the
simulations, many more 2D simulations can be done for given resources but the 3D is
needed to get the most information about storm structure and the three necessary storm
properties of depth, area, and duration. A critical reminder that the Black Hills do not
extend above 7,500 feet is always needed. One conclusion is that 2D simulations may
have utility when applied to Colorado’s high elevation topography.

The capability to verify large storm events is related to the current system of radars,
surface and upper air observations, and analysis of these data. The new WSR-88D radars
(Cheyenne, WY Denver, Pueblo, and Grand Junction, CO) have a high probability of
capturing most storms and will observe storm area and duration well with total
precipitation somewhat less accurate due primarily to effects of ice and hail. The radar
will also provide observation of wind in the storms that can be compared with model
simulations. The conclusion of this discussion was that a major effort should be made to
capture all data related to future large storms.

The discussion of time and cost were not as definitive as the other topics. The discussion
centered on ideas put forward by CSU and NCAR. Much of the discussion centered on
the time and cost to simulate storms from the past. This dealt with the question of
initializing the models. Each group agreed that once one of the large storms had been
simulated well then others would be easier and quicker. Each group agreed that
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simulating a storm with current information for initialization would be quicker and less
costly. Another interesting part of the discussion was related to the question — once a
large storm has been simulated, how do we move the storm in the mountain areas to
another location at higher or lower elevation? This will not be known until several
methods are tried to learn what is successful. It was clearly recognized that the ability to
move storms to slightly different areas was important to future planning and decision-
making in Colorado. The estimates of cost and time while not precise, were targeted near
a total of $300,000 and 2 years. A final comment is that the confidence in the results of
the model simulations would be much higher if two different models produced similar
results.
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8:30 am
9:00
9:15
9:45
10:15
10:30
11:00
11:30
noon
1:00 pm
1:30
2:30
2:45

3:30
4:00

Table 3. Meeting Agenda for
Workshop on the Potential to Model Large
Convective Storms in Complex Terrain

Friday, April 19, 1996

Tom McKee, Coordinator

Room 113, H. Riehl Conference Room
Department of Atmospheric Science
Colorado State University
Fort Collins, Colorado

Light breakfast

Welcome and Introduction — Tom McKee, CSU
Historical Storms and Scientific Uncertainty
Model Perspective — Bill Cotton, CSU

Break

Model Perspective — Terry Clark, NCAR

New Project — Lou Schreiner, USBR

Model Perspective — John Snook, NOAA
Catered Lunch

Experience in the Black Hills — Harry Orville, SDSMT
Discussion of Current Status and Plans

Break

Definition

1) Capability to simulate events
2) Capability to verify events
3) Time and effort

4) Cost

Summary
Adjourn

24



Table 4. List of Attendees

Workshop on the Potential to Model Large Convective
Storms in Complex Terrain

Friday, April 19, 1996
Department of Atmospheric Science

Colorado State University, Fort Collins, Colorado 80523

Dr. Terry Clark
NCAR, MMM

P.O. Box 3000
Boulder, CO 80307
phone: (303) 497-8978
fax: (303) 497-8181

Dr. William Cotton

Atmospheric Science Department
Colorado State University

Fort Collins, CO 80523-1371
phone: (970) 491-8593

fax: (970) 491-8449

Mr. Loren Crow

Loren Crow Consultants, Inc.
3064 Monroe

Denver, CO 80210

phone: (303) 753-6500

Mr. Nolan Doesken

Colorado Climate Center
Atmospheric Science Department
Colorado State University

Fort Collins, CO 80523-1371
phone: (970) 491-8545

fax: (970) 491-8449

Mr. John England

Civil Engineering Department
Colorado State University
Engineering Research Center
Fort Collins, CO 80523
phone:
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Mr. Paul Gaard

National Weather Service
10230 Smith Road
Denver, CO 80239
phone: (303) 361-0661
fax: (303) 371-5508

Ms. Karolette Greene
Denver Water Board
1600 West 12th Avenue
Denver, CO 80254
phone: (303) 628-6000
fax: (303) 628-6851

Mr. Chuck Haines

Wright Water Engineers

2490 West 26th Avenue, #100A
Denver, CO 80211

phone: (303) 480-1700

fax: (303) 480-1020

Mr. Larry Lang

Department of Water Resources
Colorado Water Conservation Board
1313 Sherman Street, Room 721
Denver, CO 80203

phone: (303) 866-3441

fax: (303) 866-4474

Dr. Dave Matthews

U.S. Bureau of Reclamation
P.O. Box 25007

Denver Federal Center
Denver, CO 80225

phone: (303) 263-0123 X221
fax: (303) 236-0199



Dr. Thomas McKee

Colorado Climate Center
Atmospheric Science Department
Colorado State University

Fort Collins, CO 80523-1371
phone: (970) 491-8545

fax: (970) 491-8449

Dr. Mike Meyers

National Weather Service Office
792 Eagle Drive

Grand Junction, CO 81506-8646
phone: (970) 243-7007

fax: (970) 241-3259

Dr. Harry Orville

South Dakota School of Mines and
Technology

Institute of Atmospheric Sciences
501 East Saint Joseph’s Street
Rapid City, SD 57701

phone: (605) 394-2291

fax: (605) 394-6061

Mr. Alan Pearson

Division of Water Resources
Dam Safety Branch

1313 Sherman Street, Room 818
Denver, CO 80203

phone: (303) 866-3581

fax: (303) 866-3589

Mr. Frank Robitaille
Henz Meteorological Services

2480 West 26th Avenue, Suite 310B

Denver, CO 80211
phone: (303) 458-1464
fax: (303) 458-5309

Mr. Louis Schreiner

U.S. Bureau of Reclamation
P.0. Box 25007, Code D-5751
Denver Federal Center
Denver, CO 80225

phone: (303) 236-0123

fax: (303) 236-0199

Dr. John Snook
NOAA/FSL, R/E/FS1
325 Broadway
Boulder, CO 80303
phone: (303) 497-5354
fax: (303) 497-7262

Mr. Steve Spann

Division of Water Resources
Dam Safety Branch

1313 Sherman Street, Room 818
Denver, CO 80203

phone: (303) 866-3581

fax: (303) 866-3589

Mr. Richard Stodt

U.S. Bureau of Reclamation
P.0. Box 25007, Code D-5751
Denver Federal Center
Denver, CO 80225

phone: (303) 236-0123

fax: (303) 236-0199

Mr. Larry Tunnell

National Weather Service Office
10230 Smith Road

Denver, CO 80239

phone: (303) 361-0666

fax: (303) 371-5508

Dr. Doug Wesley

National Weather Service Office
1301 Airport Parkway
Cheyenne, WY 82001-1549
phone: (307) 772-2376

fax: (307) 772-2099

Dr. Paul Wolyn

National Weather Service Office
#3 Eaton Way

Pueblo, CO 81001-4856
phone: (719) 948-9429 X965
fax: (719) 948-4039



8) Recommended Final Storm List and Associated Data Resources

The culmination of the Extreme Precipitation Data Study was the selection of a subset of
extreme storms that represent the heaviest rains that have been documented in Colorado in
the various regions of the state during the period of instrumental record. A recommended
set of storms was presented at an all-day meeting of the Extreme Precipitation Committee

convened by the State Engineer’s Office on October 24, 1996. Based on
recommendations of the committee, a few minor changes were made to the proposed list
with the final results appearing in Table 5. Approximately 10 percent of all storms on the
overall storm list were included in this final set. Note that the majority of storms on this
list have occurred since 1950. For storms with relatively similar rainfall amounts and peak
flows, more recent storms were selected due to greater availability of supporting
meteorological data (radar, satellite, soundings, surface observations, etc.) that could be

essential for numerical modeling applications.

Table 5. Recommended final list of storms for consideration in investigating extreme
rainfall potential in the Rocky Mountain region of Colorado. Locations of climatic regions
are shown on Figure 2, page 7.

No. Storm Name Date Maximum Precipitation Chm.atlc
Region

15 Western Colorado Oct. 10-15, 1899 5” widespread 6

23 Livermore/ Boxelder May 20-21, 1904 8” 2

40 San Juans/ Gladstone Oct. 4-6, 1911 4-8” 3

61 Penrose/ Pueblo Jun. 2-6, 1921 6-12” 2

63 Steamboat Springs Jun. 14, 1921 3” 4and 6
76 Mesa Verde Aug. 3, 1924 3.5”/ 45 minutes 3and 5
74 Savageton, WY Sep. 27-29, 1923 17” in two days land 2
79 Palisade Lake Jun. 26-29, 1927 4.7 3
99 Cherry Creck/ Hale May 30-31, 1935 12-24” local centers land 2
113 Front Range Sep. 2-3, 1938 6-10” 2
114 Masonville Sep. 10, 1938 5-7"in 1 hr. 2
135 Lake George Jul. 31, 1945 3.45”/ 1 hr. elev. 8,500 ft. 2
157 Western Colorado Dec. 29-31, 1951 9” snow water equivalent 3,4,5,6
164 Rye May 18-20, 1955 6-13” 2
173 San Luis Aug. 12, 1957 2.9”/ hr. at 8,000 ft. 3
174 Gateway Aug. 21, 1957 3”/ 1.5 hr. 5
175 Morgan, UT Aug. 16, 1958 6-8” 6
181 Pyramid Sep. 20-24, 1961 3-5” 4and 6
200 Plum Creek/ Holly Jun. 16-17, 1965 14-16” 1and 2
195 Gibson Dam, MT Jun. 6-8, 1964 16 2and 4
215 Blanding, UT Aug. 1, 1968 4-6” 5
217 Paonia Aug. 8, 1968 4.5” 5
220 Big Elk Mecadows May 4-8, 1969 6-14” 2and 4
231 SW CO/ Dove Creck Sep. 4-6, 1970 6” 3and 5
234  Rapid City, SD Jun. 9, 1972 15” 2
237 SW CO/ Durango Oct. 19-20, 1972 5 3and 5
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Table 5. Recommended final list of storms for consideration in investigating extreme
rainfall potential in the Rocky Mountain region of Colorado. Locations of climatic regions
are shown on Figure 2, page 7.

No. Storm Name Date Maximum Precipitation Clim atic
Region
242 Sweetwater Jul. 12, 1976 6” 4and 6
243 Big Thompson Jul. 31, 1976 127 2
256 Frijole Creek Jul. 2-3, 1981 8-16” 2
270 Jim Creck Jul. 20, 1983 2” in brief period/ high elev. 4
277 Redstone Jun. 5-8, 1984 3” 3 and 4
304 Deadman Hill Aug. 1, 1989 2.8” at high elev. 4
306 Opal, WY Aug. 16, 1990 7/ 2 hrs. 6
312 Rifle/ Govnmt. Creek May 15, 1993 4/ 2 hrs. 6
313 Delta/ Roubideau Aug. 10, 1993 4/ 2 hrs. 5
315 SW CO/ Wolf Creek Aug. 27-30, 1993 3-6” 3

It is worth noting that the list of storms includes a subset of 11 storms that produced more
than 10 inches of rainfall that stand out as by far the greatest rains reported in Colorado
this century. No storms of this magnitude appear in the observed data in the high
mountains or over western Colorado. By far the greatest propensity for such storms is
along the eastern base of the Rocky Mountain foothills. Numerous other Front Range
storms were not included on the final storm list even though their precipitation amounts
may have significantly exceeded reported extremes for other areas of Colorado. Specific
attention was given to include the most extreme observed General and Local Convective
Storms for higher mountain and Western Slope locations even though rainfall amounts for
these storms may be significantly less than Front Range storms.

Two consulting meteorological firms already familiar with extreme precipitation
characteristics and the application of the probable maximum precipitation concept in the
Rocky Mountain Region were hired as consultants to the Extreme Precipitation Data
Study during the summer of 1996 to expand project expertise. The result of this
participation was more detailed information on extreme storms that influence probable
maximum precipitation estimates at higher elevations in Colorado. A portion of this
consulting work was completed after the October 24, 1996 storm list review meeting.
Written information about individual storms provided by the consultants; Henz
Meteorological Services of Denver, Colorado and Dr. Ed Tomlinson working through
North American Weather Consultants of Salt Lake City, Utah; were filed in the
appropriate storm files and will be retained at the Colorado Climate Center.
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Recommendations — Data collection needed to improve future
estimates of extreme precipitation in the Colorado mountains.

Despite this intensive study of observed extreme precipitation in Colorado, there will
continue to be debate and uncertainty concerning just how heavy high elevation rains
could conceivably be. Some of this uncertainty is well justified considering the sparsity of
long-term precipitation records at elevations above about 9,000 feet in Colorado.

Figure 7 shows the maximum observed one-day precipitation amounts for Colorado
weather stations as a function of elevation. This figure is intended to give a visual
perspective of the variation of rain with elevation although some data points in Fig. 7
could be snow. A set of large one-day amounts which may be in other reports but are not
included in Fig. 7 are given in Table 6 with the appropriate explanation of the occurrence
of snow or an error of including two-day precipitation totals. The 8.05" at Gladstone on
October 5, 1911 is questionable but it was a large rainstorm and has not been rejected for
this figure. Except for the SNOTEL data, very little long-term data have existed at high
elevations. Only a few of the SNOTEL data points include 15 years of data, and no
SNOTEL sites in Colorado include daily observations prior to 1978. Due to this lack of
observations in critical high-elevation locations, it is imperative that ongoing efforts be
made to detect and describe extreme rainfall events at high elevations. Streamflow
records exist for high elevation watersheds, and these records along with paleoflood
evidence continue to point to a lack of extreme events, or more accurately, lower
magnitude extreme events at high elevations above 7,500-8,000 feet in Colorado.
However, with little corroborative meteorological evidence, uncertainty remains.
Therefore, it is imperative that additional data be collected now and into the future if we
wish to improve the confidence and widespread acceptance in the estimates of probable
maximum precipitation in the Rocky Mountains.

A set of recommendations follow which suggest a variety of strategies and data collection
activities that, if followed, would result in data that would greatly enhance and provide
more confidence in future estimates and analysis of extreme precipitation.

1) Recently deployed National Weather Service WSR-88D meteorological radar
installations near Denver, Pueblo, Grand Junction and Cheyenne, Wyoming offer
better coverage of Colorado including most mountain areas and better remote rainfall
estimation potential than at any time in history. Quantitative precipitation estimates
may still be problematic, but radar reflectivity patterns will permit much improved
analysis of storm areas and durations. These variables may hold the key to
understanding high elevation storm characteristics. Therefore, NWS radar data should
be collected and archived, and research efforts should be initiated to investigate storm
characteristics over the mountains and how storm properties vary as a function of
ground elevation near the storm areas. Particular emphasis should be made to assure
radar data collection for the true extreme storm events comparable to those listed on
Table 5.
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Figure 7. Maximum observed one-day precipitation amounts (in inches) as a function of
elevation for Colorado weather stations and SNOTEL sites. '
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Table 6. One-day precipitation amounts not included in Figure 7.

Precipitation . Elevation
(inches) Station (feet) Date Comment
5.77 Pikes Peak 14,111 12/6/1892 Likely snow.
5.06 Lake Morain 10,265 5/18/1955 Snow.
5.60 Silver Lake 10,200 4/15/1921 Snow.
428 Cabin Creek 10,018 5/7/1969 Snow, elevation not
13,020 feet.
490 Wolf Creek Pass 9,430 12/30/1951  Snow.
491 La Veta Pass 9,242 6/18/1947 Two-day total listed;
4.30" is one-day total.
4.80 Longs Peak 9,000 4/15/1921 Snow.
5.14 Fremont Exp. Sta. 8,836 6/3/1921 Two-day total listed;
2.61" is one-day total.
2) Expansion of surface precipitation/rainfall measurements is needed in the mountains to

3)

4)

5)

support improved calibration of the NWS WSR-88D precipitation estimation
algorithms and to improve the detection potential for extreme rains at high elevations.
This must include some number of real-time reporting recording precipitation gauges.

A low-cost approach to increasing high-elevation data collection would be to recruit
many more summertime volunteer weather observers in the Rocky Mountain region.
Four-inch diameter plastic rain gauges could be purchased in quantity and distributed
to interested summer residents in exchange for taking and recording daily rainfall
measurements.

The value and utility of daily precipitation measurements from the USDA Natural
Resources Conservation Service SNOTEL network is proving to be significant since
this is the only existing network concentrated at higher elevations. The value of this
data resource could be enhanced if the data were more fully quality controlled to
improve accuracy and reliability of warm-season measurements. Also, providing more
frequent reports from selected stations at intervals of one hour, three hours or at least
six hours would allow this existing and well-maintained network to serve more
hydrological applications.

Organizations currently involved in real-time or research-related precipitation data
collection should be informed about the Extreme Precipitation Data Study and results.
These groups should be encouraged to archive their precipitation data and provide it
for future extreme precipitation studies and updates. When very heavy rainfall totals
or rainfall rates are observed, these groups should be encouraged to bring these storms
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6)

7

promptly to the attention of the National Weather Service, the State Engineer, the
Colorado Climate Center, or other members of the Colorado Extreme Precipitation
Task Committee.

The list of large storms prepared during this project should be routinely updated so
that each new qualifying extreme storm is included. It would also serve many useful
purposes long into the future to routinely document significant floods each year as a
part of an annual water resources publication series. Brief, descriptive flood reports
containing stream gauge readings, indirect measurements, precipitation reports,
discussions of antecedent conditions along with local photographs and discussions of
damage (similar to those published by Follansbee and Sawyer of the U.S. Geological
Survey back in 1948) would be heavily referenced. Flood documentation is easiest to
do and most accurate when completed promptly after each event while memories and
flood evidence are still intact.

Results from this study show that exceptionally heavy precipitation events similar to
the Big Thompson flood, although rare in a specific sense, can actually be expected to
occur somewhere in the state about once in any 10-20 year period. It is imperative
that there be a plan in place to promptly and thoroughly investigate these storms in the
future, documenting as well as possible rainfall intensities, magnitudes, areas and
durations and publishing and archiving results. This cooperative effort needs to be
strongly encouraged, since no one agency is currently responsible or funded to
perform such investigations. Agencies concerned about this matter should meet to
begin developing a cooperative interagency plan for conducting post analyses and
reconstructions of future “extreme storms.” Plans must include a clear definition of
what constitutes an extreme storm so that ambiguity and confusion does not exist
among cooperators.
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Appendix A. Colorado Extreme Storm Precipitation Data
Study — Complete Storm List

The following paragraphs describe the content of the extreme precipitation reports.

Each storm was given a brief descriptive name, usually based on the town, river or other
landmark nearest the center of heaviest precipitation. A state name was assigned to each
storm based on the state in which the heaviest precipitation fell. (Note: with large general
storms, several states may receive heavy precipitation at the same time.) The date listed
for each storm was the date on which the heaviest precipitation fell or the period of
consecutive days when a larger storm system or episode first began and finally ended.
Each storm was assigned one or more geographical regions based on a simple 6-region
system as shown on Figure 2. Storms were categorized using a highly simplified
meteorological typing scheme: 1) General (G) storms which were large multi-state storm
systems accompanied by a clearly defined low pressure system and/or frontal boundaries,
2) Local Convective (LC) storms which were localized thunderstorms or thunderstorm
complexes not clearly associated with large-scale atmospheric lifting mechanisms, and 3)
Local Convective Storms embedded within General storm systems (GLC). Storms with
air masses of tropical origin were not treated or categorized separately. A single latitude
and longitude was assigned to most storms based on an estimate of the coordinates where
the heaviest precipitation fell.

Two columns, “Maximum Precipitation” and “Remarks,” were used to cryptically describe
the heaviest rains associated with each listed storm. This was very inadequate for
providing detailed storms descriptions, but was intended to provide sufficient information
to a reader to allow a quick assessment as to the significance of the storm without
additional research. For most storms, the “Maximum Precipitation” column listed the
largest observed or estimated precipitation amount for each storm, if known. The
“Remarks” column added supplemental reports or a very brief description of impacts. The
storm list ends with two additional columns that indicate if information about the storm is
on file at the U.S. Bureau of Reclamation Flood Hydrology Section at the Denver Federal
Center and if a Depth-Area-Duration analysis has been performed.
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Appendix B. Colorado Extreme Storm Precipitation Data
Study — List of questionable storms from the comprehensive

Storm List in Appendix A
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Questionable Storm Precipitation Reports

This set of storms was presented as having suspect precipitation observations to the
October 1996 meeting of the Extreme Precipitation Task Committee.

e The committee acknowledged that the Gladstone storm of October 1911 (Storm #40)
was an extreme event for that region, but the majority of the committee believed the
specific local rainfall report at Gladstone was most likely in error although the
magnitude of the error is not known and cannot be inferred easily from other
information.

e The Telluride storm was not discussed.

e The Leadville storm of 1937 (Storm #107) has been investigated previously and there
was full agreement that this observation was exaggerated most likely by the presence
of a Marvin snowshield.

e The Cimarron storm of 1952 (Storm #158) has been thoroughly investigated by
several committee members. There was total agreement within the review committee
that the reported value of 5.25 inches was in error and most likely should have been
0.53 inches.

¢ The Eagle and Crested Butte storms were not investigated since the rainfall
magnitudes were not exceptional.

e The committee accepted the Colorado Climate Center’s recommendation to consider
the Whiskey Creek and Scotch Creek (Storm #295) SNOTEL measurements as
inaccurate. These were most likely accumulated values resulting from SNOTEL
communications problems.

e The Grand Lake storm (Storm #286) is also assured to be an error — most likely a
decimal placement error. A report of 0.32” would have been most consistent with the
amount of snowfall reported.

e The Colorado Springs report (#321) was not closely evaluated, but large
accumulations and drifts of hail may have accounted for the extreme rainfall reports.

e The Wolf Creek Pass observation of 4.03” in August 1995 has been carefully
evaluated. No evidence of such heavy rain could be found although moderate rain was
widespread over the region. Most likely 0.40” was a more accurate reading.

e Peak rainfall totals (observed or estimated) are also questionable for other storms on
the list. For example, reports of 5-7” of rain in less than 1 hour from ranchers near
Masonville (SW of Fort Collins) on September 10, 1938 were investigated, but there is
insufficient evidence to either confirm or refute the reports.

Tt was impossible within the scope of this project to investigate all precipitation reports.
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Appendix C. Project summary of special analysis of streamflow
data
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TO:

FROM:

DATE:

MEMORANDUM

Dr. Thomas McKee, Dr. Nolan Doesken (Colorado Climate Center, CSU)
John F. England, Jr. M.S. Candidate, Civil Engineering Department

02-15-96

SUBJECT: Extreme Streamﬂow Task Status

In accordance with Task 4 of the Draft Proposal to the Colorado State Engineer’s Office, I am
currently developing an Extreme Streamflow Data Base to complement the Extreme Precipitation
Storm List.

I have attached a brief summary report which presents the work in greater detail.

The following work has been completed:

obtained the USGS Indirect Measurement File,

manipulated the Indirect File for import into Microsoft Excel;

sorted the data by date, discharge (ranking), and by river basin/county/gage;

manually compared the indirect and storm lists by date;

amended the indirect file and added Storm List Numbers and comments,

developed an indirect “short list” that matches discharges to storms, sorted by Storm Number;
developed a storm “short list” that matches storms to discharges;

noted the types of storms that had indirect measurements (and number of measurements);,
noted storm coverage of maximum indirect discharges greater than 5,000 cfs (arbitrary
criterion)

noted dates and numbers of indirect measurements that possibly indicate extreme floods not
covered by the storm list.

Work to be completed includes:

checking the existing indirect file for completeness of historic and relatively recent data
(discussed in the attached summary report); A
successfully obtaining the maximum discharge and date from the USGS peak flow files for
each stream gage, possibly gathering the top 3 or 5 peaks as we discussed (in process);
comparing the storm list to the peak flows.



COLORADO EXTREME STREAMFLOW DATA BASE
INDIRECT MEASUREMENT FILE

Introduction

An extreme streamflow data base is being compiled as part of an extreme precipitaiton data study.
The study is being conducted by the Colorado Climate Center, Department of Atmospheric Science
at Colorado State University for the State of Colorado, Department of Natural Resources Division
of Water Resources. The purpose of the study is to gather and prepare a data set composed of
precipitation records and supporting meteorological information necessary for undertaking studies
of extreme precipitation over the higher elevations (above 7,500 feet) of Colorado. The data
gathered for the study will be used to assess previous estimates of Probable Maximum Precipitation
in and near the mountains of Colorado.

Three objectives are proposed for the extreme streamflow data study:

(1)  assemble a data set of “large” (historic or maximum) observed, recorded, or calculated
streamflows (flood discharges) for the State of Colorado;

(2)  merge/compare the two data bases, and assist in identifying events with good precipitation
and streamflow data, including spatial and temporal resolution; and

(3)  identify “questionable” precipitation and/or streamflow observations for further study.

An overall goal of the study is to develop an understanding of the relationships/interactions between
extreme precipitation and streamflow in Colorado.

Several key questions or areas will be addressed in meeting the above objectives.

a) Identification of geographic areas or locations where extreme precipitation has been
documented but no flood flows/extreme streamflows have been recorded.

An example of this phenomenon is the San Juan Range (Gladstone, CO) 1911 storm, where a
purported 8 inches of rain was measured and little streamflow was noted.

b) Identification of geographic areas or locations where flood flows/extreme streamflows have
been documented but extreme precipitation has not been recorded.

A discharge of 12,000 cfs (annual peak) was recorded at the Cache La Poudre gage at the canyon
mouth in 1901. However, no record of a flood occurring or extreme rainfall was noted in U.S.
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Geological Survey Water Supply Papers. This is the highest recorded discharge in the USGS files
(excluding the 1891 Chambers Lake dam failure and the May, 1904 flood) for this gage. For
comparison, the May 31, 1930 storm occurrence was recorded in Water Supply Papers; the flood
discharge (estimated) for this event was 10,200 cfs and wiped out the gage. Two questions arise: did
a significant rainfall occur (extreme precipitation), and is the 1901 discharge accurate (suspect) as it
exceeds the 1930 event.

c) Identification of areas in Colorado where little to no extreme precipitation data exist and very
few instances of flooding have been noted.

One area targeted by the Colorado Climate Center for investigation is Region 6, the Northern Rocky
Mountain interior valleys and plateaus, which includes Craig, Meeker, Rifle, and vicinity. An
examination of the extreme streamflows may identify snowmelt as the primary (if not only)
mechanism for flood discharge. The results from this investigation may have significant ramifications
on the future development of Probable Maximum Precipitation estimates for this region.

Indirect File Documentation

The Indirect File list is a modified version of the U.S. Geological Survey Indirect Discharge
Measurement file. The file has been slightly altered to Microsoft Excel spreadsheet format; the
original data has not been altered except for presentation in a column format.

The list includes all known indirect discharge measurements made by the U.S. Geological Survey
Colorado District, thus it is not inclusive to extreme events (for example, greater than a 100-year
event). Due to the dangers and destructive nature of floods, accurate measurements at the time of
the peak discharge are very difficult and seldom attempted. Indirect measurements are made at a
location after the flood has passed. Typical site selection is: a gaging station destroyed by a flood,
a flood discharge which is much higher than the existing rating curve (stage-discharge relation), or
where loss of life, significant property damage, or road/bridge damage has occurred. The file is the
primary source for flood discharge measurements for Colorado, and encompasses the major drainage
basins and counties in Colorado.

The list contains locations, dates, discharge estimates, type of measurement, and brief quality
descriptor.

Location. Gage locations are noted by Colorado County, USGS Gaging Station number,
latitude/longitude, and brief description/location.

Type of Measurement: the indirect measurement method used is indicated by the following
measurement type codes:

1 - Slope area, 2 - wetr, 3 - culvert, 4 - contracted opening;

5 - float, 6 - critical depth.



File code: indicates where the data file and supporting documentation (if available) is located,
by:

R- Denver, L - Lakewood, G - Grand Junction, P - Pueblo; M - Meeker,

D - Durango

Note code: indicates notes on the location, computations, or peak discharge, by:
1 - coordinates are only to the nearest minute,
2 - computations and x-sections are not included;
3 - peak discharge due to dam failure

Part code: indicates the major river basin where the measurement was made, and is the first digit
(other than zero) of the stream gage station number for Colorado:
Part 6 - Platte River Basin
Part 7 - Arkansas River Basin
Part 8 - Rio Grande River Basin
Part 9 - Colorado River Basin

Rating: a quality descriptor assigned by the person making the discharge estimate; it is a
relative gage of the quality of the accuracy of the discharge measurement:
Good - within 10 percent (ideal conditions)
Fair - within a 15 percent possible error
Poor - where error might possibly be 25 percent or greater
Unknown - quality is not known, determined, or is absent from computations

Comparison With Extreme Precipitation Data Base

The indirect data base was compared to the extreme storm list by date. A total of 690 measurements
are contained in the indirect data base. I discovered several limitations to the indirect measurement
file as compared to the Storm List dates of coverage. The indirect file I was able to obtain consists
of measurements from 1867 to 1983. Thus, storm numbers 218-254 (37 events) from years 1983 to
1995, are not covered by this method. In addition, little historic information is available for the period
1867 to 1930; nine measurements have been made for this period. One measurement (June 2, 1867
at Morrison) does not have any discharge estimate; the one measurement in 1904 (May 20, Cache
La Poudre) is highly suspect. Several indirect measurements made during the historic period may be
missing (e.g. May 31, 1930 Cache La Poudre at mouth of canyon), others are of questionable quality.
The storm list contains 83 measurements during this period. Thus, the indirect measurement data
base is insufficient to match flood discharges to precipitation events during the early (historic) period
and new measurements (later than 1983). A reasonable comparison is for the period 1930 to 1983,
and includes 681 indirect measurements and 77 precipitation events (subtracting 83 events during
historic period, 37 events after 1983, and about 57 storms outside Colorado).

The two lists were compared by date of event. Flood events were selected from the indirect list
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which did not have a precipitation match, to discuss and briefly investigate. The selected floods may
represent extreme precipitation events which were not recorded or documented. Further work is
needed to shorten the list. Floods were selected based on two simple criteria; (1) the number of
indirect measurements made on a particular date; and (2) a significant peak discharge (based on
ranking by location). '

A chronological list of observations/questions/comments between the two data sets follows. The
abbreviation Co. is used for county. Refer to the attached indirect data table (sorted by date).

Check August 26-27, 1941 Pueblo/Otero Co. (Large Q)

No storms were documented for 1942 in Colorado

Check April 23-24, 1942 Las Animas/Bent/Otero Co. (Large Q)
August 14-15, 1942 Huerfano/Pueblo/Otero Co.

Check July 31, 1945 Gunnison Co.
Location of Cucharas Dam, CO ?

For Storm No. 129 June 4-7, 1949 Eastern CO 7 measurements, possibly 13 total were made. Check
June 1949 indirects in Prowers Co.

July 26, 1950 Pueblo Co. Huerfano River greatest indirect Q 16,700 cfs
check July 29-Aug 1, 1953 San Miguel/Montezuma Co. SWCO

Check 1954 no precip. in CO
July 22, 1954 Las Animas Co.

For Storm No. 133 Redstone Creek Bellevue, CO 12 definite, possibly 15 measurements were made.
For Storm No. 138 May 18-20, 1955 34 indirect measurements were made.

Storm No. 140 ONE indirect MADE !!
Check July 19, 1956 Bent/Prowers Co. 4 measurements made

Year 1958 - No CO precip 8 misc. measurements
Year 1960 - No CO precip 4 misc. measurements

July 27, 1961 Fremont Co. Arkansas R. Trib at Parkdale, 3 measurements
July 31, 1961 Douglas Co. Franktown, CO 2 measurements

July 13, 1963 Pueblo Co. Kramer Creek
August 3, 1963 Arapahoe/Douglas Co. Parker/Cherry Creek
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Storm No. 159 Plum Creek: appears to be 91 indirect measurement made, which is 13 percent of
total number of indirect measurements!

Location of Storm No. 164 Big Sky Ranch? (Date?) July 24, 1965 two measurements at Fountain
Creek El Paso Co.

One indirect measurement made in 1966
Check Storm No. 183: August 22, 1969 appears to be 5 indirect measurements
Storm No. 188 - September 4-6, 1970 27 measurements made, 3 are questionable on date

Check September 19, 1972 - Mesa Co. 3 measurements made.
Storm No. 193 October 19-20, 1972 SW CO, 5 measurements

Storm No. 194 May 5-6, 1973 include May 7th? 13 measurements made.
Check July 18, 1974 Mesa/Dolores Co.

Storm No. 198 Big Thompson - 32 measurements made Check Aug 1-2, 1976 Pueblo Co., 3
measurements.

Check July 24, 1977 Delta Co. 2 measurements
August 25, 1977 Rio Blanco/Garfield Co. 2 measurements.
Location of La Plata River 7?

CHECK JULY 23-24, 1977 Rio Blanco 7 measurements
September 11, 1977 3 measurements Rio Blanco Co.

June 27, 1978 3 measurements Las Animas Co.

March 17, 1979 3 measurements Jefferson Co.
July 31, 1979 3 measurements Las Animas Co.

August 26, 1980 3 measurements Denver/Adams Co.

June 2, 1981 El Paso Co CO Springs area 4 measurements

June 3, 1981 Jefferson/Denver/Adams Co. 3 measurements

August S, 1981 3 measurements El Paso Co.

August 10, 1981 3 measurements Las Animas Co. - Trinidad Storm (No. 2107)

August 13, 1982 W. Salt Creek Garfield Co. 2 measurements (same site as Aug. 30-31, 1981 w/4
measurements) larger Q



August 24, 1982 Cortez Montezuma Co. 2 measurements.

To summarize the date comparison, 283 possible matching indirect measurements out of a total of
690 were made that match 45 storms out of a possible 160 storms (subtracted from 254 total, 37
storms after 1983 and about 57 out of state). This appears to be a 28 percent matching rate (45/160).
An indirect rating quality or record shift was noted about year 1956. Prior to this date, most of the
indirects were rated as unknown quality, with a known rating listed for most measurements after
1956.

The indirect file was sorted by discharge after including the Colorado Climate Center (CCC) Storm
Numbers and including a comments column. A table was created of discharges greater than 5,000
cfs (arbitrary criterion) to cross check the coverage of the CCC Storm list (see attached table).
Fortunately, most of the large indirect discharge measurements (greater than 9,500 cfs) correspond
10 a CCC Storm Number. Maximum discharges need to be identified at a particular location to check
for correspondence with a CCC storm number and possible flood occurrence without precipitation
data.

Two matching lists were created, an indirect short list and a precipitation short list, to merge the
indirect measurements that match a precipitation event (see attached tables). The indirect list was
sorted by CCC storm number. A count of indirect measurements corresponding to a storm number
may be made, for example 13 percent (91) of the measurements were made for the Plum Creek event
(storm No. 159); however many of the measurement locations or dates need to be reviewed for all
matching indirect measurements.

For the storms that were recorded or matched with indirect files, the storm type was examined for
trends. Out of 45 matching storms (see list) over 50 percent (25) were local convective (LC) storms,
8 were general (G), 8 were general local convective (GLC) and 4 were unnamed. The matching
indirect measurement drainage basin locations were reviewed; the indirect file sorted by discharge
(ranked) was also examined. The majority of the indirect measurements that match a storm event are
from Parts 6 and 7. Similarly, the largest ranked discharges (greater than 9,000 cfs) were measured
in Parts 6 and 7. Thus, the majority of floods in Colorado as indicated by the indirect measurement
file occur in the Platte and Arkansas River Basins and result from Local Convective storms, in
general.

The indirect measurement data base was also sorted by river basin, county, and stream gage. Few
discharge measurements were made in the Northwest portion of Colorado. While many
measurements (23) were made in Rio Blanco Co., 26 measurements were made in Mesa Co., several
were made in Garfield Co., and no measurements were made in Routt Co. No measurements were
made in Summit Co., one in Grand Co., and 7 in Eagle Co.



Continued Work and Development

The data base is still in the development stage. The indirect data base is being reviewed. Peak
discharges at a gage/location need to be reviewed for coverage. A list of peak flows from USGS
gaging stations is currently being compiled for comparison to the extreme storm list. One file (peak
flow file short list) was generated and lists the maximum instantaneous peak discharge and gage
height for all Colorado stations; it unfortunately does not list the complete date or even water year
of the maximum discharge. This is being worked on at the present time. The peak flow data has been
gathered for every gaging station, the data need to be sorted and ranked in discharge order.

If you have questions, comments, or additional information to add, please contact me at any time

regarding this project summary or data base.

Sincerely,

i

John F. England, Jr. M.S. Candidate
Hydrologic Science & Engineering Program
Civil Engineering Department

Engineering Research Center Rm. A312
Colorado State University

Fort Collins, CO 80523

(970)491-8395
Fax: 491-8671
email: england@lamar.colostate.edu
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Appendix D. Reports and Publications given at conferences and
workshops during the Colorado Extreme Storm Precipitation

Data Study
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Extreme Precipitation in Colorado — What the Data Tell Us

Nolan J. Doesken
Thomas B. McKee

Colorado Climate Center
Department of Atmospheric Science
Colorado State University
Fort Collins, CO 80523-1371

Introduction

How heavy it has rained and how heavy it could
conceivably rain are questions that are continually wrestled
with in Colorado. While much of Colorado is known for its
dryness, reports of devastating flooding are a routine part of

our history.

An accurate understanding of how heavy it can rain is
~ important for the design, placement and construction of roads,
bridges, homes and businesses. pams, spillways and water
diversion and delivery systems are an especially important
part of Colorado’s infrastructure. During the past century,
dozens of large reservoirs and hundreds of small dams and man
made lakes have been built high in the Rocky Mountains to help
provide a reliable year-round water supplies. Few new
structures have been built in recent years, but there is
continued concern regarding the risk existing structures may
pose to downstream residents and property owners should they
be overtopped or fail during flood events.

To help provide guidance for the design, construction and
operation of dams and spillways, an approach was developed
many years ago (U.S. weather Bureau, 1947) for estimating the
maximum precipitation rates, durations, and areal extents that

might be possible in watersheds throughout the United States.
Estimates of Probable Maximum Precipitation (PMP) for areas of

People unfamiliar with PMP are sometimes overwhelmed by the
large numbers which, in Colorado, range as high as 36" in 24
hours at the eastern base of the Front Range foothills. But
it must be remembered that PMP estimates are intentionally
conservative and are designed to provide an objective
evaluation of the absolute most extreme rainfall that nature
can provide. It is not just a statistical extrapolation of a
50 or 100-years storm, but instead it is a meteorological
estimate of how much rain could conceivably fall in an area if
meteorological conditions associated with known heavy rains

were maximized to reasonable physical limits.

Two factors have helped raise some level of doubt
concerning the validity of current PMP estimates in parts of
Colorado. Hydrologic and paleoflood research by Jarrett

Presented at 50th Annual Meeting for the Rocky Mountain Hydrological Research Center,
September 22-23, 1995, Estes Park, Colorado.



(1989) pointed out that most observed peak stream flows at
high elevations (above about 7500 feet) have been the result
of snowmelt and not intense rains. Very little evidence of
large floods at high elevations can pe found. The second
factor is data. Using traditional precipitation data from
_locations in the mountains one finds that 2 inches of rain in
24 hours is rare. Amounts of 3" or greater have been observed
put most of these fell as wet snow that did not present a
significant flood hazard. Many of the reports of heavier
rains appear suspect when closely scrutinized Dby
climatologists. Iin 1light of these factors, a strong
motivation has developed to carefully re-evaluate PMP
estimates and the data used to produce them.

In 1994, the Colorado legislature provided funding to the
colorado Department of Natural Resources, pivision of Water
Resources, to begin a study of extreme rainfall
characteristics in Colorado with a particular focus on the
higher elevation areas. This paper describes some of the
early results of this work.

Data Study

All available recorded daily precipitation totals from
official National Weather service and cooperative weather
stations throughout Colorado have been examined in an effort
to document the heaviest recorded rains and to describe
elevational effects on precipitation. Figure 1 shows mean
seasonal precipitation totals based on many Yyears of data
plotted as a function of elevation for winter and summer with
data separated for areas east and west of the Continental
pivide. Not surprisingly, there is a systematic increase of
mean seasonal precipitation with elevation. The increase is
greater and more consistent west of the Continental Divide.
The effect is less east of the Continental Divide where
downslope winds and »rain shadow" effects complicate the
pattern. There is very little increase of total growing
season (May - Sept.) precipitation with elevation east of the
Continental Divide.

Perhaps it is the knowledge that annual and seasonal
precipitation normally increases with elevation that tempts us
to believe that rainfall for other time periods should behave
similarly. However, when you 1look at the maximum
precipitation ever measured in one day plotted as a function
of elevation (Figure 2), it is apparent that precipitation on
this time scale decreases with elevation. This is not a
totally fair comparison since maximum one-day precipitation at
lower elevation stations typically occurred during the warm
season of the year while many of the maximum one-day
precipitation totals at high elevations occurred during winter
or spring and fell as snow.
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Maximum 1 day Precipitation vs Elevation
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Figure 2. Maximum one-day precipitation totals versus
elevation for Colorado stations with at least 12 years of
complete daily observations. (This figure is revised in main text page 30.)

Maximum observed precipitation for one-hour time periods
(Figure 3) provides a better comparison since at all
elevations the maximum rainfall rates in Colorado occur during
the summer season. Maximum one-hour rainfall clearly and
systematically decrease with elevation. The figure does not
distinguish between locations east and west of the Continental
pivide, but is well known that areas east of the Divide at a
given elevation are more likely to receive high-intensity
rainfall than areas west of the Divide due to a more abundant
and reliable source of low-level moisture from the Gulf of
Mexico and the humid plains states. Hourly rainfall totals in
excess of 1.5" have not been observed at elevations above
9,000 by the network of recording precipitation gages operated
by the National Weather Service. The number of stations at
that elevation with many years of recorded data are so few,
however, that the statistical significance can be challenged.

when investigating heavy precipitation based on recorded
data, we regularly run into suspicious or outright "bad" data.
Key punch errors, decimal point errors, undocumented multi-day
accumulations, illegible writing, clock problems on recording
gages, human errors reading measuring sticks, etc. all degrade
the accuracy of our climate records to some extent. But they
especially damage analyses of extreme events. The data for
Figures 2 and 3 have been closely scrutinized. Several bad
data points have been jdentified and removed from the graphs.



Max. 1-hour Precipitation vs. Elevation
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Figure 3. Maximum observed one-hour precipitation totals

versus elevation based on National Weather Service recording
precipitation gage stations in Colorado with data for all or
the majority of the 1948-1993 period.

We are relatively but not absolutely confident about the
remaining data..

There are two data points in Figure 3 that need to be
mentioned for they epitomize the challenge of extreme
precipitation. The large values for maximum one-hour
rainfalls at San Luis and Lake George 8SW are outliers and
might easily be considered flawed data since they don’‘t fit
the pattern produced by other stations. But close scrutiny
shows that both precipitation events were real and both caused
major flooding. similarly, Figure 4 shows a time series of
maximum one-day precipitation at Denver, one of the longest
station records in Colorado. Were it not for the 6.53"
rainfall in May 1876 we might be led by the other data to
think that any rainfall above 4 or 5 inches in a day would be
close to an upper limit.



The true problem and challenge of extreme precipitation
evaluations in Colorado is that data alone and especially
point data ( -- and it is so tempting to rely on data -- ) may
not provide a very good answer to the question of how heavy
has it rained and how heavy might it rain in the future. AS
such, the traditional approach to developing estimates of PMP
makes sense. That approach includes a thorough investigation
of any and all documented extreme storms that occurred
anywhere close to the point of interest where "close"” may be
several hundred miles away. Hence, a key component of our
current data study is the development of a comprehensive list
of all of the heaviest storms to hit the Rocky Mountain region

anytime in recorded history.

Maximum 24-Hour Precipitation

Denver, Colorado
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Fiqure 4. Time series of maximum one-day precipitation totals
each for Denver, CO 1872-1993.

Currently about 200 storms have been identified that are
candidates to help us understand how heavy it has rained, how
heavy it might be able to rain, and how rainfall may increase
or decrease as a function of elevation and topography. Of
these 200 storms, most exceeded the 100-year storm (as defined
by the NOAA Atlas 2) either in terms of intensity, duration
or areal extent. Of these storms nearly one-third occurred
outside of Colorado but are thought to be potential applicable
to understanding Colorado storms. Figure 5 graphically shows
the time of year when these heaviest storms have occurred.
Two periods account for a large percentage of the storms; May
through mid June and late July through early September.
Storms have been identified according to a simple geographic
classification. Some overlap is allowed when classifying
storms and not all storms have been classified yet.



Geographical Classification Number of Storms

1) Great Plains 30
2) Front Range and Eastern Foothills 73
3) Southwestern Rocky Mountains 28
4) Northern Rocky Mountains 20
5) Colorado Plateau 18
6) Northern Basin 12

Storms Not Yet Classifng}_ﬁ 45

It is worth noting that there may be a population bias
and a weather station density bias affecting these statistics.
Also, the criteria for storm selection varies regionally.
Many Great Plains storms that dropped precipitation in excess
'of what has been recorded at mountains locations were not
included since their local impacts were small. Still, local
experience that shows the Colorado Front Range foothills and
adjacent plains to be particularly vulnerable to intense
storms and flash floods is consistent with these results.

DATES OF HEAVY PRECIPITATION EVENTS
AFFECTING COLORADO AND VICINITY

N
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-------

1864 - 1995 IN 5-DAY PERIODS

£33

-------

NUMBER OF STORMS

"JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

Figure 5. pate of occurrence of very heavy precipitation
events in and around Colorado.

As of early September 1995, the storm list is still in
draft form, is still being added to and is about to be
reviewed by a number of professionals familiar with extreme
precipitation in Colorado. It is not appropriate to publish
it at this time, but it will be available as a public
reference later in 1996 as the data study draws to a close.
It is interesting that of all the storms, just a few stand out



as truly remarkable and are listed below. What we learn from
these few storms will likely have the greatest impact on our
future understanding of extreme precipitation in Colorado.

Conclusions and Future Work

Precipitation data available at this time suggest
strongly that intense precipitation decreases with elevation.
This is an expected result since the atmosphere’s capacity to
hold water vapor decreases with elevation. However, the
decrease appears to be greater than would be indicated from
moisture considerations alone. Convergence, orographic
1ifting and thermal instability tend to increase precipitation
potential with elevation in preferred topographic regions, &O
other physical factors must be responsible for explaining the
large decreases with elevation suggested by the data. The
challenge of the future is to use additional tools such as
numerical mesoscale models and the new National Weather
service radar products and to give priority to high elevation
precipitation data collection in order to gain more insight
into precipitation processes OVer the Rocky Mountains,
particularly those related to extreme precipitation.
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eaviest Storm Events in/near Colorado

—T

IDate

Description

“Location

Front Range

22 May 1876

6.53" at Denver - probably
more elsewhere - widespread

ward District

29-31 May 1894

Widespread 3-6"/day, Boulder
flooding

Larimer County

May 1904

8" or more near Boxelder

San Juan Mtns

4-6 Oct. 1911

8.05"/day at Gladstone (?7)

Front Range

14-16 April 1921

Extreme snowstorm, 76" /day at
Silver Lake, rains below

Penrose, CO

2-6 June 1921

12"+ near Canon City

Savageton, WY

27-30 Sep. 1923

17* in 2 days

Southwest CO

26-29 June 1927

3-6" rains in San Juans

Eastern CO

30-31 May 1935

est 24" near Hale and Elbert

Front Range

31 Aug-3 Sep. 1938

7+/6 hrs Morrison, 8%+ near
Masonville

Masonville, CO

10 Sep. 1938

5-7" in 1-3 hours

Morgan, UT

16 Aug. 1958

1> 6«/day

Gibson Dam, MT

6-8 June 1964

16.2" Gibson Dam

Plum Creek, CO

13-20 June 1965

Multi-day convective outbreak
11*/day Holly -- same Plum
Creek, Bijou Creek

Big Elk Meadows

4-8 May 1969

13%/4 days Boulder - more in
Colorado foothills

Dove Creek, CO

5 Sep. 1970

6"/12 hours also Bug Point, UT

Southwest CO

19-20 Oct. 1972

s»/2 days Durango, widespread

Front Range

5-6 May 1973

Widespread 3-6" storm -
flooding

Big Thompson, CO

31 July 1976

12*/6 hours near Drake

Frijole Creek, 3 July 1981 16" (est) 4 hours east of
co Trinidad
dCheyenne, WY 1 Aug. 1985 7=/3 hours

Opal, WY

16 Aug. 1990 7%/2 hours
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EXTREME PRECIPITATION IN THE COLORADO MOUNTAINS

Noian J. Doesken*, Thomas B. McKee, and John Kleist

Department of Atmospheric Science
Colorado State University

1. INTRODUCTION TO THE PROBLEM

Dozens of large reservoirs and hundreds of
small dams and man-made lakes have been buitt
high in the Rocky Mountains of Colorado since the
late 1800s. Few new structures have been built in
recent years, but there is continued concermn
regarding these structures and the risk they may
pose to downstream residents and property owners
should they be overtopped or fail during flood
events. To help provide guidance for the design,
construction and operation of dams and spillways,
an approach was developed many years ago us.
Weather Bureau, 1947) for estimating the maximum
precipitation rates, durations, and areal extents that
might be possible in watersheds throughout the
United States. This methodology, now known as the
Probably Maximum Precipitation (PMP), has been
steadily refined and updated. The most recent
estimates of PMP for areas of Colorado have been
published by Hansen et al (1 977, 1988).

Published figures of the PMP for Colorado
provide precipitation values that initially seem
excessive. Estimates of the 24-hour PMP for 10
square mile areas east of the Continental Divide
range from a minimum of 15 inches at Leadvilleto a
maximum of 36 inches at the eastem base of the
Front Range foothills near Boulder. In Colorado, the
PMP for a small area is often 5 to 12 times greater
than the heaviest rainfall actually observed during
the past century. Maps of PMP estimates in the
Colorado High Country show PMP values to
decrease with elevation at a rate that appears
comparable to the decrease in the atmosphere's
water-holding ability as a function of decreasing
temperature and atmospheric depth (moist adiabatic
profile).  Before judging PMP values to be
excessive, it is important to understand what PMP is
intended to be. It is not derived solely from
observed rainfall rates. However, it must be noted
that the PMP is intentionally conservative and is
designed to provide an objective evaluation of the

* Corres, ing author's address: Nolan J.
Doesken, Atmospheric  Science Department,
Colorado State University, Fort Collins, CO 80523

worst case scenario. In concept, the PMP is not a
statistical extrapolation of a 100-year storm but is
rather a meteorological estimate of how much rain
could conceivably fall in an area if meteorological
conditions associated with known heavy rains were
maximized to reasonable physical limits.

Considerable debate has taken place in
Colorado during the past 20 years conceming PMP
and its application. Three factors have helped raise
some level of doubt conceming the validity of PMP
estimates. Hydrologic and paleofiood research by
Jarrett (1989) pointed out that most high elevation
(above about 7500 feet) observed peak stream flows
have been the result of snowmelt and not intense
rains. Almost no geologic evidence of large floods
at high elevations is found in Colorado has been
found. The second factor is data. Using traditional
precipitation data from locations in the mountains,
there is very little indication of high elevation rainfalls
of 3 inches or more in 24 hours. Even 2 inch 24-
hour totals are rare. Many of the reports of heavier
rains either appear suspect to some meteorologists
when closely scrutinized or else come from
secondary data sources. The third factor is money.
The cost to build or modify dams and spillways that
would not be overtopped by flooding associated with
the PMP is extremely high. While the concept of no
risk dams is appealing, the cost to construct or
modify structures to safely accommodate the
Probable Maximum Flood (PMF - the flood
expected to result from a PMP storm) is high.
Changnon (1986) showed that the cost in 1984
dollars would be approximately $184 million to
modify just the existing high risk structures in the
area of Colorado east of the Continental Divide. In
light of these three factors, a strong motivation has
developed to carefully re-evaluate extreme

precipitation.

The Colorado Department of Natural
Resources, Division of Water Resources, has been
actively pursuing opportunities to objectively
evaluate the extreme precipitation in light of the
expanding set of precipitation data from high
elevation areas that have been gathered since PMP
reports for Colorado were first prepared. In 1994,



the Colorado legisiature approved funding to begin a
study. The remainder of this paper outlines the work
that is underway at the Colorado Climate Center and
planned in the coming years.

2. DATA STUDY

Precipitation, streamflow and meteoro-
logical conditions associated with very large or
potentially large precipitation events is the
foundation of the first stage of this research project.
The following data are being gathered to support
basic research on extreme precipitation and
subsequent local or regional investigations or re-
analyses of extreme precipitation or PMP estimates.

1. A complete set of maximum 1-day, 2-day and 3-
day and hourly precipitation, by month, for the
period of record for all available weather stations
with emphasis on areas above 5,000 feet in
elevation.

2. An inventory for known large storms — dates,
locations, and any supportive documentation.

3. Upper air climatology associated with extreme
precipitation.

4. Streamflow data for large flood events.

5. Site specific studies of extreme precipitation
from any sources in or near Colorado.

The best available data sets for updated
analysis of statistical values and probabilities for
extreme precipitation will be prepared.  The
inventory of storms will be reduced to a small set,
probably less than 20 storms from the past 100
years, that will be judged to be of greatest value in
understanding the meteorology of extreme
precipitation at higher elevations in Colorado. A
panel of experts from various fields will be convened
to review the work of the Colorado Climate Center
and to make the final selection of storms to be
included in future PMP studies in Colorado.

3. FUTURE WORK

The overall goal of this project is to gain
more confidence in estimates of exreme
precipitation so decision makers can apply the
results with an appropriate but not excessive margin
of safety. To meet this goal, a better physically-
based scientific understanding of precipitation

in extreme events at high elevations is
needed. Cloud scale and mesoscale modeling

expertise needs to be focused on this problem. A
workshop on modeling applications to extreme
precipitation will be convened in 1996. Radar data
collection and analysis will be planned to better
document point-area relationships of heavy
precipitation in the mountains and to more
accurately define duration characteristics of local
storms in mountainous terrain.
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June Climate in Perspective — Cool and Wet Again

June weather conditions were cloudier, cooler and
wetter than usual for the third month in a row. Strong
thunderstorms with local downpours, some damaging bail and
a few tornadoes were also numerous. At last, there were
some hot, dry summer days to help corn grow and wheat
ripen, but with that came rapidly melting mountain snowpack
causing many rivers and streams 1o run near flood stage.
Although water levels were very high, actual damage from
flooding was fairly minor. Unfortunately, several river

recreationalists lost their lives.
Precipitation

Big thunderstorms were the rule early in June,
especially east of the mountains. Then a strong mid-June

weather system bought widespread rainfall to western
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June 1995 precipitation as a percent of the 1961-1990 average.

Colorado. The month ended with three days of gloomy,
drizzly weather that even included some high elevation snow.
Total June precipitation ended up less than May 1995 but
still much above average across most of the State. Monthly

totals exceeded 200% of average over much of the Front
Range and Eastern Plains and over portions of western
Colorado. New Raymer’s 9.50" monthly total was the wettest
in the State. Just a handful of locations received less June
precipitation than average including Steamboat Springs, the
Collegiate Valley near Salida, and a few small areas in
extreme eastern and southern Colorado.

Temperatures

June temperatures were cooler than average in all
areas of Colorado. Most locations ended up a modest 2 to
3 degrees F cooler than normal for the month. Portions of
eastern Colorado and an area near Grand Junction on the
Western Slope were more than 4 degrees below average.
These temperatures were very comfortable at lower
elevations. Only one heatwave in mid June took the mercury
up into the 80s and 90s. In the mountains, cool June
temperatures continued to retard snowmelt rates. Readings
finally made it up close to 60 degrees June 11-16th and 19-
28th bringing surging runoff. Denver’s high temperature only
reached 90° one time compared to 16 days of 90 or greater
in June 1994.
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HOW HARD CAN IT RAIN?

At any location in Colorado, precipitation typically
falls 200 to 400 hours per year. This increases to over 500
hours per year in high mountain areas in northern and central
Colorado. But of these hundreds of hours, most of them bring
light precipitation (0.10" or less of precipitation per hour). In
most years and at most places, only a handful of hours per year
bring heavy precipitation (more than 0.30" of precipitation per
hour). Occasionally, much more rain can fall in an hour.
These intense rains happen infrequently, but for certain
applications, they are the most important hours of the year.

Whenever a dam, a bridge, a highway, an office
building, a parking lot, a subdivision, or even a house is built,
it is important to have a good idea of how hard it can rain.
How wé handle runoff from heavy storms is often taken for
granted, but it can make all the difference in the world. It may
be a minor inconvenience if it rains so hard that the gutters on
your roof can’t carry the water away as fast as it falls. That
inconvenience turns into a problem if the water in a subdivision
flows into someone’s basement instead of into a detention
pond, ditch or storm sewer. That problem tums into great
frustration if the water floods an intersection or underpass
during rush hour, stalling dozens of cars. That frustration turns
into a nightmare when water sweeps over culverts, cuts across
roads, destroys bridges and carries away cars or homes. The
nightmare becomes a total disaster if one of Colorado’s many
dams were to give way to the flood waters. Since 1900, about
320 Coloradans have been killed by flash flooding.

By knowing how hard it can rain, and by having a
reasonable idea of how often it rains that hard, engineers and
planners can do a pretty good job of designing homes,
buildings, parking lots, roads, bridges, dams and spillways that
will safely carry away the water from most storms. If money
was no object, we could do even better and hardly ever suffer
flood damage. But the cost of total safety is high. To
accomplish total safety would mean that we humans would have
to overcome our natural desire to live, work and play close to
water. When left to our own devices we reliably choose to
build and develop in flood plains.

The Colorado Climate Center is currently working on
a fascinating research project for the State of Colorado,
Department of Natural Resources, Water Resources Division
examining heavy rains in Colorado. By investigating tons of

data from all over the State, we hope to be able to better

answer the question, "How hard can it rain?"

This study began early this year. In recent months we
have assembled information from as many weather stations as
possible to help identify the times, places and intensities of the
heaviest rains in Colorado. We are examining maximum
precipitation totals from recording raingages for 1-hour, 2-hour,
3-hour, 6-hour, 12-hour and 24-hour periods. Many of
Colorado’s weather stations only measure precipitation totals
once each day. For these many stations we are identifying the
maximum 1-day, 2-day and 3-day precipitation totals for each
year since data collection began.

A list of the heaviest rainstorms that have been
historically docurnented is now being assembled. We will be
studying these storms in more detail to see how large, how
intense, and how long-lasting extreme precipitation has been.

We will be working on this project for another full
year, but let me show you a few things that we have found so
far. For starters, here is an updated list of the largest one-
day precipitation totals at selected locations in Colorado.

e showed similar information back in the June 1985 issue
of Colorado Climate)-

Maxmum Observed One-Day
Precipitation (Inches)

Location Amount Date Yrs ol Record
Alamosa 1.78 Jul 28, 1939 61
Aspen 287 Mar 14, 1960 68
Boulder 4.80 Jul 31, 1919 100
Burlington 4.00 Oct 19, 1908 101
Canon City 431 May 30, 1894 101
Colorado Spr 3.64 Jul 7, 1947 53
Cortez 220 Dec 16, 1908 86
Craig 1.96 Aug 7, 1970 63
Denver 650 May 22, 1876 125
Dillon 234 Dec 1, 1909 86
Durango 3.65 Oct 19, 1972 98
Eagle 1.75 Jun 2, 1943 63
Fort Collins 443 July 25, 1977 117
Grand Junction  1.87 Sep 22, 1941 104
Gunnison 1.60 Feb 21, 1894 101
Lamar 5.64 May 29, 1964 100
Leadville 210 Dec 24, 1983 53
Meeker 3.4 Aug 10, 1925 59
Montrose 1.70 Oct 20, 1963 106
Pueblo 2.95 Aug 29, 1955 40
Silverton 4.05 Oct §5, 1911 88
Steamboat Spr 2n Mar 2, 1929 93
Sterling 4.88 Aug 15, 1968 85
Trinidad 452 Jul 3, 1981 46

* = guestionable data

The heaviest rainfall rates (rainfall per hour or day)
in Colorado occur east of the mountains. Holly, in extreme
southeastern Colorado reported 11.08 of rain in 24 hours
back on June 17, 1965, the heaviest rainfall in Colorado at an
official weather station. There have been heavier unofficial
reports, however, and some of these are likely true. The
storms that caused the devastating flood in the Big
Thompson Canyon the evening of July 31, 1976 dropped
approximately 12" in 5 hours. A similar amount of rain fell
pear Penrose, Colorado the night of June 3, 1921 during an
18-hour period. The infamous Plum Creek storm of June
16-17 of 1965 dropped more than 14 of rain in several areas
north and east of Colorado Springs. Although very localized,
the "Daddy of ’em all" was the day and night of May 30,
1935. A system of storms managed to miss nearly every
official raingage, but results of special post-storm surveys
known as "bucket surveys" suggested that close to 24" of rain
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may have fallen in two small areas of eastern Colorado, one
near Elbert and the other north of Burlington. It is possible
that these estimates could be off by several inches, but even if
they were — imagine what your neighborhood would be like if
you got more than 15" of rain in less than 24 hours. It would
not be pretty.

Maximum Observed Precipitation Amounts

for Specified Durations
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Our primary focus in this study is on the really big
storms, but in the process we arc examining the heaviest
precipitation that has fallen in every month of every year at
every station in Colorado as far back as data have been
collected. In so doing, you can see why it is easy for us to
get complacent and not be too careful in where we put our
structures and how well we build them. In Grand Junction,
for example, in 75% of all years there have been no storms
with more than 1.00" of rain in 24-hours at the National
Weather Service airport weather station. Only 17% of the
years since 1948 had maximum one-hour rainfall totals
greater than 050" Much more rain falls east of the
mountains, but even so, most years do not bring heavy rains
to any individual point. Maximum daily rainfall is less than
2.00" in approximately 75% of all years based on Denver
weather observations taken at Stapleton Airport. Half of all
years never see a maximum hourly rainfall total of more than
0.75".

The graphs to the left show the observed
distribution of maximum annual precipitation totals for
various time periods for selected locations. It takes a while
to get used to looking at these graphs, but they say a lot
about the likelihood of heavy precipitation. Precipitation
amounts for the various storm durations at the 0.5 probability
are equivalent to what engineers and hydrologists call a 2-
year storm. At the higher end of the scale, the 0.8
nonexceedance probability is a S-year storm, the 09
probability is a 10-year storm. The precipitation values
associated with a 0.99 nonexceedance probability is an
estimate of the 100-year storm. Interesting observations from
these graphs are that 72-hour precipitation is only slightly
greater than 48-hour since most heavy Colorado storms do
not last longer than 2 days. Also, it is interesting that
Denver gets greater precipitation than Pueblo for long
duration storms, but Pueblo exceeds Denver in short
duration.

We are also looking into the very interesting
question of how intense rainfall changes with elevation.
While annual and seasonal precipitation totals increase with
elevation in most areas of Colorado, intense precipitation
rates decrease with elevation. Much of the work we will be
doing in the next year will be looking in greater detail at
storm characteristics at higher elevations where many dams
and reservoirs have been built during the past 100 years.

One of the important things to remember when
considering and designing for heavy precipitation is that for
some applications, of which dams and spillways may be the
best example, it is not how heavy it has rained in the past 10,
25, 50 or 100 years that matters. Rather, what matters most
is how heavy it could rain anytime after the structure is built.
Whenever I look at the graph of maximum daily precipitation
each year at Denver, it makes me stop and think. If the
weather station had not been there back in 1876, we would
be tempted to believe that anything greater than 4" in 24-
hours is a huge rain. But the 650" that fell back on May 22,
1876 puts that in perspective and has encouraged engineers
to design structures a bit more conservatively.
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Elevation vs Oct-Sept Avg Precip
East of the Continental Divide
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Finally, have you ever wondered, during a truly intense
thunderstorm downpour, just how hard it can rain for brief
periods. There are a few documented instances (none yet in
Colorado, to my knowledge) where more than 1" of rain has
fallen in one minute. The maximum rates observed for very
short time periods here in Colorado have been on the order of
0.30 - 0.40" per minute. These cloud bursts usually last less
than S minutes. Rainfall totals of around 1" in ten minutes (a
rainfall rate of 6" per hour) do occur occasionally, primarily east
of the mountains. Anything over a total of 2" in an hour
constitutes a very heavy storm capable of causing flooding. A
handful of stations in eastern Colorado have reported more
than 3" in an hour. Only a few storms (fortunately) maintain
high rainfall rates for longer time periods. These are the ones
that really scare us and these are the ones that have claimed
many lives = the Cheyenne, WY storm of 1985, the Big
Thompson storm of 1976, the Plum Creek storm of 1965, the
eastern Colorado storm of 1935 and the Pueblo storm of 1921.
These storms have struck before and will strike again. The
odds say that most of us will never experience such a tumult,
but some of us will. Therefore, it is best that we all be

prepared.

PRECIPITATION (INCHES)
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HAVE YOU WITNESSED A BIG STORM?
Tell us about it!!

If you have any information on exceptionally heavy
storms (greater than 4" in 6-hours) or intense short-duration
rainfall rates in excess of 0.30" per minute or 3" per hour,
please bring them to our attention. Extreme storms can be
very localized and can miss the official raingages. Your
reports of these heavy storms could help our current study
and could impact engineering design and construction in the
future. Please share your information with us.
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