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Glossary
 
Adiabat: Curve of thermodynamic change taking place without addition or subtraction 
of heat. On an adiabatic chart or pseudo-adiabatic diagram, a line showing pressure 
and temperature changes undergone by air rising or condensation of its water vapor; a 
line, thus, of constant potential temperature.  
 
Adiabatic: Referring to the process described by adiabat. 
 
Advection: The process of transfer (of an air mass property) by virtue of motion. In 
particular cases, advection may be confined to either the horizontal or vertical 
components of the motion. However, the term is often used to signify horizontal 
transfer only. 
 
Air mass: A body of air with horizontally uniform temperature, humidity, and 
pressure. 
 
Barrier: A mountain range that partially blocks the flow of warm humid air from a 
source of moisture to the basin under study. 
 
Basin centroid: The point at the exact center of the drainage basin as determined 
through geographical information systems calculations using the basin outline. 
 
Basin shape: The physical outline of the basin as determined from topographic maps, 
field survey, or geographic information system (GIS). 
 
Cold front: Front where relatively colder air displaces warmer air. 
 
Convective rain: Rainfall caused by the vertical motion of an ascending mass of air 
that is warmer than the environment and typically forms a cumulonimbus cloud. The 
horizontal dimension of such a mass of air is generally of the order of 12 miles or less. 
Convective rain is typically of greater intensity than either of the other two main 
classes of rainfall (cyclonic and orographic), and is often accompanied by thunder. 
The term is more particularly used for those cases in which the precipitation covers a 
large area as a result of the agglomeration of cumulonimbus masses. 
 
Convergence: Horizontal shrinking and vertical stretching of a volume of air, 
accompanied by net inflow horizontally and internal upward motion. 
 
Cooperative station: A weather observation site where an unpaid observer maintains 
a climatological station for the National Weather Service (NWS). 
 
Correlation coefficient: The average change in the dependent variable, the 
orographically transposed rainfall (Po), for a 1-unit change in the independent 
variable, the in-place rainfall (Pi). 
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Cyclone: A distribution of atmospheric pressure in which there is a low central 
pressure relative to the surroundings. On large-scale weather charts, cyclones are 
characterized by a system of closed constant pressure lines (isobars), generally 
approximately circular or oval in form, enclosing a central low-pressure area. Cyclonic 
circulation is counterclockwise in the northern hemisphere and clockwise in the 
southern. (That is, the sense of rotation about the local vertical is the same as that of 
the earth's rotation). 
 
Depth-Area curve: Curve showing the relation of maximum average depth to size of 
area within a storm or storms for a given duration. 
 
Depth-Area-Duration: The precipitation values derived from Depth-Area and Depth-
Duration curves at each time and area size increment analyzed for a probable 
maximum precipitation (PMP) evaluation. 
 
Depth-Area-Duration curve: A curve showing the relation between an averaged areal 
rainfall depth and the area over which it occurs, for a specified time interval, during 
a specific rainfall event. 
 
Depth-Area-Duration values: The combination of Depth-Area and Duration-Depth 
relations. Also called Depth-Duration-Area. 
 
Depth-Duration curve: Curve showing the relation of maximum average depth of 
precipitation to duration periods within a storm or storms for a given area size. 
 
Dew point: The temperature to which a given parcel of air must be cooled at 
constant pressure and constant water vapor content for saturation to occur. 
 
Effective barrier height: The height of a barrier determined from elevation analysis 
that reflects the effect of the barrier on the precipitation process for a storm event. 
The actual barrier height may be either higher or lower than the effective barrier 
height. 
 
Endorheic: A closed drainage basin that retains water and allows no outflow to other 
external bodies of water such as rivers or oceans, but converges instead into lakes or 
swamps, permanent or seasonal, that equilibrate through evaporation. 
 
Envelopment: A process for selecting the largest value from any set of data. In 
estimating PMP, the maximum and transposed rainfall data are plotted on graph 
paper, and a smooth curve is drawn through the largest values. 
 
Explicit transposition: The movement of the rainfall amounts associated with a storm 
within boundaries of a region throughout which a storm may be transposed with only 
relatively minor modifications of the observed storm rainfall amounts. The area 
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NOAA: National Oceanic and Atmospheric Administration  
 
NWS: National Weather Service 
 
NRCS: Natural Resources Conservation Service  
 
PMF: Probable Maximum Flood 
 
PMP: Probable Maximum Precipitation 
 
PRISM: Parameter-elevation Relationships on Independent Slopes 
 
PW: Precipitable Water 
 
SPAS: Storm Precipitation and Analysis System 
 
TAF: Total Adjustment Factor 
 
USACE: US Army Corps of Engineers 
 
USBR: Bureau of Reclamation 
 
USGS: United States Geological Survey 
 
WBD: Watershed Boundary Database 
 
WMO: World Meteorological Organization 
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Figure 1: Probable Maximum Precipitation study domain 
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The moisture content of each of these storms was maximized to provide worst-case 
rainfall accumulation for each storm at the location where it occurred (in-place storm 
location). Storms were then transpositioned to regions with similar meteorological 
and topographical characteristics. Locations where each storm was transpositioned 
were determined using meteorological judgment, comparison of adjustment factors, 
comparisons of PMP depths, comparison against previous transposition limits from 
HMRs and AWA, discussions with the PRB, discussion with the Project Sponsors, and 
comparisons against precipitation frequency climatologies. Adjustments were applied 
to each storm as it was transpositioned to each grid point to calculate the amount of 
rainfall each storm would have produced at each grid point versus what it produced at 
the original location. These adjustments were combined to produce the total 
adjustment factor (TAF) for each storm for each grid point.  
  
The TAF is applied to the observed precipitation values at the area size of interest to 
each storm. The Storm Precipitation Analysis System (SPAS) is utilized to analyze the 
rainfall associated with each storm used for PMP development. SPAS has been used to 
analyze more than 700 extreme rainfall events since 2002. SPAS analyses are used in 
PMP development as well as other numerous meteorological applications. SPAS has 
been extensively peer reviewed and accepted as appropriate for use in analyzing 
precipitation accumulation by numerous independent review boards and as part of the 
Nuclear Regulatory Commission (NRC) software certification process. Appendix E 
provides a detailed description of the SPAS program. The TAF is a product of the In-
Place Maximization Factor (IPMF), the Moisture Transposition Factor (MTF), and the 
Geographic Transposition Factor (GTF). For this study, extensive discussion took place 
regarding the use of the MTF and whether it was already accounted for with the GTF 
process. Discussions among the PRB, Project Sponsors, and AWA did not produce 
conclusive evidence. Evaluation of the MTF process is ongoing currently and will be 
continued as a topic of future research. Therefore, it was as agreed to utilize a 
conservative approach and allow the MTF to be limited to 1.00 or greater.  
 
The governing equation used for computation of the Total Adjusted Rainfall (TAR), for 
each storm for each grid cell for each duration, is given in Equation 1.  
 

௫௛௥ܴܣܶ 	 ൌ 	 ௫ܲ௛௥ ൈ ܨܯܲܫ ൈ ܨܶܯ ൈ  (Equation 1)   ܨܶܩ
where: 
  

TARxhr is the Total Adjusted Rainfall value at the x-hour (x-hr) duration for the 
specific grid cell at each duration at the target location; 
 
 Pxhr is the x-hour precipitation observed at the historic in-place storm location 
(source location) for the basin-area size; 
 
 In-Place Maximization Factor (IPMF) is the adjustment factor representing the 
maximum amount of atmospheric moisture that could have been available to the 
storm for rainfall production; 
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the atmospheric instability and moisture levels to occur in combination that would 
produce convective initiation and PMP level local storm rainfall.  

2.2.2 General Storms 
General storms occur in association with frontal systems and along boundaries 
between sharply contrasting air masses. Precipitation associated with frontal systems 
is enhanced when the movement of weather patterns slow or stagnates, allowing 
moisture and instability to affect the same general region for several days. In 
addition, when there is a larger than normal thermal contrast between air masses in 
combination with higher than normal moisture, PMP-level precipitation can occur. 
The processes are often enhanced by the effects of topography, with heavier 
precipitation occurring along and immediately upwind of upslope regions. Intense 
regions of heavy rain can also occur along a front as a smaller scale disturbance 
moving along the frontal boundary, called a shortwave, creates a region of enhanced 
lift and instability. These shortwaves are not strong enough to move the overall large-
scale pattern, but instead add to the storm dynamics and energy available for 
producing precipitation.  
 
This type of storm will usually not produce the highest rainfall rates over short 
durations, but instead leads to flooding situations as moderate rain continues to fall 
over the same region for an extended period of time.  
 
The seasonality of general storms varies throughout the region. Although they can 
occur at almost any time of the year, they are generally strongest from fall through 
spring. Strong frontal systems do affect many parts of the region in winter. However, 
most of the precipitation occurs in the form of snow, especially at higher elevations. 
Therefore, the full general storm PMP depths are valid from May through November 
east of the Continental Divide and in transposition zones 9, 14, 15, and 16 (cf: Section 
7.3, Transposition Zones). For the remaining transposition zones west of the 
Continental Divide (transposition zones 10-13) the full general storm PMP depths are 
valid October through March. Rainfall from frontal systems is generally less intense 
during the summer season when frontal dynamics and instability are less than the fall 
and spring seasons. This results in lower intensities and shorter durations. In addition, 
during the summer months, local and/or tropical storms dominate rainfall 
accumulations. Finally, the general storm PMP is assumed to be a rainfall only event 
where melting snow would not contribute significantly to runoff.  

2.2.3 Tropical Storms 
Tropical storms can affect southern portions of the study region, with the possibility 
of controlling PMP depths for regions south of 38.5°N latitude. These storms only form 
from June through October because of their reliance on warm water along with 
supporting synoptic and upper level weather patterns. They can originate from the 
Gulf of California, Eastern Pacific, and Gulf of Mexico prior to moving into the region. 
In addition, because of their reliance on moisture and warm ocean temperatures their 
influence decreases rapidly once they move inland and away from the moisture and 
energy sources. Therefore, tropical storm PMP was only developed for regions south 
of 38.5°N latitude. This is similar (although slightly further north, i.e. more 
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conservative) than limits used in HMR 55A. Figure 2.32 in HMR 55A shows remnant 
tropical systems that affected the region. This does not mean remnant tropical 
moisture has no effect on areas further north, however the magnitude of rainfall is 
significantly less than local or general storms and therefore does not control PMP 
depths. The remnant air mass from a tropical system can add high levels of moisture 
and potential convective energy to the atmosphere, while circulations associated with 
the original tropical system continue to persist at diminished levels within the 
atmosphere. When these systems move slowly over a region, large amounts of rainfall 
can be produced both in convective bursts and over longer durations. 

2.3 Topographic Effects on Precipitation 
Terrain plays a significant role in precipitation development and accumulation 
patterns in time and space. The terrain within the region both enhances and 
depresses precipitation depending on whether the terrain is forcing the air to rise 
(upslope effect) or descend (downslope). To account for the effect of precipitation by 
terrain features (called orographic effects), explicit evaluations were performed using 
precipitation frequency climatologies and investigations into past storm spatial and 
accumulation patterns across the region. The NOAA Atlas 14 precipitation frequency 
climatologies (Bonin et al., 2011 and Perica et al., 2013), the Wyoming statewide 
precipitation frequency data developed by AWA (Kappel et al., 2014), and the Texas 
statewide precipitation frequency data developed by AWA (Kappel et al., 2016) were 
used in this analysis. These climatologies were also used to derive the GTF and the 
spatial distribution of the PMP. This approach is similar to the use of the NOAA Atlas 2 
100-year 24-hour precipitation frequency climatologies used in HMRs 55A (Section 6.3 
and 6.4, Hansen et al., 1988), 57 (Section 8.1, Hansen et al., 1994), and 59 (Section 
6.61. and 6.6.2, Corrigan et al., 1999) as part of the Storm Separation Method (SSM) 
to quantify orographic effects in topographically significant regions.  
  
The quantification of orographic effects was completed by evaluating rainfall depths 
at the 100-year recurrence interval using the 6-hour duration for local storms and the 
24-hour duration for tropical and general storms at both the source (storm center) 
and target (grid point) location. This comparison produced a ratio that quantified the 
differences of precipitation processes, including topography, between the two 
locations. The assumption is that the precipitation frequency data represent all 
aspects that have produced precipitation at a given location over time, including the 
effect of terrain both upwind and in-place. Therefore, if two locations are compared 
within regions of similar meteorological and topographical characteristics, the 
resulting difference of the precipitation frequency climatology should reflect the 
difference of all precipitation producing processes between the two locations, 
including topography.  
 
This relationship between precipitation frequency climatology and terrain is also 
recognized in the WMO PMP Manual (WMO, 1986 pg. 54 and by the Australian 
Bureau of Meteorology (Section 3.1.2.3 of Minty et al., 1996). Although the 
orographic effect at a particular location may vary from storm to storm, the overall 
effect of the topographic influence (or lack thereof) is inherently included in the 
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2014), and Texas (Kappel et al., 2016). Maps of each version of PMP depths were 
plotted at standard area sizes and durations to ensure proper spatial continuity of 
PMP depths. Updates were applied to ensure reasonable gradients and depths based 
on overall meteorological and topographical interactions. Comparisons were 
completed against previous PMP values from the appropriate HMRs, from the 
bordering PMP studies, and against various precipitation frequency climatologies. 
Updated precipitation frequency data from the REPS Precipitation Frequency Task 
were used to evaluate the Annual Exceedance Probability of the PMP. The PMP tool 
employs very few calculations, however the script utilizes Python’s ‘try’ and ‘except’ 
statements to address input that may be unsuitable or incorrect. 
 
The PRB and Project Sponsors completed external QA/QC on several important 
aspects of the PMP development. PRB members explicitly evaluated storms used for 
PMP development, the transposition limits of important storms, the storm 
representative values for each storm, and the PMP depths across the region. In 
addition, PRB and Project Sponsors provided extensive review and comment on the 
temporal accumulation pattern development, the GIS tool output, and report 
documentation. 

5. Storm Selection 

5.1 Storm Search Process 
The initial search began with identifying storms that had been used in other PMP 
studies in the region covered by the storm search domain (Figure 3). These storm lists 
were combined to produce a long list of storms for this study. Previous lists analyzed 
included the Nebraska statewide PMP study (2008), the Arizona statewide PMP study 
(2013), the Wyoming state PMP study (2014), and the Texas statewide PMP study 
(2016) (Figure 4). These previous storms lists were updated with data through the 
course of this study and from other reference sources such as HMRs, USGS, USACE, 
USBR, EPAT, New Mexico and Colorado state climate center reports, and NWS reports. 
In addition discussions with the PRB, Project Sponsors, and other project participants 
were reviewed to identify dates with large rainfall amounts for locations within the 
storm search domain.  
 
Storms from each of these sources were evaluated to see if they occurred within the 
initial storm search domain shown in Figure 3 and was previously important for PMP 
development. Next, each storm was analyzed to determine whether it was included 
on the short list for any of the previous studies, whether it was used in the relevant 
HMRs, and/or whether it produced an extreme flood event. Storms included on the 
initial storm list all exceeded the 100-year return frequency value for specified 
durations at the station location. Each storm was then classified by storm type (e.g., 
local, general, tropical) based on their accumulating characteristics and seasonality 
as discussed in Section 2. Storm types were discussed with the PRB to ensure 
concurrence and cross-referenced with Precipitation Frequency Task storm typing to 
ensure consistency. The storms were then grouped by storm type, storm location, and 
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duration for further analysis to define the final short list of storms used for PMP 
development. These storms were plotted and mapped using GIS to better evaluate the 
spatial coverage of the events throughout the region by storm type to ensure 
adequate coverage for PMP development.  
 
The recommended storm list was presented to the PRB and Project Sponsors for 
discussion and evaluation. The recommended short list of storms was based on the 
above evaluations and experience with past studies and relevance for this project. 
The recommended short storm list was reviewed by the PRB and Project Sponsors and 
discussed in detail during Workshops 2, 3, and 4 and subsequently through the end of 
the project as various iterations of the PMP were developed. A few storms were 
removed from final consideration because of transposition limits and others were 
classified as hybrid events when they exhibit rainfall accumulation characteristics of 
more than one storm type. Iterations of how each storm was used can be found in the 
PMP Version log provided in Appendix I. 
 
Table 1 provides the initial list of storms (known as the long list) considered during 
this study that passed these initial evaluations. Note, in some instances the storm 
location name, storm total amount, and/or start date of the rainfall may vary 
compared to previous studies. This occurs when updated information is applied or 
when a new SPAS analysis is completed subsequent to the previous study. This is a 
standard process in PMP development as each study completed reflects the most 
current information available at the time of analysis. Therefore, the storm list 
provided in this report represent the most current and up-to-date representation of 
each storm and supersede any previous lists. The extended tables of the long storm 
list can be found in Appendix M. 
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Consideration was given to each storm's transpositionability within the overall domain 
and each storm's relative magnitude compared to other similar storms on the list and 
whether another storm of similar storm type was significantly larger. In this case, 
what is considered is whether after all adjustments are applied a given storm would 
still be smaller than other storms used. To determine this, several evaluations were 
completed. These included use of the storm in previous PMP studies, comparison of 
the precipitation values at area sizes relevant to the basin, and comparison of 
precipitation values after applying a 50 percent maximum increase to the observed 
values. 

5.3 Gibson Dam, MT June 1964 Transposition Limit Discussions 
Extensive discussion took place regarding the transposition limits of the Gibson Dam, 
MT June 1964 storm event. This storm is very important for setting PMP levels for the 
general storm type in mountainous locations of the northern Rocky Mountains in 
Wyoming and Montana. This storm was initially considered outside of the transposition 
limits used for this study. Explicit investigations into the transposition limits of the 
storm were completed as part of the Wyoming statewide PMP study (Kappel et al., 
2014). The project review board and sponsors of that study agreed with AWA’s 
recommended transposition limits that kept the storm out of the Colorado-New 
Mexico study region. In addition, the site-specific PMP study completed by AWA for 
the Gross Reservoir (Kappel et al., 2017) again revisited the transposition limits of this 
storm. That study included a Federal Energy Regulatory Commission Board of 
Consultants and Colorado dam safety engineers, many of whom were different from 
the review board that was part of the Wyoming study. Extensive evaluations of the 
transposition limits were again discussed. AWA’s recommended transposition limits 
used in the Wyoming study were determined to be appropriate for the Gross Reservoir 
basin.  
 
However, as part of this study, the PRB noted that in some previous work (e.g., HMR 
55A and Flood Hazard Study for Pueblo Dam, Colorado, England et al., 2006) the 
storm was transpositioned to portions of Colorado. Therefore, additional evaluation of 
this storm’s transposition limits took place as part of this study. The PRB Review 
Summary document provides the PRB analysis of the storm and potential transposition 
limits based on that analysis.  
 
AWA provided several details regarding the meteorological and topographical 
interactions unique to the Gibson Dam storm location that supports a limited 
transposition region. These are relevant for the mountainous and other Front Range 
regions where the storm is not used in the study. The follow section provides those 
details and evaluations. 

5.4 Gibson Dam Transposition Evaluations 
This storm occurred from the first upslopes to the Continental Divide in northern 
Montana near Glacier National Park. The storm is a classic example of the general 
storm type in the region. The storm produced more than 19 inches of rainfall in a two-
day period at relatively high elevations. Record flooding resulted from this event. This 
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in HMR 55A Section 3.3. Figure 6 displays the inflow vectors associated with PMP-type 
storms throughout the HMR 55A region and explicitly demonstrates how the PMP-
storm type inflow directions change from north to south across the region. The 
predominant low-level moisture inflow direction around the Gibson Dam region is 
east/northeast, while over Colorado, the low-level moisture inflow direction is from 
the east/southeast. This reflects the differences in general synoptic meteorology 
inflow patterns between the two regions. In addition, the positioning of the surface 
low pressure, upper level (500mb) trough, and influence of Pacific moisture occurred 
in a manner that would not occur in the same combination over most of Colorado 
during June. This limits the region of transpositionability to areas where these same 
features could combine together with the same intensity (storm dynamics and 
moisture) as observed.  
 
These same considerations are discussed in the HMRs regarding transpositionability, 
specifically HMR 57 states, “Storm transposition involves the relocation of storm 
properties from the place where the storm occurred to places where the storm could 
have the same properties. Usually the storm property transposed is thought to be the 
attendant precipitation, however it is actually "the mechanisms" responsible for the 
precipitation that are transposed.” Further, HMR 57 Section 7.4 states, “The second 
step of horizontal storm transposition involves limiting the range of the storm 
mechanism by considering the specific thermal and moisture inflow characteristics of 
the given storm. As discussed in HMR 55A, if the boundary-layer moist inflow to the 
storm at a proposed location encounters significantly different topographic conditions 
than existed at the original site, the transposition would not be made.”  
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Figure 7 displays the transposition limits discussed in HMR 55A. This version takes the 
storm into the northern Colorado mountainous regions east of the Continental Divide. 
However, the final transposition limits applied are not explicitly known as that 
documentation is not provided in HMR 55A and this application of transposition limits 
would violate the discussions provided in the HMRs noted above. It is assumed that 
HMR 55A applied larger transposition limits than would be allowed considering the 
meteorology and topography at the Gibson Dam in-place location in order to ensure 
enough data are available from which to derive PMP values. For example, HMR 57 
states, “A final consideration in horizontal transposition is the overall availability of 
record setting storms within the region. Where there are a sufficient number of such 
events, the procedure would be applied strictly; when there are few storms available, 
less restrictive application would be used.” This is no longer the case in Colorado, as 
there are a sufficient number of high elevation storm events from which to derive 
PMP for this study.  
 
In contrast to the transposition limits shown in HMR 55A, the NWS produced an 
explicit transposition limit map of the Gibson Dam storm that differs significantly 
from the HMR 55A map (Figure 8). These NWS transposition limit maps were obtained 
by AWA directly from the Hydrometeorological Design Studies Center where all HMR 
development took place and original data exist. Although it is not known exactly how 
these NWS transposition limit maps were ultimately utilized, they represent one of 
the only sets of working notes available from the original development of the HMRs. In 
all other cases where data in HMRs are available to cross reference against these 
maps (e.g., Figure 26 in HMR 52 and all storms listed in HMR 53 Table 2) the limits 
shown on the maps exactly match the HMR description. In addition, the information 
provided on the transposition limits maps regarding the storm designation number, 
date, and maximization match what is provided in the HMRs and USACE Storm Studies 
files (USACE, 1973). Given this information, it is assumed these transposition limit 
maps represent what the authors of the HMRs original intent was regarding each 
storm’s explicit transposition limits where these maps exist. The image for the Gibson 
Dam storm shows they did not consider this storm to be transpositionable to any 
regions south of 47°N latitude. This is related to the unique interaction of storm 
dynamics, seasonality, moisture inflow direction, and the topography of the region as 
discussed above.  
 
The same discussions and meteorological reasoning took place during evaluations 
performed as part of the Wyoming statewide PMP study which included 
representatives from the FERC), an independent BOC, representatives from the 
USACE, the Wyoming State Engineer's Office, the NRCS, and representatives from the 
University of Wyoming Atmospheric Sciences program. During these investigations, the 
transposition limits for the storm were further refined based on the meteorological 
conditions discussed previously and topographic considerations. Figure 9 provides the 
final transposition limits applied to the Gibson Dam storm as used in the Wyoming 
statewide PMP study. Further refinement of the transposition limits as discussed 
above as part of this study resulted in an update to the transposition limits used in 
the Wyoming statewide PMP study. These discussions explicitly demonstrate that the 
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Table 2: Short storm list 
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The NWS uses this relationship to estimate rainfall through the use of their network of 
Doppler radars (NEXRAD) located across the United States. A standard default Z-R 

algorithm of Z = 300R1.4 has been the primary algorithm used throughout the country 
and has proven to produce highly variable results. The variability in the results of Z 
vs. R is a direct result of differing DSD and DND, and differing air mass characteristics 
across the United States (Dickens 2003). The DSD and DND are determined by a 
complex interaction of microphysical processes in a cloud. They fluctuate hourly, 
daily, seasonally, regionally, and even within the same cloud (see Appendix E for a 
more detailed description).  
 
Using the technique described above, also discussed in Appendix E, NEXRAD rainfall 
depth and temporal distribution estimates are determined for the area in question.  

6.6 Depth-Area-Duration Program 
The DAD extension of SPAS runs from within a Geographic Resource Analysis Support 
System (GRASS) GIS environment and utilizes many of the built-in functions for 
calculation of area sizes and average rainfall depths. The following is the general 
outline of the procedure:  

1. Given a duration (e.g., x-hours) and cumulative precipitation, sum up the 
appropriate hourly or sub-hourly precipitation grids to obtain an x-hour total 
precipitation grid starting with the first x-hour moving window. Ο 

2. Determine x-hour precipitation total and its associated areal coverage. Store 
these values. Repeat for various lower rainfall thresholds. Store the average 
rainfall depths and area sizes. Ο 

3. The result is a table of depth of precipitation and associated area sizes for 
each x-hour window location. Summarize the results by moving through each of 
the area sizes and choosing the maximum precipitation amount. A log-linear 
plot of these values provides the depth-area curve for the x-hour duration. Ο 

4. Based on the log-linear plot of the rainfall depth-area curve for the x-hour 
duration, determine rainfall amounts for the standard area sizes for the final 
DAD table. Store these values as the rainfall amounts for the standard sizes for 
the x-duration period. Determine if the x-hour duration period is the longest 
duration period being analyzed. If it is not, analyze the next longest duration 
period and return to step 1. Ο 

5. Construct the final DAD table with the stored rainfall values for each standard 
area for each duration period. Ο 

6.7 SPAS DAD Zones 
Several of the final SPAS analyses include more than one DAD zone.  Individual SPAS 
DAD zones are developed when the timing and/or topographical interactions of a 
given SPAS analysis demonstrate that specific areas of the rainfall accumulation 
should not be grouped together.  The DAD zones are delineated so that the final DAD 
depths represent an area of rainfall accumulation that occurred over the same time 
period and with the same topographical interactions.  Meteorological judgment and 
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experience are applied to each SPAS analysis to determine the most appropriate DAD 
zone delineations.    
  
DAD zone separation is completed so that the final DAD depths used in PMP analysis 
represent a physical possible rainfall accumulation pattern.  Otherwise, the DAD 
depths would be a combination of rainfall from areas with significantly different 
topographical characteristics and/or significantly different timing.  Separate DAD 
zones are needed because when DAD depths are calculated, spatial characteristics are 
lost as the process combines all data above a given threshold and area within a pre-
defined domain regardless of timing or topographical location.  Therefore, the DAD 
depths no longer represent those individual storm characteristics and those variations 
would not be represented in the DAD depths.  
  
Many of the storms used in this study had multiple DAD zones.  The DAD zones are 
treated as individual storm centers for PMP analysis.  These are indicated in the storm 
lists as SPAS XXXX_X, where the X is the DAD zone.  For example SPAS 1302_2 would 
represent SPAS storm number 1302 and DAD zone 2. 

6.8 Comparison of SPAS DAD Output Versus Previous DAD Results 
The SPAS process and algorithms have been thoroughly reviewed as part of many AWA 
PMP studies. Recently the SPAS program was reviewed as part of the NRC software 
verification and validation program to ensure that its use in developing data for use in 
NRC regulated studies was acceptable. The result of the NRC review showed that the 
SPAS program performed exactly as described and produced expected results.  
 
As part of this study, the PRB asked that comparisons be provided comparing SPAS 
DAD and previously published DAD tables developed by the USACE, USBR, and/or NWS. 
AWA provided these comparison tables for all storms where previous DADs were 
available that covered the same domain as the SPAS analysis (see Appendix K). Table 
3 provides an example comparison of a SPAS DAD from the analysis of the Big 
Thompson Canyon, CO July 1976 storm versus the USBR DAD previously developed for 
that storm. As expected, the differences between SPAS DAD depths and previously 
published depths varied by area size and duration. The difference were a result of 
one or more of the following: 

 SPAS utilizes a more accurate basemap to spatially distribute rainfall between 
known observation locations. The use of a climatological basemap reflects how 
rainfall has occurred over a given region at a given time of the year and 
therefore how an individual storm pattern would be expected to look over the 
location being analyzed. Previous DAD analyses completed by the NWS and 
USACE often utilized simple IDW or Thiessen polygon methods that did not 
reflect climatological characteristics as accurately. In some cases the NWS and 
USACE utilized precipitation frequency climatologies to inform spatial patterns. 
However, these relied on NOAA Atlas 2 (Miller et al., 1973) patterns and data 
that are not as accurate as current data from PRISM (Daly et al., 1994 and Daly 
et al., 1997) and NOAA Atlas 14.  
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For the Ward District, CO storm (SPAS 1614) the WRF spatial precipitation pattern 
(based on maximum value of 4-member runs) was used as a SPAS basemap (Figure 19). 
The WRF output showed a reasonable spatial pattern over the mountainous terrain 
given the expected interaction of topography and storm characteristics. The WRF 
pattern also matched well with the observed rainfall observations, although shifted 
slightly to the southeast. This provided significant improvement over the previous 
analysis where limited rainfall observations were available and therefore the spatial 
pattern was highly reliant on USGS hand drawn isohyetal pattern (Follansbee and 
Sawyer, 1948). Figures 20 and 21 provide the SPAS total storm isohyetal before WRF 
basemap application and after application. Notice the more realistic representation 
of the spatial pattern over the elevated terrain versus the previous SPAS analysis, 
which produced a more “bullseye” effect around the limited observational points. 
This mainly affected the overall volume of rainfall in the high elevation regions. 
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Figure 20: SPAS 1614 total storm isohyetal pattern prior to utilizing the WRF 
reanalysis information 
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Figure 21: SPAS 1614 total storm isohyetal pattern after utilizing the WRF reanalysis 
information  
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Figure 25: SPAS 1294 total storm isohyetal pattern prior to utilizing the WRF 
reanalysis information. Note the black circles encompass regions ultimately adjusted 
to correct for the inappropriate increase resulting from the PRISM June 1921 
climatological basemap.  
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Figure 26: USGS depiction of regions of heavy rainfall causing excessing flooding 
(reproduced from Follensbee and Jones, 1922). Note, no significant rainfall is 
depicted around the highest elevation of Pikes Peak or along the 
Park/Freemont/Teller county area.  
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and topographical conditions. To properly relocate such storms, it is necessary to 
address issues of similarity as they relate to meteorological conditions, moisture 
availability, and topography. In this study, adjustment factors used in transpositioning 
of a storm are quantified by using the Geographic Transposition Factor (GTF) and 
Moisture Transposition Factor (MTF).  
 
The regional transposition zones developed for this study were based on the variable 
meteorological and topographical characteristics across the domain along with 
considerations of moisture source region characteristics. National Centers for 
Environmental Information (formally the National Climatic Data Center) climate 
regions, USGS physiographic regions, Precipitation Frequency Task precipitation super 
regions, and adjacent study transposition regions were all investigated to help define 
the zones.  
 
Figure 28 shows the transposition zones utilized in this study. Note, that the zones 
were used as a general guidance and for initial evaluations. Storms were ultimately 
allowed to move between zones and/or were restricted within a given zone for final 
PMP development. 
 
Transposition zones 1 and 2 represent the eastern plains of Colorado and New Mexico. 
In these regions topography is generally less important than most of the remainder of 
the region. These areas also have the most direct access to low-level moisture from 
the Gulf of Mexico. Transposition zones 3 and 4 represent the highly orographically 
influenced regions where the High Plains transition to the Rocky Mountains. These 
areas see some of the most frequent and extreme rainfalls in the entire region 
because of the preferential access to moisture and increased orographic effects. 
Transposition zones 5 and 6 represent mountainous regions east of the Continental 
Divide that do not have direct access to low-level moisture from the Gulf of Mexico 
because terrain blocks the flow upstream (zones 3 and 4). These regions receive 
frequent precipitation, often in the form of snow. However, the lack of low-level 
moisture inflow results in lower relative precipitation amounts. Transposition zones 7 
and 8 represent protected inland valleys and are some of the driest regions in the 
domain analyzed. This is the result of terrain blocking low-level moisture from 
entering these regions from the east and west. The southern portion of transposition 
zone 8 (the Rio Grande Valley) is more open to low-level moisture access from the 
Gulf of Mexico and receives greater amounts of rainfall than the northern sections and 
the adjacent transposition zone 7. Transposition zone 9 is very similar to zone 5 and 
6, except it is located west of the Continental Divide. Therefore, the most important 
moisture source is the Pacific Ocean. Orographic effects are very important in this 
region; however moisture availability is very low. This results from storms having to 
cross several mountain barriers before reaching this region. Transposition zone 9 
receives frequent precipitation, but in generally lower intensity and often in the form 
of snow. In fact, some areas in transposition zone 9 receive the highest mean annual 
precipitation in the entire study domain. However, much of the precipitation occurs 
as snowfall. Transposition zones 10-15 represent Basin and Range and Colorado 
Plateau regions west of the Rocky Mountains in western Colorado and New Mexico. In 
these regions, a strong seasonality of precipitation occurs, with general storms 
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Figure 28: Transposition zones utilized for CO-NM REPS 
 
Initial transposition limits were assigned with the understanding that additional 
refinements would take place as the data were run through the PMP evaluation 
process. Numerous sensitivity runs were performed using the PMP database to 
investigate the results based on the initial transposition limits. Several storms were 













CO-NM Regional Extreme Precipitation Study 

 
Volume II    November 2018 Page 73 of 165 

7.5 Moisture Transposition Factor 
The MTF was developed to represent the difference in available moisture from a 100-
year recurrence interval climatological perspective between two locations. This was 
done assuming that the precipitation frequency climatologies used in this study do not 
necessarily quantify this difference. Numerous discussions have occurred during 
previous studies and again during this study with the PRB to try and quantify moisture 
differences. As with previous studies, no definitive answer developed. Therefore to 
account for the unknown in this process versus how much of the climatological 
moisture differences are already represented in the precipitation frequency 
climatologies the decision was made to set a lower limit of 1.00 to the MTF. This 
decision was made after extensive discussions between the PRB, Project Sponsors, 
and AWA. In addition, the MTF for the SPAS 1274 Rattlesnake, ID November 1909 and 
SPAS 1211 Gibson Dam, MT June 1964 storm were held to 1.00. This was done to 
adjust the significant increase this factor produced because the storms were moved 
over such a great distance and this factor was inappropriately increasing the storm 
beyond reasonable limits. 
 
Further information from the PRB perspective can be found in the PRB Review 
Summary. Appendix B provides the MTF maps for each storm with the lower limitation 
of 1.00 applied. 
 
Moisture, in the form of precipitable water depths, was determined by extracting the 
dew point temperatures at each storm representative location and each 
representative target grid point location. ArcGIS was used to shift the storm center 
and target grid point locations upwind according to each storm’s inflow vector. The 
monthly dew point temperature was extracted at each representative point for two 
bounding months and temporally interpolated based on the storm’s temporal 
transposition date. The extracted dew point temperatures were rounded to the 
nearest ½° Fahrenheit and converted to precipitable water using a lookup table 
derived from HMR 55A Appendix C (Hansen et al., 1988 p241-242). 
 
Four of the short list storm events (Junipine, AZ December 1966; Peterson Ranch, AZ 
January 2010; Rattlesnake, ID November 1909; and Nogales, AZ October 1977) have 
storm representative locations over the ocean. For these cases, a +2σ SST climatology 
was used as a surrogate for the dew point climatology. These data are downloaded 
from the ICOADS data server. ICOADS data provided by the NOAA/OAR/ESRL PSD, 
Boulder, Colorado, USA, from their Web site at https://www.esrl.noaa.gov/psd/. 

7.6 Moisture Transposition Factor (MTF) Calculation 
The MTF is calculated as the ratio of precipitable water for the maximum dew point 
at the target location to precipitable water for the storm maximum dew point at the 
storm center location as described in Equation 5. This MTF represents the change in 
climatological maximum moisture availability between two locations due to horizontal 
distance. The change due to vertical displacement is quantified inherently within the 
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7.8 HRRR Model Output Used to Convert Precipitation Frequency 

Data to Rain (for use in GTF calculations) 
High Resolution Rapid Refresh (HRRR) model output provided by the CO-NM REPS 
Dynamical Modeling Task provided a significant advancement in the PMP development 
process during this study. One aspect where the HRRR data proved extremely valuable 
was in the adjustment of the precipitation frequency climatologies to represent 
rainfall only values. This was required because the annual maximum accumulation 
values at individual stations across high elevation regions of the study domain are 
highly influenced by snowfall. Comparisons were made at six high-elevation locations 
(Tower, Joe Wright, Independence Pass, Silver Creek Divide, Hopewell, and Gallegos 
Peak) that included frequency analyses of six SNOTEL stations using both annual 
maximum data for rainfall and precipitation (Figure 29). The six sites rainfall AMS all 
occurred between May and September (Figures 30-35). Site-specific L-moment 
analysis results confirm precipitation frequency climatologies in high-elevation regions 
are influenced by snowfall with an average 100-year ratio of rain to snow of 0.73. 
Figures 36-41 show the at-site 24-hour frequency analysis for rainfall and snowfall for 
1-year through 1000-year frequencies. Therefore, the precipitation frequency 
climatologies in these locations are influenced by data that are not representative of 
the PMP being developed (snow versus rain). 

 
Figure 29: Six stations used to investigate rainfall only versus precipitation frequency 
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Figure 30: Annual maximum series for rainfall and precipitation at Tower, CO 
SNOTEL site. 

 
Figure 31: Annual maximum series for rainfall and precipitation at Joe Wright, CO 
SNOTEL site. 
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Figure 34: Annual maximum series for rainfall and precipitation at Hopewell, NM 
SNOTEL site. 

 
Figure 35: Annual maximum series for rainfall and precipitation at Gallegos Peak, NM 
SNOTEL site. 
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Figure 36: Frequency analysis results rainfall and precipitation annual maximum 
series at Tower, CO SNOTEL site. 

 
Figure 37: Frequency analysis results rainfall and precipitation annual maximum 
series at Joe Wright, CO SNOTEL site. 
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need to be corrected to represent rainfall-only values. The development of rainfall-
only precipitation climatology was not part of this study process; therefore, as a 
surrogate HRRR model output from CO-NM REPS Dynamical Modeling Task was utilized. 
This provided an excellent climatology of liquid versus frozen precipitation on a high-
resolution grid across the entire domain. This output was used to produce a correction 
factor to convert precipitation frequency depths to represent rainfall-only depths in 
regions identified as being overly influenced by snowfall/frozen precipitation.  
 
Comparisons were made at several high-elevation locations between HRRR model 
output and frequency analyses of SNOTEL stations using both annual maximum data 
for rainfall and precipitation. The comparison of HRRR and station rainfall to 
precipitation ratios provided support for implementing the HRRR data for rainfall only 
adjustments. Note that the HRRR datasets only cover the most recent 5-year period. 
Therefore, it is assumed that the values utilized from the HRRR dataset represent 
precipitation accumulation patterns and quantities similar to what would result if a 
longer period of record had been available. These assumptions and limitations were 
explicitly discussed and reviewed with the PRB and Project Sponsors as part of several 
workshops and interim teleconferences. Agreement was reached that application of 
the HRRR model output for adjustment of the precipitation frequency climatologies 
was acceptable for the use of PMP development in this study. 
 
The ratio of liquid to frozen precipitation was initially calculated on a gridded basis 
by dividing the HRRR maximum rainfall-only field by the precipitation field for the 6-
hour and 24-hour durations. The 6-hour ratio would be applied to the 6-hour 100-year 
precipitation to convert to 100-year rainfall for use in local storm GTF calculations. 
Similarly, the 24-hour ratio would be applied to the 24-hour 100-year precipitation. 
Due to the short period of record of the HRRR output, the resulting gridded ratios 
contained a few areas of “noise” and inconsistent spatial variations that were 
unsuitable for application to the GTF calculations. To correct this, the relationship 
between the rain-only to precipitation ratio and elevation was examined over larger 
representative regions to provide a smoother spatial field for the ratio development.  
 
Initially, the ratio versus elevation relationship was evaluated over 1,000-foot 
elevation bands, separated into various regions east and west of the Continental 
Divide and with various latitudinal constraints. The regions north of 37°N were 
prioritized as these locations contain most of the areas where snowfall/frozen 
precipitation has an excessive influence on the precipitation frequency climatologies. 
Also, there are not enough high-elevation data points south of 37°N to provide a 
meaningful correlation.  
 
Through workshop discussions and from input from the CO-NM REPS Dynamic Modeling 
Task, it was determined that the mean annual temperature parameter would be a 
more appropriate representation of regions where snowfall/frozen precipitation 
influences precipitation frequency climatologies versus elevation. The PRISM 30-year 
normal mean annual temperatures were plotted against the rainfall-only to all-
precipitation ratios and averaged over 1°C bands. The resulting relationships were 
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Figure 48: 6-hour estimated ratio of rainfall to all-precipitation with storm center 
locations  
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7.9 Geographic Transposition Factor (GTF) Calculation 
The GTF is calculated by taking the ratio of transpositioned 100-year rainfall to the 
in-place 100-year rainfall. 
 

ܨܶܩ ൌ 	 ோ೟

ோೞ
	   Equation 6 

where, 
Rt = climatological 100-year rainfall depth at the target location 
Rs = climatological 100-year rainfall depth at the source storm center 
  

The in-place climatological precipitation (Rs) was determined at the grid point located 
at the SPAS-analyzed total storm maximum rainfall center location. The 
corresponding transpositioned climatological precipitation (Rt) was taken at each 
target grid point. The 100-year AEP was used for each transpositioned location and 
also for the in-place location for storm centers. The 6-hour precipitation frequency 
climatologies were used for the local storm type. The 24-hour precipitation frequency 
climatologies were used for the general and tropical storm types. Precipitation 
frequency (PF) estimates for Arizona, Utah, and New Mexico were taken from NOAA 
Atlas 14 volume 1 (Bonnin et al., 2011). PF estimates over Colorado and Nebraska 
were taken from NOAA Atlas 14 volume 8 (Perica et al., 2013). PF estimates over 
Texas were taken from the precipitation frequency analysis for the Texas Statewide 
PMP study (Kappel et al., 2016). PF estimates over Wyoming and Idaho were taken 
from the precipitation frequency analysis for the Wyoming Statewide PMP study 
(Kappel et al., 2014). PF estimates at high-elevation were adjusted to rainfall-only 
depths using the methods described in previous section. 

7.10 Total Adjustment Factor (TAF) 
The TAF is a combination of the total moisture and terrain differences on the SPAS 
analyzed rainfall after being maximized in-place and then transpositioned to the 
target grid point. 
 

௫௛௥ܴܣܶ 	 ൌ 	 ௫ܲ௛௥ ൈ ܨܯܲܫ ൈ ܨܶܯ ൈ  (from Equation 1)   ܨܶܩ
 
The TAF, along with the other storm adjustment factors, is exported and stored 
within the storm’s adjustment factor feature class to be accessed by the GIS PMP tool 
as described in the following section. 

8. Development of PMP Values 

8.1 PMP Calculation Process 
To calculate PMP, the TAF for each storm must be applied to the storm’s SPAS 
analyzed DAD value for the area size and duration of interest to yield a total adjusted 
rainfall value. The storm’s total adjusted rainfall value is then compared with the 
adjusted rainfall values of every storm in the database transposable to the target grid 
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Figure 52: Sample transposition of Big Elk Meadow, CO 1969 storm (SPAS 1253) to 
grid point #83,789 
 

8.1.2 Sample Precipitable Water Calculation 
Using the storm representative dew point temperature and storm center elevation as 
input, the precipitable water lookup table returns the depth, in inches, used in 
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ܨܯܲܫ ൌ 	 ௣ܹ,௠௔௫

௣ܹ,௥௘௣
 

 

ܨܯܲܫ ൌ 	
1.135"
0.680"

 

 
ܨܯܲܫ ൌ 	1.93 

In this case the IPMF is calculated to a factor above 1.50, the maximum upper limit. 
The IPMF is then set to 1.50. 
 

ࡲࡹࡼࡵ ൌ 	૚. ૞૙ 
 

8.1.4 Sample MTF Calculation 
Using Equation 5: 

ܨܶܯ ൌ 	 ௣ܹ,௧௥௔௡௦

ܹ௣,୫ୟ୶	ሺଷ଴,଴଴଴ᇲሻ
 

 

ܨܶܯ ൌ 	
2.790"
2.790"

 

 
ࡲࢀࡹ ൌ 	૚. ૙૙ 

 

8.1.5 Sample GTF Calculation 
The ratio of the 100-year 24-hour climatological rainfall depth at the target grid point 
#83,789 location to the Big Elk Meadow, 1969 storm center was evaluated to 
determine the storm’s GTF at the target location. The 24-hour rainfall depth (Rt) of 
3.19” was extracted at the grid point #83,789 location from the 100-year 24-hour 
HRRR-adjusted rainfall-only climatology.  
 

ܴ௧ ൌ 	3.19" 
 
Similarly, the 24-hour rainfall depth (Rs) of 4.85” was extracted at the storm center 
location from the 100-year 24-hour HRRR-adjusted rainfall-only climatology. 
 

ܴ௦ ൌ 	4.85" 
 
Equation 6 provides the climatological precipitation ratio to determine the GTF. 
 

ܨܶܩ ൌ 	
ܴ௧

ܴ௦
 

 

ܨܶܩ ൌ 	
3.19"
4.85"
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ࡲࢀࡳ ൌ 	૙. ૟૟" 
 
The GTF at grid #83,789 is 0.66, or a 34 percent rainfall decrease from the storm 
center location due to the orographic effects captured within the precipitation 
frequency climatology. The GTF is then considered to be a temporal constant for the 
spatial transposition between that specific source/target grid point pair, for that 
storm only, and can be applied to the other durations for that storm. 

8.1.6 Sample TAF Calculation 
ܨܣܶ ൌ ܨܯܲܫ	 ൈ ܨܶܯ ൈ  (from Equation 1)  ܨܶܩ

 
ܨܣܶ ൌ 	1.50 ൈ 1.00 ൈ 0.66 

 
ࡲ࡭ࢀ ൌ 	૙. ૢૢ 

 
The TAF for Big Elk Meadow, CO, 1969 when moved to the grid point at 39.85°N, 
105.675°W, representing storm maximization and transposition, is 0.99. This is an 
overall slight decrease from the original SPAS analyzed in-place rainfall. In this case 
the amount of GTF reduction due to the transposition to a high-elevation location of 
lower climatological rainfall is almost inversely proportional to the amount of 
increase due to the in-place maximization. The MTF has no impact, primarily due to 
the short distance transpositioned in this example. The TAF can then be applied to 
the DAD value for a given area size and duration to calculate the total adjusted 
rainfall. If the total adjusted rainfall is greater than the depth for all other 
transpositionable storms, it becomes the PMP depth at that grid point for that 
duration. 

9. PMP Results 
The PMP tool provides basin-specific PMP based on the area-size of the basin. For 
each storm type analyzed, the tool provides output in ESRI file geodatabase format. 
The output includes a basin average PMP table. If the sub-basin average option was 
checked the tool provides averages for each sub-basin. The depths are calculated for 
the area-size of the basin, so no further areal reduction should be applied. The tool 
also provides a point feature class containing PMP depths and controlling storms listed 
by SPAS ID and storm name, date, and state, in addition to gridded raster PMP depth 
files. There are also temporally distributed accumulated rainfall tables for each 
temporal pattern applied to the basin as described in Section 10.7. Finally, a basin 
average PMP depth-duration chart in the .png image format is also included in the 
output folder. An example depth-duration chart for Trout Creek basin, located near 
Buena Vista, Colorado, is shown in Figure 53. Detailed output information is included 
in the PMP tool documentation in Appendix G. 
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In terms of storm types, local storms are characterized by short duration (6-hours or 
less) and small area size high intensity rainfall accumulations. They are often not 
associated with large scale weather patterns and can be influenced by local moisture 
sources. General storms produce precipitation over longer durations (greater than 6-
hours) and cover larger areas with comparatively lower intensity rainfall 
accumulations. General storms are produced by large scale synoptic patterns 
generally associated with areas of low pressure and fronts. In the southern portions of 
the study domain, storms can also be associated with remnant moisture from decaying 
tropical systems originating from the eastern Pacific and Gulf of California. Tropical 
storms rely on warm water from the Gulf of Mexico along with supporting synoptic and 
upper level weather patterns and occur from June through October. When these 
storms move slowly over a region, large amounts of rainfall can be produced both in 
convective bursts and over longer durations. Some storms exhibit characteristics of 
both the local and general storm or local and tropical rainfall accumulation patterns. 
These are termed hybrid storms and a unique temporal pattern has been derived to 
apply to this storm type. 
 
Two methods were used to investigate and derive temporal patterns: i) Synthetic 
Curves based on SPAS mass curves and ii) Huff Curves based on SPAS mass curves. 
Investigations were completed by analyzing the rainfall accumulation of each storm 
and the time over which the main rainfall accumulated. During these analyses, 
consideration was given to the synoptic meteorological patterns that created each 
storm type, access to moisture sources, and the general topographical setting. The 
location of the storm center associated with each SPAS DAD zone was used for the 
temporal distribution calculations. Hourly gridded rainfall data were used for all SPAS 
analyzed storms. 
 
HMR 49 and 55A utilized similar qualitative investigations of rainfall accumulation 
patterns. However, very little background information was provided as to how those 
rainfall data were analyzed to derive the temporal patterns applied in those 
documents. HMR 49 Section 4.4 provides background on investigations completed in 
that study to derive depth-duration information. HMR 49 Section 4.7 provides 
background on the time distribution of incremental PMP for the local storm type. HMR 
55A Section 12.5 addresses local storm incremental accumulation but again provides 
very limited data and analysis background. 

10.1 Synthetic Curve Methodology 
Hourly gridded rainfall data were used for all SPAS analyzed storms. The maximum 
rain accumulations were based on rainfall at the storm center. The rainfall mass 
curve at the storm center were used for the temporal calculations. The steps used to 
derive the synthetic curves are described below. 

10.1.1 Standardized Timing Distribution by Storm Type 
The Significant Precipitation Period (SPP) for each storm was selected by excluding 
relatively small rainfall accumulations at the beginning and end of the rainfall 
duration. Accumulated rainfall (R) amounts during the SPP were used in the analysis 
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Figure 62: Normalized R (Rn) versus shifted time (Ts) for Hybrid Type Storm east of 
the Divide 
 
Figure 63, Figure 64, and Figure 65 show graphs for General SPAS storm events east of 
the Continental Divide while Figure 66, Figure 67, and Figure 68 show these graphs for 
General SPAS storm events west of the Continental Divide.  
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Figure 63: SPAS Rainfall (R) versus time for General Type Storm East of the Divide 
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Figure 64: Normalized R (Rn) versus time (T) for General Type Storm East of the 
Divide 
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Figure 65: Normalized R (Rn) versus shifted time (Ts) for General Type Storm East of 
the Divide 
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Figure 66: SPAS Rainfall (R) versus time for General Type Storm west of the Divide 
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Figure 70: Normalized R (Rn) versus time for Tropical Type Storm East of the Divide 
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Figure 71: Normalized R (Rn) versus shifted time (Ts) for Tropical Type Storm East of 
the Divide 
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Figure 73: Normalized R (Rn) versus time for Tropical Type Storm west of the Divide 
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Figure 74: Normalized R (Rn) versus shifted time (Ts) for Tropical Type Storm west of 
the Divide 

10.2 Huff Curve Methodology 
Huff curves provide a method of characterizing storm mass curves. They are a 
probabilistic representation of accumulated storm depths for corresponding 
accumulated storm durations expressed in dimensionless form. The development of 
Huff curves are described in detail in Huff (1967) and Bonta (2003), a summary of the 
steps are listed below. 
 
For each SPAS storm center mass curve, the core cumulative precipitation amounts 
(R, noted in above section) were identified, the core cumulative rainfall were non-
dimensionalized and converted into percentages of the total precipitation amount at 
one-hour time steps. The non-dimensionalized duration values were interpolated and 
extracted at 0.02 increments from 0 to 1. Storms were grouped by geographic 
location (east versus west of the Continental Divide) and by storm type: local, 
general, tropical, and hybrid. The uniform incremental storm data (by duration and 
location) were combined and probabilities of occurrence were estimated at each 0.02 
increment. Probabilities were estimated as 0.1 increments. The raw recommended 
curves (90th and 10th) were smoothed using a non-linear regression. Smoothing of the 
raw curves is performed to account for statistical noise in the analysis (Huff 1967; 
Bonta 2003). 
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Figure 75: Raw Huff temporal curves for General storms East of the Continental 
Divide 
 

 
Figure 76: Raw Huff temporal curves for General storms west of the Continental 
Divide. 
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Figure 77: Raw Huff temporal curves for Local storms East of the Continental Divide 
 

 
Figure 78: Raw Huff temporal curves for Local storms west of the Continental Divide 

 
Figure 79: Raw Huff temporal curves for Tropical storms East of the Continental 
Divide. 
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Figure 83: Hypothetical 2-hour local storm distribution 

10.5 Meteorological Description of Temporal Patterns 
Each of the temporal patterns was derived through visual inspection, meteorological 
analyses, and comparisons with similar work. Analysis was completed after separating 
each event by storm type (e.g., general, local, tropical, hybrid). The temporal 
patterns reflect the meteorological conditions that produce each storm type. These 
represent observed extreme rainfall accumulation characteristics. It is assumed that 
similar patterns would occur during a PMP event.  

10.6 NRCS Type II Distribution Discussion 
Each of the temporal patterns analyzed for all sites were significantly different than 
the NRCS Type II curve. Figure 84 displays the NRCS Type II curve. The accumulation 
pattern shown with this curve is much more intense than the patterns shown as part 
of this analysis. This same finding was evident in previous statewide and site-specific 
temporal analyses (e.g., Kappel et al., 2015, Kappel et al., 2016, Kappel et al., 2017, 
Kappel et al., 2018).  
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Figure 84: Natural Resource Conservation Service (NRCS) Type II curve 

10.7 PMP Tool Temporal Distributions  
The output PMP depths are distributed to 5-minute accumulations for local storm PMP 
and 15-minute accumulations for general and tropical storm PMP for potential use in 
runoff modeling for dam safety analysis. The distributions are applied by a function 
within the PMP tool. The development of the temporal distribution patterns is 
described in Section 10. 
 
The following distributions were developed based on investigation of storm data used 
in this study. These are recommended patterns based on storm type and basin 
location: 
 
Local Storm (5-minute Steps) 

1. 2-hour Stacked Pattern: 
a. 1st hour:  

i. 1st 15-minute: 39 percent of largest hour evenly distributed2 
ii. 2nd 15-minute: 65 percent of largest hour evenly distributed 
iii. 3rd 15-minute: 84 percent of largest hour evenly distributed 

b. 2nd hour: Evenly distributed 
2. One of the following: 

a) 6-hour east of Divide – 10th Percentile Huff Curve 
b) 6-hour west of Divide – 10th Percentile Huff Curve 

                                         
2 These are accumulation percentages, if 1hr event was 1” then: 15min = 0.39” 30min = 0.65” 45min = 
0.84” 60min = 1.00” 
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Figure 86: Hypothetical 6-hour local storm east of Continental Divide pattern at 5-
minute time step. Red line is the 90th percentile curve, green line is the 10th 
percentile curve, and black dashed line is the synthetic curve. 
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Figure 90: Hypothetical 24-hour general storm west of Continental Divide pattern at 
15-minute time step. Red line is the 90th percentile curve, green line is the 10th 
percentile curve, and black dashed line is the synthetic curve. 
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Figure 93: Comparison of final General/Tropical east Colorado-New Mexico storm 
patterns to several commonly used temporal patterns. 
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Table 6: Comparison to HMR 49 10 sq. mi. PMP depths (Point_X and Point_Y are 

longitude and latitude, respectively, in degrees) 

 
 
Gridded index PMP depths were available over the HMR 51 and 55A coverage areas 
allowing a direct gridded comparison with the depths produced for this study. A 
gridded percent change was calculated for the area-sizes and durations common with 
the HMR index PMP maps. The CO-NM REPS maximum PMP depth from either the 
general storm or local storm types were used for the HMR 51 comparisons to account 
for differences in storm typing between the CO-NM REPS and HMR study. 
 
The HMR 51 overlap area covered the portion of Colorado and New Mexico from 
103°W eastward. Table 7 provides the average PMP percent change from HMR 51.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



CO-NM Regional Extreme Precipitation Study 

 
Volume II    November 2018 Page 144 of 165 

Table 7: Average gridded percent change from HMR 51 for overlap region 

 
 
The HMR 55A overlap area covered the region from 103°W to the Continental Divide. 
Table 8 provides the average 10 square mile CO-NM REPS PMP percent change from 
the gridded PMP derived from the HMR 55A index plates I-IV (General Storm PMP) 
averaged over the transposition zones.  
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11.3 Comparison of PMP Values with Precipitation Frequency  
The ratio of the PMP to 100-year return period precipitation amounts is generally 
expected to range between two and four, with values as low as 1.7 and as high as 5.5 
for regions east of 117°W found in HMR 57 and HMR 59 (Hansen et al., 1994; Corrigan 
et al., 1999). Further, as stated in HMR 59 “…the comparison indicates that larger 
ratios are in lower elevations where short-duration, convective precipitation 
dominates, and smaller ratios in higher elevations where general storm, long 
duration precipitation is prevalent” (Corrigan et al., 1999, p. 207).  
 
For this study, the maximum 24-hour 1/3-square mile PMP was compared directly to 
the 100-year 24-hour rainfall-only values on a grid-by-grid basis for the entire analysis 
domain using a GIS. The comparison was presented as a ratio of PMP to 100-year 
rainfall, and it was determined for each grid point. Average zonal statistics were 
summarized for each transposition zone. Figure 96, Figure 97, and Figure 98 illustrate 
the PMP to 100-year rainfall ratios for 6-hour local storm PMP, 24-hour general storm 
PMP, and 24-hour tropical storm PMP, respectively. The PMP to 100-year return period 
rainfall ratios vary from 2.60 to 5.40, after combining storm types. The values are in 
reasonable proportion expected for the study area and demonstrate the PMP values 
are at appropriately rare levels.  
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Figure 99: 2-hour local storm PMP estimated average recurrence interval 
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12. Uncertainty and Limitations 

12.1 Sensitivity of Parameters 
In the process of deriving PMP values, various assumptions and meteorological 
judgments were made. Additionally, various parameters and derived values were used 
in the calculations, which are standard to the PMP development process. It is of 
interest to assess the sensitivity of PMP values to assumptions that were made and to 
the variability of parameter values. 

12.2 Saturated Storm Atmosphere 
Atmospheric air masses that provide available moisture to both the historic storm and 
the PMP storm are assumed to be saturated through the entire depth of the 
atmosphere and to contain the maximum moisture possible based on the surface dew 
point. This assumes moist pseudo-adiabatic temperature profiles for both the historic 
storm and the PMP storm. Limited evaluation of this assumption in the Electric Power 
Research Institute (EPRI) Michigan/Wisconsin PMP study (Tomlinson, 1993) and the 
Blenheim Gilboa study (Tomlinson et al., 2008) indicated that historic storm 
atmospheric profiles are generally not entirely saturated and contain somewhat less 
precipitable water than is assumed in the PMP procedure. It follows that the PMP 
storm (if it were to occur) would also have somewhat less precipitable water available 
than the assumed saturated PMP atmosphere would contain. The ratio of precipitable 
water associated with each storm is used in the PMP calculation procedure. If the 
precipitable water values for each storm are both slightly overestimated, the ratio of 
these values will be essentially unchanged. For example, consider the case where 
instead of a historic storm with a storm representative dew point of 70oF having 2.25 
inches of precipitable water and assuming a saturated atmosphere, it actually had 90 
percent of that value or about 2.02 inches. The PMP procedure assumes the same type 
of storm with similar atmospheric characteristics for the maximized storm but with a 
higher dew point, say 76oF. The maximized storm, having similar atmospheric 
conditions, would have about 2.69 inches of precipitable water instead of the 2.99 
inches associated with a saturated atmosphere with a dew point of 76oF. The 
maximization factor computed, using the assumed saturated atmospheric values, 
would be 2.99/2.25 = 1.33. If both storms were about 90 percent saturated, the 
maximization factor would be 2.69/2.02 = 1.33. Therefore, any potential inaccuracy 
of assuming saturated atmospheres (whereas the atmospheres may be somewhat less 
than saturated) should have a minimal impact on storm maximization and subsequent 
PMP calculations. 

12.3 Maximum Storm Efficiency 
The assumption is made that if a sufficient period of record is available for rainfall 
observations, at least a few storms would have been observed that attained or came 
close to attaining the maximum efficiency possible in nature for converting 
atmospheric moisture to rainfall for regions with similar climates and topography. The 
further assumption is made that if additional atmospheric moisture had been 
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