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Notice 

This report was prepared by Applied Weather Associates, LLC (AWA).  The results and 

conclusions in this report are based upon best professional judgment using currently available 

data.  Therefore, neither AWA nor any person acting on behalf of AWA can: (a) make any 

warranty, expressed or implied, regarding future use of any information or method in this report, 

or (b) assume any future liability regarding use of any information or method contained in this 

report. 
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Executive Summary 

Applied Weather Associates (AWA) completed a statewide Probable Maximum Precipitation 

(PMP) study for Wyoming.  This study produced gridded PMP values for the project domain at a 

spatial resolution of approximately 2.4-square miles.  Variations in topography, climate and storm 

types across the state were explicitly taken into account.  A large set of storm data were analyzed for 

use in developing the PMP values.  These values replace those provided in Hydrometeorological 

Reports (HMRs) 49, 51, 55A, and 57.  The PMP values are valid from June 15 through September 15, 

with a seasonality adjustment to be applied for other dates of interest.  Results of this analysis reflect 

the most current practices used for defining PMP, including comprehensive storm analyses procedures, 

extensive use of geographical information systems (GIS), explicit quantification of orographic effects, 

updated maximum dew point climatologies for storm maximization and transposition, and an updated 

understanding of the weather and climate throughout the state.   

 

The approach used in this study follows the same philosophy used in the numerous site-

specific, statewide, and regional PMP studies that AWA has completed in the last fifteen years.  This is 

the storm-based approach and follows the same general procedures used by the National Weather 

Service (NWS) in the development of the HMRs.  The World Meteorological Organization (WMO) 

Manual for PMP determination WMO Operational Hydrology Report recommends this same approach.  

The storm based approach identifies extreme rainfall events that have occurred in regions considered 

transpositionable to locations in Wyoming.  These are storms that had meteorological and 

topographical characteristics similar to extreme rainfall storms that could occur over any location 

within the project domain.  Detailed storm analyses are completed for the largest of these rainfall 

events. 

 

The data, assumptions, and analysis techniques used in this study have been reviewed and 

accepted by the Wyoming Water Development Office (WWDO), the Wyoming Sate Engineer's Office 

(WSEO), the Natural Resources Conservation Service (NRCS), and the Technical Review Board for 

this study.  Although this study produces deterministic values, it must be recognized that there is some 

subjectivity associated with the PMP development procedures.  Examples of decisions where scientific 

judgment was involved include the determination of storm maximization factors and storm 

transposition limits.  For areas where uncertainties in data analysis results are recognized, conservative 

assumptions are applied.   All data and information supporting decisions in the PMP development 

process have been documented so that results can be reproduced and verified. 

 

Thirty-four extreme rainfall events were identified as having similar characteristics to extreme 

storm rainfall centers that could potentially control PMP values at various locations within the state.  

Several storm events had multiple Depth-Area-Duration (DAD) zones (also referred to as SPAS DAD 

zones) that were used in the PMP determination process.  A total of 42 storm DAD centers were used 

in the development of PMP for the state.  This includes 21 general storm rainfall centers and 21 local 

storm rainfall centers.  In addition, seven of the storm centers exhibit characteristics of both storm 

types and where therefore used as both general and local storms in the PMP determination process.   

 

Forty-two individual storm center were analyzed using the Storm Precipitation Analysis System 

(SPAS), which produced several standard products, including DAD values; mass curves; and total 

storm isohyetal patterns.  National Weather Service (NWS) Next Generation Weather Radar 



 x 

(NEXRAD) data were used in storm analyses when available (generally for storms which occurred 

after the mid-1990's).   

 

Standard procedures were applied for in-place maximization and moisture transposition 

adjustments (e.g. HMR 55A Section 5 and Section 8).  New techniques and new datasets were used in 

other procedures to increase accuracy and reliability when justified by utilizing advancements in 

technology and meteorological understanding, while adhering to the basic approach used in the HMRs 

and in the WMO Manual.  Updated precipitation frequency analyses were completed for this study.  

These were used with NOAA Atlas 14 precipitation frequency values where available to calculate the 

Orographic Transposition Factors (OTFs) for each storm.  The OTF procedure replaces the storm 

separation method (SSM) used by the NWS in the most recent HMRs.  The OTF procedure, through its 

correlation process, provides quantifiable and reproducible analyses of the effects of terrain on rainfall.  

Results of these three factors (maximization, moisture transposition, and orographic transposition) are 

applied for each storm at each of the grid points for each of the area sizes and durations used in this 

study to define the PMP values. 

 

Maximization factors were computed for each of the analyzed storm events using an updated 

dew point climatology representing the maximum moisture that could have been associated with each 

rainfall event.  This climatology includes the maximum average 3-, 6-, 12-, and 24-hour 100-year 

return frequency values.  The most appropriate duration consistent with the duration of the storm 

rainfall is used.  HYSPLIT model trajectories and NWS weather maps were used as guidance in 

identifying the storm representative moisture source region.   

 

 To house, analyze, and produce results from the large datasets developed in the study, the PMP 

calculation information was stored and analyzed in individual Excel spreadsheets and a GIS database.  

This combination of Excel and GIS was used to query, calculate, and derive PMP values for each grid 

point for each duration for each storm type.  For local/MCS storms, the durations analyzed were 1-, 2-, 

3-, 4-, 5-, 6-, 12-, and 24-hours.  For general storms, the durations analyzed were 1-, 6-, 12-, 24-, 48-, 

and 72-hours.  Area sizes analyzed were 1-, 10-, 25-, 50-, 100-, 200-, 500-, and 1,000-square miles for 

local storms and 1-, 10-, 50-, 100-, 200-, 500-, 1,000-, 5,000-, and 10,000-square miles for general 

storms.  However, the database allows PMP to be calculated at any area size and/or duration available 

in the underlying SPAS data.      
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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:  Extensive body of air approximating horizontal homogeneity, identified as to source region 

and subsequent modifications. 

 

Barrier:   A mountain range that partially blocks the flow of warm humid air from a source of moisture 

to the basin under study. 

 

Basin shape:  The physical outline of the basin as determined from topographic maps, field survey, or 

GIS. 

 

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. 

 

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). 

 

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). 
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Depth-Area curve:  Curve showing, for a given duration, the relation of maximum average depth to 

size of area within a storm or storms. 

 

Depth-Area-Duration:  The precipitation values derived from Depth-Area and Depth-Duration curves 

at each time and area size increment analyzed for a 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, for a given area size, the relation of maximum average depth 

of precipitation to duration periods within a storm or storms. 

 

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 process. 

 

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 within the transposition limits has 

similar, but not identical, climatic and topographic characteristics throughout. 

 

Front:   The interface or transition zone between two air masses of different parameters.  The 

parameters describing the air masses are temperature and dew point. 

 

General storm:  A storm event that produces precipitation over areas in excess of 500-square miles, 

has a duration longer than 6 hours, and is associated with a major synoptic weather feature. 

 

Hydrologic Unit:   A hydrologic unit is a drainage area delineated to nest in a multi-level, hierarchical 

drainage system. Its boundaries are defined by hydrographic and topographic criteria that delineate an 

area of land upstream from a specific point on a river, stream or similar surface waters. A hydrologic 

unit can accept surface water directly from upstream drainage areas, and indirectly from associated 

surface areas such as remnant, non-contributing, and diversions to form a drainage area with single or 
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multiple outlet points. Hydrologic units are only synonymous with classic watersheds when their 

boundaries include all the source area contributing surface water to a single defined outlet point. 

 

HYSPLIT:   Hybrid Single-Particle Lagrangian Integrated Trajectory.  A complete system for 

computing parcel trajectories to complex dispersion and deposition simulations using either puff or 

particle approaches.  Gridded meteorological data, on one of three conformal (Polar, Lambert, or 

Mercator latitude-longitude grid) map projections, are required at regular time intervals.  Calculations 

may be performed sequentially or concurrently on multiple meteorological grids, usually specified 

from fine to coarse resolution. 

 

Implicit transpositioning:  The process of applying regional, areal, or durational smoothing to 

eliminate discontinuities resulting from the application of explicit transposition limits for various 

storms. 

 

Isohyets:  Lines of equal value of precipitation for a given time interval. 

 

Isohyetal pattern:  The pattern formed by the isohyets of an individual storm. 

 

Jet Stream:  A strong, narrow current concentrated along a quasi-horizontal axis (with respect to the 

earthôs surface) in the upper troposphere or in the lower stratosphere, characterized by strong vertical 

and lateral wind shears.  Along this axis it features at least one velocity maximum (jet streak).  Typical 

jet streams are thousands of kilometers long, hundreds of kilometers wide, and several kilometers deep.  

Vertical wind shears are on the order of 10 to 20 mph per kilometer of altitude and lateral winds shears 

are on the order of 10 mph per 100 kilometer of horizontal distance. 

 

Local storm:  A storm event that occurs over a small area in a short time period.  Precipitation rarely 

exceeds 6 hours in duration and the area covered by precipitation is less than 500 square miles. 

Frequently, local storms will last only 1 or 2 hours and precipitation will occur over areas of up to 200 

square miles. Precipitation from local storms will be isolated from general-storm rainfall.  Often these 

storms are thunderstorms. 

 

Low Level Jet stream:  A band of strong winds at an atmospheric level well below the high 

troposphere as contrasted with the jet streams of the upper troposphere. 

 

Mass curve:  Curve of cumulative values of precipitation through time. 

 

Mesoscale Convective Complex (MCC):  For the purposes of this study, a heavy rain-producing 

storm with horizontal scales of 10 to 1000 kilometers (6 to 625 miles) which includes significant, 

heavy convective precipitation over short periods of time (hours) during some part of its lifetime.  

 

Mesoscale Convective System (MCS):  A complex of thunderstorms which becomes organized on a 

scale larger than the individual thunderstorms, and normally persists for several hours or more. MCSs 

may be round or linear in shape, and include systems such as tropical cyclones, squall lines, and MCCs 

(among others). MCS often is used to describe a cluster of thunderstorms that does not satisfy the size, 

shape, or duration criteria of an MCC.  
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Mid -latitude frontal system:  An assemblage of fronts as they appear on a synoptic chart north of the 

tropics and south of the polar latitudes.  This term is used for a continuous front and its characteristics 

along its entire extent, its variations of intensity, and any frontal cyclones along it. 

 

Moisture maximization:  The process of adjusting observed precipitation amounts upward based upon 

the hypothesis of increased moisture inflow to the storm. 

 

Observational day:  The 24-hour time period between daily observation times for two consecutive 

days at cooperative stations, e.g., 6:00PM to 6:00PM. 

 

One-hundred year rainfall event:  The point rainfall amount that has a one-percent probability of 

occurrence in any year.  Also referred to as the rainfall amount that has a 1 percent chance of occurring 

in any single year.  

 

Orographic Transposition Factor (OTF):  A factor representing the comparison of precipitation 

frequency relationships between two locations which is used to quantify how rainfall is affected by 

topography.  It is assumed the precipitation frequency data are a combination of what rainfall would 

have accumulated with any topographic affect and what accumulated because of the topography at the 

location and upwind of the location. 

 

Polar front:  A semi-permanent, semi-continuous front that separates tropical air masses from polar air 

masses. 

  

Precipitable water:  The total atmospheric water vapor contained in a vertical column of unit cross-

sectional area extending between any two specified levels in the atmosphere; commonly expressed in 

terms of the height to which the liquid water would stand if the vapor were completely condensed and 

collected in a vessel of the same unit cross-section. The total precipitable water in the atmosphere at a 

location is that contained in a column or unit cross-section extending from the earth's surface all the 

way to the "top" of the atmosphere.  The 30,000 foot level (approximately 300mb) is considered the 

top of the atmosphere in this study. 

 

Persisting dew point:  The dew point value at a station that has been equaled or exceeded throughout a 

period. Commonly durations of 12 or 24 hours are used, though other durations may be used at times. 

 

Probable Maximum Flood:  The flood that may be expected from the most severe 

combination of critical meteorological and hydrologic conditions that are reasonably possible in 

a particular drainage area. 

 

Probable Maximum Precipitation:  Theoretically, the greatest depth of precipitation for a given 

duration that is physically possible over a given size storm area at a particular geographic location at a 

certain time of the year. 

 

Pseudo-adiabat:  Line on thermodynamic diagram showing the pressure and temperature changes 

undergone by saturated air rising in the atmosphere, without ice-crystal formation and without 

exchange of heat with its environment, other than that involved in removal of any liquid water formed 

by condensation. 
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Rainshadow:   The region, on the lee side of a mountain or mountain range, where the precipitation is 

noticeably less than on the windward side. 

 

Saturation:  Upper limit of water-vapor content in a given space; solely a function of temperature. 

 

Spatial distribution:   The geographic distribution of precipitation over a drainage according to an 

idealized storm pattern of the PMP for the storm area. 

 

Storm transposition:  The hypothetical transfer, or relocation of storms, from the location where they 

occurred to other areas where they could occur. The transfer and the mathematical adjustment of storm 

rainfall amounts from the storm site to another location is termed "explicit transposition." The areal, 

durational, and regional smoothing done to obtain comprehensive individual drainage estimates and 

generalized PMP studies is termed "implicit transposition" (WMO, 1986). 

 

Synoptic:  Showing the distribution of meteorological elements over an area at a given time, e.g., a 

synoptic chart. Use in this report also means a weather system that is large enough to be a major feature 

on large-scale maps (e.g., of the continental U.S.). 

 

Temperature inversion:  An increase in temperature with an increase in height. 

 

Temporal distribution:   The time order in which incremental PMP amounts are arranged within a 

PMP storm. 

 

Tropical Storm:  A cyclone of tropical origin that derives its energy from the ocean surface. 

 

Total storm area and total storm duration:  The largest area size and longest duration for which 

depth-area-duration data are available in the records of a major storm rainfall. 

 

Transposition limits:  The outer boundaries of the region surrounding an actual storm location that 

has similar, but not identical, climatic and topographic characteristics throughout.  The storm can be 

transpositioned within the transposition limits with only relatively minor modifications to the observed 

storm rainfall amounts. 

 

Undercutting:  The process of placing an envelopment curve somewhat lower than the highest rainfall 

amounts on depth-area and depth-duration plots. 
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Acronyms and Abbreviations used in the report 

AMS:   Annual maximum series 

 

AWA :  Applied Weather Associates 

 

DAD:  Depth-Area-Duration 

 

dd:  decimal degrees 

 

EPRI:  Electric Power Research Institute 

 

F:   Fahrenheit 

 

GCS:  Geographical coordinate system 

 

GEV:  Generalized extreme value  

 

GIS:   Geographic Information System 

 

GRASS:  Geographic Resource Analysis Support System 

 

HMR :  Hydrometeorological Report 

 

HUC:  Hydrologic Unit Code 

 

HYSPLIT:   Hybrid Single Particle Lagrangian Integrated Trajectory Model 

 

IPMF :  In-place Maximization Factor 

 

mb:  millibar 

 

MCS:  Mesoscale Convective System 

 

MTF :  Moisture Transposition Factor 

 

NCAR:  National Center for Atmospheric Research  

 

NCDC:  National Climatic Data Center 

 

NCEP:   National Centers for Environmental Prediction 

 

NEXRAD:  Next Generation Radar 

 

NOAA :  National Oceanic and Atmospheric Administration  
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NWS:  National Weather Service 

 

NRCS:  Natural Resources Conservation Service  

 

OTF:  Orographic Transposition Factor 

 

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 

 

WRDS:  Water Resources Data System (University of Wyoming) 

 

WSEO:  Wyoming State Engineer's Office 

 

WWDO:  Wyoming Water Development Office  
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1. Introduction  

This study provides Probable Maximum Precipitation (PMP) values for any drainage 

basin within Wyoming, including regions adjacent to the state that provide runoff into drainage 

basins within Wyoming.  The PMP values are valid for June 15 through September 15, which is 

the time of the year when the most intense rainfall could occur.  A seasonality adjustment is 

provided to derive PMP values for dates outside of this time period.  The PMP values are used in 

the computation of the Probable Maximum Flood (PMF).  PMP values provided in this study 

supersede PMP values in the four Hydrometeorological Reports (HMRs) for locations in 

Wyoming.  These are HMR 49 (Hansen et al., 1977), HMR 51 (Schreiner and Riedel, 1978), 

HMR 55A (Hansen et al., 1988), and HMR 57 (Hansen et al., 1994). 

1.1 Background  

 Definitions of PMP are found in most of the HMRs issued by the National Weather 

Service (NWS).  The definition used in the most recently published HMR is "theoretically, the 

greatest depth of precipitation for a given duration that is physically possible over a given storm 

area at a particular geographical location at a certain time of the year" (HMR 59, p. 5) (Corrigan 

et al., 1999).  Since the mid-1940s or earlier, several government agencies have developed 

methods to calculate PMP for various regions of the United States.  The NWS (formerly the U.S. 

Weather Bureau), the US Army Corps of Engineers (USACE), and the US Bureau of 

Reclamation (USBR) have been the primary agencies involved in this activity.  PMP values 

presented in their reports are used to calculate the PMF, which, in turn, is often used for the 

design of significant hydraulic structures.  It is important to remember that the methods used to 

derive PMP and the hydrological procedures that use the PMP values need to adhere to the 

requirement of being ñphysically possible.ò  In other words, various levels of conservatism 

and/or extreme aspects of storms that could not physically occur in a PMP storm environment 

should not be used to produce combinations of storm characteristics that are not physically 

consistent in determining PMP values or for the hydrologic applications of those values. 

 

The generalized PMP studies currently in use in the conterminous United States include 

HMRs 49 (1977) and 50 (1981) for the Colorado River and Great Basin drainage; HMRs 51 

(1978), 52 (1982) and 53 (1980) for the U.S. east of the 105th meridian; HMR 55A (1988) for 

the area between the Continental Divide and the 103rd meridian; HMR 57 (1994) for the 

Columbia River Drainage; and HMRs 58 (1998) and 59 (1999) for California (Figure 1.1).  In 

addition to these HMRs, numerous Technical Papers and Reports deal with specific subjects 

concerning precipitation (e.g. NOAA Tech. Report NWS 25, 1980; and NOAA Tech. 

Memorandum NWS HYDRO 45, 1995).  Topics include maximum observed rainfall amounts 

for various return periods and specific storm studies. Climatological atlases (e.g. Technical Paper 

No. 40, 1961; NOAA Atlas 2, 1973; and NOAA Atlas 14, 2004-2013) are available for use in 

determining precipitation return periods.  A number of site-specific, statewide, and regional 

studies (e.g. Tomlinson et al., 2002; Tomlinson et al., 2003; Tomlinson et al., 2008; Tomlinson 

et al., 2009; Tomlinson et al., 2010; Tomlinson et al., 2011; Kappel et al., 2012; Kappel et al., 

2013; Tomlinson et al., 2013) augment generalized PMP reports for specific regions included in 

the large areas addressed by HMRs 49, 51, 55A, and 57.  Recent site-specific PMP projects 
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completed within the domain have shown significant errors and outdated procedures used to 

estimate PMP values. These include a subjective application of methods to derive PMP values 

which cannot be reproduced, a methodology to address the effects of topography which cannot 

be reproduced, a lack of analyzed storm events, a lack of explanation and backup documentation, 

an inaccurate methodology to maximize storms, and an outdated storm analysis dataset.  PMP 

results from this study provide values that replace those derived from HMRs 49, 51, 55A, and 

57.   

 

 
Figure 1.1  Hydrometeorological Report coverages across the United States 

Wyoming is included within the domain covered by HMR 49, HMR 51, HMR 55A, and 

HMR 57.  These HMRs cover diverse regions that are not meteorologically and topographically 

similar.  Wyoming contains many diverse regions as well.  Wyoming includes the Intermountain 

West, mountain ranges east and west of the Continental Divide, and High Plains regions (Figure 

1.2). In Wyoming, climate and terrain vary greatly.  Because of the distinctive climate regions 

and significant topography, the development of PMP values must account for the complexity of 

the meteorology and terrain throughout the state.  This project incorporated the latest methods, 

technology, and data to address these complexities.  Several major issues have been identified 

with the procedures used in the HMRs to developed PMP values.  Important among these are the 

limited number of analyzed storm events, no inclusion of storms that have occurred since the 

1980's, a non-reproducible and subjective process used to address orographic effects, 

inconsistent data and procedures used among the HMRs, and the outdated procedures used to 

derive PMP. 
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Figure 1.2  Wyoming PMP project domain and HMR coverages.  The overall project domain extends 

beyond the state boundaries in some areas to ensure all drainage areas into Wyoming are included in the 

analysis.  

Previous site-specific, statewide, and regional PMP projects completed by AWA provide 

examples of PMP studies that explicitly consider the unique topography of the area being studied 

and characteristics of historic extreme storms over meteorologically and topographically similar 

regions surrounding the area.  The procedures incorporate the most up-to-date sets, techniques, 

and applications to derive PMP.  Each of these PMP studies have received extensive review and 

the results have been used in computing the PMF for the watersheds.  This study follows similar 

procedures employed in those studies while making improvements where advancements in 

computer-aided tools and transposition procedures have become available.   
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1.2 Objective  

This study determines reliable and reproducible estimates of PMP values for use in 

computing the PMF for various watersheds in the state and within the overall project domain.  

The most reliable methods and data available were used and updates to methods and data used in 

HMRs were applied where appropriate. 

1.3 Approach 

The approach used in this study followed the procedures used in the development of the 

HMRs, with updated procedures used where appropriate.  This includes updates AWA 

implemented in several recently completed PMP projects as well as updates developed during 

this study.  These updated procedures were applied with a consideration for meteorology and 

terrain, and their interactions within Wyoming.  The weather and climate of the region are 

discussed in Section 2.  Section 3 discusses the effects of topography on rainfall and PMP within 

Wyoming.  Sections 4 describes the development of the updated dew point climatologies, and 

Section 5 provides information on the updated precipitation frequency climatologies developed 

for this study.  The initial step of identifying extreme storms and the development of the final list 

of storms used to derive PMP are in Section 6.  Adjustments for storm maximization, storm 

transposition, and calculation of final PMP values are provided in Sections 7, 8, and 9 

respectively.  The process for extracting PMP for a drainage basin is discussed in Section 10.  

Discussions on sensitivities are provided in Section 11 and 12, and recommendations for 

application are presented in Section 13.   

   

A goal of this study was to maintain as much consistency as possible with the general 

methods used in recent HMRs, the WMO manual for PMP, and the previous PMP studies 

completed by AWA.   Deviations were incorporated when justified by developments in 

meteorological analyses and available data.  The approach identifies major storms that occurred 

within the region.  Each of the main storm types which produce extreme rainfall were identified 

and investigated.  The main storm types include local storms and general storms.  The moisture 

content of each of these storms is maximized to provide worst-case rainfall estimation for each 

storm at the location where it occurred.  Storms were then transpositioned to each grid point with 

similar topography and meteorological conditions.  Adjustments were applied to each storm as it 

was transpositioned to each grid point to represent what the amount of rainfall that storm would 

have produced at the new location, 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 a product of the in-place maximization factor (IPMF), the moisture 

transposition factor (MTF), and the orographic transposition factor (OTF).  An additional 

adjustment was applied to regions of the state above 7,500 feet.  This was to account for the 

decrease in rainfall above these elevations which is not captured in the PRISM and precipitation 

frequency climatologies, and hence not captured properly in the OTF process.  Section 9 

provides a more detailed discussion on this process and application. 

 

Total Adjustment Factor = IPMF * MTF * OTF  Equation 1.1 
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Advanced computer-based technologies, Weather Service Radar WSR-88D NEXt 

generation RADar (NEXRAD), and the Storm Precipitation Analysis System (SPAS) were used 

in the storm analyses along with new meteorological data sources.  New technology such as 

HYSPLIT model trajectories and data were incorporated into the study when they provided 

improved reliability, while maintaining as much consistency as possible with previous studies.  

An example is the updated maximum dew point climatology used in the IPMF and MTF 

calculations.   

 

For some applications such as storm maximization, storm transpositioning, defining PMP 

by storm type, and combining storms to create a PMP design storm, this study applied standard 

methods presented in previous publications (e.g. WMO Operational Hydrology Reports 1986, 

2009), while for other applications, new procedures were developed.  Moisture analyses have 

historically used monthly maximum 12-hour persisting dew point values (3-hour persisting dew 

points were also used in HMR 57).  For this project, an updated maximum average dew point 

climatology developed in previous studies for the 3-, 6-, 12-, and 24-hour duration periods was 

used to better represent the atmospheric moisture for rainfall durations associated with the 

different storm types that affect Wyoming.  This updated dew point climatology provided 100-

year recurrence interval return frequency values for 3-, 6-, 12-, and 24-hour duration periods.  

These recurrence interval durations better represent available atmospheric moisture used to 

maximize individual storms versus the persisting dew point process employed in the HMRs.  The 

updated dew point climatology values replaced the 3-hour and 12-hour maximum persisting dew 

point values used in the HMRs.  The resulting storm representative dew point values better 

represent the available atmospheric moisture that actually contributed to each stormôs rainfall 

production.  The maximum dew point climatologies used the most up-to-date periods of record, 

adding over 40 years of data to the datasets used in previous climatologies.   

 

Environmental Systems Research Instituteôs ESRI ArcGIS Desktop GIS software was 

extensively used to evaluate topography and climatological datasets; analyze spatial 

relationships; store, organize, and process the large amounts of spatial data; design, implement, 

and execute the PMP database; and to provide visualization and mapping support throughout the 

process.  The Storm Precipitation Analysis System (SPAS) used gridded storm analysis 

techniques to provide both spatial and temporal analyses for extreme rainfall storm events (see 

Appendix H for a complete description of SPAS).  

1.4 PMP Analysis Domain 

The project domain was defined to cover the entire State of Wyoming as well as 

watersheds that extended beyond state boundaries.  This study allows for gridded PMP values to 

be determined for each grid cell within the project domain.  The full PMP analysis domain is 

shown in Figure 1.3. 
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Figure 1.3  PMP analysis project domain 

 To account for locations that include drainage areas that extend beyond the state 

boundaries, a detailed interstate stream buffer region was obtained and examined with 

underlying topography.  The United States is divided and sub-divided into successively smaller 

hydrologic units which are classified into six levels.  Each hydrologic unit is identified by a 

unique hydrologic unit code (HUC) consisting of two to twelve digits based on the six levels of 

classification in the hydrologic unit system.  The hydrologic units are arranged or nested within 

each other, from the largest geographic area (2-digit regions) to the smallest geographic area (12-

digit subwatersheds).  The USGS Watershed Boundary Datasets (WBD), at the 4-digit through 

12-digit level, were mapped to aid in determining relevant drainage areas 

(http://datagateway.nrcs.usda.gov, April 2013).  In addition, discussions with the Wyoming 

Water Development Office (WWDO), Wyoming State Engineer's Office (WSEO), Natural 

Resources Conservation Service (NRCS), and Review Board members were conducted to refine 

the analysis region beyond state boundaries to fully incorporate all potential sites that may affect 

Wyoming.   Figure 1.4 shows the 8-digit hydrologic unit boundaries for the state's major 

drainage basins with the 4-digit watersheds labeled in the background. 

 

http://datagateway.nrcs.usda.gov/
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Figure 1.4  Hydrologic watershed boundaries within the analysis domain 

1.5 PMP Analysis Grid Setup 

A uniform grid covering the PMP project domain provides a spatial framework for the 

analysis.  The PMP grid resolution for this study was 0.025 x 0.025 decimal degrees (dd), or 90 

arc-seconds, using the Geographic Coordinate System (GCS) spatial reference with the World 

Geodetic System of 1984 (WGS 84) datum.  This resulted in 48,343 grid cells with centroids 

within the domain shown in Figure 1.3.  Each grid cell has an approximate area of 2.2-square 

miles.  The grid network placement is essentially arbitrary. However, the placement was oriented 

in such a way that the grid cell centroids are centered over whole number coordinate pairs and 

then spaced evenly every 0.025 dd.  For example, there is a grid cell centered over 41° N and 

106° W with the adjacent grid point to the west at 41° N and 106.025° W.  As an example, the 

PMP analysis grid over the Viva Naughton basin is shown in Figure 1.5. 
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Figure 1.5  PMP analysis grid placement over the Viva Naughton basin 
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2. Weather and Climate of the Region 

This section describes the general weather patterns and climate of Wyoming and how 

they relate to the development of PMP for this project.  More detailed descriptions of the climate 

of Wyoming and each of the storm types can be found in the following references (e.g. Curtis 

and Grimes, http://www.wrds.uwyo.edu/sco/climateatlas/title_page.html, or the Western 

Regional Climate Center, http://www.wrcc.dri.edu/narratives/WYOMING.htm).  These 

references provide additional information and more detailed analysis.  Figures 2.1 and 2.2 show 

the spatial distribution of the PRISM annual maximum and minimum temperatures for the 30-

year climatological period of 1981-2010.  Figure 2.3 shows the PRISM annual precipitation for 

the same period.   

  

http://www.wrds.uwyo.edu/sco/climateatlas/title_page.html
http://www.wrcc.dri.edu/narratives/WYOMING.htm
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Figure 2.1  PRISM 30-year average annual maximum temperatures 
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Figure 2.2  PRISM 30-year average annual minimum temperatures 
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Figure 2.3  PRISM 30-year average annual precipitation (both rain and snow)
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2.1 General Climate of Wyoming 

Wyoming is affected by weather systems which enter the state from various source 

regions, including the Pacific Ocean, the Gulf of California, and the Gulf of Mexico.  Locations 

west of the Continental Divide, especially south of the Wind River Range, are exposed to Gulf of 

California moisture surges during the North American Monsoon (NAM) season.   These 

moisture surges produce localized thunderstorms from early summer through early fall.  Mid-

latitude storms (also termed synoptic weather systems) which produce mainly rainfall are most 

common from late summer/early fall and again during late spring.  This storm type produces 

general rainfalls over long durations and large area sizes.   

 

East of the Continental Divide, the predominant low-level moisture source is the Gulf of 

Mexico.  Occasionally, mid latitude storms affect the mountainous regions with moisture in the 

middle and upper levels of the atmosphere supplied by the Pacific Ocean.  Local storms east of 

the Continental Divide are most common from late spring through early fall.  These storms are 

most effective at producing heavy rainfall when enhanced by low-level moisture and low-level 

jets transporting moisture from the Gulf of Mexico.  This moisture then interacts with the 

elevated terrain in eastern Wyoming, which produces extra lift.  In addition, the high terrain 

associated with the Rocky Mountains provides an environment where the surface is heated and 

the air allowed to rise and reach the level of free convection more effectively than surrounding 

lower elevations. This often leads to the initial development of thunderstorms prior to 

development over the eastern plains.  These storms then generally move from west to east along 

with the general atmospheric flow.  In situations where large amounts of low-level moisture are 

available, these storms can produce heavy rainfall.  When instability and moisture conditions are 

ideal, these areas of convection can form into Mesoscale Convective Systems (MCSs), moving 

generally west to east over eastern Wyoming.  General storms which affect areas east of the 

Continental Divide are usually associated with areas of low pressure that develop along the lee 

slopes of the Rocky Mountains.  Winds turn easterly into the terrain, advecting moisture from the 

Gulf of Mexico into Wyoming.  The storm dynamics associated with the area of low pressure 

combine with the orographic effects of the terrain as the moisture is forced upslope to produce 

widespread rainfall.  If these storms are slow moving, with favorable atmospheric instability and 

large amounts of atmospheric moisture, widespread flooding rains can be produced.  The general 

storm type that produces rainfall in Wyoming is most common in the late spring and early fall 

periods.   

2.1.1 North American Monsoon Climatology 

In June, the 500mb (approximately 18,000 feet) subtropical ridge is located over 

northwest Mexico (Figure 2.4).  As a result, air flow across the region is usually from the 

southwest.  This southwesterly flow during June is a direct result of the position of the 

500mb subtropical ridge and produces advection of dry atmospheric conditions and dry weather 

west of the Continental Divide results.  This situation can contribute to enhancement of low 

pressure east of the Continental Divide which can potentially tap into Gulf of Mexico moisture 

and produce significant rainfall for locations east of the Continental Divide. 
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Figure 2.4  June mean flow at 500mb (~18,000 feet) over the western United States 

Starting in late June and continuing into July, the 500mb subtropical ridge normally shifts 

northward and eastward with the center of circulation located over west Texas and New Mexico 

(Figure 2.5).  As a result, easterly flow develops over northwest Mexico in the mid-levels of the 

atmosphere, while hot temperatures over the continent result in a general onshore (southerly) 

flow in the low-levels.  The shift in the 500mb subtropical ridge is followed by a dramatic 

increase in thunderstorm activity over northwest Mexico.  Wyoming lies on the northern fringes 

of this area of enhanced thunderstorm activity.  It is during this time that western Wyoming 

experiences periodic increases in moisture originating from the Gulf of California (Gulf Surges) 

and the eastern tropical Pacific.  This enhanced moisture often produces thunderstorms (Douglas 

1993, Hales 1972).  
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Figure 2.5  July mean flow at 500mb (~18,000 feet) over the western United States 

Figure 2.6 shows the generalized surface synoptic conditions and moisture source regions 

that are found during the NAM season.  The positioning of the areas of high and low pressure 

centers and the resulting circulations around these features produces wind flows from the 

south/southwest over the southwestern US.  This circulation bring atmospheric moisture 

northward from the Gulf of California into the Desert Southwest and, under unusual scenarios, 

into western Wyoming, supplying low level moisture that can fuel intense thunderstorm activity.  

Examples of PMP-type local storms that resulted from this combination of factors include 

Morgan, UT, August 1958; John Day, OR,  June 1969;  Elko, NV, August 1970; and Opal, WY, 

August 1990.  For more detailed descriptions of the NAM see Grantz et al., 2007; Higgins et al., 

2004; Higgins et al., 1999; Adams and Comrie 1997; Higgins et al., 1997; Douglas 1995; 

Douglas 1993; Smith 1989; and Hales 1972. 
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Figure 2.6  Generalized surface synoptic patterns associated with the NAM season 

 (http://www.wrh.noaa.gov/twc/monsoon/monsoon_info.php, October 2014) 

2.1.2 Mesoscale Convective Systems 

Although the NAM can supply moisture to areas east of the Continental Divide, the 

dominant atmospheric moisture source, especially in the lower levels of the atmosphere, is the 

Gulf of Mexico.  Thunderstorms which form in this region can last longer and produce greater 

volumes of rainfall because the moisture source is more sustained than western regions of 

Wyoming.  A common type of storm that occurs in the eastern Wyoming that produces extreme 

rainfall amounts over relatively small areas is the MCS.  These are capable of producing extreme 

amounts of precipitation for short durations (generally less than 12-hours) and over small area 

sizes (generally less than 500-square miles).  The terrain in eastern Wyoming plays an important 

role in convective initiation, while the predominantly west/southwest flow helps to move the 

storms from west to east.   

 

The current name of MCS was applied in the late 1970ôs to these type of ñflood 

producingò strong thunderstorm systems (Maddox 1980).  Mesoscale systems are so named 

because they are relatively small in areal extent (producing rainfall over tens to hundreds of 

square miles), whereas synoptic storm events produce rainfall over larger areas of hundreds to 

http://www.wrh.noaa.gov/twc/monsoon/monsoon_info.php
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thousands of square miles.  The MCSs also exhibit a distinctive signature on satellite imagery 

where they show rapidly growing cirrus shields with very high (cold) cloud tops.  The cirrus 

shields produced by MCSs usually take on a nearly circular spatial pattern, sustained by 

constantly regenerating thunderstorms fed by moist low-level jet inflow.  Climatologically, 

MCSs primarily form from late May through September, with a maximum occurrence in June.   

2.2 General Storm Systems 

The polar front and jet stream, which separate cool and dry Canadian air to the north from 

warm and moist air to the south, sometimes produces heavy rainfall in the region.  The frontal 

systems that develop along this boundary generally move from west to east with the jet stream.  

These systems are most likely to produce rainfall over the region west of the Continental Divide 

from September through early November.  East of the Continental Divide, these storms most 

commonly produce rainfall from September through October and May through June.  Areas of 

low pressure which develop along the lee slope of the Rocky Mountains provide favored 

locations for this storm type to develop and when storm dynamics are enhanced by topography, 

produce widespread rainfall and flooding.  This is in contrast to areas west of the Continental 

Divide, where the low-level moisture and low pressure areas at the surface are widely distributed 

by the mountainous topography upstream and within the region.  The result is less organized 

general storms with rainfall anchored to preferred terrain locations. 

 

This type of storm environment (general storm) will not produce high rainfall rates, but 

can produce flooding as moderate rain continues to fall over the same regions for extended 

periods of time.  The rainfall can fall on significant snowpack in mountainous locations resulting 

in large runoff volumes.  The Gibson Dam, MT, June 1964, and Colorado/Wyoming, September 

2013 events are examples of this storm type east of the Continental Divide, with the Rattlesnake, 

ID, November 1909 event is an example west of the Continental Divide.   

2.3 Seasonality of Extreme Storm Events 

The seasonality of the local storm and MCS types is clearly shown in Figure 2.7 to occur 

from late spring through early fall.  As described previously, these storms occur when the 

combination of atmospheric moisture and atmospheric instability are at their greatest.  There is 

less convective storm activity at other times of the year due to decreased solar heating and less 

moisture in the low levels of the atmosphere to contribute to convective instability.   

 

 The seasonality of the general storm type also reflects the strength of the meteorological 

parameters required for this storm type to produce rainfall (Figure 2.8).  These parameters 

include an active synoptic storm pattern that brings areas of low pressure and associated frontal 

systems through the region, and temperatures warm enough to produce rainfall at the surface.  

The lack of storms in July and August reflect the infrequent nature of frontal systems passing 

through the region as the jet stream is generally displaced to the north, while the ridge of high 

pressure associated with the NAM controls the general weather pattern.  General storms are 

common occurrence in late fall, winter and early spring months, but produce snowfall instead of 

rain.  Therefore they are not included in PMP development. 
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Figure 2.7  Local/MCS storm seasonality of storms used during the Wyoming PMP study 

 

 
































































































































































































































