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Executive Summary

Applied Weather Associates (AWA) completed a statewide Probable Maximum Precipitation
(PMP) study for Arizona. This study produced PMP values for any point within the state of Arizona,
using a grid spacing of approximately 2.45 square milesiatéans 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 presented in Hydrometeorological
Report (HMR) 49 Temporal patterns of the PMP design storm by storm type (local and
tropical/general) were investigated during this study and recommendations for application are
provided. Furthermore, results of this analysis reflect the most current practices ukefohilog
PMP, including comprehensive storm analyses procedures, extensive use of geographical information
systems (GIS), updated maximum dew point and sea surface temperature climatologies for storm
maximization and maximization, and updated understgnafithe weather and climate throughout the
state.

The approach used in this study follows the same philosophy used in the numerspscsiie
and regional PMP studies that AWA has completed in the last ten years. This is thastedn
approach usd 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 1986, 2009) recommends this same approach. This approach identifies exitnéath events
that have occurred in a region considered transpositionable to locations in Arizona that have
meteorological and topographical characteristics similar to extreme rainfall storms that could occur
over similar regions within the state. Tlaegest of these rainfall events are selected for detailed
analyses.

Thedata, assumptionand analysis techniquesed in this studigave beemeviewed and
accepted by the Arizona Department of Water Resources (RANd theReview Committee
Althoughthis study produces deterministic values, it must be recognized that there is some uncertainty
associated with the development proceRsis occurs in areas such as the determination of the storm
maximization factors, the determination of the storm fasgion limits, and the determination of the
PMP design storm temporal distributions. Limitations and uncertainties are recognized and
conservative applications are applied when there is uncertainty in the data analysis and quantification.
As much as pssible, all data and information supporting decisions in the PMP development process
have been documented so that results can be reproduced and verified.

Fifty-one extreme rainfall storm events are identified as rainfall centers having similar
characterisgcs to extreme rainfall events that could potentially control PMP values at locations within
the state. This includes twelve general winter storms, ten remnant tropical storms, anchitweenty
local convective storms. Each of the fitipe storms werenalyzed using the Storm Precipitation
Analysis System (SPAS), which produced Defaitea-Duration (DAD) values, mass curves, and total
storm isohyetals, among other products. National Weather Service Next Generation Weather Radar
(NEXRAD) data were incorpated when available. Two of the major storms associated with remnant
tropical cyclones (August 1951 and September 1970) had previously been analyzed by the Bureau of
Recl amation with results presented iitDesigmei r r
Rainstorm for the Colorado River Basin above
project updated those analyses using the latest storm analysis technologies and methods.
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Standard procedures for-ptace maximization and moisture tsposition adjustments were
followed. However, new techniques and databases were used in this project to increase accuracy anc
reliability when justified by advances in technology and meteorological understanding, while adhering
to the basic approach usiedthe HMRs and in the WMO Manual. The NOAA Atlas 14 precipitation
frequency data were used to calculate the Orographic Transposition Factor (OTF) for each storm. Thi
process replaces the storm separation method (SSM) used by the NWS in the madtM&senThe
proportionality constant procedure used to determine the OTFs provides quantifiable and reproducible
analyses of the effects of terrain on rainfall. Results of these three factors (maximization, moisture
transposition, and orographic transpiosij are applied for each storm at each of the grid cells used in
this study (64,103 grid cells).

Maximization factors were computed for each of the storms using an updated dew point
climatology representing the maximum moisture that could have beemsésdatith the rainfall
event. This climatology includes the averagel2-, and 24hour 100year return frequency values.
The most appropriate duration consistent with the duration of the storm rainfall is used. For storms
where the moisture sourcegnated over the ocean, an updated maximum sea surface temperature
(SST) climatology based on mean plus 2 sigma values was used. HYSPLIT model trajectories and
SST data from the National Center for Atmospheric Research (NCAR) and National Oceanic and
Atmospheric Association (NOAAYational Environmental Satellite, Data, & Information Service
(NESDIS) were used in the storm adjustment procedures.

To house, analyze, and produce results from the large data set developed in the study, the PMI
Evaluation Dol was developed. This tool uses a combination of Excel and GIS to query, calculate,
and derive PMP values for each grid cell for each duration for each storm type. For local convective
storms, the durations analyzed werg2t, 3-, 4-, 5-, and 6hours For remnant tropical and general
winter storms, the durations analyzed wer€el@-, 18-, 24, 48, and 72hours. The PMP Evaluation
Tool can incorporate new storm rainfall data and analysis updates going forward. It provides a simple
interface from viasich PMP can be computed for any watershed in the state.

The PMP Evaluation Tool is a python scripting langubgeed tool designed to be run within
the ArcGIS environment. The tool produces gridded PMP depths at a spatial resolution ef 90 arc
secong for a usedesignated drainage basin. The PMP Evaluation Tool derived the total adjusted
DAD value specific to the area sizes of the drainage basin being evaluated for each storm that is
transpositionable to a grid cell. These values are temporaditipdied based on PM&esign storm
guidance provided by ADWR and storm analyses completed during this study. The tool provides
output in the form of GIS files (both raster and vector data) and a space delimited text file.
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Glossary

Adiabat: Curve of thermodynamic change taking place without addition or subtraction of heat. On an
adiabatic chart or pseudaliabatic diagram, a line showing pressure and temperature changes
undergone by air rising or condensation of its water vapor; a ling, dhaonstant 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 horizontalestical 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 mourtain 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 utiiegoasin outline.

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

Cold front: Front where relatively colder air displaces warmer air.

Convective rain. Rainfall caused by the vertical motioham 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 eiher of the other two main classes of rainfall (cyclonic and orographic) and is often accompaniec
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 cumulonimimasses.

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 climatologica
station for the National Weather Service.

Cyclone: A distribution of atmospheric pressure in which there is a low central pressure relative to the
surroundings. On largecale weather charts, cyclones are characterized by a system of closed constant
pressure lines (isobars), generally approximately l@raur 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 Degthea and DeptiDuration curves
at each timerad 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 depthrea and duratiedepth relations. Also
called deptkduratiorrarea.

Depth-Duration curve: Curve showing, for a given area size, the relation of maximum average depth
of precipitation to duration perils 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 elgon 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.

Envelopment: A process for selecting the largest value framy set of data. In estimating PMP, the
maximum and transposed rainfall data are plotted on graph paper, and a smooth curve is drawn throu:
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 charasties throughout.

First-order NWS station: A weather station that is either automated, or staffed by employees of the
National Weather Service and records observations on a continuous basis.

Front: The interface or transition zone between two air ems$ 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-sfjg@ée miles,
has a duration longer than 6 hours, and is assoaciatieé major synoptic weather feature.

HYSPLIT: Hybrid SingleParticle Lagrangian Integrated Trajectory. A complete system for
computing parcel trajectories to complex dispersion and deposition simulations using either puff or
particle approaches. @ded meteorological data, on one of three conformal (Polar, Lambert, or
Mercator latituddongitude grid) map projections, are required at regular time intervals. Calculations
may be performed sequentially or concurrently on multiple meteorological gsigislly specified

from fine to coarse resolution.
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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.

Isohyetal orientation: The term used to define the orientation of precipitation pattérmmsjor
storms when approximated by elliptical patterns of best fit. It is also the orientation (direction from
north) of the major axis through the elliptical PMP storm pattern.

Jet Stream: A strong, narrow current concentrated along a gnaszontalaxis (with respect to the
earthés surface) in the upper troposphere or
and lateral wind shears. Along this axis it features at least one velocity maximum (jet streak). Typical
jet streams arénbusands 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 shear:
are on the order of 10 mph per 100 kilometer of horizontadmiist

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 @urs and precipitation will occur over areas of up to 200
square miles. Precipitation from local storms will be isolated from gestnah rainfall. Often these
storms are thunderstorms.

Low Level Jet stream: A band of strong winds at an atmospherielevell 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 ComplexFor the purposes of this study, a heavy-@ioducingstorm 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 SystemA complex of thunderstorewhich 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). MCS8ften is used to describe a cluster of thunderstorms that does not satisfy the size,
shape, or duration criteria of an MCC.

Mid -latitude frontal system: An assemblage of fronts as they appear on a synoptic chart north of the
tropics and south of the @ollatitudes. 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 upaasti upon
the hypothesis of increased moisture inflow to the storm.
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Observational day: The 24hour 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 gmercent probability of
occurrence in any year. Also referred to as the rainfall amount that has a 1 percent chance of occurrir
in any single year.

Polar front: A semipermanent, sergontinuous front thadeparates 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 cresstion. The total precipitable water in the atmosphere at a
location is that contained in a column or unit eresction 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 hasrbequaled 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 @mydrologic 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 atalgargeographic location at a
certain time of the year.

Pseudoeadiabat: Line on thermodynamic diagram showing the pressure and temperature changes
undergone by saturated air rising in the atmosphere, witheatystal formation and without

exchange bheat with its environment, other than that involved in removal of any liquid water formed
by condensation.

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 watefvapor content in a given space; solely a function of temperature.
Shortwave: Also referred to as a shortwave trough, is an embedded kink in the trough / ridge
pattern. This is the opposite lohgwaveswhich are resporisle for synoptic scale systems,
although shortwaves may be contained within or found ahead of longwaves and range from the
mesoscal¢éo the synoptic scale.

Spatial distribution: The geographic distribution of precipitation over a drainage accordeng to
idealized storm pattern of the PMP for the storm area.
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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 adjtistoremt o
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 "implictrisposition” (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 feat
on largescale maps (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 tropicabrigin that derives its energy from the ocean surface.
Total storm area and total storm duration: The largest area size and longest duration for which

depthareaduration 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 relativelyanimodifications to the observed
storm rainfall amounts.

Undercutting: The process of placing an envelopment curve somewhat lower than the highest rainfall
amounts on deptharea and deptturation plots.

Warm front: Front where relatively warmer airpiaces colder air.
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Acronyms and Abbreviations used in the report
ADWR: Arizona Department of Water Resources
ALERT: Automated Local Evaluation in Real Time
AMS: Annual maximum series

AWA : Applied WeatheAssociates

DA: DepthArea

DAD: DepthAreaDuration

.dbf: Database file extension

DD: DepthDuration

dd: decimal degrees

DEM: Digital elevation model

DND: drop number distribution

DSD: drop size distribution

DWR: Department of Water Resources

ENSO: El Nifio/La Nina Southern Oscillation

EPRI: Electric Power Research Institute

F: Fahrenheit

FAFP: Free Atmospheric Forced Precipitation
FPL: Florida Power and Light

GCS: Geographical coordinate system

GEV: Generalized extreme value

GIS: Geographic Information System

GRASS: Geographic Resource Analysis Support System

HMR : Hydrometeorological Report
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HYSPLIT : Hybrid Single Particle Lagrangian Integrafie@jectory Model
IPMF: In-place Maximization &ctor

mb: millibar

MTF : Moisture Transpositiondetor

NCAR: National Center for Atmospheric Research
NCDC: National Climatic Data Center

NCEP: National Centers for Environmental Prediction
NESDIS: National Environmental Satellite, Data, & Information Service
NEXRAD: Next Generation Radar

NOAA: National Oceanic and AtmospheAdministration
NWS: National Weather Service

OTF: Orographic TranspositioraEtor

PMF: Probable Maximum Flood

PMP: Probable Maximum Precipitation

PW: Precipitable Water

SPAS: Storm Precipitation and Analysis System

SST: Sea Surface Temperature

TAF: Total Adjustment &ctor

USACE: US Army Corps of Engineers

USGS: United States Geological Survey

WBD: Watershed Boundary Database

WMO : World Meteorological Organization
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1. Introduction

This study provides Probable Maximum Precipitation (PMP) values for any drainage
basin within Arizona. The PMP values are used in the computaititbe Probable Maximum
Flood (PMF). In addition, the temporal distribution of that PMP rainfall by each storm type is
provided. Results of this study supersede Hydrometeorological Report (HMR) 49 (Hansen et al.
1977).

1.1 Background

Definitions of PMP a& 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). Since the
mid-1940s or earlier, several government agencies have been developing methods to calculate
PMP in various regions of the United States. The National We&#reice (formerly the U.S.
Weather Bureau) and the Bureau of Reclamation have been the primary agencies involved in this
activity. PMP estimates presented in their reports are used to calculate the PMF, which, in turn,
is often used for the design of sificant hydraulic structures. It is important to remember that
the methods used to derive PMP and the processes which utilize those values hydrologically
adhere to the requirement of being fAphysicall
consenatism and/or extreme aspects of storms that could not occur in a PMP storm environment
should not be compounded to produce combinations of storm characteristics that are not
physically consistent in estimating PMP values or for the hydrologic applicafidinese
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 (198@) 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. In addition to
these HMRs, numerougechnical Papers and Reports deal with specific subjects concerning
precipitation (NOAA Tech. Report NWS 25, 1980; NOAA Tech. Memorandum NWS HYDRO
45, 1995). Topics include maximum observed rainfall amounts, return periods for various
rainfall amounts, ad specific storm studies. Climatological atlaSeschnical Paper No. 40,

1961; NOAA Atlas 2, 1973; and NOAA Atlas 14, 262@13) are available for use in

determining precipitation return periods. A number ofsjgecific, statewide, and regional

studies (e.g. Tomlinson et al, 2002; Tomlinson et al 2003, Tomlinson et al, 2007, 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 generalizeddpiisifor specific
regions included in the large area addressed by HMR 49. The recespesiiic PMP projects
completed within the domain covered by HMR 49 have shown serious errors and outdated
procedures used to estimate PMP values. PMP resultdlirestudy provide values that replace
those derived from HMR 49 and other previous PMP studies.



Arizona is fully included within the domain covered by HMR 49 (Figure 1.1). HMR 49
is the oldest of the current HMR series. As Figure 1.1 shows, HMRw9sca large area of the
Intermountain West and Desert Southwest, where 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 meteorgyoand terrain throughout the state. This project
incorporated the latest methods, technology, and data to address these topics. Several major
issues have been identified with how HMR 49 developed PMP values. Most important among
these is the lack of alyzed storm events, the age of the document, and the outdated procedures
used to derive PMP.

Previous sitespecific, statewide, and regional PMP projects completed by AWA provide
examples of PMP studies that explicitly consider the unique topographg afd¢a being studied
and the characteristics of historic extreme storms over climatically similar regions surrounding
the area. The procedures incorporate the moesi-dpte data, techniques, and applications to
derive PMP. Each of these PMP studiegeh@ceived extensive review and the results have
been used in computing the PMF for the watersheds. This study follows the same procedures
used in those studies to determine the PMP values with updates to the method for quantifying the
effect of terrairand application of the data to produce PMP values. This was accomplished
through the development of tRMP Evaluation Tool This tool uses a combination of Excel
and GIS to query, calculate, and derive PMP values for each grid cell for each durag@chfor
storm type. For local convective storr®\P values fol-, 2-, 3-, 4-, 5, and 6hourdurations
are determined For remnant tropical and general winter storms, the durations analyzed-were 6
12-, 18, 24, 48, and72-hourduratiors. The PMP Evduation Toolis able to incorporate new
storm rainfalldata andanalysisupdates going forward. It provides a simple interface from
which PMP can be computed for any watershed in the (sie¢eSection 9 for more detail)
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Figure 1.1 Domairgovered by HMR 49 (Hansen et al. 1977)



1.2 Objective

The objective of this study was to determine reliable estimates of PMP values for
Arizona. The most reliable methods and data currently available have been used addtase up
to the methods and data used in HMR 49.

1.3 Approach

The approach used in this study follows the same procedures that were used in the
development of the HMRs with updated procedures implemented where appropriate. This
includes updates AWA hasplemented during several PMP projects recently completed as well
as updates developed during this study. These procedures were applied considering meteorology
and terrain, and their interactions within Arizona. The weather and climate of the region are
discussed in Section 2. The initial step of identifying extreme storms is discussed in Section 3
and the development of the final list of storms used to derive PMP is in Section 4. Procedures
used to analyze the storms are presented in Section 5 &djudtments for storm
maximization, storm transposition, and orographics affects are provided in Sections 7, 8, and 9
respectively. The final procedure of developing PMP values from the adjusted rainfall amounts
is discussed in Section 10. Results assented in Section 11. Discussions on sensitivities are
provided in Section 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 reat 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 basic approach identifies major storms that
occurred withintie region. Each of the main storm types which produce extreme rainfall were
investigated. This includes local convective storms, remnant tropical storms, and general winter
storms. The moisture content of each of these storms is maximized to provatieaserrainfall
estimation for each storm at the location where it occurred. Storms are then transpositioned to
each grid point with similar topography and meteorological conditions. Adjustments were
applied to each storm as it was transpositioneddb gad cell. These adjustments were
combined to produce the total adjustment factor for each storm for each grid cell. The total
adjustment factor is a function of thepitace maximization factor (IPMF) multiplied by the
moisture transposition factoMTF) multiplied by the orographic transposition factor (OTF).

Total Adjustment Factor = IPMF * MTF * OTF Equation 1.1

Advanced computebased technologies, Weather Service Radar \WER NEXt
generation RADar (NEXRAD), and HYSPLIT model trajectoriesevgsed for storm analyses
along with new meteorological data sources. New technology and data were incorporated into
the study when they provided improved reliability, while maintaining as much consistency as
possible with previous studies. This incluaasupdated maximum dew point climatology and
an updated sea surface temperature (SST) climatology which were used in the IPMF and MTF
calculation processes.



For some applications, this study applied standard methods (e.g. WMO Operational
Hydrology Repats 1986, 2009), while for other applications, new techniques were developed.
Moisture analyses have historically used monthly maximushdi persisting dew points (for
Arizona as published in HMR 50, 1980). For this project a new maximum dew point
climatology was developed to better represent the storm types and rainfall durations that affect
the region. Dew point climatologies representing th®ar, 12hour, and 24hour average
return frequency values at the 1¥€ar recurrence interval were deriveatd replaced the 12
hour persisting values used in HMR 50. These values better depict the physical processes that
are evaluated by determining available atmospheric moisture for each storm. The resulting storm
representative dew point (or SST) is repraative of the environment that actually led to each
stormds rainfaldl producti on. The maxi mum dew
periods of record, adding over 30 years of data. This approach provides the most complete
scientific applicatbon compatible with the engineering requirements of consistency and reliability
for credible PMP estimates.

In a few cases for remnant tropical and general winter storms, the moisture source
originated over the Gulf of California and/or the Eastern PaOifiean. In these cases, SSTs
were used as a surrogate for surface dew point data. To accomplish this, a SST procedure was
used which follows the same approach used in HMRs 57 and 59, and previous studies completed
by AWA. An updated SST climatology wdsveloped, replacing the Marine Climate Atlas of
the World (U.S. Navy, 1981) used in HMRs 57 and 59. This updated climatology dataset
included monthly mean plusstigma SST maps for the eastern Pacific Ocean and Gulf of
California from the coastlines tfie United States and Mexico to 180°W and from 15°N to 55°N
(NOAA, Kent et al. 2007, Reynolds et al. 2007, and Worley et al. 2005). In conjunction with the
climatology maps, daily SST maps based on ship and buoy reports, as well as satellite data (after
1979), were produced and used in deriving the storm representative SST values for each
analyzed storm event where the moisture source originated over the Pacific Ocean or the Gulf of
California.

Environmental Systems Research I nstituteds
extensively used to evaluate topography, terrain, and climatology; analyze spatial relationships;
store, organize, and process the large amounts of spatial data; design, im@eacthergcute the
PMP Evaluation Tool; and to provide visualization and cartographic support throughout the
process. The Storm Precipitation Analysis System (SPAS) used gridded storm analysis
techniques to provide both spatial and temporal analyses fermextainfall storm events (see
Appendix E for a complete description of SPAS).

1.4 PMP Analysis Domain

An analysis domain was defined to cover the entire State of Arizona as well as
watersheds that extended beyond state boundaries. This studyfatigwdded PMP values to
be determined for each cell within the project domain. The full PMP analysis domain is shown
in Figure 1.2.
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To account for sites that may potentially include drainage areas that exyemnd liee
state boundaries, a buffer region was delineated to include watershed regions flowing into the
state. The USGS Watershed Boundary Datasets (WBD), atdigg Zhrough 8digit level,
were used to delineate the project extent. The USGS useddgidunit codes (HUC) to
identify each watershed basin. In general, the study region was constrained-thgihé @ver
Colorado Region (HUC: 15). Excluded from this region is all area south of the Arizona State
border draining away from the statedahe upper reach of thedigit Lake Mead Basin (HUC:
1501). Several-8igit subbasins of the 2ligit Upper Colorado Region (HUC: 14) were added
to the domain in the Northwest portion of the state including portions of the Dirty Devil (HUC:
1407) and SaJuan (HUC: 1408) sdbasins. Figure 1.3 shows the outline of thdigit HUC
subbasin boundaries overlying theddgit basins used in the analysis domain.
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1.5 PMP AnalysisGrid Setup

A uniform grid network over the PMP analysis domain provides a spatial framework for
the analysis. The PMP grid resolution for this study is 0.025 x 0.025 decimal degrees, er 90 arc
seconds, using the geographic coordinate system (GCS) sparahce with the North
American Datum of 1983 (NAD 83). This equates to 64,103 grid cells with centroids within the
domain shown in Figure 1.2. The grid cells have an approximate area of 2 (#53®ikn{).
The grid network placement is essentiatpitrary, however, the placement is oriented in such a
way that the grid cell centroids are centered over whole number coordinate pairs and then spaced
evenly every 0.025 decimal degrees. For example; there is a grid point centered over 32° N and
109° Wwith the adjacent grid point to the west at 32° N and 109.025° W. An example of the
PMP analysis grid over the McMicken Dam basin is shown in Figure 1.4.
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Figure 14 PMP analysis grid placement over McMicken Dam basin



2. Weather andClimate of the Region

This section will describe the general weather and climate of the Arizona and how it
relates to the development of PMP. More detailed descriptions of the climate of Arizona and
each of the storm types described can be found in nuisieeferences (e.g. Sellers and Hill
1974, Hansen and Schwartz 1980, McCollum et al. 2005, Mesinger et al. 2006). These
references provide additional information. Figures 2.1a and 2.1b illustrate the spatial distribution
of the PRISM annual maximum andmmum temperatures for the 3@ar climatological period
of 19812010. Figure 2.1c illustrates the PRISM annual precipitation for the same period.

Figure 2.2 illustrates the spatial distribution of the NOAA Atlas 14 Volume 1 and Volume 8 100
year 24hou precipitation frequency values.
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PRISM 30-year Annual Climatology (1981-2010)
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Figure 2.1a PRISM 3@ear annual climatologly maximum temperatures
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PRISM 30-year Annual Climatology (1981-2010)
Minimum Temperature (°F)
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Figure 2.1b PRISM 3@ear annual climatologly minimum temperatures
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NOAA Atlas 14 100-year Estimates
24-hour Precipitation (inches)
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Figure 2.2 NOAA Atlas 14 10@ear 24hour precipitation frequency estimates
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2.1 General Climate of Arizona

Exposure to Gulf of California moisture surges, Eastern Pacific tropical systems, and mid
latitude winter storms interacting with the transitmmme from the southern deserts to the
Mogollon Rim create a unique and varying weather pattern across the region. There is a distinct
bi-modal seasonal precipitation regime for much of the state, where general frontal winter storms
bring precipitation fom November through early March while the North American Monsoon
(NAM) brings convective rainfall from early July through September. The general frontal winter
storms are largscale storms which often bring rain and snow to much of Arizona over periods
of several days. Once the jet stream begins to lift further north during Spring, almost no
precipitation occurs from April through late June. This dryness turns quickly to wet conditions
beginning in early July when the NAM sets up, an almost daily aacoerof thunderstorms
brings locally intense but short duration rainfall to many areas of the state. This pattern shift
usually takes place in late June or early July and is signaled by a steady increase in dew point
temperatures and thunderstorm activifjhe NAM pattern normally lasts through September,
sometimes extending into October.

On rare occasions this monsoon pattern can be enhanced by the passage of a decaying
tropical system that moves out of the Eastern Pacific and north over the Galifofnia. This
type of storm is responsible for the most extreme rainfalls on the synoptic scahesi(@4r
longer covering large regions of 58Quare miles or more). Some of the most notable of these
events occurred in 1906, 1911, 1925, 1939119970, 1983, and 1997. All produced extreme
rainfalls throughout the Southwest.

2.2 North American Monsoon Climatology

In June the 500 mb subtropical ridge (approximately 18,000 feet) is located over
northwest Mexico (Figure 2.3). Asresult, thair flow across Arizona is usually from the
southwest. The hot and dry weather conditiexygerienced across Arizona during the month of
June are a direct result of the position of the 50Gufdtropical ridge and dry southwest flow.
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June Mean Flow at 18,000 Feet

Figure 2.3 Jun®lean Flow at 500mb (18,000 feet) over the Southwest

Starting in late June and continuing into July, the 500 mb subtropical ridge normally
shifts northward and eastward with the center of circulation locatedwest Texas and New
Mexico (Figure 2.4). As result easterly flow develops over northwest Mexico intltelevels,
while hot temperatures over the continent result in a general onshore (southerly) flow in-the low
levels. The shift in the 500 mb subtropical ridge is followed by a dramatic ineigas
thunderstorm activitpver northwest Mexico. Arizona lies on the northern fringes of this area of
enhanced thunderstoractivity. It is during this time that Arizona experiences periodic increases
in moisture originating from the Gulf of California & Surges) and the eastern tropical Pacific.
This enhanced moisture often produces thunderstorms (Douglas 1993, Hales 1972).
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July Mean Flow at 18,000 Feet

Figure 2.4 July Mean Flow at 500mb (18,000 feet) over the Southwest

Figure 2.5 shows the generalized surface synoptidittons and moisture source regions
that are found during the NAM season. Notice the positioning of the areas of high and low
pressure and the attendant circulations around these features. This leads to an average wind
inflow from the south/southwest, tipe Gulf of California and into Arizona thereby supplying
the low level moisture necessary to fuel the intense thunderstorm activity during the NAM
season. For more detailed descriptions of the NAM see Grantz et al. 2007, Higgins et al. 2003,
Higgins etal. 1999, Adams and Comrie 1997, Higgins et al. 1997, Douglas 1995, Douglas 1993,
Smith 1989, and Hales 1972.
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Figure 2.5 Generalized surface synoptic patterns associated with the NAM season (from
http://www.wrh.noaa.gov/twc/monsoon/monsoon_info,@gqeessed May 2013)

2.2.1 Local Convective Storms

Thunderstorms are an almost daily occurrence once the NAM season sets in, usually
starting in late June or early July (see Section 2.2). Often, the first indicator that severe
convective weather will soon dewlevklmpistures t he p
which often precedes storm development by several hours (Green 2003). Most of the storms
have a life cycle of less than three hours. Storm initiation generally occurs over the elevated
terrain of the Mogollon Rim. Storms then move westsouath reaching the lower deserts by
early evening. Additionally, drainage winds and outflow boundaries associated with terrain and
thunderstorm activity converge with hot, moist, and unstable air to initiate thunderstorms over
the lower elevations (Wakka 1999). Environments with exceptionally high atmospheric
moisture levels combine with lift from a short wave trough or area of low pressure moving
through the region to produce storms that can last longer and produce large amounts-@f rain (1
inches pehour for several hours) over the region.
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2.2.1.1 Mesoscale Convective Systems

Mesoscale Convective Systems (MCS) are capable of producing extreme amounts of
precipitation at short durations and over small area sizes. Although this storm type is not
common in the region, they can and do occur. The terrain in the region plays an important role
in thunderstorm initiation and propagation during an event (McCollum 1995). Generally, MCSs
in Arizona occur with much less frequency, are of shorter dutaimhgenerally produce less
rainfall, than their Midwestern counterparts.

The current name of MCS was applied in the
producingo strong thunderstorm compl exes ( Mad
to any pecipitation system with a spatial scale of id350square miles that includes deep
convection during part of its lifeycle (Zipser 1982). Mesoscale systems are so named because
they are small in areal extent (10s to 100s of square miles), wherepticgtarm events are
100s to 1000s of square miles. The MCSs also exhibit a distinctive signature on satellite
imagery where they show rapidly growing cirrus shields with very high cloud tops. Further, the
cirrus shields produced by an MCS usually takea nearly circular pattern with constantly
regenerating thunderstorms fed by moist-lewel jet inflow.

Climatologically, MCSs primarily form during the NAM months from late June through
September. They are most common from-thity through migdAugust.

2.3 Remnant Tropical Storms

On rare occasions decaying tropical storms have directly affected portions of the state.
By the time this type of storm moves this far inland away from its energy source (the Gulf of
California and the eastern tropid2acific), it has lost many of its tropical characteristics.
However, high levels of moisture are associated with these storms, enabling them to produce
heavy rainfall (HMR 50, Section 2.0). Remnant moisture from these decaying tropical systems
has produed some of the largest rainfalls on record throughout Arizona. Classic examples of
this storm type are the remnants of Hurricane Norma which brought torrential rains across much
of the Four Corners region from Septembét, 4970. This storm event praskd 11.40 inches
of rainfall in 24hours at Workman Creek, AZ which nearly doubled the previous stdte 4
rainfall record (Hansen 1981). A more recent example was the remnants of Hurricane Nora,
which produced the new Z#bur state record rainfall féxrizona on September 22565, 1997
when 11.97 inches fell at Harquahala Mountain. Both of these storms were analyzed as part of
this PMP study. Details of these storm analyses are given in Appendix F.

2.4 General Frontal Systems

The polar front and jetieam, which separate cool, dry Canadian air to the north from
warm, moist air to the south, sometimes produces heavy rainfall in the region. The frontal
systems which develop along this boundary and traverse from west to east with the jet stream
contribue large amounts of energy and storm dynamics to weather systems that move through
the region. These features are strongest and most active over the region from late fall through
early spring.
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This type of storm environment (general frontal) will usuabt produce high rainfall
rates, but produce flooding as moderate rain continues to fall over the same regions for an
extended period of time. Often the rainfall can fall on significant snowpack in mountainous
locations resulting in large runoff volume The series of storm systems that led to record
flooding on several rivers during January and February of 1993 are an excellent example of this
type of storm environment (House 1997).

2.5 Seasonality of Extreme Storm Events

Once the monsoon pattesats up in late June or early July, rainfall can be a daily
occurrence through the end of summer and early fall. In July and August alone, up to one third
of the annual precipitation over and around many locations of central and southern Arizona
accumulags. The lull in storm activity between the general frontal storms of winter and the
NAM, especially in the spring, shows up well in the seasonality charts for each of the storm
types identified in this study (Figures 2.6, 2.7, and 2.8).

Once again theilmodal seasonality of the storm occurrences is evident, with almost all of
the NAM local convective storms occurring in July, August, and September and the majority of
the general winter storms occurring from December through March. The remnant tropical
storms are superimposed upon the NAM rainfall, occurring exclusively from August through
October.

Local Convective Storms Used for PMP Development
Number of Major Storm Events Per Month

Mursiher of Btarme
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Figure 2.6 Local convective storm seasonality of the storms analyzed during the statewide study
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Tropical Storms Used for PMP Development
Number of Major Storm Events Per Month

MNumber of Storms
L

Month

Figure 2.7 Remnant tropical storm seasonality efstiorms analyzed during the statewide study

Figure 2.8 Generalinter storm seasonality of the storms analyzed during the statewide study
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