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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-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 barrier height 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.

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.

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 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.

Gulf Stream Current: A warm, well-defined, swift, relatively narrow, ocean current in the
western North Atlantic that originates where the Florida Current and the Antilles Current begin
to curve eastward from the continental slope of Cape Hatteras, North Carolina. East of the
Grand Banks, the Gulf Stream meets the cold Labrador Current, and the two flow eastward
separated by the cold wall.

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.

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.
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1. Introduction

This study provides Probable Maximum Precipitation (PMP) values for use in the
computation of the Probable Maximum Flood (PMF) for watersheds within the state of Ohio.
The study builds on the previous PMP studies completed by AWA in the region (e.g., Tomlinson
1993, Tomlinson et al. 2002-2012, Kappel et al. 2012).

1.1 Background

Definitions of PMP are found in most Hydrometeorological Reports (HMRs) published
by the National Weather Service (NWS). The definition used in the most recently published
HMR (HMR 59, 1999, p. 5) 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." Since the mid-1940s, several government agencies have been
developing methods to calculate PMP in various regions of the United States. The NWS
(formerly the U.S. Weather Bureau) and the Bureau of Reclamation have been the primary
agencies involved in this activity. PMP values from their reports are used to calculate the PMF
which, in turn, is often used in the design of significant hydraulic structures.

The generalized PMP studies currently in use in the conterminous United States include
HMR 49 (1977) 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. The region covered by HMR 51 constitutes
the largest generalized region addressed by a single HMR . Figure 1.1 shows an example of a
HMR 51 PMP map. In addition to these HMRs, numerous Technical Papers and Reports deal
with specific subjects concerning precipitation. Examples are NOAA Technical Report NWS 25
(1980) and NOAA Technical Memorandum NWS HYDRO 45 (1995). Topics include
maximum observed rainfall amounts; return periods for various rainfall amounts, and specific
storm studies. Climatological atlases (Technical Paper No. 40, 1961; NOAA Atlas 2, 1973; and
NOAA Atlas 14, 2003-2012) are available for use in determining point rainfall amounts for
specified return periods for selected regions of the U.S.












and data currently available have been used, with updated methods, techniques, and data
compared to HMR 51 and 52 used where appropriate.

1.3 Approach

The approach used in this study follows the same basic procedures that were used in the
development of the HMRs. These procedures were applied considering the meteorological and
topographic characteristics across the state.

The study maintains as much consistency as possible with the general method used in
HMR 51 and the numerous site-specific, statewide, and regional PMP studies AWA has
completed over the past 15 years. Deviations are incorporated where justified by developments
in meteorological analyses and available data. The basic approach identifies PMP-type storms
that occurred within the following bounds of approximately 49.0°N 102.0°W to 33.0° N 75.0°W.
Elevation was also an important consideration, where storm centers which occurred at elevations
greater than 3,000 feet were not considered transpositionable to any location within the state.
This relatively large domain ensured that several transpositionable storms of each area size and
duration were included in the storm list development to produce the most robust PMP values for
Ohio . Results of this storm search led to the production of a short list of storms used to
determine the PMP values.

The moisture content of each of these storms is maximized to provide an estimate of the
maximum rainfall that could have been produced by each storm at the location where it occurred.
This is accomplished by computing the ratio of the maximum amount of atmospheric moisture
that could have been entrained into the storm at that time of year to the actual atmospheric
moisture entrained into the storm as it occurred in-place. The difference between the maximum
and actual is converted into a percent and the storm rainfall totals are enhanced T maximized T by
this value - called a maximization factor. After maximization, the storms are transpositioned to
each grid point to the extent supportable by similarity of meteorological conditions and
topography. Maximized and transpositioned-adjusted rainfall values are plotted and enveloped at
each grid point and values contoured to ensure continuity in time and space to provide PMP
estimates for various area sizes and durations. Figure 1.3 shows the flow chart of the major steps
in the PMP development process.



Figure 1.3 Flow chart showing the major steps involved in PMP development

For some applications, this study applied standard methods (e.g., WMO Operational
Hydrology Report No. 1, 1986), while for other applications, improved techniques were
developed. Advanced computer-based technologies together with Weather Service Radar WSR-
88D NEXt generation RADar (NEXRAD) data were used for storm analyses along with updated
meteorological data sources. The Hybrid Single Particle Lagrangian Integrated Trajectory Model
(HYSPLIT) model trajectories were used as guidance to determine moisture inflow vectors.
Improved technology and data were incorporated into the study when they provided improved
reliability, while maintaining as much consistency as possible with previous studies. This
approach provides the most complete scientific application compatible with the engineering
requirements of consistency and reliability for credible PMP determination.

Moisture analyses in HMR 51 used monthly maximum observed 12-hour persisting dew
points to quantify atmospheric moisture. Maximum dew point values are provided by Climatic
Atlas of the United States, published by the Environmental Data Services, Department of
Commerce (1968). This Ohio statewide PMP study, however, used an updated maximum dew
point return frequency analysis that was developed as part of this study. This maximum dew
point analysis incorporated data sets with longer periods of record than were available for use in
HMR 51 and the FERC Michigan/Wisconsin PMP study. This updated climatology produced
20-, 50-, and 100-year return frequencies for maximum average dew point values for 6-, 12-, and
























3.  Extreme Storm types

Ohio and the surrounding region have very active and varied weather patterns throughout
the year. Consequently heavy rainfall events at both short and long durations are common. By
far, the largest amount of moisture available for rainfall over the region comes from the Gulf of
Mexico. The major types of extreme rainfall events in the region are produced by Mesoscale
Convective Systems (MCS) (short durations and small area sizes) and synoptic events/fronts
(large areas sizes and longer durations), and/or a combination of these.

3.1 Synoptic Fronts

The polar front and jet stream, which separate cool, relatively dry Canadian air to the
north from warm, moist air to the south, is often a cause of heavy rainfall over large areas for
long durations. This boundary provides large amounts of energy and strong storm dynamics as
fronts move through the region. These features are strongest and most active over the area during
fall, winter, and spring. A common type of storm occurrence with the polar front is an
overrunning event. Frontal overrunning occurs when warm, humid air carried northward around
the western edge of the Bermuda High circulation encounters the frontal zone and is forced to
rise over the cooler, drier air mass to the north of the front (Figures 3.1 and 3.2). This forced
ascent condenses atmospheric moisture in the warm air mass, forming clouds and producing
precipitation while releasing latent heat. This process most often produces widespread rainfall
over longer durations, but can also help enhance convection. Air that arrives at the frontal
location is conditionally unstable, where the lower layers are much warmer and more humid than
the air above. This conditionally unstable air mass needs a mechanism to initiate lift to begin
energy release, leading to more instability and further up-lift. The forced ascent over the polar
front initiates the lifting of the moist air mass, releasing its energy in the form of latent heat, and
initiates the conversion of the atmospheric moisture to rainfall.
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Figure 3.1 Typical Bermuda High circulation and its relation to Ohio
(from http://www.meted.ucar.edu/reftra/seconus/summer/reg_1 1.htm, accessed October 2012)
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Figure 4.2 Ohio long list storm locations at the 6-hour duration
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Figure 6.1 Hourly dew point temperature station locations used for the maximum dew
point return frequency analysis
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District study. This allowed for a seamless dew point climatology dataset covering the
majority of the contiguous United States. Figure 6.2 shows results of the final maximum
dew point map representing the 24-hour duration 100-year return frequency for the month

of August®.

Figure 6.2 June 100-year 24-hour average maximum dew point map

6.2 HYSPLIT Trajectory Model

The HYSPLIT trajectory model developed by the NOAA Air Resources
Laboratory (Draxler and Rolph 2003, 2010) was used during the analysis of each of the
rainfall events included on the short storm list post 1948 (from the National Centers for
Environmental Prediction NCEP Global Reanalysis fields). Use of a trajectory model

® These data are housed in a GIS environment enabling explicit extraction of appropriate values during the
storm maximization and transpositioning processes.
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6.3 Use of Grid Points to Spatially Distribute PMP Values

To appropriately distribute rainfall values spatially across the large area covered
by the state of Ohio, a series of grid points were used and the gridded data were
interpolated among these points. The grid consisted of 23 points and extended outside of
the state boundaries over bordering regions (see Figure 1.3). This grid design ensured
that no extrapolation of PMP values was required for any location within the state.

All appropriate storm rainfall values were maximized and transpositioned to each
of the 23 grid points as appropriate (Appendix F lists the grid point(s) where each storm
was transpositioned). DA curves for each duration (6-hours to 72-hours) were plotted for
each grid point and envelop curves constructed. Using results from the DA analyses,
Depth-Duration (DD) curves were constructed for each grid point (see Section 9 for
details). Results from the DD analysis were input into GIS where the values for each
duration and area size at each grid point were spatially analyzed. The final PMP maps
derived using the grid point methodologies are displayed in Section 11.1 and are
available in GIS.

Having the contoured PMP maps to analyze on a regional basis proved to be a
valuable asset vs having only rainfall values at single locations. The ability to look at the
relationships among grid points at various spatial and temporal scales as a whole proved
very insightful and was of great importance in deriving the final PMP values across the
large Ohio domain. It should be noted that the general shape of the PMP values across
the state show the highest values to the south and west, with lower values to the north and
east. This is to be expected based on the location of the moisture source leading to PMP-
type rainfalls in the region. This was recognized during previous weather and climate
studies as well. For example, the USGS National Water Summary (Paulson et al. 1991),
"The spatial distribution of annual precip in Ohio is affected by the proximity to the
tropical maritime air masses."

The HMR 51 PMP curves are drawn almost west to east across the major barrier
of the Appalachians and inappropriately across the fistippledo region in what appears to
be an attempt to provide continuity in space (Figure 6.4). However, this does not take
into account the effects of orographics caused by the Appalachians and the fact the
storms on the east side of the Appalachians are fed by moisture directly from the Atlantic,
while storms on the west side are fed by moisture from the Gulf of Mexico. Low level
moisture does not cross the crest of the Appalachians in either direction to feed into
PMP-type storms as the low level moisture is firained outo on the upwind side as the air
masses cross the mountains. Although no explicit discussions or working paper exist, it
appears that the Smethport 1942 storm improperly influenced PMP values on both sides
of the Appalachians and for great distances well beyond where it should have been
transpositioned according to our analysis (see Appendix H for a complete discussion on
the Smethport storm transposition discussion).
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8.  Storm Transpositioning

Extreme rain events that occurred over geographically and climatically similar
regions surrounding a study area are a very important part of the historical evidence on
which PMP estimates are based. Study locations usually have a limited period of record
for rainfall data collected at that location and hence have a limited number of extreme
storms that have been observed. As such, the storm transpositioning process uses
additional space to compensate for the limited time frame of instrumental climate records
at any location. Storms observed regionally with similar meteorology and topography are
analyzed and adjusted to provide information describing the storm rainfall as if the storm
had occurred over the study area. Transfer of a storm from where it occurred to a
location that is meteorologically and topographically similar is called storm
transpositioning. The underlying assumption is that storms transposed to the study area
could occur over the study area location under similar meteorological conditions. To
properly relocate such storms, it is necessary to address issues of similarity as they relate
to topography and atmospheric moisture availability, and make appropriate adjustments.

For this study, the region considered to contain storms which were potentially
transpositionable to one or more grid points analyzed as part of this study included most
of the Midwest from approximately 102°W longitude eastward to the first upslopes on
the west side of the Appalachians, north into southern Canada and south to the southern
Plains (see Section 4.1). This region was considered meteorologically homogenous and
therefore the climatological settings within Ohio and the locations of each of the
transposed storms are similar. Further analysis of storm patterns on both a temporal and
spatial scale within this region revealed that only storms that occurred within a +/- 1,000
feet of elevation of a location possessed similar enough storm dynamics to be
transpositionable to that location. Further, the limits of transpositionability were refined
for specific storms after all adjustments were applied based on meteorological judgment
and fit with other similar storms in the region.

8.1 Storm Transposition Calculations

The procedure for in-place storm maximization has been discussed (see Section
7.0). The same maps used for deriving maximum dew points were used in the storm
transpositioning procedure. The procedure for deriving the climatological maximum dew
points for use in calculating the transposition maximization ratio uses the information
derived during the calculation of the in-place maximization factor. The moisture inflow
vector connecting the storm location with the storm representative dew point location was
transpositioned to each grid point. The value of the maximum dew point at the upwind
location provided the transpositioned maximum dew point value used to compute the
transposition adjustment factor for relocating the storm to the appropriate grid point.
These transposition factors can be greater than or less than 1.0, depending on whether the
transpositioned location and inflow vector produced higher or lower maximum dew point
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Figure 10.16 Normalized R versus shifted time for SPAS Hybrid storms
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Figure 11.15 All-season PMP (inches) for 72-hour, 100-square mile
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Figure 11.33 All-season PMP (inches) for 24-hour, 2,000-square mile
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Figure 11.36 All-season PMP (inches) for 6-hour, 5,000-square mile
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11.2 Comparison of the All-season PMP Values with HMR 51 PMP

Comparisons were made at standard area sizes and durations with HMR 51 PMP values
to determine the difference between results of the PMP values developed during this study and
HMR 51. Results of these comparisons at each of the 23 grid points are presented in Appendix
E. Table 11.1 provides the percent reductions from HMR 51 PMP values at grid point 15.

Table 11.1 Percent difference between the Ohio statewide PMP values at grid point 15 and the
HMR 51 PMP values at that location. Values represent reductions from HMR 51. Rainfall
values are in inches.

In addition, the storm(s) which controlled the PMP value at a given area size and duration
were identified. This is important to understand which storms are most important across the state
and to provide a data set which can be scrutinized further to ensure the final PMP values are
appropriate and consistent. Table 11.2 displays the controlling storms data for grid point 15.

The number refer to the AWA storm number as listed in Table 4.1 and Appendix F.
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Comparison of the 10-square mile PMP values for grid point 15 against 100-year x-hour rainfall
return frequency value are shown in Table 11.4.

Table 11.4 Comparison of the 10-square mile PMP value against the x-hour 100-year
precipitation frequency from NOAA Atlas 14 for grid point 15

11.4 Reasons for Reductions of PMP versus HMR 51

This PMP study provided differences in PMP values from those presented in HMR 51.
This study explicitly addressed elevation, whereas detailed terrain effects were not evaluated in
HMR 51. All HMR 51 storms on the short storm lists were re-evaluated to determine the
updated storm representative dew point and maximization using updated maximum dew point
climatology.

Since the site-specific study followed the same basic storm rainfall adjustment
procedures as HMR 51, it would be useful to understand the cause of the differences in the PMP
values. Working papers are not available for HMR 51, so explicit differences in calculations and
procedures cannot be evaluated. However, the following issues were treated differently between
the studies:

1. HMR 51 provides generalized and smoothed PMP values over a large geographic domain
that covers the United States east of the 105" meridian. Specific characteristics unique to
Ohio were not addressed. This study considered characteristics specific to the state, and
produced PMP values that explicitly considered the meteorology of the PMP storm types
which would result in the PMF in the region.

2. The transposition limits of the Smethport, PA July 1942 world record rainfall event were
re-evaluated during this study (a detailed discussion of this evaluation is provided in
Appendix H). This investigation determined that the storm was not transpositionable to
any location within the state of Ohio. The primary reason is the difference in orographic
effects between where the storm occurred in north central Pennsylvania and eastern Ohio.
The refined transposition limits used in this study differ from HMR 51. Although no
explicit delineations of transposition limits are included in HMR 51, documents received
from the NWS HDSC office show that this storm was transpositioned to the eastern 1/3rd
of Ohio. The refined transposition limits used in this study result in lower PMP values
compared to HMR 51 for durations of 6-, 12-, and 24-hours for locations where the
Smethport storm apparently influenced PMP values in HMR 51. Smoothing of the PMP
isolines in HMR 51 necessarily had to encompass the Smethport maximized in-place
rainfall far beyond its explicit transposition limits. Note, Section 3.2.4 of HMR 51 states
that they "slightly undercut” the maximized 6-, 12-, and 24-hour values by up to 7% to
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meteorology does not support a theoretical evaluation to quantify storm efficiency for use in
PMP evaluation. This is because there is a lack of direct data from which to derive model
parameters that would represent a PMP rainfall event. However, if the period of record is taken
into consideration (generally over 100 years), along with an extended geographic region with
transpositionable storms, it is accepted that there should have been at least one storm with
dynamics that approach the maximum efficiency for rainfall production.

The other issue is the assumption that storm efficiency does not change if additional
atmospheric moisture is available. Storm dynamics could potentially become more efficient or
possibly less efficient depending on the interaction of cloud microphysical processes with the
storm dynamics. Offsetting effects could indeed lead to the storm efficiency remaining
essentially unchanged. For the present, the assumption of no change in storm efficiency is
accepted, mirroring the HMR and WMO assumptions.

12.2 Parameters

12.2.1 Storm Representative Dew Point and Maximum Dew Point

The in-place maximization factor depends on the determination of storm representative
dew points, along with maximum historical dew point values. The magnitude of the
maximization factor varies depending on the values used for the storm representative dew point
and the maximum dew point. Holding all other variables constant, the maximization factor is
smaller for higher storm representative dew points as well as for lower maximum dew point
values. Likewise, larger maximization factors result from the use of lower storm representative
dew points and/or higher maximum dew points. The magnitude of the change in the
maximization factor varies depending on the dew point values. For the range of dew point
values used in most PMP studies, the maximization factor for a particular storm will change
about 5% for every 1°F difference between the storm representative and maximum dew point
values. The same sensitivity applies to the transposition factor, with about a 5% change for
every61°F change in either the in-place maximum dew point or the transposition maximum dew
point.

For example, consider the following case:
Storm representative dew point: 75°F Precipitable water: 2.85"
Maximum dew point: 79°F Precipitable water: 3.44"

Maximization factor = 3.44"/2.85" =1.21

If the storm representative dew point were 74°F with precipitable water of 2.73",
Maximization Factor = 3.44"/2.73" = 1.26 (an increase of approximately 4%)

If the maximum dew point were 78°F with precipitable water of 3.29",
Maximization Factor = 3.29"/2.85" = 1.15 (a decrease of approximately 5%)

® Note that the amount of moisture per degree of dew point temp is not linear, but this 5% formula fits within the
range of dew points used in this analysis.
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The inflow wind vector is followed upwind until a location is reached that is
outside of the storm rainfall. The nearest weather stations that report dew point values
are identified. At least two stations are desired but a single station with reliable dew
points observations can be used if no other representative or useful data is available. The
time period used to identify the appropriate dew point values is determined by computing
the time required for the air mass to be transported from the location of the weather
station(s) to the location of maximum rainfall. The start time of the extreme rainfall is
then adjusted back in time to account for transit time from the dew point observing
station(s) to the maximum rainfall location.

For example, consider the following case:

1. Rainfall begins at 11:00am and ends at 6:00pm the following day at the
location of maximum rainfall,

2. The storm representative dew point location (the location of the weather
stations observing the dew points) is 100 miles from the maximum rainfall location in the
direction of the inflow wind vector, and

3. The inflow wind speed is 20 mph.

The transit time for the air mass from the weather stations to the maximum
rainfall location is five hours (100 miles divided by 20 mph). The time to begin using the
dew point observations is five hours before the rainfall began (11:00am minus 5 hours =
6:00am) and the time to stop using the dew point observations is five hours before the
rainfall ended (6:00pm minus 5 hours = 1:00pm the following day). Dew point
observations taken between these times are used to determine the storm representative
average 24-hour 1000mb dew point value. The storm representative dew point location
can come from a single location if only one station is used or from a location between the
reporting weather stations if more than one station is used. The vector connecting this
location and the location of maximum rainfall becomes the moisture inflow vector for the
storm event being analyzed and is used for storm transpositioning.

The storm representative dew point determined from the hourly dew point
observations needs to be corrected to the 1,000mb level. The elevation of the storm
representative dew point location is used in this correction. The correction factor of 2.7°F
per 1,000 feet of elevation is used. This is the same correction factor used in the Climatic
Atlas of the United States (Environmental Data Services, Department of Commerce,
1968). For example, a storm representative dew point of 72°F at a station location with
an elevation of 800 feet above sea level is corrected with a factor of 800 X 2.7 /1,000 =
2.2°F. The dew point value corrected to 1,000mb (sea level) is 72°F + 2.2°F = 74°F after
rounding.

The procedure that computes the in-place maximized rainfall for a storm provides
an estimate of the maximum amount of rainfall that could have been produced by the
same storm at the same location if the maximum amount of atmospheric moisture had
been available. This procedure requires that a maximum value for the storm
representative dew point be determined. The maximum dew point value is selected at the
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Radar-aided Hourly Precipitation Grids

Once a mathematically optimized hourly Z-R relationship is determined, it is applied to
the total hourly Z grid to compute an initial precipitation rate (inches/hour) at each grid
cell. To account for spatial differences in the Z-R relationship, SPAS computes residuals,
the difference between the initial precipitation analysis (via the Z-R equation) and the
actual Aground trutho precipitation (observed T initial analysis), at each gauge. The point
residuals, also referred to as local biases, are normalized and interpolated to a residual
grid using an inverse distance squared weighting algorithm. A radar-based hourly
precipitation grid is created by adding the residual grid to the initial grid; this allows the
precipitation at the grid cells for which gauges are fiono to be true and faithful to the
gauge measurement. The pre-final radar-aided precipitation grid is subject to some final,
visual QC checks to ensure the precipitation patterns are consistent with the terrain; these
checks are particularly important in areas of complex terrain where even QC'ed radar
data can be unreliable. The next incremental improvement with SPAS program will
come as the NEXRAD radar sites are upgraded to dual-polarimetric capability.

Radar- and Basemap-Aided Hourly Precipitation Grids

At this stage of the radar approach, a radar- and basemap-aided hourly precipitation grid
exists for each hour. At locations with precipitation gauges, the grids are equal, however
elsewhere the grids can vary for a number of reasons. For instance, the basemap-aided
hourly precipitation grid may depict heavy precipitation in an area of complex terrain,
blocked by the radar, whereas the radar-aided hourly precipitation grid may suggest little,
if any, precipitation fell in the same area. Similarly, the radar-aided hourly precipitation
grid may depict an area of heavy precipitation in flat terrain that the basemap-approach
missed since the area of heavy precipitation occurred in an area without gauges. SPAS
uses an algorithm to compute the hourly precipitation at each pixel given the two results.
Areas that are completely blocked from a radar signal are accounted for with the
basemap-aided results (discussed earlier). The precipitation in areas with orographically
effective terrain and reliable radar data are governed by a blend of the basemap- and
radar-aided precipitation. Elsewhere, the radar-aided precipitation is used exclusively.
This blended approach has proven effective for resolving precipitation in complex
terrain, yet retaining accurate radar-aided precipitation across areas where radar data is
reliable. Figure G.12 illustrates the evolution of final precipitation from radar reflectivity
in an area of complex terrain in southern California.
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Figure G.14 Depiction of radar artifacts (Source: Wikipedia)

Overhooting COrographic Radar
Enhancement

SPAS is designed to overcome many of these short-comings by carefully using radar data
for defining the spatial patterns and relative magnitudes of precipitation, but allowing
measured precipitation values (figround trutho) at gauges to govern the magnitude. When
absolutely necessary, the observed precipitation values at gauges are nudged up (or
down) to force the SPAS results to be consistent with observed gauge values. Nudging
gauge precipitation values helps to promote better consistency between the gauge value
and the gridcell value, even though these two values sometimes should not be the same
since they are sampling different area sizes. For reasons discussed in the "SPAS versus
Gauge Precipitation” section, the gauge value and gridcell value can vary. Plus, SPAS is
designed to toss observed individual hourly values that are grossly inconsistent with the
radar data, hence driving a difference between the gauge and gridcell. In general, when
the gauge and gridcell value differ by more than 15% and/or 0.50 inches, and the gauge
data has been validated, then it is justified to nudge (artificially increase or decrease) the
observed gauge value to "force™ SPAS to derive a gridcell value equal to the observed
value. Sometimes simply shifting the gauge location to an adjacent gridcell resolves the
problems. Regardless, a large gauge versus gridcell difference is a "red flag” and
sometimes the result of an erroneous gauge value or a mis-located gauge, but in some
cases the difference can only be resolved by nudging the precipitation value.

Before final results are declared, a precipitation intensity check is conducted to ensure
the spatial patterns and magnitudes of the maximum storm intensities at 1-, 6-, 12-, etc.
hours are consistent with surrounding gauges and published reports. Any erroneous data
are corrected and SPAS re-run. Considering all of the QA/QC checks in SPAS, it
typically requires 5-15 basemap SPAS runs and, if radar data is available, another 5-15
radar-aided runs, to arrive at the final output.

Test Cases

To check the accuracy of the DAD software, three test cases were evaluated.
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quasi-stationary front extended eastward from Minnesota through the Great Lakes and
then southward through eastern New York and New Jersey. This front advanced
slowly northeastward during July 18".

Both atmospheric dynamics and orographic lift of the very moist air south of the
front contributed to the initiation of the thunderstorm cells. There was a regenerating
influence of the locally formed dense, cold air mass in the vicinity of the heavy rain.
The cooled surface air layers were due to persisting moderate to heavy precipitation,
evaporative cooling, hail melting and cold rain conduction. These cold air masses acted
as mini-cold fronts initiating additional thunderstorm cells. Winds over the region were
from the northwest with no southerly component observed.

The slow moving frontal zone became pronounced about sunset on July 17th
initiating heavy rainfall from thunderstorms over southern New York then spreading
southward into Pennsylvania during the early morning hours. The thunderstorms moved
southeastward steered by the northwest wind flow aloft. However, thunderstorms also
developed and propagated southwestward. During the pre-dawn hours of July 18", the
rainfall spread northeastward along the frontal boundary. About sunrise, the rainfall
region moved southwestward, bringing a wave of heavy rainfall. By the afternoon
hours, temperatures cooled dramatically and the rainfall diminished. This could account
for the "propagation™ of the storm system towards the southwest while individual cells
moved towards the southeast in the prevailing flow. This is also supported by the
observation that thunderstorms "spread fanwise" during the early morning hours of July
18, 1942.

There were three successive periods of downpours with the first and the last being
the most intense. The greatest rainfall fell in a region containing no official rain gages. The
heaviest rainfall was in the Allegheny Basin above Eldred, where storm totals of
35.50 and 34.50 were reported. The main orientation of the rainfall pattern was
northwest to southeast consistent with the northwesterly winds aloft and anchored to the
underlying topography. Great variations in intensity within relatively short distances
occurred during the storm.

Analysis Relating to the Transpositioning to Ohio

Extensive discussions have occurred as part of this PMP study regarding this
event and its potential transpositionability to Ohio with the Review Board and internally
within AWA. It has been determined that the general synoptic patterns associated with
the stormbs development could occur (and have occurred) in the same way over any
portion of Ohio as occurred during the actual storm event. The storm type was a
mesoscale convective complex (MCC). The MCC storm type has been extensively
studied over the last 30 years (see Maddox 1980, 1981 for example) and is recognized
as important rainfall producers over small area sizes (less than 500-square miles) and
short durations (less than 12-hours). This storm type occurs frequently from April
through October from the foothills of the Rockies through the east coast of the United
States, including all of Ohio.


















Storm Isohyetal Patterns and Analysis

It should be noted however, that because there was no NEXRAD weather radar
available to analyze the spatial characteristics of the rainfall in between rain gauge
locations, exact spatial patterns are not possible to quantify. Instead, the spatial pattern
is limited to the location of the rain gauge and bucket survey reports, which are generally
located in lower elevations where people live, and the interpolation of the various parties
who produced the total storm isohyetal patterns.

Much effort was put into the construction of a storm isohyetal maps with the
primary analysis constructed by Mr. J.E. Stewart of West Penn Power Company and
modified by the Weather Bureau, the Corps of Engineers and the USGS. A letter dated
November 26, 1943 from Mr. William R. Hiatt, Acting Hydrologic Director at the
Weather Bureau, includes the following paragraph:

filt should be noted that equally plausible interpretations of the unofficial
rainfall reports could lead to different isohyetal values near the storm center.
Material differences in resulting duration-depth data would become negligible
for the larger areas but any duration-depth computations for the areas under 100
square miles should be classed as doubtful.o

In another letter from the Office of Hydrologic Director, dated June 22, 1943,
Mr. Merrill Bernard states:

fié that unless we have actual measurements of rainfall or other definite
information which could be used to evaluate the amount of rainfall we cannot
estimate the amount from nearby records and be sure of any degree of accuracy.o

A letter from Mr. J.W. Mangan, District Engineer, USGS to Mr. Merrill Bernard
at the Weather Bureau states that Mr. Stewart of West Penn Power Company is very
satisfied that the 20 inch isohyetal is well fixed but above that magnitude there is
considerable doubt.

There appears to be at least four versions of the isohyetal analysis. Mr. Stewart
of West Penn Power Company produced the first based on precipitation records,
topography, and relative erosion in small streams. This map was reviewed by the
Weather Bureau and modified slightly to take into account the meteorological
characteristics of the storm. The Corps of Engineers made an extensive hydrologic
analysis of the storm. As a result of that analysis, it was concluded by the Corps of
Engineers that the Weather Bureau map showed too much total precipitation over the
storm area for the runoff observed. The Corps of Engineers prepared a new map that
shows considerably less precipitation. The USGS map is basically the Weather Bureau
map redrawn in such a manner that wherever an acceptable interpretation of the data
could be made showing less precipitation than the Weather Bureau map, that one was
used. The resulting map is quite similar to the one prepared by the Corps of Engineers.
Figure 6 shows the isohyetal map from the USGS report.















