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North Carolina Probable Maximum Precipitation Study

The contributing watersheds to the majority of dams in North Carolina are relatively small in area
size, with many of the dams having contributing drainage areas less than 10-square miles.
Therefore, a significant amount of emphasis was placed on developing PMP and temporal patterns
most relevant for smaller area sizes and quick response basins. This included extensive analysis
of short duration, high intensity rainfall accumulation patterns and development of PMP depths
for area sizes and durations that are important for these types of basins. Providing PMP depths
down to area sizes at 1/3™-square miles and temporal accumulation patterns at 5-minute increments
was a significant improvement for dam safety evaluations in North Carolina over what was
previously available in the HMRs.

Comparing the PMP depths against HMR 51 PMP across the entire domain, a 12% reduction at 6-
hour 10-square miles and a 24% reduction at 24-hour 10-square miles was noted. For the longer
durations, larger area sizes, statewide reductions were 24% at 24-hours for 200-square miles, and
25% at 72-hours for 200-square miles. Figures E.1-E.4 provide the average percent difference
(negative is a reduction) from HMR 51 across the study region for 6-hour 10-square miles, 24-
hour 10-square miles, 24-hour 200-square miles, and 72-hours 200-square miles. Tables E.1 and
E.2 provide the transposition zone average difference from HMR 51 for 6-hours and 24-hours at
10-square miles and 24-hours and 72-hours at 200 square miles.
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North Carolina Probable Maximum Precipitation Study

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 centroid: The point at the exact center of the drainage basin as determined through
geographical information systems calculations using the basin outline.

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

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

Convective rain: Rainfall caused by the vertical motion of an ascending mass of air that is
warmer than the environment and typically forms a cumulonimbus cloud. The horizontal
dimension of such a mass of air is generally of the order of 12 miles or less. Convective rain is
typically of greater intensity than either of the other two main classes of rainfall (cyclonic and
orographic) and is often accompanied by thunder. The term is more particularly used for those
cases in which the precipitation covers a large area as a result of the agglomeration of
cumulonimbus masses.

Convergence: Horizontal shrinking and vertical stretching of a volume of air, accompanied by
net inflow horizontally and internal upward motion.

Cooperative station: A weather observation site where an unpaid observer maintains a
climatological station for the National Weather Service.

Correlation coefficient: The average change in the dependent variable, the orographically
transposed rainfall (P,), for a 1-unit change in the independent variable, the in-place rainfall (P:).

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
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North Carolina Probable Maximum Precipitation Study

SPP: Significant Precipitation Period
SSM: Storm Separation Method

SSPs: Shared Socioeconomic Pathways
SST: Sea Surface Temperatures

TAF: Total Adjustment Factor

TAR: Total Adjusted Rainfall

TVA: Tennessee Valley Authority
USACE: US Army Corps of Engineers
USACE EM: USACE Engineering Manual
USBR: Bureau of Reclamation

USGS: United States Geological Survey
WGS: World Geodetic System

WMO: World Meteorological Organization

XX Vil
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extreme storm would have maintained the same storm efficiency for converting atmospheric
moisture to precipitation and hence more precipitation would result. Therefore, the ratio of the
maximized precipitation amounts to the actual precipitation amounts would be the same as the
ratio of the precipitable water (calculated from the dew point or SST) observed versus the
climatological maximum amount in the atmosphere associated with each storm.

Current understanding of meteorology does not support an explicit evaluation of storm
efficiency for use in PMP evaluation. To compensate for this, the period of record includes the
entire historic record of rainfall data (nearly 150 years for this study), along with an extended
geographic region from which to choose storms. By including a long period of record and the
large geographic region, it is assumed that one or more of these storms represented storm
dynamics that approached the maximum efficiency for rainfall production. Therefore, the
assumption is the PMP development process and resulting calculations represent PMP for any
given location within the study domain. In essence, the process is trading time for space to
capture the PMP process.

Figure 1.1: Probable Maximum Precipitation study domain utilized for North Carolina
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those studies while making improvements where advancements in storm data, PMP calculation
processes, and storm transposition procedures have become available.

Several PMP studies have been completed by AWA within the region covered by HMR
51 and within North Carolina itself, which are directly relevant to this study (Figure 1.4). Each
of these studies provided PMP depths which updated those from HMR 51. These are examples
of PMP studies that explicitly consider the meteorology and topography of the study location
along with characteristics of historic extreme storms over climatically similar regions.
Information, experience, and data from these PMP studies were applied in this study. These
included use of previously analyzed storm events using the Storm Precipitation and Analysis
System (SPAS) program, previously derived storm lists, previously derived in-place storm
maximization factors, climatologies, and explicit understanding of the meteorology of the region.

In addition, comparisons to these previous studies provided sensitivity and context with
the results of this study. These regional, statewide, and site-specific PMP studies received
extensive review and were accepted by the appropriate state dam safety regulatory agencies. In
addition, AWA site-specific studies have been accepted by the Federal Energy Regulatory
Commission (FERC), the Nuclear Regulatory commission (NRC), and the Natural Resources
Conservation Service (NRCS). This study followed the same procedures used in those studies to
determine PMP depths. These procedures, together with the SPAS rainfall analyses (Hultstrand
and Kappel, 2017; Hultstrand et al., 2024), were used to compute PMP following standard storm-
based procedures outlined in HMR 51.


















































































































North Carolina Probable Maximum Precipitation Study

This follows the approach used in HMR 51 Section 2, HMR 55A Section 5, and HMR 57
Section 4, with improvements provided using HYSPLIT and updated maximum dew point and
SST climatologies. Appendix F of this report contains each of the HYSPLIT trajectories
analyzed as part of this study for each storm (when used). Figure 9.1 is an example map used to
determine the storm representative dew point for the Tamaqua, PA June 2006, SPAS 1047 storm
event.

Figure 9.1: Dew point values used to determine the storm representative dew point for Tamaqua, PA June
2006, SPAS 1047 storm event

The value for the maximum SST was determined using the mean +2 sigma (two standard
deviations warmer than the mean) SST for that location. SSTs were substituted for dew points in
this study for many storms where the inflow vector originated over the Atlantic Ocean or Gulf of
America. Data presented in Appendix F show the moisture source region for each storm and
whether dew points or SSTs were used in the maximization calculations. For storm
maximization, the value for the maximum SST was determined using the mean +2 sigma SST
for that location for a date two weeks before or after the storm date (which ever represents the
climatologically warmer SST period). Storm representative SSTs and the mean +2 sigma SSTs
were used in the same manner as storm representative dew points and maximum dew point
climatology representing the 15™ of the month values in the maximization and transpositioning
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Figure 9.3: Transposition zones utilized for the North Carolina PMP study

Initial transposition limits were assigned with the understanding that additional
refinements would take place as the data were run through the PMP evaluation process.
Numerous sensitivity runs were performed using the PMP database to investigate the results
based on the initial transposition limits. Several storms were re-evaluated based on the results
that showed inconsistencies and/or unreasonable values, either too high or too low. Examples of
inconsistencies and unreasonable values include areas where gradients of PMP depths between
adjacent grid points were significantly different and not specifically related to a similar
meteorological or topographical change. When these occur because of excessive GTF values or
because a storm was likely moved beyond reasonable transposition limits, adjustments are
applied.

Although somewhat subjective, decisions to adjust the transposition limits for a storm
were based on the understanding of the meteorology which resulted in the storm event, similarity
of topography between the two locations, access to moisture source, seasonality of occurrence by
storm type, and comparison to other similar storm events. Appendix I provides a description of
the iterations and adjustments that were applied during each PMP version to arrive at the final
values via the PMP Version Log.
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Figure 12.13: Raw Huff temporal curves for 6-hour local type storm east of the Appalachians

Figure 12.14: Raw Huff temporal curves for 24-hour general type storm east of the Appalachians
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included climatic and location indices such as PRISM mean annual precipitation (Daly et al.,
1997). Spatial mapping of at-sitt MAM involved a three-step process:

1. Determine a predictor equation that describes the regional behavior of the at-site
means across the study area.

2. Compute a best-estimate of the at-site mean at a given station using a weighted
average of the regionally-predicted at-site mean (step 1 above) and the sample at-site
MAM.

3. Adjust the resulting at-site means to account for spatial coherence of the error
residuals (observed-predicted values) in a given locality.

At-site MAM have been well-predicted by climate indicators such as PRISM
precipitation. Review of the behavior of at-site means like this allowed for the development of
regression relationships for the prediction of at-site means for spatial mapping. Best estimates of
the at-site MAMs at the stations were obtained using an Empirical Bayes Approach (Kuczera,
1982) as a weighted average of the values predicted from the regression relationship and the
sample value of the station at-site MAM (Step 2 above). Greater weight was given to the sample
value of the at-site mean as the record length at a station increased. Residuals were defined as
the difference between the weighted-average at-site mean and the regression-predicted at-site
mean. Adjustments were then made to the predicted estimates of the at-site means to account for
coherence in the spatial distribution of residuals, where the residuals in some geographic areas
were not random, but rather systematically over-estimated or under-estimated the at-site mean
relative to the regression prediction (Step 3 above); this was done by interpolating standardized
residuals and summing the residual grid with the at-site mean grid developed in Step 1.

The estimated at-site MAMs for the study area are compared to the unadjusted observed
values. A reduction in the predictive error for the estimated at-site MAMs and better statistical
fit were found (e.g. 24-hour initial MAM r? = 0.7301; final MAM ? = 0.9609). This is a result
of accounting for both regional information (regional predictive equation), local information
(station at-site mean) and accounting for the spatial coherence of residuals. The final (mapped)
values of the at-site MAM are judged to be the best-estimates achievable from the collection of
regional and at-site information. Figure 14.13 and Figure 14.14 depict the final mapped MAM
values of the 6-hour and 24-hour at-site MAM.
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Figure 14.22: Lake Lure Basin regional L-moment frequency curve (red line) and uncertainty bounds (black
line) with basin average PMP (purple line) for the 6- and 24-hour durations

108


























































































North Carolina Probable Maximum Precipitation Study

Hershfield, D.M., 1961: Rainfall frequency atlas of the United States for durations from 30
minutes to 24 hours and return periods from I to 100 years. Weather Bureau Technical
Paper No. 40, U.S. Weather Bureau, Washington, D.C., 115 pp.

Heuvelink, G., 1998. Error Propagation in Environmental Modelling with GIS. CRC Press, 150

pp-

Hicks, N. S., J. A. Smith, A. J. Miller, and P. A. Nelson, 2005: Catastrophic flooding from an
orographic thunderstorm in the central Appalachians, Water Resour. Res., 41, W12428

Hipel, K.W. and McLeod, A.I., 2005: Time Series Modelling of Water Resources and
Environmental Systems. Electronic reprint of our book originally published in 1994.
http://www.stats. uwo.ca/faculty/aim/1994Book/.

Hosking, J.R.M, 2015a. L-moments. R package, version 2.5. URL: http://CRAN.R-

project.org/package=lmom.
Hosking, J.R.M, 2015b. Regional frequency analysis using L-moments. R package, version 3.0-
1. URL: http://CRAN.R-project.org/package=ImomRFA.

Hosking, J.R.M. and J.R. Wallis, 1997: “Regional Frequency Analysis, An Approach Based on
L-Moments,” Cambridge University Press, 224 pp.

Huff, F.A., 1967: Time Distribution of Rainfall in Heavy Storms, Water Resources Research.

Hultstrand, D.M., and Kappel, W.D., 2017: The Storm Precipitation Analysis System (SPAS)
Report. Nuclear Regulatory Commission (NRC) Inspection Report No 99901474/2016-
201, Enercon Services, Inc., 95pp.

Hultstrand, D.M., S.R. Fassnacht, J.D. Stednick, and K. Suzuki, 2024: The Best Precipitation
Estimates for a Hydrologic Model by Combining Gauge and Radar Data. Geodko,
XLV(1-4), 5-34.

IPCC, 2021: Climate Change 2021: The Physical Science Basis. Contribution of Working Group
I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change
[Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y.
Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R. Matthews,
Kappel, W.D., Hultstrand, D.M., Muhlestein, G.A., Steinhilber, K., McGlone, D., E.M.
Tomlinson, and T. Parzybok. July 2013: Probable Maximum Precipitation Study for
Arizona. Prepared for the Arizona Dept. of Water Resources, Dam Safety Division.

Kappel, W.D., Hultstrand, D.M., Muhlestein, G.A., Steinhilber, K., and D. McGlone, July 2014:
Site-Specific Probable Maximum Precipitation (PMP) Study for the College Lake Basin,
Colorado, prepared for Colorado State University.

Kappel, W.D., Hultstrand, D.M., Muhlestein, G.A., Steinhilber, K., McGlone, D., Parzybok,
T.W, and E.M. Tomlinson, December 2014: Statewide Probable Maximum Precipitation
(PMP) Study for Wyoming.

Kappel, W.D., Hultstrand, D.M., Muhlestein, G.A., Steinhilber, K., and McGlone, D., December
2015: Application of Temporal Patterns of PMP for Dam Design in Wyoming. Prepared
for the Wyoming State Engineer’s Office.

Kappel, W.D., Hultstrand, D.M., Rodel, J.T., Muhlestein, G.A., Steinhilber, K., McGlone, D.,
Rodel, J., and B. Lawrence, November 2015: Statewide Probable Maximum
Precipitation or Virginia. Prepared for the Virginia Department of Conservation and
Recreation.

Kappel, W.D., Hultstrand, D.M., Muhlestein, G.A., Steinhilber, K., and McGlone, D, February
2016: Site-Specific Probable Maximum Precipitation for Hebgen Dam, MT.

138
























General Storms


























































































Appendix B
Geographic Transposition Factor (GTF) Maps
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Storm Precipitation Analysis System (SPAS) For Storm #1350_1
SPAS-NEXRAD Analysis

General Storm Location: Portsmouth, NC
Storm Dates: September 26 - October 1, 2010
Event: Synoptic
DAD Zone 1

Latitude: 35.175

Longitude: -77.215

Max. Grid Rainfall Amount: 23.44"

Max. Observed Rainfall Amount: 22.54"

Number of Stations: 874 (475 Daily, 294 Hourly, 42 Hourly Pseudo, 55 Supplemental, and 8 Supplemental
Estimated)

SPAS Version: 9.5

Basemap: NOAA Stage IV September 26-30, 2010 Precipitation
Spatial resolution: 0.01 (~ 0.40 mi?)

Radar Included: Yes

Depth-Area-Duration (DAD) analysis: Yes

Reliability of results: This analysis was based on hourly data, daily data, supplemental station data and
NEXRAD Radar. We have a high degree of confidence in the radar/station based storm total results, the
spatial pattern is dependent on the radar data and basemap, and the timing is based on hourly and hourly
pseudo stations.
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Storm Precipitation Analysis System (SPAS) For Storm #1489_1
SPAS Analysis

General Storm Location: Jewell, MD
Storm Dates: July 25-30, 1897
Event: Local Convective
DAD Zone 1
Latitude: 38.729
Longitude: -76.571
Max. Grid Rainfall Amount: 15.88”
Max. Observed Rainfall Amount: 14.70”
Number of Stations: 312
SPAS Version: 10.0
Base Map Used: Conus_prism_ppt_in_1981_2010_07
Spatial resolution: 30 seconds
Radar Included: No
Depth-Area-Duration (DAD) analysis: Yes

Reliability of Results: This storm is originally USACE NA 1-7a and 1-7b. This analysis was based on
hourly pseudo data, daily data and supplemental station data. We have a good degree of confidence for
the station based storm total results. The spatial pattern is dependent on the basemap and we have a
high degree of confidence with the timing based on the location of the four hourly pseudo stations (see
below). One hourly USACE mass curve captured the largest storm center at Jewell, MD allowing high
confidence in the spatiotemporal isohyetal pattern of this critical location. Many daily stations lacked
timing, so they had to be converted into supplemental stations. Due to the four hourly pseudo stations
being consistent in timing, there isn’t much issue with having to turn so many daily stations into
supplemental stations.
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Storm Precipitation Analysis System (SPAS) For Storm #1402_1
SPAS Analysis

General Storm Location: Tennessee Valley (-85.5, 37.8, 35.1, -82.0)
Storm Dates: July 22 — July 23, 1965
Event: Mesoscale Event with Embedded Convection (MEC) Convective
DAD Zone 1

Latitude: 36.3625

Longitude: -83.7208

Max. Grid/Radar Rainfall Amount: 11.00”

Max. Observed Rainfall Amount: 11.00”
Number of Stations: 154
SPAS Version: 9.5

Base Map Used: Combined manually contoured base map with mean annual maximum 48-hour

precipitation associated with MEC’s
Spatial resolution: 0.2666 sq.mi.
Radar Included: No

Depth-Area-Duration (DAD) analysis: Yes
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Storm Precipitation Analysis System (SPAS) For Storm #1535_2
SPAS-NEXRAD Analysis

General Storm Location: MidAtlantic States-Hurricane Isabel
Storm Dates: September 17 — September 20, 2003

Event: Hurricane Isabel

DAD Zone 2

Latitude: 37.9125

Longitude: -79.0292

Max. Grid Rainfall Amount: 20.22”

Max. Observed Rainfall Amount: 20.20” at Upper Sherando, VA
Number of Stations: 1085 (681 Daily, 157 Hourly, 51 Hourly Pseudo, and 196 Supplemental)
SPAS Version: 10.0
Basemap: Mean annual maximum 48-hour precipitation associated with MLCs
Spatial resolution: 0.2606
Radar Included: Yes
Depth-Area-Duration (DAD) analysis: Yes

Reliability of results: One Hundred ninety-six supplemental stations were added to ensure the data
matches what can actually occur and that the data more closely resemble reports from this storm. Due to
the orientation and integrity of the station and radar data, these stations were retained to depict the storm
precipitation pattern and intensity. A radar beam blockage mask was applied for regions of the storm
domain where radar coverage was not available along with blocked radar beams from the Appalachian
Mountains. With the density of stations available for this storm and with how closely the resulting SPAS
analysis was to the storm data report, this analysis is deemed quite reliable.
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Appendix G
GIS PMP Tool Documentation

1. PMP Tools Description and Usage

The PMP Evaluation Tool employed in this study is based on a Python script designed to run
within the ArcGIS environment. ESRI’s ArcGIS Pro software is required to run the tool. The
spatial Analyst extension is also required for some of the optional temporal functions. It is
recommended that the most current version of the software is used. The PMP tool provides
gridded output at a spatial resolution of 90 arc-seconds (equivalent to .025 x .025 decimal degrees)
for a user-designated basin or area at user-specified durations. Standard outputs include gridded
and basin average PMP depths and temporally distributed accumulations.

1.1  File Structure

The PMP tool, source script, and the storm databases are stored within the
‘PMP_Evaluation_Tool’ project folder.  The file and directory structure within the
‘PMP_Evaluation_Tool’ folder should be maintained as provided, as the script will locate various
data based on its relative location within the project folder. If the subfolders or geodatabases
within are relocated or renamed, then the script must be updated to account for these changes.

The file structure consists of three subfolders: Input, Output, and Script. The ‘Input’ folder contains
all input GIS files (Figure 1.1). There are four ArcGIS file geodatabase containers within the
‘Input’ folder: AEP.gdb, DAD Tables.gdb, Non Storm_Data.gdb, and Storm Adj Factors.gdb.
The AEP.gdb contains all of the precipitation frequency raster files for the various return
frequencies used in the AEP tool. The DAD Tables.gdb contains the DAD tables (in file
geodatabase table format) for each of the SPAS-analyzed storm DAD zones included in the storm
database. The Storm_Adj Factors.gdb contains a point feature class for each storm and stores the
adjustment factors for each grid point as a separate feature. These feature classes are organized
into feature datasets, according to storm type (General, Local, and Tropical). The storm adjustment
factor feature classes share their name with their DAD Table counterpart. The naming convention
is SPAS XXXX Y, where XXXX is the SPAS storm ID number and Y is the DAD zone number.
In the case of a hybrid storm (i.c., a storm that is run as both a general and local storm type), there
will be a suffix “ gen” or “ loc” to differentiate the storm type specific to the adjustment factors
in the feature class. The Non_Storm Data.gdb contains spatial data not directly relating to the
input rainfall depth or adjustment factors such as the grid network vector files or transposition
zones feature class.


































































Appendix K
AEP Method Presentation
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Figure 7: Example results for 1-, 3-, and 365-day trend analysis from Model 1. Blue line is Lowess trend line,
dashed line is a linear trend, and Mann-Kendall p-value and Tau statistics are shown.






later modification, intended to give more realistic sets of simulated data (Hosking, 2015b). From
each permutation the sample mean values and estimates of the quantiles of the regional growth
curve, for non-exceedance probabilities are saved. From the simulated values, for each quantile
specified the relative root mean square error (relative RMSE) is computed as in Hosking and
Wallis (1997). The error bounds are sample quantiles of the ratio of the estimated regional
growth curve to the true at-site growth curve of the ratio of the estimated to the true quantiles at
individual sites (Hosking, 2015b).

In order to separate Summer season and Winter season precipitation events that are controlling of
the yearly precipitation regime in the North Carolina region, the 1-day and 3-day annual
maximum were also extracted for Summer season (May - October) and for the Winter season
(November — April). The summer and winter AMS data were used to perform L-moment
frequency analysis methods as described above. Comparisons of percent change were made
among model projections for 10-year through 1,000-year recurrence intervals, beyond this the
uncertainty in probability distributions estimates is large. Figure 8 shows an example of the
results Model 1 1-day precipitation frequency analysis for All season (mixed storm distribution),
Summer/Monsoon season, and Winter season for the historic, SSP2-4.5, and SSP5-8.5
projections.

Figure 8: Example results for 1-day precipitation frequency analysis for climate projection from Model 1.
3.3 Uncertainty

Measurement, modeling, and simulation of many meteorologic components can be highly
uncertain, the main reason being the fundamental dynamics of many processes cannot be
measured and modeled accurately (Kampf et al., 2020). Most meteorologic processes are not
observed in detail, consequently accurate mathematical representation of the variables spatial and






























Table 8: Climate Change Projections for Region 4 from current climate (1950-2014) through 2100.

6.0 Conclusions

The North Carolina climate change analysis investigated CMIP6 projections. The projections
were evaluated using several statistical methodologies to test for trends in temperature and
precipitation, changes in precipitation frequency, and changes in monthly climatologies. The
results have large variability that can be attributed to the uncertainties and limitations inherent in
climate model projections and the physical representation of meteorological parameters such as
precipitation.

The trend and frequency analysis methods provide a robust dataset to test changes in
precipitation and temperature. The monthly and annual climatology analysis methods provide
projections to test changes in climate normals. More confidence is given to the trend,
precipitation frequency, and climatology results as compared to the moisture maximization
analysis based on subjective assumptions inherent in the moisture maximization process.

The climate change analysis completed for the North Carolina region was based on twenty-six
CMIP6 climate model projections and three climate scenarios (historic, SSP2-4.5, and SSP5-
8.5). A summary of the key conclusions from this study are listed below.

TREND ANALYSIS
o Most surface stations show no historic change/trend in precipitation and
temperature

o Projections show increase in temperature and dew point temperature
SSP2-4.5 precipitation — most models show no trend/change at all durations
o SSP5-8.5 precipitation — most models show an increasing trend at all durations
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