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Figure E.1 PMP percent difference from HMR 51 PMP at 6-hour 10-square miles comparing the largest PMP 
depths regardless of storm type.   
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Figure E.2 PMP percent difference from HMR 51 PMP at 24-hour 10-square miles comparing the largest 
PMP depths regardless of storm type.   
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Glossary 

Adiabat:  Curve of thermodynamic change taking place without addition or subtraction of heat. 
On an adiabatic chart or pseudo-adiabatic diagram, a line showing pressure and temperature 
changes undergone by air rising or condensation of its water vapor; a line, thus, of constant 
potential temperature.  
 
Adiabatic:  Referring to the process described by adiabat. 
 
Advection:  The process of transfer (of an air mass property) by virtue of motion. In particular 
cases, advection may be confined to either the horizontal or vertical components of the motion. 
However, the term is often used to signify horizontal transfer only. 
 
Air mass:  Extensive body of air approximating horizontal homogeneity, identified as to source 
region and subsequent modifications. 
 
Barrier:  A mountain range that partially blocks the flow of warm humid air from a source of 
moisture to the basin under study. 
 
Basin 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 (Po), for a 1-unit change in the independent variable, the in-place rainfall (Pi). 
 
Cyclone:  A distribution of atmospheric pressure in which there is a low central pressure relative 
to the surroundings. On large-scale weather charts, cyclones are characterized by a system of 
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closed constant pressure lines (isobars), generally approximately circular or oval in form, 
enclosing a central low-pressure area.  Cyclonic circulation is counterclockwise in the northern 
hemisphere and clockwise in the southern. (That is, the sense of rotation about the local vertical 
is the same as that of the earth's rotation). 
 
Depth-Area curve:  Curve showing, for a given duration, the relation of maximum average 
depth to size of area within a storm or storms. 
 
Depth-Area-Duration:  The precipitation values derived from Depth-Area and Depth-Duration 
curves at each time and area size increment analyzed for a PMP evaluation. 
 
Depth-Area-Duration Curve:  A curve showing the relation between an averaged areal rainfall 
depth and the area over which it occurs, for a specified time interval, during a specific rainfall 
event. 
 
Depth-Area-Duration values:  The combination of depth-area and duration-depth relations.  
Also called depth-duration-area. 
 
Depth-Duration curve:  Curve showing, for a given area size, the relation of maximum average 
depth of precipitation to duration periods within a storm or storms. 
 
Dew point:  The temperature to which a given parcel of air must be cooled at constant pressure 
and constant water vapor content for saturation to occur. 
 
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. 
 
Geographic Transposition Factor (GTF):  A factor representing the comparison of 
precipitation frequency relationships between two locations which is used to quantify how 
rainfall is affected by physical processes related to location and terrain.  It is assumed the 
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Probable Maximum Flood:  The flood that may be expected from the most severe 
combination of critical meteorological and hydrologic conditions that are reasonably 
possible in a particular drainage area. 
 
Probable Maximum Precipitation:  Theoretically, the greatest depth of precipitation for a 
given duration that is physically possible over a given size storm area at a particular geographic 
location at a certain time of the year. 
 
Pseudo-adiabat:  Line on thermodynamic diagram showing the pressure and temperature 
changes undergone by saturated air rising in the atmosphere, without ice-crystal formation and 
without exchange of heat with its environment, other than that involved in removal of any liquid 
water formed by condensation. 
 
Rainshadow:   The region, on the lee side of a mountain or mountain range, where the 
precipitation is noticeably less than on the windward side. 
 
Saturation:  Upper limit of water-vapor content in a given space; solely a function of 
temperature. 
 
Shortwave:  Also referred to as a shortwave trough, is an embedded kink in the trough / 
ridge pattern. This is the opposite of longwaves, which are responsible for synoptic scale 
systems, although shortwaves may be contained within or found ahead of longwaves and 
range from the mesoscale to the synoptic scale.  
 
Spatial distribution:  The geographic distribution of precipitation over a drainage according to 
an idealized storm pattern of the PMP for the storm area. 
 
Storm transposition:  The hypothetical transfer, or relocation of storms, from the location 
where they occurred to other areas where they could occur. The transfer and the mathematical 
adjustment of storm rainfall amounts from the storm site to another location is termed "explicit 
transposition." The areal, durational, and regional smoothing done to obtain comprehensive 
individual drainage estimates and generalized PMP studies is termed "implicit transposition" 
(WMO, 1986). 
 
Synoptic:  Showing the distribution of meteorological elements over an area at a given time, 
e.g., a synoptic chart. Use in this report also means a weather system that is large enough to be a 
major feature on large-scale maps (e.g., of the continental U.S.). 
 
Temporal distribution:  The time order in which incremental PMP amounts are arranged within 
a PMP storm. 
 
Tropical Storm:  A cyclone of tropical origin that derives its energy from the ocean surface. 
 
Total storm area and total storm duration:  The largest area size and longest duration for 
which depth-area-duration data are available in the records of a major storm rainfall. 
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Transposition limits:  The outer boundaries of the region surrounding an actual storm location 
that has similar, but not identical, climatic and topographic characteristics throughout.  The storm 
can be transpositioned within the transposition limits with only relatively minor modifications to 
the observed storm rainfall amounts. 
 
Undercutting:  The process of placing an envelopment curve somewhat lower than the highest 
rainfall amounts on depth-area and depth-duration plots. 
 
Warm front:  Front where relatively warmer air replaces colder air. 
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Figure 1.2:  Hydrometeorological Report coverages across the United States, from 
https://www.weather.gov/owp/hdsc_pmp 

New Jersey is included within the domain covered by HMR 51 and HMR 52.  HMR 51 is 
the most relevant HMR for this study, covering the region.  HMR 52 provides background 
information and hydrologic implementation guidelines for the storm data developed in HMR 51.  
These HMRs cover diverse meteorological and topographical regions.  Although it provides 
generalized estimates of PMP depths for a large, climatologically diverse area, HMR 51 
recognizes that studies addressing PMP over specific regions can incorporate more site-specific 
considerations and provide improved PMP estimates.   

New Jersey contains many diverse regions (Figure 1.3) where climate and terrain vary, 
sometimes over short distances.  Because of the distinctive climate regions and variations in 
topography, the development of PMP depths must account for the complexity of the meteorology 
and terrain throughout the state.  Although the HMRs provided relevant data at the time they 
were published, the understanding of meteorology, coastal convergence effects, and effects of 
terrain on rainfall (orographic effects) have advanced significantly in the subsequent years.   

Limitations associated with the HMRs have been explicitly addressed as part of this 
study.  These include updating the storm database from the limited number of analyzed storms 
utilized in HMR 51 (no storms that have occurred since the early 1970s are included), evaluating 
of orographic effects, utilizing consistent data and procedures throughout the region, improving 
documentation describing the PMP development process, and updating procedures and outputs 
for PMP development and PMF application.  This project incorporated the latest methods, 
technology, and data to address these complexities.  Each of these were addressed and updated 
where data and current understanding of meteorology allowed. 
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Previous site-specific, statewide, and regional PMP projects completed by AWA provide 
examples of PMP studies that explicitly consider characteristics of historic extreme storms over 
meteorologically and topographically similar regions surrounding the area being studied.  The 
procedures incorporate the most up-to-date sets, techniques, and applications to derive PMP.  All 
AWA PMP studies have received extensive review and the results have been used in computing 
the PMF for various watersheds.  This study follows similar procedures employed in 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 New Jersey 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 utilized in this study.  These included use of 
previously analyzed storm events using the 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 

results of this study.  These regional, statewide, and site-specific PMP studies received extensive 
review and were accepted by the appropriate regulatory agencies including the Federal Energy 
Regulatory Commission (FERC), state dam safety regulators, 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 Storm Precipitation Analysis 
System (SPAS) rainfall analyses (Hultstrand and Kappel, 2017), were used to compute PMP 
following standard storm-based procedures outlined in HMR 51. 
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Figure 2.1:  Probable Maximum Precipitation calculation steps 
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associated with each of these storm types were explicitly investigated and applied to PMP 
outputs.  Numerous discussions and testing of PMP outputs were completed by AECOM as part 
of this study.  This was an important aspect of this study, as it allowed for direct communication 
of the PMP depths for hydrologic application.  This ensured that the PMP depths and outputs 
were thoroughly tested and evaluated from a hydrologic application perspective and are 
appropriate for use in deriving the PMF.   The development of these temporal patterns is 
described in Section 12.   
 

The classification of storm types, and hence PMP development by storm type used in this 
study, is similar to descriptions provided in several HMRs (e.g., HMR 55A Section 1.5).  Storms 
were classified by rainfall accumulation characteristics, while trying to adhere to previously used 
classifications.  Several discussions took place with the review board, NJ DEP, and other study 
participants to ensure acceptance of the storm classifications.  In addition, the storm 
classifications were cross-referenced with the storm typing completed as part of several other 
AWA PMP studies in the region (e.g., Kappel et al., 2014; Kappel et al., 2015a; Kappel et al., 
2015b; Kappel et al., 2018; Kappel et al., 2019; Kappel et al., 2022) to ensure consistency 
between how storms were used in adjacent studies.     

 
Note that cool-season PMP was not evaluated directly in this study as the PMF for basins 

in New Jersey are not controlled by rain-on-snow runoff scenarios.  If cool-season PMP is 
needed for a given location, it is recommended that HMR 33 or a site-specific cool-season PMP 
evaluation be completed separately. 
 
Local storms were defined using the following guidance: 

¶ The main rainfall accumulation period occurred over a 6-hours or less  
¶ Was previously classified as a local storm by the USACE or in the HMRs 
¶ Was not associated with overall synoptic patterns leading to rainfall across a large 

region 
¶ Exhibited high intensity accumulations or short periods (i.e., 1-hour or less) 
¶ Occurred during the appropriate season, spring through fall 
 

General storms were defined using the following guidance: 

¶ The main rainfall accumulation period lasted for 24 hours or longer 
¶ Occurred with a synoptic environment associated with a low-pressure system, frontal 

interaction, and/or regional precipitation coverage 
¶ Was previously classified as a general storm by the USACE or in the HMRs 
¶ Exhibited lower rainfall accumulation intensities compared to local storms 

Tropical storms were defined using the following guidance: 

¶ The rainfall was a direct result of a tropical system, either landfalling or directly 
offshore and a warm core circulation 

¶ Was previously classified as a tropical storm by the USACE or in the HMRs 
¶ Occurred during the appropriate season, June through October 
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It should be noted that some of the storms exhibit characteristics of more than one storm type 
and therefore have been included for PMP development as more than one type.  These are 
classified as hybrid storms. 

3.2.1 Local Storms  
Localized thunderstorms and MCSs can produce extreme amounts of precipitation for 

short durations and over small area sizes, generally 6 hours or less over area sizes of 500 square 
miles or less.  During any given hour, the heaviest rainfall only covers small areas, generally less 
than 100 square miles.   
 

Many of the storms previously analyzed by the USACE and NWS Hydrometeorological 
Branch, in support of pre-1979 PMP research, have features that indicate they were most likely 
Mesoscale Convective Complexes (MCCs) or MCSs.  However, this nomenclature had not yet 
been introduced into the scientific literature, nor were the events fully understood.  It is 
important to note that an MCC is a subset of the broader MCS category of mesoscale 
atmospheric phenomena. Another example of an MCS is the derecho, an organized line of 
thunderstorms that are notable for strong winds and resultant significant straight-line wind 
damage. 
 

For the New Jersey study domain the MCC storm type is not common.  Instead, these 
storms take on a different form, which includes interaction with a front or remnant tropical 
moisture (Letkewicz and Parker, 2010).  This is because there is a lack of Low-level Jet (LLJ) 
east of the Appalachians.  However, the MCS storm type is very important for determining PMP 
values for small area sizes and short durations.  An excellent example of this storm type was the 
Ewan, NJ September 1940, the Rapidan, VA June 1995 storm and the Sparta, NJ August 2000 
storm.   
 

Separate from MCC and MCS storm types, individual thunderstorms can be isolated from 
the overall general synoptic weather patterns and fueled by localized moisture sources.  The local 
storm type in the region has a distinct seasonality, occurring during the warm season when the 
combination of moisture and atmospheric instability is at its greatest, most common from spring 
through fall.  This is the time of the year when convective characteristics and moisture within the 
atmosphere are adequate to produce lift and instability needed for thunderstorm development and 
heavy rainfall.   
 

Local storm PMP depths derived in this report are valid from spring through fall when no 
snowpack would co-occur and can be associated with various synoptic conditions.  Local storm 
PMP depths should not be applied with snowpack on the ground as that would not allow the 
atmospheric instability and moisture levels to occur in combination that would produce 
convective initiation and PMP level local storm rainfall.   

3.2.2 General Storms 
General storms occur in association with frontal systems and along boundaries between 

sharply contrasting air masses.  Precipitation associated with frontal systems is enhanced when 
the movement of weather patterns slow or stagnates, allowing moisture and instability to affect 
the same general region for several days.  In addition, when there is a larger than normal thermal 
contrast between air masses in combination with higher than normal moisture, PMP-level 
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From the initial storm list, the storms to be used for PMP development were identified 
and moved to the recommended short storm list.  Each storm was investigated using both 
published and unpublished references described above and AWA PMP studies to determine its 
significance in the rainfall and flood history of surrounding regions.  Detailed discussions about 
each important storm took place with the review board, NJ DEP, and other study participants.  
These included evaluations and comparisons of the storms, discussions of each storm’s effects in 
the location of occurrence, discussion of storms in regions that were underrepresented, 
discussion of storms importance for PMF development in previous design analyses, and other 
meteorological and hydrological relevant topics.   
 

Consideration was given to each storm's transpositionability within the overall domain 
and each storm's relative magnitude compared to other similar storms on the list and whether 
another storm of similar storm type was significantly larger.  In this case, what is considered is 
whether after all adjustments are applied a given storm would still be smaller than other storms 
used.  To determine this, several evaluations were completed.  These included use of the storm in 
previous PMP studies, comparison of the precipitation values at area sizes relevant to the basin, 
and comparison of precipitation values after applying a 50% maximum increase to the observed 
values. 

7.2 Catskill, NY July 1819 Storm Event Discussions 
Extensive discussion took place regarding the accuracy and inclusion of the rainfall 

which occurred at Catskill, NY July 1819 (SPAS 1547).  These evaluations took place because 
the storm controls local storm PMP depths for some areas less than 10-square miles and less than 
3-hours.  However, there is significant uncertainty regarding the incremental rainfall 
accumulation, the spatial accumulation patterns, and the storm adjustment factors.  Within the 
New Jersey study domain, there are several basins in NJ that are affected by this storm.   
 

Although the storm occurred prior to official observations, settlements along the Hudson 
River Valley provided several written and oral accounts of the rainfall.  These accounts are 
captured in the American Journal of Science, and Arts, volume IV, 1822, Article XII, “An 
account of a remarkable storm which occurred at Catskill, July 26, 1819” (Dwight, 1822).  The 
fact that the storm was significant enough to be captured in the literature demonstrates that it was 
an unusual event.  The storm has very little other official discussion or documentation.  The only 
HMR to utilize the storm was provided in Hydrometeorological Report 1 (HMR 1), Page 66 
(Weather Bureau, 1940).  No subsequent HMRs utilize or even mention this storm. 
 

There is no doubt a significant rainfall event occurred.  Unfortunately, the rainfall 
occurred without the aid of standard observations, both the exact amount of rainfall and the 
incremental accumulation are highly subjective.  Therefore, when a storm with a large amount of 
uncertainty controls PMP depths, further investigation and justification is required to include or 
exclude from derivation of PMP.  Numerous beneficial discussions took place in previous PMP 
studies using this storm to try and evaluate the storm, determine if it should be used and if so 
how and where.  These included detailed discussions on transposition limits, storm adjustment 
factors, and hydrologic analysis.  Sensitivities were completed comparing the storm against 
world-record rainfall amounts, other local storms in similar locations with excellent 
observational data, and consideration of the synoptic environment resulting in the rainfall.  After 
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Figure 7.3:  Short storm list locations, all storms 
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Figure 7.5:  Location of general storms on the short list 
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the storm representative SST location is 81.85°F and the July is 84.24°F.  The two monthly 
temperatures are averaged (weighted toward July 10th) and rounded to the nearest ½ degree to a 
climatological maximum SST temperature of 84°F.  The in-place climatological maximum 
available moisture (Wp, max) is calculated. 
 

ὡ , =  ὡ(@84°) , ,  ὡ(@84°) , ,  
   

ὡ , =  4.3"  0.42" 
 

ὡ , =  3.88" 
 

10.1.3 Sample IPMF Calculation 
In-place storm maximization is applied for each storm event using the methodology 

described in Section 7.2.  Storm maximization is quantified by the IPMF using Equation 3: 
 

Ὅ𝐼𝐼ὓὊ =  
ὡ ,

ὡ ,
 

 

Ὅ𝐼𝐼ὓὊ =  
3.88"
3.56"

 
 

Ὅ𝐼𝐼ὓὊ =  1.09 
 

10.1.4 Sample GTF Calculation 
The ratio of the 100-year 6-hour climatological precipitation depth at the target grid point 

#3,000 location to the Rapidan, 1995 storm center was evaluated to determine the storm’s GTF 
at the target location.  The 6-hour rainfall depth (Rt) of 5.09” was extracted at the grid point 
#3,000 location from the 100-year 6-hour NOAA Atlas 14 precipitation frequency climatology.   
 

𝑅𝑅 =  5.09" 
 

Similarly, the 6-hour rainfall depth (Rs) of 5.39” was extracted at the storm center 
location from the 100-year 6-hour NOAA Atlas 14 precipitation frequency climatology. 
 

𝑅𝑅 =  5.39" 
 

Equation 6 provides the climatological precipitation ratio to determine the GTF. 
 

Ὃ𝐺𝐺𝐺𝐺 =  
𝑅𝑅
𝑅𝑅

 

 

Ὃ𝐺𝐺𝐺𝐺 =  
5.09"
5.39"
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Figure 12.1:  SPAS Rainfall (R) versus time (T) for Local Type Storm East of the Appalachians 

 
Figure 12.2:  Normalized R (Rn) versus time (T) for Local Type Storm East of the Appalachians 
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Figure 12.9:  Normalized R (Rn) versus shifted time (Ts) for Tropical Type Storm East of the Appalachians 

 

 
Figure 12.10:  SPAS Rainfall (R) versus time (T) for Hybrid Type Storm East of the Appalachians 
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Figure 12.15:  Raw Huff temporal curves for 24-hour Tropical storms East of the Appalachians 

 
Figure 12.16:  Raw Huff temporal curves for 24-hour Hybrid storms East of the Appalachians 
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Gridded index PMP depths were available for HMR 51 allowing a direct gridded 
comparison with the depths produced for this study. A gridded percent change was calculated for 
the area-sizes and durations common with the HMR index PMP maps. The maximum PMP 
depth from the general storm, tropical storm, or local storm types were used for the HMR 51 
comparisons to account for differences in storm typing between the NJ DEP PMP and HMR 
studies. Table 13.1 shows the PMP depth comparisons made to HMR 51 by comparing the 10 
square mile 6- and 24-hour PMP for each transposition zone. 

 
Table 13.1:  Average gridded percent change from HMR 51 to 10sqmi PMP depths 

 

13.2 Comparison of PMP Values with Precipitation Frequency  
The ratio of the PMP to 100-year return period precipitation amounts is generally 

expected to range between two and four, with values as low as 1.7 and as high as 5.5 for regions 
east of 117°W found in HMR 57 and HMR 59 (Hansen et al., 1994; Corrigan et al., 1999).  
Further, as stated in HMR 59 “…the comparison indicates that larger ratios are in lower 
elevations where short-duration, convective precipitation dominates, and smaller ratios in 
higher elevations where general storm, long duration precipitation is prevalent” (Corrigan et al., 
1999, p. 207).   
 

For this study, the maximum 24-hour 1-square mile PMP was compared directly to the 
100-year 24-hour rainfall-only values on a grid-by-grid basis for the entire analysis domain using 
GIS. The comparison was presented as a ratio of PMP to 100-year rainfall, and it was determined 
for each grid point.  Figures 13.1-13.3 illustrate the PMP to 100-year rainfall ratios for 6-hour 
local storm PMP, 24-hour general storm PMP, and 24-hour tropical storm PMP, respectively. 
The PMP to 100-year return period rainfall ratios vary from 3.55 to 5.10, after combining all 
storm types (local, general, and tropical).  Note, for the comparisons the local storm type control 
the 6-hour comparisons and the tropical storm type controls the 24-hour comparisons. The values 
are in reasonable proportion expected for the study area and demonstrate the PMP values are at 
appropriately rare levels.    

Zone
6-Hour 

Average PMP
6-Hour 
HMR 51

Percent Difference
From HMR 51

24-Hour 
Average PMP

24-Hour 
HMR 51

Percent Difference
From HMR 51

1 - Coastal Plain 26.9 27.1 -0.5% 30.3 35.2 -13.9%
2 - Piedmont 26.5 26.6 -0.5% 29.8 34.1 -12.6%

3 - Ridge 25.1 26.2 -4.3% 28.4 33.1 -14.0%
4 - Valley 24.6 26.3 -6.4% 27.6 33.2 -16.9%

5 - Appalachian Plateau 23.3 25.7 -9.3% 26.7 31.9 -16.4%

10 Square Mile
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Figure 13.2:  Ratio of 24-hour 1-square mile general storm PMP to 100-year precipitation 
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Table 14.2:  List of stations used for 24-hour regional frequency analysis 

 
 
 

STN NAME STATE LATITUDE LONGITUDE ELEVATION SOURCE TYPE POR
USW00094728 NY CITY CENTRAL PARK, NY US US - New York 40.7790 -73.9693 140 NCEI_GHCND D 154
USW00013724 ATLANTIC CITY MARINA, NJ US US - New Jersey 39.3778 -74.4236 10 NCEI_GHCND D 148
USC00281582 CHARLOTTEBURG RESERVOIR, NJ US US - New Jersey 41.0300 -74.4248 778 NCEI_GHCND D 130
USC00306774 PORT JERVIS, NY US US - New York 41.3891 -74.6905 580 NCEI_GHCND D 127
USC00283951 HIGHTSTOWN 2 W, NJ US US - New Jersey 40.2664 -74.5642 100 NCEI_GHCND D 125
USC00305426 MOHONK LAKE, NY US US - New York 41.7720 -74.1537 1104 NCEI_GHCND D 125
USC00283029 FLEMINGTON 5 NNW, NJ US US - New Jersey 40.5740 -74.8816 265 NCEI_GHCND D 125
USC00280907 BOONTON 1 SE, NJ US US - New Jersey 40.8917 -74.3964 280 NCEI_GHCND D 122
USC00284229 INDIAN MILLS 2 W, NJ US US - New Jersey 39.7995 -74.7804 100 NCEI_GHCND D 122
USC00285728 MOORESTOWN 4 E, NJ US US - New Jersey 39.9683 -74.8650 33 NCEI_GHCND D 121
USW00014734 NEWARK LIBERTY INTERNATIONAL AIRPORT, NJ US - New Jersey 40.6828 -74.1693 6 NCEI_GHCND D 120
USC00288644 SUSSEX 1 NW, NJ US US - New Jersey 41.2184 -74.6207 616 NCEI_GHCND D 119
USC00072730 DOVER, DE US US - Delaware 39.1467 -75.5055 30 NCEI_GHCND D 117
USC00309292 WEST POINT, NY US US - New York 41.3906 -73.9608 320 NCEI_GHCND D 116
USC00369464 WEST CHESTER 2 NW, PA US US - Pennsylvania 39.9708 -75.6350 375 NCEI_GHCND D 115
USC00287079 PLAINFIELD, NJ US US - New Jersey 40.8372 -73.8497 39 NCEI_GHCND D 114
USC00286177 NEWTON, NJ US US - New Jersey 41.0148 -75.2071 471 NCEI_GHCND D 110
USC00366927 PHOENIXVILLE 1 E, PA US US - Pennsylvania 40.1209 -75.4877 141 NCEI_GHCND D 108
USC00284987 LONG BRANCH OAKHURST, NJ US US - New Jersey 40.2970 -74.0015 30 NCEI_GHCND D 107
USC00369702 WILKES BARRE, PA US US - Pennsylvania 41.4333 -73.6833 530 NCEI_GHCND D 107
USC00368596 EAST STROUDSBURG, PA US US - Pennsylvania 38.8983 -75.4250 35 NCEI_GHCND D 105
USC00365470 MATAMORAS, PA US US - Pennsylvania 40.1483 -74.9530 40 NCEI_GHCND D 102
USC00284887 LITTLE FALLS, NJ US US - New Jersey 40.8858 -74.2261 150 NCEI_GHCND D 100
USC00281351 CAPE MAY 2 NW, NJ US US - New Jersey 38.9534 -74.9361 20 NCEI_GHCND D 99
USC00363758 HAWLEY 1 E, PA US US - Pennsylvania 41.4764 -75.1652 890 NCEI_GHCND D 99
USC00361737 CONSHOHOCKEN, PA US US - Pennsylvania 40.0744 -75.3179 70 NCEI_GHCND D 99
USC00185985 MILLINGTON, MD US US - Maryland 39.5461 -75.1644 98 NCEI_GHCND D 98
USC00304731 LIBERTY 1 NE, NY US US - New York 41.8017 -74.7400 1580 NCEI_GHCND D 95
USC00288899 TUCKERTON 2 NE, NJ US US - New Jersey 41.0553 -74.7592 605 NCEI_GHCND D 95
USC00283662 HAMMONTON 1 NE, NJ US US - New Jersey 39.6442 -74.8048 125 NCEI_GHCND D 94
USC00286146 NEW MILFORD, NJ US US - New Jersey 40.9611 -74.0158 12 NCEI_GHCND D 94
USC00289832 WOODCLIFF LAKE, NJ US US - New Jersey 41.0139 -74.0425 103 NCEI_GHCND D 94
USC00075915 MILFORD 2 SE, DE US US - Delaware 39.6026 -74.3387 10 NCEI_GHCND D 93
USW00013779 PHILADELPHIA, PA US US - Pennsylvania 39.9500 -75.1500 36 NCEI_GHCND D 92
USC00281335 CANOE BROOK, NJ US US - New Jersey 40.7436 -74.3539 180 NCEI_GHCND D 92
USC00079605 WILMINGTON PORTER RES, DE US US - Delaware 39.7739 -75.5414 270 NCEI_GHCND D 92
USC00284635 LAMBERTVILLE, NJ US US - Pennsylvania 40.3596 -74.9446 68 NCEI_GHCND D 91
USC00305816 WORLD TRADE CENTER, NY US US - New York 40.7104 -74.0142 40 NCEI_GHCND D 90
USC00280729 BELVIDERE, NJ US US - New Jersey 40.8333 -75.0833 279 NCEI_GHCND D 89
USC00361589 COATESVILLE 1 SW, PA US US - Pennsylvania 39.9667 -75.8333 341 NCEI_GHCND D 89
USC00283181 FREEHOLD MARLBORO, NJ US US - New Jersey 40.3136 -74.2511 194 NCEI_GHCND D 88
USC00301207 CARMEL, NY US US - New York 41.3913 -74.7173 459 NCEI_GHCND D 88
USC00364934 LEHIGHTON 1 SSW, PA US US - Pennsylvania 40.9833 -73.8000 199 NCEI_GHCND D 88
USC00288816 TOMS RIVER, NJ US US - New Jersey 39.9500 -74.2167 10 NCEI_GHCND D 86
USC00365390 MARCUS HOOK, PA US US - Pennsylvania 39.8253 -75.4283 10 NCEI_GHCND D 85
USC00307497 SCARSDALE, NY US US - New York 40.8223 -75.6962 455 NCEI_GHCND D 84
USC00280690 BELLEPLAIN ST FOREST, NJ US US - New Jersey 39.2484 -74.8430 30 NCEI_GHCND D 83
USW00014732 LAGUARDIA AIRPORT, NY US US - New York 40.9000 -74.1500 102 NCEI_GHCND D 83
USW00013739 PHILADELPHIA INTERNATIONAL AIRPORT, PA USUS - Pennsylvania 39.8733 -75.2268 7 NCEI_GHCND D 83
USC00362221 DOYLESTOWN, PA US US - Pennsylvania 40.3000 -75.1333 361 NCEI_GHCND D 82
USC00076410 NEWARK AG FARM, DE US US - Delaware 39.6682 -75.7457 106 NCEI_GHCND D 81
USC00286460 OAK RIDGE RESERVOIR, NJ US US - New Jersey 41.0356 -74.5012 847 NCEI_GHCND D 79
USC00366689 PALMERTON, PA US US - Pennsylvania 40.3857 -75.5019 300 NCEI_GHCND D 79
USC00286775 PATERSON, NJ US US - New Jersey 40.7795 -73.8803 10 NCEI_GHCND D 78
USC00300511 BEDFORD HILLS, NY US US - New York 41.2333 -73.7167 430 NCEI_GHCND D 78
USC00285346 MAYS LANDING 1 W, NJ US US - New Jersey 39.4504 -74.7472 28 NCEI_GHCND D 77
USC00282644 ELIZABETH, NJ US US - New Jersey 40.6667 -74.2333 39 NCEI_GHCND D 77
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Figure 14.2:  Example of regional growth curve 

14.4 Areal Reduction Factor: Point to Areal Precipitation 
AWA calculated storm centered areal reduction factors (ARFs) using a storm centered 

depth-area approach based on gridded hourly rainfall data from SPAS (Hultstrand et al., 2013).  
The storm centered ARF does not have a fixed area in which rain falls but changes dynamically 
with each storm event (NOAA Atlas 2, 1973; Guo, 2012).  Instead of the representative point 
being an average, the representative point is the center of the storm, defined as the point of 
maximum rainfall.  Storm centered ARFs are calculated as the ratio of areal storm rainfall 
enclosed between isohyets equal to or greater than the isohyet value to the maximum point 
rainfall at the storm center.  A storm centered ARF is calculated as: 
 

        Equation 7 

 
where 𝑅𝑅  is the areal storm rainfall enclosed between isohyets equal to or greater than the 
isohyets, and  𝑅𝑅   is the maximum point rainfall at the storm center.   
 

The SPAS DAD program was used to derive 6-hour and 24-hour depth-area values based 
on a set of SPAS storms analyzed and used as part of the PMP development.  The point 
maximum (1-mi2) 6-hour and 24-hour rainfall (within each SPAS DAD zone) was selected as the 
storm center.  The maximum 6-hour and 24-hour rainfall depth for standard area sizes (1-, 10-, 
25-, 50-, 100-, 150-, 200-, 250-, 300-, 350-, 400-, 450-, 500-, 700-, 1000-, 2000-, and 5000-mi2) 
were calculated.  The point maximum and maximum areal averages depths were used to 
calculate each event’s specific ARFs.  The ARFs for the basins were determined by linear 
interpolation using the two bounding area sizes. A three-parameter log-logistic function with an 
upper limit of 1 was used to estimate the average, maximum, and minimum ARF by area size 
following: 

center

i
center R

R
ARF =
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This assumption is reasonable and justifiable to make for a small local region prior to performing 
heterogeneity measures.  Heterogeneity measures were computed for the annual maximum data 
for stations within the region.  Hosking and Wallis (1997) developed heterogeneity measures to 
help indicate the level of heterogeneity or homogeneity in the L-moment ratios for a group of 
stations representing a sub-region.  The statistics H1 and H2 denote the relative variability of 
observed L-Cv and L-Skewness respectively for stations within a sub-region.  The H1 and H2 
measures compare the observed variability to that which is expected from a large sample drawn 
from a homogeneous region based on the Kappa distribution.  The 6-hour duration passed the 
homogeneity criteria (H1<3) while the 24-hour duration was slightly greater than the 
homogeneity criteria (H1<3) but was still deemed homogeneous (Hosking and Wallis, 1997).  
Although Hosking and Wallis (1997) recommend homogenous regions screening of the H1 
statistic to be less than three, numerous studies have claimed homogenous regions with H1 
values larger three.  For example, Caldwell et al., (2014) deemed one basin in New Mexico to be 
homogeneous with an H1 value of 7.73.  The heterogeneity tests and three parameter distribution 
that are statistically significant for the region are shown in Table 14.4. 
 
Table 14.4:  Heterogeneity statistics for the region 

Duration H1 H2 Distribution 

6-hour 0.48 0.85 GEV, GNO 
 24-hour 3.28 1.99 GEV, GNO 

 

14.6 Discordancy Test 
Even among homogeneous regions, some stations may be considered grossly inconsistent 

from the region as a whole.  Such stations are identified using a test, which resulted in a 
discordancy measure.  The discordancy measure provided an important indicator of stations that 
should be moved to a different region and/or contained data errors in their AMS.  However, by 
nature of the L-moment approach, an erroneous individual annual maximum at this early stage in 
the analysis will have a limited negative impact on the results.  For the final set of stations 
utilized in this study, all passed the discordancy tests (D<3) (Hosking and Wallis, 1997).   

14.7 Identification of Probability Distribution 
Regional L-moment statistics were computed for annual maximum data for each site at 

the homogenous region discussed above.  Goodness of fit measures were evaluated for five 
candidate distributions: generalized logistic (GLO), generalized extreme value (GEV), 
generalized normal (GNO), Pearson type III (PE3), and generalized Pareto (GPA).  An L-
Moment Ratio Diagram was prepared based on L-Skewness and L-Kurtosis pairs for the 
collection of stations in each homogenous region for each duration (Figure 14.5 and Figure 
14.6). The regional weighted-average L-Skewness and L-Kurtosis pairing were found to be very 
near the GEV and GLO distributions.  
 

The GEV distribution was selected over the GLO and GNO, because: i) the NOAA Atlas 
14 precipitation frequency studies used this distribution, ii) the GEV was identified on both the 
6-hour and 24-hour goodness-of-fit measures, and iii) using the same distribution ensures a more 
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direct comparison to more rare values of the frequency curve.  The GEV is a general 
mathematical form that incorporates Gumbel’s Extreme Value (EV) type I, II and III 
distributions for maxima.  The parameters of the GEV distribution are the ɝ (location), Ŭ (scale), 
and k (shape).  The Gumbel EV type I distribution is obtained when k = 0.  For k > 0, the 
distribution has finite upper bound at ɝ + Ŭ /k and corresponds to the EV type III distribution for 
maxima that are bounded above.  For k < 0, this corresponds to the Gumbel EV type II 
distribution.   
 

Regional growth curves were created for the homogenous region based on a GEV 
distribution and quantiles for eighteen return periods (1, 2, 5, 10, 25, 50, 100, 200, 500, 1,000, 
5,000, 10,000, 100,000, 1,000,000, 10,000,000, 100,000,000, 1,000,000,000, and 10,000,000,000 
years) were calculated for the 6-hour and 24-hour durations. 

 

 
Figure 14.5: 6-hour L-moment ratio diagram for stations used in the regional analysis 
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Figure 14.8:  Spatially mapped at-site MAM values for 24-hour duration with the test basins shown  

14.10 Gridded Precipitation Frequency Estimates 
The gridded datasets for the at-site MAM statistics described in the above sections were 

then used to scale the GEV distribution regional curve for each duration (Equation 6) on a grid-
cell by grid-cell basis.  This allowed spatial mapping of precipitation-frequency estimates for 
selected recurrence intervals for the durations of 6-hour and 24-hour.  Eighteen average 
recurrence interval (ARI) grids per duration were prepared from this information for point 
precipitation maxima for 1, 2, 5, 10, 25, 50, 100, 200, 500, 1,000, 5,000, 10,000, 100,000, 
1,000,000, 10,000,000, 100,000,000, 1,000,000,000, and 10,000,000,000 years.  The final 6-hour 
100-year ARI and 24-hour 100-year ARI are shown in Figure 14.9 and Figure 14.10.  Point 
frequency grids were converted to basin average precipitation using the average ARFs in Table 
14.3. 
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efficiency for converting atmospheric moisture to rainfall.  The ratio of the maximized rainfall 
amounts to actual rainfall amounts would be the same as the ratio of precipitable water in the 
atmosphere associated with each storm.   
 

There are two issues to be considered.  First relates to the assumption that a storm has a 
rainfall efficiency close to the maximum possible.  Unfortunately, state-of-the-science in 
meteorology does not support a theoretical evaluation of storm efficiency.  However, if the 
period of record is considered (generally over 100 years), along with the extended geographic 
region with transpositionable storms, it is accepted that there should have been at least one storm 
with dynamics that approached the maximum efficiency for rainfall production. 
 

The other issue pertains to 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 seems 
acceptable. 

15.4 Storm Representative Dew Point and Maximum Dew Point 
The 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 1oF 
difference between the storm representative and maximum dew point values.  The same 
sensitivity applies to the transposition factor, with about a 5% change for every 1oF change in 
either the in-place maximum dew point or the transposition maximum dew point. 

15.5 Judgment and Effect on PMP 
During the process of PMP development several aspects involve professional judgment:   

¶ Storms used for PMP development 
¶ Storm representative dew point/SST value and location 
¶ Storm transposition limits 
¶ Use of precipitation frequency climatologies to represent differences in precipitation 

processes (including orographic effects) between two locations 
 

Each of these processes were discussed and evaluated during the PMP development 
process internally within AWA and with the review board, NJ DEP, and others involved in the 
project.  The resulting PMP depths derived as part of the PMP development reflect the most 
defensible judgments based on the data available and current scientific understanding.  The PMP 
results represent defensible, reproducible, reasonable, and appropriately conservative estimates.  



https://www.nj.gov/dep/dsr/publications/nj-atlas-14.pdf
https://www.nj.gov/dep/dsr/publications/nj-atlas-14.pdf


http://grass.itc.it/
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