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ABSTRACT: Accurately estimating flood levels is essential for effective infrastructure design, reservoir management, and flood 
risk mapping. Traditional methods for predicting these levels often rely on annual maximum flood (AMF) data, which may not 
always fit well to statistical models. To improve these estimates, we tested an approach that considers floods in relation to annual 
climate conditions—specifically, average, wet, and dry years—using daily streamflow data. We examined how well the Log 
Pearson Type III (LP3) distribution, a commonly used statistical model in flood frequency analysis, estimates flood levels when 
applied to these customized datasets instead of standard AMF data. Our study included over 70 years of data from 2028 basins 
across the United States, with drainage areas ranging from small (4.0 km2) to large (50,362 km2). We found that in some regions, 
LP3 better estimated frequent floods (recurrence interval of 2 to 25 years) when applied to AMF data. However, for less frequent, 
larger floods (recurrence interval of 50 to 200 years), the LP3 model worked better when applied to datasets representing wet or 
dry years. This approach could lead to more reliable flood predictions, which would benefit infrastructure planning and flood 
preparedness efforts. 

Keywords: Flood frequency analysis; Partial duration series; Annual maximum flood; Wet and dry years; Log Pearson Type III 
(LP3); Reference site; Nonreference site; United States 
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1. Introduction 

High quantile precipitation has been increased across the United States [1–3]. This increase may be a result of 
rising global air temperature, which allows the atmosphere to hold more moisture [4–6]. Although the positive trends 
in the magnitude or frequency of high quantile precipitation may not directly translate into positive trends in streamflow 
[7–9], the likelihood of experiencing more intense precipitation increases the chance of flood hazards [10–14]. The 
extent of flood hazards and the associated risk to infrastructure will differ between rural and urbanized basins [15,16] 
as well as between inland and coastal regions [17,18]. Therefore, understanding the variations in flood frequency and 
magnitude is of great interest when studying floods in both undisturbed and anthropogenically disturbed watersheds 
located within coastal or inland water resources regions in the US. 

In the US, most studies on flooding have utilized flood series based on the single highest streamflow values of 
each year, known as the annual maximum flood (AMF) [19–22]. Only a few studies considered partial duration series 
(PDS) instead of AMF to estimate flood quantiles [7,23–27]. With projections of a warmer and wetter climate for the 
21st century [28–30], subsequent high flow events, in addition to the AMF in a wet year, may exceed the AMF of a dry 
year [31]. Therefore, combining AMF with a series of independent flooding events per year—also recognized as partial 
duration series (PDS)—presents an opportunity to better estimate flood quantiles [7,32–34]. Additionally, flooding 
events during average, wet, and dry years may arise from different mechanisms, so developing PDS for these years 
separately could further improve the estimation of both small and large flooding events. 
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The Log Pearson Type III distribution (LP3), fitted to AMF, is a widely used statistical procedure recommended 
for flood frequency analysis [35–37]. When LP3 is applied to PDS of average, wet, and dry years, in addition to AMF, 
it can provide a better understanding of how flood estimates may vary, particularly during extreme wet and dry years 
[26,27,33]. The geographical extent where flooding events can be more accurately estimated using the PDS of wet and 
dry years, rather than AMF, may be influenced by the strength of large-scale atmospheric circulation patterns over the 
Pacific and Atlantic oceans [38–40]. Recognizing these influences on regional flooding can be valuable for flood risk 
management, helping to prepare for potential disastrous events. 

In this study, we tested whether using PDS instead of AMF data could improve flood frequency estimates, 
depending on the region. With a warmer and wetter climate projected for the 21st century, high-flow events within a 
single wet year may exceed the AMF of a dry year. By combining AMF with multiple independent flood events each 
year, we may achieve better flood quantile estimates. Since floods during average, wet, and dry years can have different 
causes, creating separate PDS for these years could further enhance estimates for both frequent and rare flood events. 
To test our hypothesis, specifically, we: (1) developed separate PDS datasets for average, wet, and dry years using daily 
streamflow data; (2) evaluated the performance of the LP3 distribution when applied to PDS of wet and dry years, in 
comparison to AMF; and (3) examined differences in flood estimation between reference (undisturbed) and 
nonreference (disturbed) sites. 

We analyzed 247 reference sites and 1781 nonreference sites, all with peak flow records of at least 70 years. We 
fitted LP3 to AMF and the PDS of average, wet, and dry years to estimate flooding events with return period of 2 to 
200 years across 18 water resources regions (HUC02) identified for the conterminous United States. We compared the 
reliability of estimated flood quantiles for reference and nonreference sites within each region. This study offers an 
alternative approach to flood frequency analysis using AMF in regions where LP3 fits better with PDS derived from 
wet or dry years. The updated flood frequency analysis can provide critical information to reduce structural damage, 
protect human lives, and lower maintenance costs of existing infrastructures, while also supporting the sustainable 
design of new hydraulic systems and infrastructures. 

2. Data 

2.1. Annual Maximum Flood (AMF) 

We selected 2028 out of 9067 U.S. Geological Survey (USGS) streamflow gaging stations that had more than 70 
years of peak flow records and less than 5% missing daily flow values for each water year. We used the “Hydro-Climatic 
Data Network” (HCDN or Gages-II) [41] to identify reference sites within watersheds that have no or minimal 
anthropogenic disturbances. Nonreference sites, on the other hand, have a history of land use/cover change, regulated 
streams, and/or impoundments [42]. According to HCDN information, 247 streamflow gaging stations were classified 
as reference sites, while 1781 were classified as nonreference sites. 

Figure 1 presents the spatial distribution of the study sites. Notably, sites with longer peak flow records are 
primarily located east of the 105th meridian. Additional information about the study sites can be found in the 
supplementary material section. The data were retrieved from the USGS National Water Information System (NWIS) 
data repository using the “dataRetrieval” [43] and “dplyr” [44] packages developed by USGS. The site selection and 
data cleaning processes were computer coded in “R” by the authors. 



Hydroecology and Engineering 2024, 1, 10004 3 of 13 

 

 

Figure 1. The spatial distribution of 247 reference (dark flags) and 1781 nonreference (gray circles) sites across the conterminous 
US. The water resources regions are defined by HUC02 hydrologic units, as determined by USGS. 

2.2. Partial Duration Series (PDS) 

The rationale for developing PDS lies in the possibility that some peak flow events in certain years may exceed 
the smallest peak flow in the AMF series. In such cases, PDS may provide a better representation of the statistical 
properties of the actual peak flow population. On average, one can expect to observe at least 4–5 independent peak flow 
events each year [45,46]. Since the selected peak flow events must be independent, and minimal constraint should be 
imposed, PDS can be derived from daily mean streamflow data [47]. 

In this study, we classified years into average, wet, and dry hydrologic conditions based on the criteria set by Genz 
and Luz (2012) [48]. We used a liberal approach, considering half the standard deviation from the long-term average to 
distinguish among average, wet, and dry years. In this approach, average years are defined as those where the total 
annual discharge falls within half a standard deviation above or below the long-term annual average discharge. If the 
total annual discharge for a specific year exceeded (or was less than) the long-term average plus (or minus) half a 
standard deviation, the year was classified as wet (or dry). After classification, we developed PDS separately for average, 
wet, and dry hydrologic conditions. 

For each hydrologic condition, we selected mean daily flows that exceeded the smallest peak flow values in the 
AMF series. We identified all absolute and relative extrema in the mean daily streamflow record. To assess the 
independence of these extrema, we applied Flynn (1982) criteria [49], using the natural log of drainage area (in square 
miles) and adding a five-day interval to define independent flooding events. The record lengths for both the AMF and 
PDS series were provided in the supplementary materials. On average, the PDS derived from dry years contained more 
data records. While wet years often had multiple dependent flooding events, dry-year floods were typically not triggered 
by successive rainfall storms. This allowed peak flow events to be sufficiently spaced, making them independent. We 
developed R code to automate the generation of the PDS. 
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3. Method 

The LP3 distribution is widely accepted and highly recommended for estimating flood quantiles, both nationally 
and globally [31,36,50]. We followed the LP3 product moment formulation outlined by Stedinger et al. (1993) [51]. No 
regional correction factor was applied to adjust for station skewness. Below, we provide a summary of the mathematical 
formulation used to determine the LP3 distribution parameters. 

The Probability Density Function (PDF) for LP3 distribution could be written as: 
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PZ
 represents the P-th quantile of the standard normal distribution, which can be numerically estimated as follows: 
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The goodness-of-fit for the LP3 distribution is tested using the Blom empirical probability formula (Blom, 1958 [52]): 
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where 1i   represents the greatest peak flow ranked, and “n” is the total number of observations. The reliable 

performance of the LP3 distribution is confirmed when the plot of 
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 falls along the 1:1 line (Serago and Vogel, 2018 [33]). 

4. Results and Discussion 

The results are presented for floods with return periods of 2, 5, 10, 25, 50, 100, and 200 years. We focus on sites 
where flood quantile estimates are reliable, indicated by an observed-to-estimated flood ratio (R < 1) when fitting LP3 
to AMF or PDS for average, wet, or dry years. This ratio is further discussed in the next section. The patterns are 
analyzed within the HUC02 water resources regions [53]. 
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4.1. Performance of LP3 Distribution Fitted to the AMF and PDS 

We identified four main scenarios for LP3 applied to AMF and PDS, depending on flood genesis in the region. 
When the peak instantaneous daily streamflow exceeded daily average, PDS based on average flows produced lower 
flood quantiles estimates than AMF (Figure 2a–c). In contrast, if the PDS for wet years included peak flows similar to 
those in AMF, LP3 applied to PDS provided higher estimates for low-frequency floods (e.g., 100 years or greater) than 
LP3 applied to AMF (Figure 2d). 

Although PDS is typically assumed to vary by wet, average, and dry years, we found that the largest flood could 
occur in any of these conditions. For instance, in Figure 2a, the PDS for average years stays above those for wet and 
dry years as the return period increases. In Figure 2b, a 100-year flood in the PDS for dry years remains higher than 
that of wet and average years. In Figure 2c, as return periods increase, the PDS for dry years is higher than for average 
years but lower than for wet years. Figure 2d shows the PDS for wet years exceeding those for both average and dry years. 

The goodness-of-fit test assesses how well the LP3 distribution estimates flood quantiles (e.g., Serago and Vogel, 
2018 [33]). We applied this test to LP3 fitted to both AMF and PDS data, with results shown in Table 1 for reference 

and nonreference sites. The Pearson cross-correlation values of “ i
i

X

X X
Z




 ” with “  
iP QK  ” ranged from 0.7395 

to 0.9985, suggest strong performance. However, these values can be misleading since LP3 tends to emphasize central 
data points, overlooking extreme values in the tails (Figure 2a–d) [54]. Therefore, we used the ratio (R) of observed to 
estimated flood values as a more informative indicator: R > 1 indicates underestimation (poor performance), while R < 
1 suggests overestimation (better performance) of flood quantiles. 

 

Figure 2. The flood frequency curves for selected sites: (a) USGS 01022500; (b) USGS 12488500; (c) USGS 12060500; and (d) 
USGS 12422500. These curves indicate the LP3 distribution fitted to the AMF (solid black line) and PDS of wet (blue), average 
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(green), and dry (red) years. The x-axis represents base-10 logarithm of return period in years, while the y-axis displays peak flow 
in cubic meters per second (cms). Depending on the region of interest, flooding events during average and dry years can exceed 
those observed during wet years. 

Table 1. The range of Pearson cross-correlation values for  against  as a result of goodness-of-fit test for LP3 fitted 

to either AMF or PDS of average, wet, or dry years. 

Site AMF PDS-Average PDS-Wet PDS-Dry 
Reference 0.9440–0.9982 0.8907–0.9938 0.8983–0.9937 0.8521–0.9933 
Nonreference 0.8017–0.9985 0.8811–0.9961 0.7395–0.9980 0.7955–0.9440 

4.2. Floods with Return Period of 2 Years 

When LP3 was fitted to AMF and dry PDS data, 24–31% of reference and nonreference sites across the US 
provided reliable the 2-year flood estimates (R < 1, Table 2). For average and wet PDS, only 12–20% of sites had R < 
1. Two regions—the west (Rio Grande, Lower Colorado, Great Basin, and Pacific Northwest) and the east (Lower 
Mississippi, Tennessee, Mid-Atlantic, and New England)—had more sites with R < 1 when LP3 was fitted to dry PDS 
(Figure 3a). It suggests that frequent 2-year floods may be better represented by low peak flows from dry year records. 
Investigating the link between atmospheric circulation patterns and streamflow variations in dry years could help clarify 
the mechanisms generating high-frequency floods in these regions [38,39,55–61]. 

Table 2. The number of sites where observed floods were reliably estimated (indicated by a ratio of observed to estimated flood 
quantiles less than one). The numbers in parentheses represent the percentage of sites with R < 1 out of the total number of sites. 

Return 
Period 
(Years) 

AMF PDS-Average PDS-Wet PDS-Dry 

Reference Nonreference Reference Nonreference Reference Nonreference Reference Nonreference 

2 56 (26%) 472 (31%) 34 (20%) 171 (15%) 21 (15%) 128 (12%) 44 (25%) 292 (24%) 
5 84 (39%) 672 (44%) 8 (5%) 68 (6%) 8 (6%) 51 (5%) 14 (8%) 103 (8%) 

10 103 (47%) 774 (51%) 22 (13%) 195 (17%) 23 (16%) 201 (19%) 41 (23%) 242 (20%) 
25 107 (49%) 806 (53%) 67 (39%) 482 (41%) 52 (36%) 454 (42%) 67 (38%) 455 (37%) 
50 104 (48%) 752 (49%) 116 (67%) 775 (67%) 99 (69%) 711 (66%) 111 (63%) 756 (61%) 

100 107 (49%) 707 (47%) 132 (77%) 880 (76%) 109 (76%) 807 (75%) 121 (69%) 873 (71%) 
200 102 (47%) 693 (46%) 135 (78%) 927 (80%) 121 (85%) 848 (78%) 123 (70%) 902 (73%) 

Total number 
of sites * 

218 1520 172 1164 143 1082 176 1230 

* Out of a total 247 reference and 1781 nonreference sites with more than 70 years of peak flow records throughout the US. The 
number of sites in this table represents those where LP3 could provide flood quantiles estimates. For sites with β < 3, no flood 
quantiles estimates were available. 

4.3. Floods with Return Period of 5 Years 

With LP3 fitted to AMF, reliable estimates of 5-year flood events were achieved at 39% of reference sites and 44% 
of nonreference sites (Table 2). PDS based on average, wet, or dry years did not improve 5-year flood estimates across 
any HUC02 regions (Figure 3b). Regions such as the South-Atlantic-Gulf to Great Lakes and Pacific Northwest to the 
Upper Mississippi had significantly more sites where LP3 was well-fitted to AMF series, as shown by the dashed circles 
on Figure 3b. 

Most 5-year flood events occurring in winter could be linked to increased Gulf of Mexico winter storms, which 
brought heavier precipitation as they moved northward, particularly during strong El Niño years [62–65]. In the central-
to-west regions, a combination of several circulation patterns appears to influence flood-generating mechanisms [66–
70]. McCabe and Wolock (2014) [71] found both positive and negative correlations between streamflow variations and 
large-scale climate patterns, including NINO3.4 sea surface temperatures, the Pacific Decadal Oscillation (PDO), the Atlantic 
Multi-decadal Oscillation (AMO), the Pacific North American Index (PNA), and the North Atlantic Oscillation (NAO). 

 
iP QK  iZ
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Figure 3. The number of reference and nonreference sites with R < 1 when LP3 was fitted to the AMF and PDS of average, wet, 
and dry years. Filled columns indicate the number of reference sites where LP3 showed better performance in estimating flood 
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quantiles. The relative height differences visually convey whether PDS outperformed AMF. Hollow columns provide similar 
information for nonreference sites. To maintain clarity and avoid overcrowding, detailed numerical values are provided in Table 2. 
Regions with specific patterns are indicated by dashed circles. The numbers in the legend represent the total number of study sites 
where LP3 could be fitted to their peak flow observations. For instance, LP3 was fitted to AMF at 218 reference and 1520 
nonreference sites. The total number of reference and nonreference sites was 247 and 1781, respectively (see Figure 1). 

4.4. Floods with Return Period of 10 Years 

LP3 estimated 10-year flood events reliably at 47% of reference sites and 51% of nonreference sites when fitted to 
AMF (Table 2). None of the PDS derived from average, wet, or dry years improved these estimates. Similar to 5-year 
events, the South Atlantic-Gulf, Ohio, Great Lakes, Upper Mississippi, Missouri, and Pacific Northwest regions showed 
more sites with R < 1 than other US areas (dashed circles on Figure 3c). For 10-year floods, sites with R < 1 were nearly 
three times as common as for 5-year events when considering average, wet, or dry PDS (Table 2). 

4.5. Floods with Return Period of 25 Years 

Except for the New England, Mid Atlantic, and South Atlantic-Gulf regions, the number of reference sites with R 
< 1 was similar whether LP3 was fitted to AMF or PDS from average, wet, and dry years (Table 2). Two clusters 
emerged —along the East Coast (South Atlantic-Gulf, Mid Atlantic, New England, Ohio, and Great Lakes) and centrally 
to the West Coast (Upper Mississippi, Missouri, and Pacific Northwest)—where LP3 performed better with AMF than 
PDS (Figure 3d, dashed circles). None of the PDS improved the 25-year flood estimates, but using PDS resulted in 
more sites with R < 1 for 25-year floods compared to shorter return periods. Additionally, a new cluster appeared in the 
Great Basin and Upper Colorado regions, where PDS outperformed AMF for a larger number of nonreference sites 
(Figure 3d). 

4.6. Floods with Return Period of 50 Years 

For floods with return periods of 50, 100, and 200 years, the PDS significantly improved the estimation of flood 
quantiles. For 50-year floods, two distinct clusters were identified: one in the western regions (Missouri, Upper 
Colorado, Great Basin, and Pacific Northwest) and another in the eastern regions (Ohio, Great Lakes, Mid Atlantic, and 
New England) of the 105th meridian. In these areas, LP3 was better fitted to observed floods when using PDS 
information instead of AMF, as indicated by a higher number of sites with R values less than 1 (see Figure 3e and Table 2). 

Since a 50-year flood occurs less frequently than 25- or 10-year floods, it appears that as the return period increases, 
the PDS developed from mean daily streamflow during wet or dry years, provides better flood quantile estimates than 
AMF (see Table 2). A comparison of daily precipitation across the US from 1950–1979 and 1980–2009 showed 
increases in both the intensity and frequency of light precipitation events (1 ≤ P < 10 mm) for the two clusters identified 
on Figure 3e [67]. Furthermore, other water resources regions also experienced an increase in the number of sites where 
LP3 fit better to PDS than to AMF (see Table 2).  

4.7. Floods with Return Periods of 100 and 200 Years 

Similar to the findings for 50-year floods, PDS information derived from average, wet, or dry years increased the 
number of sites where LP3 reliably estimated 100- and 200-year floods, with the South Atlantic-Gulf region added to 
the eastern cluster (see Figure 3f,g, marked by dashed circles) (Table 2). It suggests that less frequent floods are better 
estimated using peak flow information from extreme wet or dry years, in addition to AMF data. 

Higgins and Kousky (2013) [67] noted increases in moderate and heavy precipitation east of the 105th meridian, 
with no significant changes observed to the west. Since PDS derived from wet or dry years provided better flood quantile 
estimates than AMF in the identified clusters, there may be an increase in moderate to heavy rainfall events west of the 
105th meridian, which warrants further investigation. Additionally, the occurrence of lower frequency floods with 
longer return periods could be influenced by variations in extreme phases of atmospheric circulation patterns over the 
Pacific and Atlantic oceans [39,69,72,73]. 

5. Summary and Conclusions 

In this study, we hypothesized that the genesis of floods varies among average, wet, and dry years, as defined by 
anomalies from the long-term annual average. We fitted the LP3 distribution to the PDS of average, wet, and dry years, 



Hydroecology and Engineering 2024, 1, 10004 9 of 13 

 

alongside using the AMF, to assess their reliability in estimating flood quantiles. By distinguishing results from 
reference sites (total of 247) and nonreference sites (total of 1781), we aimed to understand how flood quantile estimates 
vary with the level of anthropogenic disturbances. 

For high-frequency, 2-year flooding events—also recognized as the bankfull stage [7,74,75]—we found that the 
LP3 distribution fitted to the PDS of dry years provided a greater number of sites with reliable flood estimates (R < 1) 
in the eastern and western US (Figure 3a). Notably, the percentage of sites with R < 1 increased from reference to 
nonreference sites when LP3 was fitted to AMF. Conversely, the percentage decreased for nonreference sites when LP3 
was fitted to PDS (Table 2). 

For floods with return periods of 5–25 years, using AMF instead of PDS led to more reliable quantile estimates, 
particularly at nonreference sites (Figure 3b–d). When LP3 was fitted to AMF, the percentage of sites with R < 1 
increased for nonreference sites. Distinguishing between site types showed no significant change in the percentage of 
sites with R < 1 when LP3 was fitted to the PDS of average, wet, or dry years (Table 2). 

For less frequent floods with return periods of 50–200 years, primarily observed in two distinct clusters (the South 
Atlantic-Gulf, Ohio, Great Lakes, Mid Atlantic, and New England in the east; and Missouri, Upper Colorado, Great 
Basin, and Pacific Northwest in the west), the PDS derived from extreme wet and dry years outperformed AMF in 
estimating flood quantiles (Figure 3e–g). However, the percentage of sites with R < 1 varied between reference and 
nonreference sites, with a notable difference in the percentage of reference sites (85%) compared to nonreference sites 
(78%) when LP3 was fitted to the PDS of wet years (Table 2). This difference suggests estimating floods during wet 
years at nonreference sites (under both nonstationary climate conditions and anthropogenic disturbances) can be 
particularly challenging for less frequent 200-year flooding events. 

Our findings challenge the assumption that wet years could consistently produce greater flooding than average or 
dry years across the US (Figure 3). Some regions experienced floods in wet years that surpassed those in average and 
dry years, while others exhibited the opposite trend (Figure 3b–d). This study enhances our understanding of the 
complexities involved in reliable flood quantile estimation by considering the PDS of average, wet, or dry years 
alongside AMF, tailored to specific regions across the conterminous United States. 

Ultimately, these reliable and updated flood estimates can significantly improve infrastructure design, reservoir 
management strategies, and flood inundation mapping. Such improvements are essential for water managers as they 
navigate the challenges posed by a nonstationary climate and ongoing anthropogenic disturbances. Additionally, 
hydrologists and flood modelers can benefit from more reliable flood quantile estimates during model validation, 
verification, and calibration processes. Future research should investigate the influence of localized factors on flood 
behavior to refine estimation methods and enhance flood resilience strategies tailored to specific regions, considering 
both local and regional hydrology. While this paper focuses on the overall comparison of flood quantile estimation 
methods, a deeper exploration of these specific flood events, such as the changes in the proportion of stations under 
different fitting scenarios, could be the subject of future studies. 

Supplementary Materials 

The following supporting information can be found at: https://www.sciepublish.com/article/pii/347, The 
supporting information for reference (#247) and nonreference (#1781) sites are provided, with more than 70 years of 
peak flow data across the contiguous United States. 
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