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ABSTRACT
Understanding the causes of flood seasonality is critical for better flood management. This study examines
the seasonality of annual maximum floods (AMF) and its changes before and after 1980 at over 250 natural
catchments across the contiguous United States. Using circular statistics to define a seasonality index, the
analysis focuses on the variability of the flood occurrence date. Generally, catchments with more synchronized seasonal water and energy cycles largely inherit their seasonality of AMF from that of annual maximum
rainfall (AMR). In contrast, the seasonality of AMF in catchments with loosely synchronized water and
energy cycles are more influenced by high antecedent storage, which is responsible for the amplification of the
seasonality of AMF over that of AMR. This understanding then effectively explains a statistically significant
shift of flood seasonality detected in some catchments in the recent decades. Catchments where the antecedent soil water storage has increased since 1980 exhibit increasing flood seasonality while catchments that
have experienced increases in storm rainfall before the floods have shifted toward floods occurring more
variably across the seasons. In the eastern catchments, a concurrent widespread increase in event rainfall
magnitude and reduced soil water storage have led to a more variable timing of floods. The findings of the role
of antecedent storage and event rainfall on the flood seasonality provide useful insights for understanding
future changes in flood seasonality as climate models projected changes in extreme precipitation and aridity
over land.

1. Introduction
Floods are the most common natural disaster and the
leading cause of natural-disaster-related fatalities. Between 1980 and 2009, floods caused over half a million
deaths and affected 2.8 billion people worldwide (Doocy
et al. 2013). Understanding the dominant mechanisms
behind flooding can be useful for improving flood
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prediction and for designing infrastructure that mitigates flood damages (Di Baldassarre et al. 2010; Xiao
et al. 2013; Coughlan de Perez et al. 2015; Yang et al.
2015). Together, they are important for reducing the
physical and economical vulnerability of human societies to floods.
It has been shown that both the magnitude of rainfall
events shortly before and during the floods and the
magnitude of antecedent catchment water storage, including snowpack, soil moisture, and groundwater
(Parajka et al. 2010; Froidevaux et al. 2015; Berghuijs
et al. 2016), have significant contributions to the magnitude of floods generated. Previous studies have also
noted a nonlinear relationship between rainfall and
floods (Stephens et al. 2015). On the Greek island of
Crete, annual maximum flow events usually occur
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about a month after the annual maximum precipitation
(Koutroulis et al. 2010). Data from Alpine catchments in
Switzerland have revealed that the rainfall accumulation
that is most significantly connected to floods is associated with the amount that falls within 3 days before the
onset of floods (Froidevaux et al. 2015). This ‘‘effective’’
period could, of course, vary by region. In the Model
Parameter Estimation Experiment (MOPEX) catchments in the United States (Duan et al. 2006), values
ranging from 3 to 10 days have been found to have a
similar impact on the flood response to a single event
(Berghuijs et al. 2016). However, for longer preceding
periods, it becomes more ambiguous whether precipitation itself is triggering the floods or is only contributing to the water storage that ultimately contributes
to the mechanisms that generate floods. It has been
shown that at a longer time scale (i.e., monthly), the
connection between floods and precipitation is limited
(Stephens et al. 2015).
Although precipitation events are necessary prerequisites for flood generation, several studies have
shown that antecedent soil moisture states could also be
highly influential in governing the timing and intensity
of floods (Merz and Blöschl 2009; Norbiato et al. 2009;
Marchi et al. 2010; Berghuijs et al. 2016). In small Alpine
catchments, for example, dry initial soil moisture before
precipitation could have the effect of significantly attenuating the runoff response to rainfall events
(Paschalis et al. 2014). Also in the Alpine region,
snowmelt plays an important role in flood generation,
not directly as input to discharge but indirectly by increasing the soil moisture storage (Parajka et al. 2010).
In the United States, cumulative rainfall and snowmelt
that contribute to the soil water storage before floods
have been shown to correlate more strongly with floods
than do other factors such as daily rainfall (Berghuijs
et al. 2016).
Despite the availability of numerous observations
from well-gauged catchments, many catchments are still
not sufficiently monitored to provide data records to
assist with flood estimation. To transfer our knowledge
of flooding from well-gauged to ungauged catchments
and to assist with flood estimation, similarity analyses
based on catchment characteristics and/or flood frequency have been conducted as part of regionalization
studies (Burn 1997; Magilligan and Graber 1996; Merz
and Blöschl 2009; Guo et al. 2014). Statistical signatures
are derived to quantitatively describe different aspects
of floods. One signature that has gained a lot of attention
is the seasonality of floods (Cunderlik et al. 2004; Chen
et al. 2013; Berghuijs et al. 2016), which has been studied
in numerous catchments around the world to determine
the underlying flood generation mechanisms (Black and
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Werritty 1997; Magilligan and Graber 1996; Parajka
et al. 2010; Koutroulis et al. 2010). Analysis of the spatiotemporal variation of flood seasonality has provided
important insights on the dominant flood generation
mechanisms and their controlling factors (Castellarin
et al. 2001; Villarini 2016).
Previous analysis of seasonality mostly focused on
using the mean date (MD) of the floods to unravel potential controlling factors. For example, using the mean
date of floods, surrogate variables including climate (i.e.,
aridity and baseflow contributions; Guo et al. 2014),
catchment size, lake storage (Black and Werritty 1997),
and locations (i.e., distance to the coast for hurricaneinduced floods; Magilligan and Graber 1996) were
identified as key factors controlling flood seasonality in
catchments in Britain and the United States. Recently,
by comparing the mean date of maximum annual flows
with that of four climatic signatures (maximum daily and
weekly precipitation, precipitation excess, and snowmelt), Berghuijs et al. (2016) identified the dominant
flood generation mechanisms in catchments across the
contiguous United States. However, for catchments with
bimodal flood patterns or large interannual variability of
the flood date, the mean date could be misleading.
Furthermore, as an average statistic, the mean date may
not reflect potential shifts in flood generation regime in a
changing environment. Studying the variability in flood
dates from year to year is necessary not only for
better understanding of flood timing but also of its
temporal change.
In recent decades, expansion of residential areas in
some regions has increased the population and assets at
risk, leading to significant upward trends in flood costs
around the world (Kundzewicz 2012). Intense human
intervention in the form of urbanization and flow regulation could affect flooding patterns, such as a widening
of the seasonal distribution of floods (Yang et al. 2014;
Villarini 2016). Several recent studies of the spatial
distribution of flood seasonality have drawn attention to
the temporal changes in the patterns of flooding (frequency and magnitude) resulting from both climate
change and direct human interventions (Dhakal et al.
2015; Villarini 2016). However, limited record lengths
have limited our ability to understand and detect potential shifts in flood characteristics that might be caused
by climate and land-use changes in the last century
(Franks and Kuczera 2002; Dhakal et al. 2015). Results
from regions with sufficient data records show no significant spatial coherence in the temporal trend of floods
(UNISDR 2011; Kundzewicz et al. 2014). In Austria,
changing climatic conditions have been implicated as
the cause for an obvious flood clustering in the late
nineteenth century, but not the twentieth century
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(Blöschl and Montanari 2010). In Canada, an increasing
trend has been noted in the rainfall-dominant flood
seasons in the past three decades (Cunderlik and
Ouarda 2009). In northern England, reduction in summer flood events was observed in the twentieth century
compared with those in previous centuries (Macdonald
2012). As temporal shifts in flood patterns challenge the
stationarity assumption used in traditional flood analysis, it is important to understand and quantify these
changes to highlight the need for new approaches for
flood frequency analysis.
Motivated by the current understanding of flood
seasonality and the potential impact of changing climatic and anthropogenic activities, this study explores
the interannual variability of flood dates in catchments
across the conterminous United States to further advance our insights into the relative dominance of precipitation events and soil water storage in flood
generation and to explore potential changes to flooding
in recent decades. We first examine the regional distribution of both the mean and the variance of the occurrence dates of annual maximum floods (AMF) and
annual maximum rainfall (AMR). With a particular
focus on the variability of the occurrence dates of flood
events from year to year, we investigate the relationship
between the seasonality of AMF and the seasonality of
AMR. For brevity, the seasonality of AMF and AMR
discussed in this study refers to the variability of occurrence date of AMF and AMR from year to year. The
relationship between flood seasonality and antecedent
soil water storage and the magnitude of rainfall events at
the end of which flood events occur is also analyzed.
Later, separating the historical record into two periods,
that is, before and after 1980 (Coopersmith et al. 2014;
Dhakal et al. 2015), and applying the insights gained
from our detailed analysis of flood seasonality, we further explore the potential changes in precipitation and
flood seasonality in recent decades and the possible
causal connections between the two. Last, the potential
uncertainties in our results are also examined and
discussed.

2. Data and methodology
a. Data
The MOPEX dataset (Duan et al. 2006) is chosen for
its large spatial coverage spanning a range of climate and
topographic conditions (Fig. 1 and Fig. S1 in the supplemental material). A total of 259 catchments out of
the 438 MOPEX catchments are selected on the basis of
their long-term continuous records of climate and runoff. For each of the catchments, daily precipitation,
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temperature, and runoff data from 1951 to 1999 are
used. In addition, we used the soil water storage estimated by Ye et al. (2015) at the monthly scale for the
MOPEX catchments using the abcd snow model
(Martinez and Gupta 2010), forced with the same climate data as inputs. The estimated soil water storages
are verified indirectly as part of the monthly modeling,
through validation of monthly model runoff predictions
against monthly runoff data obtained by aggregating
long-term daily observations. The Nash–Sutcliffe efficiency (NSE) of monthly runoff simulation is larger than
0.7 for over half of the catchments and larger than 0.5 for
most of the catchments (Fig. S2). The monthly storages
obtained were then interpolated to the daily scale based
on the water balance equation: Sij 5 Si21 1 SPij 2 SEij 2
SQij, where Sij is the interpolated daily storage at day j
and month i; Si21 is the model-simulated monthly storage at month i21, which is assumed to be the storage at
the end of the month; SPij and SQij are the total observed rainfall and discharge from day 1 to day j in
month i; and the total evapotranspiration SEij was estimated from the model-simulated monthly evapotranspiration, assuming the daily evapotranspiration is
constant within each month. Since our subsequent event
analysis using the interpolated daily storages showed
similar results with analysis using the monthly storage
only and the errors/uncertainties in the daily evapotranspiration interpolation cannot be quantified sufficiently well, we used the validated monthly storage in
the remainder of the study. An analysis of uncertainties
associated with the use of monthly storage is presented
in section 3d.
Many of the MOPEX catchments, especially those in
the mountainous regions of the Pacific Northwest, have
significant snow cover during the cold season. For these
catchments, rapid snowmelt could be a leading cause of
big floods besides rainfall events. To better describe the
catchment condition before and during floods, we
include a snowmelt model to estimate the total water
input to the catchments at the daily scale. A conceptual
model based on the degree-day factor is used to partition
daily precipitation between snowfall and rainfall and to
estimate the daily snowmelt (Eder et al. 2003; see text
S1). The sum of the partitioned rainfall and estimated
snowmelt is defined as snowmelt-adjusted daily rainfall,
which is the total water input to the soil. This snowmeltadjusted daily rainfall is then used in all analyses requiring daily rainfall amounts. For brevity, this
snowmelt-adjusted rainfall is simply called rainfall in
our subsequent analyses and discussion.
To understand the catchment condition before and
during annual maximum floods, we analyze the rainfall
event and antecedent soil moisture status for each flood.
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FIG. 1. Spatial pattern of (a) the SI and MD of snowmelt-adjusted AMR; (b) the SI and MD of AMF; (c) the
amplitude and MD of snowmelt-adjusted rainfall; (d) the amplitude and MD of the antecedent soil storage;
(e) average event snowmelt-adjusted rainfall, normalized by MAP, where the size is the actual amount of event
rainfall; and (f) antecedent storage, normalized by the max of storage. The arrows in (a)–(d) are colored by their SI
for (a) and (b) and by the amplitude [5 (max value 2 min value)/annual mean value] for (c) and (d); their angles
represent the MD.
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The monthly soil water storage before the occurrence
month of the annual maximum flood was estimated using the abcd snow model, as described in Ye et al. (2015).
This antecedent storage was then normalized by its 50-yr
maximum, with the latter considered as an approximate
measure of the catchment’s storage capacity, following
the lead of Gao et al. (2014). The event rainfall estimate
is based on the snowmelt-adjusted daily rainfall before
and on the day of the floods. From the occurrence day of
each annual maximum flood event, we track the adjusted rainfall on the consecutive days prior to the
flood until the daily rainfall becomes smaller than
0.05 mm day21, which is considered as the criterion for
the cessation of the rainfall event. Using a fixed period of
3 days on and before the day of the flood event as the
duration of the rainfall event (Froidevaux et al. 2015;
Berghuijs et al. 2016) was found to produce comparable
results. For rainfall, we extract the maximum and mean
intensity, duration, and total rainfall volume for the
seasonality analysis. The total rainfall volume is then
normalized by the mean annual precipitation (MAP) for
comparison across catchments.

b. Statistical methods
The circular statistics proposed by Burn (1997) were
used to quantify the seasonality of the annual maximum
daily rainfall and streamflow (see text S2). This approach has been applied in various studies (Young et al.
2000; Merz et al. 1999; Berghuijs et al. 2016) and has
been shown to perform well in analyzing complex seasonal variations (Cunderlik et al. 2004).
Given the properties of the trigonometric functions
used here, the seasonality index (SI) lies between zero
and one and is an indicator of the variability of flood
occurrence dates. Larger SI values signify smaller variability in the timing of annual maximum rainfall or flood
events, hence stronger seasonality. That is, extreme
precipitation or flood events are more likely to happen
in a particular window of time every year in catchments
with large SI values. For catchments with small values of
SI, the occurrence of annual maximum events scatter
across the year, so the mean date is less representative of
the occurrence date of the extreme events.
For analysis of potential shifts in flood seasonality, we
divided the MOPEX data records into two time periods,
1951–79 and 1980–99, following Coopersmith et al.
(2014). The year of 1980 was chosen as the cutoff year
for its better representation of the hydrologic regime
shift in the MOPEX catchments under a possibly
changing climate compared with two other candidate
cutoff years (Coopersmith et al. 2014). We also tested
the use of 1970 and 1975 as cutoff years and obtained
similar trends and patterns. Since we are interested in
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both the mean and variability of the occurrence date, we
compared the mean and variance estimated over the two
time periods. Levene’s test (Levene 1960) was applied to
the two blocks of data to check for equality of variance.
For catchments with a similar variance before and after
1980, we conducted the analysis of variance (ANOVA)
test to detect statistically significant changes in the mean
occurrence date of AMF and AMR between the two
time periods. Catchments with significant changes in
either the variance or mean date are considered to have
experienced a shift of hydrologic regime.

3. Results
a. The role of climate: Precipitation and potential
evaporation
Figures 1a and 1b show the regional patterns of SI and
MD of AMR and AMF for the MOPEX catchments.
Also shown are the timing of the maximum mean
monthly rainfall and water storage and their normalized
seasonal amplitudes (Figs. 1c,d). As noted in section 2a,
rainfall refers to the snowmelt-adjusted rainfall defined
as the sum of rainfall and snowmelt. Comparison of
Figs. 1a and 1b shows that AMF is generally more seasonal than AMR, indicating that the occurrence dates of
extreme rainfall events are more evenly distributed
throughout the year than those of AMF.
Catchments along the West Coast have strong seasonality and similar occurrence dates of January and
February for both AMR and AMF. Floods in this region
are likely to be driven by atmospheric rivers that produce potentially significant runoff from the warm, heavy
rainfall events (Ralph et al. 2006; Leung and Qian 2009;
Neiman et al. 2011) and/or rapid snowmelt from rain-onsnow events (Guan et al. 2016). Farther inland, western
catchments located along the Rocky Mountains receive
precipitation during both the cold and warm seasons, so
the rainfall seasonality is generally smaller. The mean
dates are distinctly different for catchments located on
the windward and leeward sides of the mountains. The
former catchments show stronger seasonality, dominated by cold season orographic rainfall, while seasonality is relatively weaker in catchments located on the
leeward side where annual maximum rainfall events
usually occur during the warm season and are associated
with convective rainfall. However, floods have a strong
seasonality and occur mainly in May, which coincides
with the timing of the maximum monthly snowmeltadjusted precipitation, as snowmelt has an overwhelming impact on streamflow in mountain catchments
across the western United States (Ye et al. 2012). The
Midwest catchments have relatively strong seasonality
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in both AMR and AMF, but with different timings. Both
the AMR and the maximum monthly rainfall occur in
August. However, the AMF occurs in May and June,
which lie between the mean dates of the AMR and the
timing of the maximum water storage. This suggests that
both antecedent soil moisture and rainfall events may
contribute to the seasonality of floods in the Midwestern
catchments.
In contrast to catchments in the western United
States, catchments in the east and south display very
weak seasonality of AMR, so the mean dates of AMR
are not informative or meaningful. This is generally
consistent with the monthly rainfall climatology
that shows smaller variations throughout the year
(Coopersmith et al. 2012; Ye et al. 2012) as well as the
results of statistical tests of seasonal distribution carried
out by Villarini (2016). Despite the weak seasonality in
AMR, the AMF is more seasonal, especially along the
Appalachian mountain range, showing mean dates primarily in early spring. This is likely related to the antecedent soil water storage, which accumulates from
winter to spring with the rainfall until the growing season, when evapotranspiration increases with the solar
cycle and soil moisture storage is reduced. For catchments in the central and southern Great Plains, both
AMR and AMF have weak seasonality. Similar to the
Midwest catchments, the timing of AMF generally lies
between the timing of the AMR and the maximum
monthly water storage, suggesting important contributions from both rainfall events and antecedent soil
moisture storage to flood generation. In the southern
catchments located in the arid region of New Mexico,
floods may be triggered mainly by rainfall events, with
infiltration excess playing an important role in flood
generation.
In general, as we can see from Fig. 2, the ratio between
AMF and AMR is smaller than the annual runoff ratio
(Q/P). That is, catchments attenuate the magnitude of
extreme runoff events relative to extreme rainfall events
more than they attenuate the mean runoff relative to the
mean rainfall. Meanwhile, the resemblance between SI
of AMF and AMR varies across the regions: they are
both strong along the West Coast but relatively weak in
some eastern states, with the New England states
standing out as rather different. To further explore the
role of climate on the seasonality of floods, we plot the
SI of AMF against the SI of AMR for each catchment
and color each data point by the correlation coefficient
rEP,P between the monthly rainfall and potential evaporation (EP) in Fig. 3a. The coefficient rEP,P is a signature of climate capturing the seasonal coupling between
the available water and evaporative energy at the
catchment scale. Catchments with strong seasonal

VOLUME 18

FIG. 2. Comparison of the ratio of the AMF to AMR vs the ratio of
the annual average runoff Q and precipitation P.

coupling between P and EP (e.g., absolute value of rEP,P
larger than 0.6) fall nicely along the 1:1 line (the detailed
derivation of this separation based on the correlation
between P and EP is presented in text S3 and Fig. S3).
That is, when P and EP are strongly correlated (either in
phase or out of phase), the seasonality of AMF is close
to that of AMR, regardless of whether the seasonality is
strong or weak. This is similar to our previous finding of
the daily water balance that the propagation of variability from rainfall to runoff is dominantly controlled
by the long-term climate aridity index (Ye et al. 2015) in
catchments with strong correlation between P and EP.
Figure 3b also shows that in catchments with strong
seasonal coupling between P and EP, the soil moisture
storage is generally lower than that of other catchments.
For catchments with loosely coupled monthly P and EP,
which mostly have small seasonality of AMR, there is no
significant relationship between SI of AMR and SI of
AMF. Based on our finding from Figs. 1 and 3, the antecedent soil moisture likely exerts considerable impact
in these catchments.

b. The role of antecedent soil water storage
Figure 3b explores the impact of antecedent soil water
storage on the relationships between AMR and AMF.
The figure compares the seasonality of AMF with the
seasonality of AMR for each catchment, with each data
point colored by the normalized antecedent soil storage.
In almost all catchments, the seasonality of AMF is
stronger than the seasonality of AMR. Catchments that
are closer to the 1:1 line have relatively low antecedent
storage (blue and light blue). For these catchments,
extreme rainfall event rather than soil saturation is the
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FIG. 3. Scatterplots of (a) the SI of AMF vs AMR for all the catchments [colored by the coefficient of correlation between EP and P,
where rEP,P 5 sEP,P /(sEP 3 sP )] (sEP,P is the covariation of EP and P and sEP and sP are the std dev of EP and P, respectively);
(b) the SI of AMF vs AMR for all the catchments (colored by the normalized antecedent soil storage); and (c) a scatterplot of the ratio
between the SI of AMR and AMF vs the antecedent storage of AMF events normalized by max storage, which can be approximately
considered as the percentage of saturation. The relationship in (c) is statistically significant (p , 0.0001).

dominant driver for the extreme runoff events, so the
seasonality of AMF and AMR is comparable. For
catchments with AMF coinciding with highly saturated
soil (the red dots above the 1:1 line), the seasonality of
AMF is amplified relative to that of AMR. Figure 3c
captures the relationship between antecedent soil water
storage and the amplification of the seasonality of AMF
over that of AMR, showing that the amplification increases with the increase of soil water storage. Soil water
storage in general has strong seasonality as it peaks
predominantly in spring before the growing season and
the peak of the solar cycle. The larger the antecedent
soil water storage, the more significant role it plays in
flood generation, leading to more frequent occurrence
of floods coincident with the timing of the maximum soil
water storage, hence amplifying the seasonality of AMF.
To further elucidate the relative impact of antecedent
soil water storage and rainfall events on floods, we study
their spatial distribution (Figs. 1e,f). Although catchments in both the Pacific Northwest and Southern California display equally strong seasonality in AMR and
AMF, the flooding mechanisms may be different. Floods
in the Pacific Northwest occur with relatively saturated
soil and high rainfall events, both in actual amount and
as a fraction of the MAP. In the arid Southern California
catchments, floods occur with almost no antecedent
water storage but large rainfall events (as percentage of
the MAP). One may infer that floods in Southern California are rainfall dominated, which is consistent with
our understanding of floods in arid regions. In contrast,
floods in the Pacific Northwest are caused by both large
rainfall events and relatively saturated storage, in line
with our previous findings regarding the average
rainfall–runoff relationship in this region (Ye et al.
2012). The overwhelming influence of rainfall is also

found in inland western mountain catchments, considering the relatively low storage and large rainfall/
snowmelt events (snowmelt is likely the biggest contributor as inferred from the timing of the AMF shown
in Fig. 1).
Although rainfall events in central and Midwest
catchments (i.e., North Dakota, South Dakota, Kansas,
Texas, Iowa, etc.) are small compared to the western
ones, given the relatively dry soil, rainfall events may
still exert considerable dominance in flood generation.
Many of these catchments were also identified
by Berghuijs et al. (2016) as those with their AMF
dominated by rainfall events based on the mean
occurrence dates.
The rainfall dominance weakens toward the east of
the United States, where antecedent soil storage gets
closer to saturation. For example, in the Northeast
catchments, rainfall events are very small, but the normalized storage exceeds 70% saturation, so the seasonality of soil water storage comes into play. This
explains the amplification in the AMF seasonality over
that of the AMR. This finding is different from that of
Berghuijs et al. (2016), who performed their analysis
based on the mean dates of AMR, which tends to be less
informative for the eastern catchments with very low SI
values. On the other hand, both rainfall events and soil
saturation could play important roles in flood generation
in the southeastern catchments (i.e., Georgia and Florida), as the soil is saturated while the normalized event
rainfall is also large.
In general, except for the very humid catchments in
the Pacific Northwest, the role of antecedent storage
becomes more dominant as we move from western to
eastern catchments as the AMR seasonality decreases.
As antecedent soil moisture increases toward the east,
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its influence on the seasonality of AMF also increases,
often leading to an amplification of the seasonality of
AMF over that of AMR.

c. Changes in flood seasonality in recent decades
The hydrologic regimes may have changed significantly after the 1980s because of climate change and
human activities such as land use and flow regulation in
the United States (Coopersmith et al. 2014; Dhakal et al.
2015). Figure 4 presents the changes in the magnitude
and seasonality index of AMR and AMF, as well as the
averaged antecedent soil water storage and event rainfall amount before and after 1980. More catchments
have statistically significant changes in the magnitude of
extreme events than changes in seasonality (Figs. 4a–d).
More specifically, nearly half of the MOPEX catchments display statistically significant changes in the
magnitude of flood events after 1980. Among these
catchments, over 80% have flood magnitudes that have
increased by more than 10% after 1980, consistent with
similar findings of increased flood peaks in the central
United States (Mallakpour and Villarini 2015).
For seasonality, among the catchments showing statistically significant changes in flood seasonality, most of
them show decreases while less than 10 catchments show
increases (Fig. 4d). This decrease of flood seasonality
has been notable in the western United States (California, the Great Basin, and northwestern Colorado;
Pagano and Garen 2005). In contrast, over 60% of the
catchments with statistically significant changes in AMR
seasonality show increasing seasonality, indicating that
the timing for extreme rainfall events has become less
variable (Fig. 4a), except for a few catchments in the
central United States.
Since the recurrence of peak soil water storage is more
regular from year to year than that of rainfall events, a
reduced dominance of storage (smaller antecedent
storage) in flood generation and a larger influence of
rainfall events can both result in more variable flood
timing. Hence, we hypothesize that the decrease in flood
seasonality is related to the decrease in antecedent soil
storage in the eastern catchments and the increasing
impact of rainfall events across the country (Figs. 4e,f).
The observed concurrent shifts in antecedent storage
and event rainfall in the eastern catchments indicate that
after 1980, floods occurred under less wet conditions but
with larger rainfall event magnitudes, and hence their
timing has become more variable.
Figure 5 provides support for our hypothesis of the
flood seasonality shifts. The change in flood seasonality
is positively correlated with the change in the normalized antecedent storage, especially for the eastern and
Pacific Northwest catchments with larger normalized
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antecedent soil storage. There is also a negative relationship between flood seasonality change and the
change of normalized amount of event rainfall. Both
regressions are statistically significant with p values less
than 0.05. That is, catchments that have become wetter
also have more seasonal floods. On the other hand,
catchments with floods occurring more variably across
the seasons (decrease in AMF seasonality) generally
experience an increase in storm rainfall before
the floods.

d. Uncertainty analysis
Although the abcd snow model works well at the
monthly scale (NSE 5 0.64 on average for monthly
runoff), given the importance of antecedent storage revealed by the analyses, it is critical to examine whether
monthly soil water storage is representative of the antecedent storage. More specifically, for flood events
occurring late in the month, would the use of daily
storage instead of monthly storage of the previous
month have an impact on the patterns, such as that
shown in Fig. 3? To assess the uncertainties in our
findings, we repeated the analysis of Fig. 3 using the
daily storage dataset published by Newman et al. (2015)
for comparison with the results from monthly storage
and conducted an additional sensitivity analysis on
the temporal variability of daily storage to determine
the degree to which daily storage may deviate from the
monthly average.
We selected 13 catchments from the Newman et al.
(2015) dataset that overlapped with the MOPEX
catchments. The 13 catchments are distributed across
the continent and cover a large range of climate conditions (Fig. S5). Monthly soil water storage was aggregated from the daily values, and the standard deviation
of the daily storage within each month was calculated
from 1981 to 1999, the years that overlap with the
MOPEX records. As we can see from Fig. S6, the daily
variability of soil moisture within each month is relatively small compared with the monthly mean soil water
storage. More specifically, the normalized standard deviation of the daily soil storage within each month is
smaller than 0.1 for 10 of the analyzed catchments during most months (Fig. S7). That is, the daily variability
within each month is smaller than 10% of the monthly
mean for those catchments. This is consistent with the
general understanding that soil moisture has a long
memory and low variability. Catchments with larger
variability after normalization are those with small soil
storage (,250 mm on average), which are also the
catchments with more significant precipitation dominance on the seasonality of AMF. Given the limited soil
storage variability at the daily scale, monthly soil water
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FIG. 4. The spatial pattern of changes before and after 1980 for (a) magnitude of AMR; (b) magnitude of AMF;
(c) SI of AMR; (d) SI of AMF; (e) antecedent storage, normalized by max storage; and (f) average event rainfall,
normalized by MAP. The red dots denote statistically significant reductions, the blue dots refer to statistically
significant increases, and the dashed lines are catchments with no significant changes comparing the periods after
and before 1980.

Unauthenticated | Downloaded 01/09/23 02:50 AM UTC

2006

JOURNAL OF HYDROMETEOROLOGY

VOLUME 18

FIG. 5. Scatterplots of change in seasonality of AMF before and after 1980 vs changes in (a) antecedent storage,
normalized by max storage, and (b) average event rainfall, normalized by MAP. Both relationships have significance level smaller than 0.05 (0.014 and 0.016, respectively). The spatial distribution of the seven geographic regions
denoted by colors can be found in Fig. S4.

storage is deemed representative of the antecedent storage in our analysis. Note that the monthly soil water
storage of the month prior to the flood events is used in
our analysis because flood events could significantly
change the monthly soil water storage to be less representative of the antecedent conditions.
To further examine the impact of daily variability in
soil water storage, we recalculate the signatures shown
in Fig. 3 using the Newman et al. (2015) daily data; that
is, the soil water storage on the day before AMF is used
as antecedent soil moisture and normalized by the mean
storage derived from the daily soil storage. As we can
see from Fig. 6, the pattern is consistent with that

obtained using monthly soil water storage shown in
Fig. 3. This demonstrates that the use of monthly soil
water storage would not have altered our findings of the
storage impact on the propagation of seasonality from
AMR to AMF. The consistency between the patterns
revealed by two independent datasets derived from
different models and inputs lends support to the relationship we discovered in Fig. 3 with monthly soil
water storage.
In sum, given that the normalized variability of daily
water storage within each month is generally small and
there is consistency between the patterns generated by
daily and monthly storage estimation, we believe that

FIG. 6. Scatterplots of (a) SI of AMF vs AMR for all the catchments (colored by the normalized antecedent soil
storage) and (b) ratio between the SI of AMF and AMF vs antecedent storage of AMF events normalized by max
storage, which can be approximately considered as the percentage of saturation. The hollow circles are estimated
from the monthly mean storage of the MOPEX dataset while the black diamonds are estimated from daily soil
moisture of 13 selected overlapping catchments from the Newman et al. (2015) dataset.
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our findings on the role of antecedent soil storage from
the use of the monthly soil storage are well supported.
However, despite the broad coverage of geographic and
climatic regions, 13 is still a much smaller number
compared to the 259 MOPEX catchments used in this
study. Future analysis based on more catchments with
daily storage simulations could help further validate and
extend our findings to more diverse environments. In
addition, there could also be uncertainties embedded in
the model simulation due to uncertainties in the model
inputs and model structures that affect the soil storage
and snowmelt estimation. Comprehensive evaluation of
the model performance and uncertainty is beyond the
scope of our study. Analysis using simulations from
more sophisticated models could be helpful to validate
and advance our findings in the future.

4. Discussion and conclusions
This study focused on the seasonality of AMF, which
has important implications for future flood management
and mitigation. We investigated how variable the occurrence dates of AMF are from year to year, how much
of the variability is influenced by the seasonality of annual maximum rainfall, what role soil water storage
plays in flood seasonality, and how these factors may
have changed over the late twentieth century.
For the seasonality of extreme flow events, catchments
in the coastal western United States have almost identical
seasonality and timing of both AMF and AMR, suggesting the dominant control of rainfall events on flood
generation. However, the same is not true in many
catchments east of the Rocky Mountains, where antecedent soil water storage tends to play a more important
role. Generally, catchments with highly correlated (negatively or positively) P and EP have similar seasonality in
AMF and AMR. This finding at the extreme event scale is
similar to the results on intra-annual variability of daily
rainfall and runoff. That is, from daily variability to extreme events, the propagation of the variability from
rainfall to runoff in catchments with strongly synchronous
(negatively or positively) water and energy cycles is
dominated by the climate condition, as the antecedent
storage impact is relatively low. However, the importance
of antecedent soil moisture emerges in catchments with
loosely correlated water and energy cycles. In catchments
with high antecedent storage, the seasonality of floods is
amplified relative to that of extreme precipitation, so
floods exhibit more regular timing than the precipitation
produced by storm events. Using daily and monthly soil
storage from the 13 overlapping catchments between the
Newman et al. (2015) data and MOPEX data produced
consistent results.

2007

Comparing the flood seasonality before and after
1980, we find that not many catchments exhibited significant shifts. However, a change in flood magnitude is
detected more broadly, similar to the trend identified in
Canada (Cunderlik and Ouarda 2009). Furthermore, the
influence of antecedent soil storage is evident throughout the period: catchments with increases in seasonality
of AMF generally also showed increases in antecedent
soil moisture, while catchments with reduced flood
seasonality are associated with reduced antecedent water storage and increased rainfall. Thus, analysis of the
temporal shifts supports our findings of the impacts of
antecedent storage and event rainfall on the flood seasonality and the causal connection between precipitation and flood seasonality. This also validates our
choice of flood seasonality rather than mean flood date
as the signature to reveal not only the potential controls
of flood generation but also the potential changes in
climate and hydrology.
Given that many catchments do not display significant
changes in flood seasonality, exploring the contributions
of climate change and human activities to the small subset
of catchments with statistically significant changes would
be challenging. However, our findings of the role of antecedent storage and event rainfall on the flood seasonality can provide useful insights for understanding future
changes projected by models. In a warmer climate with
atmospheric precipitable water increasing by about
7% 8C21 on the basis of the Clausius–Clapeyron relation,
heavy rainfall events are projected to be more frequent
and intense (e.g., Kendon et al. 2014; O’Gorman 2015).
At the same time, the larger warming over land relative to
the ocean increases water vapor deficit and aridity
(Sherwood and Fu 2014). Based on the roles of antecedent water storage and event rainfall in governing flood
seasonality, as elucidated by our analyses over the United
States, as well as previous findings from analyses of
catchments across the world (Cunderlik and Ouarda
2009; Berghuijs et al. 2016), future trends of increased
rainfall intensity and reduced antecedent soil water
storage may both contribute to reduction of flood seasonality, as already observed in some MOPEX catchments in recent decades. All of these changes may further
challenge the management of water resources and flood
risks in the future. The analyses on flood event seasonality
presented in this study could help provide information on
the possible shifts in flooding patterns and flood generation mechanisms under a changing environment.
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