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Abstract: The Missouri River Basin is the largest single river basin in the United States, and, as
such, it plays an important role in natural ecosystems as well as the country’s economy, through
agriculture, hydroelectric power generation, and transportation. Episodes of heavy precipitation
can have a substantial negative impact on all these aspects of the basin, so understanding how
well these episodes are simulated and projected to change in the future climate is important. We
analyzed contemporary and projected mid-century behavior of heavy-precipitation episodes using
an object-oriented analysis to diagnose short-term (≥5-day) and extended-period (≥30-day) events
with substantial precipitation, using PRISM gridded, observed precipitation and RegCM4 regional-
climate simulations that used outputs from two different GCMs for boundary conditions. The
simulations were produced for the North American portion of the CORDEX program. A 25 km
grid was used for the simulations and for aggregated PRISM precipitation. Overall, the simulated
contemporary-climate events compared favorably with the PRISM events’ frequency and duration.
The simulated event areas tended to be larger than the areas in the PRISM events, suggesting that
the effective resolution of the simulations is greater than 25 km. Event areas and durations change
little going from contemporary to scenario climate. The short-term events increase in frequency by an
amount commensurate with the increase in mean precipitation simulated for the basis. However, the
extended-term events showed little change in frequency, despite the average precipitation increase.
Roughly half the extended-period events overlapped with at least one short-term event in both the
observations and the simulations. Extended-period events that overlap a short-term event generally
have larger areas and longer durations compared to their counterparts with no overlapping short-
term events. Understanding the climate dynamics yielding the two types of extended-period events
could be useful for assessing future changes in the Missouri River Basin’s heavy precipitation events
and their impact.

Keywords: heavy precipitation events; Missouri River watershed; contemporary climate; scenario climate

1. Introduction

The Missouri River Basin (Figure 1) is the largest single river basin in the United
States. It includes over 25 Native American tribal lands and parts of 10 U.S. states and
2 Canadian provinces, with an area over 1.3 million km2 [1]. The Missouri River itself is
over 4000 km (2500 miles) long from its nexus in Montana to the basin mouth at Hermann,
Missouri, where its average monthly flow is approximately 2800 m3s−1 [2]. The basin
plays an important role in many natural and human systems, such as wetlands, waterfowl
migration, agriculture, hydroelectric power, transportation, recreation, and general water
resources, all of which contribute to the economic activities of the region. Agriculture in
the basin, for example, provides nearly half of U.S. wheat production, as well as substantial
amounts of corn and soybeans [1].
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Figure 1. The Missouri River Basin. Basin shapefile courtesy of the U.S. Geological Survey [3]. 

Because of its geographic location, with proximity to mountain ranges, lakes, dry 
plains, and oceanic gulfs, as well as its temperate continental climate, the basin experi-
ences substantial variability between drought and flooding conditions. In that context, ep-
isodes of heavy precipitation can have substantial impact through habitat degradation, 
flooding, crop loss, and other economic disruption. Although there is extensive literature 
on heavy precipitation for many parts of the world, including projected changes in future 
precipitation (e.g., [4] and references therein), there have been few comprehensive studies 
of the hydroclimate of this basin [2]. Seneveratne et al. [4] assessed the available literature 
on projected changes in heavy precipitation for North America as a whole and for the 
continent subdivided into six broad regions (their Table 11.20). However, these regions 
cross boundaries of large watersheds such as the Missouri River Basin and lack focus on 
the projected climate changes for this basin. In the work reported here, we contribute to 
filling the research shortcoming noted by Wise et al. [2] by examining the climatology of 
substantial-precipitation events in the contemporary and projected future climate. 

Specifically, we examine short-term (≥5-day) and extended (≥30-day) periods of sub-
stantial precipitation, both of which can alter water flow and water resources in the basin. 
Such events may be viewed as climate-impact drivers, defined as “physical climate system 
conditions (e.g., means, events, extremes) that affect an element of society or ecosystems 
and are, thus, a priority for climate information provision” [5]. We achieve this by diag-
nosing short-term and extended-period precipitation events using an object-oriented 
methodology to identify the events. This type of analysis complements the more com-
monly reported regional percentile exceedances and intensity–duration–frequency curves 
[4]. The event-based analysis allows us to assess the frequency, spatial extent, duration, 
and other characteristics of these events in observations and regional climate simulations. 
We compare observed and simulated characteristics for a contemporary period to assess 
model performance and present changes in the event characteristics under a future sce-
nario. 

  

Figure 1. The Missouri River Basin. Basin shapefile courtesy of the U.S. Geological Survey [3].

Because of its geographic location, with proximity to mountain ranges, lakes, dry
plains, and oceanic gulfs, as well as its temperate continental climate, the basin experi-
ences substantial variability between drought and flooding conditions. In that context,
episodes of heavy precipitation can have substantial impact through habitat degradation,
flooding, crop loss, and other economic disruption. Although there is extensive literature
on heavy precipitation for many parts of the world, including projected changes in future
precipitation (e.g., [4] and references therein), there have been few comprehensive studies
of the hydroclimate of this basin [2]. Seneveratne et al. [4] assessed the available literature
on projected changes in heavy precipitation for North America as a whole and for the
continent subdivided into six broad regions (their Table 11.20). However, these regions
cross boundaries of large watersheds such as the Missouri River Basin and lack focus on
the projected climate changes for this basin. In the work reported here, we contribute to
filling the research shortcoming noted by Wise et al. [2] by examining the climatology of
substantial-precipitation events in the contemporary and projected future climate.

Specifically, we examine short-term (≥5-day) and extended (≥30-day) periods of
substantial precipitation, both of which can alter water flow and water resources in the
basin. Such events may be viewed as climate-impact drivers, defined as “physical climate
system conditions (e.g., means, events, extremes) that affect an element of society or
ecosystems and are, thus, a priority for climate information provision” [5]. We achieve this
by diagnosing short-term and extended-period precipitation events using an object-oriented
methodology to identify the events. This type of analysis complements the more commonly
reported regional percentile exceedances and intensity–duration–frequency curves [4].
The event-based analysis allows us to assess the frequency, spatial extent, duration, and
other characteristics of these events in observations and regional climate simulations. We
compare observed and simulated characteristics for a contemporary period to assess model
performance and present changes in the event characteristics under a future scenario.

2. Data and Methods
2.1. Observations and Simulations

For precipitation observations, we used the Parameter-elevation Regressions on Inde-
pendent Slopes Model (PRISM; [6]) daily precipitation from January 1981 through December
2000 as our representation of the contemporary climate. We did not include more recent
PRISM data, as the data set began to include radar-based estimates of precipitation starting
in 2002 [6]. In diagnostics that include data from 2002 onward, we have observed a shift
in results starting in 2002, suggesting an inhomogeneity from adding the radar estimates.
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We have, therefore, restricted our PRISM analysis to a period prior to that shift that uses
only station-based observations. PRISM data are provided on a 4 km × 4 km grid. We
aggregated the precipitation data to a 25 km grid to match the simulations’ grid spacing,
using a mass-conserving aggregation scheme [7].

Our model output for daily precipitation comes from two combinations of global
climate models (GCMs), driving a regional climate model (RCM) that produced simulations
for the North American portion [8,9] of the Coordinated Regional Downscaling Experiment
(CORDEX; [10,11]. The Geophysical Fluid Dynamics Laboratory (GFDL) and the Max
Planck Institute for Meteorology (MPI) produced the GCM simulations, driving the RCMs
under the CMIP5 program [12–16]. The Regional Climate Model, version 4 (RegCM4; [17])
produced the RCM simulations, using both GCMs. RegCM4 used 25 km grid spacing to
simulate the period of 1950–2100. The simulation period of 2006–2100 used the RCP8.5
scenario [18].

2.2. Methods

Analysis focused on two twenty-year time periods: contemporary (1981–2000), as
discussed above, and future scenario (2041-2060). We focused on a mid-century rather than
end-of-century period, as planning horizons for much infrastructure and national security
guidance is often within 20–50 years into the future (e.g., [19–21]), so the mid-century period
evaluated here is appropriate from a decision-making perspective. In addition, some have
raised doubts about the viability of an RCP 8.5 scenario through the final decades of the
21st century [22,23]). In addition, global temperature changes through the mid-century
from a variety of RCP scenarios show less sensitivity to the specific scenario compared to
changes toward the end of the century [24,25], suggesting that a focus on the mid-century
is, thus, less dependent on the specific scenario used.

A primary goal of this study was to characterize the occurrence of short-term and
extended-period events of substantial precipitation. We identified events using the object-
oriented analysis Tempest Extremes (TE; [26]). TE was originally developed to track
pointwise features such as topical and extratropical cyclones and tropical easterly waves.
We have adapted TE to identify spatially and temporally continuous features in climate
data that surpass a relevant threshold. We identified such features as events, and, in the
present work, the relevant thresholds are precipitation above pre-defined levels, discussed
in detail below. TE is sufficiently efficient [27] so that we can extract a substantial collection
of events from multi-decadal data sets covering sizeable regions, such as the Missouri River
Basin, and develop a climatology of the targeted events. Further details of TE’s formulation
and coding appear in Ullrich and Zarzycki [26]. To our knowledge, such an approach has
been used only infrequently to evaluate precipitation events of interest (e.g., [28,29]). An
advantage of the approach is that it allows one to diagnose events based on regional climate
characteristics, characteristics that potentially might be defined by stakeholder-relevant
impactful events that do not clearly fit more standard hydroclimate metrics, such as return
periods for extreme events or percentile exceedances.

To ensure that an object has some degree of space-time continuity that the models
can resolve, we required an object to have at least four adjacent grid points in the space-
time domain. We assumed that all diagnosed objects were events produced by the same
hydroclimatic dynamics in the region. We can identify several characteristics for these
events: location, duration, areal extent, and intensity above the pre-defined threshold. We
examined the collection of all events for their frequency of occurrence and distribution of
properties, thus arriving at a climatology of the targeted event types.

For our analysis of periods of substantial precipitation, we computed 5-day (short-
term) running sums and 30-day (extended-term) running sums from our precipitation
sources, using moving 5-day and 30-day windows that shifted the summation forward
by 1 day to get a sequence of 5-day and 30-day sums. Here, we view the duration of an
extended-period event as the number of successive days that the cumulative precipitation
in the moving 30-day window exceeds a designated threshold. Similarly, the duration
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of a short-term event is the number of successive days that the cumulative precipitation
in the moving 5-day window exceeds its designated threshold. Our focus is primarily
on extended-term periods of substantial precipitation, but we included the short-term
periods to assess the degree to which our extended-period events are the outcome of an
accumulation of shorter, very wet periods.

Our threshold for identifying events in the 5-day sums was 50 mm and in 30-day
sums was 150 mm. The 5-day threshold was in the upper 5% of precipitation intensity
for 5-day periods with any precipitation in the observations diagnosed here. The 30-day
threshold was above the 75th percentile of monthly precipitation values for the period of
1912–2011 in a Lower Missouri River Basin defined by Wise et al. [2], except for June, for
which the 75th percentile was approximately 155 mm. Most other months in their data have
at least occasional years exceeding 150 mm. The threshold is well above the 75th percentile
for the Upper Missouri River Basin, defined by Wise et al. [2], though occasional outliers
do exceed that level. Our moving, 30-day window also allowed identifying events that
straddle monthly boundaries. For monthly diagnostics that we present here, we associate
an event with the month containing the first day of the event’s duration.

3. Results
3.1. Extended-Period Events

Figure 2 shows the number of extended-period events for each of our 20-year periods
and data sources. Simulation frequencies for the contemporary climate are similar to the
PRISM frequencies, within ~5%. The frequencies changed little with the climate change.
The simulations’ event areas in the contemporary climate are also similar to the PRISM
areas (Figure 3). The simulations’ median areas are about 30% larger than the PRISM
observation’s median area. The simulations also have a skewing toward larger areas at the
90% level compared to the PRISM observations. These features imply that the effective
resolution of the simulations is somewhat larger than the 25 km grid spacing used by the
regional model. As with event frequency, the distribution of median event areas changes
little with the climate change examined here. Event durations in the simulations (not
shown) agree to within a few percent with the durations of observed events and, again,
with little change as the climate changes. The nearly unchanging event areas and durations
in the scenario versus contemporary climates suggest that the driving dynamics for these
events do not change with climate change.
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The spatial distribution of event frequencies appears in Figure 5, which shows the 
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tions and the simulations show a skewing toward the southeast corner of the basin, which 
is the part of the basin closest to a major moisture source for the region, the Gulf of Mexico, 

Figure 2. The number of (A) extended-period events and (B) short-term events for each of the
20-year periods analyzed. The observation-based number from PRISM is in black. The numbers
from GFDL-RegCM4 simulations are in blue, with contemporary climate in dark blue [GFDL-R(C)]
and with scenario climate in light blue [GFDL-R(S)]. The numbers from MPI-RegCM4 simulations
are in red, with contemporary climate in dark red [MPI-R(C)] and with scenario climate in light red
[MPI-R(S)].
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Figure 3. Box-and-whisker plots giving the distribution of areas for (A) extended-period events and
(B) short-term events. Area is the number of grid points an event covers averaged over the event’s
duration. The layout and color scheme for each of the data sources follows Figure 2. The median
of a distribution gives the middle line in a box, with the 25% and 75% levels giving the lower and
upper ends of a box. The lower whisker is the 10% level, and the upper whisker is the 90% level of
the distribution.

The extended-period events have an annual cycle (Figure 4) that peaks in late spring
(May) for the observations and all simulations. The frequencies decrease through the
summer (June–August) and are relatively flat through autumn (September–November) and
winter (December–February). The annual cycle of the extended-period events resembles
the annual cycle of precipitation in the basin [2], though the overall precipitation peaks in
June rather than May.
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The spatial distribution of event frequencies appears in Figure 5, which shows the
percentage time that a grid point is part of an extended-period event. Both the observations
and the simulations show a skewing toward the southeast corner of the basin, which
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is the part of the basin closest to a major moisture source for the region, the Gulf of
Mexico, and the portion of the basin that tends to have the warmest temperatures [30]. The
contemporary-climate s mulations show some areas of higher frequency that do not appear
in the observations, most notably in the mountainous regions of the basin where the states
of Idaho, Montana, and Wyoming meet. The reason for this discrepancy is not clear, though
the higher frequencies of simulated events compared to observed frequencies in July and
August suggests that persistent mountain-generated precipitation may be a cause. Figure 5
also shows no substantial change in event frequencies between contemporary and scenario
climates in each model; the frequency patterns remain largely the same in the two climates.
Because events are skewed toward the warmest location of the basin, it is noteworthy that
a warmer climate with more overall precipitation for the basin in the future scenarios [8]
does not yield more frequent extended-period events.
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3.2. Short-Term Events

The short-term events show features similar in character to the extended-period events.
The simulated contemporary frequencies are within a few percent of the observed frequency
(Figure 2), though the short-term event frequencies do increase in the scenario climate by
about 6–11%, unlike the extended-period events. This increase is similar to the increase
in average precipitation across the basin for these two simulations [8]. Similar to the
extended-period events, their median areas are about 30% larger than the observed median
area, although, unlike the extended-period events, the short-term events do not show
skewing toward larger areas at the 90th percentile relative to the PRISM areas. Similar
to the extended-period events, the short-term median event areas change little going to
the scenario climate. As with the extended-period events, short-term event durations in
the simulations (not shown) agree to within a few percent with the durations of observed
events and change little as the climate changes.

3.3. Overlapping Extended-Period and Short-Term Events

Of interest is how much the extended-period and short-term events might influence
the occurrence and features of each other. The threshold for the short-term events, 50 mm,
means that any short-term event provides at least one third of the precipitation that must
accumulate over a 30-day period to yield an extended-period event. Any short-term event
can thus provide a foundation for an extended-period event. The short-term events tend to
have areas 2–3 times larger than extended-period events (Figure 3), so the occurrence of a
5-day event for some grid points does not guarantee the points will be embedded in an
extended-period event. Instead, roughly half of the extended-period events overlap with at
least one short-term event (Table 1). When overlap does occur, over three quarters of the
time, only one short-term event contributes to the extended-period event (Table 1). There
are, thus, two general categories, with roughly equal frequency, of extended-period events:
those linked to a short-term event and those with no associated short-term event.

Table 1. Extended-period events containing overlaps with short-term events.

Source Events with Overlap [%] Fraction of Events Overlapping
Only 1 Short-Term Event [%]

Fraction of Events Overlapping
≥2 Short-Term Events [%]

PRISM 51 80 20

GFDL-R(C) 49 80 20

GFDL-R(S) 50 78 22

MPI-R(C) 51 76 24

MPI-R(S) 54 76 24

The extended-period events that overlap with a short-term event tend to have a
substantially larger area and duration (Figures 6 and 7). The foundation provided by the
short-term event occurring during an extended-period event may be viewed as yielding
larger and longer lasting extended-period precipitation events. About 45% of the short-term
events have an overlap with the extended-period events, and these events also tend to
be larger and longer lasting than the short-term events occurring independently of an
extended-period event. The intensity of precipitation within the short-term and extended-
period events with overlap is also substantially greater than in their corresponding events
with no overlap (e.g., Figure 8). The overall behavior indicates that periods when the events
overlap are periods with especially substantial precipitation that covers relatively larger
areas. The annual cycle of overlap frequency (not shown) is similar to the annual cycle
of extended-period events appearing in Figure 5, suggesting that the differences in event
characteristics are not due to seasonal differences between episodes of overlapping events
and episodes of non-overlapping events. Rather, the results suggest different hydroclimate
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dynamics are occurring when extended-period events have short-term events of high
precipitation embedded in them.
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4. Summary and Conclusions

We have used an object-oriented diagnostic method to analyze short-term and extended-
period events with substantial precipitation in the Missouri River Basin for contemporary
and future scenario climates simulated by the regional model RegCM4, using 2 different
GCM simulations for boundary conditions and 25 km grid spacing. The object-oriented
approach allows us to define specific object types that we then consider our events of
interest. The short-term events occur when cumulative precipitation exceeds 50 mm in a
5-day window that moves forward with time in 1-day increments, and these events are in
the upper 5% of precipitation intensity for 5-day periods with any precipitation. Similarly,
the extended-period events occur when cumulative precipitation exceeds 150 mm in a
30-day window that moves forward with time in 1-day increments. The extended-period
precipitation events are in the upper 25% of all precipitation events for the extended-
period events, thus representing periods of substantial precipitation. This analysis includes
comparisons with corresponding events produced by the observational PRISM data set,
aggregated to a 25 km grid.

Events of both types produced by the simulations of the contemporary climate agree
well with PRISM events for frequency and duration of the events, within about 5%. Sim-
ulated events in the contemporary climate have median areas that are ~30% larger than
the PRISM events for both the short-term and extended-period events. The simulated
contemporary events also tend to be skewed toward larger areas at higher percentiles,
suggesting that the effective resolution of the RCM simulations is somewhat coarser than
25 km. Results using either driving GCM are similar, indicating that differences from the
PRISM results are attributable to the RCM used rather than the GCM boundary conditions
for the two GCMs used here.

Spatial distributions of the extended-period events are similar in observations and
contemporary-climate simulations, except for some differences in the northwestern moun-
tainous part of the basin. Otherwise, the highest frequencies are concentrated to the
southeastern end of the basin, which is the part closest to a major source of atmospheric
water, the Gulf of Mexico, and where temperatures are generally warmer, which can allow
for more precipitable water. Despite this skewing toward the warmest part of the basin in
both contemporary and scenario climates, and even though the warmer scenario climate
has more overall precipitation for the basin, the extended-period events do not become
more frequent.

The extended-period precipitation events are more frequent in observations and
contemporary-climate simulations during the warmer months of April–September and
substantially less frequent during the colder months of October–March. However, although
the observations and the contemporary-climate simulations have similar frequencies, the
simulations have a larger amplitude to their annual cycle than the observations; the sim-
ulations, thus, give more production of extended-period precipitation events in warmer
conditions than do the observations, in contrast to a lack of frequency increase when the
climate overall warms.

The short-term, heavy-precipitation events increase in frequency in the warmer sce-
nario climate to an amount consistent with the mean precipitation in the simulations. This
increase in such a climate-impact driver (as defined by [5]) indicates the potential for
substantial impact on how water is managed in the basin in the future climate. Studies with
surface hydrology and agriculture models could provide important guidance on appro-
priate responses to the changing climate in a watershed that makes substantial economic
contributions. In addition, further exploration with more GCM-RCM combinations would
help discern model-dependent event behavior, especially when projecting future changes.
Using boundary conditions from multiple realizations by one GCM (so-called single-model
initial condition large ensembles or SMILES; [31]) could help separate the climate change
signal from a region’s unforced hydroclimate variability.

In contrast to the short-term events, the extended-period events are remarkable for
showing no increase in frequency. A factor to be explored further would be why the
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frequency of these events is nearly constant, despite the increase in overall precipitation.
For both the short-term and extended period events, event areas and durations change
little with the climate change, indicating that the controlling dynamics for both remains the
same as the climate changes.

Considering the relationship between the short-term events and the extended-period
events, in both the observations and all simulations, about half of the extended-period
events have at least one short-term event occurring in them. Most often, only one short-term
event overlaps an extended-period event. Overlapping events generally have greater area
and longer duration than their non-overlapping counterparts. The short-term and extended-
period events that overlap indicate that both are products of periods with substantial
precipitation. There is, thus, a contrast with the non-overlapping events, which are more
spatially confined and endure for shorter periods. An analysis of the climate dynamics
that might distinguish between overlapping and non-overlapping extended-period events
might be useful for understanding how and why these 2 types of extended-period events
with substantial precipitation, generally 75th percentile or greater, occur.
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