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ABSTRACT

Floods in the Mississippi basin can have large negative societal, natural, and economic impacts.
Understanding the drivers of floods, now and in the future, is relevant for risk management and infrastructure-
planning purposes. We investigate the drivers of 100-yr-return lower Mississippi River floods using a
global coupled climate model with an integrated surface water module. The model provides 3400 years of
physically consistent data from a static climate, in contrast to available observational data (relatively short
records, incomplete land surface data, transient climate). In the months preceding the model’s 100-yr floods,
as indicated by extreme monthly discharge, above-average rain and snowfall lead to moist subsurface
conditions and the buildup of snowpack, making the river system prone to these major flooding events. The
meltwater from snowpack in the northern Missouri and upper Mississippi catchments primes the river system,
sensitizing it to subsequent above-average precipitation in the Ohio and Tennessee catchments. An ensemble
of transient forcing experiments is used to investigate the impacts of past and projected anthropogenic climate
change on extreme floods. There is no statistically significant projected trend in the occurrence of 100-yr
floods in the model ensemble, despite significant increases in extreme precipitation, significant decreases in
extreme snowmelt, and significant decreases in less extreme floods. The results emphasize the importance
of considering the fully coupled land-atmosphere system for extreme floods. This initial analysis provides
avenues for further investigation, including comparison to characteristics of less extreme floods, the sensitivity
to model configuration, the role of human water management, and implications for future flood-risk
management.

1. Introduction Furthermore, many flood-vulnerable areas in the catch-
ment are occupied by people and property (Galloway
1995). Anomalous Mississippi River runoff also in-
fluences hypoxia conditions in the Gulf of Mexico, im-
pacting U.S. fisheries (Rabalais et al. 1998; Donner and
Scavia 2007). For these reasons, flood events pose a risk
for U.S. society and create a need for comprehensive
studies that investigate the characteristics of such events,
now and in the future.
The basin’s main vulnerability to flooding arises from
the risk of river flooding, which occurs when the amount
Denotes content that is immediately available upon publica-  of surface runoff from a catchment into a river or stream
tion as open access. exceeds the channel capacity. In such cases, the water
overflows river banks and floods lower-lying land areas.
Corresponding author: Karin van der Wiel, wiel@knmi.nl Many factors determine when and where river flooding

The Mississippi-Missouri River system (hereafter re-
ferred to as the Mississippi River) is one of the largest
river systems in the world. Its basin area covers 41% of
the contiguous United States and parts of 31 U.S. states
(Fig. 1a; Changnon 1998; Wallenfeldt et al. 2015). Eco-
nomically, the region is of U.S. national importance
because, among other reasons, the majority of U.S. ag-
ricultural production originates there (Foley et al. 2004).
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FIG. 1. (a) Mississippi River basin, colored by hydrological units: Missouri, upper Mississippi, Ohio (northern
units, from west to east), Arkansas—White-Red, lower Mississippi, Tennessee (southern units, from west to east).
(b) Mississippi River as simulated in the FLOR GCM: darker blue colors show larger discharges and the red line
indicates the latitude of the gauge at Tarbert Landing, MS, in the real world. (c) Annual cycle of river discharge at
Tarbert Landing as observed (light blue) and as simulated in the FLOR GCM (dark blue; shading shows range of
individual ensemble members). Dashed lines show the annual mean value. (d) Annual distribution of simulated
extreme river discharge events, for 1-, 5-, 20-, and 100-yr return events. Red stars indicate values for the 5-yr return
event in observed river discharge. (¢) As in (c), but for southeast basin total precipitation. (f) Asin (c), but for basin

total snowpack.

occurs: basin characteristics (e.g., size, topography, soil
type), preexisting land conditions (e.g., soil moisture con-
tent, total water in the river system, snowpack), fluxes
of water (e.g., rainfall, snowfall, evaporation, snowmelt),
human decision-making (e.g., land use, river management,
engineering structures), and interactions among all of
those factors (e.g., Kunkel et al. 1999; De Michele and
Salvadori 2002; Merz and Bloschl 2003; Pinter et al. 2006;
Tramblay et al. 2010). River systems connect large areas
of land, so local flooding may be the result of conditions
upstream or downstream.

The Mississippi River has historically experienced
large floods, produced by a variety of natural causes. The
largest floods in the last century occurred in 1927, 1937,
1973, and 2011; these resulted principally from heavy

rainfall in the lower Mississippi and Ohio River basins
(Lott and Myers 1956; Myers 1959; Smith and Baeck
2015). Previous research has linked anomalously large
water vapor transport from the Gulf of Mexico to the
continental United States at monthly time scales to ex-
treme flooding events (Smith and Baeck 2015; Benedict
et al. 2018). Furthermore, land conditions may prime
the river system and make a catchment more susceptible
to flooding; for example, frozen soil limits the infiltration
capacity of the soil leading to a larger fraction of snow-
melt or precipitation becoming surface runoff, potentially
causing flooding (Cherkauer and Lettenmaier 1999;
Bayard et al. 2005). Floods in the northern Mississippi
basin are mostly snowmelt dominated (Camillo 2012;
Olsen et al. 1999).
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Understanding the characteristics, magnitude, and
frequency of floods is vital for flood-risk management.
Such information is used when planning land use in flood
plains, both for agriculture and buildings. Infrastructure
projects, for example, bridges or dams, are built under
specific assumptions of river flooding statistics (Hodgkins
et al. 2017). Extreme flooding events with long return
times are of special interest, as flood defenses and other
manmade structures are often designed to withstand such
events. The 100-yr event that is primarily studied here is
a representative choice: it has a 1% annual chance of
occurring. It is of societal relevance as it has been chosen
by the U.S. Federal Emergency Management Agency
(FEMA) to define flood-hazard areas and to communi-
cate flood risk to U.S. citizens (FEMA 2017).

Under climate change, flood-risk management is a
moving target, given changes in meteorological and land
conditions that lead to flood events. Future conditions
have to be taken into account when planning new
buildings or infrastructure projects. It is not clear a priori
whether flood risk will increase, decrease, or remain
constant. Flood maps therefore have to be regularly
updated to reflect changing probabilities. For observed
mean Mississippi discharge, increasing trends are re-
ported (Zhang and Schilling 2006; USGCRP 2017).
However, the river exhibits decadal variability related to
El Nifio-Southern Oscillation and the Atlantic multi-
decadal oscillation, which complicates trend analysis
on relatively short records (Munoz et al. 2018), and
evolving human river management masks flood risk
changes due to natural causes or climate change (Zhang
and Schilling 2006; Munoz et al. 2018; George 2018).
Modeling studies show varying trends in river discharge
for basins globally; for the Mississippi River, most
report a slight decrease of mean flow and flood risk (e.g.,
Nijssen et al. 2001; Milly et al. 2002; Arnell 2003; Aerts
et al. 2006; Zhang and Schilling 2006; Hirabayashi et al.
2013; Van Vliet et al. 2013).

To explore the atmospheric and land surface drivers
of extreme lower Mississippi River flood events, we
use a fully coupled global climate model (GCM) in the
current study. A model approach is useful to comple-
ment empirical studies because observational data series
do not cover sufficiently long periods to investigate the
multitude of causes of the most extreme floods. Crucially,
the land component of the GCM used here includes a
surface water (river and lake) module. Interactions be-
tween land, atmosphere, ocean, and cryosphere are
therefore explicitly modeled, including their effects on
river discharge amounts. The novel GCM approach in the
current study allows us to select events by a variable very
closely related to societal impacts—extreme high river
discharge—and investigate the associated forcing from
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land and atmosphere in a physically consistent, global
system. This approach is fundamentally different from a
purely meteorological approach (i.e., the investigation of
the rain events that have been previously linked to flood
conditions), and also differs from a sequential model
approach (i.e., forcing a hydrological model with climate
data). Our impact-based approach guarantees the highest
discharge events are investigated, independent of the
processes that cause them, and allows for an analysis of
the interaction among all variables influencing extreme
river discharge.

The GCM provides a complete water budget closure,
allowing for long experimental integrations and un-
derstanding of how seasons in advance of a flood event
may contribute to flood risk. In regional climate models
or integrations of land surface models forced by mete-
orological boundary conditions there is no closure of
the water budget, and this can be an issue when land-
atmosphere feedbacks or processes on long time scales
are studied (Milly and Dunne 2017). A model approach
also has disadvantages, most notably that biases in mod-
eled fields may impact findings, and parameterization
schemes may misrepresent important processes. Though
GCMs undergo constant improvements, the surface
water module used here is simpler than state-of-the-art
hydrological models. The presented results must there-
fore be considered with model limitations and biases in
modeled fields in mind. We evaluate model biases and
discuss their impact and consequences in the paper.

By prescribing time-varying atmospheric concentra-
tions of greenhouse gases, ozone and aerosols (both
volcanic and anthropogenic), and solar variations, we
investigate the impact of anthropogenic climate change
on river floods. The climate change response of snow-
melt (likely decreasing, earlier melt; Nijssen et al. 2001;
Kapnick and Delworth 2013) and extreme precipitation
(likely increasing; O’Gorman 2015; Van der Wiel et al.
2016) may have opposite effects on extreme river dis-
charge. The GCM and impact-based approach used here
allows us to investigate the total effect of climate change
on Mississippi River flooding.

We select events with extreme high monthly mean
river discharge. Note that, though a river basin acts to
integrate weather events over space and time into a
common discharge variable, instantaneous discharge
peaks exceed monthly discharge peaks (Fig. 2). Here,
given the significant correlation between daily dis-
charge peaks and monthly mean values (r = 0.94), it is
assumed that extreme high monthly mean values are
a good indicator for flood conditions. However, indi-
vidual weather events cannot be directly linked to var-
iations in discharge. Our analysis provides information
regarding the physical mechanisms that cause discharge
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FIG. 2. Scatterplot of monthly mean river discharge and monthly
maximum river discharge based on daily values (FMA only). Ob-
served data for Tarbert Landing, 1930-2016.

variability at monthly time scales. This contributes to-
ward understanding the atmospheric and land forcing of
extreme Mississippi flooding; further work is needed to
investigate the characteristics of discharge variability at
shorter time scales.

In this paper we focus on major Mississippi River
flood events in the GCM, as defined by extreme high
monthly mean river discharge (discharge exceeding the
level associated with a mean return period of 100 years)
at a location near the river mouth. We investigate three
aspects of the problem: 1) the atmospheric and land
processes that lead to extreme high discharge events
in a preindustrial climate, 2) potential predictability of
those extreme high discharge events, and 3) changes
in Mississippi extreme high discharge events due to
anthropogenic climate change. The remainder of this
paper is organized as follows: the coupled GCM and
experimental design are described in section 2, followed
by a description of the analysis methods and model
biases in section 3. The climatic characteristics of Mis-
sissippi extreme high discharge events in the model are
described in section 4, an assessment of predictability of
high discharge events in the model is given in section 5,
and potential changes due to global warming are dis-
cussed in section 6. Section 7 provides a summary and a
final discussion.

2. Model and experiment description

We used the National Oceanic and Atmospheric
Administration (NOAA) Geophysical Fluid Dynamics
Laboratory (GFDL) Forecast-Oriented Low-Ocean
Resolution (FLOR) fully coupled GCM. FLOR is built
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from relatively high-resolution atmosphere and land
components (0.5° X 0.5° global grid), coupled to lower-
resolution ocean and sea ice components (1° X 1° global
grid). FLOR was built from two widely used GFDL
models: the low-resolution CM2.1 (Delworth et al. 2006)
and the high-resolution CM2.5 (Delworth et al. 2012).
Slight differences exist between the components of FLOR
and those in CM2.1/CM2.5, and these are described in
more detail in Jia et al. (2015) and Van der Wiel et al. (2016).
Here we used the flux-adjusted version of FLOR (Vecchi
et al. 2014). Atmosphere-to-ocean fluxes of momentum,
enthalpy, and freshwater are artificially adjusted to bring
the model-simulated sea surface temperature and the wind
stress felt by the ocean closer to observed fields. Once
coupled, the flux adjustments are interannually constant
and independent of the state of the model climate system.
The full adjustment procedure is described in Vecchi
et al. (2014).

The land model component of FLOR is a variant of the
LM3.0 described by Milly et al. (2014). It includes in-
teractive vegetation cover (as in Shevliakova et al. 2009),
snowpack, subsurface freeze-thaw, groundwater, and
surface waters. Rainfall and snowmelt either infiltrate or
run off, depending on soil wetness and thermal state. That
which infiltrates is stored for variable amounts of time
until it is released as subsurface runoff to join the surface
runoff and enter the surface water system. The surface
water module transports the runoff through grid-scale
river reaches and lakes to the ocean; the Mississippi
River as simulated in FLOR is shown in Fig. 1b. There
is generally a time lag between precipitation and down-
stream discharge. The time lag is a result of multiple
stores: snowpack, soil water, groundwater, and lake and
river water. A water balance for the system (excluding
snowpack) can be expressed as

R+S=(Py. —E)+SM, 1)

in which Py is nonfrozen precipitation, E is evapotrans-
piration from soil, SM is snowmelt rate, R is runoff, and S is
storage in the subsurface. The presence of S means that
runoff is not contemporaneous with Py or SM.

The study was based on two types of experiments,
each with a distinct aim. First, the model was integrated
for 3500 years using constant atmospheric composition
and land-use conditions as in the year 1860 (the 1860
control experiment). The first 100 years of the control
experiment were removed to allow for model spinup.
The remaining 3400 years were used to analyze extreme
Mississippi high discharge events in a stationary climate.
There is no forced variability in this experimental setup,
so all variability in the experiment is the result of in-
ternal climate variability. It is assumed that slow model
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drift, caused by top-of-the-atmosphere radiative dis-
equilibria and slow ocean adjustments, has limited im-
pact on the results. This 1860 control experiment allows
for investigation of the characteristics of flooding events
in a stationary climate, enabling us to identify mecha-
nisms without the results being clouded by possible
changes due to anthropogenic climate change. The ex-
periment was previously used to study other aspects of
the climate, for example, U.S. heat waves (Jia et al.
2016), eastern Pacific tropical cyclones (Murakami et al.
2017), and extreme precipitation in the United States
and India (Van der Wiel et al. 2017; Krishnamurthy
et al. 2018).

Our experiences in the real world, and the full ob-
servational record, represent a post-1860 transient cli-
mate. Therefore, we use a second transient forcing
model experiment in which time-varying atmospheric
greenhouse gases, ozone, and aerosol concentrations
were prescribed (Jia et al. 2016). The aim of this ex-
periment was to investigate the response of Mississippi
high discharge events to historic and future projected
atmospheric compositions and to provide a dataset that
could be directly compared to the observed record (e.g.,
Figs. 1c-f). An ensemble of five model integrations from
1861 t0 2100 (in total 1200 years of data) was used to find
potential changes in return times of the high discharge
events and investigate potential changes of river water
sources. Years 101, 121, 141, 161, and 181 from the 1860
control experiment were used to provide initial condi-
tions for these integrations. Model years 1861-2005 used
historical forcing, and projected forcing in model years
2006-2100 was based on representative concentration
pathway 4.5 (RCP4.5; Van Vuuren et al. 2011).

The exceptional length of the model integrations
means that the most extreme events are explicitly
modeled, and their characteristics can be investigated
without having to rely on statistical formulations of the
tail of the distribution. It is important to create an ade-
quate sample of major discharge events, as different
events may be caused by different mechanisms. Also,
it is unlikely that a 100-yr flooding event occurs once
every 100 years. In Fig. 3a we show that the estimate of
the extreme discharge magnitude indeed converges for
longer time series. Though the median estimate is very
close to the best estimate for all calculations, the range
of possible estimates decreases rapidly for longer in-
tegrations. For time series of 500 years in length, the
estimate varies between 4.96 and 6.00 X 10°m’day ',
and for time series of 2000 years in length the range
decreases to 5.22-5.54 X 10°m’day~'. The chance of
underestimating (potentially leading to a false sense
of security) or overestimating (potentially leading to
unnecessary adaptation and management expenses)
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FIG. 3. Estimated magnitude of extreme high discharge events of
a chosen return period based on samples of different lengths from
the 1860 control experiment. Samples were created by means of
bootstrapping X years (x axis) from the full experiment. Blue shading
indicates the full range of estimates (lighter) and the interquartile
range (darker), and the red line indicates the median estimate. Shown
are (a) events of average 100-yr return period and (b) events of
average 5-yr return period. The black dot in (b) shows the estimated
S-yr magnitude based on the 87-yr observational record.

extreme high discharge magnitudes decreases when long
time series are used.

3. Methods

We analyzed high discharge events near the mouth of
the Mississippi River. In the model, we chose the grid cell
where the river crosses 31.25°N (red line in Fig. 1b). This
is the latitude of the gauge at Tarbert Landing, Mis-
sissippi, in the real river. Because the real river bifurcates
north of this latitude, for our observational estimate we
summed the gauged discharges of the Mississippi
River at Tarbert Landing and the Atchafalaya River at
Simmesport, Louisiana."

Based on time series of monthly river discharge, we
defined Mississippi extreme high discharge events as
those occurring during months when river discharge
exceeded a level associated with a chosen return period.

! Data downloaded from http://rivergages.mvr.usace.army.mil/,
gauge IDs 01100Q and 03045Q, accessed 22 August 2017.
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This threshold level is determined for each experiment
separately. The major Mississippi flood events that are
the focus of this study were defined to have an average
return period of 100 years.

To quantify model biases, we first focus on the annual
cycles of river discharge, precipitation and snowpack, and
the timing of flooding events with a lower return period.
The observed record from 1930 to 2016 is not of sufficient
length to adequately sample and characterize the typical
100-yr flooding event (Fig. 3) without complex statistical
extrapolation methods for defining extremes. With the
availability of thousands of years of data from a climate
model, we can explore and characterize extreme events
from model output directly. Therefore, we compare
the seasonal timing of 5-yr events, which can be better
sampled from the available observations. Note that
model biases for low extreme events are not necessarily
comparable to model biases for high extreme events,
since the mechanisms for each may be different.

In the natural environment, flood events have been
linked to high precipitation amounts in the Ohio, Ten-
nessee, and lower Mississippi catchments (the project
design flood, Hypo-Flood 58A; Lott and Myers 1956;
Myers 1959; Olsen et al. 1999; Camillo 2012; Smith and
Baeck 2015). We therefore investigate GCM biases in
precipitation in this region (south of 42.5°N, east of
95.0°W, area gray outlined in Fig. 1b). In the annual
mean, the model has a low bias of 0.39 X 10° m> dayfl,
though the spring peak is stronger than observed
(Fig. 1e).? Furthermore, as stated before, snowmelt has
been linked to causing floods in the north of the basin.
The GCM captures the seasonal cycle of snowpack well,
though the winter peak in February is 16 X 10’ m? lower
than observed (Fig. 1f).?

The precipitation bias, and further model biases (e.g., in
evaporation, timing of melt) or missing processes (e.g., ir-
rigation taking water out of the river system), result in biases
in Mississippi River discharge. Figure 1c shows the annual
cycle of observed combined Mississippi—Atchafalaya River
discharge and the corresponding model discharge. The
model has a 15% lower annual mean value (1.43 versus
1.69 X 10°m*day ') than that observed. The modeled
spring discharge maximum is a month early but of approx-
imately the right strength (0.01 X 10°m®day " difference).
The timing bias may be associated with the spring peak of
modeled precipitation or the neglect of macropore-assisted

2Observed data from the NCEP/Climate Prediction Center
unified gauge-based analysis of daily precipitation over the con-
tiguous United States, covering 1948-2017 (Higgins et al. 2000).

3 Observed snow water equivalent data from National Operational
Hydrologic Remote Sensing Center (2004), covering 2005-17,
accessed 20 April 2018.
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snowmelt infiltration into frozen ground; inclusion of
the latter process substantially removes the bias (Milly et al.
2014). Also of possible relevance is the missing influence
of anthropogenic water resource management (Harmar
et al. 2005; Raymond et al. 2008; Pinter et al. 2010).

Consistent with the early bias in the spring river dis-
charge maximum, 5-yr flooding events in the model oc-
cur on average earlier than those in the real world (green
bars and red stars in Fig. 1d). Furthermore, the occur-
rence of 5-yr events in the model is limited to the months
of January—May, though most events occur in February—
April (FMA). In the observational data, based on a
much smaller sample size (17 vs 680 events), these
events happened from January to June.

In spite of these model biases, we used the FLOR
GCM for the analysis of major Mississippi flooding
events. An analysis of such events based on observa-
tional data is not possible, given the limited length of
reliable river discharge (Fig. 3) and precipitation data.
Furthermore, to our best knowledge, long time series
with sufficient spatial coverage of snowpack, snowmelt,
and other relevant land variables do not exist. As noted
in section 1, the use of a GCM with an integrated surface
water module allows us to analyze extreme events in a
physically consistent framework. In section 7 we will
discuss the validity of our model results in the real world.

We analyzed the land and meteorological conditions
that give rise to flooding events with an average return
period of 100 years. To do so, the 34 most extreme river
discharge events to occur in the 1860 control experiment in
the months FMA were selected. The selection of events
was constrained to a shorter season of flooding to facilitate
comparison against other variables that may have different
annual cycles and annual maxima. The temporal constraint
(months FMA) does not impact the selection of events
much: 97% of the modeled annual 100-yr events (33 of 34)
and 93% of the annual 1-yr events occur in FMA (Fig. 1d).
Composite analysis was performed to analyze the relation
of other climatic variables to the selected 34 events.

The response of extreme river discharge to radiative
forcing was investigated by means of a peak-over-threshold
selection method. Thresholds were determined as before,
based on a chosen average return period in the complete
transient forcing experiment. The change of probability
over time will be noted by means of the risk ratio, the ratio
of probabilities from different years (in the current study
2100 versus 1861):

risk ratio = 2100 )
Piser

A risk ratio close to 1.0 indicates no change in probability
(P2100 = P1ss1), ratios above 1.0 correspond to increased
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a) River discharge Tarbert Landing, MS
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FIG. 4. Time series of monthly mean (a) river discharge at Tarbert Landing, (b) southeast basin total nonfrozen
precipitation, and (c) basin total snowmelt, in gray lines. Only the months February—April are shown, i.e., the time
series shown is FMAFMAFMA. Colored circles in indicate 100-yr return events, selected by river discharge (pink),
precipitation (light blue), or snowmelt (light green). Colored triangles indicate coinciding events of discharge and
precipitation (dark blue), discharge and snowmelt (dark green), or precipitation and snowmelt (orange). Hori-
zontal solid, dashed, dash—dotted, and dotted lines show the value associated with an event of average 1-, 5-,20-, and

100-yr return period, respectively.

risk due to climate change (ps100 > p1ss1), and ratios be-
low 1.0 correspond to decreased risk (p2100 < P1ss1)-

4. Characteristics of 100-yr extreme discharge
events

Based on 3400 years of simulated river discharge in
the 1860 control experiment, the 34 highest discharge
events in the months FMA have been selected (pink
circles and green/blue triangles in Fig. 4a). The mini-
mum discharge amount associated with these 100-yr
events is 5.38 X 10°m’day ' (dotted line in Fig. 4a),
close to a doubling of the climatological spring discharge
maximum (2.76 X 10’ m>day'; Fig. 1c).

We investigate the relationship among extreme
precipitation events, extreme snowmelt events, and
extreme high discharge events by looking at represen-
tative time series. For extreme precipitation a southeast
basin total time series was computed (as in Fig. 1e). As
was done for extreme discharge events, extreme pre-
cipitation events with a mean 100-yr return period in
FMA in this time series have been selected (blue circles
and triangle in Fig. 4b). There is one 100-yr precipitation
event that coincides with a 100-yr discharge event
(marked by a dark blue triangle); the remaining 33
precipitation events neither coincide with nor immedi-
ately precede the largest discharge events. Pink circles
in Fig. 4b show the basin total precipitation amounts
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associated with the largest discharge events selected
from the discharge time series (Fig. 4a). Note that there
are extreme discharge events with high precipitation
values and extreme discharge events with low pre-
cipitation values. Conversely, there are precipitation
events with low discharge values and precipitation
events with high discharge values (blue circles and tri-
angles in Fig. 4a).

This analysis is repeated for a time series of basin total
snowmelt (Fig. 4c). There are 15 coinciding events of
extreme snowmelt and river discharge (dark green tri-
angles in Figs. 4a.c). The other snowmelt events do not
coincide or immediately precede flooding events (green
circles in Figs. 4a,c). There is one coinciding 100-yr event
of extreme precipitation and extreme snowmelt (orange
triangle in Figs. 4a—c).

The mean river discharge of the selected integrated
precipitation events is 3.35 X 10°m®day ' (blue circles
and triangle in Fig. 4a), the mean river discharge of the
selected integrated snowmelt events is 5.35 X 10° m> day
(green circles and triangles in Fig. 4a). Both values are
larger than the climatological spring discharge maximum,
and the mean discharge of the snowmelt events is close to
that associated with 100-yr flood events (5.38 X
10°m?day ).

The above time series analysis was repeated using a
time series of total Mississippi River basin precipitation,
and the results are qualitatively similar (zero coinciding
events precipitation discharge vs 15 coinciding events
snowmelt discharge; figure not shown).

Though the main focus of this paper is on major
Mississippi flooding events with an average return pe-
riod of 100 years, here we briefly investigate high dis-
charge events of a smaller return period. The goal of this
side step is to investigate whether the relationships be-
tween snowmelt and discharge and between precipita-
tion and discharge are comparable for less extreme
events, in order to contextualize the calculated flood
risks from the short observational record. If less extreme
events in the model are fundamentally different from
high extreme events in the model, then understanding
gained from short records might not be suitable for ex-
trapolation to the most extreme events.

Table 1 shows the number of coinciding events for
various combinations of selected extreme events. If one
considers less extreme snowmelt or precipitation events
(of return period 20 or 5 years) to potentially explain the
100-yr discharge events (top three rows), snowmelt re-
mains the biggest contributor. Note that for snowmelt
events smaller than the 5-yr snowmelt, the occurrence
of a major river discharge event is almost excluded. If one
considers 20-yr events for all three time series, again
snowmelt events coincide more frequently with discharge
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TABLE 1. Total number of coinciding events in the time series of
Fig. 4 and percentage of selected extreme high discharge events in
parentheses. Sets of three rows indicate the return period of the
river discharge (RD) event considered; columns represent chang-
ing return periods for the selected P and SM events. The RD-only
values are from Fig. 4.

P and SM events

100-yr 20-yr S-yr
RD: 100-yr events (34)
RD and P 1(3%) 7 (21%) 14 (41%)
RD and SM 15 (44%) 30 (88%) 33 (97%)
RD and P and SM 0 (0%) 7 (21%) 11 (32%)
RD: 20-yr events (170)
RD and P — 12 (7%) 37 (22%)
RD and SM — 101 (59%) 153 (90%)
RD and P and SM — 11 (7%) 31 (18%)

RD: 5-yr events (680)
RD and P — —
RD and SM — —
RD and P and SM — —

107 (16%)
412 (61%)
53 (8%)

events (101 of 170 events) than coinciding precipitation and
discharge events (12 of 170 events). For all discharge events
considered, high snowmelt is a better predictor of high
discharge than high precipitation is. Note that, in the model,
the relative difference between coinciding discharge—
snowmelt events and coinciding discharge—precipitation
events is much higher for extreme flooding events (factor
of 15 for 100-yr floods) than for less extreme flooding events
(factor of 4 for 5-yr floods). This indicates that, in the
model, less extreme high discharge events have different
characteristics than high extreme high discharge events.

Next, we investigate the spatial patterns of various at-
mospheric and land variables for the selected extreme
discharge events. Figure 5 shows the mean for a number
of variables over the selected 34 major flood events.
Figure 6 shows the same composites but for anomalies of
the variables investigated. By design of the selection
method, there is very high discharge in the channel
leading to the river mouth (Fig. 5a); anomalous discharge
exceeds 3 X 10°m>day ! (Fig. 6a). Months of high dis-
charge are characterized by high rain amounts in the
southeast of the basin (Figs. 5b, 6b) and snowfall farther
north (Figs. Sc, 6¢). There is also significant snowmelt in
the north of the basin (Figs. 5f, 6f). Evaporation is below
normal (Fig. 6d), maybe caused by the below-normal
near-surface temperatures (Fig. 61).

Two fluxes of water (nonfrozen precipitation minus
evapotranspiration Pyr — E, and SM) combine to lead to
some combination of storage of water in the subsurface or
on the surface and to runoff (Figs. 5g, 6g), which is input
for the modeled river system [Eq. (1)]. During extreme
discharge events most river water originates in the
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FIG. 5. Composites of the 100-yr high discharge events for (a) river discharge, (b) Pnr, (c) frozen precipitation, (d) E,

(e) Pnr —
shown underneath (e).

Missouri (36%), upper Mississippi (25%), and Ohio (22%)
catchments, the Arkansas—White-Red, lower Mississippi,
and Tennessee contribute much less (7%, 5%, and 5%,
respectively). From the available model data, it is not pos-
sible to determine what fraction of discharge during events
results from Pyr — E and what fraction results from snow-
melt. However, from the composites we find that the flux of
snow meltwater (4.28 X 10°m>day ! in the total basin of
Fig. 5f) exceeds that from Pyg — E (294 X 10°m’day '
in the southeast basin of Fig. Se). The snowmelt
anomalies are greater than the precipitation anomalies
(Figs. 6e,f).

Summarizing, we find that, in the GCM, 100-yr high
discharge events are related to above-average rainfall in
the Ohio and Tennessee catchments and high snowmelt
in the northern Missouri, upper Mississippi, and Ohio
catchments. Greater snowmelt is a better predictor for
extreme river discharge than high precipitation. Note
that the analysis is based on a static 1860 modeled

E, (f) SM, (g) R, (h) accumulated snowpack, and (i) 2-m air temperature. Panels (b)—(g) share the same color bar,

climate. Biases in modeled fields, for example, pre-
cipitation, may affect the results, and failure of soil (and
surface waters) to store a realistic amount of water may
lead to an overestimation of the role of snowmelt in the
northwest of the Missouri catchment. Furthermore, cli-
matic changes since 1860 may have changed the relative
roles of snowmelt and precipitation in extreme floods;
such changes are investigated later in this paper.

5. Predictability of 100-yr extreme discharge events

Next, we investigate cumulative precipitation, the buildup
of snowpack, and cumulative snowmelt throughout the
winter season. The characteristics associated with extreme
high discharge events described in section 4 did not take into
account potential time-lagged effects of precipitation and
snowmelt leading to these events in FMA. Such effects
would enter through the storage term S in Eq. (1). However,
winter meteorological conditions are important for spring
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FIG. 6. As in Fig. 5, but for anomalies relative to the mean seasonal cycle of the same variables.

discharge as their effects can accumulate over time in cer-
tain land variables and make the land surface more or less
susceptible for flooding. This is especially relevant in basins
with accumulation of snowpack.

River discharge in the months leading up to the selected
5- and 100-yr high discharge events is above normal in all
months considered, though within one standard deviation
of interannual variability (Fig. 7a). In March and April,
discharge exceeds one standard deviation. This is a direct
result of the selection and composite method used here.
For the extreme discharge events of interest here (100-yr
return time) anomalous high discharge conditions con-
tinue into May, beyond the months of selected events
(FMA), indicating the long-lasting effects of these events.

Cumulative southeast basin total nonfrozen pre-
cipitation (time sum from September preceding the
events; Fig. 7b) is above normal in the months leading up
to extreme high discharge events, but never exceeds one
standard deviation. Time integration was performed as
an indicator of effects on subsurface saturation. Similar

analysis of the normal time series gives the same results.
Cumulative southeast basin total Pyg — E (Fig. 7c) has a
comparable progression, though in April and May the
values exceed one standard deviation. Following such
above-normal wet periods, the river system is likely
more susceptible to flooding. Subsurface data, which
were not saved for these experiments, would be needed
to verify if the land surface is close to or at field capacity.

Cumulative basin total frozen precipitation is above
normal and exceeds one standard deviation from January
preceding the extreme high discharge events onward
(Fig. 7b). The winters preceding selected events are
colder than normal, below one standard deviation, in
February and March (Fig. 7f). Anomalous frozen pre-
cipitation and cold temperatures lead to greater than
normal cumulative basin total snowpack (Fig. 7e).
Snowpack in the Mississippi catchment builds from
October onward and stores water in the catchment for
later release into the river system. Climatologically,
snowpack peaks in February. In the years of the extreme
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FIG. 7. Climatological time series of different variables in blue lines: (a) river discharge at Tarbert Landing,
(b) cumulative southeast basin total Pyr and cumulative basin total frozen precipitation, (c) cumulative southeast
basin total Pxg — E, (d) cumulative basin total SM, (e) basin total snowpack, and (f) basin mean 2-m air tem-
perature. Time integration starts from September in the year preceding the selected events. Light blue shading
indicates interannual variability (1 standard deviation). Overlaid are composite data for the years with 5- and 100-yr
return high river discharge events (red and maroon lines, respectively); marker dots indicate when the composite lies
outside *1 standard deviation. Gray shading shows the months of the composited river discharge events, and left of

the gray shading are the months preceding these events.

high discharge events, the maximum buildup snowpack
is about double that of the climatological peak (84 and
44 x 10° m?, respectively). High snowpack in these years
fuels anomalous large snowmelt in spring (Fig. 7d).
Anomalously large snowpack may provide some pre-
dictability of major Mississippi floods in the months before
the event (Maurer and Lettenmaier 2003). We explore a
very simple risk analysis scheme, in which seasons with a
higher risk of extreme river discharge are selected based
on the 10%,20%, or 30% highest snowpacks from various
preceding months (Table 2). To evaluate this scheme, we
count the number of extreme discharge events that occur
in months after the selected months of the scheme; the
maximum would be all events (i.e., 34). Based on this
simple scheme, warnings issued in January, based on the
top 10% snowpack seasons, would have captured 17 events

(50%). Though these warnings shows some skill (statisti-
cally significant at & = 0.05), it also means 50% of the
events were missed and in 323 years (out of 3400, 9.5% of
all years) a false warning is issued. Predicting extreme high
discharge events is difficult, due to the many atmospheric
and land variables that interact to create such events and
the different time scales at which they act. Further com-
plicating our risk analysis, this warning system has been
tested on a static 1860 climate in a model, which may not
translate to skill in the present day.

6. Future changes of 100-yr extreme discharge
events

Finally, we investigate whether the modeled Mis-
sissippi risk of extreme high discharge events and drivers

Unauthenticated | Downloaded 12/28/22 08:48 PM UTC



1558

TABLE 2. Number of predicted extreme high discharge events
when selecting seasons by extreme high built-up snowpack; per-
centages of all selected events are in parentheses. Rows indicate
the month in which snowpack is considered (preceding the 100-yr
events in FMA, for February only discharge events in March and
April are considered). Columns indicate the percentage of months
considered (i.e., top 10% snowpack for a given month).

10% 20% 30%
October (FMA) 2 (6%) 10 (29%) 16 (47%)
November 6 (18%) 12 (35%) 16 (47%)
December 8 (24%) 12 (35%) 17 (50%)
January 17 (50%) 25 (74%) 26 (76%)
February (MA) 22 (65%) 27 (79%) 28 (82%)

of such events change in response to global climate
change. For this we use the transient forcing model ex-
periment covering 1861-2100 using all five ensemble
members and look for trends in the occurrence of ex-
treme events. To do so, the full record is divided into
six sections of 40 calendar years each (i.e., there are
5 X 40 = 200 years of data in each section). For each
section the number of peak-over-threshold events is
computed, with the threshold being determined by the
level of discharge, precipitation or snowmelt of a given
return period based on all years in the experiment
(1861-2100).

We find statistically significant negative trends in
the occurrence of river discharge events of a 20-, 5-, and
1-yr return period (risk ratio 0.14, 0.14, and 0.33,
respectively), but not for discharge events of 100-yr return
period (risk ratio 1.0; Fig. 8a). This could have two reasons:
either the most extreme Mississippi discharge events are
not sensitive to changes in atmospheric greenhouse gas
concentrations, ozone, and aerosols, while less extreme
events are, or the amount of data in each 40-yr section is
insufficient to sample these very rare events leading to a
false conclusion. For the less extreme events, the decrease
of flood risk practically means that what used to be a 20-yr
event in the preindustrial climate will be a 100-yr event at
the end of the twenty-first century.

These trends in the occurrence of less extreme dis-
charge events coincide with significant positive trends in
extreme precipitation events and significant negative
trends in extreme snowmelt events. The probability of
extreme precipitation events increases significantly, and
the increase is larger for more extreme events (Fig. 8b).
For the 100-yr event the increase is so large that the
risk ratio is infinite (p1g¢; = 0). In practice that means that
the extreme events in the future exceed anything that
occurred in preindustrial times. The lesser extremes have
risk ratios of 64, 5.4, and 2.2 for 20-, 5-, and 1-yr events,
respectively. Modeled extreme snowmelt events decrease
significantly in response to the prescribed climate change

JOURNAL OF HYDROMETEOROLOGY

VOLUME 19
a) Extreme river discharge events
b 30 - T T T T T T .
= I 100-year
.‘-g 251 E= 20-year
S0t 3 5year |
c I:I
£ 15
©
1.0
©
E 05
o
Z 0.0
1861 - 1901 - 1941- 1981 - 2021 - 2061 -
1900 1940 1980 2020 2060 2100
b) Extreme precipitation events (non-frozen)
E 30 - T T T T T -
5
825
[
820
c
S 15
e}
_g 1.0
©
E 05
o
Z 0.0
1861 - 1901 - 1941- 1981 - 2021 - 2061 -
1900 1940 1980 2020 2060 2100
c) Extreme snowmelt events
E 30 C T T T T ]
5
825
o
820
c
£ 15
e
L 10
©
E 05
o
< 0.0
1861 - 1901 - 1941- 1981 - 2021 - 2061 -
1900 1940 1980 2020 2060 2100

Time (years)

FIG. 8. Normalized probability of extreme (a) river discharge
events, (b) southeast catchment-integrated Pyr, and (c) catchment-
integrated SM in the long transient ensemble experiment (FMA
only). Probability is based on a peak-over-threshold approach, with
the threshold defined by an event of given return period over the
entire integration length. Data from all ensemble members were
used. Colored lines show a linear regression of the data, only shown if
the slope is significantly different from zero (a = 0.05).

forcing (Fig. 8c). As for precipitation events, more ex-
treme events exhibit a larger change than less extreme
events. The 100-yr snowmelt event does not occur after
2021, giving a risk ratio of 0 (py100 = 0). Less extreme
events show a weaker, but still significant, decreasing
trend. Risk ratios are between 0 and 0.36.
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The annual cycle of these variables is also projected to
change. Modeled annual mean nonfrozen precipitation
is expected to increase by 0.46 X 10°m®day ' (Fig. 9b),
in agreement with observed changes in the basin
(USGCRP 2017). Part of this increase is a shift from
frozen to nonfrozen precipitation in the winter months
(annual mean decrease of 0.11 X 10°m*day ' in frozen
precipitation). The spring snowmelt is much weaker:
by —0.49 and —0.87 X 10° m* day ! in March and April,
respectively. Likely these changes are a direct result of
increased temperatures—the annual mean temperature
increase in these simulations is 2.6°C (Fig. 9d; also ob-
served by USGCRP 2017)—and increases in evapora-
tion (figure not shown; southeast basin total evaporation
increases by 0.42 X 10°m>day ', in agreement with
observed increases; Milly and Dunne 2001).

These changes ultimately lead to modeled mean river
discharge decreases from November to May, in contrast
to observed mean changes (Zhang and Schilling 2006;
USGCRP 2017). The largest decrease in the model river
occurs during the spring peak, which shifts in the tran-
sient experiment from 2.85 X 10°m?®day ' in 1861-1900
to 2.30 X 10°m*day ! in 2061-2100 (Fig. 9a). In the
model, the future river is therefore less prone to extreme
discharge levels during these months, which may be one
reason for the projected decrease in the occurrence of
extreme high discharge events.

7. Discussion

Given the negative impact of past floods in the
Mississippi catchment and expected future changes in
extreme precipitation and snowmelt (Van der Wiel
et al. 2016; Kapnick and Hall 2012), we sought to ex-
plore characteristics and changes in high discharge
events in a fully coupled climate system. We have
performed an analysis of 100-yr Mississippi River high
discharge events in a fully coupled GCM with an in-
tegrated river routing module allowing for an explo-
ration of the interaction between the atmosphere,
cryosphere, and land surface in a consistent frame-
work. By means of two experiments, a new model-
based hypothesis for the characteristics of these events
and the interactions between land and atmosphere in
the modeled, physically consistent climate system have
been described. In this section we provide a summary
of the main results from the model experiments: the
characteristics of extreme discharge events and pro-
jections for a warmer future based on the GCM. We
discuss the validity of these results in the real world
given the model limitations and biases, and we provide
some suggestions for how these model results may be
compared to observational data.
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F1G. 9. Change in the annual cycle of (a) river discharge at
Tarbert Landing, (b) southeast catchment-integrated nonfro-
zen and frozen precipitation, (c) catchment-integrated SM,
and (d) catchment mean 2-m air temperature (°C). Dashed
lines show annual mean values. Shading shows the range of
individual ensemble members. Change over two periods 1861—
1900 (blue) and 2061-2100 (red) in the transient model
experiment.
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In the GCM extreme high monthly mean river dis-
charge levels (exceeding the 100-yr return level) coincide
with anomalous high snowmelt in the northern part of the
basin (Missouri, upper Mississippi, Ohio catchments) and
anomalous high precipitation in the southeastern part
(Ohio, Tennessee, and lower Mississippi catchments).
Extreme snowmelt events more regularly coincide with
the extreme high discharge events than extreme pre-
cipitation events (section 4). The spring seasons in which
the these events occur are above-average susceptible to
flooding because of conditions in the preceding winter
season: 1) long-lasting above normal precipitation, po-
tentially leading to saturation of the subsurface, and 2)
anomalously high snowfall leading to greater-than-
normal buildup of snowpack. The latter in part relies on
temperatures being lower than normal and, crucially,
below 0°C. Greater snowpack stores additional water in
the basin for later release during the spring melt (section 5).
Seasonal risk assessment of major events is complicated
due to the many variables involved and interactions
between them, though a simple scheme based on winter
snowpack shows some skill.

In the GCM, human-induced climate change does not
lead to a statistically significantly trend in the occur-
rences of 100-yr extreme high discharge events, though
smaller events of 20-, 5-, and 1-yr return periods are
projected to occur less frequently in a warmer climate
(section 6). Empirically, Hodgkins et al. (2017) show
that major and minor floods may exhibit different
trends. Physical explanations for the different responses
to increasing atmospheric greenhouse gas concentra-
tions may be found in different forcing mechanisms for
major and minor floods (section 4).

The modeled decrease of high discharge events may be
caused by decreasing snowmelt. The GCM projects a shift
from frozen to nonfrozen precipitation, a weaker clima-
tological spring melt, and fewer extreme snowmelt events.
Snowmelt depends on the accumulation of snowpack; the
spring melt is therefore very sensitive to changing win-
tertime temperatures. Extreme precipitation events are
projected to increase with climate change, and this would
have an opposing effect on high discharge events. The
contrasting trends of snowmelt and precipitation may lead
to a change in the characteristics of extreme discharge
events and may be responsible for the absence of a trend
in discharge events. Though, despite long experimental
integrations, sampling size remains an issue for the 100-yr
events and may impact the modeled trend. Further ex-
periments with the GCM are needed to investigate the
potential change in forcing mechanisms in more detail.
Regime shifts away from snowmelt-dominated rivers have
been reported previously for other basins (e.g., Nijssen
et al. 2001; Barnett et al. 2005; Immerzeel et al. 2010).

JOURNAL OF HYDROMETEOROLOGY

VOLUME 19

The presented results crucially depend on the as-
sumption that the FLOR GCM adequately captures the
relationship between meteorological conditions, land
processes, and river discharge. As noted in section 3,
simulated discharge is biased toward an early spring
peak (Figs. 1c,d). This bias is affected by numerous
processes that are not easily constrained in the model:
spring convective rain events may be too strong; re-
gional snowmelt could occur early; infiltration could be
excessively suppressed on frozen ground, effectively
removing subsurface storage delay; and possibly storage
in the surface waters could be biased low. In the model,
the spring discharge bias coincides with a positive pre-
cipitation bias and lower-than-observed snowpack
(Figs. 1le,f). Both these biases likely contribute to the
discharge bias; excessive precipitation directly contrib-
utes to extra river water, and low snowpack values lead
to a more rapid snowmelt during warmer months due to
the thermal inertia of snowpack and surface albedo
feedbacks (Hall and Qu 2006; Kapnick and Hall 2012).
Snowmelt in far northwest Missouri coinciding with
precipitation in the Tennessee area is unlikely to con-
tribute to the same flood in the real world. In the ob-
served record, lower Mississippi floods have often been
directly linked to sequences of severe convective storms
(e.g., Smith and Baeck 2015). To assess the impacts of
model biases on the results, we suggest performing a
similar analysis with future versions of the model with
various adjustments made to less-constrained hydro-
logic parameters. To investigate the model sensitivity of
the results, a repetition using different GCMs is re-
quired, though careful consideration of the ability of the
models to capture the required processes is needed.

The difference between the reported characteristics of
extreme discharge events in the model and those for ob-
served flood events may also be caused by a mismatch of
instantaneous discharge extremes and monthly mean ex-
tremes (Fig. 2). Likely, instantaneous discharge peaks are
more closely related to extreme precipitation events in the
lower Ohio, lower Arkansas, and Tennessee catchments
than monthly mean peaks are. A future study based on
daily data is required to quantify the impact of the chosen
monthly basis of the presented results. Such an analysis
would allow for a study of the sequence of weather events
leading up to major discharge events.

Trends in observed extreme river discharge events are
difficult to identify because discharge changes due to
climate change may be obscured by discharge changes
caused by changes in land use, irrigation practices, or
river management (Potter 1991; Zhang and Schilling
2006; Mao and Cherkauer 2009; Munoz et al. 2018).
Further complicating such analysis is the limited length
of data that is often available, providing only small

Unauthenticated | Downloaded 12/28/22 08:48 PM UTC



OCTOBER 2018

sample sizes (Fig. 3) and potentially masking decadal
variations. Reported trends of discharge in (tributaries
of) the Mississippi are small and sometimes inconsistent
with meteorological changes (e.g., Lettenmaier et al.
1994; Lins and Slack 1999; Olsen et al. 1999; Rossi et al.
2009). Previous modeling studies are in agreement with
this study and report a slight decrease in flood risk of the
Mississippi (e.g., Nijssen et al. 2001; Milly et al. 2002;
Arnell 2003; Aerts et al. 2006; Hirabayashi et al. 2013;
Van Vliet et al. 2013), though Arnell and Gosling (2016)
show flood risk projections are sensitive to climate
model choice.

The presented results are based on a physically con-
sistent climate, but feedbacks and sensitivities in the
modeled climate may differ from those in the natural
environment. Future work should therefore focus on
testing the presented results using observational data and
experiences during historic floodings. We note, however,
that extensive time series of snowpack and snowmelt
data do not exist, and therefore, the role of snowmelt,
or other land processes, in river flooding cannot be
investigated in much detail. Our perception of floods
may consequently be susceptible for biases toward
precipitation-forced flooding events, given that analy-
sis of precipitation-river discharge relationships is
possible with observed data (e.g., Smith and Baeck
2015; Berghuijs et al. 2016; Benedict et al. 2018). Ef-
forts should be placed in improving our future ability to
further constrain snowpack in GCMs; this can be
achieved with enhanced and sustained snowpack
measurements. This is crucial for improving our un-
derstanding of the full extent of the climate sensitivity
of the regional hydrology, including Mississippi River
discharge, to snowpack loss in a warming climate.
Furthermore, short observed time series or model ex-
periments allow for investigation of weaker extreme
events only. Extrapolation of mechanisms and trends to
apply to major extreme events needs to be done with
care and with consideration that forcing mechanisms
may differ, as was shown to be the case in the model.

For adequate flood risk management, understanding
extreme flood characteristics is vital. Because buildings
and infrastructure projects are built to be used in later
decades, consideration of the effects of anthropogenic
climate change is necessary. Other human processes
impacting extreme river discharge, most notably river
management by means of dams, reservoirs, and canals,
were not considered in the current study. Including
current and future impacts of human processes in a
similar study would therefore provide valuable insights.

Despite its limitations, the novel impact-based mod-
eling approach applied in this study provides a frame-
work for analysis of meteorological and land drivers of
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extreme societal impact events. Because FLOR GCM
models the coupled atmosphere—-land-river system, the
presented flooding hypothesis is physically consistent
and its water budget is closed by definition. Given the
continuously increasing complexity of GCMs, more
societally relevant variables can be readily modeled.
Therefore, in the future, an increasing number of
climate-induced impact events may be investigated
following a similar approach.
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