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Abstract
TheMississippi River is the largest commercial waterway inNorthAmerica and one of themost
heavily engineered rivers in theworld. Future alteration of the river’s hydrology by climate change
may increase the vulnerability offloodmitigation and navigation infrastructure implemented to
constrain 20th century discharge conditions. Here, we evaluate changes in LowerMississippi River
basin hydroclimate and discharge from1920–2100C.E. by integrating river gauge observations and
climatemodel ensemble simulations fromCESM1.2 undermultiple greenhouse gas emissions
scenarios.We show that the LowerMississippi River’s flood regime is highly sensitive to emissions
scenario; specifically, the return period offlood discharge exceeding existing floodmitigation
infrastructure decreases from approximately 1000 years to 31 years by the year 2100 under RCP8.5
forcing, primarily driven by increasing precipitation and runoff within the basin.Without aggressive
reductions in greenhouse gas emissions, floodmitigation infrastructuremay require substantial
retrofitting to avoid disruptions to industries and communities along the LowerMississippi River.

1. Introduction

Flooding is a deadly and costly natural disaster, resulting inmore than $1 trillion in damages globally over the
last 40 years [1]. Anthropogenic warming is likely to alter riverflood regimes, greatly increasing risk to human
life and socioeconomic prosperity around theworld [2]. As themerits and costs of different greenhouse gas
emissionmitigation policies are deliberated, it is crucial to constrain changes to river flood regimes under
different greenhouse gas emissions forcings scenarios, and to assess robustly the capacity of existing flood
mitigation infrastructure towithstand futurefloods. TheMississippi River is a critical natural resource that
provides hydroelectric power, freshwater, agricultural and industrial land, and serves as an artery for trade and
commerce for theUnited States [3]. Efforts to understand, predict, andmitigateflooding along themain channel
of the river have constituted an important research focus for over a century [3, 4]. The economic importance of
theMississippi River in combinationwith its extensive floodmitigation and navigation infrastructuremakes it
an important system to evaluate the impacts of climate change on river flood hazard.

A particularly devastating flood in 1927 promptedCongress to authorize theMississippi River and
Tributaries (MR&T) project, a systemof earthen levees, cutoffs, and strategic spillways designed to contain
discharge as high as 76,739m3s−1 at Vicksburg,Mississippi—amagnitude about 28%greater than the 2011
flood, the largestmeasured discharge on the LowerMississippi [5–8]. Failure of theOld River Control Structure
(ORCS), amajor component of theMR&TProject that prevents themain channel of theMississippi from
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shifting to the Atchafalaya and circumventing the Port of South Louisiana andNewOrleans, would be an
economic and humanitarian disaster with damage estimates in the billions of dollars [9, 10]. The infrastructure
of theMR&Tproject has withstood several high-magnitude events over the last century, but the hydroclimatic
conditions of the next century are unlikely to resemble those of the 20th century as a result of greenhouse forcing
[11–13]. Given the sensitivity of hydrologic systems to climatic change [14], the ability of the currentflood
mitigation system to contain the river over the next century is unclear, with potentially profound economic
impacts [15–19].

Over the next century, extreme precipitation, amajor driver toflood hazard, is projected to becomemore
frequent over theMississippi River basin [20–22]. At the same time, warming is expected to decrease hydrologic
contributions from snow-melt and increase evaporative losses over themid-continent [23, 24]—trends that
have the potential to reduceflood hazard [19].Modelling studies disagree over how greenhouse forcingwill
influence discharge of theMississippi River, with projections ranging fromdecreases [19, 25, 26] to increases
[27, 28] inmean and extreme flows through themid- to late-21st century. This discrepancy reflects differences in
model set-up and forcing scenarios,making it difficult to quantitatively compare projections and evaluate the
sensitivity offlood hazard to climate change.

Here, we integrate climatemodel simulations (CESM1.2)with observations ofMississippi River basin
discharge over the instrumental period to evaluate the past and future response of river discharge to climate
change.We compute changing frequencies andmagnitudes offlood discharge on the LowerMississippi River,
providing climate-driven projections of future flood hazard under high (RCP8.5) andmoderate (RCP4.5)GHG
emissions scenarios. Finally, we evaluate changes in basin hydroclimate to diagnose the drivers of changes in
discharge projected for the 21st century.While theCESM1.2medium and large ensembles provide insight into
future changes inMississippi River hydroclimate, additional work examining the sensitivity of projections to
land-model hydrology and climatemodel physics is warranted.Our results provide an initial step toward
understanding the impact of emissions scenario on the largest river inNorthAmerica, with the goal of providing
robust projections offlood hazard in the face of increasing atmospheric temperatures.

2.Data andmethodology

Weextracted daily post-processed river discharge data from simulations spanning 1920-2100 from the
Community Earth SystemModel version 1.2 (CESM) [29]. CESM is a state-of-the-art, Intergovernmental Panel
onClimate Change (IPCC)-class general circulationmodel (GCM) developed at theNational Center for
Atmospheric Research. CESM includes a coupled river transportmodel [30, 31] that has been employed in
previouswork to hindcast theMississippi’s behavior over the lastmillennium, and to evaluate its response
climate variability [18, 32].

We evaluated discharge changes using two distinct greenhouse gas emissions scenarios, derived from IPCC
representative concentration pathways (RCP): RCP4.5 andRCP8.5, which correspond to 4.5 and 8.5Wm−2 of
radiative imbalance due to anthropogenic greenhouse gas emissions, respectively. RCP8.5 assumes a ‘business as
usual’ radiative forcing consistent withminimalmitigation, whereas RCP4.5 representsmedium-range
mitigation of emissions.We chose to employ both themedium—and high-forcingmodel ensembles, thoughwe
note that emissions trends over the past few decades track slightly above RCP8.5 [33].We additionally employ
data from theCESM1CAM5BGCLarge Ensemble spanning the years 1920-2005 for comparison to
instrumental data. Thefirstfive years of data were discarded to account formodel spin-up. CESM1.2
simulations include theCESM1CAM5BGCLarge Ensemble of simulations (n= 33) spanning the periods
1920–2005 and 2006–2100 under RCP8.5 forcing; however, only 15 simulationswere produced for theCESM1
CAM5BGCMediumEnsemble spanning the period 2006-2080 under RCP4.5 forcing.We thus employ 15
ensemblemembers from each simulation for consistency.

Critical to this study, CESM1 includes a river transportmodule (RTM)which simulates daily discharge.
Broadly, the RTM is a routingmodel. The RTM is connected to theCommunity LandModel (CLM) to route
runoff through the land surfacemodel toward seas and/or oceans to close the hydrological cycle water budget
[30, 31]. Allmodelled data were extracted from the cell centered at 32.25N, 91.25W.No discernible difference
was noted between the selected cell and those downstream. Importantly, CESMdoes not simulate the effects of
engineering infrastructure (e.g., artificial levees, cutoffs, dams, and spillways), irrigation, or groundwater
extraction on discharge, allowing us to evaluate the climate controls on discharge independently of the effects of
most human alterations to the basin that confound analyses of instrumental data sets [5, 34, 35]; we thus focus
on large-scale hydroclimate changes simulated by themodel. In the analysis that follows, all values reported are
given for theCESMensemblemean, unless explicitly stated otherwise. By evaluating discharge changes in the
RCP4.5 andRCP8.5 ensemblemeans, we effectively isolate the change in discharge driven by external forcing
alone.
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Errors in global climatemodel hydrology relative to observations arewell documented, somodelled data are
routinely bias-corrected to observations [36]. To bias-correct the simulatedCESMdischarge data, we utilize the
daily discharge data for the LowerMississippi Rivermeasured at Vicksburg from1887–2015, obtained by the
United States ArmyCorps of Engineers. The gauge at Vicksburgwas chosen because of its long, continuous daily
discharge record, its upstreamposition fromOldRiver Control Structure, and because nomajor tributaries
enter themain channel of theMississippi downstream from its location (figure 1(A)). Furthermore,measured
discharge data at Vicksburg reflect the influence of upstreamfloodmitigation infrastructure and human
alteration of the basin on LowerMississippi River discharge. As such, using this instrumental data to bias-correct
the climatemodel output allows for these effects to be implicitly, albeit coarsely, incorporated into future
discharge projections. To bias-correct the simulated discharge data, themean and peak annual discharge values
were calculated from the daily instrumental and dailymodelled data, and the z-score of themodelled data was
calculated and used to scale themodelled data by themean and standard deviation of the instrumental data:
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This bias-correction of themodelled data, CmF
, preserves the variance andmagnitude of the instrumental

data while allowing for evaluation of the systematic deviation from the 20th century conditions as projected by
themodel, facilitating comparison of historical and projected discharge. This process was performed separately
on both the peak andmean annual discharge data. Comparison between calibratedmodelled and observed peak

Figure 1. (A)Mapof LowerMississippi River region of interest.Major infrastructural developments, population centres, and
Vicksburg river gauge highlighted. (B)Kernel density estimation comparing bias-correctedCESM20th centurymodelled peak annual
discharge,QPeak, output with instrumental data fromUSACE station at Vicksburg. (C)Kernel density estimation comparing bias-
corrected CESM20th centurymodelledmean annual discharge,QMean, output with instrumental data fromUSACE station at
Vicksburg. The calibratedmodel output captures the frequency andmagnitude distribution of annual discharge statistics.
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andmean annual discharge shows that the bias-correctedmodel output captures both the variance and
magnitude of the natural system (figures 1(B), (C)), indicating its appropriateness for our analysis. Given the
importance of checking the distribution fit for bias correction in hydrology [37], a bias-correction based on a
log-normal distributionwas tested; however, this did not result in a better fit. This facilitates comparison of
changes in bias-corrected peak andmean annual discharge statistics,QPeak andQMean, respectively, andmean
climate change over time (figures 1(B), (C)).We note that the CESMRTMcontains seasonal biases in its
simulation of river discharge, specifically that themodel shifts peak discharge into summer (May–July)while it is
observed to peak in spring (March–May) (SupplementaryMaterialsfigure S1(online available at:stacks.iop.org/
ERC/4/091001/mmedia)). To circumvent this seasonal bias, we focused our analyses on the annual statistics of
discharge rather than seasonal changes in hydrology.Modelled seasonal cycles of basin-averaged runoff,
precipitation, evapotranspiration, and snowmelt for theMississippi River Basin are described in the
supplementalmaterials (figure S3). In the analysis that follows, we focus on the simulated change inQPeak, but
provide the same evaluation ofQMean for allfigures in the SupplementaryMaterials (figure S4). Flood frequency
analysis was done by fitting bias-correctedQPeak values frombias-corrected individual ensemblemembers to a
General ExtremeValue (GEV) distribution using the R package extRemes, which characterizes the distribution
shape of extreme river flooding [38, 39]. As to not assume hydrological stationarity over the projected 21st

century conditions,model predictionswere extendedwith a non-stationary flood frequency analysis inwhich
the location, scale, and shape parameters are linear functions of theCESMmodeled average global
temperatures [40, 41].

3. Results

Weperformed a comparison of projected river flows under two greenhouse gas emissions scenarios, RCP8.5 and
RCP4.5. Note that themodel simulation spans 2006–2080 in the RCP4.5medium ensemble and 2006–2100 in
the RCP8.5 large ensemble. Themodel forecasts large increases in annual globalmean temperature anomalies
(relative to the 1970–1990modelmean). Under RCP8.5 forcing, both the rate andmagnitude of warming are
significantly higher than under RCP4.5. (figure 2(A)). Increasing temperatures are associatedwith increases in
QPeak andQMeanwhen simulations exceed a temperature anomaly of 3°C (figure 2(B)); for RCP8.5, the rate and
magnitude of changes in discharge are nonlinear. Asmentioned above, a simulation spanning 2080–2100 is
unavailable for RCP4.5; however, under RCP4.5 forcing, emissions peak around 2040 and subsequently decline
[42], likely dampening the large increases in discharge simulated under thewarmer RCP8.5 conditions.

Under bothRCP scenarios, peak discharge for the LowerMississippi River is primarily driven by the basin-
averaged peak annual runoff rate,RPeak, which is calculated as a spatial average over the entireMississippi River
Basin (figure 2(C), SupplementalMaterialsfigure S2). In turn,RPeak is primarily driven by basin-averagedmean
annual precipitation rate,PMean, also calculated as a spatial average over the entireMississippi River Basin
(figure 2(D)) [43]. It is notable that the correlation between PMean andRPeak is stronger under RCP8.5 than under
RCP4.5 or under 20th century conditions. This is possibly illustrative of the diminishing influence of snowmelt
on runoff as snow accumulation andmelt volumes decrease, and increase in precipitation rates under the
warming climate within theMississippi River Basin.

To illustrate the spatial structure of hydroclimatic changes over theMississippi basin as awhole over the 21st

century, we examine spatial changes tomean annual precipitation, runoff, evapotranspiration, snowmelt, and
soilmoisture for between the years 2006–2056 and 2050–2100 under RCP8.5. Figure 3 shows that some changes
to basin hydrology are spatially heterogeneous, with large increases in precipitation and runoff occurring over
theOhioRiver and LowerMississippi River sub-basins, and decreases precipitation and runoff over theMissouri
sub-basin (figures 3(A), (D)). Total evapotranspiration increases in the upperMississippi River,Missouri, and
Ohio sub-basins (figure 3(C)), and soilmoisture content decreases over all sub-basins with the exception of the
lowerMississippi River sub-basin. Note however that changes tomean annual soilmoisture are relativelyminor
in comparison to the other hydrological variables (figure 3(B)).

To further diagnose the hydrological drivers of elevated discharge in the 21st century, we computed the
mean, seasonal, and spatial changes in precipitation, runoff, snowmelt, evapotranspiration (ET), and soil
moisture for both RCP8.5 and 4.5 (SupplementalMaterialsfigures S3, S5, S6). Figure S3 shows the basin-average
seasonal changes in key hydrological variables; in both forcing scenarios, springtime precipitation (FMAM)
increases are accompanied by an increase in runoff in the samemonths. Snowmelt decreases inwinter and
spring (JFMAM), and spring ET (figure S4). Spatial structure of change in hydrological variables shows greatest
differences betweenRCP8.5 andRCP4.5 by the end of the 21st century are in increases to bothmean annual
precipitation and runoff over theOhio River Basin (figure S5). Scatter plots of all hydrological variables with
discharge (figure S6) show runoff to be a strong control on discharge. There is also some correlationwithmean
annual soilmoisture content, andwithmean annual precipitation. Finally,figure S7 shows a comparison
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between these values from2030-2080 in RCP4.5 versus 8.5. Discharge,mean annual precipitation, runoff, and
ET are all higher in RCP8.5 compared to 4.5, while snowdepth, snowmelt are both reduced in RCP8.5
compared to 4.5 (figure S7). Distributions of soilmoisture are very similar in the two scenarios; soilmoisture

Figure 2. (A)Time series of annual globalmean temperature anomaly relative to 1970–1990 in the historical simulation. Shaded
region delineates 95%confidence interval. (B)Peak annual discharge values under historical, RCP4.5, andRCP8.5 emissions scenarios
plotted against annual globalmean temperature anomaly. Lines show linear regression though each dataset. S values indicate slope
values of color corresponding regression lines. (C)Peak annual discharge values plotted against basin-averaged peak annual runoff
rates. Lines show linear regression though each dataset. R2 values indicate coefficient of determination for color corresponding
regression lines. (D)Basin-averaged peak annual runoff rates plotted against basin-averagedmean annual precipitation rates. Lines
show linear regression though each dataset. R2 values indicate coefficient of determination for color corresponding regression lines.
(E)Time series ofQPeak under historical, RCP4.5, andRCP8.5 simulations. Thicker lines indicate 10-year runningmean.
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exhibits little seasonal change from the early to the late 21st century, implying a limited role for soilmoisture in
changing peak discharge.

Given the simulated impact of greenhouse forcing on the peak annual flows of the LowerMississippi River,
hydrological stationarity cannot be assumed throughout the 21st century. To explore this transition, we
examined changes in the frequency andmagnitude ofQPeak distributions over 50-year periods throughout the
21st century compared to the 20th century (figure 4). The kernel density estimations show a significant increase in
QPeak distributions between the historical period (1925–2005) and projections for 2030–2080 under both
RCP8.5 and 4.5 scenarios (p< 0.0001 and p< 0.01, respectively). Distributionswere determined to be
statistically different based on a two-tailed t-test. RCP8.5 projections spanning 2050-2100 show a pronounced
increase in the averagemagnitude and variance ofQPeak (figures 4(A), (B)). Differences in the distributions of
QPeak for RCP4.5 andRCP8.5 in the second half of the 21

st century correspond to a greater increase in the
magnitude of the distribution ofPMean under RCP8.5 than under RCP4.5 for the years 2030–2080 (p< 0.01)
(figures 4(C)). This difference is primarily driven by a larger increase in PMean (figure 4(D)) over theOhio River
basin under RCP8.5 than under RCP4.5. (Supplementary figure S5).

Flood frequency analysis of the simulated peak annual discharge values [41] compared to the observed
instrumental data at Vicksburg shows a significant shift in the frequency-magnitude distribution offloods under
RCP4.5 and 8.5 scenarios from that ofmeasured discharge throughout the 20th century (figure 5(A)).Wefind
that under RCP4.5 conditions, the discharge of floods at all return periods greater than 10 years increases relative
to 20th century observations. Similarly, under RCP8.5 conditions, discharge increases for all return periods
greater than 2 years relative to 20th century observations. Of particular concern is that under the RCP8.5 forcing
scenario, the∼50-year flood discharge values exceed the ProjectDesign Flood, themaximumprobable peak
discharge for theMR&TProject [4, 44] (figure 5(A)). A likelihood ratio test shows that amodel with three non-
stationary parameters performed statistically significantly better thanmodels with only one or two non-
stationary parameters. The non-stationary flood frequency analysis shows that the effective return levels for the

Figure 3.Maps of percent change between the years 2050–2100 and 2005–2056 under RCP8.5 formean annual (A) precipitation, (B)
soilmoisture, (C) evapotranspiration, (D) runnoff within theMississippi River Basin.
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Figure 4. (A)Kernel density estimation ofmodelled peak annual discharge for 20th century and for years 2030–2080 and 2050–2100
under RCP8.5 projection. (B)Kernel density estimation ofmodelled peak annual discharge for 20th century and for years 2030-2080
under RCP4.5 projection. (C)Kernel density estimation ofmodelled basin-averagedmean annual precipitation for years 2030-2080
under RCP4.5 andRCP8.5 projections. (D)Mapof spatial distribution ofmean annual precipitation difference under RCP8.5 versus
RCP4.5 throughout theMississippi River Basin for years 2030-2080.

Figure 5. (A)Annual peakflow and return period for the LowerMississippi River at Vicksburg for observed instrumental discharge
data (yellow), RCP8.5 years 2006 to 2100 (red) andRCP4.5 years 2006 to 2080 (blue), and the 95% confidence intervals for themodel
ensemble. TheMississippi ProjectDesign Flood capacity at Vicksburg is demarcatedwith a dashed line. (B)The 100-year-flood
effective return level under RCP8.5 (red) and 4.5 (blue) forcing changes over time (left y-axis). The black line denotes the return period
of theMississippi Project Design Flood discharge at Vicksburg over time under RCP8.5with shaded gray area denoting 95%
confidence interval (right y-axis). Note the return period axis is plotted on a logarithmic scale. Note that theflood frequency analysis
employs all of the individualmodel ensemblemembers (n = 15), not the ensemblemean.
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100-year flood increases under the high emissions scenario over the 21st century (figure 5(B)). Notably, the non-
stationary analysis shows that the probability of aflood exceeding the ProjectDesign Flood shifts from a>1000-
year event (<0.1% chance of occurrence in any given year) at the beginning of the 21st century to a 31-year event
(12–644 years) (3.3%chance of occurrence in any given year) by the end of the 21st century under RCP8.5
(figure 5(B)). The projected change in peak annual discharge under both the high emissions scenarios are
indicative of a significant shift in the hydrologic regime of the LowerMississippi River over the 21st century.

4.Discussion and conclusions

Our study investigates the response of LowerMississippi River streamflow to twodifferent emissions scenarios
over the next century using ensemble simulations from a state-of-the-art general circulationmodel with a river
transportmodule (CESM).We demonstrate that peak annual flows increase significantly under greenhouse
forcing.We alsofind that the simulated increase in peak annual discharge ismore rapid and severe under
RCP8.5 (49% increase) compared to RCP4.5 forcing (14% increase) by the end of the 21st century (figure 2(E)).
These changes are primarily driven by an increase inmean annual precipitation, and result in amarked increase
in the probability of catastrophicflooding exceeding the capacity of existingfloodmitigation infrastructure,
particularly under the high emissions (RCP8.5) scenario.

Themodel output used in this study (CESM) presents only one version of our prospective future, and
contains important biases in landmodel structure and scale, land-atmosphere coupling, and channel routing
that represent critical components of this region’s hydrology. Disentangling the effects ofmodel dynamics,
emissions pathways, and physicalmechanisms requires hydrologic projections to compare acrossmultiple
GCMs and scenarios [45]. To compare our results to amulti-model baseline, we compared the hydrological
projections in CESM1.2 to other CMIP5-class GCMs. Spatial patterns andmagnitudes of CESM’s discharge are
consistent with other CMIP5models (within 10%) in future projections, as shown in [46]; the CMIP5mean
indicates increases inQPeak overmuch of the globe, with the notable exception of westernNorthAmerica.
Furthermore, [47] show that CESM’s simulation of runoff falls within the central range of CMIP5 simulations
[47]. In addition, [48] compared preindustrial andwarmer last interglacial simulations of precipitation, runoff,
discharge, flood volume, andflood area in an ensemble ofmodels that includes CESMandCESM2. In all cases,
CESM’s simulations of thewarmer interglacial climate weremore conservative than others in the ensemble. This
is noteworthy given that comparisons to an older version of CESM1 (CCSM4) indicate that there is a greater
increase in precipitationwith future warming in the updatedCESM1 [49]; this is consistent with [50, 51], which
found increased global runoff sensitivity to temperature change inCMIP5models compared toCMIP3
simulations. Taken together, these results suggest that CESM simulates projections of the hydrological cycle that
are broadly consistent with other CMIP5/6-classmodels, and representative of plausible and credible changes in
Mississippi basin hydrology.

To provide amore focused inter-model comparison, we compared ourfindings to recently published results
using a different GCM,NOAA’s Geophysical FluidDynamics Lab (GFDL)model [19]. Projections fromCESM
show elevated futureMississippi River discharge, but [19] useGFDL to show a reduction in discharge under
RCP4.5 due to substantial reductions in snowmelt.Why doCESMandGFDLdiverge? InGFDL, reductions in
basin total snowmelt contribute to reduced discharge on the lowerMississippi by the end of the 21st century
under RCP4.5 forcing [19], while we show that inCESMdischarge increasesmodestly under RCP4.5 due
primarily to elevated precipitation (figure 2). In CESM, decreasedwinter-spring snowmelt within the
Mississippi River basin is compensated by a larger increase in spring precipitation (SupplementaryMaterials,
figure S3). A detailed landmodel physics inter-model comparison is needed to further diagnose the drivers of
this difference, including a full quantification ofmodel uncertainties and hydrologic biases within the basin.

Broadly, we note that, to date, streamflow and runoff have not beenwidely validated inCMIP5 orCMIP6,
especially over theMissisppi Basin. In other regions, [47] have illustrated the limitations ofGCMhydrology
(specifically in simulations of runoff) for theWesternU.S.; for the PacificNorthwest, CESM tends to outperform
otherGCMs in terms of simulated hydroclimate ([52]), but recent work evaluating temperature and
precipitation simulations spanning the entireU.S. shows that CESMmay fall short compared to other CMIP6
models ([53]).While themetrics applied in these studies varywidely, it is clear that the choice ofGCMmatters;
the next steps of this workwill necessarily require an evaluation of CESM’s runoff generation and river transport
model routing alongside other CMIP6models. Recent work has employed techniques such as BayesianModel
Averaging (BMA) toweightGCMprojections according to agreement with observations of streamflow and
historicalfloods [54]. GCMprojections could also beweighted by evaluating agreementwith hydrological or
hydraulicmodels, designed for smaller spatial scales.

Our analysis provides an evaluation of the sensitivity of the LowerMississippi River to greenhouse forcing,
and demonstrates that the rate andmagnitude of increased peak flows is closely tied to emissions scenario. This
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finding is broadly consistent with priormodeling studies projecting lowerMississippi River discharge, where
models run under lower emissions scenarios tend towards decreases tomoderate increases inflows [19, 25],
while higher emissions scenarios result in larger increases inflows [27, 28]—though the hydrological drivers of
these changes warrant further examination. River discharge is influenced by a range of hydroclimatic processes
including precipitation, snow-melt, and evapotranspiration—all of which are influenced by greenhouse forcing
through its effect on temperature [13]. Observations andmodel projections show that precipitation has
increased, andwill continue to increase, under greenhouse forcing [55], while snowpack is expected to decrease
in response towarming [56]. Under the RCP4.5 emissions scenario, reduced contributions from snowmelt and
enhanced evapotranspiration partially offset the increase in precipitation tomoderate changes in peak annual
discharge on the LowerMississippi River. However, ourwork demonstrates that under the high RCP8.5
emissions scenario, increases in precipitation overwhelmhydrologic losses from snow-melt and
evapotranspiration, enhancing peak annual flows beyond those observed in the 20th century.

Themodel employed in our study does not simulate the influence of humanmodifications to the river
channel (i.e., levees, dykes, spillways, dams) on discharge, providing a unique opportunity to evaluate the
relationships between climate change and regional hydrology independently of humanmodification of the river.
The LowerMississippi River was artificially channelized and straightened in the early 20th century [5], and these
changes have affected river stages [34], sediment loads [57], and discharge [15]. Our approach directly compares
the last century to future projections, and facilitates evaluation of the river discharge response to climate change
because it allows us to isolate the contribution of regional hydroclimate changes to extreme discharge. The river
channel and its basinwill continue to change over the next century (via both natural and engineering pathways),
with the potential to influence river stages and discharge. These geomorphic processes are not captured in
simulations, but due to their importance on hydrology and channel hydraulics, offer a potentialmeans to
mitigate the effects of climate change onflood hazard and inundation extent.

Finally, a significant fraction of the rainfall and runoff that flowover theMississippi River Basin is generated
by tropical and extra-tropical cyclones [58]. Yet, GCMs do not have sufficient spatial resolution to simulate
tropical cyclones and hurricanes [59]. Thus, the reliability of GCM-simulated rainfall and runoff necessarily
excludes these storm systems, generating further uncertainty in the projections evaluated here. Furthermore,
future tropical cyclones projections for the Atlantic show increased storm intensity (wind speeds), rainfall, sea
level rise and inundation [60–64]. Elevated rainfall and storm surgewill generate higherfloodwaters. Continued
modeling efforts should incorporate statistical downscaling tropical cyclonemodels [65, 66] to simulate
synthetic storm tracks and intensities for a given region, using climatemodel output (e.g., CESM) as a boundary
condition [59].While suchmodeling is outside the scope of work presented here, studies using such approaches
to evaluate tropical cyclone response to climate change is ongoing [67, 68], and these synthetic storms forced
with future SSTs could lend insight into shifts in futureflood hazard.

In conclusion, ourfindings underscore the potential for greenhouse forcing to enhance themagnitude and
frequency of extreme discharge events on the LowerMississippi River—floodswith the ability to
catastrophically disrupt shipping, agriculture, and industry in theUnited States. The LowerMississippi River is
home to one of the busiest ports in theUnited States, and billions of dollars have been invested inflood
mitigation andnavigation infrastructure, with billionsmore proposed over the coming decades [69]. This
infrastructure is designed towithstand hydrologic extremes of the 20th century, but ourfindings imply that this
infrastructuremay be poorly suited for the 21st century—particularly if greenhouse gas emissions continue
unabated. If the project designfloodwere exceeded, and theOldRiver Control Complexwere to fail, the
economic and human costs would be catastrophic [10]. Floods remain costly evenwhen river infrastructure is
not overwhelmed. For example,major flooding in the spring of 2011 remainedwithin the confines of theMR&T
systembut disrupted trade and transportation, and caused nearly $2 billion in damages [70], while themore
recent 2019floods resulted in a slowdown of barge traffic that led to agricultural losses exceeding $900million
[71]. Ourfindings imply that the vulnerability of the existingMR&TProject design and associated infrastructure
warrants further investigation by engineers, hydrologists, climate scientists, and regulatory agencies. Key
components of this investigatory process would include the validation ofGCMdischarge forecasts within the
Mississippi River basin, as well as the development of higher-fidelity hydrologicalmodels with greater capacity
to directly incorporate the influences for upstreamfloodmitigation infrastructure. Such an effort would be
costly, and the cost ofmore aggressivemitigation of greenhouse gas emissions needs to be considered against the
costs of retrofitting floodmitigation infrastructure in preparation for the hydroclimate of the future, as well as
the potential economic and societal consequences of enhanced flood hazard.
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