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Plant Physiological Responses to Rising CO2 Modify Simulated
Daily Runoff Intensity With Implications for Global-Scale
Flood Risk Assessment
Gabriel J. Kooperman1 , Megan D. Fowler2 , Forrest M. Hoffman3,4 , Charles D. Koven5 ,
Keith Lindsay6, Michael S. Pritchard2 , Abigail L. S. Swann7,8 , and James T. Randerson2

1Department of Geography, University of Georgia, Athens, GA, USA, 2Department of Earth System Science, University of
California, Irvine, Irvine, CA, USA, 3Computational Earth Sciences Group and Climate Change Science Institute, Oak Ridge
National Laboratory, Oak Ridge, TN, USA, 4Department of Civil and Environmental Engineering, University of Tennessee,
Knoxville, TN, USA, 5Climate and Ecosystem Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA,
6Climate and Global Dynamics Division, National Center for Atmospheric Research, Boulder, CO, USA, 7Department of
Atmospheric Sciences, University of Washington, Seattle, WA, USA, 8Department of Biology, University of Washington,
Seattle, WA, USA

Abstract Climate change is expected to increase the frequency of flooding events and, thus, the risks of
flood-related mortality and infrastructure damage. Global-scale assessments of future flooding from Earth
system models based only on precipitation changes neglect important processes that occur within the land
surface, particularly plant physiological responses to rising CO2. Higher CO2 can reduce stomatal
conductance and transpiration, which may lead to increased soil moisture and runoff in some regions,
promoting flooding even without changes in precipitation. Here we assess the relative impacts of plant
physiological and radiative greenhouse effects on changes in daily runoff intensity over tropical continents
using the Community Earth System Model. We find that extreme percentile rates increase significantly
more than mean runoff in response to higher CO2. Plant physiological effects have a small impact on
precipitation intensity but are a dominant driver of runoff intensification, contributing to one half of the
99th and one third of the 99.9th percentile runoff intensity changes.

Plain Language Summary Floods are one of the most devastating natural disasters in the world,
contributing to thousands of deaths and billions of dollars in damages annually. Climate change is
expected to increase flood exposure considerably through the 21st century. However, recent studies
assessing future flood risk on global scales by downscaling precipitation from Earth system models often
neglect important plant physiological responses to rising CO2. In particular, higher CO2 concentrations may
lower stomatal conductance and, in the absence of significant plant growth, reduce water loss through
transpiration, increasing soil moisture in many regions. For a given precipitation rate, higher soil moisture can
decrease the amount of rain that infiltrates the soil and increase runoff. Here we apply a simulation design
that isolates the independent effects of higher CO2 on radiatively driven precipitation intensification from
plant-driven soil moisture changes. We show that plant-physiological responses to increasing CO2 are major
drivers of the runoff intensity change in the tropics. Land surface changes contribute to one half of the 99th
percentile runoff change and one third of the 99.9th percentile change. Our results suggest that
comprehensive flood assessments should account for plant physiology as well as radiative impacts of higher
CO2 in order to better inform flood prediction and mitigation practice.

1. Introduction

Floods are the most frequently occurring natural disaster in the world. Hundreds of millions of people and
trillions of US dollars in material assets are at risk of exposure to river flooding (Jongman et al., 2012), and cur-
rent estimates of annual damages from flooding events exceed 100 billion US dollars (UNISDR, 2015). Future
flood exposure could increase as much as 25 times by the end of the 21st century under business-as-usual
emissions and medium population growth scenarios (Hirabayashi et al., 2013). However, many factors contri-
bute to future flood risk (e.g., climate change, land-use change, population growth, and socioeconomic
change) and assessments of its uncertainty (e.g., climate model biases, emissions scenarios, and downscaling
methods), which have led to a large range in estimated changes across different studies (Alfieri et al., 2017;
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Arnell & Gosling, 2016; Hirabayashi et al., 2013; Jongman et al., 2012; Winsemius et al., 2016). While many fac-
tors ultimately depend on human choices (e.g., fossil fuel consumption, population growth, and flood infra-
structure), a better understanding of the physical processes that control these flooding events is needed to
provide effective guidance for future policy decisions. In particular, it is critical to improve understanding of
how greenhouse gas emissions can influence flood-related parameters (i.e., runoff and precipitation) that are
used as inputs from global Earth system model (ESM) projections for high-resolution flood prediction and
damage assessment studies.

Accurately assessing the impacts of changes in river flooding statistics over the next century requires a cross-
disciplinary approach that accounts for atmospheric processes, land-surface hydrology, and socioeconomic
conditions over a range of scales. Recent global-scale flood assessments have been based on a progression
(cascade) of downscaling techniques that begin with low-resolution (~1–2°) global forcing data (e.g., ESM
output) downscaled through high-resolution (~0.25–0.5°) hydrological or river routing models to estimate
inundated area or flood volume (Pappenberger et al., 2012; Ward et al., 2013; Winsemius et al., 2013).
These flood maps are then combined with local-scale (~1 km) physical (e.g., elevation and landscape) and
socioeconomic (i.e., infrastructure and population) conditions to estimate changes in flood hazards and expo-
sure. Although there are biases in the baseline representation of some important processes in ESMs (e.g., light
precipitation is too frequent; Sun et al., 2006), biases are often assumed to be similar under historical and
future conditions (Hirabayashi et al., 2013), and ESMs have been shown to capture relative changes consis-
tent with theoretical expectations (Allen & Ingram, 2002; Pendergrass & Hartmann, 2014). Furthermore,
downscaling can also account for processes with limited representation in ESMs (e.g., impacts of small-scale
topography for local watersheds) and has been shown to produce fairly realistic river discharge statistics
(Hirabayashi et al., 2013). However, while downscaling is necessary for connecting global changes simulated
by ESMs to the scales relevant for human populations and property, ultimately the climate change signal at
the end of the downscaling process depends on its inputs and, thus, the changes simulated within the
coarse-resolution global model itself. Most often, the downscaling approach used by hydrologists is a one-
way coupling, in which the high-resolution model does not respond directly to changes in greenhouse gas
concentrations nor interact via feedbacks with the global ESM. In this study, we directly assess the ESM vari-
ables that serve as inputs to this downscaling process in order to better understand what drives the climate
change impacts that have been identified in previous flood assessments.

Two methods are often applied to downscale ESM projections and represent basin-level hydrology in global-
scale flood assessments. The first method is based on meteorological inputs, primarily ESM precipitation and
temperature, to global hydrological models that estimate runoff, river flow, and inundation (Arnell & Gosling,
2016; Winsemius et al., 2016). Typically, the hydrological model framework applies a fixed set of land-surface
conditions (including leaf area index, canopy interception capacity, and stomatal conductance), which do not

respond interactively to changes in the atmospheric CO2 concentration (e.g., Mac-PDM [Gosling & Arnell,
2011] and GLOFRIS [Winsemius et al., 2013]). The second method is based on ESM runoff as a direct input
to a river routing model (Hirabayashi et al., 2013), which allows nonstationary climate changes in
atmosphere-vegetation coupling to occur interactively within the ESM (e.g., changes in stomatal conduc-
tance and leaf area) before downscaling for river flow and inundation (e.g., CaMa-Flood; Yamazaki et al.,
2011). Both methods provide high-resolution global flood frequencies, and while there are benefits to the
first method (e.g., simulated precipitation can be bias-corrected prior to estimating runoff), it neglects impor-

tant plant-physiological responses to changes in atmospheric CO2 concentration, surface temperature, and
humidity, which have been shown to influence runoff on long timescales (Betts et al., 2007; Swann et al.,
2016). Thus, in this study we focus our analysis on daily runoff intensity, as the most important ESM input vari-
able driving flood downscaling in the second method.

The climate system’s response to rising CO2 can influence daily runoff in several direct and indirect ways.
Total runoff includes contributions from both surface and subsurface runoff (infiltration and saturation
excess), which depend on the precipitation rate at the surface over a range of timescales, infiltration rate,
and soil moisture flow rate (Lawrence et al., 2011). Interactive dynamical influences on the infiltration and
flow rates are largely determined by the soil water content, which is in turn constrained by water loss through
evapotranspiration. Transpiration, the largest component of evapotranspiration in ecosystems with moder-
ate to high leaf area, is limited by net radiation at the surface and stomatal conductance and therefore is
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not an immediate sink for precipitation on daily timescales but instead influences themoisture content of the
soil column on longer timescales (i.e., weeks to months). As a result, daily runoff intensity is determined by
both the daily precipitation rate and the capacity of the soil column to absorb additional water. Even for a
fixed precipitation rate, higher soil water content decreases the amount of water that can infiltrate the sur-
face and increases the amount of runoff.

Mechanisms controlling the intensity of daily precipitation rates are strongly influenced by radiatively driven
climate change (Allan & Soden, 2008), while total water storage is influenced by both radiative and plant phy-
siological responses to rising CO2 (Swann et al., 2016). Radiative responses in the tropics are expected to drive
an intensification of extreme (99.9th percentile rates) precipitation at a rate of ~10%/°C (O’Gorman, 2012,
2015). Physiological responses are expected to reduce stomatal conductance (the aperture on leaves that
controls gas exchange; Ball et al., 1987; Field et al., 1995; Medlyn et al., 2011), which can lead to less transpira-
tion and higher soil moisture in some regions (Swann et al., 2016), though there is uncertainty with regard to
how much this may be partially offset by increases in leaf area (Reich et al., 2014) or changes in water-use
efficiency (Keeling et al., 2017). Both radiative and physiological effects can also influence surface-tempera-
ture/evaporative-demand (even for extremes; Skinner et al., 2018), atmospheric stability, circulation, and
moisture convergence in ways that impact mean precipitation and evaporation patterns (Kooperman et al.,
2018; Pu & Dickinson, 2014) and, thus, soil moisture and runoff. For a detailed summary of the ways in which
radiative (Figure S1A in the supporting information) and physiological (Figure S1B) processes can influence
daily runoff intensity, see the supporting information (Text S1 and Figure S1).

In this study, we separate the relative contributions of atmospheric-driven radiative-greenhouse effects from
land-driven plant-physiological effects on runoff and precipitation intensity changes under increasing CO2 at
daily timescales. Through this analysis we show that plant physiological effects contribute significantly to
increases in runoff intensity with first-order implications for flood risk analysis. The remainder of the paper
is organized into three main sections summarizing the model and simulations, major results, and conclusions
of this work.

2. Model and Simulations

This study analyzes output from the Community Earth System Model with biogeochemistry (CESM1-BGC;
Hurrell et al., 2013; Lindsay et al., 2014). In this configuration, CESM is fully coupled with interactive atmo-
sphere (CAM4; Neale et al., 2010), land (CLM4; Lawrence et al., 2011), ocean (POP2; Smith et al., 2010), and
sea-ice (CICE4; Hunke & Lipscomb, 2008) components. Precipitation in CAM4 is generated by parameteriza-
tions of deep convection, shallow convection, and large-scale prognostic cloud processes (Neale et al.,
2010). In CLM4, evapotranspiration includes components from transpiration, ground evaporation, and
canopy evaporation. Transpiration is controlled by stomatal conductance, which is represented by the Ball-
Berry model as a function of gross photosynthesis, atmospheric CO2 concentration, surface relative humidity,
temperature, and atmospheric pressure (Ball et al., 1987; Oleson et al., 2010). Total runoff includes contribu-
tions from surface runoff, which is a function of saturation and infiltration excess, and subsurface runoff,
which is a function of impermeable area and water table depth (Lawrence et al., 2011). CLM4 has regional
runoff biases due to uncertainties in the representation of precipitation and subgrid soil infiltration/flow,
but the biases are comparable in magnitude to other ESMs (Du et al., 2016), and the annual mean and annual
cycle has improved significantly relative to previous versions (Lawrence et al., 2011; Oleson et al., 2008).

To separate the contributions of radiative and physiological effects on daily precipitation and runoff intensity,
we conducted four simulations with CESM following the methodology of the carbon-climate feedback
experiments in CMIP5 (Arora et al., 2013), which has been applied previously to investigate hydrological sen-
sitivities to rising CO2, including drought (Swann et al., 2016) and precipitation (Kooperman et al., 2018; Pu &
Dickinson, 2014; Skinner et al., 2017). All four simulations began from a spun-up preindustrial climate (i.e., CO2

concentration of 285 ppm), and one simulation continued this setup for an additional 50 years to provide pre-
industrial background conditions (i.e., preindustrial simulation). In the remaining simulations, the CO2 con-
centration increased from 285 to 1140 ppm (quadrupled CO2) at a rate of 1%/year over 140 years and was
then held constant at the quadrupled CO2 concentration for an additional 50 years (Figure S1). In one simula-
tion, both radiation and terrestrial vegetation experienced increasing levels of CO2 (i.e., Full simulation). In the
other two simulations, the radiative (i.e., radiation simulation) and physiological (i.e., Physiology simulation,
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including impacts on stomatal conductance and leaf area) responses were isolated by holding the CO2 con-
centration at a constant preindustrial level in the land-surface and atmosphere, respectively.

Our primary analysis focused on daily runoff directly from these CESM simulations in order to develop an
understanding of the dominant processes controlling changes in response to increasing CO2. This follows
from our hypothesis that the climate change signal obtained in downscaled flood impact studies originates
from the changes in critical input variables simulated at the ESM scale. To test this view, we also assessed the
changes in total river discharge when CESM runoff was downscaled using the Catchment-Based Macroscale
Floodplain model (CaMa-Flood). CaMa-Flood is a global-scale hydrodynamic river routing model that can be
driven by ESM runoff, which represents river channel, floodplain, and inundation dynamics (Yamazaki et al.,
2011). In this study, CaMa-Flood was configured at 0.25° horizontal resolution, which has been shown to pro-
duce mean annual and annual maximum daily discharge rates comparable in magnitude to Global Runoff
Data Centre observations when driven by CMIP5 runoff (Figure S1 from Hirabayashi et al., 2013). We analyzed
the last 10 years of each CESM simulation and compared the quadrupled CO2 simulations to the preindustrial
simulation both directly and after downscaling with CaMa-Flood for the results shown below.

3. Results and Discussion

Plant-physiological effects alone, driven by reduced stomatal conductance, have been shown to significantly
increase global mean runoff in response to a doubling of atmospheric CO2 (6% in Betts et al., 2007, and 8.4%
in Cao et al., 2010), contributing to more than half of the total increase from physiological and radiative
effects together (11% and 14.9%, respectively). In this study, we focus on quadrupled CO2 climate change
in the tropics (23°S to 23°N), where the relative contribution from physiological effects is more than 90% of
the total mean annual increase (Table S1). Tropical annual mean runoff increases by nearly 40%
(0.47 ± 0.06 mm/day, mean change with 90% confidence interval based on interannual variability) in the
Full simulation, 38% (0.45 ± 0.05 mm/day) in the Physiology simulation, and only 4% (0.04 ± 0.06 mm/day)
in the Radiation simulation. In the Full simulation, changes in runoff are relatively large compared to changes
in mean precipitation over tropical land, which increases by only 8% (0.30 ± 0.10 mm/day). The precipitation
change in the Full simulation is driven by both radiation (4%; 0.15 ± 0.09 mm/day) and physiology (3%;
0.11 ± 0.07 mm/day). Additionally, the radiative effects of increasing CO2 are the primary driver of a mean
increase in surface temperature over tropical land, with 4.8, 4.3, and 0.6 °C increases in the Full, Radiation,
and Physiology simulations, respectively. Thus, while radiative effects are the dominant component of the
mean surface temperature change in the tropics, physiological effects contribute comparably to the mean
precipitation change and are the main component of a substantial mean runoff increase.

Even though the tropical mean precipitation change is slightly larger in the Radiation simulation, the spatial
pattern of the change in the Full simulation is more reflective of the physiological response (Figures 1a–1c),
particularly over tropical forest regions due to a physiologically driven reduction in evapotranspiration
(Figures S2D–S2F) and both positive (over Indonesia) and negative (over South America) moisture conver-
gence anomalies (Kooperman et al., 2018). The spatial pattern of the mean runoff change largely reflects
the precipitation change, with an increase over Asia, Central Africa, and the Andes and a decrease over the
Amazon and Central America in the Full simulation (Figures 1d–1f). This pattern is consistent with the
CMIP5 multimodel mean for RCP8.5 (Berg et al., 2017) and CO2-only (Swann et al., 2016) scenarios as repre-
sented by the change in mean precipitation minus evaporation. The magnitudes of the mean runoff
increases are however greater than the mean precipitation increases in the Full and Physiology simulations,
leading to a larger tropics-wide increase in runoff than in precipitation (i.e., 40% and 38% relative to 8% and
3%, respectively). In contrast, runoff and precipitation both increase by approximately 4% in the Radiation
simulation, with similar regional patterns across tropical land.

Associated with large increases in mean runoff in the Full and Physiology simulations, CESM simulates
increases in total water storage (Figures S2A–S2C) and soil moisture (Figure S3). Near the surface (Figures
S3D–S3F), reduced evapotranspiration in the Physiology simulation leads to a widespread increase in soil
moisture across tropical land, with the exception of lowland Amazon forests, where precipitation declines.
Deeper water storage increases most significantly along the eastern slope of the Andes and southern edge
of the Sahel. Increases in near surface soil moisture reduce infiltration rates, and increases in deep water sto-
rage reduce the capacity of the soil column to absorb additional water, which contribute to increases in mean
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surface and ground water runoff, respectively. In the Radiation simulation, soil moisture decreases across the
entire tropics, even in regions where precipitation increases, with the exception of the Somali peninsula.
Decreases in soil moisture in the Radiation simulation result in part from an increase in evaporative
demand driven by higher surface temperatures (Scheff & Frierson, 2014) that increase water loss through
evapotranspiration (Figure S2E). The physiological effects are larger than radiative effects in the tropics,
leading to drying in the Amazon and wetting in the Andes, Central Africa, and Asia in the Full simulation.
This pattern is generally consistent with patterns of soil moisture change in the CMIP5 RCP8.5 multimodel
mean, with the exception of the increase in the Andes, which is not evident in the RCP8.5 simulations, pos-
sibly due to a stronger relative physiological forcing with 4×CO2 or a CESM-specific response (Berg
et al., 2017).

The impacts of physiology on runoff averaged over long periods of time (e.g., annual timescales) are consis-
tent with evidence from earlier modeling studies (Betts et al., 2007; Cao et al., 2010; Lemordant et al., 2018;
Swann et al., 2016) and observations (Gedney et al., 2006). However, impacts on shorter timescales (i.e., daily)
that are relevant to flooding events have received less attention. The daily intensity of runoff from CESM in
the tropics increases by 49% (4.06 ± 0.02 mm/day) as measured by changes in the 99th percentile rate and
by 75% for the 99.9th percentile rate in the Full simulation (Table S1 and Figures 2a and 2c). For runoff per-
centiles greater than the 90th, percentage increases exceed the annual mean change. Percentage increases
in extreme runoff rates are more than twice that of precipitation, which increases by only 21%
(5.72 ± 0.34 mm/day) for the 99th percentile rate. For both runoff and precipitation, the Full simulation (blue
line) is nearly a linear combination (dashed orange line) of the physiological (green line) and radiative (red
line) effects simulated separately. Physiology contributes to a small increase in precipitation intensity
(0.89 ± 0.59 mm/day for the 99th percentile rate), as demonstrated by Skinner et al. (2017), but a much larger
increase in runoff intensity (2.13 ± 0.18 mm/day for the 99th percentile rate), with a continuous response as

Figure 1. Annual mean (a–c) precipitation and (d–f) runoff rate change (4×CO2 minus preindustrial CO2 climate) from the (a, d) Full, (b, e) Radiation, and
(c, f) Physiology simulations. Horizontal lines delineate the tropics between 23°S and 23°N. Stippling shows significance at 90% confidence based on interannual
variability.
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CO2 raises through the simulation (Figure S4). This equates to a physiological contribute of 52% of the 99th
percentile rate change and 33% of the 99.9th percentile rate change from the Full simulation (Table S1).

Consistent with our working hypothesis, changes in runoff statistics translate directly into corresponding
changes in downscaled flood statistics. When CESM runoff is aggregated downstream by means of offline
downscaling with CaMa-Flood, preindustrial conditions produce annual mean river discharge rates that are
comparable in magnitude to present-day observations (associated with daily precipitation rates that are com-
parable but slightly weaker than observations over tropical land; Figure S5) and the discharge rates increase
significantly in response to higher CO2 (Figures 2e and S6E). The physiological component is dominant
through the 99.9th percentile, confirming its importance for hydrological extremes when the processes of
river and floodplain dynamics are better represented. This signal is also not unique to CESM. Alternative
representations of model physics also confirm the important role of physiology in the Canadian Earth
SystemModel (CanESM2; von Salzen et al., 2013), in which the physiological contribution to runoff percentile
rate changes averaged over the tropics is the dominant component to even higher percentiles than in CESM
(Figure S7B). As discussed above, our simulation design follows the carbon-climate feedbacks CMIP5

Figure 2. Daily (a, c, e) percentile rate distribution change and (b, d) amount distribution change (4×CO2 minus preindus-
trial CO2 climate) as a function of the daily precipitation rate for (a, b) precipitation, (c, d) runoff, and (e) CaMa-Flood
downscaled discharge averaged over tropical (23°S to 23°N) land from the (blue) Full, (red) Radiation, and (green)
Physiology simulations. Runoff is shown as a (d) conditional amount distribution, which represents the amount of runoff as
a function of the precipitation rate. The orange dashed line is a linear combination of the change from Radiation and
Physiology simulations together. The units of the (b, d) amount distributions are in mm/day but have been scaled by
ΔlnR�1 in order to remain independent of bin spacing, where ΔlnR = ΔR/R with bin center R and bin width ΔR. With
logarithmic spacing, ΔlnR is a constant value (equal to 0.1 here) with units of mm·day�1/mm·day�1 and is thus a unitless
scaling term; see Kooperman et al. (2016) for more details.
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experiment, which included contributions from eight modeling centers. However, only CanESM2 saved daily
runoff output at quadrupled CO2, so a full multimodel intercomparison is not possible at this time.

Changes in runoff intensity are closely related to the changes in precipitation intensity when radiative effects
are simulated alone, as demonstrated in the precipitation and conditional runoff amount distributions
(Figures 2b and 2d; baseline distributions are shown in Figures S6B and S6D). These distributions show the
amount of total precipitation and runoff associated with daily precipitation rates discretized with logarithmic
bin spacing (Kooperman et al., 2016; Pendergrass & Hartmann, 2014). All simulations shift toward more
intense precipitation rate distributions (centered between 10 and 20 mm/day), indicating more precipitation
from heavier rates and less from lighter rates (Figure 2b). The shift is larger in the Full and Radiation simula-
tions, suggesting that radiative effects primarily drive the intensification. Physiological effects play an impor-
tant role in influencing mean precipitation changes but have a smaller influence on the intensity of
precipitation. The change in the runoff distribution from the Radiation simulation has the same shape as pre-
cipitation—there is more precipitation generated from heavy rates, resulting in more runoff associated with
heavy rain rate days.

Runoff intensity changes in the Full and Physiology simulations are fundamentally different from precipita-
tion changes (Figure 2d). More runoff is associated with all precipitation rates regardless of whether or not
there is more accumulated precipitation at those rates. Even though the amount of rainfall from light preci-
pitation rates decreases, the amount of runoff associated with light precipitation days increases. The increase
in runoff associated with the physiological response is much larger than the decrease in rainfall associated
with the radiative response for precipitation rates less than approximately 20 mm/day, leading to an increase
in runoff in the Full simulation at all precipitation rates. For precipitation rates greater than 20 mm/day, radia-
tive effects contribute to increases in runoff, making the combined response (i.e., the Full simulation) greater
than the Physiology or Radiation simulations alone. For the tropical average, radiative impacts only become
the dominant driver of runoff changes when precipitation rates exceed approximately 50 mm/day, about the
99.9th percentile precipitation rate in the preindustrial climate. The combined radiative and physiological
effects (orange dashed line) generally recreate the amount distribution in the Full simulation.

Spatially, extreme runoff increases most across the tropics, where the precipitation intensity (O’Gorman,
2012, 2015) and physiological responses over tropical forests (Kooperman et al., 2018; Swann et al., 2016)
can both be significant. Patterns of 99th percentile precipitation (Figures 3a–3c) and runoff (Figures 3d–3f)
rate changes are similar to mean changes in CESM, highlighting the largest increases over the Andes,
Central Africa, Asia, and Northern Australia in the Full and Physiology simulations. CanESM2, in contrast, pri-
marily highlights the Central African action center (Figures S7C–S7E). Radiative effects contribute to the
changes in runoff intensity in most of these regions as well in CESM, with the exception of the Andes where
runoff intensity decreases and the eastern Amazon where precipitation and runoff intensity increases.
Radiative effects also contribute to increases in precipitation intensity over most middle and high latitude
lands, which is partially offset by a decrease in intensity associated with the physiological response.
Physiological effects also contribute to a decrease in precipitation intensity over the northeast coast of
South America, which leads to a small decrease in runoff in the same region. Despite contributing to a reduc-
tion in precipitation intensity outside of the tropics, the Physiology simulation has little runoff intensity
change poleward of 23°, and while precipitation intensity increases broadly over middle and high latitudes
in the Full and Radiation simulations, runoff intensity increases are isolated to a few regions (e.g., west coast
of North America and China). Outside of these regions, increases in evapotranspiration (Figures S2D and S2E)
appear to reduce near surface soil moisture (Figures S3D and S3E) and allow for more infiltration.

The spatial patterns of lower percentile rate changes (e.g., ninetieth percentile; Figure S8) reflect the mean
changes, but for higher percentiles (e.g., 99.9th percentile; Figure S9), most regions have either an increase
in intensity or no change. For precipitation, the 99.9th percentile rates increase by more than 30 mm/day
across most of the tropics and 10–15 mm/day in higher latitudes. Like the 99th percentile, the 99.9th percen-
tile runoff changes occur mostly in the tropics and northern China. As shown for tropics-wide changes (Table
S1 and Figure 2), the radiative impacts on precipitation begin to contribute more to runoff intensification at
higher percentiles (i.e., 99.9th) than plant-physiological effects. The largest and most widespread 99.9th per-
centile runoff changes, with increases over 30 mm/day, are seen over Asia, including the Maritime Continent,
India, Southeast Asia, China, and Northern Australia. Runoff and precipitation intensity increases in these
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regions are strongly affected by both radiative and physiological responses to rising CO2 and are thus most
likely to experience greater flooding in the future.

4. Conclusions

Previous work has demonstrated that plant physiological effects can contribute significantly to increases in
annual mean runoff, particularly in the tropics (Betts et al., 2007; Gedney et al., 2006). By isolating the physio-
logical and radiative responses to rising CO2, here we show that physiological effects in CESM can impact run-
off intensity on daily timescales by a higher percentage than the annual mean and are therefore a major
mechanism that controls the physical processes (i.e., soil infiltration and flow rates) leading to extreme flood-
ing events. In the tropical average, reduced stomatal conductance increases soil moisture, leading to more
runoff from all precipitation rates, such that precipitation events that may not cause flooding in the present
climate may produce new runoff extremes in the future. Therefore, even without significant changes in pre-
cipitation intensity, flooding risk could increase as a result of vegetation responses to rising CO2 alone. In
combination with expected increase in precipitation intensity, future runoff intensity is likely to increase sub-
stantially. Our results indicate that radiatively driven intensification of precipitation and plant physiological
influences on soil moisture contribute equally to increases in the 99th percentile runoff rates in the tropics.
Radiative effects play a larger role for less frequent runoff events (greater than the 99th percentile) at the
extreme tail of the distribution, but physiological effects remain important by increasing soil moisture and
amplifying flood risks from precipitation intensification.

Our results demonstrate that future flood risk assessments based on downscaling ESM results using hydro-
logical and/or river routing models are strongly influenced not only by CO2 effects on precipitation and tem-
perature within the atmosphere but also by plant responses that influence soil moisture. Therefore,

Figure 3. Daily 99th percentile (a–c) precipitation and (d–f) runoff rate change (4×CO2 minus preindustrial CO2 climate) from (a, d) Full, (b, e) Radiation, and
(c, f) Physiology simulations. Horizontal lines delineate the tropics between 23°S and 23°N. Stippling shows significance at 90% confidence based on interannual
variability.
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improving projections of future flood risk requires reducing uncertainty in the representation of plant
processes (e.g., plant growth and stomatal conductance responses to rising CO2) as well as the effects of
climate change on precipitation. Multimodel intercomparisons focused on evaluating plant processes and
understanding their roles in the hydrological cycle may help reduce uncertainty in ESM projections.
Furthermore, in addition to improved prediction, a better understanding of the physical processes that
impact runoff intensity will inform adaptation, monitoring, and infrastructure development strategies. To
mitigate future damage and deaths associated with river flooding, better monitoring of soil moisture
conditions may be necessary, as well as preservation of ecosystems that support greater water retention
(e.g., wetlands). The intensification of precipitation associated with the Madden Julian Oscillation and
monsoons (Kooperman et al., 2016), radiatively and physiologically driven increases in mean precipitation
from enhanced moisture convergence (Kooperman et al., 2018), and rising soil moisture from reduced
stomatal conductance may make the Maritime Continent and Southeast Asia particularly vulnerable to
future flooding.
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