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Abstract The response of extreme precipitation to warming varies widely among climate models,
especially in the tropics. In some models, there have been indications that the rate of response
increases with warming—that the response is not linear. We investigate the evolution of extreme
precipitation, quantified by the maximum accumulated precipitation in a day each year, in CESM1. We
find that tropical‐ and global‐average extreme precipitation is related to global‐mean surface temperature
quadratically. This behavior is associated with an increase in the large‐scale fraction of extreme
precipitation and also strengthening circulation on extreme precipitation days. Compared to other CMIP5
models, the nonlinearity in CESM1 is among the largest. One implication is that the difference between
CESM1 simulations with full forcing and with fixed aerosols cannot be used to isolate the response of
extreme precipitation to aerosols, as the resulting climates are not equally warm.

Plain Language Summary Extreme precipitation can drive natural disasters like floods and
landslides, so understanding and quantifying how it responds to warming is important. Climate models
disagree on how much extreme precipitation changes in response to global warming in the tropics. Here we
focus on trying to understand the response in just one climate model, CESM1. Some previous studies using
this model assumed that the response of extreme precipitation for a given amount of warming is fixed.
This is what we would expect if the change in extreme precipitation followed the amount of moisture in the
atmosphere. However, we find that the response of extreme precipitation in the tropics to a given amount of
warming is not fixed, and instead increases as the temperature warms. Changes in circulation and in the
way the model produces precipitation accompany this behavior. Among other climate models, this behavior
is shared by some but not all models. CESM1 has a larger increase in extreme precipitation change in
response to warming than most models, and some lack this behavior entirely. The next generation of models
that descend from CESM1 also do not share this behavior.

1. Introduction

Climate variability and change can often be approximated as linear: For example, the global average preci-
pitation change from 0 to 1 °C of global warming is approximately the same as the change from 1 to 2° in
climate model projections. However, for extreme precipitation, the response to warming in some models
might increase as the warming itself increases—a nonlinear response. This type of response occurs inmodels
with a tropical extreme precipitation response that deviates from the response of the rest of the intensity dis-
tribution, which has been called an “extreme mode” (Pendergrass & Hartmann, 2014). The extreme mode is
one factor that contributes to the substantial variation in the magnitude of the tropical extreme precipitation
response across climate models (O'Gorman, 2012). This variation in extreme precipitation response also
influences nonextreme precipitation; models with larger increases in extreme precipitation have smaller
increases or even decreases in nonextreme precipitation (Thackeray et al., 2018).

One framework for thinking about extreme precipitation change is that the precipitation rate in an extreme
event is proportional to the product of moisture and circulation (measured by vertical velocity through the
cloud base or by convergence of dry air in the boundary layer; Pendergrass & Gerber, 2016). In this frame-
work, if moisture were to change at constant relative humidity with no change in circulation, then the
extreme precipitation change would follow moisture, deviating only slightly from linearity (Δrx/rx, where
rx is extreme precipitation). In model projections, moisture changes at approximately constant relative
humidity, but changes in circulation also contribute to extreme precipitation change (particularly its spatial
pattern; Pfahl et al., 2017).
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Despite indications that the response of extreme precipitation to warming may not be linear in all climate
models, additivity is sometimes assumed. One approach that has been used to isolate the climate response
to individual forcing agents is to take the difference between simulations in which many forcings vary
over time and simulations in which one forcing is held fixed; this works when the response to each for-
cing is linear and thus additive. Two recent studies use this approach to try and isolate the extreme pre-
cipitation response to anthropogenic aerosol forcing (Lin et al., 2016; Zhao et al., 2018). However, the
linearity of the extreme precipitation response to climate change in these simulations has not
been established.

Here we investigate the response of extreme precipitation to climate change by focusing on one climate
model, CESM1. We will show that the response of extreme precipitation in the tropics is actually nonlinear.
Then we will show how this nonlinearity relates to parameterizations of precipitation, as well as changes in
circulation and moisture. Next we will compare the response of extreme precipitation in CESM1 with other
models from the CMIP5 cohort. Finally, we will consider the implications for isolating the response of
extreme precipitation to GHG and anthropogenic aerosol forcings.

2. Methods

One challenge for studying extreme events is that they are rare; more samples improve our certainty in quan-
tifying these events and how they change. Large ensembles of simulations enable greater sampling, widen-
ing the breadth of analyses that can be employed.We use two large ensembles of CESM1 simulations: the 40‐
member CESM1 Large Ensemble (CESM1‐LE) (Kay et al., 2015) and a 20‐member ensemble with fixed
anthropogenic aerosols (hereafter CESM1‐AA). The CESM1‐LE is a set of fully coupled simulations at nom-
inal 1° resolution, forced with historical estimates of natural and anthropogenic radiative forcings from 1920
to 2005 and the Representative Concentration Pathway (RCP) 8.5 scenario (Meinshausen et al., 2011) from
2006 to 2100. RCP8.5 is a high‐emission scenario with large increases in GHGs over the 21st century and
anthropogenic aerosol forcing, which increases until about 2030 and then subsequently decreases to low
levels by the end of the century. Members are initialized from year 1920 of a historical simulation that begins
in 1850; members are differentiated by adding small perturbations to atmospheric temperature [see Kay
et al., 2015]. CESM1‐AA is a 20‐member set of simulations from 1920 to 2080, which are identical to the
CESM1‐LE except that energy‐sector anthropogenic aerosols remain fixed at 1920 values. Like CESM1‐
LE, CESM1‐AA members are initialized with small perturbations to atmospheric temperatures in 1920,
using the same historical simulation as CESM1‐LE. The variables we use here are monthly averaged refer-
ence height air temperature (TREFHT) and daily‐averaged precipitation (convective and large‐scale,
PRECC and PRECL), zonal andmeridional wind components at 850 hPa (U850 and V850), specific humidity
in the lowest atmospheric layer (QBOT), and 500‐hPa vertical velocity (OMEGA500, available for two mem-
bers of the CESM1‐LE).

We also compare CESM1 against the CMIP5 multimodel ensemble. We use fully coupled historical and
RCP8.5 simulations from one ensemble member each of the 33 CMIP5 models with daily precipitation
and monthly near‐surface air temperature.

The response of extreme precipitation to global warming depends on how “extreme precipitation” is
defined: The more extreme an event is, the larger its response is to warming (Pendergrass, 2018). Here
we use the maximum daily accumulation of precipitation in each year (rx, often called Rx1day; Zhang
et al., 2011). rx is extreme enough that its behavior does not merely follow mean precipitation
(Pendergrass et al., 2015). At observing stations, rx makes up 8.5% of total precipitation (Pendergrass &
Knutti, 2018). rx can be calculated for each year in each ensemble member, which facilitates analysis of
changes over time. We calculate rx at each grid point and then take area averages—for example, global,
tropical, or extratropical.

3. Response of Extreme Precipitation to Warming in CESM1

In the CESM1‐LE simulations, global‐mean surface temperature increases little from 1920 to 1980 and sub-
sequently climbs upward through 2100 (Figure 1a). Globally averaged rx follows this overall pattern, with
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little change until 1980 and a subsequent increase (Figure 1b). The variability of rx across ensemble members
is higher than for temperature, and it also increases over the 21st century.

To quantify the rate of change of rx with warming, one approach is to calculate paired epoch differences.
Some previous studies have, instead, regressed changes in extreme precipitation against changes in tempera-
ture (Lin et al., 2016; Pendergrass et al., 2015), but this assumes that the changes are linear. For our paired
epoch differences, we choose 10‐year epochs, averaging over all 40 ensemble members to reduce noise. We
use all possible pairs of epochs, drawing both the initial and final epochs from the entire course of the simu-
lation. After calculating global‐mean temperature T and rx for each epoch, we calculate the relative change
normalized by warming (Δrx/ΔT, with units of % K‐1), which is the change in rx divided by the average rx
during the base epoch and also ΔT. To avoid redundancy and division by zero, we exclude epoch pairs whose
global‐mean temperature change is less than +0.2 K in absolute value, which has the effect that each pair is a
warmer epoch compared to a cooler epoch.

Figure 1. Nonlinear response of extreme precipitation to warming. Time series of (a) global‐mean temperature and (b)
maximum daily accumulation of precipitation each year (Rx1day or rx) in the CESM1‐LE 40‐member ensemble. (c)
Δrx/ΔT between ensemble mean 10‐year epoch pairs with >0.2‐K global‐mean temperature increase. Color indicates the
global‐mean temperature of the final epoch of the pair, Tfinal. (d) Δrx/ΔT versus final epoch temperature (black). The best
fit regression line is shown in red, with the slope indicated at the top left and the change in global, annual mean near
surface specific humidity in blue. (e) Ensemble‐ and global‐mean rx versus temperature for each epoch from panel (d). The
red line indicates the best fit quadratic polynomial. (f) As in Panel (e) for simulations with anthropogenic aerosols fixed at
1920 values (Figure S1).
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Examining Δrx/ΔT as a function of ΔT, the relationship is not unique (Figure 1c). For small warming incre-
ments close to the lower threshold (+0.2 K), Δrx/ΔT ranges from ~1% to ~9% K‐1. Moving toward larger ΔT,
the range of Δrx/ΔT converges to ~7% K‐1 at around 5‐K warming. In terms of when in the simulation each
epoch pair occurs, the largest ΔTmust involve initial epochs toward the beginning of the simulations (before
~1980) with those toward the end. The epoch pairs with smaller ΔT are from periods closer together in time,
or from the beginning of the simulations. This raises the following question: If the rate of extreme precipita-
tion change is not driven solely by temperature change, what other factors play a role?

Motivated by the observation that the variability of rx increases with warming (Figure 1b), we examine
Δrx/ΔT as a function of the temperature of the final (warmer) epoch (Tfinal; Figures 1c and 1d).
Unlike ΔT, there is a monotonic relationship between Tfinal and Δrx/ΔT—larger values of Δrx/ΔT
occur when the final epoch is warmer. Indeed, linear regression captures much of this relationship
—the slope of the best fit regression line is 1.1% K‐2. There are also features that linear regression
does not capture, including some systematic variation among ensemble members (e.g., ~287.5 K),
which is related to large volcanic eruptions that cool all ensemble members simultaneously. All large
volcanic eruptions in these simulations occur before 2000; none are present in the future emissions
scenario from 2006 onward.

If Δrx/ΔT is linearly related to Tfinal, then by simple calculus we should expect rx to be quadratically related
to T,

drx
dT

¼ aT;

∫
drx
dT

dT ¼ ∫ aTð ÞdT;
rx ¼ aT2 þ b:

Averaging each epoch globally and across all ensemble members, we see that this is indeed the case
(Figure 1e). Furthermore, averaging across 40 ensemblemembers removesmost noise, so the quadratic poly-
nomial fit explains over 99.9% of the variance of the relationship between rx and T.

Recall from section 1 that if circulation during extreme events did not change with warming, extreme pre-
cipitation intensity would change with roughly the rate of moisture increase. How does the change in
extreme precipitation in these simulations compare to changes in moisture? In these simulations, global,
annual average specific humidity in the bottom layer of the atmosphere increases by about 5% to 6% K‐1 early
in the simulation, rising slightly toward 6% K‐1 by the end of the simulations, a rate slightly lower than
Clausius‐Clapeyron (Figure 1d). Specific humidity on the day of heaviest precipitation each year rises at a
slightly smaller rate, between 4% and 5.5% K‐1 (not shown). Clausius‐Clapeyron is between 6% and 7% K‐1

at these temperatures and decreases slightly with increasing temperature. The change in moisture contrasts
starkly with Δrx/ΔT, which varies from ~3% K‐1 at colder global‐mean temperatures to ~8% K‐1 at the
warmest temperatures.

So far, we have examined the changes in globally averaged Δrx/ΔT. But previous work has shown that in
models with large increases in extreme precipitation, these occur in the tropics, rather than the extratropics
(O'Gorman, 2012; Pendergrass & Hartmann, 2014). Therefore, we next examine the spatial pattern of the
nonlinearity in rx. To do this, we calculate the slope of the regression line between Δrx/ΔT at each gridpoint
and global Tfinal: A larger slope indicates larger nonlinearity in rx. For this calculation, we only use time per-
iods from 2000 onward, to avoid the influence of volcanic eruptions.

The slope of Δrx/ΔT versus Tfinal is positive across the deep tropical oceans and portions of the tropical con-
tinents (Figure 2a). Some regions of Africa have negative slopes. Most of the extratropics have smaller slopes.
The spatial pattern has some similarities to the pattern of change in rx (Figure 2b), such as the enhanced
increases across much of the tropical oceans, but also some differences from it, for example, over southeast
Asia. The spatial pattern of rx change also bears some resemblance to mean precipitation change (Fischer
et al., 2013; Pendergrass et al., 2017; Figure 2c): Both have increases in the tropical Pacific and Atlantic,
the northern Indian Ocean, and some tropical land areas. But they differ in that mean precipitation also
has regions of decrease.
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The spatial pattern motivates us to compare regional averages over the tropics, which we define as equator-
ward of 30° latitude, and the extratropics, poleward of 40°. The relationship between tropical rx and T is cap-
tured well by a quadratic fit, while the relationship between extratropical rx and T is nearly linear, consistent
with the spatial pattern of nonlinearity. (Substituting local temperature change or temperature change on
each rx day for global‐mean temperature produces a qualitatively similar result). The nonlinearity, then,
arises from the tropics. It is dominated by the tropical oceans but remains present when the analysis is
restricted to tropical land (Table S1 in the supporting information).

What drives the nonlinear relationship between tropical rx and T? It has been argued that aerosol forcing
drives a larger extreme precipitation increase than greenhouse gas forcing (Lin et al., 2016). To test whether
the nonlinear extreme precipitation response is driven by aerosol forcing, we repeat the analysis using the
CESM1‐AA ensemble, with fixed aerosol forcing. The nonlinear behavior persists in these simulations
(Figures 1f and S1), which indicates that it is not driven by these aerosols.

Precipitation in today's climate models, including CESM1 and all other CMIP5 models, is parameterized—
via either convective (unresolved) or large‐scale (resolved) parameterizations; so parameterizations are a
potential driver of the nonlinearity. The fraction of rx falling as resolved precipitation has a strong

Figure 2. Geographical patterns of the nonlinear change in extreme precipitation. Maps of (a) slope of Δrx/ΔT versus
Tfinal, and for 2091–2100 minus 2000–2009, the (b) change in rx and (c) mean precipitation change. rx versus T (d) pole-
ward of 40° latitude with linear fit and (e) equatorward of 30° with quadratic fit.
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dependence on latitude in CESM1—most extreme precipitation is resolved in the extratropics, while most is
unresolved in the tropics (Figure 3a). In the tropics, there are also differences between precipitation over land
and ocean; over land, more precipitation is resolved than over ocean. In response to warming, the fraction of
rx precipitation that is resolved increases from about 62% to just over 64%, particularly beyond 289 K
(Figure 3b). The spatial pattern of the increase in resolved rx fraction (Figure 3c) bears resemblance to the
change in rx itself, to the spatial pattern of the nonlinearity (Figure 2a), and also to the changes in mean
precipitation (Figure 2c). The increase in resolved fraction of rx probably plays a role in the nonlinearity,
though some of this role could be merely that regions which newly find themselves in mean ascent (due to,
e.g., the shifting Inter‐Tropical Convergence Zone) have more resolved extreme precipitation.

The roles of circulation and moisture change can be decomposed using various scaling relationships (e.g.,
Norris et al., 2019; O'Gorman & Schneider, 2009). To estimate circulation throughout the CESM1‐LE

Figure 3. Parameterization of extreme precipitation; moisture and circulation components of change. (a) Fraction of rx arising from resolved (large‐scale) precipi-
tation in CESM1, (b) global‐mean fraction of resolved rx at different global‐mean temperatures, and (c) spatial pattern of the change in resolved fraction of rx. (d)
Scaling of rx into circulation, c, and moisture, q, components: the change in rx (gray), the change in the product of q and c (approximating rx, black), the change in q
alone (blue), and the change in c alone (red). Spatial pattern of the change in (e) near‐surface specific humidity and (f) 850‐hPa convergence on the day of rx. See the
supporting information for details.
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simulations (given available model output), we use a single‐level scaling between near‐surface specific
humidity and convergence at 850 hPa (Figure 3d). This scaling closely captures the changes in rx, under-
estimating it slightly (the actual change is 35% compared to scaling of 33% at the end of the simulations).
Moisture climbs steadily upward, nearly linearly, consistent with constant‐relative humidity warming on
rx days. But convergence strength changes little until about 289‐K global‐mean temperature and subse-
quently increases, similar to the resolved fraction of rx. Convergence at 850 hPa follows a similar trajec-
tory to 500‐hPa vertical velocity (Figure S3). The spatial pattern of moisture change (Figure 3e) resembles
that expected based on constant‐relative‐humidity warming, dominated by polar amplification. But the
spatial pattern of change in convergence shares many commonalities with the change in resolved fraction
of rx (Figure 3f).

Together these analyses show that the nonlinear increase in rx in the tropics is associated with increasing
circulation strength and also coincides with an increasing importance of resolved precipitation for rx.
Moisture changes and aerosol forcing, on the other hand, are not sources of nonlinearity.

4. Comparison With Other Climate Models

How does the nonlinear increase in rx in CESM1 compare to that in other climate models? In the CMIP5
archive, most models have just one or a few simulations available. We therefore adapt the analysis to use
one simulation from each model and compute the spatially averaged rx and temperature over sliding 30‐year
windows. We start this analysis in 2000, after the effects of large volcanoes have faded. We calculate global
Δrx/ΔT for each epoch pair against Tfinal (following Figure 1d). We calculate the regression slope across all
epoch pairs and sort the models from largest to smallest slope (Figure 4).

The relationships are noisier with just one ensemble member than with 40, despite averaging over 30‐
instead of 10‐year periods (as in Figure 1c). If the extreme precipitation change were linear with respect to
warming, Δrx/ΔTwould be constant, and so the slope of Δrx/ΔT versus Tfinal would be zero. To test whether
the regression slopes are nonzero, we assume slopes follow a normal distribution with standard deviation
estimated from the CESM1‐LE regression slopes and mean equal to the slope of each CMIP5 simulation
and test whether this distribution includes zero at the 95% confidence level. Across CMIP5, 15 of the models
have nonzero slopes, all of which are positive.

Among the models with the largest increases in Δrx/ΔT with warming are those in the CESM family:
CESM1‐BGC, CESM1‐CAM5, CCSM4, and NorESM1‐M.While these models share heritage, they have simi-
larities and differences. CESM1‐BGC and CESM1‐CAM5 have very few differences in configuration from the
CESM1‐LE; the differences in extreme precipitation response among these simulations are likely due only to
internal variability. On the other hand, CCSM4 and CESM1‐BGC have a different atmospheric physics pack-
age (CAM4), which includes differences in shallow convection, cloud microphysics and macrophysics, the
aerosol model, and the radiation scheme. NorESM1‐M descends from CCSM4, with an updated aerosol‐
cloud‐radiation scheme (Bentsen et al., 2012).

Other models with large increases in Δrx/ΔT with warming are GFDL‐ESM‐2M and IPSL‐CM5A‐LR. The
GFDL‐ESM family has the largest overall magnitude of extreme precipitation change among models, reach-
ing 13–14% K‐1 according to this particular measure. Previous work shows commensurately larger increases
for more infrequent definitions of extreme precipitation (e.g., Pendergrass & Hartmann, 2014). This indi-
cates that nonlinearities could account for some of the large increases of extreme precipitation in response
to warming.

Repeating the analysis for the extratropical extreme precipitation (poleward of 40°), only 8 of the 33 models
have a nonzero change in Δrx/ΔT with Tfinal, which is positive in all cases; also, the magnitudes of change
vary less amongmodels. For the tropics, 14 models have a nonzero change inΔrx/ΔTwith Tfinal, also all posi-
tive. This is consistent with the nonlinearity arising from the tropics and with previous work showing that
model uncertainty in extreme precipitation change arises from the tropics (O'Gorman, 2012).

Since temperature is related to Δrx/ΔT in individual models, does it explain the variation across models?
Indeed, T in 2000–2009 is not significantly correlated with Δrx/ΔT or rx across models; perhaps tuning pre-
cludes a relationship.
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The CESM1 model has a variety of descendants in CMIP6, including CESM2 and E3SM. Applying the ana-
lysis to one transient carbon dioxide increase simulation with each of these models (Figure S2), both have
increases in Δrx/ΔT in response to warming, but the magnitudes are smaller than CESM1. In E3SM, the
slope of Δrx/ΔT versus T is 0.2% K‐2, and in CESM2, it is 0.4% K‐2 (compared to 0.8–1.5% K‐2 in for individual
CESM1‐LE members).

Figure 4. Nonlinearity across CMIP5 models. Global Δrx/ΔT between epoch pairs versus global‐mean Tfinal for each model. Best fit regression line for each simu-
lation in red; bright red indicates that the slope is significantly different from zero, and dark red indicates it is not. The significance test assumes that slopes are
normally distributed with mean equal to the simulation's slope and standard deviation equal to the maximum‐likelihood‐estimated standard deviation of slopes
from CESM1‐LE. Simulations are sorted from largest to smallest regression slope.
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5. Implications for the Response of Extreme Precipitation to GHG and
Aerosol Forcing

A nonlinear response of extreme precipitation to warming makes analysis techniques that implicitly or
explicitly assume additivity problematic, for example, those of Lin et al. (2016) and Zhao et al. (2018).
They approximated the response to aerosol forcing as the difference between the CESM1‐LE and another
15‐member CESM1 ensemble over 2005–2100 in which anthropogenic aerosols were held fixed at 2005
values, invoking an assumption of linearity. Using this approach, they found that Δrx/ΔT is approximately
two times larger for aerosol forcing than greenhouse gas forcing.

In RCP8.5, anthropogenic aerosol forcing increases from 2006 to 2030 and then subsequently decreases (see
Pendergrass et al., 2015). The decrease of aerosols after 2030 drives additional global warming, beyond that
from GHGs. As a result, the fixed‐aerosol simulations have less global‐mean warming than CESM1‐LE
(Figure S5). Given the nonlinear relationship between extreme precipitation and temperature documented
here, we should expect the additional warming to drive an increase in extreme precipitation regardless of
whether the warming is driven by aerosols or greenhouse gases—it occurs at the same rate in simulations
with and without changes in anthropogenic aerosol forcing (Figure S1).

In contrast to extreme precipitation, global‐mean precipitation is linear in CESM1 simulations (Figure S6).
Lin et al. (2016) also find a large difference in the change in global‐mean precipitation in response to GHGs
and aerosols, which is expected from the differing effects of these forcings on atmospheric radiative fluxes,
consistent with other studies. Some conclusions from Lin et al. are further affected by the use of moderate
definitions of extreme precipitation, like R95p and R10—the precipitation falling in these events constitutes
a large fraction of total precipitation and thus should be expected to behave more like mean precipitation
than extreme precipitation (Pendergrass & Knutti, 2018).

6. Conclusions

Extreme precipitation—quantified here by the maximum amount of precipitation falling on a single day
each year (rx)—changes nonlinearly with respect to global‐mean temperature in the tropics in CESM1.
The nonlinearity is associated with strengthening circulation (the dynamic component) and with an
increase in large‐scale (resolved) precipitation with warming. The spatial patterns of the circulation change,
the increase in large‐scale extreme precipitation fraction, and the nonlinearity have many features in com-
mon. Mechanisms that we exclude as drivers of the nonlinear response are the change in moisture (the ther-
modynamic component) and anthropogenic aerosol forcing.

Among the CMIP5 cohort of models, the nonlinearity in CESM1 extreme precipitation is among the largest.
CCSM4 also shares this large nonlinearity, but initial analysis with E3SM and CESM2 (which both descend
from CESM1) indicate that they do not share this behavior.

A previous study mistook the nonlinearity in extreme precipitation in CESM1 for a response to aerosol for-
cing. Because the relationship between extreme precipitation and surface temperature is nonlinear, the
responses of extreme precipitation to different forcing agents are not additive, and so the difference between
simulations with many forcing agents and those that exclude one forcing does not accurately reflect the
influence of that forcing agent on extreme precipitation.

One question arises from these findings: Is a nonlinear response of tropical extreme precipitation to warming
realistic? Changes in circulation that increase as the climate state becomes warmermay be physical. The short
observational record could present a challenge for documenting it on Earth. If the response of extreme preci-
pitation were to growwith warming, then changes that have been observed so far would be smaller than what
will occur moving into warmer climates in the future. Future work could seek relationships between obser-
vable present‐day precipitation and nonlinear responses, for example, in terms of their spatial pattern. For
the moment, this study shows that we cannot always assume that climate is linear—sometimes it is quadratic.
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