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Increased rainfall volume from future convective

storms in the US
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Mesoscale convective system (MCS)-organized convective
storms with a size of ~100 km have increased in frequency and
intensity in the USA over the past 35 years', causing fatalities
and economic losses?. However, their poor representation in
traditional climate models hampers the understanding of their
change in the future®. Here, a North American-scale convec-
tion-permitting model which is able to realistically simulate
MSCs* is used to investigate their change by the end-of-cen-
tury under RCP8.5 (ref. °). A storm-tracking algorithm® indi-
cates that intense summertime MCS frequency will more than
triple in North America. Furthermore, the combined effect of
a 15-40% increase in maximum precipitation rates and a sig-
nificant spreading of regions impacted by heavy precipitation
results in up to 80% increases in the total MCS precipitation
volume, focussed in a 40 km radius around the storm centre.
These typically neglected increases substantially raise future
flood risk. Current investments in long-lived infrastructures,
such as flood protection and water management systems,
need to take these changes into account to improve climate-
adaptation practices.

Economic losses from convective storms are steadily increasing
in the USA and currently exceed US$20 billion annually”>. Many of
these losses are caused by MCSs that produce flash floods, debris
flows, landslides, high winds and hail. Flash floods alone cause
84 fatalities per year, which is more than any other weather haz-
ard in the United States, except for heatwaves’. A rising frequency
and intensity of long-lasting MCSs was found in observations dur-
ing spring in the Central United States, which led to an increase
of subdaily convective rainfall extremes during the past 35 years'.
Australian observations confirm this trend and show that rainfall
has become spatially more concentrated over a similar time period®.
Observed extreme daily precipitation increased in all regions of the
United States during the period from 1958 to 2012°. Extreme rain-
fall is expected to increase further by approximately 7% per degree
of global warming, which is implied by an increased capacity for
water vapour in a warmer atmosphere through considerations from
the Clausius—Clapeyron (CC) relationship'. Such increases are
confirmed by observations and model results®''-"*.

Here we use a set of two continuous 13-year long 4km horizon-
tal grid spacing continental-scale convection-permitting climate
model (CPCM) simulations to investigate climate change effects on
MCSs during June, July and August (JJA) over North America''. By
using a storm-tracking algorithm® we can identify and track MCSs
in space and time according to their hourly precipitation fields.
The detected MCSs are consistent with standard definitions of con-
tiguous heavy precipitation for a minimum of 100km in at least
one direction'" and a minimum duration of four hours'. Also, the
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frequency of ~60 MCSs per summer season in the Central United
States is similar to that in previous studies"". It cannot be ruled
out that a small fraction of frontal precipitation is picked up by the
tracking algorithm, but this is unlikely to affect the results system-
atically. A schematic on how MCSs are tracked and how they change
in the future period is shown in Fig. 1. The CPCM is able to simulate
realistic MCSs (Supplementary Fig. 1) and can reproduce the char-
acteristics of observed MCSs, such as their maximum rain rate, size,
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Fig. 1| Schematic of Lagrangian tracking of MCS precipitation and future
changes in MCSs. a, MCS hourly precipitation accumulations above
5mmh~" are identified and tracked over space and time (time corresponds
to the vertical axis). b, Characteristics such as storm motion, rain rates or
cloud top heights are identified for MCSs in the current and future climate.
Highest increases are found for MCS precipitation volumes, which is
positively related to increasing rain rates and rain areas and negatively to
changes in storm motion (b).
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Fig. 2 | Relative frequency changes of MCSs according to their characteristics. a-c, Relative differences in the future minus current conditional
distribution of MCS size (a), P,.,, (b) and storm speed (¢) conditioned on P, for all MCS hours over land. Filled contour areas correspond to regions
with at least five MCSs in the current climate and black hatched contours show areas with at least five MCS hours in the future. Dotted areas show non-
significant differences (alpha is 0.1) based on 100 Bootstrap samples. Black/grey bars show current/future empirical density functions for the dimension
they are adjacent to. The density functions are split to show the full distributions and a zoom on their tails.

total rainfall and storm motion, within observational uncertainties*.
However, the frequency of MCSs is up to 50% underestimated in the
Central United States and up to 50% overestimated along the Gulf
and Atlantic Coast’. The Central United States bias results from a
systematic underestimation of MCS frequencies in situations with
weak synoptic-scale gradients, which is related to a model warm
bias during late summer caused by an overestimation of incoming
solar radiation and biases in soil-atmosphere interactions’. Note
that these frequency biases could possibly affect the climate change
signals of MCS occurrence.

All regions except for the Central United States experience an
increase in MCS frequency in the future period (Supplementary
Fig. 2), which is in agreement with previous studies that show
an increase in convective extremes in future climates'®”. In the
Central United States, MCSs with maximum hourly precipita-
tion (P,,)<40mmh™ reduce by 30%, but extreme MCSs with
P..>90mmh increase by 380%. Similar high increases in extreme
MCSs can be found in other regions. The highest relative increases
in MCS frequency occur in Canada and the US Northeast, where
MCSs with P, >80mmh™" are almost unrepresented in the current
climate and become frequent in the future (Supplementary Table 1).

P, of future MCSs shows relative increases of 25% to 40% in
northern regions such as Canada, the US Northeast and the US Mid-
Atlantic and ~15-20% elsewhere (Supplementary Fig. 3), which is
consistent with expectations from the CC relationship because of
a greater temperature increase at high latitudes®. Also, MCS sizes
systematically increase in all regions with the largest increases in
southern regions and smaller increases in mid and high latitudes.
A significant increase in the convective available potential energy
(CAPE)'®" makes the future environment more favourable for
convection and allows MCSs to grow larger'*. The combined effect
of higher P, and larger MCSs results in a significant increase in
the MCS hourly total rainfall (P,,), which is the total volume of
precipitation from a system within an hour. Increases in P, range
between 20% and 40% in the mid- and high-latitude regions and
between 40% and 80% in lower latitudes.

The impact of future MCSs will strongly depend on the com-
bined effect of these changes. MCSs that have high P, relative to

their size rapidly increase in frequency (Fig. 2a), which results in a
higher flood potential because of the concentration of large precipi-
tation volumes over small areas. Systems with a high P, and a high
P, also significantly increase in the future climate; however, the
largest MCSs are typically not those with the highest P, (Fig. 2b).
A large flood risk occurs from MCSs with a high P, and slow
storm motion. This category of MCSs shows the highest increase in
all regions (Fig. 2¢), but changes in storm speed are regionally vari-
able. MCSs that move slower than 20kmh™' reduce their speed by
up to 20% in the US Midwest and Mid-Atlantic, and in Canada, but
are faster in Mexico and the US Northeast (Supplementary Fig. 3).
Changes in the MCS motion are consistent with changes in the
steering level flow (~7 km wind speed” (Supplementary Fig. 4)) and
changes in MCS internal processes such as cold pool dynamics'.
Next, changes in the 40 MCSs with the highest P, are inves-
tigated in the densely populated US Mid-Atlantic region. For sta-
tistical robustness, 40 MCSs were selected and the results do not
change significantly for sample sizes between 20 and 100 MCSs.
Future MCSs significantly increase their P, and have substantially
larger areas covered by high rain rates (Fig. 3a,b). Mean rain rates
are exponentially decreasing with increasing distance from the loca-
tion of P, (Fig. 3¢), which can be described by the statistical model
P =P, e +dwith d<P,,.. Here, x (km) is the distance from the
location of P,,,, d (mmh™') is the average rainfall at 80 km distance
from P, and k (km) is the horizontal length scale that denotes the
distance from P, at which P, =P, /2. On average, P, increases
by 30% from 95+12mmh™" to 122+14mmh~' (+1s.d.), in line
with the CC relationship. d is approximately 2.5+ 1.7mmh~! and
stays constant in future climates, whereas k significantly increases
from 8.1 +2.2km to 9.8 +2.6km. The larger k values cause rainfall
to increase from 30% at the location of P, to ~70% at a radius
of 10-30km around P,,,. This substantially increases P, because
MCS precipitation volume increases with the square of the dis-
tance (Fig. 3d). P, increases are largest on the scale of major cit-
ies (O 1,000km (Fig. 3d)). For example, P, increases by 60% or
3,900m*s™! on the area of New York City, which is equivalent to
adding six times the Hudson River discharge to an extreme MCS
of the current climate. One-third of the increase in P, is related
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Fig. 3 | Precipitation in the 40 MCSs with highest Pmax in the mid-Atlantic region. a,b, Hourly MCS precipitation averages at the time of P, in the
current (a) and future (b) climates composited according to the location of P,,,. ¢, Mean rain rates at different radial distances from the location of P,
for current (blue) and future (red) MCSs. Median relative differences are shown in grey and correspond to the secondary y axis. Dashed lines show fitted
exponential functions. d, Intensity-area curves that show the area covered by certain precipitation rates. The grey line shows relative changes in the
precipitation volume relative to spatial scales. In ¢ and d, the shaded areas correspond to the interquantile range of the 40 MCSs.

to a larger P,,, and two-thirds to larger k values. Similar changes
are found in Mexico and the US Southeast, North-Atlantic and
Midwest regions (Supplementary Fig. 5). Increases in k are not sig-
nificant and contribute less than 50% to the volume increase in the
other regions (Supplementary Fig. 6). The increases in future MCS
precipitation volume are consistent with previous studies that focus
on individual MCS cases*"*.

To understand the processes that cause the intensification and
broadening of heavy precipitation in future MCSs during JJA, we
analyse changes in the MCS environments and dynamics (Fig. 4).
The future US Mid-Atlantic MCSs have, on average, a 1.8 km higher
cloud top that is 3.8 °C colder than in the current climate (Fig. 4a,b
and Supplementary Fig. 7). A 10°C warmer equivalent potential
temperature in the boundary layer combined with a higher tropo-
pause lead to a significantly higher CAPE. However, these future
environments have larger absolute values of convective inhibition
(CIN) of the inflow air (Fig. 4e,f).

The increased CAPE is consistent with an increase of future
maximum updraft velocities and mean updraft sizes above 2km
(Supplementary Fig. 7), which is roughly the height of the level
of free convection. The stronger updrafts produce more graupel
and hail in the core of future MCSs above the future freezing level
(Fig. 4c). The fall speed of graupel and hail are at least twice those of
snow and ice, which increases the downward fluxes of moisture in
future MCSs (Fig. 4d). The downdrafts intensify and broaden, prob-
ably in response to enhanced cooling through melting in the warm
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cloud layer (between the lifting condensation level and the freezing
level) because of an increased input of frozen particles from aloft
(Supplementary Fig. 7) and a larger precipitation loading®.

Figure 4c,d shows that the increase in surface precipitation rates
results from a more than 30% increase in downward moisture flux
and constant hydrometeor mixing ratios below 2km height. At
higher levels, the largest changes occur for the snow mixing ratio with
decreases below 7km and increases above because of the increased
upward moisture transport. The decreases are related to the higher
freezing level that leads to an earlier melting of frozen particles and
results in an increase of liquid particles of up to 5gkg™" (300%) at
~4km height (Fig. 4c and Supplementary Fig. 8). As raindrops fall ten
times faster than ice and snow”, they reside for a shorter period in the
atmosphere, which contributes to the enhance downward moisture
flux®. Relative humidity is slightly decreased by 1.5% at all levels and
the atmosphere becomes more stable because of a 3°C larger temper-
ature increase in the upper troposphere compared with the near-sur-
face levels (Supplementary Fig. 7). Wind-shear changes are small and
have minor effects on the changes in MCS dynamics (Supplementary
Fig. 9). Changes in future MCSs in other regions are similar.

The increasing size of MCSs is in line with previous findings
that show that large systems are related to high CAPE values'* and
that CAPE is expected to increase because of climate change'®" as
a result of a boundary layer that is warmer with increased humidity
throughout its depth. Future US Mid-Atlantic MCSs have a 70 m
higher lifting condensation level (cloud base) and an 860 m higher
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Fig. 4 | Current and future MCSs environments. a,b, Average cross-section of the equivalent potential temperature (filled contour), hydrometeor mixing
ratios (blue, brown and red contours show rain and cloud, graupel and snow, and ice-mixing ratios, respectively), and wind field (streamlines) relative to the
MCS movement for 807 current (a) and 1,207 future hourly time slices of mid-Atlantic MCSs (b). Black solid lines show isothermals and the black dashed
line shows the lifting condensation level (LCL, that is, the cloud base). ¢,d, Average changes (future minus current) in hydrometeor mixing ratios (¢)

and vertical moisture flux (d) (upward/downward fluxes are shown as red/blue lines) at different heights above surface. Thick lines show significant
changes (alphais 0.01) according to 100 bootstrap samples. e-f, Probability density functions of CAPE (e), CIN (f) and warm cloud layer depth (g) for
current (blue) and future (red) MCSs. Shaded areas show the 1-99 percentile range of 100 bootstrap samples. Changes in CAPE and CIN are calculated in

the MCS inflow region.

freezing level, which leads to a deepening of the warm cloud layer
from 3.2+ 0.4km in the current to 4.0 + 0.4 km in the future climate
(Fig. 4g). The deeper layer allows for more precipitation particles
to grow via collision and coalescence (warm rain process), which
forms larger drops that fall faster and have a greater chance of reach-
ing the surface and contribute to the increase in areas with high
rainfall rates. Flash-flood situations are typically associated with
warm cloud layers deeper than 3-4km (ref. *°).

The results show that the relative increase of P, exceeds the
relative increases of P, in all regions because of an expansion of
the area with heavy precipitation in future MCSs. Most of today’s
climate change assessments do not account for changes in MCS spa-
tial patterns”, which suggests that future flood impacts may exceed
current expectations. This study highlights that a process-based
assessment is needed that takes different aspects of climate change
into account to assess the full spectrum of related impacts.

The presented climate change signals are significantly larger
than the natural variability in our current climate simulations that
feature active summer seasons, such as 2001, and inactive seasons,
such as the drought year of 2012. A remaining caveat is that we
cannot assess the effect of climate internal variability and chang-
ing atmospheric circulation patterns on our results. Large-scale
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dynamics have a strong control on the genesis and development
of MCSs. However, there is limited consensus among climate pro-
jections on how large-scale dynamics might change in future US
summers, whereas there is higher confidence in changes controlled
by thermodynamics®.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41558-017-0007-7.
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Methods

Climate model simulations. The weather research and forecasting model”
Version 3.4.1 was applied with convection-permitting grid spacing (4km) over

a North American domain (Supplementary Fig. 2)*. The model domain includes
1,360 % 1,016 grid points and 51 stretched vertical levels topped at 50 hPa. The main
applied model physics schemes are the Thompson aerosol-aware microphysics™,
the rapid radiative transfer model*, the Yonsei University planetary boundary
layer” and the improved Noah-MP land-surface model*. Additionally, weak
spectral nudging™ of a large wavelength (~2,000km) of the European Centre for
Medium-Range Weather Forecasts (ECMWF) Interim Reanalysis (ERA-Interim)
temperature, horizontal wind and geopotential height fields is applied above the
planetary boundary layer every six hours. More information about the model
setting and a basic evaluation of the model performance and climate change signals
is given in Liu et al. (2017)".

A horizontal grid spacing of 4km is widely accepted as the upper limit
for convection-permitting simulations that operate without a cumulus
parameterization’. However, this grid spacing is too coarse to resolve the full
spectrum of turbulent motions and there is no established theory about how
turbulence can be parameterized on such scales. Simulations in the European
Alps showed that bulk properties, such as area average-precipitation amounts and
vertical fluxes, already converged in a 4km simulation compared with a 500m
simulation; however, the structure of isolated convective cells did not converge™.
Simulations of squall lines in the United States showed that models with a 4km
or 1km horizontal grid spacing underestimate the entrainment of mid-level air
into the system, which leads to higher cloud tops, a slower development and more
precipitation compared with 250 m-model simulations***". The total upward flux
of dry air was fairly similar between the 4km and 250 m simulations. The studies
also show that an intermediate grid spacing of 1km does not necessarily improve
the 4km model results. The usage of a two-moment microphysics scheme, such
as that used in this study, generally improves the simulation, but significant
uncertainties in the convection-permitting model simulation of updraft intensities
associated with microphysics parameterizations have been reported®*. Apart from
these caveats, our 4km simulation can reproduce many realistic features of MCSs
(Supplementary Fig. 1).

Two 13-year long simulations were performed that consisted of a current
climate simulation, in which the ERA-Interim*’ data were downscaled for the
period October 2000 to September 2013 and a future, end-of-the-century, high-
end emission scenario (RCP 8.5) climate simulation. For the latter simulation, the
pseudo-global warming (PGW) approach® was applied, which is identical to the
current climate simulations, but the ERA-Interim lateral boundary conditions and
sea-surface temperatures were perturbed by a climate change signal. This signal
is the average monthly mean climate change signal of 19 CMIP5 (ref. ') global
circulation models (GCMs) for the periods 1976-2005 and 2071-2100. The PGW
approach allows the calculation of representative climate change signals that are
related to thermodynamic processes, lapse rate and baroclinicity with the year-to-
year variability and large-scale weather patterns largely unaffected. This has the
advantage that climate change signals can be attributed to forced climate change
processes because the internal climate variability is negligible. The drawback of
the PGW approach is that systematic changes in the large-scale circulation are
not considered. For instance, dynamic changes in the US nocturnal low-level
jet, which is related to MCS intensities and frequency’ because of its transports
of unstable warm and moist air from the Gulf of Mexico into the Great Plains,
might not be fully captured. A recent study”> shows the suitability of the PGW
approach as it demonstrates that the full climate change signal from a GCM-driven
RCM simulation can be decomposed in three additive terms: (1) a large-scale
thermodynamic effect, (2) a lapse-rate effect and (3) a large-scale circulation change.

Tracking of convective systems. The storm tracking is performed using the
method for object-based diagnostic evaluation (MODE)***, which incorporates
the time dimension (MODE time-domain or short MTD®). This method is

based on a four-step approach to identify MCSs. Gridded, hourly accumulated
precipitation is smoothed with a square moving window having a side length of
eight grid cells. The smoothed field is masked by applying a precipitation threshold
of 5mmh!, which results in the exclusion of most of the stratiform rain areas and
helps focus only on the regions of high rain rate. The masked field is applied to
the original hourly precipitation field to obtain precipitation objects. An object is
defined as a spatial and temporal contiguous precipitation region with a minimum
size of 2,000 grid cells, which results in the detection of moderate- to large-scale
MCSs. MTD is able to incorporate merging or splitting of precipitation regions.
As output, MTD provides MCS characteristics, such as MCS size, intensity, track,
speed or total precipitation.

Statistical analysis. We divided our model domain into seven climate subregions:
Mexico, the US Southwest, Southeast, Midwest, Mid-Atlantic and Northeast,

and Canada (Supplementary Fig. 2). The regions were selected to account for
coherent structures in convective-system climate change signals and were also
used for the evaluation of convective systems in the current climate simulations’.
MCSs are assigned to a subregion according to their centre of hourly precipitation
and therefore can be in multiple regions during their lifetime. The track-density
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differences shown in Supplementary Fig. 2 correspond to the numbers of MCSs
that transect 100 X 100km grid boxes in the current and future climate during the
13 investigated summer seasons. The binning of MCS P, values between 40 and
90 mmh~! with 10mmh~" increments was chosen based on the density function
of P, (ref. °) and allows us to differentiate frequency changes in weak to extreme
P« MCSs.

For the assessment of statistical significance, block bootstrapping was applied*.
MCSs are pooled randomly with replacement from the original sample of MCSs
until the same number of MCSs as in the original sample is reached. This is
repeated 100 times for the current and future climate period, which enables the
assessment of statistical significance. Statistical significance is tested with the non-
parametric Mann-Whitney U test using a confidence level of 99% (ref. **).

The conditional distributions of MCS speed, size and P,,,, given a particular
MCS hourly total precipitation (P,,) shown in Fig. 2a-c were calculated as follows.
First, MCSs are binned according to their (P,,) values in 1,200 m*s~! bin sizes
with a 12,000 m*s~! window centred on the actual bin value. MCSs in each bin
are classified further according to their motion speed in 2 +10kmh~! bins, their
size in 2,500 + 12,500 km? bins and their P,,,, in 2+ 10mmh~". For example, the
number of MCSs with 24,000 + 6,000 m® s~' that have a speed of 40+ 10kmh~" is
calculated. The overlap over multiple bins improves the signal-to-noise ratio in the
calculated distributions. Then, the relative frequency changes of future and current
MCSs is calculated for parts of the distribution that had at least five MCSs in both
distributions. Block bootstrapping was used to estimate if the two distributions
have statistically significant differences.

For the climate change analysis of the 40 MCSs with highest P, in Fig. 3, we
composited MCSs centred on the location of P,,, at the time of P, ,, and calculated the
mean over the hourly precipitation at each grid cell. The average rainfall dependent
on the distance to P, was calculated by averaging over precipitation in radial bands
of 4km width. The intensity-area curves were calculated by accumulating the area
that is covered by precipitation from highest to lowest precipitation rates for each
of the 40 MCSs in the current and future periods. Then, the median of the covered
area was calculated for all intensities. The MCS precipitation fields have not been
rotated to account for the different orientation of MCSs to avoid interpolation errors,
especially the smoothing of precipitation maxima. Rotating the MCSs according to
their inflow direction leads to similar results.

Owing to data storage constraints, the 3D model output was saved only every 3h.
Only MCSs that lasted longer than 3h were included to sample mature systems. The
vertical cross-sections of MCSs shown in Fig. 4 were derived by selecting a square
box of length 121 grid cells centred around the MCS centre (centre of precipitation
of MTD). Thereafter, the data were remapped to a common vertical grid of constant
height above ground levels using bilinear interpolation. The lowest level is at z=20m
(the lowest model level) and the vertical grid spacing (Az) is 100m from z=100
to 3,000 m. Between 3,000 m and 6,800 m, Az is 200 m, and between 6,800 m to the
highest model level at 26,800 m, Az is 400 m. The MCS is horizontally rotated such
that the MCS inflow/outflow is approximately parallel to the x axis. This is done by
calculating the direction of the strongest horizontal equivalent potential temperature
gradient in the average lowest three vertical levels. This approach is adopted from
studies by Trier et al.*>"”. An example of a rotated MCS is shown in Supplementary
Fig. 1. After the rotation, all the variables are averaged perpendicular to the inflow
direction (along the y axis) of the rotated MCS. This approach allows us to sample a
large number of MCSs in a systematic way to construct an average convective-system
environment for current and future MCSs.

Additional MCS properties were calculated as follows. The wind speed and
direction in hodographs are horizontal averages at each vertical level. The updraft/
downdraft size in MCSs are determined by the area in which vertical wind speeds
are larger/smaller than +3.5ms™". Clouds are defined as grid cells in which the
total mixing ratio of hydrometeors is larger or equal to 0.01 gkg™, which is used in
the calculation of cloud top heights. Convective potential available energy and CIN
correspond to the average air properties in the lowest 100 hPa above the surface.
They were calculated for every second grid cell in the inflow environment (80 km
to 240 km upstream of the MCS centre) in the rotated coordinate system and
averaged afterward.

Code availability. The source code of MTD is part of the Developmental Testbed
Center’s (DTC) Model Evaluation Tools (MET) software and freely available online
at http://www.dtcenter.org/met/users/downloads/. The code for the statistical
analysis is available from the corresponding author on request.

Data availability. The datasets generated and analysed during the current study are
available from NCAR’s Research Data Archive®.
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