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Abstract

Current climate models produce quite heterogeneous projections for the responses of
precipitation extremes to future climate change. To help understand the range of
projections from multi-model ensembles, a series of idealized “aquaplanet” Atmospheric
General Circulation Model (AGCM) runs have been performed with the Community
Atmosphere Model CAMS3. These runs have been analyzed to identify the effects of
horizontal resolution on precipitation extreme projections under two simple global
warming scenarios. We adopt the aquaplanet framework for our simulations in order to
remove any sensitivity to the spatial resolution of external inputs and to focus on the roles
of model physics and dynamics. Results show that a uniform increase of sea surface
temperature (SST) and an increase of low-to-high latitude SST gradient both lead to
increase of precipitation and precipitation extremes for most latitudes. The perturbed
SSTs generally have stronger impacts on precipitation extremes than on mean
precipitation. Horizontal model resolution strongly affects the global warming signals in
the extreme precipitation in tropical and subtropical regions but not in high latitude
regions. This study illustrates that the effects of horizontal resolution have to be taken

into account to develop more robust projections of precipitation extremes.



1. Introduction

Major changes in hydrological cycle are expected with the strong increase of atmospheric
water vapor content under global warming. Particularly, the warming of the climate will
likely lead to increases in the intensities and frequencies of extreme precipitation events,
which result from anomalous horizontal moisture flux convergence (Trenberth et al.,
2003; Held and Soden, 2006; O’Gorman and Schneider, 2009). Significant trends in
precipitation extremes have been detected in conjunction with the observed warming of
the climate in recent decades (Schneider and O’Gorman, 2007). Global rainfall datasets,
based on blended space- and ground-based measurements, show a significant positive
trend in the occurrence of heavy rain events during the period 1979-2003 (Lau and Wu,
2007). Kharin et al. (2007) found a 6% K™ increase in the 20-year return period
precipitation associated with increased global-mean surface temperature in coupled
climate simulations of global warming. Goswami et al. (2006) also reported significant
rising trends in the frequency and magnitude of extreme rain events over central India
during the monsoon seasons from 1951 to 2000. The enhancement of extreme
precipitation with global warming could be caused by enhancement of atmospheric
moisture content (Trenberth, 1999), but it may not scale with the increase of water vapor
content or mean precipitation because of the redistribution of heat and water vapour due
to the compensation of large-scale and local-scale air motions (Allen and Ingram, 2002).
Several studies (e.g. Cubasch et al., 2001; Pall et al., 2007) project larger and faster
increases in the extreme precipitation relative to mean precipitation, and this could cause

more frequent and severe floods in future warmer climates. Detectible increases in



extreme precipitation have also been recently attributed to human activities (Min, et al
2010).

However, the ability of the current generation of climate models to simulate and
project these extreme precipitation events is still an open question at present (Randall et
al., 2007). First of all, the moist convective parameterizations are not necessarily
designed to capture high-order statistics of rainfall. The differences between the
simulations of precipitation extremes using two different convection schemes are larger
than those from 2-degree surface warming using either scheme (Wilcox and Donner,
2007). Secondly, the mechanisms for the precipitation extremes are still poorly
understood (O‘Gorman and Schneider, 2009). The climate models may fail to
accommodate the essential mechanisms that lead to extreme weather events (Sun et al,
2006). Also, simulations of precipitation extremes appear to depend on free parameters in
the model configurations, in particular the horizontal resolution. While finer lateral grids
have improved the statistics of precipitation intensity (Boyle and Klein, 2010; Wehner et
al., 2010), simulations of precipitation extremes need not converge with increasing model
resolution (Williamson, 2008b; Li et al., 2011).

All of the above issues could contribute to systematic errors in projections of
precipitation extremes. It is clear that more effort is necessary to document the changing
characteristics of rainfall under global warming scenarios. While the convergence of
extreme projection itself won’t be possible until the physics and dynamics that govern the
precipitation extremes converge across climate models, this study will specifically
investigate the “resolution convergence” issue, i.e. the effect of horizontal resolution on

projections of future weather extreme changes in climate models. We will concentrate on



an idealized model configuration subjected to several simplified warming scenarios. The
descriptions of the model and experimental design are presented in section 2. Section 3
shows the results of the simulations for control simulation (§3.1); the responses of
precipitation extremes to global warming scenarios under standard climate model setups
at four horizontal resolutions (§3.2 and §3.3); the impact of horizontal resolutions on the
projections when considering just larger spatial scales (§3.4); and some possible

explanations for the responses (§3.5). We then present our conclusions in section 4.

2. Model description

A series of AGCM runs using the NCAR Community Atmospheric Model Version 3.0
(CAMB3) (Collins et al, 2004) have been performed with highly simplified and idealized
“aquaplanet-steady-state” boundary conditions. Details of the model have been described
in Li et al. (2011) along with some aspects of the control simulation used in the following
analysis. The atmospheric stand-alone simulations use the standard CAM Eulerian
spectral transform dynamical core and the experiments are performed at four horizontal
resolutions corresponding to spectral truncations of T42, T85, T170, and T340 (~ 2.8°,
1.4°,0.7°, and 0.35° transform grids, respectively). The standard operating mode for the
Eulerian dynamical core requires decreasing time steps with increasing horizontal
resolution in order to maintain numerical stability in accordance with the CFL criterion
(Courant et al., 1928, 1967). The time steps are accordingly set to 40, 20, 10, and 5
minutes for the T42, T85, T170, and T340 spectral truncations in the simulations
analyzed below. The simulation periods are 8, 4, 2, and 2 years for all the control and

warming runs at T42, T85, T170, and T340 respectively, with one year “spin up” period.



As stated in our previous study (Li et al., 2011), the model transitions from its initial
conditions to its aqua-planet climate in less than 2 months (Williamson, 2008b). The
inverse relationship between spatial resolution and simulation period is to take advantage
of the zonal symmetry in aqua-planet world by the doubling of the number of grid points
in the zonal direction with each refinement in resolution. The sampling sizes are
sufficient to maintain the simulation errors below desirable levels for most of the extreme
events such as the 95th percentile extreme precipitation used in this study. See Li et al

(2011) for further discussion of this sampling.

The model configuration adopted for our runs has been developed under the
framework of Aqua-Planet Experiment Project (APE; Neale and Hoskins, 2000). In the
APE experimental protocol, the entire planetary surface is treated as an ocean with
specified zonally symmetric sea-surface temperatures (SST). This protocol eliminates the
resolution-dependent signals from external boundary conditions and helps isolate the
internal physical and dynamical mechanisms driving the changes of precipitation

extremes in response to global warming.

The prescribed zonally symmetric sea-surface temperature (SST) field proposed

by Neale and Hoskins (2000) is used for the control conditions (black line in Figure 1):

27(1—sin2(%¢) if |p| <60°

SST(p) =
{o if [p| >60° (1)

where SST is in units of °C and ¢ is the latitude ranging from -90° to 90°.



Two simple scenarios are defined, one to mimic the effects of increasing low-to-
high latitude SST gradient (denoted by “sstgra”) and the second to mimic increased SST
magnitude (*sstmag”) in response to global warming. In experiment “sstgra”, we increase
the maximum SST at equator by 3 °C from 27 °C to 30 °C while leaving the high-latitude
SSTs unchanged from the control conditions (Eg. 2) as shown by the red line in Figure 1.
In experiment “sstmag”, we apply a uniform 3 °C increase of SST at all latitudes (Eg. 3)

as shown by the blue line in Figure 1.
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Note that we are making the simplest possible modifications of the prescribed SST based
on the SST profiles defined by Neale and Hoskins (2000) in the APE protocol (c.f.
http://www.reading.ac.uk/~mike/APE/ape_home.html) rather than prescribing more
realistic meridional perturbations to the background climatology. Our modifications do
not necessarily mimic more detailed projections of the patterns of climate change in
which the polar regions warm more than the tropics and hence the latitudinal SST
gradients are smaller than those in “sstgra” and “sstmag”. However, the effect of real-
world stronger-polar-warming scenarios could be inferred from the difference between

“sstgra” (larger latitudinal SST gradient) and “sstmag” (smaller latitudinal gradient).


http://www.reading.ac.uk/%7Emike/APE/ape_home.html

The results from the above experiments are analyzed to investigate the response
of precipitation extremes to the idealized global warming. The extreme precipitation
index used in this study is the annual total 95% percentile wet-day precipitation (here
after: R95pTOT), which is based on Frich indices (Frich et al., 2002; Alexander et al.
2006) and has been described in detail in Li et al. (2011). R95pTOT is calculated by
summing over an annual cycle all the daily precipitation larger than the 95% percentile of
the climatological daily precipitation in wet-days, defined as daily precipitation larger

than 1 mm d™.

Since the insolation is held fixed in an equinoctial and hemispherically symmetric
geometry, and since the radiatively active species are set to zonally and temporally
invariant concentrations and are hemispherically symmetric, the statistics of the
simulation climate are zonally and hemispherically symmetric. In the analysis below, the
two hemispheres are treated as two independent samples and averaged together to
increase the signals of climate change relative to internal unforced variability and to
simultaneously reduce the computations required for robust statistics. All the results are
shown in the equivalent Northern Hemisphere equator to pole domain. To distinguish the
strong signals near the equator, different latitude scales are used (smaller meridional
intervals for the low latitudes and larger intervals for mid-high latitudes) in all the figures

in this study.

3. Results

3.1 Control experiment



The control simulations are the same as the runs performed in Li et al. (2011). Figure 2
shows the mean and extreme precipitation from four resolutions with transform grids
spanning 0.35° to 2.8° on the equator. We have used the standard mode of running the
spectral Eulerian version of CAM by decreasing the time step from 40 to 5 minutes as the
grid changes from T42 to T340. As Li et al (2011) have shown, both the horizontal
resolution and the model time step affect the convergence of the mean and extreme
precipitation after averaged onto the same coarser grid. We only describe some features
relevant to this study here.

Both mean and extreme precipitation show local maxima near the equator and at
mid-latitude regions analogous to the Intertropical Convergence Zone (ITCZ) and storm
tracks in the Earth’s climate system. The differences in these fields across the four
different resolutions are evident in tropics but much smaller for higher latitudes. In the
tropics, the daily mean precipitation generally increases with increasing horizontal
resolution from T42 to T170 with a slight decrease at T340 (Figure 2a). There are daily
mean precipitation minima over two grid points at the equator for T42 and T85, creating
the “double maxima” features, which are less obvious for the extreme precipitation. The
equatorial precipitation minimum is still a poorly understood issue and some of the
causes have been discussed in Williamson and Olson (2003) and Williamson (2008a).
This precipitation minimum is not observed under most of the global warming
simulations presented here and it contributes to some of the strong warming signals seen
with T42 and T85 simulations, which will be discussed below.

While the extreme precipitation is a localized phenomenon and not always very

organized by large-scale dynamics, the increasing horizontal resolution, by default,



would resolve more extreme precipitation and result in the increase seen in Figure 2b.
However, the addition of smaller grids contributes to only part of the resolution
dependency signals, and as discussed in more details in (Li et al, 2011), the extreme
precipitation does not converge even after averaging onto the same coarser grids. We will
specifically target this “resolution-convergence” issue of projections in section §3.4,
which also eliminates the effects from the changing time steps in the standard mode of
GCM simulations. In the following two sections (§3.2 and §3.3), we will focus on the
projection signals from the standard mode of GCM runs at their original girds and time

steps.

3.2 Experiment with greater SST gradients

The “sstgra” experiment mimics the effect of increasing the low-to-high latitude SST
gradient (red line in Figure 1) by increasing the maximum prescribed SST by 3 °C at the
equator while holding the polar values fixed. Figure 3a and 3b show the absolute values
of mean and extreme precipitation at four resolutions under “sstgra” conditions. Figure 3c
shows the changes of extreme precipitation relative to their values in the control
experiment at corresponding resolutions (Figure 2). Under “sstgra” conditions, the daily
mean precipitation increases with increasing resolution in tropics as also seen in the
control experiment (Figure 2). The maximum precipitation at the equator is getting
narrower but without the minima associated with the double structure in the control. The
extreme precipitation is more sensitive to horizontal resolution compared to the mean
precipitation. The extreme precipitation at the lower T42 and T85 resolutions is

significantly smaller than the extreme precipitation at the higher T170 and T340
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resolutions, similar to that in the control simulations but with much higher precipitation
rates. For instance, the extreme precipitation at T42 is less than ¥4 of that for T170
(Figure 3b). The perturbed SST generally has stronger impacts on precipitation extremes
compared with mean precipitation.

Compared to control conditions, the *“sstgra” warming scenario results in the
increase of extreme precipitation in three major tropical and extratropical regions. The
extreme precipitation increases by up to 150% at the equator and by nearly 50% in
latitudes between approximately 10 — 20° and 50 - 60° in both hemispheres for almost all
the resolutions except T42. The extreme precipitation decreases at approximately 6-7°
due to the enhancement of convection at equator and a strengthening and narrowing of
the upward branch of the Hadley cell. At approximately 30° it decreases due to the less
moisture available in this region to form precipitation, and this is consistent with the
“dry-gets-drier” pattern reported in many previous studies (e.g. Held and Soden, 2006).
The mean precipitation decreases by 30 - 40% at the subtropical downdraft zone (not
shown).

The projected relative changes in extreme precipitation under the *“sstgra”
warming scenario are affected by horizontal resolution in the low-mid latitudes but are
relatively insensitive to resolution in high latitude regions (Figure 3c). While the T170
and T340 simulations show consistent signals at the equator, the increase of the extreme
precipitation is much lower in T42. The T85 experiment yields the highest percentage
increase at the equator primarily due to the different structures in the precipitation at the
equator (Figure 2b).The control simulation has an equatorial minimum associated with

the double ICTZ while “sstgra” has a single maximum on the equator. For the subtropics,
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the T42 run shows a decrease of extreme precipitation while the other three resolutions
show an increase. Slight differences are also seen between different resolutions for other
subtropical regions. Note that between ~10° and 30°, the absolute values of mean and
extreme precipitation are very small, and hence the large relative differences among the
simulations at various resolutions in this region do not appreciably affect the total

amounts of precipitation.

3.3 Experiment with uniformly greater SSTs

Figure 4 shows the mean, extreme precipitation and changes of extreme precipitation,
relative to control experiment at corresponding resolutions, for the increased SST
magnitude experiment “sstmag”. Under the 3 °C uniform warming globally, the mean
and extreme precipitation at the equator are much less than those under “sstgra”
conditions, particularly for the higher resolutions T170 and T340 (Figure 4a and 4b). In
contrast to the control simulations there are no equatorial minima although T42 and T85
are relatively wide and flat there, The relative increase of extreme precipitation is ~50%
for T42, T170 and T340 and ~100% for T85 (Figure 4c). Again, the T85 relative increase
is affected by the different structures in the fields in the two experiments.

Figure 4c shows the similar trends for the change of extreme precipitation,
compared to experiment “sstgra” (Figure 3c). Many regions experience an approximately
50% increase in the extreme precipitation, including the equatorial zone, the area between
10 and 25°, and the polar regions in both hemispheres. The changes are comparable to the
increases observed under “sstgra” conditions for mid-latitude regions but are much

higher in polar regions, where SST is kept at 0 °C under “sstgra” as opposed to 3 °C here
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in “sstmag”. Although the regions near ~30° become drier and are subject to lower mean
precipitation, the extreme precipitation remains as the control simulation level. The T85
integration tends to project higher extreme precipitation under this warming scenario than
the other resolutions. The impact of horizontal resolution on the projections of extreme
precipitation is small for the other three horizontal resolutions.

In both warming scenarios, there is an increase of mean precipitation in the
tropics and in mid- to high- latitudes and a decrease in subtropical regions for all the runs
at different resolutions (not shown). This “dry-gets-drier” pattern has also been reported
in many previous studies with real-world simulations (e.g. Cubasch et al., 2001; Held and
Soden, 2006). However, the extreme precipitation exhibits much more significant
increases in the tropics and mid-high latitudes. This pattern is similar to the results from
the ensemble of six couple ocean-atmosphere climate models established for the
Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4)
(Emori and Brown, 2005). The global-mean relative change in extreme precipitation of

13.0% is more than twice as large as that for mean precipitation.

3.4 Impact of horizontal resolution

One basic criterion for the robust and consistent projection precipitation extreme is that
the projections should approach a fixed distribution once the model grid resolution
approaches or exceeds the characteristic length for the phenomena of interest. We
consider the projections to have converged at large scales if the larger scales are not
affected by the addition of smaller scales in the model and the increasing horizontal

resolution simply adds finer scales to the simulations. This issue has been specifically
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addressed in Li et al. (2011) for extreme precipitation and Williamson (2008b) for mean
precipitation using the same model framework.

Figures 3 and 4 have shown how the projections of extreme precipitation in
response to global warming change with increasing horizontal resolution and
simultaneously decreasing time steps. This is not necessarily unexpected since the scales
of the phenomina are decreasing. As discussed above, the time steps are required to
change with the horizontal resolution to maintain dynamical stability (Courant et al.,
1967). The time steps for T42, T85, T170, and T340 in the previous runs are 40, 20, 10, 5
minutes, respectively. Since the time step also affects the precipitation and precipitation
extremes (Williamson, 2008b; Li et al., 2011), we perform another set of simulations for
T42, T85, T170, and T340, using the same setups as those for control, “sstgra”, “sstmag”
expect that the time steps are kept the same at 5 minutes. Figure 5 shows the changes of
extreme precipitation under the two global warming scenarios “sstgra” (Figure 5a) and
“sstmag” (Figure 5b) after averaging to the same low-resolution 5-degree grid in order to
focus on the upscaled effects of resolution, using a mass-conservative and areal-average
method suggested by Chen and Knutson (2008). Note, the average is done on the original
model data before the statistics are computed.

At high-latitude regions, the tendencies for increased extreme precipitation are
similar to those shown in Figure 3c and 4c for the standard simulation configurations.
There is no systematic resolution signal in the subtropics between 10 - 30°. The
projections for T170 and T340 simulations in “sstgra” match each other relatively
well, but the projections clearly do not converge in “sstmag”, although the lack of

convergence is probably due to the very low precipitation rate in this region. Near the
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equator, the changes of extreme precipitation are significantly lower than those in the
standard mode. The projected fractional changes in precipitation extremes appear to
converge at equator, with a ~ 70% increase for “sstgra” and a ~ 50% increase for
“sstmag” scenarios (Figure 5), although the extreme precipitation itself does not (Li et al.,
2011). This suggests that the responses of extreme precipitation to horizontal resolution
may have the same signs in the control and global warming experiments, and hence may
have partially cancelled near the equator when subtracting the control from global
warming experiments. This explanation is consistent with the fact that the tropical

projections appear to be nearly independent of horizontal resolution.

3.5 Changes of associated physical parameters
Many studies have reported that extreme precipitation is associated updraft velocity and
surface temperature (O’Gorman and Schneider, 2009; Allen and Ingram, 2002; Pall et al.,
2007). These two parameters respectively are used to represent the “dynamic” and
“thermodynamic” components of the drivers for extreme precipitation (Emori and Brown,
2005). We therefore plot the changes in the 850 hPa vertical velocity » and in the
850 hPa temperature, during the days the extreme precipitation occur, relative to those in
the control experiments at corresponding resolutions in Figure 6 and 7. The simulations
are based upon a fixed time step of 5 minutes we show the results at coarser 5 ° grids.
Stronger updrafts (negative ®) are associated with the increase of extreme
precipitation under increased SST gradient scenario “sstgra” at the equator (Figure 6a).
The changes in updraft velocity are consistent across different resolutions although the

sensitivity to resolution is more pronounced in the control simulations (not shown here;

15



Li et al., 2011). The changes in updraft speed in experiment “sstmag” are relatively small
at the equator (Figure 6b) and are consistent with the changes in extreme precipitation
under this warming scenario (Figure 5b), in which the changes of updraft velocities
(negative ) are correlated with the increase of extreme precipitation. The resolution
dependence of the updraft is also small in this experiment.

In contrast to the updrafts, the changes in lower tropospheric temperature in these
two global warming experiments show minimal sensitivity to resolution in the tropics. In
the subtropical regions (20 — 30°), there is slight stronger warming for T170 and T340
compared with low resolution runs for both warming scenarios, consistent with the
extreme precipitation in Figure 5. This implies that temperature changes during the
extreme events may play a role in the extreme precipitation in this region (Emori and
Brown, 2005). While some resolution signals can be seen for lower tropospheric
temperature in polar regions, the projections of extreme precipitation show little
dependence on resolution primarily due to the very low mean and extreme precipitation

rates (Figure 5).

4. Conclusions

To aid in understanding the inconsistencies of the extreme precipitation projections
across the climate models, a series of idealized AGCM runs using the “aquaplanet”
boundary conditions have been performed based on the Eulerian spectral transform
Community Atmosphere Model CAM3 (Collins et al., 2004). Two simple global
warming scenarios are defined with the simplest modifications of prescribed SST based

on the SST profiles proposed by Neale and Hoskins (2000) in the Aqua-Planet
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Experiment Project protocol. The experiment “sstgra” increases low-to-high latitude SST
gradient through a 3 °C increase in the maximum SST at equator (Eq. 2), and experiment
“sstmag” uniformly increases global SST magnitude by 3 °C (Eq. 3). While the two
scenarios are not designed to represent the polar amplification projected for the actual
climate, it is possible to derive useful information on the response of extremes to polar
amplification through the comparison between “sstgra” (larger latitudinal SST gradient)
and “sstmag” (smaller latitudinal gradient). While the polar amplification would almost
certainly enhance both the mean and extreme precipitation for polar regions, the smaller
latitudinal gradient induced by polar warming may also mitigate the equatorial
precipitation increase and the subtropical drying (inferred from the difference between
“sstgra” and “sstmag”, e.g. Figure 5).

For a given resolution, the results show that, under the standard GCM simulation
mode, the perturbed SSTs generally have stronger impacts on precipitation extremes
compared with mean precipitation. Both warming scenarios show significant increases in
extreme precipitation in the tropics and in the mid- to high latitudes. These findings are
similar to those from the ensemble of six coupled ocean-atmosphere climate models
established for IPCC AR4 report (Emori and Brown, 2005). The *sstgra” warming
scenario results in much stronger (up to 150%) increases in extreme precipitation at the
equator than the increases observed in “sstmag” experiment. In mid-latitude regions, the
increases are comparable for the two experiments. The “sstmag” experiment with higher
SSTs everywhere produces much higher increases in extreme precipitation for polar
regions where the SSTs are not increased under the “sstgra” scenario. Experiment

“sstgra” also shows two regions with decreasing extreme precipitation near the equator
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and near the subtropical downwelling region which are not seen in the “sstmag”
experiment.

The projections of extreme precipitation to “sstgra” warming scenario are affected
by horizontal resolution in the low and middle latitudes, but not in high latitude regions.
For “sstmag”, T85 tends to project higher extreme precipitation compared with other
resolution runs under this warming scenario. The impact of horizontal resolution on the
projections of extreme precipitation is small for the other three horizontal resolutions.

Further simulations have been performed for all the resolutions using the same
time step to test the convergence of the large scales of the extreme precipitation
projections under the “sstgra” and “sstmag” scenarios. The projections do not converge in
the subtropics, although the signals are relatively noisy due to the very low precipitation
rate in this region. Near the equator, the relative changes in the precipitation extremes in
response to higher temperatures appear to converge although the unperturbed simulations
of extreme precipitation do not (Li et al., 2011), the projections of extreme precipitation
under global warming conditions appear to be independent of horizontal resolution when
considering the same scale, i.e. averaged to the 5 degree grid.

Emori and Brown (2005) have pointed out that the change of vertical motion
partly explains the tropical Pacific increase, while the change of precipitation and
extremes in the mid-high latitudes are primarily due to ‘thermodynamic’ changes for
given vertical motion. We show that stronger updraft is associated with the stronger
increase of extreme precipitation at the equator in “sstgra” experiment, compared with
relatively smaller changes of both variables in experiment “sstmag”. The changes of

lower tropospheric temperature in these two global warming experiments show little
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resolution dependency at low latitude regions. The small difference of lower tropospheric
temperature across different resolutions at mid-latitudes could account for some of the

divergence for the extreme precipitation projections in Figure 5.
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Figure 1. Prescribed SST distributions for the control and two global warming

experiments: control (black), sstgra (red), and ssmag (blue).
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Figure 2. Zonal-mean daily (a) mean precipitation and (b) extreme precipitation for
control simulations based on standard CAM configurations at four resolutions. Note the

changes of latitude scales at 30° and the different units for the two fields.
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Figure 3. Zonal-mean daily (a) mean precipitation, (b) extreme precipitation, and (c) the
change of extreme precipitation relative to control simulation, for the “sstgra” experiment
performed at four resolutions. Note the changes of latitude scales at 30° and the different

units for the two fields.
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Figure 4. The same as Figure 3 but for “sstmag” experiment.
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(a) AR95pTOT at 5° (sstgra/control—1)
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Figure 5. The changes of extreme precipitation relative to control simulation for
experiments under (a) “sstgra” and (b) “sstmag” scenarios. In contrast to the standard
climate simulations with changing time steps, the model time steps are kept the same at 5
minutes for all the four horizontal resolutions. The precipitation has been averaged to

coarser 5 ° grids before the statistics are calculated.
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Figure 6. The changes of 850 hPa o (Pa s™) relative to control SST scenario, averaged to

coarser 5 ° grids, at the same 5-minute time step for all the four horizontal resolutions.
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Figure 7. The changes of 850 hPa temperature (°C) relative to control SST scenario,

averaged to coarser 5 ° grids, at the same 5-minute time step for all the four horizontal

resolutions.
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