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Abstract In this study, we investigate the climate attribution of the 21-7 Henan extreme precipitation event. A conditional
storyline attribution method is used, based on simulations of the event with a small-domain high-resolution cloud-resolving
model. Large-scale vertical motion is determined by an interactive representation of large-scale dynamics based on the quasi-
geostrophic omega equation, with dynamical forcing terms taken from observation-based reanalysis data. It is found that
warming may lead to significant intensification of both regional-scale (10-14% K™, depending on convective organization) and
station-scale precipitation extremes (7-9% Kil). By comparing clustered convection organized by a localized surface tem-
perature anomaly and squall-line convection organized by vertical wind shear, we further explored how convective organization
may modify precipitation extremes and their responses to warming. It is found that shear convective organization is much more
sensitive to large-scale dynamic forcing and results in much higher precipitation extremes at both regional and station scales than
unorganized convection is. The clustered convection increases station-scale precipitation only slightly during heavy precipitation
events. For regional-scale extreme precipitation sensitivity, shear-organized convection has a larger sensitivity by 2-3% K" than
that of unorganized convection, over a wide temperature range, due to its stronger diabatic heating feedback. For the station-scale
extreme precipitation sensitivity, no systemic dependence on convective organization is found in our simulations.
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1. Introduction precipitation event, Figure 1a). The peak hourly precipitation

recorded by a weather station in Zhengzhou City reached
Around July 20, 2021, the Henan province of China was hit 201.9 mm per hour (Figure 1b), setting a new record for
by an unprecedented rainfall event (named the 21-7 extreme Chinese mainland. The event claimed 398 deaths and miss-
ing persons, together with 120 billion Yuan of direct eco-
nomic losses. The synoptic situation during the 21-7 event
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Figure 1

Observations of the 21-7 Henan extreme precipitation event. (a) 5-day mean precipitation (18 to 22 July) from CMA precipitation observations.

(b) Hourly precipitation during LST 16001700 on 20 July. (¢) The daily averaged 850 mb specific humidity (color shading), the 850 mb horizontal wind
(black arrows), and the 150 mb potential vorticity (PV, blue contours, with an interval of 2 PVU) on 20 July. The black box indicates the region of interest

with boundaries of 108°E—117°E and 31°N—40°N.

was apparently quite rare, and presumably a consequence of
chaotic atmospheric dynamics. Considering that the global
mean temperature has been raised by nearly 1 K by the last
century, however, one may wonder how global warming
might have affected the 21-7 extreme event in the present, or
how further warming might affect events with the same sy-
noptic-scale dynamics in the future.

The storyline approach to event attribution aims to discern
the role of anthropogenic warming in extreme weather
events in the presence of large uncertainties regarding the
effects of warming on atmospheric circulation, but greater
certainty about the thermodynamic effects (Trenberth et al.,
2015; Shepherd, 2016; Lloyd and Oreskes, 2018; Lloyd and
Shepherd, 2021). The storyline approach holds the large-
scale circulation regime associated with a particular extreme
event constant, and asks whether radiatively forced changes
in the thermodynamic state, i.e., temperature and humidity,
modify the event. Studies using this approach usually adopt
event-based highly-conditional or “pseudo-global warming”
simulations, in which the initial conditions are taken from the
observed event, but large-scale temperature changes are
applied (e.g., Lackmann, 2013). Though the storyline ap-
proach does not allow one to quantify changes in the prob-
ability of the event’s occurrence, it is particularly useful in
contexts where such quantification is problematic in any case
due to uncertainties in dynamics (yet climate change impacts
may still be large), and allows rich consideration of in-
dividual events, including dimensions beyond climate per se
(Shepherd and Sobel, 2020).

A recently developed modeling method, the Column
Quasi-Geostrophic (CQG) method (Nie and Sobel, 2016; Nie
etal., 2016), has also been used for storyline event attribution
(Nie et al., 2018, short as N18 hereafter). Designed to study
the interactions between large-scale synoptic forcing and
convective-scale processes, the CQG method has the ad-
vantage that it allows us to specify the large-scale synoptic

forcings while simulating the convection interactively, with
the large-scale vertical motion influenced by both through
the quasi-geostrophic omega equation. With this method,
N18 quantified the amplification of extreme precipitation
sensitivity due to diabatic heating feedbacks on large-scale
ascent. The first goal of this study is to evaluate the potential
intensification of the 21-7 event by climate warming, using
the CQG method.

From the perspective of human hazards, regional-scale (i.
e., several hundred kilometers) daily precipitation extremes
and weather station-scale (i.e., several kilometers) hourly
precipitation extremes are relevant to regional floods and
flash floods, respectively. Physically speaking, regional and
station precipitation extremes are often closely related, since
an extreme rainfall event (such as the 21-7 event) may in-
clude both regional-scale and station-scale precipitation ex-
tremes. Most research studies treat them separately, however
(e.g., IPCC ARS, ARG6), and substantially different climate
sensitivities have been found for the two types of extremes.
For example, in many places station hourly precipitation
extremes show similar hook-shape dependences on tem-
perature (e.g., Lenderink and van Meijgaard, 2010; Fowler et
al., 2021), while the climatic sensitivity of regional-scale
daily precipitation has large geographic variability (e.g.,
Pfahl et al., 2017; Nie et al., 2020). While N18 mainly focus
on regional-scale precipitation extremes, we examine both
the regional and station precipitation extremes and their
climate responses based on the 21-7 event.

Our second goal is to examine the influence of convective
organization on the sensitivity of precipitation extremes to
warming. In heavy rainfall events, convection is often or-
ganized into mesoscale systems (e.g., Houze, 2004; Zhai et
al., 2007; Yin et al., 2022) by heterogeneities in boundary
conditions, such as topography and surface types, or by en-
vironmental conditions such as wind shear. Organized con-
vection differs significantly from unorganized convection in
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its convective structures and precipitation characteristics (e.
g., Tompkins, 2001; Singleton and Toumi, 2013; Muller,
2013). Moreover, the organization of convection may sig-
nificantly change the interaction between convection and
large-scale dynamics (e.g., Mapes, 2004; Mapes and Neale,
2011; Kuang, 2012). For example, Kuang (2012) showed
that the extent of convective organization affects idealized
“mock Walker cells” by altering the convective responses to
large-scale temperature perturbations. Previous studies
(Muller, 2013; Pendergrass et al., 2016) have compared the
climate responses of extreme precipitation of unorganized
and organized convection, but only under the idealization of
radiative convective equilibrium (RCE). Here, we further
examine how convective organization may impact both re-
gional-scale and station-scale precipitation extreme re-
sponses to warming in a real extreme weather event, namely
the 21-7 event, in which synoptic-scale forcing is strong and
coupled to convective-scale dynamics, and the precipitation
clearly showed organized patterns (Figure la and 1b).

2. Experimental design

We simulate the 21-7 event under a wide range of climates
under the CQG modeling framework following similar ap-
proach to that of N18. Briefly speaking, we obtain the large-
scale Quasi-Geostrophic (QG) synoptic forcing from re-
analysis data and use it to drive a cloud-resolving model
(CRM) representing precipitating region. The QG synoptic
forcings are the adiabatic terms (advection of temperature
and vorticity) in the QG omega () equation (i.e., the first
two right-hand-side terms of eq. (1) in N18), which are
calculated from the ERA-5 reanalysis. The diabatic heating
term (the third right-hand-side term of eq. (1) in N18) is not
taken from observations, but rather simulated interactively
by the CRM. The externally specified QG forcing and the
diabatic heating obtained from the CRM are connected by
the QGw equation, simplified by assuming a single hor-
izontal wavenumber (Nie et al., 2016; N18). This coupling
method allows the diabatic heating associated with the
convection to feed back to the large-scale vertical motion and
amplify the precipitation, while the synoptic-scale dynamics
specified by the dry adiabatic terms remains constant.

The CRM used here is the System for Atmospheric
Modeling version 6.8.2 (Khairoutdinov and Randall, 2003).
The spatial domain is 128 kmx128 km, with a 2-km hor-
izontal resolution and doubly periodic horizontal boundaries.
There are 64 vertical levels, with vertical grid spacings
stretching from 50 m near the surface to about 500 m in the
free troposphere. The lower boundary condition is an ocean
surface. This idealization is acceptable since the surface
fluxes are not important during the extreme event and the
orographic lifting effect is included in the forcing (Nie et al.,
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2016, 2018; Lu et al., 2021). To simulate the 21-7 event, we
calculate the large-scale forcing (vorticity, temperature, and
moisture horizontal advective terms) from reanalysis data
(ERA-5, hourly and 0.25° resolution, Hersbach et al., 2020).
After averaging over the region of interest (the black regional
box covering the 217 event in Figure 1), they are used to
force the CRM under the CQG framework. The orographic
lifting is included as an imposed lower boundary condition of
 at 950 hPa obtained from the reanalysis, following a si-
milar approach in Nie et al. (2016). The horizontal wave-
length is set to be 2500 km, same as that in N18. To represent
the impacts of climate, we change the background tem-
perature and moisture by changing the prescribed surface
temperature (7,), with the large-scale forcing fixed. The
control case (with 7,=301 K) is to reproduce the extreme
precipitation in the 217 event under the current climate, and
the perturbed cases, which have T varying from 297 to
307 K with an interval of 1K, are used to simulate pre-
cipitation extremes with the same synoptic forcing under
varying thermodynamic background states in a systematic
way. In addition to the ERA-5 reanalysis, the Climate Pre-
diction Center precipitation data (CPC, Chen et al., 2008)
and the China Meteorological Administration precipitation
data (CMA, a gauge-radar-satellite merged precipitation
dataset on 5 km grids, Shen et al., 2018) are used for model
validation.

This study consists of three groups of simulations to re-
present different sources of convective organization. The
experiments of the first group (named HomoSST) have
lower boundary conditions of uniform T, as in N18. Con-
vection is unorganized in this group of experiments. The
second group of experiments (named HeteSST, short for
heterogeneous 7, distribution) is similar to the first one,
except that T has a two-dimensional gaussian anomaly (with
a half width of 21.3 km and an amplitude of 2 K). The
anomaly is adjusted to have a domain average of zero, so that
in each case the domain mean 7, is the same as that in the
first group. The 7, anomaly mimics the heterogeneity in
surface conditions in reality, such as might be caused by the
urban heat island effect. Convection is organized into clus-
ters over the high 7, regions (domain center) in this group of
experiments. The third group of experiments (named Shear)
is similar to the first one, except that a background boundary
layer vertical wind shear is specified in the CRM domain.
The wind shear is the same as the “Shear2” profile in Muller
(2013), which is a decrease of # wind from 20 m s at the
surfacetoO ms ' at 1 km height. It organizes convection into
squall lines. In each group, a series of simulations is carried
out with fixed QG forcing but varying 7. For each case, the
model is first to run for thirty days under RCE (i.e., without
any forcing) for spin-up, then the QG forcing is applied si-
mulating the period of 11th to 28th July. The experiments are
summarized in Table 1. By comparing the simulations within
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Table 1 The simulations in three experiment groupsa)
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Group name Setting Convective organization T,
HomoSST uniform 7 random, unorganized convection
HeteSST T, anomaly with a peak of 2 K clustered convection over the high 7, region 297K, ..., 301 K (control), ..., 307 K
Shear vertical wind shear squall-line convection

a) The 301 K and 303 K cases, which are examined in details in section 4, have four ensemble runs with different initial random perturbations.

each group as functions of 7, one may estimate the climatic
sensitivity of extreme precipitation; and by comparing the
simulations of the same T across the three groups, one may
estimate the influence of convective organization on that
sensitivity.

3. Regional-scale precipitation extreme
responses

The synoptic situation associated with the 21-7 extreme
precipitation event is depicted in Figure 1 (detailed analyses
in Su et al., 2021; Chyi et al., 2022; Bueh et al., 2022). The
circulations associated with typhoon In-fa and the larger-
scale monsoonal flow both transported a large amount of
water vapor from the tropics to Henan province (Figure 1c).
In the upper troposphere, a strong low-pressure trough, ex-
pressed as a positive potential vorticity (PV) anomaly, was
located upstream of Henan province. The upper-level PV
advection induced a large-scale QG forcing over Henan,
leading to large-scale driven vertical ascent (Figure 2a). The
orographic lifting by the Funiu Mountains also plays a cri-
tical role in determining the distribution and amounts of the
heavy rainfall (Yin et al., 2022).

The CQG simulations are validated by comparing the si-
mulation results with observations. Comparison of the pre-
cipitation series in three observational datasets and the
control simulation (7,=301 K case in the HomoSST group)
shows that the control simulation well captures the 21-7
event (Figure 3). Furthermore, we compare the w compo-
nents in the reanalysis diagnosis and in the model simula-
tions in Figure 2. The w components in the reanalysis
diagnosis are first computed using full QGw equation on the
three-dimensional sphere grids before averaging over the
regional box. In CQG, the component due to the QG forcing
(wp) is calculated from the regionally averaged QG ad-
vective terms from a reanalysis using the single-wavenumber
QGw equation, and the component due to diabatic heating
(wq) is calculated from the domain-mean diabatic heating
from CRM. The components are also close to each other,
further indicating that the simulations capture the main dy-
namics of the extreme events. The orographic lifting effect
() 1s obvious; the simulated precipitation weakens by
about one third if the orographic lifting (Figure 2g) is not
included in the CQG forcings (Figure 3). Note that g is

significantly stronger than wp and w,., indicating a large
diabatic heating feedback. The corresponding diabatic
heating feedback has a value of 3.1 (in the simulation, the
value is 3.3 in reanalysis diagnosis), an outstanding number
compared with the values of other extreme precipitation
events in the same latitude (Figure 2d in Nie et al., 2020).
We first examine the responses of precipitation extremes to
warming in the HomoSST group. The simulations may be
interpreted as if the same synoptic situation as in the 21-7
event, represented by the state and evolution of the quasi-
geostrophic potential vorticity field, were to occur under
different climatic backgrounds. Here we only compare the 5-
day (18 to 22 July) domain-mean precipitation (P) during the
event, since the structure of the precipitation time series are
similar among the simulations. As 7 increases from 297 K to
307 K, P increases exponentially (black line in Figure 4a).
The sensitivity of P, calculated as the exponential growth
?%P, black line in Figure 4b), is

s

rate locally at each 7 (

JlnP
the Clausius-Clapeyron (CC) scaling (~7% Kil) to doubled
CC scaling (~14% Kil), and then remains roughly constant
as T, further increases.

The precipitation may be approximated as the product of
vertical ascent and column moisture (O’Gorman and
Schneider, 2009):

increases from

similar to that in N18. As 7 increases,

~-L1f,d
Prglogy| @ (1)
where % is the derivative of the saturation specific hu-
o

midity (¢,) along a moist adiabat with the constant saturation
equivalent potential temperature (0*) at each level, where the
mass-weighted integration is taken over the troposphere
(from the surface level to 100 hPa). Thus, one may decom-
pose the sensitivity of precipitation extremes into thermo-
dynamic and dynamic components (e.g., O’Gorman and
Schneider, 2009; Dai and Nie, 2021; Yin et al., 2021). Given
two simulations under different climates, the thermodynamic

. 1 dg,
component is defined as _EJ. a)[5 d%

dp, and the dy-

9*

dg,
dp

namic component is defined as —éj.(éa))

dp, where &
o*
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Figure 2 The omega components from the ERA-5 reanalysis (left column) and the CRM control simulation (the 7,=301 K case in the HomoSST group,
right column). The first row is the component due to the dynamic QG forcing (wp), the second row is the component due to the diabatic heating (), and the
third component is the sum of the above two rows. (g) is the reanalysis w at 950 hPa, which is used as boundary forcing in the CQG simulations.
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Figure 3 Time series of observed and simulated daily precipitation. The three blue bars denote the precipitation averaged over the regional box (black box
in Figure 1) from the ERA-5 reanalysis, the CPC, and the CMA precipitation data, respectively. The blue line is the average of three observational data. The
black bar denotes the control case in HomoSST group. The grey bar shows the results of the sensitivity experiment, which is same with the control case
except the orographic lifting is not included in the simulation. The black dashed vertical lines indicate the 5-day period (18 to 22 July) of the event. The

numbers in legend are the 5-day mean precipitation (with units of mm dayfl).

denotes the difference between the two climate states. The
thermodynamic component, which represents the change in
precipitation due to changes of column water vapor, is re-
latively constant over the 7, range here (black dashed line in
Figure 4c). On the other hand, the dynamic component,

which represents the change of precipitation due to changes
in vertical motion, increases with 7, (black solid line in
Figure 4c), indicating stronger diabatic heating feedback at
higher T,.

Next, we examine the impacts of convective organization
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Figure 4 (a) Mean precipitation over the event (P) and (b) its climatic

sensitivity [W] as functions of 7. The blue triangles and filled circles in

(a) denote the simulations of weak shear and reversed shear (ShearHalf and
ShearRev, 301 K and 303 K runs). (c¢) shows the dynamic (solid lines) and
thermodynamic (dashed lines) components of the sensitivity. The dotted
lines in (c) indicate the residual term (which also may be interpreted as the
precipitation efficiency term). In (a)—(c), the black, red, and blue colors
denote the experiments in the HomoSST, HeteSST, and Shear groups, re-
spectively.

by comparing the results in the three experimental groups.
Convection in the first group (HomoSST) is considered as
not organized, while those in other two groups (HeteSST and
Shear) are considered as organized according to their spatial
distribution. As a reference, we first examine the spatial
structure of the precipitation field in control 7 simulations
under RCE (i.e., without large-scale ascent). Under RCE,
precipitation is randomly distributed in HomoSST, clustered
over the T, anomaly in HeteSST, and organized into squall
lines in Shear, as expected (Figure 5a—5c for precipitation,
Figure 6a—6¢ for precipitable water). During the period of
greatest precipitation during the event, the large-scale ascent
leads to significant increases in both the domain-mean and
grid-scale precipitation (Figure 5). The domain-mean pre-
cipitation and precipitable water in the HomoSST and He-
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Table 2 The domain-mean precipitation and precipitable water in the
control simulations (7;=301 K) under RCE and large-scale ascent

Variable Scenario HomoSST  HeteSST Shear
Precipitation RCE 3.19 3.27 4.29
(mm day ) large-scale ascent 20.69 21.26 34.40
Precipitable RCE 45.41 44.63 51.95
water (mm) large-scale ascent 46.51 46.99 62.09

teSST groups are close to each other both under RCE and
large-scale ascent, while both values in the Shear group are
significantly larger (Table 2). This indicates that convective
organization by 7, heteorogeneity has a small effect on the
regional mean, while organization due to shear has a large
effect. Interestingly, we observe that for the HeteSST cases,
the clustering of convection in the center under large-scale
ascent is not as obvious as that under RCE (Figure 5b, e and
Figure 6b, 6e). Apparently, the role of 7, heterogeneity in
convective organization is reduced by strong large-scale
ascent. This point will be further confirmed in the following
analyses.

How does convection respond to the QG forcing when it is
organized, and does convective organization affect the sen-
sitivity of precipitation extremes? Figure 4a summarizes the
regional-mean precipitation over the event in all experiments
in the three groups. The values in the HomoSST and He-
teSST groups are very similar (Figure 4a), further suggesting
that under strong large-scale ascent, T, heterogeneity has a
small effect on the total precipitation, perhaps because it is
ineffective at organizing convection (Figure 5 and Figure 6).
On the other hand, P in the Shear group is significantly
greater than P in the other two groups, suggesting that squall-
line convection is much more sensitive to the large-scale QG
forcing and generates a larger diabatic heating feedback. The
large diabatic heating feedback in the Shear group is con-
sistent with its high precipitable water in the RCE state; as
suggested by Nie et al. (2020) the diabatic heating feedback
has a strong dependence on precipitable water. We carried
out additional two simulations named ShearHalf and
ShearRev to compare with the Shear group and test the effect
of different wind shears. The wind shear in ShearHalf is
similar to that in Shear, but half in magnitude (i.c., a decrease
of u wind from 10 ms ™' at the surface to Oms ' at 1 km
height), and the resulting precipitation (blue triangles in
Figure 4a) is in the middle of the HomoSST and Shear. The
effect of background wind shear on domain averaged pre-
cipitation is cut in half when the shear is cut in half, further
confirming the strong impacts of wind shear. The wind shear
in ShearRev is reversed compared to that in Shear, with
background u wind increasing from 0 m s at the surface to
20ms ' at 1km height. The resulting precipitation (blue
circles in Figure 4a) is close to that of ShearHalf, indicating
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of convection can be found in the supporting material (https:/link.springer.com).
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that the amplification of precipitation by wind shear quan-
titatively depends on the profile of wind shear. For the sen-
olnP
0

s

sitivity of precipitation (Figure 4b), is similar for the

HomoSST and HeteSST groups, while it is substantially
larger for the Shear group over the T, range of 298 K to

f 51?}) (Figure 4c) shows that the

s
thermodynamic components are similar among the three

groups, while the dynamic components (equivalent with the
diabatic heating feedback) account for their differences.

304 K. The decomposition o

4. Grid-scale precipitation extreme responses

In this section, we examine the CRM grid-scale hourly
precipitation extremes and their responses to warming with
and without convective organization. We interpret these grid-
scale values as analogous to station observations. Within
each experiment group, we only compare the 301 K and
303 K cases, representing the current and a warmer climate
respectively. To provide better statistics, each 7 setting has
four ensemble runs with small random perturbations in their
initial conditions.

We first examine the grid-scale hourly precipitation
probability distribution functions (pdfs) in the current-cli-
mate simulations (Figure 7). Under RCE, the HeteSST pdfis
only slightly greater than that of the HomoSST pdf over the
high extreme end (dashed lines in Figure 7), consistent with
the more intense convection over the positive 7, center
(Figure 5b). The Shear pdf of extremes is significantly larger,
indicating that squall-line convection organized by wind
shear generates a much higher probability (one order of
magnitude) of precipitation extremes of the magnitudes in
this range. During the period of the event (18 to 22 July), the
probability of precipitation extreme increases significantly in
all the three groups (solid lines in Figure 7). The pdfs of
HomoSST and HeteSST groups are very close to each other,
again, confirming our previous observation that 7, hetero-
geneity has little effect in increasing precipitation extremes
under strong large-scale ascent. On the contrary, wind shear
can effectively organize convection and modify the grid-
scale precipitation pdfregardless. The pdf computed from the
CMA observations (black dotted line in Figure 7) is also
plotted here for reference. However, note that the spatial
resolution of CMA observation is 5 km, different from the
2 km CRM resolution.

Next, we examine the responses of grid-scale precipitation
extremes during the 217 event to warming. Warming leads
to significant increases of precipitation extremes for all three
groups (Figure 8a). Two metrics are commonly used to
quantify the increase of precipitation extremes to warming.
The first metric measures the increase of precipitation in-
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Figure 7 The probability distribution functions of grid-scale hourly
precipitation of the control cases in the three experiment groups. The bin
size of the x axis is 5 mm h . Dashed lines denote results under equilibrium
state of RCE runs and solid lines denote results under forcing during the
extreme event (18 to 22 July). The black dot line is pdf from the CMA
observation constructed over the regional box in Figure 1 during the 720
event (18 to 22 July).

tensity for a certain percentile (Figure 8b). The three groups
show similar intensity increases, changing from ~9% K at
99.9% percentile to ~7% K ' at 99.999% percentile. The
second metric measures the increase of probability for a
certain precipitation intensity (Figure 8c). For example, for
hourly precipitation of 100 mmh ', the 301 K and 303 K
cases in the HomoSST group have probabilities of 1.9x10°°
and 5.6x10°, respectively. Thus, the increase in probability

5.6x10°-1.9%x107

1.9x107°x2K

trics, although depicting the same change in the pdf, can lead
to seemingly quite large differences of interpretation, and
this sometimes may cause confusion (e.g., Titley et al.,
2016). Caution should be used when comparing the results
here to others in the literature.

x100% = 97% K. The two me-

5. Conclusions and discussion

Based on a storyline attribution method, involving idealized
cloud-resolving simulations coupled to interactive large-
scale dynamics via the quasi-geostrophic omega equation
(the column quasi-geostrophic, or CQG method), we esti-
mate the intensification of the 21-7 Henan extreme pre-
cipitation event due to global warming. Given a similar
synoptic situation of the event, the warming and moistening
of the atmospheric background state led to strengthened re-
gional-scale (10-14% K, depending on the convective
organization) and station-scale precipitation extremes (7—
9% K_l). Furthermore, we investigate the impacts of con-
vective organization on the extreme event and its climatic
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Figure 8 (a) Precipitation extremes for the 301 K cases (solid lines) and 303 K cases (dashed lines) in the three groups; (b) the fractional increases in
precipitation for each percentile; (c) the fractional increases in probabilities for each precipitation intensity.

sensitivity by comparing the results of simulations with un-
organized convection (HomoSST), clustered convection
(HeteSST) driven by a surface temperature anomaly, and
squall-line convection (Shear) driven by low-level wind
shear. When considering regional-scale precipitation, the
Shear convection is much more sensitive to large-scale for-
cing and results in much higher precipitation. The Shear
convection also has a larger sensitivity to temperature due to
its stronger diabatic heating feedback. When considering
station precipitation, the Shear convection also has a much
larger probabilities of extreme precipitation than the other
two groups. Compared with unorganized convection, the
HeteSST convection slightly increases station precipitation
extremes over its high SST anomaly under RCE, but this
effect diminishes during heavy precipitation driven by strong
large-scale ascent. For the station-scale extreme precipitation
sensitivity, there is no systematic dependence on convective
organization in our simulations. The implication related with
the 21-7 Henan extreme precipitation event is that the robust
thermodynamic background changes due to warming over
the past century has significant intensification on extreme
precipitation like the 21-7 event, and the shear-induced
convective organization in the 21-7 event plays critical role
in generating the unprecedented regional and station pre-
cipitation extremes.

In extreme precipitation events, there are strong interac-
tions crossing different scales, from large scale, to meso
scale, and to convective scale. The results here clearly show
the importance of meso-scale convective organization in
linking the large-scale synoptic and convective scale dy-
namics. This study provides a quantitative assessment of
how convective organization modifies the convective-scale
precipitation probability distribution and the regional-scale
convective sensitivity to large-scale synoptic perturbations.
Our analysis shows that one important role of convective
organization is that it increases the environmental moisture,
both in regional means and in organized convective areas.
The former affects the diabatic heating feedback, and the

latter protects local convective cells from dry air and gen-
erates more intense precipitation. The effects of convective
organization may also depend on strength of large-scale as-
cent.

The CQG method is useful here in that it allows us to
control the large-scale synoptic forcing and the type of
convective organization separately. This separation cannot
easily be achieved by traditional regional modeling methods,
and makes the CQG method a potentially useful framework
to explore cross-scale interactions in extreme events in fu-
ture. For example, do our conclusions hold for convective
organization caused by different wind shears or surface
heterogeneities? In our simulations, we only considered the
regional-mean effect of orographic lifting, which sig-
nificantly contributes to the regional total rainfall of the
event (Figure 3). The orography is also important in de-
termining the precipitation distribution and organizing con-
vection (e.g., Ding et al.,, 1978; Yin et al., 2022); these
mesoscale effects shall be further explored. Compared with
many previous studies that have examined the sensitivity of
station-scale precipitation extremes under RCE (Muller,
2013; Ma et al., 2020), this study took a step forward in
putting the station-scale precipitation extremes within a
heavy rainfall event. More studies are needed, addressing
other extreme events and convective organization condi-
tions, to address the above questions.
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