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Abstract

Hourly extreme precipitation is expected to intensify with global warming following a
Clausius—Clapeyron (CC) relationship. While extensive research has investigated the relationship
between hourly precipitation and temperature, inconsistencies in this relationship across the
diurnal cycle affect all-hours scaling. This study uses hourly gauge observations and reanalysis data
from mainland China to analyze the scaling and explore its diurnal cycle for the first time. Our
results reveal that 88.7% of the stations exhibit super-CC scaling, which is significantly
underestimated by reanalysis data. Notably, the scaling shows a pronounced diurnal cycle and
exceeds all-hour scaling, indicating that the mix of precipitation from different hours ultimately
affects the overall scaling results. Over a 39 year period, changes in extreme precipitation intensity
were closely aligned with dew-point temperatures throughout the diurnal cycle in inland regions.
The above results provide a valuable insight into the shift of extreme precipitation to
morning/night in some regions under climate change.

1. Introduction

With global warming, extreme precipitation intens-
ity (EPI) is projected to increase significantly in
the future (Craig 2010, Lehmann et al 2015, Chen
et al 2021). This trend largely follows a Clausius—
Clapeyron (CC) relationship, which posits that
the moisture-holding capacity of the atmosphere
increases by approximately 7% for every degree of
warming when relative humidity (RH) remains relat-
ively constant. This increase, in turn, supports heav-
ier precipitation intensity. Correspondingly, extreme
precipitation is expected to respond to warming
at a rate of 7%/K, due to EPI mainly determined
by the precipitable water in the atmosphere. This
enhanced extreme precipitation has the potential to
trigger floods, debris flows and urban waterlogging,
thereby threatening socio-economic infrastructures
and causing loss of life (Vogel et al 2019, Liu et al
2021). Moreover, given the relatively greater confid-
ence in predicting future temperatures than in fore-
casting extreme precipitation (Johnson and Sharma

© 2025 The Author(s). Published by IOP Publishing Ltd

2009, Tian et al 2017), many studies have attempted
to estimate how extreme precipitation has responded
to temperature in the past, often referred as to ‘scal-
ing), and use this relationship to provide insights into
future changes in extreme precipitation (Lenderink
and Attema 2015, Wang et al 2018). Therefore, it is
critical to understand how changes in extreme precip-
itation respond to increasing temperature to mitigate
future climate risks.

Previous studies have found significant variability
in how extreme precipitation scales with temperature,
ranging from negative CC to super CC scaling based
on gauge observations and reanalysis, particularly in
warm climatic regions where negative scaling is com-
monly reported (Utsumi et al 2011). These deviations
can be attributed to multiple factors, including pre-
cipitation type (Berg et al 2013), large-scale circula-
tions (Blenkinsop et al 2015), the duration of precipit-
ation events (Hatsuzuka ef al 2021), seasonal temper-
ature variations (Berg et al 2009) and aerosol indirect
effects (Da Silva et al 2020). Additionally, the accur-
acy of precipitation data, the methodology used to
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estimate scaling (Boessenkool et al 2017, Ali et al
2022) and the choice of temperature variable (Bui et al
2019) are crucial considerations. Other important
factors include the source (Ali et al 2022, Moustakis
et al 2020) and temporal scale of precipitation data
(Xiao etal 2016, Wang et al 2018). Reanalysis data sets
such as ERA5 and MERRA?2 are the the most com-
monly used, alongside gauge observations, helping to
extend scaling research over regions with sparse gauge
data by providing broader coverage for extreme pre-
cipitation scaling studies (Sun et al 2018). However,
existing research indicates that the scaling estimates
derived from these two reanalysis datasets are lower
than those obtained at station level in places such as
the USA and Japan (Moustakis et al 2020, Ali et al
2021). Despite this, a comprehensive evaluation of
reanalysis data against observations in China remains
lacking.

In terms of temporal scale, previous studies have
indicated that while daily precipitation increases with
temperature in accordance with CC scaling (Roca
2019), sub-daily extreme precipitation in certain
regions often increases at a rate exceeding 7%/K,
known as super-CC scaling (Lenderink and Van
Meijgaard 2008, Wang et al 2018). Additionally, in
Eastern China, daily precipitation has been shown
to exhibit negative scaling with daily mean temper-
ature, contrasting with the positive scaling observed
for hourly data (Xiao et al 2016). This discrepancy
may be attributed to sub-daily extreme precipita-
tion mainly resulting from convective rainfall occur-
ring in the afternoon, while daily extreme precip-
itation often involves long-duration events in the
early morning at low temperatures. Although many
studies mentioned above have investigated the rela-
tionship of hourly precipitation scaling to temper-
ature, the diurnal cycle of scaling has received lim-
ited attention (Meredith eral 2019, 2021). This aspect
could significantly influence the overall scaling and
alter diurnal patterns of extreme precipitation in
the future, thereby providing better scientific sup-
port for decision-makers in extreme precipitation
prevention.

To address the identified knowledge gaps, this
study aims to answer the following questions: (1)
can reanalysis data accurately reproduce the scaling
behavior observed in mainland China? (2) What are
the characteristics of the diurnal cycle of this scaling
in mainland China? We utilize hourly precipitation
and dew point temperature (DPT) data from ground-
based stations and reanalysis sources to clarify the
scaling behavior across mainland China. This study
will be the first to examine the diurnal cycle of scaling
from an observational perspective and will determ-
ine how long-term variations in extreme precipita-
tion correspond to long-term shifts in DPT through-
out the diurnal cycle.

M Lei et al

2. Datasets and methodology

2.1. Ground-based hourly precipitation data

In this study, we used 1980-2018 hourly precipitation
data from May to September (warm season) in main-
land China obtained from the China Meteorological
Administration. To ensure a sufficient amount of
data, only stations with at least 12 years of obser-
vation records and an annual missing rate of less
than 10% were retained for the analysis. Due to the
limited sensitivity of the surface observation instru-
ments, the minimum observed value of surface pre-
cipitation is recorded as 0.1 mm h™! (Qin et al 2021,
Leietal 2022). High-precision and quality-controlled
precipitation data can reduce the uncertainty of scal-
ing (Ali er al 2022). Considering water vapor lim-
itations at higher temperatures can lead to negat-
ive scaling outcomes, especially in warmer regions
(Berg et al 2009, Barbero et al 2018). Compared to
surface temperature, DPT has been used as a better
scaling variable, as it directly measures atmospheric
absolute humidity (Wasko et al 2018). Before auto-
matic meteorological observations were established,
hourly precipitation data were transformed from a
self-recorded precipitation paper, with DPT observed
only four times a day at 02:00, 08:00, 14:00 and
20:00 Beijing time (BJT). We used the nearest DPT
before the precipitation hour to match precipitation—
temperature pairs, due to temperature anomalies
being lower after precipitation events had occurred
(Visser et al 2020). If there was another precipitation
event between the initial precipitation and the nearest
DPT (with an event separation time of 1 h), that pre-
cipitation was excluded from the matching process for
precipitation—temperature pairs. We also used daily
DPT as a scaling variable for comparison with DPT
measured at 6 h intervals. Daily DPT was calculated
from daily temperature (T) and RH as follows (Guo
et al 2020):

DPT=RH(A+BxT)+CxT-19.2 (1)
where A = 0.198, B=0.0017 and C = 0.84.

2.2. Reanalysis datasets

In this work, we applied two sets of advanced reana-
lysis products: ERA5 and MERRA2 (Gelaro et al
2017, Hersbach et al 2018). ERA5 and MERRA2
provide long-term global hourly meteorological data
that complement many regions lacking observational
data. We used hourly precipitation and DPT data
from ERA5 and MERRA2 for the period 1980-2018
to evaluate whether reanalysis data can reproduce
the scaling behavior observed in mainland China.
Reanalysis data were interpolated to the station via
the inverse distance weighting method (Li and Heap
2008). We ignored light precipitation <0.1 mm h™!
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in the reanalysis data in order to be consistent
with observations. It is worth noting that although
hourly DPT data were available from the reanalysis
data, precipitation—DPT pairs were constructed using
methods consistent with those applied to the obser-
vations (hourly precipitation matching only DPT at
2:00, 8:00, 14:00 and 20:00 BJT).

2.3. Methods

The binning method was used to estimate ‘binning
scaling’ (Lenderink and Van Meijgaard 2008, Zhang
et al 2017). Since equal-size temperature bins may
cause empty or an insufficient number of data bins,
influencing the relationship between precipitation
and temperature (Herath and Sarukkalige 2018), the
DPT—precipitation pairs were first distributed into 12
bins of equal-sample size from low to high DPT. The
first and last bins were excluded to remove abnor-
mal DPT caused by specific atmospheric circulation
(Ali et al 2021, Hosseini-Moghari and Tang 2022).
The mean DPT and the 99th quantile of precipita-
tion (Pgg) for wet hours (P > 0.1 mm h™!) in each
bin were calculated, and the line regression was fitted
using equation (2):

In (Pyo) =  (DPT) + . 2)

« and [ were regression coefficients determined

by line regression. The scaling 222 was calculated as

ODPT
follows:

—2 —100% x (e* —1) 3)

where DPT is mean DPT in each bin.

The regional scaling results were calculated by
pooling data from all stations. To further explore
the diurnal variation in scaling, we applied the same
methodology to calculate the scaling for four time
periods, each containing 3 h of precipitation data.
This approach allowed us to examine the diurnal cycle
of scaling throughout the day.

3. Results and discussion

Initially, we estimated the scaling of hourly extreme
precipitation paired with DPT using observations, as
well as the ERA5 and MERRA?2 datasets for mainland
China. A total of 98.33% of stations showed posit-
ive scaling based on observations, while the remain-
ing stations with negative scaling were mainly con-
centrated in northwest China (NWC) and southern
China (see figure 1(a)). In terms of scaling magnitude,
48.16% and 40.61% of the stations exhibited scaling
greater than 2CC (14%/K) and 1CC (7%/K), respect-
ively. When daily mean DPT was used as the variable
for studying scaling (figure S1), the spatial distribu-
tion was similar to that observed using surface tem-
perature in previous reports (Xiao et al 2016). The
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number of stations with negative scaling using 6 h
DPT deceased from 2.63% to 1.67% of all stations,
and the percentage of stations where scaling exceeded
14%/K increased by 6.7% compared to those using
the daily mean DPT. This is because using daily mean
DPT can be affected by temperature anomalies fol-
lowing precipitation events, causing an underestima-
tion of scaling in mainland China. The surrounding
distribution of ocean and land, along with variations
in latitude across different regions, is a major factor
contributing to regional scaling differences. In cent-
ral and eastern China, stations showed super-CC scal-
ing, which may be related to the enhancement of con-
vective activity through latent heat release (Lenderink
and Van Meijgaard 2008) or changes in precipitation
type (Berg et al 2013). Notably, stations in the NWC
and Qinghai-Tibet Plateau (TP) regions, which have
received less attention in previous studies, mainly dis-
play negative and sub-CC scaling. This implies that
extreme precipitation in arid and semi-arid regions is
less sensitive to DPT. This finding aligns with the res-
ults observed in the Mediterranean’s arid and semi-
arid regions (Pumo and Noto 2021), likely due to
moisture availability limitations in the arid region. In
particular, the low afternoon RH further restricts the
scaling relationship, highlighting the importance of
considering the diurnal cycle in scaling research.
Reanalysis data significantly underestimate the
scaling of extreme precipitation in mainland China,
with 10.9% and 17.6% of stations showing negative
scaling mainly located in the tropical and subtropical
regions of southern China according to both ERA5
(figure 1(b)) and MERRA2 (figure 1(c)), respectively.
Additionally, over two-thirds of the stations exhibit
sub-CC scaling, with the remaining stations display-
ing super-CC scaling. A similar spatial pattern is also
observed for the more extreme percentile (99.9th)
(figure S2). In particular, ERA5 underestimates the
average scaling of 9.4%/K observed in actual meas-
urements, especially for stations in southern China
where high DPT conditions lead to a negative scaling,
which is completely inconsistent with observations.
The high temperatures in the reanalysis data can
increase the saturation deficit, which slows down the
cumulus updraft condensation and ultimately leads
to negative scaling (Sun and Wang 2022). The scaling
derived from MERRA?2 is even lower than that from
ERAS5. However, on Hainan Island, stations measured
with MERRA2 exhibit super-CC scaling, whereas
ERAS5 and observations occasionally show negative
or sub-cc scaling. When examining the scaling beha-
vior on Hainan Island across the three datasets (see
figure S3), discrepancies become apparent. Although
some stations show negative scaling based on obser-
vations, regional averaging reveals a scaling rate close
to the CC rate. MERRA2 gives a scaling near 2CC
but seriously underestimates the precipitation intens-
ity. ERA5 captures a relatively strong intensity but
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Figure 1. Distribution of the scaling of the 99th percentile, using estimates derived from hourly precipitation data and 6-hourly
dew point temperature (DPT) from observations (a), ERA5 (b) and MERRA2 (c). The numbers at the top of the panels represent
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the proportion of stations within each interval (purple numbers represent the proportion of sites with negative scaling, blue
represents scaling between 0 and 1CC, orange represents scaling between 1CC and 2CC, and red represents more than 2CC).
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Figure 2. (a)—(c), (e)—(g) The relationships between the 99th percentile and the DPT of six regions from observations (magenta),
ERAS5 (indigo blue) and MERRA?2 (pale blue). The numbers in the upper-right corner of each panel represent the scaling rate for
that region. The dashed lines represent a 2CC (red) and CC (grey) increase. In panel (d), different colors are used to represent the

six regions.

shows a consistent decrease, with a scaling —4.2%/K.
The main reason for the discrepancies between the
reanalysis data and observations lies in the reana-
lysis data’s inadequate modeling of extreme precipit-
ation, especially significant underestimation of con-
vective precipitation intensity (Aleshina et al 2021),
rather than temperature (Ali et al 2021). Reanalysis
data severely underestimate the scaling of hourly pre-
cipitation in China, with over half of stations showing
sub-CC scaling, compared to approximately 90% sta-
tions demonstrating super-CC scaling from observa-
tions. This stark contrast suggests that the observed
data capture a more pronounced response of short-
term extreme precipitation to changes in DPT during
the warm season. This pattern may not be accurately

reflected in the reanalysis data but could be more pre-
cise during the winter (Aleshina et al 2021).

The scaling relationship between precipitation
extremes and DPT exhibits significant geographic
variation across China (figure 1), as highlighted by
Guo et al (2020). To examine this scaling behavior in
different regions, six typical regions were selected for
analysis, as shown in figure 2(d): the Sichuan Basin
(SCB), Beijing-Tianjin—Hebei (BTH), the Yangtze
River Delta (YRD), the Pearl River Delta (PRD), the
TP and NWC. We first constructed temperature—
precipitation curves to visualize the scaling relation-
ship across for the full DPT range of these six regions.
Observational data revealed a positive scaling in all
regions without any ‘hook’ structure, with the highest
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extreme precipitation coinciding with the highest
DPT. In the NWC region (figure 2(a)), precipitation
intensity increases monotonically with DPT, showing
nearly a 7%/K scaling rate. However, the curves from
ERA5 and MERRA?2 were biased toward cooler tem-
peratures and consistently underestimated the pre-
cipitation intensity across all temperature ranges in
the NWC region. Observational scaling in the SCB
exceeds 14%/K (figure 2(b)), with near-CC scaling
under a DPT of 20 °C and over 2CC scaling above
20 °C. In contrast, the reanalysis data here show near-
CC scaling but exhibited a ‘hook’ structure at high
DPT levels. For the BTH region, the observational
data exhibited super-CC, whereas the reanalysis data
showed flat and hook structures with underestim-
ation above 22 °C (figure 2(c)). In the TP region,
although sub-CC scaling was observed (figure 2(e)),
EPI nonetheless rose with temperature. Reanalysis
data underestimated DPT during precipitation by
about 5 °C compared to the observed values, yet
still reflected sub-CC scaling consistent with obser-
vations. In the PRD region, where a ‘hook’ structure
in precipitation—temperature relationships was previ-
ously documented by Sun et al (2015), we found that
using DPT before precipitation as temperature vari-
able eliminated this ‘hook’ structure in the regional
scaling curve (figure 2(f)). Additionally, pooling data
from stations with partial positive scaling tended
to mask the regional negative scaling observed at
some stations, similar to the pattern in the NWC
region. The YRD region showed a clear divergence
between observations and reanalysis (figure 2(g)):
observed data increased monotonically, following a
2CC rate across all temperatures, whereas reanalysis
data exhibited a pronounced ‘hook’ structure at a
peak point temperature of 22 °C. Notably, MERRA2
and ERAS5 noticeably underestimated EPI across all
regions and temperature ranges, especially at high
DPT levels. Combining these findings, it becomes
evident that in reanalysis data across regions, extreme
precipitation increases with DPT at low DPT ranges
(<22 °C), but decreases or levels off at high DPT
ranges (>22 °C). This explains why some stations in
southern China with high DPT show negative scal-
ing in ERA5 and MERRA2, highlighting that reana-
lysis data for China’s warm season fail to reflect the
results from observations accurately. Similar findings
have been observed for the 99.9th percentile (figure
S4).

The results presented above were derived from
pooling all precipitation-DPT paired data across
all hours, without considering the diurnal cycle.
However, it is important to recognize that extreme
precipitation exhibits diurnal variation (figure S5).
Most regions, such as NWC, BTH, YRD and PRD,
show an afternoon peak in observations, while the
SCB was characterized by nocturnal rainfall with
higher extreme precipitation intensities at night. The

M Lei et al

peak value occurs in the early morning in most
regions based on reanalysis data, which is inconsist-
ent with observations. Precipitation at low DPT levels
usually occurs in the early morning, contributing
significantly to the low-temperature portion of the
precipitation—temperature curve. In contrast, after-
noon precipitation, associated with higher temper-
atures, constructs the high-temperature portion of
the curve. To address confounding effects, we calcu-
lated scaling based on observation for four time peri-
ods, 2:00-5:00, 8:00-11:00, 14:00-17:00 and 20:00—
23:00 after DPT observations (figure 3). The results
for the reanalysis data are presented in figure S6.
Due to the poor performance of all-hours scaling and
the extreme precipitation diurnal cycle pattern, we
mainly focus on observational perspectives for fur-
ther analysis. This helps illuminate the sensitivity of
extreme precipitation to DPT at the diurnal cycle
scale. Our analysis revealed significant diurnal vari-
ations, indicating that the mix of precipitation from
different hours ultimately affects the overall scaling.
In both the NWC (figure 3(a)) and BTH
(figure 3(c)) regions, we observed higher scaling at
2:00-5:00 and 8:00-11:00, and lower scaling at 14:00—
17:00 and 20:00-23:00. This pattern suggests that
extreme precipitation occurring at night and in the
morning is more sensitive to changes in DPT com-
pared to those occurring in the afternoon and even-
ing. This may be because air tends to be much closer
to saturation during these times of the day, leading
to lower dewpoint depression. Under certain met-
eorological conditions, cooling the air to saturation
can suffice to trigger convection, thereby supporting
super-CC scaling, as highlighted by Siswanto et al
(2022). The diurnal cycle of extreme precipitation
in these two regions exhibited a bimodal structure,
with a main peak occurring in the afternoon and a
secondary peak in the early morning (figure S5). Our
findings suggest that the sub-peak in the early morn-
ing may strengthen and reduce the difference from
the main peak in the afternoon under climate change.
This further supports the idea that future extreme
precipitation may shift from afternoon to night and
morning, as suggested by the convection-permitting
model (Meredith et al 2019). In the SCB region, the
diurnal variation region was less pronounced, with
peak scaling at 2:00-5:00 (figure 3(b)). However, the
more extreme percentile (99.9th) also shows a similar
pattern (figure S7(b)), consistent with the NWC and
BTH regions. In contrast, the YRD region exhibited
an opposing pattern from the NWC and BTH regions
(figure 3(f)), with scaling proximity 20%/K at 14:00—
17:00, but dropping below at other time periods.
The extreme precipitation diurnal cycle in the YRD
region showed a single-peak structure occurring in
the afternoon (figure S3). This suggests that the main
peak may strengthen and significantly influence the
diurnal cycle of extreme precipitation under a warmer
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Figure 3. The scaling of the 99th percentile of BJT 2:00-5:00, 8:00-11:00, 14:00-17:00 and 20:00-23:00 and all-hours scaling for
the NWC (a), SCB (b), BTH (c), TP (d), PRD (e) and YRD (f) regions. The plot of each bar represents the 95% confidence
interval of the scaling rate.

climate. Meanwhile, the TP region consistently dis-
played sub-CC scaling across all hours (figure 3(d)),
indicating a weak response of extreme precipitation
to temperature increase in this region. Although the
all-hours scaling in the PRD region was comparable
to that in the NWC region, the diurnal cycle showed
a distinct pattern, peaking at exceed 11%/K at 2:00—
5:00 and 20:00-23:00. This suggests an enhancement
of extreme precipitation during the night in the PRD
area. Peak precipitation in this region occurs dur-
ing the afternoon, indicating that significant diurnal
variability may diminish in the future. These results
imply that the response of extreme precipitation to
DPT exhibits significant diurnal cycles, the scaling of
special time periods may exceed the all-hours scal-
ing, supporting that the diurnal precipitation pattern
may alter under climate change effects. The results
from ERA5 and MERRA-2 exhibited similar scal-
ing as the all-hours results in most regions, except
for the PRD region (figure S6), the reanalysis data
ineffectively reproduce the diurnal cycle pattern in
observations. Furthermore, as the diurnal temper-
ature range exhibits obvious temporal and spatial
variations (Wang et al 2024), using temperature with
a diurnal cycle instead of daily mean temperature
as predictive factors may more accurately represent
the atmospheric water vapor conditions related to
precipitation in the future.

For each region, the logarithm of the 99th per-
centile hourly precipitation intensity for four time
periods was plotted against DPT based on observa-
tions, as shown in figure 4. The NWC region exhibits

higher scaling at 2:00-5:00 and 8:00-11:00, primar-
ily because the curves at these times show low EPI at
a low DPT range, while all curves converge to sim-
ilar EPI values at higher DPT ranges. Similarly, the
BTH region exhibits results comparable to those of
the NWC region, with the curves at 2:00-5:00 and
8:00-11:00 following the 2CC rate across all temper-
ature ranges. In contrast, the curves at 14:00-17:00
and 20:00-23:00 adhere to the 2CC rate at low tem-
peratures but diverge from it above 18 °C. In the
SCB region, the nighttime precipitation intensity is
higher than at other hours across almost all temper-
ature ranges, deriving the highest scaling at night. In
the TP region, sub-CC scaling is observed for all time
periods, but exhibits near CC scaling for the 99.9th
percentile extreme precipitation (figure S8(d)). The
highest extreme precipitation occurs at 20:00-23:00
across all temperature ranges. This aligns closely with
the local precipitation diurnal cycle (Wu et al 2018).
The extreme precipitation in the TP region responds
weakly to temperature, potentially due to its com-
plex topography (Guo et al 2014). The curve in the
PRD region oscillates above 23 °C while maintain-
ing an upward trend, with DPT intervals significantly
smaller than in other region—often less than 0.5 °C
above 23 °C—resulting in unstable oscillations in the
curve; the curve shows super-CC scaling at nighttime
but closely aligns with the CC rate during daytime.
The YRD region reaches approximately 15%/K scal-
ing at 2:00-5:00 and 8:00—11:00, escalating to around
20%/K at 14:00-17:00 (figure 4(f)); all curves exhibit
a monotonic increase in EPI with DPT, exceeding the
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Figure 4. Dependencies of 99th percentiles of extreme precipitation intensity on dew point temperature for four time periods in
six regions. The shading indicates 95% confidence intervals for 1000 bootstrap resampling, the dashed lines represent 2CC (red)

and CC (grey) increases.

2CC rate across all temperature ranges. The curves
from different time periods exhibited a clear precip-
itation inconsistent response to DPT, indicating that
mixing precipitation from different time periods has
a great impact on calculate all-hours bin scaling. The
99.9th percentile results display similar discrepan-
cies across time periods, but with a wider confidence
interval (figure S8).

To assess whether the variations in extreme pre-
cipitation correspond to the variations in DPT across
the diurnal cycle scale, we selected data from sta-
tions with 39 years of continuous observations and
examined the correlation coefficient (R) between the
annual hourly EPI (99th percentile) for each time
period and the annual mean DPT at corresponding
hour variations after de-trending across six regions
(figure 5). R values were generally high in the four
inland regions, indicating that EPI positively covaries
with DPT variation across the diurnal cycle. However,
low R values were observed in the PRD and YRD
regions. In the NWC region, correlations ranging
from 0.41 to 0.52 were found across all time periods,
with a P-value <0.05 (figure 5(a)), indicating that
more extreme precipitation is often accompanied by
higher DPT from inter-annual variation. This high-
lights the importance of DPT as a predictor of EPI in
arid and semi-arid regions. The SCB region showed
R values from 0.33 to 0.46 (P-value <0.05) demon-
strating a significant correlation between EPI and
DPT variations across the diurnal cycle. In the BTH
region, the correlation coefficients for four time peri-
ods in the BTH region were 0.28, 0.31, 0.37 and 0.24,
respectively; these values still exhibit relatively high

significance with a P-value <0.1, except for 20:00—
23:00. The TP region also showed fairly high R val-
ues with a P-value <0.1, except at 8:00-11:00, where
the weaker correlation may stem from limited stations
with 39 years of continuous observations and a low
frequency of precipitation, resulting in insufficient
precipitation data for a robust correlation. Inland
regions showed significant correlations between EPI
and DPT annual variability, suggesting that inter-
annual variations in extreme precipitation can be bet-
ter explained by changes in DPT, even on a diurnal
scale. In contrast, coastal regions such as the PRD and
YRD regions show relatively low R values. Previous
studies also noted a lack of obvious correspondence
between EPI and DPT in southern China (Guo et al
2020). The changes in hourly extreme precipitation
could be related to other reasons, such as urbaniz-
ation (Yan et al 2024) or shifts in large-scale circu-
lation (Ning ef al 2017). Nonetheless, correlations
between EPI and DPT at the diurnal scale showed a
P-value <0.1 at 14:00-17:00 in the YRD region, sug-
gesting that the PRD region exhibits a reasonable cor-
respondence at a specific time period when consid-
ering the diurnal cycle. Reanalysis data also reveal a
significant correlation in inland regions, while coastal
regions exhibit lower R values, MERRA-2 exhibited
higher correlation value than ERA5 in inland region
(figure S9).

Our results suggest that the inter-annual vari-
ations in hourly extreme precipitation are closely
associated with DPT changes on a diurnal scale in
some regions. This finding further implies that the
diurnal cycle of the scaling relationship can provide
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Figure 5. The correlation coefficient between EPI (99th) and annual mean DPT at corresponding hours during 1980-2018 in
China for four time periods across six regions. The bar covered by double diagonal lines represents a P-value <0.05, while the bar

alternate evidence for future changes in the extreme
precipitation diurnal cycle, especially since current
region and global climate models struggle to simu-
late sub-daily extreme precipitation mainly caused by
convective active (Hanel and Buishand 2010, Sun et al
2020). This limitation is also a key reason for the poor
performance of reanalysis data.

4. Conclusions

In this study, we utilized hourly precipitation and
DPT data from in situ gauge observations, as well as
ERAS5 and MERRA? datasets, during the warm sea-
son across mainland China to derive the bin scaling
relationship and, for the first time, explore the diurnal
cycle of scaling from observations, which has received
limited attention in previous studies. This focus is
critically important because the mixing of extreme
precipitation from different hours affects all-hours
scaling and provides alternative evidence for future
changes in the diurnal cycle of extreme precipita-
tion. Our observations indicate that 88.7% of stations
exhibit super-CC scaling with notable regional dif-
ferences, influenced by a complex interplay of factors
that merit further detailed investigation in our next
work. Additionally, the EPI increases monotonically
with DPT and no ‘hook’ structure is observed in the
regional scaling curve. However, ERA5 and MERRA2
predominantly show stations with sub-CC scaling,
and exhibited a ‘hook’ structure at DPT about 22 °C
in regional scaling curve, suggesting that reanalysis

datasets underestimate changes in hourly extreme
precipitation in response to DPT.

By investigating the diurnal cycle from obser-
vations, we reveal a pronounced diurnal cycle sig-
nal with distinct regional features. Extreme precip-
itation is more sensitive to change in DPT at spe-
cial time periods, indicating that the mix of precipita-
tion from different hours ultimately affects all-hours
scaling. This sensitivity could potentially change the
diurnal cycle of extreme precipitation under climate
change. In the NWC and BTH regions, the cur-
rent morning sub-peak of extreme precipitation may
intensify, narrowing the gap with the afternoon peak,
which supports the idea that extreme precipitation
may shift to morning and night based on a high-
resolution convective permitted model (Meredith
et al 2019). In addition, by analyzing data from
stations with continuous 39 year observations, we
found that the variations in EPI correspond with
DPT across the diurnal cycle in the inland region.
Although ‘binning scaling’ based on the present-day
climate is limited in its ability to extrapolate future
extreme precipitation (Zhang et al 2017), current
global and regional climate models face challenges
in accurately simulating sub-daily extreme precipit-
ation. Nevertheless, the ‘binning scaling’ approach
continues to provide valuable insights into the
impacts of climate change on extreme precipitation
(Lenderink et al 2018). Our study offers a novel
framework for shifts in extreme precipitation to
morning/night pattern in some regions under climate
change.
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ERA5 and MERRA2 reanalysis data are avail-
able from (www.ecmwf.int/en/forecasts/dataset/
ecmwf-reanalysis-v5) and (https://disc.gsfc.nasa.gov/
datasets/ M2T1INXFLX_5.12.4/summary), respect-
ively. The recent hourly rainfall dataset can be down-
loaded from (http://data.cma.cn/en/?r=data/detail&
dataCode=A.0012.0001). Due to the data policy in
China, previous data records are not available via a
website for public download. However, anyone could
contact the China Meteorological Data Service Center
(https://data.cma.cn) or the China Meteorological
Administration (CMA) (www.cma.gov.cn/en2014/
aboutcma/contactus/) for detailed information on
data acquisition.
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included within the article (and any supplementary
files).
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