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Abstract

Using station and reanalysis datasets, the application of C-C scaling in understanding the relation between precipitation
extremes and temperature in eastern China has been examined. The results show that the C-C scaling could be used to
understand the daily precipitation extreme intensity increase with Ti,, as it is below “25°C. However, as Ti, exceeds 25°C, the
daily precipitation extremes would decrease with Ty, particularly for South China. The change in the variation as Tr, exceeds
25°C may be attributed to the negative scaling of precipitation efficiency and vertical velocity with Tp,. The sharp increase in the
convective inhibition, decrease in the temperature advection, can partly explain the negative scaling of precipitation efficiency
and Tp,, vertical velocity and T as it exceeds 25°C, respectively. Our results show physical image linking the precipitation
extremes and temperature variation, which would likely help understanding the variations in precipitation extremes under a

warmer future.
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Abstract

Using station and reanalysis datasets, the application of C-C scaling in understanding
the relation between precipitation extremes and temperature in eastern China has been
examined. The results show that the C-C scaling could be used to understand the daily
precipitation extreme intensity increase with Ty, as it is below ~25°C. However, as Tr,
exceeds 25°C, the daily precipitation extremes would decrease with T, particularly
for South China. The change in the variation as T, exceeds 25°C may be attributed to
the negative scaling of precipitation efficiency and vertical velocity with T. The
sharp increase in the convective inhibition, decrease in the temperature advection, can
partly explain the negative scaling of precipitation efficiency and Ty, vertical velocity
and T, as it exceeds 25°C, respectively. Our results show physical image linking the
precipitation extremes and temperature variation, which would likely help

understanding the variations in precipitation extremes under a warmer future.

Key Points:

1, The relation between the precipitation extremes and temperature as it exceeds
~25°C deviates from the C-C scaling, particularly in South China.

2, The conceptual model indicates that this deviation may be attributed to the negative
scaling of precipitation efficiency/vertical velocity with temperature.

3, The increase in convective inhibition, decrease in temperature advection with
temperature, can partly explain the negative scaling of precipitation efficiency,

vertical velocity and temperature, respectively.
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1. Introduction

The variation of precipitation extremes by anthropogenic climate change is of
great concern for the society [Min et al., 2011; Zhang et al., 2013; Drobinski et al.,
2016; Prein et al., 2017b; Baker et al., 2018]. Although, the response of precipitation
extremes to warming is one of the key uncertainties associated with climate change
[Hawkins and Sutton, 2009; Huang et al., 2013, 2018], it is generally agreed that the
increasing warming could modify precipitation characteristics in terms of the amount,
frequency and intensity [Huang et al., 2019].

The association between precipitation extremes and temperature, termed as
‘scaling’, is theoretically linked to the Clausius—Clapeyron (C—C) relationship, which
predicts roughly a 7% (C-C scaling) increase in the daily precipitation extremes
associated with atmospheric warming [Trenberth et al., 2003; Pall et al., 2007; Bui et
al., 2019]. Generally, observations and simulations with climate models have reported
a variety of scaling rates between daily precipitation extremes and temperature,
including strong C-C scaling in Europe [Trenberth et al., 2003; Lenderink and
Meijgaard, 2008, 2010; Berg et al., 2013; Schroeer and Kirchengast, 2018], but weak
C-C scaling in North America [Mishra et al., 2012; Lepore et al., 2015] or even
negative rates in the tropics [O 'Gorman, 2012; Drobinski et al., 2016; Yin et al., 2018].
Thus, the rate of increase in the extreme daily precipitation intensity was not
necessarily consistent with the C-C scaling. We should also notice that the relation is
complicated as the temporal resolution of measurement of precipitation data changes
(e.g., hourly or 5- minutes station data). As daily mean temperature is below ~25°C,
the rate of increase in hourly precipitation extremes is > 7% (even 14%, as super-C-C
scaling) per warming degree [Westra et al., 2014; Prein et al., 2017b]. Besides of the

positive relation between daily precipitation extremes and temperature, when
3
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temperature exceeds ~25°C, the intensity of precipitation extremes at different
time-scales (daily, hourly, 5-minites) consistently begins to decrease [Lenderink and
Meijgaard, 2010; Utsumi et al., 2011; Huang et al., 2017, 2019]. Thus, the different
intensification rate of precipitation extremes in different regions and different
temporal resolution of precipitation data demonstrates the complexity of the issue in
application of the C-C scaling [e.g., Zhang et al., 2017].

Eastern China is already very sensitive to climate change at short and long-time
scales. Dominated by the Asian monsoon system [Zhou et al., 2009], eastern China is
vulnerable to precipitation extremes, which show significant regional discrepancy
[Zhai et al., 1999, 2005; Wang et al., 2012; Zhu et al., 2016]. Generally, precipitation
extremes have frequently occurred over Yangtze River Basin [Wang and Zhou, 2005;
Zhai et al., 2005; Fu et al., 2013] and South China [Yao et al., 2008] and rarely
occurred over Sichuan Basin [Zhai et al., 2005]. The intensity of precipitation
extremes are strong in South China, while northern part of China (north to 35°N) has
been recently suffered from some destructive precipitation extremes [Li et al., 2016;
Lyu et al., 2016]. Most previous studies on the precipitation extremes in China have
focused on the definitions, tendency, typical large-scale circulations, projections,
detection of human influence, etc [Sun and Ao, 2013; Zhou et al., 2014; Chen and Sun,
2017]. However, less study has paid attention to theoretical explanation on the
sensitivity of extreme rainfall to atmospheric temperature. Some studies have focused
on some specific regions, as South China [Sun et al., 2013], Anhui Province [Huang
et al., 2017]. Although the C-C scaling can explain the relation between daily
precipitation extremes and temperature, they consistently show the deviation from the
C-C scaling, particularly for different regions.

Many factors can contribute to departure from C-C scaling: temporal and spatial
4
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averaging, choice of scaling temperature [Bui et al., 2019], the precipitable water and
vertical velocity [Kunkel et al., 2020], precipitation efficiency [Huang et al., 2019],
dynamical conditions [Drobinski et al., 2016], the precipitation types [Berg et al.,
2013], and etc.. Particularly for the negative scaling of daily precipitation extremes on
temperature exceeding ~25 °C, it may due to the decrease in relative humidity
[Barbero et al., 2018], duration of precipitation events [Utsumi et al., 2011],
intermittency of rainfall at higher temperature [Schleiss, 2018], and the negative
scaling of precipitation efficiency and temperature [Huang et al., 2019], etc. Since the
examination of C-C scaling in the relationship between the extreme daily precipitation
intensity and temperature across eastern China and the possible reasons are still
uncertain, here, we aimed to answer the following two questions using both of
synoptic observations and reanalysis datasets: 1) Is the precipitation extremes scaling
with temperature in different sub-regions over eastern China following the C-C
scaling? 2) If it remains deviate from the C-C scaling, how to understand the

deviation?

2. Data and methods

2.1 Data
The datasets used in this study are:

(1) The daily precipitation and mean air temperature of 2420 quality-controlled
stations (Fig. 1a) over China during the period of 1979-2014 provided by China

Meteorological Administration (http://data.cma.cn/site/index.html). Particularly,

we focused four sub-regions of eastern China (Fig.1a): Northeastern China

(110°-135°E, 43°-54°N), North China (110°-122°E, 33°-53°N), Yangtze-Huaihe
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River Basin (110°-122°E, 28°-34°N), South China (110°-122°E, 20°-27°N).

(2) The European Centre for the Medium-Range Weather Forecasts (ECMWF)
interim reanalysis (~0.75°%~0.75°) (ERA-Interim, Dee et al. 2011). The
ERA-Interim reanalysis data has a good performance in describing precipitation
and circulations in East Asia [Lin et al., 2014; Huang et al., 2016; Zhu et al., 2017]
and it also has the ability to understand the C-C scaling of daily precipitation
extremes and temperature [Huang et al., 2019]. The daily variables of mean
temperature, specific humidity, sea level pressure and precipitation on the period

of 1979-2014 are used.

2.2 Methods

Precipitation efficiency (E) measures the percentage of moisture in the air
converting into precipitation. It is calculated as dividing daily precipitation by daily
total precipitable water vapor [Tuller, 1973].

Using both synoptic observations and the ERA-Interim reanalysis, the scaling of
precipitation extremes with daily mean temperature has been analyzed, following the
two-step analysis procedure in Lenderink and Meijgaard [2008]. First, we stratified
the daily precipitation data based on daily mean temperature in bins of 2°C width.
Second, we calculated the 90-95% and 95-99% of the distribution in each bin of
precipitation events. To avoid the effect of snow, only precipitation events with daily
mean temperature above 5°C are selected.

Following Chen et al. [2020], the convective inhibition (in J/kg) is calculated as,
P(SFC)
CIN = Rdf (Typ — Tye)dIn(p)
P(LFC)

Where R, is the gas constant of dry air, and p is the air pressure. Here,
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T,p and Ty, , the virtual temperature of the lifted parcel and the environment
respectively, are used to account for the effect of water vapor on air density [Doswell
and Rasmussen, 1994]. The definitions of CIN is widely recognized and consistent
with many previous studies [e.g. Dai et al., 1999; Riemann-Campe et al., 2009; Prein

etal., 2017a].

3. Results

3.1 Scaling of precipitation extremes with temperature

Figure 1 shows the dependency of different percentiles of daily precipitation
extremes on daily mean temperature (Tn,) in eastern China by using synoptic
observations (middle panels). In eastern China, while Ty, is below ~25°C, daily
precipitation extremes increase with the increase of T, following the rate of the C-C
scaling (the grey dot lines), ~7%. However, precipitation extremes start to decrease
when T, exceeds ~25°C, particularly in YHRB and SC. This behavior is robust
throughout the domain for the extreme percentiles (90-95%, 95-99%). Actually, this is
also robust for the percentiles above 70% in eastern China [Huang et al., 2019] and
the percentiles between 20%-80% in the French Mediterranean region [Drobinski et
al., 2016]. In fact, temperature when the slope change is different for each regions.
There are ~21 °C, 24 °C, 25 °C and 26 °C for NEC, NC, YHRB and SC, respectively.
This may partly due to the climatology in different sub-regions. The ERA-Interim
reanalysis can also capture the relation between the daily precipitation extremes and
Tm in eastern China (right panels), which is also proved by some recent studies for
Europe and North America [e.g., Lenderink et al., 2017; Wang et al., 2017]. Thus, in
the eastern China, both of the synoptic observations and reanalysis datasets confirm

that the C-C scaling could indicate the daily precipitation extreme intensity increasing
7
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with T, below ~25°C. On the contrast, as T, exceeds 25°C, the daily precipitation
extremes would decrease with Tn,,. We should also notice the regional differences,
mostly for the changing temperature and rate of the decreasing slope. This negative

relation between precipitation extremes and T, has deviated from the C-C scaling.

3.2 Understanding the scaling of precipitation extremes with temperature

In 1996, Charles A. Doswell 111 et al. [1996] has introduced a conceptual model
of precipitation extremes,

P = Ewgq (1)

Where P is the precipitation intensity, E is the precipitation efficiency, w is the
vertical velocity, q is the mixing ratio of the rising air. This means rising air should
have a substantial water vapor content and a rapid ascent rate if a significant
precipitation rate is to develop. Differentiating the conceptual model (1) with respect

to a temperature T gives,

F _ w2 gy p.

Pl U o'l E aT+WE pos @)

Changes in precipitation efficiency and vertical velocity with temperature could
partly explain the departures from C-C scaling. Following Emori and Brown [2005],

we choose vertical pressure velocity at 500hPa (W500) and total precipitable water

vapor as w and g in equation (2), respectively. Thus, we individually focus on the Z—i,

aw

and a_q’ which is shown in Figure 2.
aT aT

On the one hand, the dependency of different percentiles of daily precipitation
efficiency and Ty, (Fig. 2a-d) shows quite consistent results in that between W500 and
Tm (Fig. 2e-h) in the four sub-regions. As T is below 25°C, the precipitation

efficiency slowly increases and the W500 is quite stable as T, increases. Similarly,
8
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the precipitation efficiency and W500 decreases as T, exceeds 25°C. Thus, the
out-of-phase relationship between precipitation extremes and T, may be partly
explained by that between precipitation efficiency and Ty, and vertical velocity and
Th.

On the other hand, as expected, governed by the C-C equation, the atmospheric
moisture increases with Ty, following the C-C scaling (Fig.2i-1). In fact, we can notice
that the relation still reverses like that between precipitation extremes and T, but the
turning point is ~27 °C of Tny. The reversal in the scaling may be due to moisture
limitations at higher temperatures as seen in previous studies [Bao et al., 2017;
Barbero et al., 2018]. Thus, we may infer that the C-C scaling can largely explain the
relation between precipitation extremes and T, below 25 °C. As T, exceeds 25°C, the
reverse relation may be partly due to the negative relation between the precipitation

efficiency (vertical motion) and T,.
) oE . ow . .
With respect to P (Fig.2a-d) and T (Fig.2e-h), the possible factors have

been further investigated. In fact, the precipitation efficiency has significant negative
correlated with the convective inhibition (CIN) [Market et al., 2003] . This significant
negative relationship between precipitation efficiency and CIN is also confirmed in
eastern China, particularly as the CIN exceeds 50 J/kg (Fig.3a) and also found in
sub-regions (Figure not shown). The relation between the CIN and T, in four
sub-regions has been further examined (Fig.3c, e, g, i). These results were categorized
into two major groups. In the northern part of China (NEC, Fig.3c and NC, Fig.3e),
the CIN increases as T, increases for NEC and NC. On the contrast, the relation
between T, and CIN are complicated in the southern part of China (YHRB and SC).

The CIN has increased as the Ty, increases, except the T, is between 25°C-27°C.

9
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Particularly, in SC, as Ty, is higher than 27°C, CIN significantly increases as T, rises.
Thus, the significant increases in CIN in the high T, would favor the decrease in the
precipitation efficiency. In fact, this relationship is more obvious in South China than
other regions. As well, uncertainties also exists in southern part of China as the Ty, is
between 25°C-27°C. These would remind us the importance of regional difference.

The positive correlation between the vertical velocity and temperature advection

(—17 - VT) has been established by the quasi-geostrophic omega equation [Jonathan E
Martin, 2006], suggesting that the warm advection would favor the ascend motion,
and vice versa. This positive relation is well established in eastern China (Fig.3b) and
also found in sub-regions (Figure not shown). Similarly, we further investigated the
relation between the temperature advection and Ty, in the four sub-regions (Fig.3d, f,
h, j). Generally, as T, is below 20°C, the temperature advection shows not much
tendency with the increases of the Ty, while as T, is above 20 °C, the slope is
negative, indicating the temperature advection decreases as the Ty, increases. There
are also regional differences, suggesting more significant negative slope in YHRB
(Fig.3h) and South China (Fig.3j), compared to other regions. Due to the positive
relation between the vertical velocity and temperature advection, this negative slope
between the temperature advection and T, would contribute to that between the

vertical velocity and T,

4. Conclusion and discussion

In eastern China, the C-C scaling could predict the daily precipitation extreme
intensity increase with Tp, as the Ty, is below 25°C. However, as T, exceeds 25°C, the

daily precipitation extremes would decrease with T, particularly for daily

10
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precipitation extremes in South China. This negative relation between the
precipitation extremes and temperature deviates from the C-C scaling.

Traced to the conceptual model of precipitation extremes, besides of the water
vapor, the vertical velocity, precipitation efficiency scaling with the temperature may
result in the deviation as T, exceeds 25°C. In fact, the water vapor, vertical velocity,
precipitation efficiency consistently increase as the Ty, increases. Therefore, the C-C
scaling can largely explain the relation between precipitation extremes and T, below
25 °C. As T, exceeds 25°C, precipitation efficiency and vertical velocity significantly
decrease with temperature rising, which can contribute to the departures from C-C
scaling. Additionally, as T, exceeds 25°C, the sharp increase in CIN, decrease in the
temperature advection with T, may result in the negative relation between the
precipitation efficiency and Ty, the vertical velocity and Ty, respectively.

Several questions still remain and need further analyses. First, the relative
contributions of the vertical velocity and precipitation efficiency to the deviation
should be quantitative distinguished. Second, we have found obvious regional
distinctions (northern part and southern part of eastern China), which may due to the
large-scale circulations, different kinds of precipitation extremes, dynamical
conditions and etc. Third, we have attempted the similar analyses on the sub-daily
datasets. However, our results show that the hourly precipitation extremes over the
eastern China do not seem to exhibit super C-C scaling, unlike what was found in
other observational studies (Figure not shown). These possible reasons should also be
further investigated. Considering these would likely help us to understand the

variations in different time-scale precipitation extremes under a warmer future.
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463  Figure 1 The distribution of the 2420 stations used in this study (a), and dependency of different
464  percentiles of daily precipitation extremes on daily mean temperature in Northeastern China (NEC,
465 b, c), North China (NC, d, €), Yangtze-Huaihe River Basin (YHRB, f, g) and South China (SC, h, i)
466  from station data (middle panel) and ERA-Interim reanalysis datasets (right panel). The red, blue,
467  purple and orange dots are for NEC, NC, YHRB and SC, respectively. Four sub-regions over
468  eastern China: Northeastern China (NEC, 110°-135°E, 43°-54°N), North China (NC, 110°-122°E,
469  33°-53°N), Yangtze-Huaihe River Basin (YHRB,110°-122°E, 28°-34°N), South China (SC,
470  110°-122°E, 20°-27°N). Scatter points in (b-i) are computed from certain percentiles in each
471  temperature bin. Solid curves are computed by the 4th degree exponential polynomial-fitting of
472  precipitations. Colorful scatters and lines are for the different percentiles. Note the logarithmic
473  Y-axis. Each dot in (middle panel) and (left panel) means the logarithmic daily precipitation for a
474  certain station and a certain year in each sub-regions and sub-regional mean for a certain year

475  from ERA-Interim reanalysis datasets, respectively.
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Figure 2 Dependency of different percentiles of daily precipitation efficiency (a-d, unit :
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%)l

vertical pressure velocity at 500hPa (e-h, unit: (-1)*10 Pa/s) and the vertical integrated moisture

transport from 1000 to 300hPa (i-1, short for Q) on daily mean temperature in NEC (first panel),
NC (second panel), YHRB (third panel) and SC (forth panels) based on ERA-Interim reanalysis

datasets. Solid curves are computed by the 4th degree exponential polynomial-fitting of

precipitation efficiency, W and Q. Colorful scatters and lines are for the different percentiles. Note

the logarithmic Y-axis in (i-1). Each dot in Figure 2 means the sub-regional mean value for a

certain year from ERA-Interim reanalysis datasets.

18



492

493
494
495
496
497
498
499
500

(a) CIN vs. Preicpitation Efficiency {b) 500hPa Temperature Advection vs. Omgea

ol — 90%-95% — 90%-95%
oL 23%99% — 95%-99%

2 /s)

Precipitation Efficiency (%)
2

210
=
: g
0 E
<
40 g3
£
30 3
2
» 50 100 150 wo
=5 0 5 10
CIN (J/kg)

500hPa Temperature Advection (+10-*m/s )

200 {C) NEC Tmagn vs. CI_N 8 {d) NEC Tmean vs. 500hPa Temperature Advection
— 2= v
150 £ — 95%-99%
g6 )
3 T
= -]
= 100 3 5t
= =
o E 9
g b
50 % 3
22
g
[ 1
5 10 15 20 25 30 35 5 10 35 20 2 30 35
350 (e) NC Tmean vs. CIN 12 (f) NC Tmean vs. 500hPa Temperature Advection
— 90%-95% T — 90%-95%
001 o5%.-99% 501 — 95%-99%
250 H .
~ z 8
F 200 g
= 1
g 150 2
100 s
8
z
50 g
0 . ¢ )
5 10 15 0 25 30 35 0 15 20 25 30 35
250 12 (h) YHRB Tmean vs. 500hPa Temperature Advection

(g) YHRB Tmean vs. CIN

—  90%-95%
200|| — 95%-99%

)

— 90%-95%
— 95%-99%

5 150 E i

= ! L]
g 100 g

g 4a
H

50 % 2

0 "o

5 10 15 20 25 30 35 H 10 15 20 5 E) L)
200 (i) SC Tmean vs. CIN . (i) SC Tmean vs. 500hPa Temperature Advection

o}

— 90%-95%
— 95%-99%
150

100}

2 — 90%-95%
T8 . — 95%-99%

CIN (J/kg)

Temperature Advection {+10
-

5 10 15 20 25 30 35 10 15 20 25 £ B
Mean Temperature (Warm Period) Mean Temperature (Warm Period)

Figure 3 Dependency of different percentiles of daily precipitation efficiency (unit: %) on
convective inhibition (a, CIN, unit: J/kg) and daily vertical pressure velocity at 500hPa (unit:
(-1)*102Pa/s) on temperature advection at 500hPa (b, unit: 10° m/s®) in eastern China, and the
dependency of different percentiles of daily CIN (c, e, g, I, unit: J/kg) and daily temperature
advection at 500 hPa (d, f, h, j, unit: 10° m/s2) on daily mean temperature in NEC (c, d), NC (e, f),
YHRB (g, h) and SC (i, j). Solid curves are computed by the 4th degree exponential
polynomial-fitting. Each dot in Figure 3 means the sub-regional mean value for a certain year
from ERA-Interim reanalysis datasets.
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