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ABSTRACT

Precipitation is expected to increase under global warming. However, large discrepancies in pre-

cipitation sensitivities to global warming among observations and models have been reported, partly

owing to the large natural variability of precipitation, which accounts for over 90% of its total variance in

China. Here, the authors first elucidated precipitation sensitivities to the long-term warming trend and

interannual–decadal variations of surface air temperature Ta over China based on daily data from ap-

proximately 2000 stations from 1961 to 2014. The results show that the number of dry, trace, and light

precipitation days has stronger sensitivities to the warming trend than to the Ta interannual–decadal

variation, with 14.1%, 235.7%, and 214.6%K21 versus 2.7%, 27.9%, and 23.1%K21, respectively.

Total precipitation frequency has significant sensitivities to the warming trend (218.5% K21) and the

Ta interannual–decadal variation (23.6%K21) over China. However, very heavy precipitation fre-

quencies exhibit larger sensitivities to the Ta interannual–decadal variation than to the long-term trend

over Northwest and Northeast China and the Tibetan Plateau. A warming trend boosts precipitation

intensity, especially for light precipitation (9.8%K21). Total precipitation intensity increases signifi-

cantly by 13.1%K21 in response to the warming trend and by 3.3%K21 in response to the Ta

interannual–decadal variation. Very heavy precipitation intensity also shows significant sensitivity to

the interannual–decadal variation of Ta (3.7%K21), particularly in the cold season (8.0%K21).

Combining precipitation frequency and intensity, total precipitation amount has a negligible sensitivity

to the warming trend, and the consequent trend in China is limited. Moderate and heavy precipitation

amounts are dominated by their frequencies.

1. Introduction

Precipitation has undergone notable changes with

respect to its frequency, intensity, duration, and amount

over the past several decades (IPCC 2013). Many of

these changes have important effects on human societies

and natural ecosystems (Field et al. 2014). For instance,

increases in intense precipitation have led to more flood

disasters and soil erosion (Martıńez-Casasnovas et al.

2002; Siswanto et al. 2015), while decreases in trace and

light precipitation have led to risks of agriculture

drought (Mishra and Liu 2014).

Human-inducedwarming is expected to induce changes

in precipitation, but the magnitude of precipitation re-

sponse or sensitivity to the warming and the underlying

mechanisms are still being debated (Trenberth et al. 2003;

Zhang et al. 2007;Min et al. 2011; Chou et al. 2012;Marvel

and Bonfils 2013). Theoretically, a change in precipitation

amount is argued to be associated with a change in at-

mosphere water vapor content, which increases with ris-

ing air temperature Ta by approximately 7%K21 based

on the Clausius–Clapeyron equation under a constant

relative humidity (Trenberth 1998; Allen and Ingram

2002; Trenberth et al. 2003).

Further studies have revealed that additional latent

heating from increased moisture convergence could fur-

ther intensify rainstorms, which could lead to a larger than

7%K21 increase for intense precipitation (Trenberth

et al. 2003) and then further stabilize the atmosphere

(O’Gorman and Schneider 2009a). As a consequence,
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heavy precipitation events may become more common

under global warming. In contrast, decreases in light to

moderate precipitation may have been seen in observa-

tions over most land areas (Karl and Knight 1998; Liu

et al. 2009; Shiu et al. 2012; Wasko and Sharma 2015) and

in climate models (Kharin et al. 2007; Sun et al. 2007;

Allan and Soden 2008; Lenderink and Van Meijgaard

2008).

Global-mean precipitation is projected to increase only

by approximately 1%–3%K21 global warming induced

by anthropogenic forcing, and it is the same as for global

evaporation rate, which is constrained by the global sur-

face energy balance (Cubasch et al. 2001; Allen and

Ingram 2002; Sun et al. 2007; Stephens and Ellis 2008).

However, interannual–decadal variations of linearly

detrended precipitation frequency, intensity, and

amount account for more than 66% 6 18% (mean 6
standard deviation), 86% 6 11%, and 94% 6 5%, re-

spectively, of their total variance in China for the period

from 1961–2014 (Fig. S1 in the supplementary material),

suggesting that interannual–decadal variation of pre-

cipitation plays a key role.

Numerous studies have linked interannual–decadal

variation of precipitation to large-scale circulations us-

ing observational data and global models (Barnston and

Livezey 1987; Wang and Zhou 2005; Chou and Tu 2008;

Lu et al. 2008). These studies revealed generally distinct

patterns and dynamical processes compared with those

associated with the warming trend (Lenderink and Van

Meijgaard 2008). Among these processes, upward verti-

cal velocitymay producemore precipitation extremes for

interannual variations than for a warming trend (Allen

and Ingram 2002; O’Gorman and Schneider 2009b).

Generally, ENSO dominates the interannual climate

variability over the tropics, and its low-frequency vari-

ability further extends the effect to decadal–multidecadal

time scales and to the mid-to-high latitudes (Trenberth

et al. 1998; Dai and Wigley 2000; Dai 2001; Smith et al.

2006; Dai 2013; Dong and Dai 2015). Specifically, the

positive phase of ENSO tends to be associated with more

precipitation extremes in the tropics (Allan and Soden

2008; O’Gorman 2012) and in Australia over the last two

millennia (Denniston et al. 2015). An ENSO-linked shift

of storm tracks will change the precipitation pattern in

midlatitudes (Trenberth et al. 2003); changes in large-

scale atmospheric circulations, including the poleward

propagation of westerlies and increase in surface pres-

sure, partly result in precipitation decline over parts of

southern Australia (Delworth and Zeng 2014).

Therefore, further research is required regarding the

response of precipitation to interannual–decadal variation

of Ta. In particular, the extent to which varying-intensity

precipitation events are sensitive to interannual–decadal

variation of Ta helps to advance the understanding of

precipitation response.

Existing studies have attempted to investigate the re-

lationship between interannual changes in precipitation

and Ta. For example, Trenberth and Shea (2005)

suggested a positive interannual correlation between

precipitation and temperature over the tropical Pacific

related to ENSO and in mid-to-high latitudes associated

with the warm-moist advection in extratropical storms in

winter. In addition, a negative correlation occurs over

continental land in summer (Trenberth and Shea 2005).

Wu et al. (2013) further pointed out that climate models

involved in phase 5 of the Coupled Model In-

tercomparison Project (CMIP5) had difficulty in model-

ing the interannual correlation between precipitation and

temperature in the warm season (May–September) in the

midlatitudes of both hemispheres.

There is still a large discrepancy in the response of

precipitation to change in Ta even using observational

and reanalysis data, partly because most previous stud-

ies did not separate the response of precipitation to the

long-term warming trends and that to the interannual–

decadal variation in Ta. For example, Liu et al. (2009)

and Shiu et al. (2012) reported an increase of heavy

precipitation by approximately 100%K21 and a de-

crease of light and moderate precipitation by approxi-

mately 20%K21 based primarily on interannual

differences of precipitation and Ta from 1979 to 2007.

Liu and Allan (2012) revealed a negative sensitivity

(from 28% to 211%K21) of satellite-derived pre-

cipitation to interannual change in Ta (not detrended)

from 1998 to 2008 over tropical land (308N–308S).
Westra et al. (2013) reported a significant increasing

trend in annual maximum daily precipitation over the

globe with the median sensitivities being 5.9% (from

1900 to 1959) and 27.7%K21 (from 1960 to 2009) for

the long-term changes. Ma et al. (2015) revealed a de-

crease of 217%K21 in precipitation frequency with a

maximum of 247%K21 in dry days from 1960 to 2013

over China using the same interannual difference

method used in Liu et al. (2009).

Studies have shown that precipitation exhibits a

gamma distribution (Mooley 1973; Zhang et al. 2007;

Westra et al. 2014) and has large spatiotemporal varia-

tion; thus, the mechanisms underlying the responses of

precipitation may differ at various spatiotemporal

scales. At seasonal time scales, some observations reveal

an asymmetric response of seasonal precipitation (Allan

and Soden 2008; Lenderink and Van Meijgaard 2010),

thereby increasing the difference between wet and dry

season precipitation (Chou et al. 2013).

Although changes in precipitation characteristics have

been investigated, their association with the warming
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trend remains unclear (O’Gorman and Schneider 2009b;

Chou et al. 2012; Ma et al. 2015), especially at seasonal

time scales. Moreover, the response of precipitation in

terms of frequency, intensity, and amount to the

interannual–decadal variation of Ta has seldom been

investigated. In this study, we analyzed the latest

comprehensive datasets to show how precipitation

characteristics change with the long-term trend and

interannual–decadal variation of Ta. This investigation

helps advance our understanding of the impacts of

climate change and variability on precipitation.

2. Data and methods

a. Precipitation and temperature data

The latest comprehensive dataset, including daily pre-

cipitation P and 2-m air temperature from approximately

2400meteorological stations during the period 1961–2014

in China, was obtained from the China Meteorological

Administration (CMA; http://data.cma.cn/en). This

dataset has been subjected to quality control by the

CMA. The quality control included the identification of

outliers, an internal consistency check, spatial and

temporal consistency checks, and artificial checks and

correction of suspected and erroneous data.

To reduce impacts associated with data sampling and

record length, the stations were preliminarily required to

have no less than half of the record duration at all time

scales: more than half of the entire study period ($27yr

during the period 1961–2014), half of the reference period

($15yr during the period 1981–2010), half of the starting

period ($5yr during the period 1961–70), half of the

ending period ($7yr during the period 2001–14), and half

of a month, season, and year for calculation of the corre-

sponding values. As a result, approximately 2000 stations

met the requirements and were used in this study (Fig. 1).

Among these about 2000 stations, approximately 95.6%

(93.8%) of sites have more than 303 (365) days yr21

and more than 50 yr of available precipitation data,

and approximately 96.2% (93.4%) of sites have more

than 304 (365) days yr21 and more than 50yr of avail-

able temperature data (Fig. S2 in the supplementary

material), so the impact associated with data sampling

and record length of precipitation and temperature

datasets is limited and negligible. Moreover, data re-

cord lengths of precipitation and temperature datasets

FIG. 1. Trendmaps of (a) annual, (b) cold, and (c) warm seasonal total precipitation amounts (mm yr21 decade21),

and (d)–(f) as in (a)–(c), but their normalizations (%decade21) over China during the period 1961–2014. China is

divided into seven subregions denoted in green in (b): NorthwestChina, the Tibetan Plateau,Middle China, Northeast

China, the North China Plain, Central China, and South China.
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have insignificant spatial patterns (Fig. S2). The sta-

tions are almost uniformly distributed across China,

but their distribution is sparse on the western Tibetan

Plateau (Fig. 1), despite the latest precipitation and

temperature datasets used in this study.

b. Precipitation classification

In this study, a precipitation event is defined as one

day with precipitation of no less than 0.1mm daily or

trace precipitation. A day with no precipitation (P 5
0mm daily) is considered a dry day. According to the

CMA standards, a precipitation event is categorized into

five intensity categories: trace (0 , P , 0.1mm daily or

flagged with ‘‘32700’’), light (0.1 # P , 10mm daily),

moderate (10 # P , 25mm daily), heavy (25 # P ,
50mm daily), and very heavy (P $ 50mm daily). These

classification criteria are used in many global analyses of

precipitation (Dai 2006; Sun et al. 2007; Ma et al. 2015;

Huang et al. 2016).

To depict the changes in precipitation characteristics,

precipitation frequency, intensity, and amount were

used. Precipitation frequency (in percent) was calcu-

lated as the ratio of the number of days with daily pre-

cipitation falling within each category to the number of

days with available data during a certain period (i.e., a

year or a season). Precipitation intensity was calculated

as mean precipitation rates averaged among the pre-

cipitation events within a category. The precipitation

amount in each category is the accumulated pre-

cipitation amount among the precipitation events within

the category.

c. Calculation of long-term and interannual–decadal
sensitivities of precipitation and their uncertainties

The trends in two time series inevitably affect the

estimation of their cross correlation; this effect can be

technically eliminated via detrended analysis (Podobnik

and Stanley 2008). The detrended time series analysis

has been widely used in climate studies: for example,

paleoclimate temperature reconstructions (Conroy et al.

2009), coupling of atmospheric CO2 and global climate

(Veizer et al. 2000), and surface control (vegetation and

soil) of diurnal temperature range in Sahel (Zhou et al.

2007). From technical and numerical analysis, the sen-

sitivities of precipitation to the long-termwarming trend

and the interannual–decadal variation of Ta can be dis-

entangled using detrended and regression analysis.

Specifically, precipitation characteristics P (including

frequency, intensity, and amount) were summed from

the precipitation trend term Ptr and the interannual–

decadal variation term Py [expressed in Eq. (1)]. The

term Ta was summed from the temperature trend term

Ttr and temperature variability term Ty [expressed in

Eq. (2)]. A linear least squares analysis with the Stu-

dent’s t test of significance and an estimation of the

standard deviation of trend was adopted for the trend in

precipitation characteristics trP and surface air temper-

ature trT with time t [Eqs. (1) and (2)].

Thus, the sensitivity of precipitation to a warming

trend a is the ratio of the trend in precipitation trP to the

trend in temperature trT [expressed as Eq. (3)].
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A linear regression slope k of Py against Ty with 95%

confidence intervals, based on the Student’s t test of

significance [expressed in Eq. (4)], is used to calculate

the sensitivity b of precipitation to interannual–decadal

variation of Ta [expressed as Eq. (5)].
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where « is the regression residual via the least squares

method, whose expected value is close to zero.

To estimate 95% confidence intervals of trend ratios,

we used 2000 bootstrap statistical resamplings based on a

normal distribution with mean and standard deviation

parameters of trP and trT. Using the percentile bootstrap

confidence interval method (Efron and Tibshirani 1994),

an estimated 95% confidence interval can be acquired.

To ensure the robustness of the confidence interval, we

repeated the above processes 200 times and regarded

their median as the final confidence interval (Krzywinski

and Altman 2014). The more bootstrap samples are

processed, the higher the accuracy of these percentiles

will become (Kulesa et al. 2015).

To calculate nationally and regionally averaged pre-

cipitation sensitivities, we first computed each station’s

precipitation frequency, intensity, and amount in each

category and gridded them onto 18 3 18 longitude–

latitude grids for the period 1961–2014 period; we fur-

ther normalized them based on their corresponding

multiyear averages, expressed as a percentage. Such

gridded calculation was correspondingly conducted for

Ta over China and its subregions. Note that the warm

season is defined from May to October and the cold

season is defined from November to April.

Here, we selected Ta as a dependent variable of pre-

cipitation response for two reasons: 1) to remain con-

sistent with previous studies for convenient comparison

(Sun et al. 2007; Liu et al. 2009; O’Gorman and
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Schneider 2009b; Ma et al. 2015) and 2) because change

in Ta is an integrated and known result of the warming

trend, atmospheric circulations, atmospheric moisture,

and local surface conditions and helps to quantify the

sensitivities of precipitation to the warming trend and

interannual–decadal variation of Ta. Since Ta and at-

mospheric moisture are closely correlated at a local

scale, following Trenberth and Shea (2005), we selected

national and regional mean Ta as reference tempera-

tures, rather than global mean Ta.

3. Results

a. Changes in precipitation characteristics over China

To better understand the long-term change in pre-

cipitation, Fig. 1 displays the geographic distributions of

trends in annual and seasonal precipitation totals during

the period 1961–2014 together with their normalizations

(bymultiyear averages). Trends of precipitation amount

have an evident pattern, with remarkable increases over

dry regions of western China and the Tibetan Plateau

and decreases in the North China Plain and Middle

China (Figs. 1b,c,e,f).

The pattern of annual precipitation trends is overall

similar to that based on previous versions of precipitation

dataset with about 740 stations (Wang and Zhou 2005;

Zhai et al. 2005) but exhibits more homogeneity with the

neighborhoods andmore details in easternChina (Fig. 1).

Precipitation trends over China by the use of the latest

version of precipitation are slightly larger than those

by the use of the previous version of precipitation:

that is, 20.93% versus 21.25%decade21 ( p , 0.05,

from the latest version versus the previous version

of precipitation) for light precipitation, 20.7%

versus 21.14%decade21 ( p , 0.05) for moderate

precipitation, 0.41% versus 0.22%decade21 ( p. 0.05)

for heavy precipitation, and 2.23% versus 2.01%dec-

ade21 ( p , 0.05) for very heavy precipitation (Fig. 2c)

revealed by Ma et al. (2015). This situation occurs for

precipitation frequency, especially for very heavy

precipitation frequency [1.87% (p , 0.05) vs 1.51%

decade21 ( p , 0.1); Fig. 2a]. These results indicate that

the latest version of precipitation with more complete

coverage can better depict the changes in precipitation

characteristics.

We further found that trends in precipitation totals

are comparable in both seasons (Figs. 1b,c), although

normalized changes in the cold season are notably

greater than those in the warm season, especially in

northern China and on the Tibetan Plateau (Figs. 1e,f).

The precipitation amount over Middle China and

Northeast China exhibits an opposite long-term change

for both cold and warm seasons (Figs. 1b,c,e,f).

Over China, the increase in the frequency of dry days

(normalized by their multiyear averages) was over 1.7-

fold greater in the warm season (4.2%decade21; p, 0.05)

than in the cold season (2.5% decade21; p , 0.05)

(Figs. 2b,c). The increase in the number of dry days

would suppress precipitation frequency, which decreased

by a rate of approximately 4%decade21 ( p , 0.05;

Figs. 2a–c). However, the constituent structures of de-

crease in precipitation frequency differ between the two

seasons. In the cold season, the decrease in the number

of trace and light precipitation days counteracts the in-

crease in heavy and very heavy precipitation frequencies

(Fig. 2b), but in the warm season, the decrease in the

number of trace to heavy precipitation days together

constitutes an important decrease in precipitation fre-

quency (Fig. 2c). Moreover, increases in heavy and

very heavy precipitation frequency are much faster

in the cold season than in the warm season over China

[2.5% vs 20.03%decade21 ( p . 0.05) and 4.9% vs

1.4%decade21 ( p, 0.05); Figs. 2b,c]. In addition, the

number of trace days in China decrease by the highest

rate (;8%decade21; p , 0.05) among all groups at

annual and seasonal time scales (Figs. 2a–c). These results

are roughly consistent with those based on previous ver-

sion of precipitation dataset during study period of 1960–

2013 (Ma et al. 2015).

Precipitation intensity in six categories uniformly

strengthens at all time scales over China, except for

Northeast China and the North China Plain (Figs. 2d–f).

This mainly results from a combination of water vapor

increase due to a warming trend and changes in large-

scale circulations (Emori and Brown 2005; Trenberth and

Shea 2005; Chou et al. 2012). It is worth noting that very

heavy precipitation intensity strengthens in the cold

season over China (Fig. 2e). An existing study reported a

significant increase of total precipitation in the cold sea-

son from 1951 to 2000 over China (Zhai et al. 2005), and

our study goes further to show that the increase is due to

the substantial increase in very heavy precipitation.

The annual precipitation amount remains roughly

constant overChina (;0.08%decade21;p. 0.05; Fig. 2g),

exhibiting a seasonality that increases by 1.04%decade21

(p , 0.05) in the cold season and decreases by 20.28%

decade21 (p. 0.05) in thewarm season (Figs. 2h,i), which

would narrow the range of seasonal precipitation inChina.

Very heavy precipitation amount increases more in the

cold season (4.78%decade21; p, 0.05) than in the warm

season (1.84%decade21; p, 0.05) (Figs. 2h,i). Zhai et al.

(2005) pointed out that the increase of precipitation in the

cold season is stronger than that in the warm season. This

study further points out that the increase is primarily due

to the increase in very heavy precipitation. This provided

independent evidence for an increase in precipitation

15 MAY 2017 ZHOU AND WANG 3691



extremes over dryland under global warming (Guillod

et al. 2015; Donat et al. 2016).

b. Changes in precipitation characteristics over
China’s subregions

To elaborate changes in precipitation characteristics

in terms of frequency, intensity, and amount, mainland

China was divided into seven subregions: namely,

Northwest China, the Tibetan Plateau, Middle China,

Northeast China, the North China Plain, Central China,

and South China. Similar subregions have been widely

adopted in research on precipitation over China (Liu

et al. 2005; Zhai et al. 2005; Jiang et al. 2014; Ma

et al. 2015).

Changes in the number of dry and trace days over

seven subregions are similar to those over China, and

hence precipitation frequency over all of the subregions

shows a consistent decrease with that over China

(Figs. 2a–c). However, light–very heavy precipitation

frequencies over subregions exhibit incoherent patterns

with those over China (Figs. 2a–c). In particular, light

and moderate precipitation frequencies significantly in-

crease over Northwest China, the Tibetan Plateau, and

Northeast China in the cold season but decrease over the

FIG. 2. Trends (%decade21) in (a)–(c) precipitation frequency, (d)–(f) intensity, and

(g)–(i) amount for eight categories, including dry, trace, light, moderate, heavy, very heavy,

precipitable, and no trace/dry days at annual, cold, and warm seasonal time scales over seven

subregions of China (denoted in green in Fig. 1b) during the period 1961–2014. The pre-

cipitation characteristics are normalized by their multiyear averages during the study period.

According to theCMA standards (http://data.cma.cn/en), the precipitation is categorized into

five intensity bins: trace (0 , P , 0.1mm daily), light (0.1 # P , 10mm daily), moderate

(10# P, 25mm daily), heavy (25# P, 50mm daily), and very heavy (P$ 50mm daily). A

dry day is a day without precipitation, a precipitable day is a day with more than 0 pre-

cipitation, and a no trace/dry day is a day with measurable precipitation (i.e.,$0.1mm daily).

The blue error bars overlaid on the colored bars denote a 95% confidence interval based on

the two-tailed Student’s t test. Because of the rare occurrence of very heavy precipitation

in the cold season overNorthwest China, the trends in very heavy precipitation characteristics

are not estimated here.
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other subregions (Fig. 2b). Heavy precipitation frequen-

cies significantly increase in the cold season over

Northwest China, Northeast China, Central China,

and South China (Fig. 2b). Very heavy precipitation

frequencies significantly increase in the cold season

over the Tibetan Plateau, Central China, and South

China (Fig. 2b). Overall, changes in moderate–very

heavy precipitation frequencies in the cold season are

larger than those in the warm season over the seven

subregions (Figs. 2b,c).

Precipitation intensity in most categories significantly

strengthens over the seven subregions, similar to that

over China, especially uniform for light and total pre-

cipitation intensity (Figs. 2d–f). Yet moderate to very

heavy precipitation intensities have evidently spatial

variance. Strength in moderate and heavy precipitation

intensity over Northwest China (Figs. 2d–f) is closely

related to temperature rise and potential vorticity

anomalies (Zhou and Huang 2010).

Very heavy precipitation intensity over the North

China Plain decreases likely as a result of the weakening

of the East Asian summer monsoon since the 1970s

(Wang 2001), which would meanwhile cause more

precipitation in southern China (Figs. 2d–f). Signifi-

cant weakening of the East Asian winter monsoon

since the 1980s (Wang et al. 2009b) promotes very

heavy precipitation intensity over Northeast China in

the cold season (Fig. 2e), whose water vapor originates

from the northwestern Pacific (Wang et al. 2009a).

Overall, precipitation intensity experiences more evi-

dent strength in the cold season (;6%decade21; p ,
0.05) than in the warm season (;4%decade21; p, 0.05)

(Figs. 2e,f).

The precipitation amount in all groups over North-

west China roughly increases at all time scales, espe-

cially larger in the cold season (Figs. 2g–i). Meanwhile in

the cold season, light to very heavy precipitation

amounts significantly increase over the Tibetan Plateau

and Northeast China (Fig. 2h). In the warm season, light

and moderate precipitation amounts primarily decrease

over the seven subregions (Fig. 2i). Very heavy pre-

cipitation amount significantly increases over the Cen-

tral China and South China at annual and seasonal time

scales (Figs. 2g–i).

In addition to the weakening of the East Asian sum-

mer and winter monsoon (Wang 2001; Wang et al.

2009b), the increase in aerosol concentration possibly

accounts for the decrease in precipitation amount in the

North China Plain (Figs. 2g–i). The enhanced atmo-

spheric stability by aerosol tends to depress upward

vertical velocity and thereby restrain precipitation.

Less precipitation will accelerate the accumulation of

aerosol particles without a washout process and form a

positive feedback (Xu 2001; Menon et al. 2002; Zhao

et al. 2006).

c. Sensitivities of precipitation to the long-term trend
and interannual–decadal variation of air
temperature over China

Figure 3 shows the sensitivity of precipitation char-

acteristics (including frequency, intensity, and amount)

in eight categories for a warming trend and interannual–

decadal variation of Ta. The frequencies of dry, trace,

and light precipitation days in China are more sensitive

to thewarming trend [;14.1%,235.7%, and214.6%K21

(p , 0.05) at annual time scales, respectively] than to

interannual–decadal variation of Ta [;2.7%, 27.9%,

and 23.1%K21 ( p , 0.05) at annual time scales, re-

spectively] (Fig. 3). Previous studies did not disentangle

the sensitivities of precipitation to the long-term trend

and interannual–decadal variation of Ta (Lenderink and

Van Meijgaard 2008; Liu et al. 2009; Shiu et al. 2012;

Chou et al. 2013; Ma et al. 2015). For example, both

mixed sensitivities of dry, trace, and light precipitation

frequencies to change in Ta are 20.63%, 246.53%,

and 222.38%K21 (p , 0.05) over China, respectively

(Ma et al. 2015), close to the sum of the sensitivities of

their precipitation frequencies to the long-term trend

and interannual–decadal variation of Ta in this study.

Negative sensitivities of trace and light precipitation

frequencies in China explain most of the sensitivity of

total precipitation frequency to a warming trend

[218.5%, 217.08%, and 221.70%K21 (p , 0.05) at

annual, cold, and warm seasonal time scales, re-

spectively] and to the interannual–decadal variation of

Ta [23.6%, 23.22%, and 23.88%K21 (p , 0.05) at

annual, cold, and warm seasonal time scales, re-

spectively] (Fig. 3). These findings imply that a warming

trend plays a more important role in changes of dry,

trace, and light precipitation frequencies than natural

interannual variability does. This finding is applicable

for subregions of China (Figs. 4–10).

Very heavy precipitation frequency in China is com-

parably sensitive to the warming trend (8.2%K21; p ,
0.05) and interannual–decadal variation ofTa (6.1%K21;

p , 0.05) at annual time scales (Figs. 3a,d), suggesting a

similar role of warming trend and natural interannual

variability. However, it varies by season; that is, the role

of the warming trend of Ta (17.64%K21; p , 0.05) is

stronger than that of natural interannual variability in the

cold season (Figs. 3b,e), whereas it is the opposite in the

warm season (7.78% vs 9.62%K21; p , 0.05; Figs. 3c,f),

mainly because of the additional impact of convective

process in the warm season (Emori and Brown 2005).

Moderate, heavy, and very heavy precipitation intensities

in China are comparably sensitive to the warming trend
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[1.8%, 1.8%, and 2.1%K21 ( p , 0.05) at annual time

scales, respectively] and to the interannual–decadal varia-

tion of Ta [20.7%, 0.6%, and 3.7%K21 ( p , 0.05) at an-

nual time scales, respectively] (Fig. 3). Furthermore, the

warming trend produces positive sensitivities of various

precipitation intensities (Figs. 3a–c), which implies that the

warming trend strengthens precipitation intensity, with an-

nual sensitivity of 13.1%K21 over China (Fig. 3a). Mod-

erate, heavy, and veryheavyprecipitation amounts inChina

show similar sensitivities to the warming trend [23.1% (p,
0.05), 1.8% (p . 0.05), and 9.8%K21 (p , 0.05) at annual

time scales, respectively] and to the interannual–decadal var-

iationofTa [1.8%(p. 0.05), 3.7%(p, 0.05), and 7.5%K21

(p , 0.05) at annual time scales, respectively] (Fig. 3).

Accompanied by a decrease in light precipitation

frequency, the warming trend enhances the water vapor

holding capacity in the atmosphere and subsequently

strengthens light precipitation intensity, with annual

sensitivity of 9.8%K21 (p , 0.05), if light precipitation

occurs (Figs. 3a–c). Surprisingly, oppositely seasonal

sensitivities of moderate precipitation occur for

interannual–decadal variation of Ta (Figs. 3e,f), and the

reasons are still unknown.

In all, the warming trend and interannual–decadal

variation of Ta have more evident impacts on trace,

light, and very heavy precipitation than on moderate and

heavy precipitation. Moreover, the sensitivities of dry–

heavy-grouped precipitation to the warming trend are

often greater than those to the interannual–decadal vari-

ation of Ta. The warming trend strengthens precipitation

intensity but reduces the precipitation frequency over

China. Combining precipitation frequency and intensity,

the sensitivities of light and moderate precipitation

amounts to the warming trend and interannual–decadal

variation of Ta are dominated by their frequencies,

whereas the very heavy precipitation amount is both

regulated by precipitation frequency and intensity (Fig. 3).

d. Sensitivities of precipitation to the long-term trend
and interannual–decadal variation of air
temperature over China’s subregions

The sensitivities of moderate–very heavy precipitation

frequencies to the long-term trend and interannual–

decadal variation of Ta vary by subregions of China

that owns vast territory and complex topography

(Figs. 4–10). Over Northwest China, moderate and

FIG. 3. Sensitivity (%K21) of precipitation frequency, intensity, and amount in eight precipitation categories,

including dry, trace, light, moderate, heavy, very heavy, precipitable, and no trace/dry days, at annual, cold, and

warm seasonal time scales over China is shown for (a)–(c) the long-term trend and (d)–(f) interannual–decadal

variation of Ta. Each group of bars consists of sensitivities of precipitation frequency, intensity, and amount. The

error bars overlaid on the colored bars denote a 95% confidence interval. According to the CMA standards (http://

data.cma.cn/en), the precipitation is categorized into five intensity bins: trace (0 , P , 0.1mm daily), light (0.1 #

P , 10mm daily), moderate (10# P , 25mm daily), heavy (25# P , 50mm daily), and very heavy (P $ 50mm

daily). A dry day is a day without precipitation, a precipitable day is a day with more than 0 precipitation, and a no

trace/dry day is a day with measurable precipitation (i.e., $0.1mm daily).
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heavy precipitation frequencies consistently exhibit pos-

itive sensitivities to the long-term trend of Ta at annual,

cold, and warm seasonal time scales (Figs. 4a–c), sug-

gesting that moderate and heavy precipitation occurs

more frequently under global warming. However,

moderate–very heavy precipitation frequencies exhibit

negative sensitivities to the interannual–decadal variation

ofTa at annual and warm seasonal time scales (Figs. 4d,f).

Over Tibetan Plateau, moderate and very heavy

precipitation frequencies are more sensitive to the long-

term warming trend of Ta in the cold season (Figs. 5b,e),

whereas heavy and very heavy precipitation frequencies

FIG. 4. As in Fig. 3, but for Northwest China. The sensitivities of very heavy precipitation characteristics to the

long-termwarming trend and interannual–decadal variation ofTa are not estimated during the cold season, because

of the rare occurrence of very heavy precipitation in the cold season over Northwest China.

FIG. 5. As in Fig. 3, but for the Tibetan Plateau.
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are more sensitive to the interannual–decadal variation

of Ta in the warm season (Figs. 5c,f). The sensitivities of

precipitation intensity and amount are roughly similar to

those of precipitation frequency over Northwest China

and the Tibetan Plateau (Figs. 4 and 5).

Over Middle China, moderate precipitation frequency

decreases by 22.52%, 23.10%, and 22.42%decade21

(p, 0.05) at annual, cold, andwarm seasonal time scales,

respectively (Figs. 1a–c), jointly resulting from negative

responses to the long-term trend [214.27%, 214.03%,

and218.17%K21 ( p, 0.05), respectively] and interannual–

decadal variation of Ta [21.91% ( p . 0.05), 26.21%

( p . 0.05), and 26.88% K21 ( p , 0.05), respectively]

(Fig. 6). The responses of precipitation amounts show

similarity to those of precipitation frequencies over

Middle China (Fig. 6). Nevertheless, the sensitivities

FIG. 6. As in Fig. 3, but for Middle China.

FIG. 7. As in Fig. 3, but for Northeast China.
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of precipitation intensity to the long-term trend

[20.96%, 24.48%, and 20.15%K21 (p , 0.05) at

annual, cold, and warm seasonal time scale, re-

spectively] is significantly larger than those to the

interannual–decadal variation of Ta [6.23%, 4.53%,

and 3.32% K21 (p , 0.05) at annual, cold, and warm

seasonal time scale, respectively] over Middle China

(Fig. 6).

Over Northeast China, moderate–very heavy pre-

cipitation frequencies show positive sensitivities to the

long-term trend of Ta in the cold season (25.95%,

26.83%, and 43.03%K21; p , 0.05; Fig. 7b), leading

to their upward trends in the cold season [8.69%

(p, 0.05), 9.00% ( p, 0.05), and 1.44%K21 (p. 0.05);

Fig. 1b]. Very heavy precipitation exhibits a strong

positive response to the interannual–decadal variation

FIG. 8. As in Fig. 3, but for the North China Plain.

FIG. 9. As in Fig. 3, but for Central China.
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of Ta in the warm season, with 16.31%, 11.65%, and

21.28%K21 for precipitation frequency, intensity, and

amount, respectively (Fig. 7f).

Over the North China Plain, moderate and heavy pre-

cipitation present negative sensitivities to interannual–

decadal variation of Ta in the warm season (212.64%

and 27.45%K21; p , 0.05 for precipitation frequency;

212.13% and 26.81%K21; p , 0.05 for precipitation

amount), but very heavy precipitation shows a positive

sensitivity (5.54%, 4.65%, and 8.72%K21; p , 0.05 for

precipitation frequency, intensity, and amount, re-

spectively) (Fig. 8f). Light precipitation frequency and

amount present negative sensitivities to the long-term Ta

at annual and seasonal time scales (Figs. 8a–c). Thesemay

be because the elevated anthropogenic aerosols in recent

decades can suppress the onset of precipitation events,

accumulate more atmospheric moisture, release more

latent heat, invigorate stronger convection process, and

then form more frequent precipitation extremes (Xu

2001; Zhao et al. 2006; Qian et al. 2009; Liu et al. 2015;

Wang et al. 2016).

Over Central China and South China, heavy and very

heavy precipitation frequencies are both positively sen-

sitive to the long-term trend and interannual–decadal

variation of Ta in the cold season (Figs. 9b,e and 10b,e),

mainly because of the abundantmoisture source from the

western Pacific Ocean. The sensitivities of precipitation

amount are dominated by those of precipitation fre-

quencyoverCentralChina andSouthChina (Figs. 9 and10).

The moderate and heavy precipitation frequency and

amount exhibit opposite seasonal sensitivities to the

interannual–decadal variation of Ta (Fig. 9 and 10). In ad-

dition, light precipitation frequency and amount exhibit

negative sensitivities to the long-termTaoverCentralChina

and South China (Figs. 9a–c), likely as a result of the effect

of increasing anthropogenic aerosol (Fu and Dan 2014;

Wang et al. 2016) through reducing cloud droplet size and

then delaying raindrop formation (Cheng et al. 2005; Qian

et al. 2009). This process could also result in positive long-

term sensitivities of very heavy precipitation (Figs. 9a–c).

Taken together, the findings regarding precipitation

frequency, intensity, and amount in each category over

China and its subregions are roughly coordinated with

each other, implying that the partitioning of sensitivities

for the warming trend and interannual–decadal varia-

tion of Ta is robust over China and its subregions.

e. Relationship between long-term and
interannual–decadal sensitivities of precipitation
over China

Here, we showed that the nationally averaged sensi-

tivities of precipitation (including frequency, intensity,

and amount) to the interannual–decadal variations are

strongly correlated with those to the long-term trend of

Ta, with correlation coefficients of 0.84 (p 5 0.00), al-

though their magnitudes are not completely consistent

(Fig. 11). Therefore, the sensitivities of precipitation to

the interannual–decadal variation ofTa can be predicted

by those to the warming trend with a prediction error of

2.86%K21 (Fig. 11). It is worth noting that very heavy

FIG. 10. As in Fig. 3, but for South China.
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precipitation shows a similar sensitivity between to the

interannual–decadal variation and to the long-term

trend of Ta over China (along the 1:1 line in Fig. 11).

These results suggest that the processes governing the

long-term sensitivities of precipitation should work to a

certain extent in a similar way for the interannual–

decadal sensitivities of precipitation, although in differ-

ent magnitudes. In climate models, there is a general way

to constrain the long-term feedbacks using short-term

feedbacks (including from daily to interannual time

scales; Knutti et al. 2006; O’Gorman 2012; Dalton and

Shell 2013; Deangelis et al. 2015) because the short-term

feedbacks could be conveniently validated with the lim-

ited observational data. O’Gorman (2012) reported a

correlation coefficient of 0.866 between long-term and

interannual–decadal sensitivities of the 99.99th pre-

cipitation percentile over global tropics across theCMIP3

models. Dai (2016) recently revealed similar relation-

ships between interannual variation and long-term

changes in air temperature and precipitable water from

observation, CMIP3 and CMIP5 models and suggested

many physical processes may work similarly in producing

the interannual climate variations and the greenhouse gas

(GHG)-induced long-term changes.

However, because of large natural variability in re-

gional precipitation and temperature (Deser et al. 2012),

our estimated long-term trends may still contain sub-

stantial contributions from internal climate variability

that are not related to GHGs and other external forcing.

Because of this, the precipitation sensitivity to the long-

term warming trend estimated here may not be fully

comparable with model-simulated precipitation re-

sponse to global warming caused by GHGs and other

external forcing.

f. Relationship between long-term and
interannual–decadal sensitivities of precipitation
over China’s subregions

We further looked at the relationship between sensi-

tivities of precipitation to the long-term trend and

interannual–decadal variation of Ta in the seven sub-

regions of China (Fig. 12). The slopes of the sensitivities

of precipitation to the interannual–decadal variation of

Ta against those to the long-term trend are significant:

0.23 (p , 0.05), 0.24 (p , 0.05), 0.27 (p , 0.05), 0.24

(p , 0.05), and 0.11 (p , 0.05) over Northwest China,

the Tibetan Plateau, Middle China, Central China, and

North China, respectively (Fig. 12). These slopes are

very close to that over the whole of China, indicating

that the relationship between the long-term and

interannual–decadal sensitivities of precipitation is ro-

bust and region independent. The relatively small slope

of 0.11 (p, 0.05) over the North China Plain (Fig. 12e)

partly results from the different long- and short-term

effects of aerosols (Liu et al. 2015).

The slopes are nonsignificant over another two re-

gions, Northeast China (0.05; p. 0.05) and South China

(0.10; p . 0.05) (Fig. 12). Further model research con-

tinues to lead to understanding these nonsignificant re-

lationships. In addition, the correlation coefficients

between the long-term and interannual–decadal sensi-

tivities of precipitation over most regions [0.34, 0.48,

0.82, and 0.41 (p , 0.05) for Northwest China, the

Tibetan Plateau, Central China, and the North China

Plain, respectively] are smaller than that over the whole

of China (0.84; p, 0.05) (Figs. 11 and 12). This indicates

that the long-term and interannual–decadal sensitivities

of precipitation to Ta over subregions contain many re-

gional details and thereby the relationship of both sen-

sitivities is more robust over the whole of China.

4. Conclusions and discussion

Precipitation characteristics, including frequency, in-

tensity, and amount, are often modulated by climate

FIG. 11. Relationship between precipitation sensitivities (of

precipitation frequency, intensity, and amount) to the warming

trend and interannual–decadal variation of Ta with a significance

level of 0.05 in China. The initial capitalized letters are used to

represent the precipitation sensitivities among eight precipitation

categories: dry days (D); trace days (T); light (L), moderate (M),

heavy (H), and very heavy (V) precipitation; precipitable days (P);

and no trace/dry days (N). The black, blue, and red characters

denote annual, cold, and warm seasons, respectively. The 308 left
(right)-slanted font denotes precipitation frequency (intensity),

and the normal font denotes precipitation amount. Some statistics

for both sensitivities, including correlation coefficient r with sig-

nificance level p, bias, and RMSE, are listed. The predictable re-

gression of sensitivity to the Ta interannual–decadal variation

against that to the warming trend is also listed with regression

slope, regression significance level p, and the predicted RMSE

(pRMSE).
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changes closely associated with the anthropogenic

greenhouse effect and climate variability directly associ-

ated with the natural modes of large-scale dynamics. It is

generally believed that changes in precipitation are

closely linked to global warming, but the magnitude of

precipitation sensitivity remains still debated (Trenberth

et al. 2003; Zhang et al. 2007; Min et al. 2011; Chou et al.

2012; Marvel and Bonfils 2013). However, precipitation

has a huge interannual–decadal variability (e.g., repre-

senting over 90% of its total variance in China), which

influences the estimate of precipitation sensitivity. In this

study, therefore, we disentangled the impacts of climate

change and variability on change in precipitation char-

acteristics including precipitation frequency, intensity,

and amount over China and its seven subregions.

First, we found that trends in precipitation totals from

1961 to 2014 over China are comparable in both cold and

warm seasons, but normalized changes in the cold sea-

son are notably larger than those in the warm season,

especially in northern China and the Tibetan Plateau.

Annual total precipitation has significantly decreased

over Middle China and the North China Plain, likely

because of a warming trend, human-induced increases in

aerosol concentration, and a weakening of the East

FIG. 12. As in Fig. 11,but for (a) Northwest China, (b) the Tibetan Plateau, (c) Middle China, (d) Northeast China,

(e) the North China Plain, (f) Central China, and (g) South China.
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Asian monsoons. An increase in precipitation amount

over western China and the Tibetan Plateau may result

from temperature increases caused by elevated con-

centrations of anthropogenic greenhouse gases.

Increasing precipitation in southeastern and central

China in the cold season has been attributed to weak-

ening of the East Asian winter monsoon (Wang et al.

2009b), enhancement of the Indian monsoon (Wang and

Chen 2012), and an abnormal anticyclone over southern

Japan, with the northward transport of warm and humid

air from the tropical Pacific to southern China (Zhang

et al. 2014). Additionally, in Northeast China and Mid-

dle China, opposite changes in the precipitation amount

have been observed for both seasons.

With long-term temperature increases, the number of

dry days increases rapidly with a sensitivity of 14.1%K21

( p , 0.05) and that of trace days decreases greatly with a

sensitivity of 235.7%K21 ( p , 0.05) to the warming

trend. A decrease in light precipitation frequency by a

sensitivity of214.6%K21 ( p, 0.05) to the warming trend

(23.1%K21; p , 0.05 to the Ta interannual–decadal vari-

ation) leads to a decrease in light precipitation amount by a

sensitivity of24.1%K21 ( p, 0.05) (22.6%K21; p, 0.05

to the Ta interannual–decadal variation). Consequently,

total precipitation frequency exhibits significant sensitivities

to the warming trend (218.5%K21; p , 0.05) and Ta

interannual–decadal variation (23.6%K21; p , 0.05).

Ma et al. (2015) reported the sensitivities of dry, trace,

and light precipitation frequency to change in Ta are

20.63%, 246.53%, and 222.38%K21 (p , 0.05), re-

spectively, over China. Our results further reveal that

these sensitivities can be divided into two components

associated with the long-term trend and interannual–

decadal variation of Ta: 14.1%, 235.7%, and 214.6%

versus 2.7%, 27.9% and 23.1%K21 (p , 0.05). Be-

cause of the constraint of available observations, the

study period is from 1961 to 2014, which may lead to a

result that the long-term trends in precipitation and Ta

may contain some multidecadal variation and their

interannual–decadal variation may contain some exter-

nally forced changes (e.g., decadal aerosol forcing).

A warming trend boosts precipitation intensity to

varying extents, being the strongest for light precipitation

with an annual sensitivity of 9.8%K21 (p , 0.05), while

theTa interannual–decadal variation significantly strongly

influence very heavy precipitation intensity (3.7%K21),

especially for the cold season (8%K21). Consequently,

annual total precipitation intensity changes by a sensitiv-

ity of 13.1%K21 (p , 0.05) to the warming trend and

3.3%K21 (p , 0.05) to the Ta interannual–decadal vari-

ation. Combining precipitation frequency and intensity,

moderate andheavyprecipitationamounts aredominatedby

their frequencies, whereas light and very heavy precipitation

amounts are both regulated by their frequencies and in-

tensities. As a result, the annual precipitation amount has a

minimal sensitivity to warming trend (0.34%K21; p. 0.05),

and the consequent trend of total precipitation in China

has a limited trend of 0.08%decade21 ( p . 0.05). These

sensitivities and trends exhibit distinct spatial and sea-

sonal variance in the seven subregions of China because of

varying-scale storms, upward motions, moist-convective

processes induced by different atmospheric circulations,

and convection.

The sensitivities of precipitation in all categories to the

interannual–decadal variations are strongly correlated

with those to the long-term trend of Ta, with a correlation

coefficient of 0.84 (p 5 0.00), although their magnitudes

are not completely consistent. Precipitation sensitivities

to the warming trend are approximately 5 times greater

than those to the Ta interannual–decadal variation, im-

plying that a human-induced warming trend has an ex-

tended and profound impact on precipitation because it

is a main contributor to extreme precipitation events.
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