Summary of major revisions: (1) The manuscript was rewritten following the reviewers’
suggestions. all the symbols used are consistent. Four figures were removed and about
1800 words were removed from main text of the revised manuscript. (2) The manuscript
has been edited by two senior English editors from Nature Springer Language editing

services.

Response to Reviewer # 1

1. General Comments

This is an important paper with interesting Figures on the regional variation of surface
temperature trends over China, and their relation to regional precipitation and SSR. The
biggest challenge for this reviewer is that I unsure exactly what the elegant Figures
show. There are critical gaps between the methods section and the Figures. The legends
rather than the text try to explain the content of the Figures, and they are written for the
authors, not for a global audience, which will struggle to follow the missing steps in the
logic. The reader cannot connect the symbols in Methods to the symbols in the Figures,

and the description of the Figures.

Reply: Thank you for the high recommendation and constructive comments. We have
carefully checked and revised logical structure of paper and unified the symbols for
Methods and Figures. As a result, four figures were removed and about 1800 words
were removed from main text of the revised manuscript. Below please find our point to

point response to your comments.

2. Technical details

Comments: Methods uses Traw and Tagjusees and monthly anomalies, as well as ‘z’ for a
regression fit to monthly anomalies of 7. Do all the graphs show anomalies? Which
ones show Tugjused? Which ones show regression fits ‘z’?

Reply: In this study, all of trends and regression analyses are based on the monthly

anomalies of temperatures (7, including Ts-max, Ts-min, Ta-max, Ta-min), surface solar



radiation (Ry) and precipitation (P) during 1960-2003. We explicitly claimed in Lines
222-223: “The linear trends reported in this study were calculated via linear regression
based on the monthly anomalies of 7, Ry, and P” and in Lines 239-240: “The effect of
Rs/P on Ts-max/Ta-max was determined via a multiple linear regression (Roy and
Haigh, 2011) of the monthly anomalies using the following equation:”.

In this revised paper, we deleted the Eqs. (1) and (3) and revised Eq. (2) into:
=58, -R +5,-P+c+e¢

All the confusing symbols including Traw, Tadjusted, and ‘z’ were removed from the
revised paper. After revision, the main manuscript and figure captions are consistent.

We further revised the figure captions to make them clearer and more concise.

Comments: Eq (1), 2 and 5 are just textbook definitions, which are poorly defined for
this specific analysis. They use ‘a’ and ‘b’ as symbols for different coefficients in 1, 2
and 5. The values for these (a, b) in this analysis may appear in later figures, but the
reader has to guess how they were actually computed. Which Figures show which
coefficients or adjusted variables is unclear, because they are largely labeled the same:
e. g Ts-max or Ta-min, or just ‘PC’.

Reply: In this revised paper, we deleted the Egs. (1) and (3) and revised Eq. (2) (see
our response to your last comment). The symbols of ‘a’, ‘b’, and ‘PC’ were removed
from the revised paper. Following comments from the other reviewers, the figures of
partial correlation coefficients were moved from main text to the supplementary

material section with full names labelled.

Comments: Relabel PCa, PCb, PCc, PCd etc with a clear connection to a numbered
equation coefficient. Use the same specific language to describe the coefficient in both
methods and text introducing the Figure.

Reply: See our response to your last comment. We have removed the symbols of ‘PC’

and relabeled partial correlation coefficients with full names.



Comments: Consider adding a simple label to distinguish 7ugjusies from 7 in the Figures.
Reply: In the revised paper, we used ‘Adjusted temperatures’ (e.g. ‘Adjusted Ts.max’)

instead of Tugjusea (see Figs 7, Figs 8, Figs 9d and Figs S10 in new version).

Comments: L177-180 Comment that the number of sunshine duration stations (105 in
Wang et al. 2015a) is still small compared with the 7, data. How well are they
distributed in western China?

Reply: Wang et al. (2015a) only used the sunshine duration data where direct
observations of surface solar radiation are available to make comparison. Sunshine
duration and 7, have been observed at each weather station and their numbers are the
same for 7, and sunshine duration. In this study, we used the recently released daily
meteorological data at ~2000 stations, which is the best data one can obtained now. Its

spatial distribution was shown in Figure 1.

Comments: 1.242 What are the coefficients ‘a’ and ‘b’; and their uncertainties? Cross-
reference where you show these. When you reach Figs 5 and 6, it is unclear how they
relate to Eq (2)

Reply: We revised the equation (see also our response to your comment No. 1). After

revision, the main text and figure captions are consistent in the symbols. We have added
the 95% confidence intervals to S, and S, based on two tailed t-test, e.g. in lines

342-345: “As shown in Fig S7 shows, Ts.ma Was the most sensitive to Rs, followed by
Tu-max, and the national means for Tyma was 0.092+0.018 °C (W m™2)! (95%
confidence level) and Tymax was 0.035+0.010 °C (W m2)"! (95% confidence level).”
and Lines 379-381: “The national mean sensitivities of Tyax and Tymax to P were
—0.3214+0.098 °C 10 mm™ and —0.064+0.054 °C 10 mm™ (95% confidence level),

respectively.”.

Comments: 245 There are no equations 3 and 4.

Reply: The equation 5 is the third equation in original manuscript. In this revised paper,



we deleted the Egs. (1) and (3), and one equation was kept.

Comments: L.251 and Figs 2 and 3. Are these Tyuw Or Tugjustea?
Reply: Both Fig 2 and Fig 3 are yearly anomalies of original data of temperatures
without adjusting impacts of R, and P. Only Fig. 7, 8, 9d, and S10 were adjusted

temperature and they were explicitly claimed in the figure captions.

Comments: Section 3.1.1 and Table 1, all these results are presented as mean trends
with no estimate of uncertainty. Add some error estimates.

Reply: We have added the 95% confidence intervals for all of trends in new version.

Comments: Section 3.2.1 You need an explicit explanation of Fig 5 and then 6, The
reader cannot see clearly how they were constructed. What are these partial correlation
coefficients using precipitation as control? Do they relate to the Tugjuseea in (5) or the
sensitivities in (2)? Nothing has been defined or connected logically (and Eq (3) and (4)
are missing? Same issues for Figure 8 and 9.

Reply: We have added an explicit explanation of partial correlation coefficients and the
logical connection between partial correlation analysis and multilinear regression
analysis in Methods: “The coefficients of determination (R’) for the multilinear
regression equation (Eq (1)) are shown in Fig S3, and they indicate the portion of the
variance of T that could be attributed to that of R, and P. High coefficients of
determination were obtained, which showed that the linear regression performed well,
particularly for South China and the North China Plain. To separate the contributions
of Ry and P, we further calculated the partial correlation coefficients between R and T’
(or P and T), which are shown in Fig S4 and Fig S5.” (Lines 244-250).

In addition, we have added explicit introduction in the caption of Figs 5 (Figs S4
in new version): “The linear partial correlation coefficients calculated based on the
monthly anomalies of R and T after avoiding the effect of precipitation (P), which
indicates the proportion of variances of 7 that are attributed to the variation of R;.”.

We have added similar introduction in the caption of Figs 8 (Figs S5 in new



version).

Comments: Fig 6 Is this the coefficient ‘a’ in Eq (2)? Where do you show coefficient
‘b’? Is it in Fig9?

Reply: Figs 6 (Figs S7 in new version) show the coefficient ‘a’ (‘Sg_’ in new version)
and Figs 9 (Figs S9 in new version) show the coefficient ‘b’ (‘Sp’ in new version). We
have replaced ‘a’ with ‘Sg_* and ‘b’ with ‘Sp’ and used the same symbols in Methods

and Figures.

Comments: Fig 11 Is this the first time Tugjuseed 1S plotted?

Reply: Yes, it is. We have added the label(‘adjusted’) in all Figures of adjusted
temperatures (see Fig 7, Fig 8, Fig 9 and Fig S10 in new version), e.g. ‘Adjusted T.max’
in Fig 7.

Comments: 1136 and L770 cite different references for the dataset.

Reply: We make it consistent and cited Cao et al.

3. Language issues

The structuring of sentences is generally very good, but verbs and tenses need
occasional editing, but I will leave this to later editing. An example is 106 LST... plays
an important role in climate change 107 research because it directly relates to the land
surface energy budget. Previously, Ts 108 values used in regional climate research were
primarily derived.

Reply: We have carefully checked English usage of this, and tried to make it more
concise and clearer. As a result, more than 1400 words was reduced. The manuscript
has been edited by two senior English editors from Nature Springer Language editing

services.



Response to Reviewer # 2

1. General Comment:

This paper analyzed the spatial patterns of Ts and Ta and their relations with SSR and
precipitation using the observations. It is important to study the mechanism of T
changes in the warming climate in regional scales. I think this article is publishable
after major corrections.

Reply: Thanks for your highly recommendation and the insightful comments, which
substantially improve the paper. Below please find our point to point response to your

comments.

2. Major

Comment: Eq (1) is not needed, "linear trend" or “Linear regression” should be enough.
Reply: We have replaced the Eq (1) to a statement in Lines 222-223 that “The linear
trends reported in this study were calculated via linear regression based on the monthly

anomalies of T, R, and P. ”.

Comment: Please discuss why the Tugjusrea 1s calculated? State its actual meaning and
applications.

Reply: Thanks for your positive comments. We have added the description in Lines
251-256: “To determine the effect of Ry/P on the analyzed temperatures, we removed
their effects from their original time series Of Ts.max and Tyu-max based on the multilinear
relationship calculated in Eq (1). Then, we calculated the trends from both the original
and adjusted time series. By comparing the derived trends of the original and adjusted
time series, we quantitatively assessed the effect of Ry/P on Ts-max and Tu-max, particularly

for the spatiotemporal pattern of their trends.”.

Comment: The detailed descriptions are not necessary in Figure captions and can be
moved to the text.

Reply: Following the reviewer’s suggestion, we substantially reduced the figure



captions.

3. Minor

Comment: Line 54: Hegerl and Zwiers is missing in the references

Reply: We have added this literature to references. (Lines 537)

Comment: Is that 1990?

Reply: Yes, it is 1990. We have changed the 1900 to 1990.

Comment: Please check Ts.max and Tumax trends. By eye, both values should be close.
Reply: We have checked the results of Ts.max and Tu-max trends. The results in paper is

right.

Comment: Line 277-281: Mechanism of the difference should be mentioned here.

Reply: We have added the mechanism analysis of those difference as followed in main
text. “Although previous studies have indicated that the microclimate (e.g. urban heat
island) has a larger effect on minimum temperatures because of the lower and more

stable boundary layer at night (Zhou and Ren, 2011; Christy et al., 2009), many

investigators argue that variability in R; is the primary reason for the daily contrast in

warming rates (Sanchez-Lorenzo and Wild, 2012; Makowski et al., 2009).” (Lines 288-

292).

Comment: Line 284: greater than

Reply: Corrected as suggested.

Comment: Line 294: Significant difference. Can you clarify how significant it is please?
Reply: We deleted this sentence from the revised paper. In the revised paper, 95%

confidence intervals were added to all the trends.



Comment: Line 374: along the coast

Reply: Corrected as suggested.

Comment: Line 534: References

Reply: Corrected as suggested.

Comment: Line 570: Eastling et al and Line. 638: Ohmura; They are not referenced in
the text, please check.

Reply: Both references were cited in the main text. ‘Eastling et al’ is cited in Lines 285-
288: “The warming rate of Ty.min (Tu-min) Was significantly faster than that of T.max (Tu-
max) and the warming rates of all temperatures in the cold seasons were substantially

greater than those in the warm seasons (Li et al., 2015; Liu et al., 2004; Easterling et

al., 1997).”. ‘Ohmura et al’ is cited in Lines 351-354: “Our rate of decrease was

considerably less than the global average diminishing rate (form approximately —2.3 to

—=5.1 Wm2 10yr ") between the 1960s and the 1990s (Gilgen et al., 1998; Liepert, 2002;

Stanhill and Cohen, 2001; Ohmura, 2006)”

Comment: Ta-min in Figs 5,6,8,9 can be removed, since they don't give much
information. They can be briefly discussed in the text.
Reply: Corrected as suggested. We have moved the Figs 5, 6, 8, 9 to the supplementary

material and their discussion in main text was substantially reduced.



10

11

12

13

14

Contributions of Surface Solar Radiation and Precipitation to the Spatiotemporal

Patterns of Surface and Air Temperature Warming in China from 1960 to 2003

Jizeng Du'2, Kaicun Wang!2*, Jiankai Wang3, Qian Ma!-

ICollege of Global Change and Earth System Science, Beijing Normal University,

Beijing, 100875, China

2Joint Center for Global Change Studies, Beijing 100875, China

3Chinese Meteorological Administration, Beijing, 100081, China

Corresponding Autherauthor: Kaicun Wang, College of Global Change and Earth

System Science, Beijing Normal University. Email: kewang@bnu.edu.cn; Tel: +086

10-58803143; Fax: +086 10-58800059.

Submitted to Atmospheric Chemistry and Physics

Nevember-February 168, 20162017


mailto:kcwang@bnu.edu.cn

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Abstract

Although the—global warming has been sueeessfully—attributed to the

elevatedincreases in, atmospheric greenhouses gases, the reasensfermechanisms

underlying spatiotemporal patterns the-of warming rates-trends_are-stilremain,

under debate. In-this-paperHerein, we repert-analyszed surface and air warming

based-en-observations recorded eeleeted-at 1,977 stations in China from 1960 to

2003. Our results showed, that-a significant spatial pattern for, the warming of the

daily maximum surface (Ts-max) and air (Tumay) temperatures-shewed-a-significant

spatial-pattern, and the pattern was stronger in the-northwest China and weaker ;/

in South China and the North China Plain. These warming spatial patterns are

were attributed to surface shortwave solar radiation (R;SSR) and precipitation (P),

which represent the key parameters of the surface energy budget. During the

study period, R,SSR decreased by —1.50+0.42 W m~2 10yr! in China, and-which
—a — h—

caused the trends o£in, Ty.may and Tymax to decreased by 0.139 and 0.053 °C 10yr, |
|

respectively. More importantly, the decreasing rates in South China and the North |

China Plain had-an-extremelywere much higher dimmingrates-than those in other

regions. The spatial contrasts efin the trends of Ts.ma and Ty-may, in China are-were,

significantly reduced after adjusting for the impaet-effect of R; and PSSR—and

preeipitation. For example, after adjusting for the effect of R, and P, the difference |
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1. Introduction

With—the—rapid—development—oflncreases in observational data and the-rapid

developments in simulation abilities-capacity of climate models have provided evidence

for the phenomenon of -global warming-has-beenregarded-asundeniable (Hartmann et

al., 2013), and- tFhe increases in anthropogenic greenhouse gases and other
anthropogenic impaets-effects are believedto-beconsidered the primary causes-efelebat
warming. However, there-are-significant spatial and temporal heterogeneities in climate

warming have been observed;-. ie-For example, faster warming rates occur in semiarid

regions and a “warming hole” has been identified in the central United States (Boyles

and Raman, 2003; Huang et al., 2012). These spatiotemporal heterogeneities ;—which
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represents a major barrier to the reliable detection and attribution of global warming
(Tebaldi et al., 2005; Mahlstein and Knutti, 2010). Furthermore, the-uncertainties in
model simulations generally increase from the-global to the-regional scales because of
uncertainty in regional climatic responses to global change (Hingray et al., 2007
Mariotti et al., 2011). Therefore, itis-eraeial-to-research-not-enbyinvestigations of the
spatial and temporal patterns of regional climate changes but-alseand regional climatic

response mechanisms to global change are crucial for increasing the accuracy of models

designed to detect and explain the causes of-Fhis-approach-can-improve-confidence-in

the-detection-and-attribution-of global climate change and predictions of future regional

climate change.

The spatial heterogeneity of climate warming can be attributed to local climate

factors and anthropogenic factors (Karl et al., 1991). For the formerlocal climate factors,

loeal-determining factors such as cloud ameunts—cover and precipitation (P) can.

significantly influence the speed of regional warming-speeds (Hegerl and Zwiers, 2007;

Lauritsen and Rogers, 2012). FhesesSpatial heterogeneities in climate-factor trends

rmake-impertant-contributionste-have an important influence on various changes in the
land-surface energy balance. Existing—sStudies have indieated-demonstrated that an

increase in cloud covers can diminishes the surface solar radiation (R;)dewnward

shertwave-solarradiation to-theland-surface;thusand therefore redueingreduces the

(e 71k wig
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daytime temperature (Dai et al., 1997; Zhou et al., 2010; Taylor et al., 2011), although

it has the potential to increase night-time —while—petentially—inereasing nighttime

temperatures by intercepting outgoing longwave radiation (Shen et al., 2014; Campbell

and VonderHaar, 1997).

Precipitation_(P) can alter the proportion of surface absorbed energy partitioned

into sensible heat flux-and— and latent heat flux—; therefore and-thereforeit has an

inevitable impaet-effect on both land-surface and near-surface air temperatures (Wang

and Dickinson, 2012; Wang and Zhou, 2015). Ir-addittenAdditionally, precipitetion-P

plays-has a keyrolesignificant effect in-on the-soil thermal inertia and the response of

surface vegetation, eausing-which results in an important feedback te-for regional and

global warming (Wang and Dickinson, 2012; Seneviratne et al., 2010; Ait-Mesbah et

al., 2015; Shen et al., 2015).

In addition to local climate factors, regional climate systems are significantly

affected by the anthropogenic emissions of aerosols-have-a—significant-effect-on—the

regional-elimate-system. Studies have indicated that impreving-improvements in air

quality in recent decades hasled-te-brightening-over North America and Europe have

led to brightening effect (Wild, 2012; Vautard et al., 2009), whereas surfaceshertwave

solar—radiation (SSR)—has—declined—in—East Asia and India with—increasingair

(srmeRey: - 45: WY
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pellutienhave led to declines in R, (Xia, 2010; Menon et al., 2002; Wang et al., 2012;

Wang et al., 2015a). Consequently, the-variations in SSRRs may have an #mpaet-effect

on both local and global climate change (Wild et al., 2007; Wang and Dickinson, 2013b).

Changes in 1Eand cover ehange-can also alter the energy exchange between the

land surface and the atmosphere:-, mereeverithas-and such changes have the potential

to impaet-affect regional climates (Falge et al., 2005; Bounoua et al., 1999; Zhou et al.,
2004). Previous studies have suggested that urbanization and other land-use changes
contribute to promoting the warming effect caused by greenhouse gases (Kalnay and
Cai, 2003; Lim et al., 2005; Chen et al., 2015). Overall, the impaets-effects of these
factors on climate change may be very important es-at the regional scale;teading and
could lead to a—marked spatial differences in regional climate change;—; whereas
however, they are usually omitted from the detection and attribution of climate change

on-at the global scale (Karoly and Stott, 2006).

China has-is a vast territory and-abundant-typesthat has an abundance of climactic

zones stretching from tropical to cold temperate, with-and a special alpine climate is
observed over the Tibet Plateau. In—additionAdditionally, the dramatic economic

development and explosive population growth in China in recent decades has-have

caused significant changes in land cover ehange—and serious—sever air pollution,

(e 718 i
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107  including frequent haze events (Yin et al., 2016; Cheng et al., 2014; Wang et al., 2016).
108  The climatic diversity and intensive human activity in this region will likely lead to a

109  unique response to global warming with obvious spatial differences in climate change.

110 Karl et al. (1991) had-analyzed the observational records for the period 1951-1989

111  and; findinefound that China’stemperatare-warming trends in China were faster than

112  those of the United States but slower than those of the former Soviet Union. Several

113  studies had-have revealed that the warming rate in Northwest China had-beenwas

114  approximately 0.33-0.39 °C 10yr~! during the second half of the last century (Li et al.,

115 2012; Zhang et al., 2010), which was significantly higher than the average warming

116  rate over China {of0.25 °C 10yr ') (Ren et al., 2005) or thaten-a-glebal-scalethe average

(BHR: 15 Al

117  global rate of €0.13 °C 10yr ") (Hegerl and Zwiers, 2007). The Adrair temperatures (T) (09 715 BiAL, Fhr

118  over the Tibet Plateau have has increased by 0.44 °C 10yr~! over the last 30 years (Duan

119 and Xiao, 2015), whieh-wasand this rate is considerably faster than the overall warming

120  rate in the Northern Hemisphere (0.23 °C 10yr~') and worldwide (0.16 °C 10yr™)

121  (Hartmann et al., 2013). To provide insights on global warming and improve the

122  accuracy of future climate change predictions, ubnderstanding the characteristics and

123  mechanisms of regional climate change is critical-to—advaneing—the knowledge—and

124  predication of future climate change.
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T, is a common metric for judging-determining climate change on the global or -

regional scales-. However1The land surface temperature () is beginningto-play-an

nereasinglyalso important rele-in climate change research because of #-has-the-distinet

advantage—of-being-its directly related-relationship te-with the land surface energy

budget. Previously, Ts values used in regional climate research are primarily derived

from satellite retrievals or reanalysis datasets (Weng et al., 2004; Peng et al., 2014),
beth-ef-which both have geed-satisfactory global coverage but questionable accuracy

and integrity. Furthermore, satellite-derived 7 values are only available under clear sky

conditions, thus limiting their applieation-applicability te-in climate change studies.

In China, both T and 7, has-beenare measured as a-conventional meteorological

observation i#es-parameters by nearly all weather stations;-asis—Fa. An analysis of the

spatiotemporal patterns of these parameters identified a close relationship between 7

and T,, which indicates that 75 and 7, present equivalent accuracy when used to

determine This-study-found-that observations-of T,-have-a-good-relationship-with-T.-in
terms-of spatial-temporal patterns-and-can-equally-acenratelyrefleet-the characteristics

of climate change. More importantly, 7y is more sensitive than 7, to the local land

surface energy budget—partierbrbsurtiecsoliradiaton(SSRyand-prectpitation.

FErom-theperspeetive-of-energy, bBoth R, and P SSR-and-preeipitation-are key
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factors controlling the land surface energy budget; therefore, thei-changes in these two

factors most likely cause regional differences in the warming rate of 7, (Wild, 2012; -

Manara et al., 2015; Hartmann et al., 1986). Forthefirst timeTo our knowledge, this

study analyzed-presents the first analysis of the relationship between R (and P) and

T./T; between-SSR(and-precipitation)-and-T.-orFinterms-ofbased on their spatial—

otemporal patterns and we further quantified the impaet-effect of the-variations of Ry

and P on T,/TSSR-and-preeipitation-onTF.-and-T, in China for the period ef1960-—

2003.

This paper-article is organized as follows:s. Section 2 introduces the data and

methods used in the study. Section 3 ineludesthree-parts:thefirst part-describes the

spatial and temporal patterns of climate warming over China.;-the-secondpart analyzes

analyses the #mpaet-effect of the variation in Ry and P on T,./T,,SSR-and-precipitation

on-Tq.-and-Ts; and the-third-part-illustratesexamines the spatial and temporal patterns of

the warming trend of T./T\F.—and-Ts after adjusting for the #mpaet-effects of R, and

PSSR-and-preeipitation—, which eliminated theThe adjustmentremoved-impaeteffects

hereon warming s

ofand highlighted the effects of large—-scale warming caused by—the elevated

concentrations of atmospheric greenhouse gases—substantially. Moreover,Our—tesults

show-thatadjustmentsubstantiallyredueed the spatial contrast efin the warming trends
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173
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77

78

of T,/TiFaandTs in China was substantially reduced after adjusting for the effect of R,

and P, and this result is consistent with the expectations under global warming. Finally,

Section 4 presents a summary and discussion.-which-is-agree-with-the-expeetation-of

2. Data and methods

2.1. Data

The meteorological observational data used in this study are included recently
released daily meteorological datasets, ineluading-such as the China National Stations’
Fundamental Elements Datasets V3.0 (CNSFED V3.0), which-eanbeand they were
downloaded from the-China’s National Meteorological Information €enter—Centre

(http://data.cma.gov.cn/data) (Cao et al., 2016). Fhis-These datasets ineludes-included

observations of T, T,, the-barometric pressure, relative humidity, and sunshine duration. -

All of the observational records of the climate variables inelade-were subjected to

quality control measures, and hemegenization-ef-the proeesses-of-data acquisition and

compilation.

As shown in Figure 1, shews-thatthe number of stations used in this study (1,977

seleeted—stations selected from a total of 2,479 stations) is—abundant—and—was
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significantly greaterhigher than in-that of previous studies (i.e., 57-852 stations) duakla

= (Kukla and Karl,

1993: Shen and Varis, 2001: Liu et al., 2004; Li et al., 2015). thereforeTherefore, the

observational data have-provided better spatial coverage and higher confidence ef-in

the detection of deteeting-regional climate change than in previous studies (Fig. 1). Our

study is the first to use-the-observationsof I observation as a parameter for identifying

forresearch-inte-regional climate change.

Observations of T at-from weather stations are different from 7 data retrieved via

other approaches, such as satellite_—dataimages and reanalysis. AHl-efthe-observational

fields-of FsareThe T observations were performed in 4 —m-% 2 m square bare land plots

proximal to the #r-a-weather stations. The surface of the observational fields must-be

keptwas loose, grassless;— and flat, and at the same level as the ground surface of the

weather station. Three thermometers, are-placed-on-thesurface-of the-ebservational

field-including a surface thermometer, a surface maximum thermometer, and a surface

minimum thermometer were placed —Fhe-thermometers-are-deposited-on-the-surface-of

the-observational-field-horizontal_to the surface of the observational field, withly= half

of each thermometer is-embedded in the soil and the other half is-exposed to the air.
When the observational field is—was covered by snow, the thermometers are-were

removed-from-the-snew-and-placed on the snow surface. Ir-additienAdditionally, the
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exposed parts of the thermometers must-be-were kept-cleaned elean-to remove frem

dust and dew.

Fo-We verifiedy the reliability of the Ts observational records_by analyzing;—we

analyzedthetherelationshipbetween 7,and Zsinthe observedrecerds forduring 19602003 AsshowninFigures.S1,the

mean Pearson Correlation Coefficients between daily maximum land surface

temperature (Ts-max-) and daily maximum air temperature (Ta-ma-) calculated from the

monthly anomalies were 0.775, 0.843, and 0.806 for the annual, warm, and cold
seasonal scales, respectively, and these values were statistically significant (99%
confidence_level) for all stations. The mean correlation coefficients between the daily
minimum land surface temperature (7§.uix) and daily minimum air temperature (Zy-min)
Fominand-Tamin-were 0.861, 0.842, and 0.865 for the annual, warm, and cold seasonal
scales, respectively, and these values were statistically significant (99% confidence

level) for all stations. The high-high correlations indicatedbetween F,-and-Tindicates

that the-observations of either T or 7, could be used for are+eliable fordeteetingclimate

change detection.

SSR—s—tThe most fundamental energy resource for Iy and [Ji -is R;. In mMost

previous studies, —had—used-the observed R, have been usedSSR to analyze the

relationship between the variation in R, SSR-and T, over Mainland-China. However,
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225

P26

227

P28

P29

P30

P31

P32

P33

fewer sites were used for R:SSR observations than were-farlessnumerous-than-these

for other climatic variables;—e-; for example, only 85 sites were used for Ry SSR

observations in Liu et al. (2004)_and only: 90 sites were used in Li et al. (2015).

Mere-ilmportantly, #-was—found-that-sensitivity drifting ef-the instruments used

for the R, SSR observations led to a faster dimming rate before 1990, and-that instrument

replacements from 1990 to 1993+ad resulted in a falsely sharp increase in SSRR, (Wang, 2014;

impeded the wide scientific application of this parameter.

We-+Therefore, we used sunshine duration-derived SSRR—nthis-study, which is

based on an effective hybrid model developed by Yang et al. (2006). This model has
subsequently been improved (Wang et al., 2015a; Wang, 2014) and it has preved-to-be
performed well in regional and global applications (Tang et al., 2011; Wang et al., 2012).

Sunshine duration-derived selar+adiationR; not only ean-accurately reflects the impaet

effects of clouds and aerosols on the SSRR; but also ean-more exactly reveals long-term

SSR—trends (Wang et al.,, 2015a; Wang, 2014). Additionally, Sunshine—sunshine

duration-derived R— values are has-a-better eerrelation—correlated with the satellite

retrievals-derived-SSR, reanalysisreanalyzes, and climate model simulations ef-SSR

than the-observed-SSRR; values observed in—Chinafrom observation (Wang et al.,
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2015a).

The data are collected by a total ofre-are 2,474 meteorological stations-reperting

data; however, the lengths of the effective observation records for the stations are

different. In-additionAdditionally, only a small number of stations were installed before

existed—priorto-1960, and the observational records of s at many stations beeame

significanthy-abnormal-were anomalous after 2003 because of automation. Therefore,
in our analysis, we selected 1,977 meteorological stations (see Fig: 1) that-for which

the valid-data-ef-observation records with valid data were must-be-longer than 30 years

during the peried-e£43 years between 1960 and 2003.

The monthly anremaly-anomalies relative to the 1961-1990 climatology was-were
calculated based on a monthly mean value of the daily ebservation-values, and i#when
a month has-was missing more than 7 daily sissing-values, #that month was classified
as a missing value (Sun et al., 2016; Li et al., 2015). Fhe-For the annual anomalies, are
the-average-ofthe monthly anomalies were averaged for the entire year. The anomalies
in the warm seasons are-were the averages of the monthly anomalies from May to
October, and the anomalies in the cold seasons are-were the averages of the monthly

anomalies from November to the next April.
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P54 y=-a=x—+b h
(HReRa: itk: PATARE O T
P55
P56
P57  method:
P58 As shown in Fig: 1, the spatial distribution of the weather stations ever

P59  Mainlandthroughout China is extraordinarily asymmetric and the density of weather
P60  stations in East-east China is far greater than that in West-west China. We used the area-
261  weight average method to reduce these biases when calculating the national mean. First,
P62  we divided the study region into 1° x 1° grids (see Fig:- S2) for a total :-there-are-953
P63  grids covering China. Second, we assigned all selected stations to the grids;thereare,
P64  and this resulted in 627 grids with-containing stations, aceeunting-which accounted for
P65  65.79% of the total. Finally, the grid box value is-takento-bewas the average of all of
P66  the-stations en-in the grid, and the national mean is-was the area-weight average of all

P67  efthe-effective grids (Jones and Moberg, 2003).
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The linear trends reported in this study were calculated byvia a-linear regression

based on the monthly anomalies of 7, R, and P. Two national mean trends were

calculated from the anomalies of the grids. In the first method (Method I), theleast

BD-ealenlates-the national mean monthly anomalies by-were calculated ustaking the area-

weight of every-each grid first, and then ealeulates-the national mean trend based on the

time series of the national average anomalies was calculated. Fhe-In the second method

(Method 1I), ealeutates-the trend at every—each grid was calculated first, and then the

national mean trend everChina-is-the-area-weighted-average-value-of thewas calculated

from the grid trends-en-al-efthe-grids.

In our study, we calculated the national mean trends of the temperatures using

Method I and II because beth-metheds-as-both methods are-widely-have been used in

the-existingprevious studies (Gettelman and Fu, 2008). Same-The results for the two

methods are derived-from-those-two-methods—ifexpected to be the same when the time

series of all grids is integral-integrated and have ne-missing-data are not missing (Zhou

et al., 2009); - Hewewverhowever, when data are missing, small differences may occur

(See Table 1). As shown in Table 1, the absolute value of the difference between Method

I and Method II ranged from 0.011 to 0.033 °C 10yr!, which represented 3.4% to 14.3%
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of the trends (using the results of Method I as the reference). For purposes of

clarification, the trends derived from Method I are discussed in the main text, whereas

the results from both methods are shown in Table 1.as-noted-we-selected 97 7-stations

(Royand Haigh, 2011) of the monthly anomalies using the following equation-Fhiseanbe expressed-as:

T= Sg,'Rs+Sp-P+c+ez=ax+by+ecte

G2V

where = I represents the monthly anomalies of Ty-max, Ts-min, Ta-max, and Ty-min; Srs and Sp

are the sensitivities of the temperatures to Ry and Px-andy-are-the-monthly-anomalies

ofthe-SSR-and-preeipitation, respectively; aand-bare-the-correspondinosensitivitices
of the-temperatares-to-SSR-and-preeipitation; respeetivelys—c is constant term; and &

indicates the residuals of the equation. The coefficients of determination (R?) for the
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multilinear regression equation (Eq (1)) are shown in Fig S3, and they indicate the

portion of the variance of 7 that could be attributed to that of R; and P. High coefficients

of determination were obtained, which showed that the linear regression performed well,

particularly for South China and the North China Plain. To separate the contributions

of Ry and P, we further calculated the partial correlation coefficients between Ry and T

(or P and T), which are shown in Fig S4 and Fig S5.

To adjust-determine the effect of R,/ Pforthe-impact-of SSRand preeipitation on

the analyzed temperatures, we removed their effects from their original time series of

Ts-max_and Ty.max based on the multilinear relationship calculated in Eq (1). Then, we

calculated the trends from both the original and adjusted time series. By comparing the

derived trends of the original and adjusted time series, we quantitatively assessed the

effect of Ry/P on Ty.max and Tymax, particularly for the spatiotemporal pattern of their

trends.w
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3. Results

3.1. Trends of surface temperature and air temperature

3.1.1 The-temporal patterns in the-variabilities-of-the-temperature variabilitys

Figs2-and Figs-3-shew+tThe long-term changes in Ty.ma and Ty-max and 5Ts-min and

Ta-min from 1960 to 2003_are shown in Fig 2 and Fig 3. respectively. In addition to the

annual variability (Figs:- 2a and Figs: 3a), we—analyzed—the wvariabilities—ofthe
temperature variabilitys in both the-warm seasons (May-October)+; Figs- 2b and Figs-
3b) and thecold seasons (November to the following April—; Figs- 2¢ and Figs- 3c)
were analyzed. In the annual records, all efthe-temperatures shewed-exhibited an

obvious warming trend everthroughout China (Figs- 2a and Figs- 3a).

As shown in Table 1, the national mean warming rate from 1960 to 2003 for T max

was 0.227£0.091 °C 10yr™! (95% confidence level) and phe—+ate—For—Tumax Was

0.167£0.068 °C 10yr~! (95% confidence level)from1+960-t0-2003. The warming rate of

Tumax based on the 1,977 stations examined in this—paperthe current study was a

Littleslightly higher than beth-thatefthe global average (0.141 °C 10yr~") from 1950 to

2004 (Vose et al., 2005) and that-the rate obtained from ef-a previous analysis ef-China
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B57

(0.127 °C 10yr") of temperatures from 1955 to 2000 based on 305 stations in China

(Liu et al., 2004). Additionally, the increases in

ai%age—Fafe—Qﬁ@—]—ZZ—@]—QyF. = ~ #Fme%%ﬁeﬂf@m%@}gyf g = ~in-the-cold

seasons—respeetivelyThe-inereasesi-Tyma and Ta-max in the cold seasons were much

larger than those in the warm seasons, which is consistent with previous studies of

China and other regions (Shen et al., 2014; Vose et al., 2005; Ren et al., 2005).

Similarly, the warming rates of Tsmin and Tumin in the warm seasons were elearhy

also clearly lower than those in the cold seasons-tee. As shown in Fig 3, Ts.min increased

by 0.315+0.058 °C 10yr! (95% confidence level) and 7,.m» increased by

0.356+0.0057 °C 10yr~!' (95% confidence level) (see Fig 3a) from 1960 to 2003.As

10y (seeFigs—3a)from—1960-102003- The warming trend of Tami is generally

consistent with earlier studies (Shen et al., 2014; Li et al., 2015; Liu et al., 2004);
however, it-these trends is-are considerably larger than that-the rates reported for the

global average (0.204 °C 10yr ") (Vose et al., 2005). For the seasonal scales, the

warming rate of Ts-min/ Tumin increased-at-a-rate-of0221-°C 10w -in-the-warm-seasons
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and-0:447-°C10w*in the cold seasons from-was almost double that of the warm

seasons from 1960 to 2003 _(see Table 1).-Famin-increased-atrates-of-0:245-°C10yr
and-0-505-°C10yr "inthe-warm-and-cold-seasons;respectively:

warming rate of Ty.min (Ta-min) Was significantly faster than that of Ts.max (Ta-max) and the

warming rates of all temperatures in the cold seasons were generally—substantially

higher—greater than those in the warm seasons—These—basie—characteristies—of-the

(Li et al., 2015; Liu et al., 2004; Easterling et al., 1997)—(Hartmann—et-al—2643).

Although previous studies have indicated that the microclimate (e.g. urban heat island)

has a larger effect on minimum temperatures because of the lower and more stable

boundary layer at night (Zhou and Ren, 2011; Christy et al., 2009), many investigators

argue that variability in R; is the primary reason for the daily contrast in warming rates

(Sanchez-Lorenzo and Wild, 2012; Makowski et al., 2009). (Eiv-et-al52004:Karl-etals
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3.1.2. ThesSpatial patterns in the-variabilitiesfor-the-temperature variabilitys

Asshown in Figs: 4, demenstratesaclear spatial heterogeneity was demonstrated in the warming

rates for Ty-max and Ta-max ©¥er-in China from 1960- to 2003. TF-martfeFomarinereased

the Tibet Plateau, and Northwest and Northeast China (see Figs S36)-—Hewevet; Fsmax

andTomachadarelative lowerwarming rate inthe compared with the North China Plain

and South China;—. and—TFsma—even—shewed-—eooling-Cooling trends in Ty even

detected for the Sichuan PlainBasin, the Yangtze River Delta, and the Pearl River Delta.

Lower warmingrates of warming of Ty.me in South China and the North China Plain

had-have also been previously reported-in-multiple-previeusstudies (Liu et al., 2004;

Lietal., 2015).

For-The warming rates of Tymax and Tu-mars the—warmingratesofin South China

and the North China Plain in the warm seasons were considerably lower than those in

the cold seasons, resulting—which resulted in a—mere—ebviousstronger spatial

heterogeneity in the warm seasons (Figs: 4b and 4h). Hewever—the-warminsratesof

eeldseasons-thaninthe-warmseasons—Despite-of Tthe spatial and seasonal patterns of
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398 £or-Ts-min and Ty-min_was much less than that between Ty.mex and Ty mas-, although -

B99  astrong dependence on latitude was observed the-warming rates-were-highestinNorth

A00  China—and-generally—deereasedfromnorth-to—south—(Figs: 4d and 4j). Fhe-average
A0L s e TRt eokd s o e - M e Do s

#02

A03  latitudeshaveThis dependence has been successfully —been-attributed to amplified

404  dynamics-amplification (Wallace et al., 2012; Ding et al., 2014). In-this-study,~wefoeus

#05

A06

407

A HREy: b A

A08  correlation between I and T, was highly had-an-extremely-significant.correlation-with (FmRe: 71b bl

A09  each-other Based on the time series of the national mean yearly anomalies (see Figs- 2

(R 1

410 and Figs: 3), the correlation_coefficients between Ts-max and Tu-max were-was 0.877 5~ [‘ﬁ%ﬁﬂ@: 1 A
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correlations-and between Tsmin and Tamin were-was 0.976 0.969-and-0-977-on the

annual—wara—and-—cold-seasenal scale. sr—respeetively—In—the spatial-pattern-ofthe

trendsIn the spatial pattern of the trends (Figs- 4), the correlation_coefficients between

Tsmax and To-max were-was 0.488 and -6-465and-0-522-on-the-annual-warm;-and-eold

seasonal-seales;respeetively—These-between Ts.min and Ty-min were-was 0.638 0-670;

and-0-594-on the annual;—warm;—and-celd-seasonal scales;respeetively. All of these

correlations between 7y and 7, were significant at the 95% significance level, which

indicated a close relation between 7 and 7, for both interannual fluctuations and secular

trends.

T o with Ta both i Lvariati s
; os 3 andin] Is (Figs.4)-indicating that T of onal ]

Jamin was significantly higher than that between Zs-mar and Ta-max. Ts-min is closely related

to the land-—atmosphere longwave wave radiation balance during-thenighttimeat night,
which is closely related-associated to-with the atmospheric greenhouse effect (Dai et al.,

1999). During the daytisse, T is directly determined by the land surface energy balance,

i.e., the incoming energy (including SSRR,—) and atmospheric longwave radiation

(Wang and Dickinson, 2013a), and it _is partiiens-partitioned into latent and sensible

heatfluxes(Zhouand Wang, 2016). Bespite Althoughyis 7, is dependence dependenton the land-atmosphere
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sensible heat flux, it F.-is also i#mpaeted-affected by local and/or large-scale circulation.
, [ rReg: T )
SeThus, the changes ef-in the land surface energy balance caused by SSRR; and
, . , { BHRE: Tk )
precipitation-P have different levels of effect on T and 7, during the day, which most (mReg: 71 A )
(e 0k ik ]
likely eauses-caused a-the lower correlation between Ty.mar and Tamax than that between (e 71k wigl )
( #heRa0: 15 Rt )
Timin ad Tomin. (#rRE: 10 ikt )
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3.2. FThe-impaetofEffect of surfacesolarradiationR, and preeipitation-P on (Bhkeo: 16 s, The )
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temperatures
(BB Ak Y, )
3.2.1 Effect of R hmpactofsurface solarradiation
o . , [ #mRe: T )
-As shown in Figs: S4, shews—that—SSRR; had—is closely an—impertant
L . . ) ( FHeREG: Ok iRl )
relationshiplinked with T max and Ty-max but not with Ty min and Tymin, and the correlation - (HRE: 1b bl )
(e 0k ik ]
andFomnbetween Tsma- and Rs was higher than that between 7u.max and R, Fhenational (e 74k wigl )
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warm seasons is-was higher than that in the cold seasons, and this correlation was

stronger in South China and the North China Plain.the national mean-partial-correlation

0.386-For To s ively. . il Levele of SSR .

(Shenetak. 2014 north-of 352 N During daytime. Tyand T.is-largely- determined by
how—much-energyis-used-to-evapetranspiration: Shrsouth China has highwhere soil

moisture—is—high;; therefore, the relationship between the energy used for

evapotranspiration and is-nearlinearbyrrelatedto-SSRR, is approximately linear (Wang -

and Dickinson, 2013b; Zhou et al., 2007). However, northwest China presents dry soil

over most of the year; thus the energy used for evapotranspiration is more dependent

yearP. As a result, the energy available for heating the surface and air temperatures is

not asse closely correlated with SSRR;. Therefore, the correlation coefficients between
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To quantify the impaeteffect of SSRR, on temperature, the sensitivity of the

studied temperatures to changes in SSRR, has-beenwas calculated (Eq. (21)). As shown

in Figs—6Fig S7 shows, Tsmer Was the most sensitive to SSRR;, followed by Ta-max, and

their national means were-for Tma was 0.092£0.018 °C (W m™2)™! (95% confidence

LR

N

¥

=

: iRt

BN

* R A

Fy

B

AR

level) and Ty-mar was 0.035£0.010 °C (W m~2)~! (95% confidence level);respeetively.

Ts-min and To_min Were insigntfieantly-not sensitive to SSRR; because these temperatures

are primarily affected by theyprimarily-depend-en-atmospheric longwave radiation

during the-nighttimenight.

Based on the above analysis, we calculated the impaet-effect of changes in SSRR;

on the studied temperatures—see—theMethed—Seetion). From 1960 _to —2003, the

calculations of the monthly anomalies at 1,977 stations indicated that the national mean

rate of decreasingratee of SSRR; was —1.502+0.42 W m2 10yr~! (95% confidence

level), as—ealeulatedfrom—meonthly—anemalies—at1,977 stations;—and the trend was

significant in most regions ever-of China (see Figs—S4Fig S8).— Our results—rate of
decrease was are-considerably less than the global average dimming-diminishing rate

(form approximately —2.3 ~to —5.1 W m~2 10yr~') between the 1960s and the 1990s

(Gilgen et al., 1998; Liepert, 2002; Stanhill and Cohen, 2001; Ohmura, 2006) and the
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national mean dimming rate across China (from approximately —2.9 to~ —5.2 W m™>

10yr~") between the 1960s and the 2000s based on radiation station observations (Che

et al., 2005; Liang and Xia, 2005; Shi et al., 2008; Wang et al., 2015a).

As noted in the data section, the sensitivity drifting and replacement of the

instruments used for the SSRR; observations results—resulted in a significant

homogenization i#-of the stations observation records (Wang, 2014; Wang et al., 2015a),

which eauses-introduced considerable a-great-uncertainty #-to the trend_—estimations.

Tang et al. (2011) used quality-controlled observational data from 72 stations and two

radiation models based on 479 stations to determine beth-that the-dimming rate inever

China is-decreased from approximately —2.1 ~to —2.3 W m™ 10yr~! during 1961-2000,

and that-thethey also showed that SSRR; values has-have remained been-essentially

unchanged since 2000.; this-These findings is-are generally consistent with our results.

Due-toBecause of the decreasing trend in SSRR;, the national mean warming

trends of Tsmax and Tumaex decreased by 0.139 °C 10yr! and 0.053 °C 10yr!,

respectively;—in-the-national-mean. Spatially, the decreasing rate of SSRR; in South

—a - PYET

China and the North China Plain was significantly higher than that in other regions,

espeetalby-particularly in the warm seasons (Figs—7Fig 5b). Therefore, the cooling effect

of decreasing SSRR; on Ts-max and Tumax Was more significant in South China and the
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Tumax in_those regions there—than in the other regions (see Figs. 4). The spatial -

consistency between the decreasing SSRR, trend and the warming-slowdown of Tymax

for the spatial heterogeneity of the warming rate in Ty-ma*/Ta-max).

3.2.2 Effect of P Impaet-of Precipitation

As shown in Fig S5.Figs—8a a shows-that there-is-a-significant negative correlation

was detected between Ts.max and precipitationP, and; the natienal-correlation was more -

significant in the warm seasons than in the cold seasons. Pmean—of thepartial
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Precipitation has—a-negatively relationship—correlated with temperature because

preeipitationP eanreduces temperatures by increasing the surface evaporative cooling

(Dai et al., 1997; Wang et al., 2006)._—TFhe-impaet-of precipitation-on-temperatare-was

Fhe national mean sensitivities of Tomax and Tamax t0 precipitation—P were

—0.321+0.098 °C 10 mm and —0.064+0.054 °C 10 mm™ (95% confidence level),

respectively. As shown in Eigs—9Fig S9, there—were—apparent-seasonal and spatial

changes in the sensitivity of Tsmax and Tomax t0 precipitation-P were apparent (Eigs:

9Fig S9a—9c and Fig S99g-91). In-warm-seasens;thesesensitivitieswere-highest-in-the

sensitivities of Tyma—~/Tu-max) Were significantly higher in arid regions (dry seasons)
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than in-humidity regions (rainy seasons) (Wang and Dickinson, 2013b). Ir-eentrastAs

expected, Ts-min and Ty-min were both less sensitive to variations in the precipitationP.

AsFigs—10-shows-during 1960-2003+The trend in pheprecipitationP from 1960

to 2003 over the 1,977 stations had-showed obvious spatial heterogeneities. China’s

preeipitation-during this-period-shewed-aA slight increasing trend in P was observed in

China during this period at with-an-inereasing-rate of 0.112£0.718 mm 10yr~'_(95%

confidence level). An increasing Preeipitation-P trend was observed in Nerthwestern

northwestern China and Seutheastera—southeastern China-experienced—an—inereasing

trend, whereas a decreasing trend was observed in the preeipitationin-the-North China

Plain, the Sichuan Basin, and parts of Nertheastern-northeastern China-experienced-a

deereasing trend. However, the grend-of precipitationP trends was-were not insignificant

in most regions (see Fies—S4Fig S8). Variations in preeipitation—Phad significantly

differed by seasonal-differences (see Figs—10Fig 6b and Fig 6140c). The seasonal and

spatial eharaeteristies-variations inef these precipitationvariationsP are consistent with

those identified-inof previous studies (Zhai et al., 2005; Wang et al., 2015b).

TFherefore;fFor Tamax and Tsmax, the—reduetion—in—preeipitationaggravated-the

warming trend in the North China Plain, the Sichuan Basin, and parts of Nertheastern

northeastern China was aggravated by the reduction in P, whereas the warming trend
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inerease-in preeipitationprimariyslowed-the-warmingtrendinNnorthwestern China

and en-in the Mongolian Plateau were slowed by increases in P (Figs—10Fig 6d). On

For the national average, the impaet-effect of increasing preeipitation—P resulted in

decreases in the warming trends of Tsmax and Tumax being—deereased-by —0.007 °C

10yr™' and —0.002 °C 10yr~!, respectively. However, eompared—to-SSR;-the impact

effect of preeipitationP on Ty.ma Was smalerby-approximately an order of magnitude

less than that of Ry.—FerFs min-andTFamin—the-impact-of changes—in-preeipitation—was

3.3. Trends of surface and air temperature after adjusting for the effect of SSRR,

and precipitation

Based on the above analysis of the #mpaet-cffect of SSRR; and precipitation-P on

temperatures, we found that the-variations ef-in SSRR; and preeipitation-P had little

effect on Ti.min and Tu-min. However, Ry and P had important effect on the trends of 7.

max and Tymax (se€ Fig S3), particularly in central and South China, where 7 was more

closely related to R; (see Fig S4). FhereforeTherefore, swe-only the effects of R, and P

on Tymax and Ty-max Were analyzedanalyzed-their—impaet-on—Tsmax—andTamax. After

adjusting for the #mpaet—effect of SSRRs and precipitation—P (Figs—HFig 7), the

warming rates of Tsmax and Tumax increased by 0.146 °C 10yr~! (64.3%) and 0.055 °C
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10yr! (33.0%), respectively.

After—adjustingAdditionally, the increasing amplitude of warming rates in the

warm seasons was significantly higher than that in the cold seasons, which resulted in

R

the-a seasonal contrast in warming rates, with —6f Ts.max and Tu-max decreasinged by 45.0% - (meg: 71 bift

and 17.2%_respectively (see Table 1). Fhe—national-mean—warming—rate—of Tqmax

meP%&S%d—b—y—@—l—lS—Gl—@y-‘F' O 2 4%%%%&&%&9‘9‘86% 9 i 0 2 4‘% 9,
inthe-cold seasons—FEor Ty masthe-warming rate-inereased-by-0-069-°C 10w (76.4%)

A HaREy: e R

10yr 'oadecrease of 33.0%:

A HRRE: Fhs

(R 0 R

precipitationP, the spatial coherence of the warming rates of Ts.max and Ty-max in South - (R 71b: Gt

kg

China and the North China Plain clearly improved (Eigs—2Fig 8). The regional

differences between-among the North China Plain, South China, and other regions in

China shrank-significantly due-toedecreased because of the increase in the-warming rates

in South China and the North China Plain. In-additienAdditionally, the warming trends
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of Ty.max and Ty.max became more statistically significant in the North China Plain and

South China (see Figs—S510).

To furtherpreve-thisclearly illustrate these changes, we selected two regions in

China for further investigation: R1 primarily inelades-included the North China Plain

and R2 primarily inelades-included the Loess Plateau -as-shown-in(see —Figs—13Fig

9a). Although tFhese regions share the same latitudes, —Hewever-the trend for SSRR;

were showed-substantially different (see Fig 9b). eontrastingtrends-in-the-two-regions

After adjusting for the impaets—cffect of SSRR, and preeipitationP, the annual

trends e£for Ts-max and Ty-max in R1 increased by 0.304 and 0.118 °C 10yr~!, respectively,

whereas while—those in R2 just—increased by only 0.025 and 0.016 °C 10yr!,

respectively. Therefore, following the adjustment, Fhe-the differences in the warming

rates of Ts-max and Tu-max between R1 and R2 reduced-were significantly reduced after

adfusting-(see Figs—3Fig 9d).

MeanwhileFollowing the adjustment ~in R1, the seasonal and diurnal differences

in the warming rates of Ty and Tuma deereased—significantly_decreased. After

adjusting— i R1—+The differences in warming rates between the warm seasons and cold

seasons decreased by 68.7% for Tsna and deereased-by 50.8% for Ty.ma:_after the
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adjustment. Additionally, tFhe differences in the warming rates between Ts.max and

min decreased by 93.4% and thatbetween Tumax and, Ty-min decreased by 59.6% in R1. In

R2, the adjustment did not significantly change the seasonal and diurnal differences in

temperatures.+ie

stenificantchansesafteradiusting: AlHnalOverall, the trends effor R1 and R2 became

4. Conclusions and Discussion

In—China;—despite—theAlthough a general warming trends has been observed

throughout China, ever—the—entire—country;,—the regional warming trends showed

significant spatial and temporal heterogeneity. In this paperstudy, we analyzed the
spatial and temporal patterns of 7 and 7 from 1960 to 2003 and further analyzed and

quantified the impaet-effects of SSRR, and preeipitation-P on these temperatures. The

main-primary results of the study are as follows.

The national mean warming rates from 1960 to 2003 of Ty.max, Ts-min, Ta-max, and

Tamin were 0.227+0.091, 0.315+0.058—2°C—0s+*, 0.167£0.068—2C—10y+*, and

FEigs—3). Warming-warming rates of Ts-mar and Tamax in South China and en-the North
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China Plain were significantly lower than those in the other regions{see-Figs-4)-, and Fhe the spatial

heterogeneity in the warm seasons was greater than that in the cold seasons.

During the study period, the - SSRR_AS value decreased by —1.502+0.042 W m~2

10yr! (95% confidence level)in-China, with-and higher dimming-diminishing rates
were observed in South China and the North China Plain. Using a partial regression

analysis, we found that SSRR, was the primary cause of the spatial patterns in the

warming rates of Ts-max and Tu-max.

After adjusting for the effect of R; and P, the warming rates of Ty-ma and Tyomey in

South China and the North China Plain significantly increased and the regional

differences in warming rates in China clearly decreased (see Fig 8). After the

adjustments, the warming rates of Ts.max and Tyma in the North China Plain increased

by 0.304 and 0.118 °C 10yr!, respectively, whereas those on Loess Plateau increased

only by 0.025 and 0.016 °C 10yr!, respectively. Therefore, the differences in warming

rates of Tymax and Tymax between the North China Plain and the Loess Plateau were

almost eliminated (see Fig 9d).

After adjusting for the effect of Ry and P, the warming trend of T.nax increased by

0.146 °C 10yr~! and that of T.uax increased by 0.055 °C 10yr~!. In addition, the trends

Of Tymax and Tymax became 0.373+0.068 and 0.222+0.062 °C 10yr~' respectively.
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Reduction in R resulted in decreases in the warming rates of Tsae and Tyomax by

0.139 °C 10yr' and 0.053 °C 10yr', respectively, which accounted for 95.0% and 95.8%

of'the total effect of Ry and P, respectively. For the seasonal contrast, the warming rates

Of Ts-max and Ty-max decreased by 45.0% and 17.2%. respectively. For the daily contrast,

the warming rates of 7y and T, decreased by 33.0% and 29.1%, respectively.After

by-0146-°C10yr "-and-that-of T mex-ihereased-by-0:055-°C10vr *-After adjustments;

the-trends-of Ts maxs Fs-minr Famaxs-and-Tomin-became-0:373-°C 10yr 7-0.315-°C 10yr *;

0:222 °C 10yr+-and-0.356-°C 10yr+ The reduction-of SSRresulted-in-the-warming

In addition to SSRR; and precipitetionP, temperatures® warming rates may be

affected by many other factors, such as land cover and land use changes;-; thathowever
those factors have not been discussed in this study due-tebecause of lack of data;—+e

land-ecoverandtanduse (Liu et al., 2005; Zhang et al., 2016). After adjusting for the

impaet-effect of changes in SSRR; and precipitation-P changes, the spatial differences

in the warming trends clearly decreased; however, seme-certain regional differences

remained. The warming rate of Ts.max in the Sichuan Basin remained significantly lower

than that in other regions after adjusting for these impaetseffects. In
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min and Ta-min between the northern and southern areas were not eannet-be-explained by

the #mpaets—effects of SSRR; and precipitationP,: Further—further study is

neededrequired.
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scales. All trends reported in these figures were calculated using a linear regression

based on the least square method.Fs max{a—€}Fs-minte—H;Fa-maxteDrandFamin-GH

53



D66

067

068

069

070

071

072

B73  the-seasonal-scale—The-correlations-between Tuma-and-SSR-i1-95.4% of the-stations

074 are-statistically-significant-at-the 1%-levelBoth-Ts min-andTamin-Have-no-significant

D75  correlation-with-SSR:

54



076

077

078

079

080

081

082

083

084

085

Ts-max | ©*

Annual Warm Season

Cold. Se.ason. W m2y!

Ts-min | ©

Ta-min |

55



086

087

088

089

090

091

Warm Season

Tregd
R, :
Wm?) 1oy L 0
= -5
ATrend
0.5
TSAITIEX
°C 10yr’!
0
Ta»max
°C 10yr!
-0.5
5
SSR 0
(W m?) 10yr"
o5
Ts-max
°C 10yr‘1
0
Ta-max
°C 10yr”'
-0.5.

Figs-ure 75. Maps of the trends in surface solar radiation (Rs, a—c) and its effect on the

warming rates of daily maximum land surface temperature (Zs.max, d—f) and dail

maximum air temperature (Z4-max, g—1). The first line (a-c) is the trend of Ry from 1960-

2003; the second line (d-f) and the third line (g-i) are the trend changes caused by

56



092

093

094

095

096

097

098

099

000

001

002

003

004

005

secular variations of Rs on Ts.maxr and Tumax. Eq (1) was used to strip away the effect of

R, on temperatures, and we calculated the trend difference (ATrend, d-i) between the

time series of temperatures before and after adjusting for the effect of R;. Finally, the

effect of Ry, on the trends of Tyma/Tu-max Was quantified and analyzed (section

57



D06

D07

008

009

010

011

012

013

014

Annual Warm Season Cold Season

58



Annual Warm Season Cold Season °C 10mm™'
- —— 0

o

-+-0.1

Ts-min |

015

-0.5

D16

017

018

019

020

021

022

023

024

59



1p25

1p26

1p27

1p28

1029

1p30

1p31

Warm Season Cold Season

“ITrend
/ g10

-10
ATrend
‘| g0.1

0.05

-0.05

-0.1

10

-10
0.1

0.05

-0.05

Figures- 186. Maps of the trends in precipitation (P) (a—c) and their effect on the

warming rates for daily maximum land surface temperature (7ymax, d—f) and dail

maximum air temperature (7y-max, g-1). The first line (a-c) is the trend of P during 1960-

2003; the second line (d-f) and the third line (g-i) are the trend changes caused by

secular variations of P on Ts.max and Ty-max. We used Eq (1) to remove the effects of P
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average anomalies of daily maximum land surface temperature (7s-max, blue line) and

daily maximum air temperature (7s-max, red line) for the annual (a), warm (b), and cold

(c) seasonal scales for the reference period from 1961 to 1990. We used Eq (1) to

simultaneously adjust for the effects of surface solar radiation (R;) and precipitation (P)

on Tymax/Tu-max and then analyzed the changes in the interannual variation of Ty ma/Ta-
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P67  Figure 8. Maps of the trends of the monthly anomalies for the daily maximum land
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D69  for the annual, warm, and cold seasonal scales after adjusting for the effects of surface

D70  solar radiation (R;) and precipitation (P). We used Eq (1) to simultaneously adjust the

071  effects of Ry and P on Ts.max/Ta-max and then analyzed the changes in the secular trends
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regions selected for further analysis: R1 (latitude: 30° —40° N: longitude: 110°-120° W)

and R2 (latitude: 30°-40° N; longitude: 100°-110° W). (b) National mean trends for

R1 and R2. (¢) Annual, warm, and cold seasonal scale trends calculated based on the

data before adjustment. (d) Annual, warm, and cold seasonal scale trends calculated

based on the adjusted data (Wang et al., 2015a), which did not include the effect of the

R; variations. All error bars indicate the 95% confidence interval.

Table 1. Warming rates (unit: °C 10yr™") of the temperatures (Zmax

for the annual, warm and cold seasonal scales. Raw and Adjusted represent the warming

rates calculated for the data before and after adjusting for the effect of surface solar

radiation (R;) and precipitation (P), respectively. In Method |, the national mean

anomalies were calculated first and then the national mean trend based on this time

series was calculated. In Method |1, the trend of each grid was calculated first and then

the national mean value of the trends of all grids was calculated using the area-weight

average method. We calculated the national mean trends of the temperatures using both

methods.

Ts-max Tg-min Ta-mux Ta-min

Annual 0.227+0.091 0.315+0.058 0.167+0.068 0.356+0.057
Warm  0.172+0.103  0.221£0.054 0.0914+0.056  0.245+0.049

MethodI  Raw
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1102

1103

1104

1105

1106

1107

1108

1109

1110

111

Cold 0.354+0.149 0.44740.101 0.294+40.123  0.505+0.098
Annual 0.373+£0.068 - 0.222+0.062 -
Adjusted Warm  0.350+0.064 - 0.160+£0.046 -
Cold 0.450+0.119 - 0.329+0.114 -
Annual 0.25440.197 0.328+0.094 0.18340.103 0.368+0.082
Raw Warm  0.19340.285 0.235+0.095 0.10440.109 0.256+0.081
Cold 0.321+0.267 0.41540.159 0.264+0.167 0.476+0.139
Method I1
Annual 0.401+0.137 - 0.23940.086 -
Adjusted Warm  0.374+0.173 - 0.174+0.082 -
Cold 0.43240.208 - 0.304+0.152 -

Units: °C 10yr~!. £95% Confidence interval.
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