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Abstract: Lake surface water temperature (LSWT) is an impartactor in lake ecological environments. It has
been observed that LSWT have followed an upwarttitie the last half century, which has had serimmacts on
regional biodiversity and climate. It is importaotunderstand the main reason for this phenomenordeer to have

a basis for controlling and improving the regioeeblogical environment. In this study, the contiid rates of near
surface air temperature (NSAT), surface pressupg, (&irface solar radiation (SSR), total cloud c¢v&cC), wind
speed (WS) and Secchi depth (SD) to LSWT of 11 rafyuformed lakes in the Yunnan-Guizhou Plateag ar
quantified. The characteristics of and relationsltiptween the various factors and LSWT in lakediftdrent types
and attributes are revealed. The results show {hafrom 2001 to 2018, most lakes were warming;¢hange rate
of LSWT-day was higher than that of LSWT-night. Thean comprehensive warming rate (MCWR) of LSWT-day
was 0.42(]/decade, and the mean comprehensive change rate (M@&R).31/decade; the MCWR of
LSWT-night was 0.191/decade, and the MCCR was 0/0decade. NSAT and SSR were most strongly correlated
with LSWT-day/night. There were no large seasoifégrénces in the correlation between NSAT and LSuWY,
while seasonal differences in the correlations BetwNSAT with LSWT-night and SSR with LSWT-day/rtigh
were observed. (2) NSAT and SSR were the most impbifactors affecting LSWT-day/night changes, with

contribution rates of 30.24% and 44.34%, respelgtileSWT-day was more affected by SP and SSR inlIsmal
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shallow, and low-storage lakes. For larger lake3\MT-day was more affected by WS, while LSWT-niglatsw

greatly affected by TCC. Urban and semi-urban lakeewnore affected by SSR and NSAT; for natural lattes

decreasing SD affected the increases in LSWT, wihindirectly reflects the impact of human activities

LSWT-day/night responded differently to differentorphological characteristics of the lakes and dffie

intensities of human activity.

Keywords: Lake surface water temperature; Plateau laken#nrGuizhou Plateau; Driving factor; Contribution

rate

1 Introduction

Lakes are important ecological resourcBse ecological environment of lake is not only assted with the

quality of the regional ecological environment blgo the sustainable development of cities (DokR0lL4; Zhang

et al., 2015). It can also reflect the status efrégional environment (Dokulil., 2014). Water targiure is a basic

physical property and an important environmentaldition. It affects the metabolism of organismalgin the lake

as well as the decomposition of organic materasl, determines the primary productivity of lakebg®na et al.,

2007). Lake surface water temperature (LSWT) caectly reflect the material and energy exchangegsses of

the water-land-atmosphere system, and can alse asran indicator of climate change and humanitesi(Yang

et al., 2019; He et al., 2019; Weber et al., 2@Reilly, 2015; Zhang et al., 2016). Changes int8&T would

have a dynamic and complex fatal impact on the ipaisbiological, and chemical processes occuritintpe lake

ecological environment (Adrian et al., 2009; O'Redt al., 2015). In the past 30 years, the LSWTso$t lakes

around the world have risen rapidly at an average of 0.34_/decade, which could lead to ecological problems

such as the prolongation of the cyanobacteria lseitgrowth period and the aggravation of eutropiooca
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environmental problems such as the prolongatiornthef lake thermal stratification period, the inceeasf

thermocline depth and strength, and hypoxia abtittom of lakes with increased(O'Reilly., 2015).

The rise in LSWT caused by climate change is &lsanle and long-term effect, which has been aoefir by

many studies conducted around the world (O'Reillpalet2003; O'Reilly et al., 2015). However, SOmees

ecological environmental problems associated waikie$ have been driven by short-term environmeptaditions.

Missaghi et al. (2017) found that the MinnetokaN'Bincreased up to 4 during the ice-free seasons, resulting in

a significant reduction in the size of the frestevdish habitat. O'Reilly et al. (2003) showed ttiegt Tanganyika

LSWT had been increasing at a rate of O/tlecade since 1913 with climate warming and rediomad speed

reduction. This warming had also affected the §tglf the lake, as a result of which, the primargductivity may

have decreased by about 20%, implying a roughly 8@¥sease in fish yields. At the same time, lakemirg

would lead to an increase in the frequency of cpacteria bloom outbreaks by 20% (O'Reilly et al1%0Sharma

et al. (2015) constructed a dataset of climateedsi{near surface air temperature, surface sothatian, cloud

cover) and lake morphology parameters (longituakituide, altitude, lake area, etc.) that affect8§\MT changes in

291 lakes worldwide (Sharma et al., 2015). Basedhindataset, O'Reilly et al. (2015) demonstrateat the

regional near-surface air temperature and geomtwghdad a greater impact on LSWT than other factschmid

& Koster (2016) showed that increases in near-sarfir temperature and surface solar radiation wWeremain

reasons for the increase in LSWT in spring and semwith contribution rates of 60% and 40%, respebt. In

addition to near-surface air temperature and ser§atar radiation, several other factors have bésn shown to

affect the LSWT (Schmid & Koster., 2016). Increasédd speed tended to decrease the LSWT due tedsed

evaporation (Tanentzap et al., 2008; Valerio et 2015; Woolway et al., 2018). Secchi depth carused to

calculate the light attenuation, and stronger ligit¢nuation was found to cause the LSWT to risspiing and

summer, but the shallower thermocline caused thWT® fall faster in autumn (Heiskanen et al., 20d6cking &
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Straskraba., 1999; Rinke et al., 2010). In particll8WT values in daytime or nighttime showed difigt warming

characteristics, and need to be considered separaspecially in small and shallow lakes (Wan ket 2017;

Woolway et al., 2016).

To sum up, the observation that LSWTs are graduddiyyg has become a consensus in the academic

community. Climate warming was the main factor legdio increasing LSWTSs, but the impact of diffeesién

spatial heterogeneity on LSWT is also worthy oflepth study. Therefore, based on previous resé¥anig et al.,

2016, 2017, 2018, 2019), the 11 naturally forméedan the Yunnan Guizhou Plateau were selectesttfly, the

LSWT change characteristics from January 2001 toeBer 2018 were analyzed, the contribution ratesxo

factors (near surface air temperature, surface sathation, etc.) were quantified, and the chanastics and the

relationships of those six factors to differentdadttributes and lake types are discussed. Thig wmvides

methodological reference and theoretical supparttfe analysis of the spatial heterogeneity ofaegi LSWT

increases.

2 Data and methods

2.1 Study area

The Yunnan-Guizhou Plateau is one of the most typieasklandforms in the world. The 11 naturally focme

plateau lakes support abundant natural resourtessd ethnic cultures, and unique ecological @mvirents in the

Yunnan-Guizhou Plateau. The differences in lakettdegutrophication, water quality, and land useetym the

watershed can provide abundant research sampleseTakes reserve nearly 5% of the freshwater resswf

China. They all have a surface area of more tham#5including nine lakes in Yunnan Province (Diandihai,

Fuxian, Chenghai, Lugu, Yilong, Qilu, Xingyun, andngzonghai Lake), 1 in Guizhou Province (Caohai ),aked

1 in Sichuan Province (Qionghai Lake). The nameabraajor characteristics of these lakes are shovifable Al

4



and Table A2, respectively, and their geographmedtions are shown in Fig. 1. Among these lakesjdn and

Lugu Lakes are the second and third deepest frashigkes in China, while Dianchi and Erhai Lakes the first

and second largest freshwater lakes in Yunnan Reevirespectively. Chenghai Lake is the second sarge

freshwater lake in western Yunnan Province, anch@iai Lake is the second largest freshwater lakgichuan

Province. Dianchi, Erhai and Fuxian Lakes eachasmsaface area of more than 200kwhile the other lakes have

an area of less than 80 kemch. From 2005 to 2018, the eutrophication stftisanchi Lake was hyper eutropher,

Fuxian and Lugu Lakes were oligotropher, 3 laketofyg, Qilu and Xingyun Lake) were middle eutrophend the

other 5 lakes were mesotropher. The annual meaBWT-day of 4 lakes (Chenghai, Lugu, Yilong, and 1§gjbai

Lakes) was higher than 20 °C, while that of LSWThigf 2 lakes (Lugu and Caohai Lakes) was lower t&nAC

(Table A2).
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Fig. 1 The location of study area.

2.2 Data sources

This study collected data, including lake surfacatew temperature (LSWT), near surface air tempezatu

(NSAT), surface pressure (SP), surface solar radigBSR), total cloud cover (TCC), wind speed (W8} Secchi

depth (SD) from January 1, 2001 to December 31828pecific descriptions of the data are preseintd@able A3.

For this data set, LSWT values were extracted f@D11A2 remote-sensing images, which were 8-day and

1-km resolution MODIS/Terra LST level 3 synthetiogucts, obtained by the NASA Earth Observationt&ys

Data and Information System (EOSDIS). The Modis Bggetion Tool (MRT) resampled the data into the G&oT

format, re-projected, created mosaics, and repldwdloud-affected cell values with Null (Wan &t 2017). The

time distribution of missing values for remote segsmages is shown in Fig. Al. Missing pixels wéitied by

linear interpolation, and the average bias wasdaanbe 1.211] (RMSE = 2.21, R= 0.82). Secchi depth was

derived from MODO9GA remote sensing images, whienendaily and 500-m-resolution synthetic produdth w

MODIS/Terra’s surface reflectance level-3. A lorigpg-term memory (LSTM) network was used to detivese

values with a high accuracy (Bias = 0.21 m, RMSEI4OMAE = 0.11), and the method used for this scdéed

detail in Appendix B. The data for near-surfacdeiinperature (Bias = 1.21), surface pressure (Bias = 131.16 Pa),

surface solar radiation (Bias = 48.28 \Wyntotal cloud cover (Bias = 9.32%), and wind spg&ids = 1.91 m/s) were

obtained from the ERA-Interim dataset from the EeampCentre for Medium-Range Weather Forecasts (ECMWF),

and wind speed values were calculated fronutaedv wind speed components (10-meter u/v-wind compgnast

shown in Eq. (1). SpecificalljvVg is the wind speed on th# day, whileu andv are the 10-meter u/v-wind

components, respectively.

WS= 1P ®



119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

2.3 Methods
2.3.1 Trend analysis method

Theil-Sen slopeTSyqpe) €Stimation is a nonparametric estimation mettizd was used here to estimate the
change rate (CR) of time-series data. This estimatigthod can handle censored regression modelssand i
insensitive to outliers. For skew and heteroscézldata, it is more accurate than non-robust sidipéar regression,
even for normally distributed data, and non-robbeast squares. This method has obvious advantes@scially for
data with chaotic properties. The expression ferftheil-Sen slope is given in Eq. (2), wherian is the median
function,x; andx; are series daté,andt; are the time points corresponding to the seriés, das the series length,
andi andj are the series numberj<n). WhenTSgqe > 0, this indicates an upward trend; otherwisimdicates a
downward trend. The higher the valueT8d,.|, the stronger the trend.

L XX
T%ope=medlan(tj7i) 2)

In order to express the change rates of parametelifferent scales, this paper uses a comprehertiange
rate (CCR), which avoids the limitations of a singraehsion. The comprehensive change rate was ctdduds the
average of the annual change raig,), the seasonal (spring, summer, autumn and winkefge rateTSxeason),
and the monthly (January to December) change T&g,), as shown in Eq. (3), whengean represents the mean
function and the mean comprehensive change rate (MGER)e average CCR of 11 lakes. For the mean

comprehensive warming rate (MCWR), only the warmaigs are considered and the cooling rates arededlu

TSC omprehensive— mean(TSyea, +T%ason +T3nonth) (3)
2.3.2 Contribution analysis method
TheAR? values of multivariate regressions were used lmutzte the contribution rates. A detailed desaript

of this analysis method is presented in Appendix2B (Multivariate regression analysidR® can be used to
7
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describe the explanatory power of a newly addedprddent variable to the dependent variable, agrshioEq. (4).
Here,Reore is theR? of the original regression model aRf},, is theR? of the regression model after adding the

new independent variable.

A R2=R§fter - I'_\%efore (4)

2.3.3 Correlation analysis method

Pearson’s correlation coefficient is one of thermostused to describe the relationships among dhniabies.
This comparison method uses the covariance mdttixeodata to evaluate the strength of the relatignbetween
two vectors. Normally, the Pearson’s correlatioeficient between two variables andg; can be calculated as
shown in Eq. (5), whereov(a;,0) is the covariancejar () is the variance of;, andvar(e;) is the variance od;.

Pearson'’s correlation coefficient was also usettdss-correlation analysis (Podobnik et al., 2008).

cov(o;,a)

1 A—/ar(ai)xvar(aj) ©)

R(O(i iaj) =

3 Results
3.1 Characteristics of Lake Surface Water Temperatte

The LSWT of the 11 lakes showed an overall upwamadd, and the warming rate of LSWT-day was highant
that of LSWT-night (as shown in Fig. 2 and Fig. AR) LSWT-day, Lugu and Yangzonghai Lakes showed a
downward trend, while in LSWT-night, Qilu, Xingyuand Yilong Lakes showed a downward trend, amoniglwh
Qilu and Yilong Lakes exhibited particularly shalgclines (as shown in Table A4).

(1) Monthly Analysis

From 2001 to 2018, the monthly mean LSWT-day vabfééangzonghai and Lugu Lakes showed a downward

trend (CRzy. =-0.141/decade, CR; =-0.27J/decade) with a mean cooling rate of -0.2 °C/dec@de.remaining
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nine lakes showed an upward trend with a mean warmate of 0.41 °C/decade and a mean change rate of

0.3 °C/decade. The monthly mean LSWT-night in falek (Dianchi, Xingyun, Qilu, and Yilong Lakes) sleal a

downward trend (CR; =-0.01[]/decade, CR, =-0.12[1/decade, CB =-0.46(/decade, CR =-0.98(1/decade)

with a mean cooling rate of -0.39decade. The other 7 lakes showed an upward tréhcavnean warming rate of

0.17 [/decade and a mean change rate of -Ol@cade. In LSWT-day, all lakes showed a downwaedd from

December to April and an upward trend in the othenths (from May to November). In LSWT-night, 1kéa

showed an upward trend in May and September tobl@ct@nd a downward trend in the other months efytar

(January to April, June to August, and Novembdbéaember).

(2) Seasonal analysis

From 2001 to 2018, the mean LSWT-day in 2 lakesn@¢anghai and Lugu Lakes) decreased

(CRyzy.=-0.03 [I/decade, CR; =-0.25 [1/decade) and the mean cooling rate was -0/ldecade. The mean

warming rate in the other lakes (9 lakes) was 0l4ecade and the mean change rate was(O0/@dcade. The mean

LSWT-night in 3 lakes (Xingyun, Qilu, and Yilong kes) decreased (GR=-0.06 [l/decade,

CRq =-0.261//decade, CR =-0.89[1/decade) with a mean cooling rate of -OA4lecade, while the other lakes (8

lakes) showed an upward trend with a mean warmatg of 0.28)/decade and a mean change rate of

0.09[I/decade.

In the spring, the mean LSWT-day of four lakes (d#nghai, Lugu, Qionghai, and Caohai Lakes) showed a

downward trend (CR, =-0.84[1/decade, CR; =-1.27(//decade, CBy =-0.11/decade, CR\y =-0.65(1/decade),

while the other 7 lakes showed an upward trend withean warming rate of 0.64decade, mean cooling rate of

-0.71J/decade, and mean change rate of Olidecade. The mean seasonal LSWT-day of 2 lakesi(&rid Lugu

Lakes) showed a downward trend R=-0.53J/decade, CR; =-0.62(1/decade), while the other 9 lakes showed

an upward trend with a mean warming rate of 0/8ecade. The mean cooling rate was -0.88ecade, and the
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mean rate of change was 0.68lecade. In autumn, these lakes all showed an waptramd in LSWT-day, with a

mean warming rate of 0/7/decade; in winter, the LSWT-day of four lakes (famx Qilu, Yilong, and Caohai Lakes)

showed an upward trend (R=0.08 [I/decade, CB,=0.28 [l/decade, CR, =0.06 [I/decade,

CRcan=0.3411/decade). The other 7 lakes showed a downward,trétida mean warming rate of 0.19decade,

a mean cooling rate of -03/decade, and a mean change rate of -O/t2cade.

The mean LSWT-night in spring of 2 lakes (Qilu aiYdlong Lakes) showed a downward trend

(CRg=-0.51]/decade, CR =-0.62[I/decade), while the other lakes (9 lakes) showedpavard trend, with a

mean warming rate of 0.17/decade, a mean cooling rate of -0.3%decade, and a mean change rate of

0.350//decade. The mean LSWT-night in summer of 4 lakesgzonghai, Erhai, Lugu, and Caohai Lakes) showed

an upward trend (Cfzy.=0.07 [/decade, CRy.=0.05[1/decade, CR; =0.2 [l/decade, CRyy.=0.37 [I/decade),

while the other 7 lakes showed a downward trenth wimean warming rate of 0.17decade, a mean cooling rate

of -0.52(1/decade, and a mean change rate of -Ol2iecade. The seasonal mean LSWT-night of 2 lakésnyy

and Qionghai Lakes) showed a downward trend inmaot{CR,  =-0.49(/decade, CRy.=-0.19//decade), while

the other nine lakes showed an upward trend, witlean warming rate of 0/5/decade. The mean cooling rate was

-0.34)/decade and the mean change rate was/O/@&cade. The seasonal mean LSWT-night of five |éRemnchi,

Xingyun, Qilu, Yilong, and Qionghai Lakes) in wintshowed a downward trend (gR=-0.02 [J/decade,

CRyy.=-0.09(//decade, CR, =-0.5811/decade, CR =-1.05//decade, CBy =-0.08(l/decade), while the other

six lakes showed an upward trend. The mean warmaig was 0.19/decade, the mean cooling rate was

-0.361/decade, and the mean change rate was 0/@écade.

(3) Annual analysis

The annual mean LSWT-day in Lugu Lake showed a awant trend (CR; =-0.02 [J/decade). The mean

warming rate of the other lakes was O.4f8lecade, and the mean change rate wasO/décade. The annual mean

10
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LSWT-night in 2 lakes (Qilu and Yilong Lakes) shalvea downward trend (GfR.=-0.27 [l/decade,

CRy L =-0.61[1/decade) with a mean cooling rate of -O.4dlecade. The other lakes showed an upward tretia, wi

a mean warming rate of 0.24decade and a mean change rate of Q/t2cade.

(4) Comprehensive change rate analysis

The comprehensive change rate of LSWT-day in 2slgkangzonghai and Lugu Lakes) showed a downward

trend (CRzy. =-0.11/decade, CR; =-0.25(]/decade) with a mean cooling rate of -0.1/decade. The other lakes

showed an upward trend with a mean warming ra@e4#( //decade. The mean change rate was 0/8&cade. The

comprehensive change rate of LSWT-night in 3 Igkésgyun, Qilu, and Yilong Lakes) showed a downwaehd

(CRyyL=-0.1[/decade, CR =-0.4[)/decade, CR =-0.94(]/decade) with a mean cooling rate of -0.48ecade,

while the other lakes showed an upward trend witiean warming rate of 0.19/decade. The mean change rate

was 0.01]/decade.
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Fig. 2 LSWT-day/night trend for 11 lakes. The comprehemshange rate was represented by marks (circtés an

triangles) size, and the trend was representedfieyeht colors.

3.2 Correlation and contribution rate

3.2.1 Correlation analysis

The Pearson’s correlation coefficient analysis ltesfor six factors for each lake and the monthlgam

LSWT-day/night are shown in Fig. 3. For the 11 Bkée correlation between NSAT and LSWT was tlghdmst

(RnsaT-day0-83, Risat-nign=0.81), followed by that between SSR and TCCssfRay0.46, Rcc.day0.54,

Rssr-night0.66, Rccnigh=0.38). SD was the lowest §Rga-0.017, Rp.qgn=0.026), while SP and WS were

negatively correlated @R_ga7-0.46, Rys.day-0.19, Rpnight-0.32, Rys-nighe-0.19).

According to the analysis for each lake, the factoith Pearson’s correlation coefficients highentl®.6 were

considered as high correlation factors (as showlraliie A5). For LSWT-day, the most highly correthfactors of

Yilong and Caohai Lakes were found to be SP, SSRNS8WT; for Xingyun and Yangzonghai Lakes, SP and

NSAT; for Qilu Lake, NSAT; for Lugu Lake, SSR; afat the other five lakes (Dianchi, Fuxian, Erhai,eBghai,

and Qionghai Lakes) the high correlation factorsenf@und to be NSAT and TCC. For LSWT-night, the high

correlation factors of Yilong Lake were SP, SSR H&AT, those of Fuxian and Chenghai Lakes were N3idse

of Erhai Lake were NSAT and TCC, and those of themthlakes (Dianchi, Xingyun, Qilu, Yangzonghaigiul

Qionghai, and Caohai Lakes) were SSR and NSAT.

Of the correlations between different factors ai®l\[T-day (as shown in Fig. A3(a) ~ (f)), those of &il

TCC were lower, but relatively higher in summer; ¢no$ SSR and NSAT were higher, especially in winber,

lower in summer and autumn; those of SDs in alf &rasons were close, slightly higher in winted eslatively

lower in spring and summer; that of WS was lowesummer, but higher in other seasons.
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In terms of the correlations between differentdestand LSWT-night (as shown in Fig. A3(g) ~ (t)e four

seasons resulted in clear changes, except for 8DV& The correlation with SD in spring was lowait higher in

autumn and winter. The correlation with WS was bigin spring, but the correlation values in othesons were

close. In autumn, SP showed an opposite correlatiompared to the other seasons, that is, highautiamn and

lower in other seasons. The correlation coeffideritSSR were closer in autumn and winter, as virergetin spring

and summer. The correlation with NSAT was highewinter, lower in summer, and close in spring antian.

The correlation coefficients of TCC were close in menand winter, but higher in autumn.

Cross-correlation analysis results are shown in &a8, and all factors were found to be statisticall

significant (<0.05) except SD. In general, TCC exhibited a firsteo lag, SSR and SP for LSWT-day exhibited

first-order lead, SSR exhibited"®rder lag for LSWT-night, and WD exhibited’@rder lag (for LSWT-day) and

8"order lag (for LSWT-night). The different factommost maintained the same time-lag at differeatesc It is

necessary to mention that SP exhibited a diffetiem-lag in each lake type. In terms of LSWT-dd thatural

lakes (Yang et al., 2019) were different from ttihen types. Urban and semi-urban lakes (Yang et2all9)

exhibited §-order lag, while natural lakes exhibitet+drder lead. For LSWT-night, semi-urban and natlaiés

were close, with ¥4M-order lag respectively, while urban lakes show&tofder lead. The trend in the

cross-correlation coefficients was almost saméaisih the Pearson’s coefficients, but the valuesevhigher.

 LSWT-night

| |
: SSR | NSAT ! TCC | |
mm Dianchi Lake 8 Fuxian Lake ®2Xingyun Lake = Qilu Lake BmYilong Lake m8 Lugu Lake ®® Erhai Lake

= Qionghai Lake mm Caohai Lake =@Yangzonghai Lake ®m Chenghai Lake Confidence interval (95%)

Fig. 3 The Pearson’s correlation coefficient analysisiitedor six factors of each lake with monthly mean

LSWT-day/night.
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3.2.2 Contribution rate analysis

The overall contribution rates of each factor toWBday/night are shown in Fig. 4. The multiple Bme
regression equations are shown in Table A7 (Eq) (AfA2)).

In these equationESWTy,, andLSWT,iq represent LSWT-day and LSWT-night, respectivelyoTequations
can express the contributions of six variables3od\MT-day/night, which were 61.94% and 64.40%, respely; the
remaining 38.06% and 35.60% contributions arelatteid to other factors. For LSWT-day, NSAT, SSR, a6€C
contributed 42.79%; for LSWT-night, NSAT and SSRtcbited 44.34%; for LSWT-day and LSWT-night, NSAT
contributed the most (Cony =18.50 %, ConRyy = 30.41%), followed by SSR (Cogfg=11.74 %, ConRyn
=13.93 %), while WS contributed the least (CegR6.11 %, ConRgn = 0.00%).

The mean contribution rates of the six factors 8AIT-day/night were found to be 81.02% and 75.96%,
respectively, and that of NSAT was the highest ®gyF 34.85%, ConRy = 32.77%); SSR and TCC exhibited
the second highest rates (C@aR¢a713.62%, CoNBsg-nigric21.88%, CoNRec.4ay16.05%, ConRec nigh=8.84%);
that of SD was the lowest (Cog= 0.19%, ConRgn = 0.17%). For LSWT-day, NSAT, TCC, SSR and SP wege th
main impact factors (ConR,= 76.16%). For LSWT-night, NSAT and SSR were thé@rmapact factors (ConR, =
54.65%). For all 11 lakes, the contribution ratesaxh factor to LSWT-day/night were differentsaewn in Table

A8. The variables with contribution rates higheartti0% were regarded as the main impact factors.

Q@ s
s, == SSR

EINSAT
LSWT-day COTCC
= SD
E WS
B Other

LSWT-night

Fig. 4 The overall contribution rate of six factors toW3-day/night for 11 lakes.
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270 4 Discussion

271 From 2001 to 2018, the LSWT-day/night values of imlakes showed a warming trend. The mean

272 comprehensive change rate of LSWT-day was 0lBdecade, which is approaching global lake warmiigs

273 (O'Reilly.,, 2015). The mean comprehensive change @it LSWT-night was 0.01(l/decade, the mean

274  comprehensive change rate of NSAT was Q.28ecade, and the mean comprehensive change raiSAdf and

275 LSWT-day were relatively close. The rising trend-8WT-day in the 11 naturally formed lakes was ¢stesit with

276  that observed in most lakes in the world (O'Reitigle 2015). The governance plan for urbanizagigpansion put

277  forward by the government had a certain impact B8RVI changes in the watershed. The average altititiee

278 Yunnan-Guizhou Plateau is about 1881 m, and thar satliation in the east is lower than that in west. The

279 distribution of solar radiation is relatively unifa in each month of the year. The population distion is relatively

280 concentrated in the low-altitude areas of centndlsoutheast Yunnan. With serious urbanizationesansion, the

281 number of impervious surfaces increased, resulimincreased runoff temperature. The influence ofmban

282 activities had caused changes in the regional $amfhce temperature, humidity, air convection, atieer factors

283 related to urban surface area, resulting in urbeat fsland and rain island effects (Lawrence., 19auregui &

284 Romales., 1996; Adamowski & Prokoph., 2013), whicluirn affected the LSWT. Furthermore, in the phisty

285  years, the total area of lakes in the Yunnan-GuiZhlateau showed a trend of rising first and tladimfy, which was

286 mainly attributed to the four-year lingering drotigind man-made damage to the lake environment 2@d9 to

287 2012 (Xiao et al., 2018). The main reason for theréase in lake area was urban expansion, andlakeage

288  would also cause the LSWT rise. The spatial hetareigy of the LSWT changes was related to lake halggy

289  parameters (Woolway & Merchant, 2017, 2018) anddwactivities (Yang et al., 2019).
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4.1 Lake surface water temperature variation charateristics of Different lake types

In previous studies (Yang et al., 2019), the 1®$aonsidered here were divided into three typdsirulakes

(Dianchi and Qilu Lakes), semi-urban lakes (ErNdpng, Qionghai, Yangzonghai, and Caohai Lakes) raauiral

lakes (Fuxian, Xingyun, Lugu, and Chenghai Lakes)tlids basis, LSWT-day/night change trends in dffi lake

types were analyzed (as shown in Fig. 5). For LS¥8Y; all the three lake types exhibited rising ealuthe

comprehensive warming rate of urban lakes was hidiza that of the others, and the warming rateseofi-urban

and natural lakes were almost the same (GR.58 [1/decade, CR, =0.25[1/decade, CRR =0.26[1/decade). For

LSWT-night, urban and semi-urban lakes showed dirgpdrend, while natural lakes showed a warmirgner

(CRy =-0.1911/decade, CR, =-0.0039(//decade, CR =0.12[1/decade), and the cooling rates of Qilu and Yilong

Lakes were higher (Cf, =-0.4 [ 1/decade, CR =-0.94(1/decade). Apart from these lakes (Qilu and Yiloragés),

urban and semi-urban lakes showed warming trends, €CR03 [/decade, CR; =0.23[1/decade).

Considering the correlations between each factorL&8WT-day, the seasonal differences in SP and NSAT

were small, while the values for urban and semaartakes were higher than those of natural lakbe. SD of

natural lakes was higher than that of the othezdaknd the WS of semi-urban lakes was highercedlyein the

winter. SSR and TCC changed greatly with the seado&.SER was higher in spring and winter for nataieds$,

while summer and autumn showed higher values foaruand semi-urban lakes. For TCC, semi-urban lakes w

higher in spring, natural lakes were higher in sanmrban and semi-urban lakes were higher in wiated TCC

showed little variation in autumn. SP and NSAT waasely related to the urban heat island effectaphowski &

Prokoph., 2013) and were greatly affected by huawivities, so natural lakes showed lower values tihe other

lakes. The SD of the natural lakes was higher thadluctuation range was larger than that of tiveiolakes, so the

correlation coefficients of SD for urban and semban lakes were lower. Most of the semi-urban lake® located

in the southern part of the Yunnan-Guizhou Plateduich is the low-altitude region. WS was affecbgderrain and
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climate, and values were smaller (Fan & ThomasL320Nith dense cities, WS and LSWT were more &fi¢dy

human activities, so the correlation was highen tfoe the other areas. TCC was closely related tadheisland

effect (Lawrence., 1971; Jauregui & Romales., 19@8)inter, urban heat emissions were higher thasttier areas,

so the natural lakes exhibited lower values.

In LSWT-night, there were little seasonal differeedor SP and SD. SP was higher in natural lakesy&s

higher in urban and semi-urban lakes, and SSR vwgmehin natural and urban lakes. NSAT was highethi

natural lakes, WS in summer was higher in naturdl@aban lakes, and changed little in the othezdakhile WS

was relatively higher in the natural lakes. TCC clehmore. In spring and summer, urban and semi-ueieas

exhibited higher TCC, autumn was gentle, and in wiliteC was higher for natural lakes. The intensithofan

activity is greatly reduced at night, but still r@ims much higher in the urban areas than in ottearsag(Cao et al.,

2009), especially in summer and autumn; thereforean and semi-urban lakes were more affected lbyahu

activities. NSAT was more sensitive to human atiéigithan LSWT (Ye et al., 2013). The correlatictvieen

LSWT-night and NSAT (urban and semi-urban lakes3 lesver than for natural lakes, and the influentceuman

activities at night cannot be ruled out. NSAT imagban areas at night was affected by fewer ddwtors, so the

correlation coefficient for natural lakes was highe
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(a) SP-day (b) SSR-day (c) NSAT-day (d) TCC-day

NL SUL SUL NL

(e) SD-day (g) SP-night

UL UL

1 1

NL SUL sUL NL & SUL NL SUL

(i) NSAT-night (j) TCC-night (k) SD-night

uL

SUL NL NL SUL SUL
—Spring e SUMMET - Autumn Winter = Pearson correlation coefficient=0
327 Note: UL = Urban lake; SUL = Semi-urban lake; NL = Natural lake

328 Fig. 5 The Pearson’s correlation coefficient analysisiitesor six factors of each lake type with seas$omean

329  LSwT-day/night.

330 In terms of the contribution of each factor to tHWT of different lake types, the regression equregiare

331 shown in Table A7 (Eqg. (A3) ~ (A8)), and the cotiiion rates are shown in Table A9. The overallidbuation of

332  the six factors for the three lake types was highan 60%, while the urban lakes exhibited the @sglvalues

333 (ConRy.4ay=83.60%, ConRg.ngn=78.49%). For urban and semi-urban lakes, the fiagiors affecting LSWT-day

334 were found to be SSR, NSAT, and TCC, of which NSAT tis@smost important impact factor (ConR43.49%,

335 ConRsy=38.12%). SSR and NSAT were found to be the maitofa@affecting LSWT-night, with contributions

336 reaching 65.95% and 56.52%, respectively. For abtakes, the impact of the six factors on LSWT-dag small.

337 The main contributing factors were SP, SSR, TCC, dndT&e contribution rate of the main factors waslB%.

338  SP, NSAT, and SD were determined to be the matofaaffecting LSWT-day, with a contribution ratiséa.56%.

339 Schmid & Koster (2016) showed evidence that SSRNSWT were the main influencing factors of LSWT, dhdt
18



340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

the contribution rate of SSR was ~60%, while tha8iSAT was ~40%. These results are slightly diffefesm ours.

The above results show that the driving factorstaed contributions are not the same for differgmpies of lakes,

which might be related to the intensity of humativity and the distribution of differences in lakerphology.

4.2 Lake surface water temperature variation charateristics with different morphological

Becker & Daw (2005) and Woolway & Merchant (201718pshowed that the morphological characteristics

of lakes had a significant impact on LSWT, andrtian influencing factors included lake area, deptid storage.

In this paper, the 11 lakes were divided into thypes by K-Means clustering with these factorstamwnn in Table

A10. The areas of Fuxian, Dianchi, and Erhai Lakesall greater than 200 Rnwhile the areas of the other lakes

were within 25~80 ki The storage and depth of Fuxian Lake are the bigbfethe 11 lakes. Dianchi and Erhai

Lakes are close to the urban area. In LSWT-dayn@ig Erhai, and Fuxian Lakes were mainly affedigdSAT,

TCC, and WS, while NSAT and TCC had particularly higbntcdbution rates (ConRar-=28.57%,

ConRysa13=37.20%, ConR-c=23.30%, ConR-c=26.91%), while other lakes were mainly affected3®; SSR,

NSAT, and TCC, of which NSAT had the highest contifmurate (ConRsar:=35.06%). In LSWT-night, Dianchi,

Erhai, and Fuxian Lake were mainly affected by S8R MSAT. Under the impact of TCC, NSAT had a high

contribution rate (Confgar=27.05%, ConRsat:=38.13%), while other lakes were mainly affectedI8R and

NSAT, with a contribution rate of 56.02%. Evenhiétattributes of the lakes were different, NSAT wstisthe most

important factor affecting LSWT, and SSR was th@sdanain factor. In the small, shallow, and lowratee lakes,

LSWT-day was more affected by SP and SSR. For lakgss (Fuxian, Dianchi, and Erhai Lakes), WS hgdeater

impact on LSWT-day/night.

In summary, considering the dual impact of humdivities and climate change, urban and semi-urb&ad

more strongly influenced by human activities wemarenaffected by SSR and NSAT. And the contributiohthe
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six factors were higher in these two lake typedidating that the urban heat island effect caugatidexpansion of

impervious surface area and the increase in suriaweff temperature in the areas with more humdivities

resulted in higher LSWT warming rates. For LSWT-daZC was also a factor with great influence. More

cloud-enhanced atmospheric counter radiation amosgtheric insulation enabled NSAT to stay in a aigitate.

For natural lakes, SP and SD were both importartofa for LSWT. SD can directly reflect the wateraity of a

lake and indirectly reflect the changes in lakeawauality caused by human activities. The impddiSAT on

LSWT-day was smaller, which indicates that lakesewmore sensitive to natural factors in the casess point

source pollution and a lake less affected by huawtivities. Moreover, the higher contribution rateSD also

reflected the fact that lakes were more affectetdlopans.

5 Conclusion

Based on the dataset of LSWT-day/night, SP, SSR, NSAIC, WS, and SD, this paper analyzed the

LSWT-day/night values of the 11 major naturallyrfiad lakes in the Yunnan-Guizhou Plateau from Jarli&2001

to December 31, 2018, explored the main drivingpiacaffecting the change of LSWT-day/night, andmified the

impact degree of each factor. The characterisfiand relationships between the factors affectiSBy\uT in lakes of

different types and attributes were revealed, whidh provide new insight for further research intake

environments.

(2) In the past 18 years, the LSWT-day/night valokall 11 lakes showed a warming trend, and LSVdy-d

was higher than LSWT-night. In terms of LSWT-daynenlakes exhibited rising temperatures with a mean

comprehensive warming rate of 0.42decade, while Yangzonghai and Lugu Lakes show&chdard trends. In

LSWT-night, 8 lakes showed upward trends, with ameomprehensive warming rate of 0/1&ecade, while

Xingyun, Qilu, and Yilong Lakes showed decreasnegds.
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(2) The results of correlation analysis showed BBAT and LSWT day/night had the strongest coriatefor

all the 11 lakes (Rsat-day=0.83, Risat-nigh=0-81), while the correlations between TCC and LSVdy-ahd SSR and

LSWT-night were the second largest¢{Rqay0.54, Risr-nigic0.66). Correlation analysis for each lake showedl th

NSAT and LSWT-day were the most strongly correlatetile SSR and SP were the second most strongly

correlated pair. On the seasonal scale, the ctimetbetween NSAT and LSWT-day were constant eaeh of the

four seasons, while the correlations between NSAT L:EWT-night, SSR and LSWT-day/night varied greatly

(3) Contribution rate analysis showed that NSAT @8R were the most important factors affecting

LSWT-day/night, and their contribution rates reatB88.24% and 44.34%, respectively. The LSWT-dayesilof

smaller, shallower, and lower-storage lakes wereenadfected by SP and SSR. For larger lakes, the T-8gy

values were more affected by WS; the LSWT-nightigalwere more affected by TCC. The influence of S&R a

NSAT in urban and semi-urban lakes was more serishih indicates that the urban heat island effacised by

the expansion of impervious surfaces and incremsasoff surface temperature in areas with higtegrees of

human activity are responsible for higher LSWT wiaignrates. For natural lakes, the decrease in Sbimvportant

to the increase in LSWT, which indirectly suggekts the impact of human activities on the watealigy of lakes

has caused the LSWT to warm.
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Appendix A. Supplementary chart

Supplementary chart related to this paper can be undfo at

https://pan.baidu.com/s/1pTr4qN78V-rTnwmrWV5TQg {f&xt code: g3u0).

Appendix B. Supplementary method description

Supplementary method description of Secchi deptlersion related to this paper can be found at

https://pan.baidu.com/s/1Dmxx95UYU-Qeu6vmVp9asdi@ot code: 9sw2).
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Highlights:

® The heterogeneity of LSWT warming of 11 major plateau |akes were discussed
® 6 mainfactorsimpact on LSWT were analyzed quantitively
® LSWT changing heterogeneity was reveaed from lake type and morphometry perspective
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