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Abstract: Short-term temperature fluctuations (STFs), including amplitude and frequency fluctuations, are one of the main features of
weather  and  play  vital  roles  in  determining  the  type  of  ecosystem present.  Although  temperature  fluctuations  at  different  time  scales
have been extensively discussed, the research on week-scale STFs is lacking. In this study, we developed a method, that can quantify the
amplitude and frequency of STFs by the thresholds from all years. We used this method to quantify the amplitude and frequency of the 7-d
STFs from 1951 to 2019 across China. Our results indicate that the amplitude of the STF was much higher in the eastern part of China
than in the western part, while the frequency of the STF was higher in the middle part than in the southern and northern parts; further-
more, the STF was highly dependent on internal factors such as topography. The long-term STF mainly showed a decreasing trend before
1990, which implies  that  temperature became increasingly stable from the 1950s to the 1990s.  The main influencing factors  were re-
lated  to  topography since  the  trends  were  relatively  consistent  in  space.  A case  study in  Taihu Lake showed that  an  unstable  STF in
winter and summer resulted in a smaller bloom area in the following spring and autumn. Our method could eliminate seasonal effects
and is capable of analyzing STFs at  scales ranging from days to years.  Quantifications of the amplitude and frequency also make the
STF indicators more comprehensive. Furthermore, the STF increased significantly across most of China after 1990, which implies that
temperature is becoming increasingly unstable. The drivers of these STFs are related to human impacts since the trends are different in space.
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1　Introduction

Global warming has been widely reported (IPCC, 2021).
This warming  trend  has  impacts  on  different  ecosys-
tems, e.g.,  warming promotes cyanobacterial  blooms in
freshwater  lakes.  In  addition  to  global  warming,  short-
term  temperature  fluctuations  (STFs),  e.g.,  temperature

variation during a week,  have many ecological  impacts
over diverse time scales, and they closely affect the act-
ing patterns  of  features.  At  the  minute  level,  temperat-
ure  fluctuations  can  affect  isoprene  emission  from
leaves  (Singsaas  and Sharkey,  1998).  The capability  of
the anaerobic biomass is sensitive to temperature fluctu-
ations within  hours,  and temperature  fluctuations  influ-
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ence the anaerobic digestion process, which affects both
biochemical and physical reactions (Peces et al., 2013).
The  amplitude  of  the  daily  temperature  fluctuation
changes in seasons helps to explain the seasonal forcing
of dengue virus transmission in locations where the av-
erage temperature  does  not  vary  seasonally  and  mos-
quito abundance  is  not  associated  with  dengue  incid-
ence  (Lambrechts  et  al.,  2011). Temperature  fluctu-
ations in weeks during incubation may have substantial
effects on reptile populations (Shine and Elphick, 2001).
The influenza  epidemic,  a  popular  topic,  can  be  attrib-
uted  to  temperature  fluctuations  at  the  seasonal  scale.
From historical  data,  large  rapid  temperature  fluctu-
ations in autumn can be observed as preconditions of the
deadly  influenza epidemic  in  the  subsequent  months  in
the highly  populated  northern  mid-latitudes;  one  ex-
ample is a typical case of the influenza epidemic season
from 2017‒2018 (Liu et al., 2020).

Currently, several  methods  are  applied  to  STF  ana-
lyses. The diurnal temperature range (DTR), which is a
relatively short  temporal  variation,  can  greatly  influ-
ence  species  distribution (Chan et  al.,  2016).  The DTR
is defined as the range enclosed by the daily maximum
and  minimum  temperatures  and  is  a  key  indicator  that
provides more information than the mean temperature in
determining  the  effect  of  climate  change  (Braganza  et
al.,  2004; Jang  et  al.,  2022). The  DTR  emphasizes  di-
urnal  temperature  variations  and overlooks  temperature
differences  in  consecutive  days.  The  absolute  value  of
the  temperature  difference  between  two  consecutive
days is also an indicator used to reflect sudden temperat-
ure variation (Karl et al.,  1995) and has been identified
as an independent risk factor for human health by small-
scale studies (Zhan et al., 2017). This indicator emphas-
izes sudden  temperature  variation  and  is  greatly  af-
fected by climate patterns changing with seasons. Daily
temperature  extremes,  such  as  abnormal  temperature
values  that  are  screened  out  from  standard  deviations
(Chen et al.,  2019), reflect how temperature varies hol-
istically after excluding seasonal effects. Some methods,
such  as  ensemble  empirical  mode  decomposition
(EEMD),  decompose daily  temperature  series  to  obtain
intraseasonal  weather  fluctuations  to  exclude  seasonal
effects (Qian et al., 2011; Yin et al., 2017) and quantify
temperature  fluctuations  in  a  seasonal  range.  Theses
seasonal  range  methods  take  seasonal  climate  changes
into consideration,  but  they  can  hardly  distinguish  dif-

ferent time scales of several days or weeks of temperat-
ure  fluctuations.  Among the  methods,  few of  them can
take into account the setting of research duration and the
elimination of seasonal effects on the basis of quantitat-
ive STF amplitude and frequency.

In this study, we develop a method that can quantify
the  frequency  and  amplitude  of  STFs  in  a  7-d  range,
which is the typical time scale for weather changes and
is commonly referred to as the ‘general weather regime’
(Eichner  et  al.,  2003).  We  also  estimate  the  long-term
trends  of  STF  frequency  and  amplitude  in  China  from
1951 to 2019. We use our newly introduced method for
the  following  advantages:  1)  custom  fluctuation  range
settings (from days to a year) are accepted after exclud-
ing any periodicity effect; and 2) both the amplitude and
frequency of fluctuation can be quantified. In this work,
we analyze  some factors  that  might  contribute  to  long-
term variations  in  STFs  in  an  attempt  to  determine  the
potential drivers.

The ecological  effects  of  climate  variations  are  al-
ways the focus of attention, while phytoplankton, as the
primary  productivity  and  foundation  of  the  food  chain,
play an important role in the material circulation and en-
ergy  transfer  processes  and  reflect  the  basic  status  and
influence the  structure  and  function  of  aquatic  ecosys-
tems  (Kilham,  1987; Meis  et  al.,  2009; Salmaso  et  al.,
2015). Phytoplankton blooms are often used as import-
ant  indicators  to  detect  the  environmental  factors  and
water  quality  variables  in  aquatic  ecosystems  (Cao  et
al., 2018; Sulastri et al., 2019); therefore, we utilize the
phytoplankton bloom area data in a large eutrophic lake
(Taihu  Lake)  to  couple  the  ecosystem and  STFs.  More
specifically, the purposes of this study include determin-
ing 1)  the spatial  and seasonal  distributions of  the STF
pattern across China; 2) the long-term trends of STFs in
China; 3) the potential drivers of long-term STF trends;
and 4) the ecological effects of STFs. 

2　Data and Methods
 

2.1　Data sources
The climate data including daily temperatures were ob-
tained from the China Meteorological Data Service Cen-
ter  (http://data.cma.cn/).  In  total,  712  stations  (exclud-
ing  Taiwan  due  to  data  unavailable)  in  China  (Fig.  1)
with  reliable  and  relatively  complete  temperature  data
and analysis were chosen to extract the daily maximum
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temperature. The temperature series from these stations
have  different  start  years  other  than  1951,  but  most
series end in 2019. The number of missing data was rel-
atively small  (9.51%)  and  had  little  impact  on  the  res-
ults. The elevation data were from the CGIAR Consorti-
um  for  Spatial  Information  (CGIAR-CSI; http://srtm.
csi.cgiar.org). 

2.2　Quantification of the STF
Although the daily  minimum and average temperatures
fluctuate in a manner similar to the maximum temperat-
ure, we analyzed the maximum temperature to show the
STF. The STF was calculated from the temperature dif-
ference between any two days in a week.

Our new  method  can  estimate  both  the  STF  amp-
litude and frequency of the fluctuation in a specific time
period (e.g., a month, season, or year).

Specifically,  we  first  calculated  the  difference
between T1 and T2‒7 for each day:

∆T1 = Ti+1−T1(i = 1,2,3, . . . ,6) (1)

where T1 is  the  temperature  of  day  1, i corresponds  to
the number of days, Ti + 1 is the temperature of day i + 1,
and ∆Ti is the temperature difference between day 1 and
day i +  1.  Each  day  has  6 ∆Ti values;  thus,  we  have
∆T1‒6 series for each day in a year. For example, ∆T1 of
the  same  date  in  each  year  can  form  a ∆T1 series.  We
then  set  two  threshold  values,  namely, h10.05,  the  5%
quantile  of  the ∆T1 series,  and h10.95,  the  95% quantile
of the ∆T1 series. In this way, we obtain hi0.05 (hi0.05 < 0,
i = 1, 2, 3, …, 6) and hi0.95 (hi0.95 > 0, i = 1, 2, 3, …, 6)
for each ∆Ti series.

We already have hi0.05 and hi0.95, and it is possible to
judge  the ∆Ti of  each  day  by  comparing  it  with hi0.05
and hi0.95.  Starting  from ∆T1,  if ∆T1 < h10.05 or
∆T1 > h10.95,  then we mark it as a ‘fluctuation day’ and
regard ∆T1 as  the  fluctuation  amplitude  value  of  this
day, which is designated as FAd. If h10.05 < ∆T1 < h10.95,
then  we  go  to  the  next  temperature  difference ∆T2.  If
∆T2 < h20.05 or ∆T2 > h20.95, then the day is marked as a
‘fluctuation day’, and ∆T2 is regarded as the FAd value
of this day; otherwise, we go to ∆T3. A round of calcula-
tions  for  one  day  ends  as  follows:  1)  at  the  first
∆Ti < hi0.05 or ∆Ti > hi0.95 occurrence;  and  2)  when  the
∆T1‒6 are all between hi0.05 and hi0.95, which means that
this  day  is  not  a  ‘fluctuation  day’,  and  we  set  its FAd
value as  0.  The  calculation  flow chart  is  shown in  Ap-
pendix hown in Appendix Fig. S1.

The mean monthly fluctuation day was calculated and
used as the fluctuation frequency (FF) of each season:
FF = N(FAd)/3 (2)

where FF is the seasonal STF fluctuation frequency, and
N(FAd) is the number of days that are ‘fluctuation days’
in a season.

The monthly average of FAd in a season was used as
the fluctuation amplitude (FA) of this season:

FA =
∑
|FAd |/3 (3)

where FA is the seasonal STF fluctuation amplitude, and
∑|FAd|  is  the sum of the fluctuation amplitude absolute
values in a season.

The trends of FF and FA were estimated by the Mann-
Kendall  trend  analysis  as τ values  by  the  Mannkendall
function  in  the  ‘kendall’ package  in  R  (R  Core  Team,
2020). 

2.3　Subsequent processing of STF results
Altitude  is  an  important  factor  in  climate  patterns.  Our
hypothesis  suggests  the  existence  of  a  relationship
between  altitude  and  STF;  therefore,  we  attempted  to
quantify the impacts of altitude on the STF trends. Due
to  the  uneven  distribution  of  meteorological  stations  at
different  altitude  levels,  the  altitude  values  (in  0.1  m)
are  processed  with  their  logarithm.  The FF trends  as τ
values were increased by 0.5,  and then, the square root
was  taken  to  make  the  relationships  between  the FF
trends and altitude clear.

Global  climate  change  occurred  in  the  20th  century
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(Fu  and  Wang,  1992),  which  has  been  supported  by
many  studies.  Between  1985  and  2005,  the  San  Juan
Mountain region in southwestern Colorado experienced
the  most  warming  from  1990  (Lunagaria  et  al.,  2011).
The interannual variability of the western North Pacific
western edge  subtropical  high  in  early  summer  experi-
enced  an  interdecadal  decrease  around  1990  (Zhan  et
al., 2022), and North Pacific anomalous sea surface tem-
peratures and atmospheric variability were more closely
associated with the occurrence of  the central  Pacific  El
Niño after 1990 than before 1990 (Yeh et al., 2015). In
Jiangsu, China, the decreasing reference evapotranspira-
tion,  which  is  an  indicator  of  atmospheric  evaporation
capability,  increased  in  the  warming  climate  and
showed a decreasing trend before 1990 but followed an
increasing  trend  from  1990  to  2019  (Qin  et  al.,  2021).
The warming trend of air  temperature in the Himalaya,
in contrast to the global temperature, has been projected
after 1990, with a greater warming rate in the maximum
temperature than in the minimum temperature (Yadav et
al.,  2021). Across  China,  the  rate  of  temperature  in-
crease peaked approximately 1990 (Appendix Fig.  S2),
which  showed  distinct  warming  patterns  before  and
after 1990. Accordingly, we divide the time period into
two  parts,  specifically,  before  1990  and  after  1990,  to
analyze the STF trends.

The  Kriging  interpolation  that  uses  the  ‘gstat’ pack-
age in R is applied to present the distributions and long-
term trends of FF and FA (Bivand et al., 2008).

Phytoplankton are the primary producers in lakes and
play  an  important  role  in  biogeochemical  cycling  and
the function of  lake ecosystems (Reynolds et  al.,  1993;
Cao et al., 2018). In their important role in lakes, phyto-
plankton have  short  life  cycles  and are  sensitive  to  cli-
mate  change,  which  makes  phytoplankton  an  indicator
of  the  climate  impact  on  lake  ecosystems  (Liu  et  al.,
2015). It has also been shown that an increase in surface
water temperatures due to changing global climate could
play a role in the proliferation of phytoplankton blooms
(O'Neil  et  al.,  2012). The  relationship  between  phyto-
plankton blooms and STF can reflect the ecological ef-
fects of STF to a certain degree. The MODIS-Aqua data
that we used to obtain the bloom area data in Taihu Lake
(a highly eutrophic, large, shallow lake in eastern China,
30°55′40′′N–31°32′58′′N, 119°52′32′′E–120°36′10′′E)
were acquired with a high frequency (1 image per day)
from 2002 to 2019 and are freely available.  These data

have a maximum spatial resolution of 250 nm (the first
two bands) and allow the monitoring of Taihu Lake over
multiannual  time  periods  at  a  medium  resolution.  The
MODIS-Aqua  level  0  data  (raw  digital  counts)  from
2003 to 2019 were obtained from the U.S. NASA God-
dard Space Flight Center (GSFC, http://oceancolor.gsfc.
nasa.gov/)  (Shi  et  al.,  2015).  Extreme  severe  bloom
events in 2007 and 2017 were caused by the weak wind
in these years and the high total  phosphorus concentra-
tion carried by the flood in the previous year (Zhu et al.,
2019);  therefore,  these  two  years  were  excluded  from
the STF ecological analysis. 

3　Results
 

3.1　Distributions of FA and FF in China
The  short-term FA distributions  had  similar  patterns
among spring (March, April and May), autumn (Septem-
ber,  October  and  November)  and  winter  (December,
January  and  February)  (Fig.  2).  The FA in  the  western
part of China remained relatively low and stable among
the seasons, while the FA values, which were high in the
eastern  part  of  China,  changed  in  the  three  seasons.  In
spring (Fig. 2a),  the FA values were higher in the east-
ern half than in the western half and had a maximum av-
erage  value  of  30.45°C/month  nationwide.  Conversely,
the northern region showed a relatively high FA, except
for  in  the  summer  (June,  July  and  August).  The  mean
FA was 23.91°C/month in the summer (Fig. 2b), which
was  the  minimum among  the  seasons,  and  there  was  a
minimum FA value of 7.35°C/month, which was also the
minimum among the  seasons.  The FAs were  quite  uni-
form, except for a small region in Ningxia, which had a
maximum FA value  of  approximately  61.02°C/month.
In summer, most regions experienced a similar STF, and
a  sharp  change  in  climate  was  rare.  In  autumn,  with  a
25.44°C/month  mean FA,  China  seemed  to  be  divided
into three parts (Fig. 2c). The FAs were low in the west-
ern  part,  medium  in  the  central  part  and  high  in  the
northeastern  part.  The FA in  winter  had  an  average
value  of  26.52°C/month,  which  was  also  divided  into
three parts (Fig. 2d). In a region near the eastern bound-
ary  of  Yunnan,  the FAs  were  significantly  higher  than
those in the surrounding areas.

The FF distributions were  different  among  the  sea-
sons and had similar patterns (Fig. 3). The regions with
low FF distributions were  located  mainly  in  the  north-
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western  and  southern  regions  of  China.  Noticeably,
Yunnan  had  the  lowest FF in  spring.  The  maximum
value  of  the  average FF was  5.72  d/month  in  summer,
and  the  minimum  value  of  the  average FF was  5.33
d/month  in  winter.  The FF distributions  in  spring  and
autumn were almost the same, with an average FF value
of 5.62 d/month in spring and 5.51 d/month in autumn.
The FF values in summer differed from the FF in spring
and in autumn, and the distribution pattern also changed
(Fig.  3b).  The  eastward  migration  of  the  low FF re-
gions in  the  south  caused  a  slightly  different  distribu-
tion pattern. 

3.2　Trends  of  the FA and FF across  China  before
1990
The FA trend  distributions  across  China  before  1990
were  different  among  seasons  (Fig.  4).  All  average τ
values  in  each  season  were  negative,  which  indicates
that  the  STF  experienced  a  downward  trend  before
1990.  The FA trend  distributions  were  regional  for  the

areas  with  positive  or  negative τ values  that  were  well
defined.

The FA trends  before  1990  in  spring  decreased  in
most regions, as 64.24% of the stations had a negative τ
value (Fig. 4a). The summer FA trends before 1990 had
a maximum average τ value of ‒0.003 (Fig. 4b). A total
of 57.80% of stations had positive τ values, while Xinji-
ang,  part  of  Inner  Mongolia,  Hebei,  Yunnan  and
Guangxi still had decreasing FA and FF trends. The FA
trend distributions  in  autumn had 54.59% stations  with
negative τ values with  very  clear  boundaries  that  di-
vided the  study area  into  the  western,  middle  and east-
ern  parts  (Fig.  4c).  The  regions  with  increasing FF
trends were in Tibet, southwestern China, and the south-
eastern  coast,  while  regions  with  decreasing FF trends
were  distributed  in  the  northern  and  middle  regions  of
China.  In  winter,  the FA trends  for  73.46%  of  stations
had negative τ values  and a  minimum τ value  of  0.050
among  the  seasons.  The FA distributions were  also  re-
gional  for  the  regions  with  increasing FA trends local-
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ized in Tibet and northern Qinghai (Fig. 4d).
The FF trend distributions before 1990 were consist-

ent  with  the FA trend  distributions,  while  differences
were found in  the τ values  (Fig.  5).  The proportions of
the  stations  with  positive τ values  of FF were  66.51%,
73.66%, 51.25%  and  69.96%  in  spring,  summer,  au-
tumn and winter, respectively.
 

3.3　 Trends  of  the FA and FF across  China  after
1990
The FA trends after 1990 differed greatly in the distribu-
tions  from  the FA trends  before  1990  (Figs.  6 and 7).
Most  regions  had  increasing FA trends among  the  sea-
sons,  and  all  average τ values were  positive,  which  in-
dicates that the STF trends increased after 1990. The FA
trend  distributions  varied  greatly  among  the  seasons,
which resulted  in  an  obvious  characteristic.  The  ex-
treme points were obvious in the FA trend distributions
after 1990.

In  spring,  regions  with  decreasing FA trends  were
present  in  the  western  and  southern  parts  of  China
(Fig. 6a). The FA trends showed that 68.54% of the sta-
tions had positive τ values. In summer, regions with de-
creasing FA trends  were  present  in  the  western  and
northeastern  regions  of  China  (Fig.  6b).  A  total  of
74.16% of the stations in the summer had positive τ val-
ues.  In  autumn,  the FA trends  had  the  fewest  stations
with  positive τ values,  49.44%  (Fig.  6c).  Regions  with
negative τ values  were  present  in  the  southwestern  and
middle  eastern  parts.  In  winter,  the FA trends  had  the
second-highest  number  of  stations  with  positive τ val-
ues,  70.79%.  Regions  in  the  northwest,  northeast,  and
Yunnan  areas  had  decreasing FA trends, which  repres-
ented  the  smallest  areas  with  negative τ values  among
the seasons (Fig. 6d).

The FF trends also presented almost the same distri-
butions as the FA trends after 1990 (Fig. 7). The specif-
ic  proportions  of  stations  with  positive  τ  values  of FF
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were  65.79%,  70.20%,  52.09%  and  73.66%  in  spring,
summer, autumn and winter, respectively. 

3.4　Altitude effects on the FA and FF trends
The  distributions  of  the FA and FF trends  seemed  to
have a relationship with altitude. Therefore, we tried to
uncover the altitude effects on the STF trends. The rela-
tionships  between  the FA and FF trends  and  altitude
have  the  same  patterns;  thus,  we  show the  variation  in
FF at  different  altitudes  to  represent  the  STF  trend
change with altitude in the two time periods (Fig. 8).

Before 1990, the FF trend in summer was influenced
little  by altitude,  while  in the other  three seasons,  the τ
values of the FF trend changed with altitude in the two
phases  (Figs.  8a‒d).  In  spring,  the τ values  increased
with increasing altitude in the first phase, and the slope
of the fitting line was lower in the second phase. In au-
tumn  and  winter,  the  relationships  between  the FF
trends  and  altitude  showed similar  patterns.  In  the  first

phase,  the τ values  decreased  with  increasing  altitude,
and the slope of the fitting lines increased in the whole
second  phase  until  the τ values were  positively  correl-
ated with altitude.  The two phases were divided by the
logarithm  of  altitude  equal  to  approximately  8.5  (the
altitude values equaled approximately 500 m).

After  1990,  the  slope  of  fitting  the  line  of  the FF
trend in spring changed several  times.  The slope of the
fitting line was negative and stable when the logarithm
of  altitude  was  lower  than  7.0  (altitude  values  lower
than approximately 100 m). When the logarithm of alti-
tude was 7.0‒8.0 (the altitude value was approximately
100‒300 m), the slope was positive and then close to 0
when the logarithm of altitude was 8.0‒8.5 (the altitude
value  was  approximately  300‒500 m).  The  slope  de-
creased  again  at  an  approximate  logarithm  of  altitude
equal to approximately 8.5 and then remained at a neg-
ative value in the higher altitude range. In summer, the
slope of  fitting  was  negative  and  decreased  at  a  logar-
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ithm  of  altitude  equal  to  approximately  9.9  (altitude
value was approximately 2,000 m). In autumn the slope
of the fitting line was positive and decreased at a logar-
ithm  of  altitude  equaled  to  approximately  8.5  until  the
slope  was  close  to  0.  In  winter,  the  slope  of  the  fitting
line  was  close  to  0and  only  positive  at  an  approximate
logarithm of altitude equal to 8.5. 

3.5　Ecological effects of STFs
we utilize Taihu Lake as an example to couple the eco-
system and STFs in this study. The relationship between
STFs  and  the  bloom  area  in  Lake  Taihu  (2003‒2019,
except for  2007  and  2017)  reveals  some  ecological  ef-
fects  of  STFs.  A higher FF and FA in  this  season may
result  in  a  smaller  bloom  area  in  the  following  season
(Fig. 9), although the correlations were weak.

Based on the correlation coefficient ranking, the STF
in summer had the strongest correlation with the follow-
ing  autumn  bloom  area.  The  correlation  between  the

winter  STF  and  the  following  spring  bloom  area  was
weaker, and the relationships were too weak to confirm
in  the  other  two  season  pairs.  The  STF  effects  on  the
bloom area in the following season had no relevance to
the  air  temperature  because  the  air  temperature  did  not
have similar lag effects on the bloom area and was inde-
pendent of seasonal FF and FA. 

4　Discussion
 

4.1　Method evaluation
Our new method emphasizes the fluctuations in temper-
ature over a period on the basis of eliminating the influ-
ence  of  season.  The  function  of  quantifying  the  STF
amplitude  and  frequency  improves  the  formulation  of
the STF.

Zhao used the ratio of the standard deviation to meas-
ure  seasonal  temperature  fluctuations  (Zhao  et  al.,
2018). Meanwhile, our method focused on the temperat-
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ure fluctuations in a specific time period (7 d) instead of
daily temperature anomalies.

Qian quantified  the  intraseasonal  weather  fluctu-
ations in eastern China by using EEMD, which could set
timescales of several days to months (Qian et al., 2011).
Both  Qian’s  and  our  methods  could  measure  the  STF
well,  and  we  expanded  the  research  area  from  eastern
China to all  of  China.  The FA and FF before and after
1990 also made the STF indicators more comprehensive.

Peng studied spring FA and FF form 1975−2015 and
1990−2015  and  regarded  a  day  as  a  ‘fluctuation  day’
when  the  temperature  difference  between  this  day  and
the previous day was above 1°C (Peng et al., 2019). On
the basis of Peng’s research idea,  our method extended
the study period of STF to the whole year. 

4.2　STF spatial distributions
Our  results  indicated  that FA and FF varied  spatially
and temporally,  with  high FA and FF in  eastern  China

in spring (Figs. 2 and 3). Our results also clearly indic-
ated that the STF has changed during the last 60 years,
with two  apparent  stages,  i.e.,  the  STF  generally  de-
creased  before  1990  and  increased  after  1990.  This
could  also  be  supported  by  the  increase  in  extreme
weather events due to global warming.

The topography  of  China  could  influence  the  vari-
ation  in  the  distributions  of FA.  For  instance,  basins
have  relatively  low FA values  for  STFs  (Fig.  2).  Such
basin  areas  with  low FA values  were  clear  except  in
summer,  when  the  STF  was  weak  and  the  general FA
values  were  low.  A  region  with  minimum FA can  be
identified in Xingjiang in northwestern China, where the
Tarim Basin, the largest basin in China, is located. This
banded  basin  has  obvious  boundaries  in  the  south  and
north,  where  the  Tianshan  Mountains  and  Kunlun
Mountains  are.  The Junggar  Basin  to  the  north  and the
Qaidam Basin  to  the  southeast  could  also  be  identified
according  to  the  distributions  of FA.  Furthermore,  the
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location of  the  Sichuan Basin  showed a  circular  region
with low FA values, which could be easily identified in
the spring. The Sichuan climate has been shown to have
differences  in  the  warming  process  and  had  a  sudden
change in precipitation in 1990, which confirms that its
temperature fluctuation is specific and represents a reas-
onable  division  that  occurred  in  1990  (Chen  et  al.,
2010).  These  consistencies  in  the  distributions  prove
that the STF intensities in basins were quite low.

Mountains also contributed to the distributions of FA.
For  the  mountains  that  bordered  different  terrains,  the
locations  where  the FA differences  occurred  coincided
with the mountains in some cases (Figs. 1 and 2). In ad-
dition to  the  Tianshan  Mountains  and  Kunlun  Moun-
tains  mentioned  above,  the  Hengduan  Mountains  and
Qilian  Mountains  in  the  midwest  are  shown  as  yellow
lines in FA distributions, which suggests that short-term
temperatures  fluctuate  strongly  in  these  two  mountain
regions.  The  northeast  region,  a  region  with  high FA

values,  was  divided by the  Yinshan Mountains  and the
Great  Hinggan  Mountains.  The  Changbai  Mountains
along with a  region on the east  also showed higher FA
values than the Northeast Plain to the east.

In  the FA distributions,  terrain  plays  a  decisive  role.
Basins  consistently  have  relatively  low FA values,  and
mountain  ranges  sometimes  correlate  with  changes  in
FA.  Topographic  features  that  interact  with  variation
features, climatic conditions and other characteristics of
a region determine the FA in this region (Ogwang et al.,
2014). Regions  with  different  topographical  character-
istics may exhibit different STF intensity characteristics.

Nationwide,  the  maximum FF occurred  in  summer,
and the minimum indicators occurred in winter (Figs. 3b
and d).  This  may indicate  that  the FF has a  close  rela-
tionship with the air temperature. However, when com-
pared with the distribution of average temperature (Zhao
et  al.,  2018),  the  regions  with  distinctively  low-fre-
quency indicators in the northwest and south do not ex-
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perience particularly  low temperatures.  Conversely,  the
coastal  areas  in  the  south  have  warmer  climates  than
their surrounding regions. This phenomenon may prove
that air temperature values do not directly determine the
FF. For a specific region, climate processes may be as-
sociated with the FF of this region. A region may exper-
ience more frequent STF when it is comparative warm. 

4.3　Long-term trends of the STF
The  trend  distributions  of FA and FF were  consistent
with  one another  in  the  two time periods  and might  be
forced  by  common  factors,  although  their  distributions
had little in common (Figs. 4−7). The FA and FF trends
before and after  1990 showed large differences in their
distributions. In most situations before 1990, the FA and
FF trends  decreased,  while  the FA and FF trends in-
creased after  1990,  which  has  been  identified  in  previ-
ous studies (Peng et al., 2019).

Before 1990, the FA and FF trends varied in the dis-
tribution  among  seasons,  and  the  variation  degree  was
weaker after 1990, thereby presenting a regional feature.
Sorting by the size of the area under the increasing FA
and FF trends,  spring  was  ranked  the  lowest,  followed
by winter and autumn, and summer had the largest area
of positive τ values.  The FA and FF trend distributions
had noteworthy  characteristics  in  autumn (Figs.  4c and
5c). There were three independent regions with positive
or negative τ values in autumn. Two of these regions are
shown as red zones in the southwest and southeast, and
another is shown as a blue zone in the north and middle
part.  The locations of  these three regions were close to
the  altitude  distributions  when  dividing  the  land  into
over  3000  m,  between  500  m and  3,000  m,  and  below
500 m. The red zone in the southwest  was the location
of the Qinghai-Tibet Plateau, which averages over 4,000
meters  above  sea  level  and  is  in  the  category  of  over
3000 m, and it presented relatively high τ values, which
does not occur only in autumn. The blue T-shaped part
in the middle, including the Inner Mongolia Plateau and
the Yunnan-Guizhou Plateau, was approximately in the
500  m  to  3000  m  range;  the  red  part  in  the  southeast
corresponded  to  the  range  below  500  m.  The  Sichuan
Basin, in the low altitude range, was in the region with
increasing trends in fluctuations,  as  shown by a red re-
gion surrounded by the middle altitude range blue zone.
The  trend  distributions  had  a  high  degree  of  overlap

with the altitude distribution, and the altitude seemed to
be a contributing factor to the changes in the temperat-
ure fluctuations. However, this relationship did not arise
in other seasons, and the altitudes did not determine the
τ values directly,  which  coincides  with  previous  re-
search on the relationship between altitude and temper-
ature  trends  (Dong  et  al.,  2015).  The  STF  trends  were
regional  and  variable,  and  seasonal  climate  variations
may be another factor that influenced them.

After 1990, the FA and FF trends for most regions in-
creased,  but  their  distributions  were  not  as  regional  as
before 1990 (Figs. 6 and 7). Although most regions that
experienced  similar FA and FF trends  were  localized,
some regions with negative τ values were surrounded by
regions  with  positive τ values.  Compared  with  all  the
distributions  above,  the FA and FF trends  after  1990
were the  most  varied  because  most  regions  had  differ-
ent FA and FF trends in different seasons, and the distri-
butions showed little similarity with the FA and FF dis-
tributions  or  their  trends.  This  may  reveal  that  some
strong forcing,  probably  related  to  the  rapid  urbaniza-
tion after 1990 (Gu et al., 2012), occurred in approxim-
ately 1990  and  made  the  STF  experience  a  higher  fre-
quency  and  intensity  than  before.  The  poor  stability  of
the FA and FF trends  after  1990  revealed  that  these
forces were  more  intensive  than  the  topographical  ef-
fects. Remarkably, the Qinghai-Xizang Plateau has dis-
tinct  characteristics  of  STF,  especially  in FA and  the
STF trends before 1990, which may be due to its unique
geography and climate conditions (Zheng, 1996). 

4.4　Potential drivers of STFs
The variations in the STF trends along altitude had two
different  patterns,  and they were  divided at  500 m (the
logarithm of  altitude  was  approximately  8.5).  The  ef-
fects  of  altitude  on  the  STF  trends  were  different  in
plain areas (most plain areas are below 500 m in China)
and higher altitude areas. Plain areas have their own cli-
matic  and  underlying  surface  characteristics  (Wu  and
Zheng, 2000), which results in the difference in the STF
trend patterns between areas lower and higher than 500 m.
Compared with spring and autumn, the STF trends were
more weakly  influenced  by  altitude,  especially  in  sum-
mer. The sustained and relatively stable heat and cold in
summer and winter might weaken the altitude contribu-
tions to STF trends.

HE Yunchuan et al. Variation in Short-term Temperature Fluctuations Across China During the Past 60 Years 575



The  directions  of  the  seasonal  STF  trends  also
changed  differently  before  and  after  1990:  the  STF
trends increased in spring and decreased in autumn with
increasing altitude  overall  before  1990,  but  they  de-
creased  in  spring  and  increased  in  autumn  after  1990;
the STF trends remained in the same pattern in summer
and winter, but the influence of altitude became weaker.
These  relationship  changes  revealed  other  stronger
forces that  affect  the STF trends after  1990.  Our hypo-
thesis is that this force may be the accelerating urbaniza-
tion after 1990. The expansion of built-up land was con-
centrated  in  eastern  China,  specifically,  the  southeast
coastal areas and the plain region in the mainland, such
as the Huang-Huai-Hai Plain, Yangtze River Delta, and
Pearl  River  Delta  (Liu  et  al.,  2010). Previous  research-
ers  have  also  found  that  human  influence  produced  a
very  large  increase  in  the  frequency  of  extremely  hot
summers and long-lasting severe heatwaves (Sun et al.,
2014).  In  the  Yangtze  River  Delta,  rapid  urbanization
has  even  formed  a  ‘heat  island’ phenomenon  (Chen  et
al., 2003). Apparently, further research is needed to im-
prove the relevance between human activities and STFs.

The underlying mechanism that dominates the STF is
complex. The  topography  is  only  one  of  many  con-
trolling  factors.  The  radiation  budget  can  explain  79%
of  interannual  temperature  variability  and  99%  of  the
multidecadal  temperature  trends  on  land  (Schwing-
shackl  et  al.,  2018),  which  is  considered  a  potential
driver of  STF.  Arctic  amplification  acts  to  reduce  sub-
seasonal temperature variance (Screen, 2014), which in-
dicates the potential contribution of atmospheric circula-
tion to the STF. Our further studies will look forward to
interpreting the mechanism of STF in more dimensions. 

4.5　Ecological effects of STFs
Phytoplankton  are  sensitive  to  rapid  temperature
changes  (Elliott  et  al.,  2006),  but  studies  on the  effects
of  rapid  temperature  changes  have  mainly  focused  on
temperature changes in one direction (increasing or de-
creasing). The relationship between the STF and bloom
area in Lake Taihu could reflect some ecological effects
of STFs, which measure the frequency and amplitude of
rapid temperature changes.

Higher FF and FA values in winter and summer res-
ult  in  smaller  bloom  areas  in  the  following  spring  and

autumn. The negative effects of STFs on the bloom area
are  difficult  to  explain  for  its  one-season  delay.  This
correlation  between  STFs  and  phytoplankton  may  be
driven by competition, which decreases the energy effi-
ciency of phytoplankton among different phytoplankton
species  with  different  optimum  temperature  ranges
(Laugaste  et  al.,  2010). STFs  may  also  affect  phyto-
plankton  through  a  strong  carry-over  effect  on  the
phytoplankton community and biomass and on nutrient
levels  (Deng  et  al.,  2020).  The  processes  of  how STFs
affects  phytoplankton  development  or  other  ecological
processes are worth more research. 

5　Conclusions

This  research  applies  an  original  method  to  quantify
STFs and  analyzes  the  characteristics  of  seasonal  spa-
tial  distributions and their  trends in China.  Our method
can eliminate  seasonal  effects,  which  makes  it  applic-
able  to  different  time  scale  (from  days  to  years)  STF
analyses.  The  quantifications  of FA and FF enrich  the
STF indicators,  and  the  division  of  the  research  period
reveals the STF change pattern more clearly. Short-term
temperature experiences  the  most  frequency  and  amp-
litude  fluctuations  in  spring  and  the  least  in  summer.
The  STF  is  weaker  in  autumn  than  in  spring  and  in
winter.  The FA and FF distributions are  greatly  af-
fected  by  topography.  The FA and FF trends  have
identical  distributions,  which  mainly  increases  before
1990 and decreasing after  1990. FA and FF trends had
regional distributions before 1990 and had different dis-
tributions after 1990; in addition, these trends are more
variable in the later period. The STF trends are more af-
fected by altitude in spring and autumn than in summer
and spring. The effects of altitude on the STF trends are
weakened after  1990,  which  is  probably  related  to  hu-
man  activities  because  the  STF  trend  variations  along
altitude  have  their  own  patterns  below 500  m,  where
urbanization  is  concentrated.  The  ecological  effects  of
STFs are  reflected  by  the  one-season  lag  negative  cor-
relation between the STF and bloom area in Taihu Lake.
Studies on this time range are quite limited; therefore, it
is pertinent to research STFs in a 7-d range on a longer
time period  and  larger  space  scales.  Related  experi-
ments are also needed to identify more STF drivers and
impacts. 
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