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Abstract: Vegetation phenology is an indicator of vegetation response to natural environmental changes and is of great significance for
the study of global climate change and its impact on terrestrial ecosystems. The normalized difference vegetation index (NDVI) and en-
hanced vegetation index (EVI),  extracted from the Moderate Resolution Imaging Spectrometer  (MODIS),  are widely used to monitor
phenology by calculating land surface reflectance. However, the applicability of the vegetation index based on ‘greenness’ to monitor
photosynthetic activity is hindered by poor observation conditions (e.g., ground shadows, snow, and clouds). Recently, satellite measure-
ments of solar-induced chlorophyll fluorescence (SIF) from OCO-2 sensors have shown great potential for studying vegetation pheno-
logy. Here, we tested the feasibility of SIF in extracting phenological metrics in permafrost regions of the northeastern China, exploring
the characteristics of SIF in the study of vegetation phenology and the differences between NDVI and EVI. The results show that NDVI
has obvious SOS advance and EOS lag, and EVI is closer to SIF. The growing season length based on SIF is often the shortest, while it
can represent the true phenology of vegetation because it is closely related to photosynthesis. SIF is more sensitive than the traditional
remote sensing indices in monitoring seasonal changes in vegetation phenology and can compensate for the shortcomings of traditional
vegetation indices. We also used the time series data of MODIS NDVI and EVI to extract phenological metrics in different permafrost
regions. The results show that the length of growing season of vegetation in predominantly continuous permafrost (zone I) is longer than
in permafrost with isolated taliks (zone II). Our results have certain significance for understanding the response of ecosystems in cold re-
gions to global climate change.
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1　Introduction

Vegetation phenology,  the  timing  of  seasonal  develop-
mental  stages  in  plant  life  cycles,  has  gained more  and
more public and scientific attention in the past few dec-
ades  because  of  its  sensitivity  to  climate  change  and

consequences for ecosystem function (Tang et al., 2016).
By  controlling  the  seasonal  activity  of  vegetation  and
physiological processes such as photosynthesis, changes
in vegetation phenology can have a fundamental impact
on the  entire  ecosystem.  Consequently,  accurate  meas-
urements  of  vegetation  phenology  are  vital  for  the  in- 
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depth  study  of  terrestrial  ecosystems  (Cleland  et  al.,
2007; Bradley et al., 2011; Richardson et al., 2012; Wu
et  al.,  2013). The  northeastern  permafrost  regions,  loc-
ated in the southern fringe of the Eurasian permafrost, is
the only high-latitude permafrost region in China and is
highly  sensitive  to  global  climate  change  (Wei  et  al.,
2011).  Therefore,  studying the vegetation phenology in
this  area  is  of  great  significance  for  understanding  the
response of  ecosystems  in  cold  regions  to  global  cli-
mate change.

Over  the  past  few  decades,  satellite  remote  sensing
has  been  widely  used  to  monitor  vegetation  phenology
(Justice  et  al.,  1985; Piao  et  al.,  2007).  It  is  usually
achieved  using  vegetation  indices  (VIs),  which  are  a
combination  of  the  reflectance  of  different  spectral
bands, aimed at enhancing the sensitivity to green veget-
ation (Huete et al., 2002). Normalized difference veget-
ation  index  (NDVI)  and  enhanced  vegetation  index
(EVI)  are  the  primary  indicators  used  to  estimate  the
start and end of  the  growing season (SOS,  EOS)  at  re-
gional and global scales (Myneni et al., 1997; Delbart et
al., 2006; Shen et al., 2014; Deng et al., 2019). However,
various factors can reduce the accuracy of NDVI or EVI
estimation of vegetation phenology, such as the interfer-
ence  of  ground shadows,  snow and  other  backgrounds,
poor atmospheric  conditions,  and  application  in  differ-
ent vegetation types. For example, Hmimina et al. (2013)
monitored  the  seasonal  dynamics  of  different  types  of
vegetation  cover  using  the  medium  resolution  imaging
spectrometer (MODIS) NDVI and found that NDVI can
not accurately  infer  the  phenological  patterns  of  ever-
green  forests. Wu  et  al.  (2014) found  that  NDVI  and
EVI had limited ability to track phenology in the grow-
ing  season  of  evergreen  coniferous  forest  ecosystems.
Moreover, in deciduous forests, trees are usually greened
later  than  the  herbs  and  shrubs,  which  means  that  the
greening  date  determined  by  the  remote  sensing  index
may  reflect  the  greening  date  of  the  herbs  and  shrubs,
rather than the dominant trees (Fu et al., 2014).

As  a  supplement  to  the  vegetation  indices,  solar-in-
duced chlorophyll fluorescence (SIF) provides new pos-
sibilities  for  monitoring  plant  functions  from  space
(Guanter  et  al.,  2014). Traditional  remote  sensing  in-
dices monitor  vegetation  based  on  changes  in  vegeta-
tion  ‘greenness’,  while  SIF  is  directly  related  to  actual
plant  photochemical  reactions.  Therefore,  SIF  has  a
stronger  physiological  basis  than  traditional  vegetation

indices (Meroni et al., 2009; Zarco-Tejada et al., 2013).
SIF  is  essentially  the  energy  flux  emitted  by  plant
chlorophyll  molecules  after  absorbing  sunlight  in  the
wavelength  range  of  600–800  nm  (Baker,  2008).  The
absorption  of  light  energy  by  chlorophyll  molecules  is
mainly used  in  three  processes:  photochemical  reac-
tions  in  photosynthesis,  heat  loss,  and  heat  emission  in
the  form  of  long  waves.  The  third  process  comprises
SIF, which is less than 5% of the light energy absorbed
by  plants;  however,  it  provides  a  more  direct  method
of measuring  photosynthesis  activities  than  similar  ap-
proaches (Baker, 2008; Frankenberg et al., 2011; Köhler
et  al.,  2018). As inversion accuracy of  carbon observa-
tion  satellites  has  continued  to  develop,  such  as  the
Greenhouse  Gases  Observing  Satellite  (GOSAT)  and
Orbiting Carbon Observatory 2 (OCO-2), we can monit-
or chlorophyll fluorescence across the globe (Guanter et
al., 2012; 2014; Lee et al., 2013), showing the great po-
tential  of  using  SIF  to  advance  research  on  phenology.
However, the current research on SIF mainly focuses on
the  analysis  of  the  consistency  between  SIF  and  GPP
and the comparison of SIF with other indices during the
growth season (Joiner et al., 2011; 2014; Walther et al.,
2016; Wang et al., 2020), rather than using SIF to calcu-
late phenological  values.  Moreover,  most  of  the  previ-
ous studies were on the global scale or a large regional
scale. However, as the spatial resolution changes, the re-
lationship between SIF and vegetation index also changes
(Guo et al., 2020).

Some studies indicate that with the increase in global
temperature,  the  vegetation phenology in  high latitudes
of the northern hemisphere shows trends of early spring
and late autumn (Myneni et al., 1997; Richardson et al.,
2013).  However,  due  to  the  stress  of  non-biophysical
factors  (such  as  temperature,  precipitation,  and  soil
moisture),  changes  in  vegetation  phenology  exhibit  a
complex spatial and temporal pattern (Zhou, 2020). The
vegetation  in  the  permafrost  regions  of  northeastern
China is  characterized by obvious seasonality,  high ve-
getation  coverage,  and  relatively  homogeneous  types,
making it an ideal area to study vegetation growth pro-
cesses and phenological changes based on satellite mon-
itoring (Yu and Zhuang, 2006). However, there are few
reports  on  the  study  of  vegetation  phenology  in  this
area, especially from the perspective of permafrost zon-
ing. This study selected the permafrost regions of north-
eastern  China  as  a  test  bed to  1)  explore  the  feasibility
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of  SIF  in  extracting  phenological  metrics  in  a  small
area;  2)  compare  the  ability  of  SIF,  NDVI,  and EVI in
monitoring  phenology;  and 3)  investigate  temporal  and
spatial  patterns  of  vegetation  phenology  at  the  pixel-
scale in permafrost regions of the northeastern China. 

2　Materials and Methods
 

2.1　Study region
The  study  region  is  located  in  the  northeastern  China
(46°30′N–53°30′N,  115°52′E–135°09′E), spanning  In-
ner  Mongolia  and  northern  Heilongjiang  Province,  and
connecting Russia  and  Mongolia,  with  an  area  of  ap-
proximately 3.8 × 105 km2 (Fig. 1). This area has a con-
tinental  climate  associated  with  cold  temperate  zones,
with long  and  dry  winters  and  short  and  humid  sum-
mers. The average annual temperature is –5℃–2℃, and
the  annual  precipitation  is  260–600  mm  (Mao  et  al.,
2012). The western part of the study area is the Hulun Buir
Plateau,  the  eastern  part  of  the  study  area  is  the  Xiao
Hinggan Mountains, the Da Hinggan Mountains are loc-
ated in the middle of  the study area oriented northeast-
southwest,  and  between  the  Da  Hinggan  Moutains  and
Xiao Hinggan Moutains is the Songnen Plain.

The entire study area is divided into three parts: pre-
dominantly  continuous  permafrost  (zone  I),  permafrost
with  isolated  taliks  (zone  II),  and  isolated  permafrost

(zone  III)  (Mi,  1990).  The  thickness  of  permafrost  in
zone I, zone II and zone III are 50–100 m, 20–50 m and
5–20  m respectively.  The  continuity  of  the  distribution
of  permafrost  in  zone  I,  zone  II  and  zone  III  are
70%–80%, 50%–60% and 5%–30% respectively (Zhou
and Guo, 1982). The vegetation types in zone I are sim-
ilar  to  zone  II,  mainly  coniferous  forests  and  a  small
amount of grassland. The zone III  includes many types
of  vegetation,  mainly  coniferous  forest,  broad-leaved
forest, grassland and cropland. 

2.2　Land cover data
The  vegetation  data  come  from  the  ‘1∶1  million
Chinese vegetation atlas’, compiled by the Chinese Ve-
getation  Atlas  Editing  Committee  of  the  Chinese
Academy  of  Sciences  in  2001  (http://www.nsii.org.cn/
mapvege)  and  were  used  to  analyze  and  discuss  the
agreement  and  discrepancies  in  vegetation  phenology
(Fig. 1). The northeastern permafrost regions have high
vegetation  coverage,  and  the  main  vegetation  type  is
forest,  which  is  mostly  distributed  in  the  Da  Hinggan
Moutains and Xiao Hinggan Moutains. The main veget-
ation  type  in  the  Hulun  Buir  Plateau  is  grassland,  and
cultivated  vegetation  is  scattered,  mainly  observed  in
the Songnen Plain. The vegetation types in the study area
also include scattered shrubs, meadows, and swamps. 
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Fig. 1    Vegetation types in permafrost regions of the northeastern China
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2.3　MODIS products
MODIS, carried on the two satellites Terra and Aqua, is
an important instrument for observing global biological
and physical  processes.  Many  MODIS products  of  dif-
ferent  time  and  space  scales  have  been  released  on  the
official  website  (https://search.earthdata.nasa.gov).  In
this  study,  we  used  the  MODIS  13Q1  datasets  from
2000 to  2018 to  derive  SOS and EOS across  the  study
area. MOD13Q1 is a MODIS three-level grid data pro-
duct using the sinusoidal projection method. It has been
systematically  corrected  according  to  the  influence  of
the atmosphere and terrain. NDVI and EVI were extrac-
ted from MOD13Q1, with 250 m spatial resolution and
a  16-d  composite.  After  performing  spatial  operations
such  as  mosaic,  masking,  and  projection  in  ArcGIS,
time  series  data  of  NDVI  and  EVI  were  obtained. 

2.4　OCO-2 data
The Carbon Observation Satellite 2 (OCO-2) was launch-
ed  in  July  2014,  with  the  primary  task  of  collecting
space-based  global  measurements  of  atmospheric  CO2
column  mixing  ratios  (Luo  et  al.,  2004).  The  revisit
period  is  16  d,  the  equatorial  transit  time is  13:30,  and
the global  scale  data  are  acquired  every  day.  The  dis-
continuous dataset of each ground pixel is 1.3 × 2.25 km2.
In  this  study,  the  SIF  data  used  the  OCO-2  satellite’s
secondary  product  OCO-2_L2_Lite_SIF.8r,  which  is
based on the filling of the solar  Fraunhofer line in nar-
row  spectral  windows  of  757  nm  and  771  nm,  namely
SIF757 and  SIF771.  Compared  with  SIF771,  SIF757 has  a
good  consistency  with  the  gross  primary  productivity
(GPP) observed by the carbon flux tower in monitoring
phenology  and  seasonal  changes  (Li  et  al.,  2018),  and
SIF757 is  considered  to  have  higher  retrieval  accuracy
than SIF771 (Frankenberg et al.,  2014).  Thus, this study
used SIF757 to derive phonological metrics. OCO-2 SIF
data  are  stored  in  Network  Common  Data  Form
(NetCDF)  and  converted  to  Shapefile  format  using  R
software. To  ensure  consistency  with  the  time  resolu-
tion of NDVI and EVI, the 16-d SIF data are combined
into  one  period  in  ArcGIS,  with  23  periods  per  year
from 2015 to 2019. 

2.5　Time series data smoothing
Due  to  the  influence  of  clouds,  atmosphere,  and  other
factors  (Goward  et  al.,  1991; Tucker  et  al.,  2005),  the
original data have different levels of outliers and noise,

which can lead to errors in the extraction of phenologic-
al metrics (Shen et al., 2013). Data smoothing is a meth-
od of removing noise from time series data while main-
taining phenological information. Savitzky–Golay filter-
ing  (S–G)  is  based  on  local  polynomial  least  squares,
proposed  by  Savitzky  and  Golay  (Savitzky  and  Golay,
1964). The formula is as follows (Equ. 1):

y∗j =

i=m∑
i=−m

wi× y j+i

N
(1)

where yj
* is the filtered data, j represents the original co-

ordinates of the sliding window, i represents the i th vari
able in the sliding window, yj+i represents  the  original
time series data, wi is the filter coefficient, which repres-
ents the weight of the i th value that the filter starts, m is
the  size  of  the  filter  window,  and N is the  sliding win-
dow, the value of which is 2m+1.

The NDVI, EVI, and SIF datasets were smoothed by
the  S–G  filtering  method  in  the  TIMESAT  software
(Jönsson  and  Eklundh,  2004),  which  has  been  widely
used for time series smoothing of satellite data (Boyd et
al., 2011; Stanimirova et al., 2019). 

2.6　SOS and EOS extraction
Common  methods  for  phenological  metrics  extraction
include  threshold,  moving  average,  curvature  change
rate, harmonic analysis,  maximum slope, and inflection
point  methods.  Among  these,  threshold  methods  are
commonly  applied  for  extracting  phenological  metrics
by setting a  certain  threshold  on the  time series,  which
includes the fixed threshold (Lloyd, 1990) and dynamic
threshold  methods  (Jonsson  and  Eklundh,  2002).  The
former  is  more  effective  for  extracting  phenological
metrics of plants in specific areas but can not be applied
to areas  with  different  land  cover  types  and  soil  back-
grounds,  and  the  latter  is  not  subject  to  this  limitation.
This study uses the dynamic threshold method to derive
key phenological metrics, including SOS and EOS. We
applied 30% as the dynamic threshold,  which was suc-
cessfully used in previous studies in northeastern China
(Zhao et al., 2016; Fu et al., 2018). 

2.7　Investigating trends in SOS and EOS
The Mann–Kendall (MK) trend test method is a classic
non-parametric  trend  test  method  proposed  by  Mann
and Kendall (Irwin, 1934; Mann, 1945). In trend analys-
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is, the MK test can effectively detect the change trend of
time series data without the sample following a specific
distribution and without interference from a small num-
ber  of  outliers  (Tabari  et  al.,  2011).  It  is  suitable  for
trend  analysis  of  non-normal  data  such  as  phenology
and  precipitation  data.  Sen’s  slope  is  a  non-parametric
test  method  proposed  and  developed  by  Sen  (Sen,
1968).  It  is  often used to  monitor  the magnitude of  the
change trend  of  long-term  series  datasets.  The  calcula-
tion formula is as follows (Equ. 2):

Q =median
(

X j−Xi

j− i

)
1 ≤ i < j ≤ n (2)

where Q represents the Sen’s slope, Xj and Xi represent
the sequence value at time j and i, respectively, and the
median  is  calculated  based  on  all  pairs  of  observations
in the time series.

The combination of Sen’s slope and the MK trend test
has been widely used in vegetation trend analysis and is
an  important  method  for  long-term series  data  analysis
(Gocic  and  Trajkovic,  2013).  In  this  study,  the  MK
trend test method was used to analyze the change trend
of  vegetation  phenology,  and  Sen’s  slope  was  used  to
quantify the change trend of phenology. 

3　Results
 

3.1　Results of time series data smoothing
Due to the time limit of SIF data, we calculated the av-
erage  values  of  NDVI,  EVI,  and  SIF  in  the  study  area
and  three  subdivisions  (zones  I,  II,  and  III)  during
2015–2019. Fig.  2 provides  an  example  of  the  original
SIF  data  and  the  smoothing  SIF  time  series  using  the
S–G  filtering  method.  This  shows  that  the  time  series
curve after S–G filtering is similar to the original curve
shape fluctuation characteristics,  with the outliers elim-
inated  and  smoother  than  the  original  curve,  which  is
very important for accurate extraction of phenology in-
formation.

The  results  of  filtered  NDVI,  EVI,  and  SIF  curves
in  the  whole  area  and  zones  I,  II,  and  III  are  shown in
Fig. 3. They show a constant seasonal change, the value
increases after  entering  the  growing  season  and  de-
creases after the end of the growing season. In the whole
area  (Fig.  3a),  the  characteristics  of  the  three  curves
were different. The SIF value began to dip at the begin-
ning  of  the  year  and  reached  its  lowest  point  in  early

April.  After  approaching  the  growing  season,  it  rose
quickly, reaching its highest value in June, then dropped
rapidly,  which  is  different  from  NDVI  and  EVI.  The
NDVI value was higher than that of EVI, and the peak
of  EVI was  somewhat  sharper  than that  of  NDVI.  It  is
clear  that  the  index  characteristics  of  NDVI,  EVI,  and
SIF  in  the  whole  area  (Fig.  3a)  are  mostly  consistent
with the three sub-areas (Figs. 3b–d). 

3.2　Phenology metrics extraction results
The values of SOS extracted by NDVI (SOSNDVI), EVI
(SOSEVI), and SIF (SOSSIF) as well as those of EOS ex-
tracted  by  NDVI  (EOSNDVI),  EVI  (EOSEVI),  and  SIF
(EOSSIF)  in  the  whole  area  and  three  sub-areas  are
shown  in Fig.  4.  From  2015  to  2019,  SOSNDVI was
between  Julian  day  110  and  126  in  the  whole
area（Fig.4a）. EOSNDVI had a small range of change,
with a minimum value of Julian day 302 and a maxim-
um  value  of  Julian  day  312  (Fig.  4b).  SOSEVI ranged
from  Julian  day  126  to  134,  EOSEVI was basically  un-
changed, and fluctuated slightly from Julian day 282 to
290.  SOSSIF was  smaller  than  SOSNDVI and  SOSEVI,
with  a  range  of  Julian  day  136  to  143,  and  EOSSIF
ranged  from  Julian  day  264  to  278.  The  phenological
characteristics  of  zones  I,  II,  and  III  based  on  NDVI,
EVI  and  SIF  are  the  same  as  the  characteristics  of  the
whole area (Figs. 4c–h), that is,  EOSSIF is the smallest,
EOSEVI is in the middle, and EOSNDVI is the largest.

To further  analyze the phenological  inversion results
of NDVI, EVI, and SIF, this study calculates the length
of  season  (LOS),  which  is  defined  as  the  difference
between EOS and SOS from 2015 to 2019 (Fig. 5). The
LOSNDVI ranges from Julian day 178 to 202 with an av-
erage  value  of  188,  LOSEVI is  between  Julian  day  152
and  161  with  an  average  value  of  156,  and  LOSSIF is
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between Julian day 128 and 135, with an average value
of  130  in  the  whole  area  (Fig.  5a). Fig.  5 more intuit-
ively reflects  that  the  length  of  the  growing season ex-

tracted by NDVI was the longest, followed by EVI, and
then SIF. 

3.3　Spatial patterns of vegetation phenology
Phenological  metrics  and  its  change  trends  based  on
NDVI and EVI in  different  permafrost  zones  were  cal-
culated to understand the phenological characteristics of
this area. The average values of SOSNDVI, SOSEVI, EO-
SNDVI,  and EOSEVI were calculated for each pixel from
2000 to 2018 (Fig. 6).

The  phenology  values  results  based  on  NDVI  and
EVI are  quite  different.  The  average  value  of  SOSNDVI
is  concentrated  from  Julian  day  80  to  112,  from  late
March  to  late  April,  accounting  for  97.8%  of  the  total
area  (Fig.  6a).  The  SOSNDVI value  of  the  Hulun  Buir
Plateau,  Songnen Plain,  and zone I  is  smaller  than that
of  the  other  regions.  EOSNDVI is  concentrated  around
Julian day 288 to 336, accounting for 89.3% of the total
area  (Fig.  6c).  The  largest  value  of  EOSNDVI is  mostly
found in the forest  areas of the Da Hinggan Mountains
and Xiao  Hinggan  Mountains.  The  phenological  met-
rics extracted by EVI are very different from the NDVI
values.  SOSEVI is between  Julian  day  96  and  144,  ac-
counting  for  96%  of  the  total  area  (Fig.  6b).  The  SO-
SEVI of  the  Hulun  Buir  Plateau  and  zone  I  is  smaller
than  that  in  other  areas.  EOSEVI is  between  Julian  day
272  and  320,  accounting  for  97.8%  of  the  total  area
(Fig. 6d). It is not difficult to find that SOSEVI is larger
than SOSNDVI, and EOSEVI is smaller than EOSNDVI.

We separately calculated the average values of phen-
ological metrics in zone I, zone II, and zone III (Table 1).
The results show that the average values of SOSNDVI are
generally  smaller  than  SOSEVI and  EOSNDVI is  larger
than SOSEVI in the three sub-areas.  The average values
of SOSNDVI and SOSEVI all showed that zone II was the
largest, followed by zone I, and then zone III. The aver-
age values of EOSNDVI and EOSEVI all showed that zone
I was the largest, followed by zone II, and then zone III. 

3.4　Spatial phenology trends
The Sen’s slope and corresponding P values of SOS and
EOS in  the  study  area  from  2000  to  2018  were  calcu-
lated, and the significant pixels (P < 0.05) are shown in
Fig.  7.  The  SOSNDVI change  trend  ranged  from  6.4  d
ahead  to  6.0  d  delayed  over  the  study  area,  primarily
showing  an  advancing  trend.  In  the  coniferous  forest
and grassland transitional area, broadleaved forest inter-

 

0

0.2

0.4

0.6

0.8

1.0
SIF EVI NDVI

SIF EVI NDVI

SIF EVI NDVI

N
D

V
I /

 E
V

I

0

0.2

0.4

0.6

0.8

1.0

N
D

V
I /

 E
V

I

0

0.2

0.4

0.6

0.8

1.0

N
D

V
I /

 E
V

I

0

0.2

0.4

0.6

0.8

1.0

N
D

V
I /

 E
V

I

Year
2015 2016 2017 2018 2019

Year
2015 2016 2017 2018 2019

Year
2015 2016 2017 2018 2019

Year
2015 2016 2017 2018 2019

a

b

c

SIF EVI NDVId

−0.2

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4
SI

F 
/ (

W
/m

2 ·μ
m
·s
r)

−0.2

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

SI
F 
/ (

W
/m

2 ·μ
m
·s
r)

−0.2

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

SI
F 
/ (

W
/m

2 ·μ
m
·s
r)

−0.2

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

SI
F 
/ (

W
/m

2 ·μ
m
·s
r)

Fig.  3    Normalized difference  vegetation  index  (NDVI),  en-
hanced  vegetation  index  (EVI),  and  solar-induced  chlorophyll
fluorescence  (SIF)  time  series  filtering  curve  of  the  whole  area
(a); zone I (b); zone II (c); and zone III (d) during 2015–2019 in
permafrost regions of the northeastern China
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leaved area, and zone I, the advance trend is more obvi-
ous,  and  a  small  part  of  SOS  is  delayed  in  the  Hulun
Buir  Plateau.  The  EOSNDVI change  trend  ranged  from

8.0 d ahead and 9.2 d delayed over the past nearly 20 yr,
with the delayed trend dominating. The EOSNDVI in the
Hulun Buir  Plateau and the Songnen Plain in the study
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area show a clear advancing trend, while the coniferous
and  broadleaved  mixed  forest  areas  in  the  east  and  the

northern coniferous  forest  area  mainly  show  a  post-
poned trend. The range of SOSEVI change trend was 8.7 d

 
Table 1    Average values of the phenological parameters and the change trends in zone I, zone II, and zone III during 2000–2018 in per-
mafrost regions of the northeastern China
 

Phenological metrics Zone Average values / d Average values of change trends / d

SOSNDVI I 95.15 −1.31

II 99.34 −1.18

III 78.79 −0.94

SOSEVI I 116.27 −1.19

II 123.90 −1.28

III 94.55 −1.09

EOSNDVI I 312.42 3.25

II 308.21 3.87

III 283.25 1.17

EOSEVI I 286.60 −0.32

II 280.72 −0.75

III 259.08 −0.85
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ahead to 6.6 d delayed, primarily showing an advancing
trend.  The  range  of  EOSEVI change  trend  was  9.6  d
ahead to 9.1 d delayed, with the advanced trend domin-
ating.  The  advanced  trend  in  the  Hulun  Buir  grassland
area is the most obvious.

The average values of change trends of phonological
metrics  in  the  subdivisions  are  shown  in Table  1.  The
results  show that  SOSNDVI and  SOSEVI are both  negat-
ive, indicating that the overall SOS change trend of the
subdivisions  is  advanced.  There  is  a  big  difference
between EOSNDVI and EOSEVI. The trend value of EOS-
NDVI is  positive,  indicating  that  EOS  is  delayed,  while
EOSEVI is negative, showing the opposite trend. 

4　Discussion
 

4.1　 Spatial  phenology  extraction  using  MODIS
products
Some  studies  have  used  different  methods  and  data  to
extract the phenological  metrics  of  vegetation in north-
eastern  China. Tang  et  al.  (2015) estimated  SOS  and
EOS in  the  Da Hinggan Mountains  from 1982 to  2012
and  showed that  SOS were  mainly  distributed  between
Julian day 90 and 150, and the EOS ranged from Julian
day 245 to 305. Yu et  al.  (2017) calculated the SOS in
northeastern China from 1982 to 2015 ranging from the
Julian day 100 to 140, and the EOS ranged from the Ju-
lian  day  280  to  320. Liu  et  al.  (2016) calculated  the
mean EOS values of temperate vegetation in China, and
the results were mainly distributed from Julian day 270
to 310.  Compared  with  these  existing  results,  our  res-
ults are  basically  consistent  with  them,  and  the  pheno-
logy  metrics  derived  from  EVI  are  more  accurate  than
NDVI. In addition, the smaller the pixel size, the great-
er the number of pure pixels, which could reduce the in-
terference  of  mixed  pixels  on  phenological  extraction.
The MODIS products we used with a pixel size of 250 m
are more accurate than most existing studies.

Different cover types significantly affect the values of
SOS and EOS. Yu et al. (2017) revealed that the change
trend  for  each  land  cover  type  showed  great  diversity
among different types. The difference in spatial charac-
teristics between EVI and NDVI is that the phenologic-
al metrics extracted by EVI are more ‘fragmented’ than
NDVI (Fig. 6). In other words, the extraction results of
EVI are more consistent with vegetation types. One vis-
ible difference is in the Songnen Plain, which is covered

by  cropland  and  broadleaf  forests,  SOSNDVI and  EOS-

NDVI did  not  recognize  the  difference  in  phenology,
while  SOSEVI and  EOSEVI recognized  that  the  SOS  of
cultivated  crops  is  later  than  that  of  broadleaf  forests,
and EOS is earlier than in broadleaf forests. Zhao et al.
(2016) calculated  the  average  values  of  the  SOS  and
EOS in northeastern China and found that crops are sig-
nificantly affected by sowing time and have SOS dates
that are substantially later than those of other vegetation
types, which is consistent with our conclusions.

The time series of NDVI and EVI can reflect the sea-
sonal changes in vegetation and are used in monitoring
vegetation  phenology.  However,  as  mentioned  above,
EVI is  better  than  NDVI  in  terms  of  phenological  ex-
traction.  The  NDVI  algorithm  only  uses  red  light  and
near-infrared bands,  when the vegetation cover is  high,
the red-light band quickly saturates, resulting in a satur-
ation effect  (Huete et  al.,  2002).  EVI has improved the
algorithm design and synthesis, using the blue band and
improving the  post-processing  of  residual  aerosols,  re-
ducing the  influence  of  the  atmosphere  and  soil  back-
ground, and avoiding the problem of saturation in areas
with  high  vegetation  cover  (Rocha  and  Shaver,  2009;
Shen et al., 2014; Zhang et al., 2006).

Although NDVI and EVI are quite different in terms
of  phenological  extraction,  they  have  some  similarities
in space. For example, the average of SOSNDVI and SO-
SEVI in  the  Hulun  Buir  Plateau  and  zone  I  are  earlier
than  other  regions,  and  EOSNDVI and  EOSEVI are  later
than  other  regions  (Fig.  6). Therefore,  LOS in  the  Hu-
lun Buir Plateau and zone I are longer than in other re-
gions, which is highly consistent with Yu et al. (2017). 

4.2　 Comparison  of  NDVI,  EVI,  and  SIF  filtering
curves characteristics
The NDVI, EVI, and SIF curves present regular season-
al  changes.  The  growth  season  values  are  much  higher
than those of the non-growth season and the growth sea-
son curves  are  roughly  symmetrical.  Many  studies  in-
dicate that SIF meets the standards of extracting pheno-
logical  metrics.  For  example, Jeong  et  al.  (2017) con-
cluded  that  continuing  measurements  from  SIF  and
NDVI can help to comprehend the seasonal variations in
vegetation structure, greenness, and physiology at large
scales. Wang et  al.  (2019) used  SIF  to  capture  dryland
vegetation  phenology  in  the  tropical  arid  region  of
North Australia  and found that  SIF has  the potential  to
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improve  the  ability  of  dryland  ecosystem  phenology
monitoring.

Fig. 3 shows that the curves of SIF change faster, the
slope is large, and the duration of the growing season is
the  shortest.  Compared  with  NDVI,  SIF  starts  late  and
ends early;  therefore,  the length of the SIF growth sea-
son is much shorter than NDVI. SIF drops quickly after
reaching  the  peak,  which  occurs  earlier  than  EVI,  the
length of the SIF growing season is slightly shorter than
that  of  the  EVI,  which  is  consistent  with  a  previous
study  (Walther  et  al.,  2016; Liu  et  al.,  2018; Chang  et
al.,  2019).  We  found  that  the  characteristics  of  NDVI,
EVI and SIF in a small study area are the same as those
in a large area.

Five-year averages  of  the  three  indices  were  calcu-
lated separately to generate the mean curve (Fig. 8). The
NDVI is clearly different from the other two datasets. It
entered a rapid growth phase at the end of March, began
to decay gradually until early August, and gradually de-
clined in early October.  The trends of the EVI and SIF
curves were more consistent, and both began to rise rap-
idly  at  the  end  of  April,  but  the  SIF  curve  reached  the
peak  of  the  growing  season  earlier  in  June,  and  then
quickly  decayed.  The  NDVI  and  EVI  waveforms  were
very  consistent.  The  difference  is  that  the  NDVI  value
was always higher than that of EVI, as EVI reduces the

influence of outliers, and its change range is lower than
NDVI overall, and the change is relatively gentle (Shen
et  al.,  2014).  The  EVI  growing  season  starts  late  and
ends early, and the overall distribution is concentrated. 

4.3　Advantages of SIF in extracting phenology
Compared with the vegetation indices, which reflect the
greenness of vegetation, SIF, which reflects the charac-
teristics  of  vegetation  photosynthesis  quickly  and
without  damage,  has  become  a  ‘probe’ for  monitoring
the use  of  light  energy  by  vegetation  and  can  also  re-
flect the true growth status of vegetation (Zarco-Tejada
et al., 2013). In this study, SIF was used to extract phen-
ology across the whole area and the three sub-areas and
showed that the growing season length of SIF was signi-
ficantly shorter than NDVI and EVI in phenological in-
version,  which  is  consistent  with  previous  research
(Chang  et  al.,  2019).  SIF  has  a  strong  physiological
basis compared to NDVI and EVI and is directly linked
to  the  biochemical  processes  of  vegetation. Qiu  et  al.
(2019) compared SIF and traditional VIs found that SIF
are more  consistent  with  GPP  than  those  of  VIs,  sug-
gesting the decoupling of photosynthesis and changes in
greenness-based VIs.  NDVI  and  EVI  are  both  vegeta-
tion  indices  and  reflect  the  greenness  information  of
leaves and  are  affected  by  other  factors  such  as  back-
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ground  and  high  reflectivity  of  snow  in  winter,  which
leads  to  a  decrease  in  NDVI  and  EVI.  For  example,
after the snow and ice melt in spring, the greenness in-
formation  has  increased,  but  the  vegetation  has  not
entered  the  growing  season.  The  trend  of  slow  growth
interfered with  the  extraction  of  phenology.  Further-
more, the usual sign of the vegetation growth season is
that  the  plant  leaves  begin  to  turn  green  and  fall.
However, the photosynthesis of plants before the leaves
turn  yellow  or  fall  is  very  weak,  and  some  evergreen
coniferous forests  also affect  the changes in NDVI and
EVI  values  (Gonsamo  et  al.,  2012).  Because  of  those,
the phenological growth season based on SIF extraction
starts late and ends early and is shorter than NDVI and
EVI. 

4.4　Phenology of different permafrost zones
The permafrost regions of northeastern China can be di-
vided  into  zones  I,  II,  and  III.  It  is  generally  believed
that the process of permafrost degradation is from zone I
to zone II and then zone III until it disappears. Accord-
ing to vegetation type data, we know that the vegetation
types  of  permafrost  zones  I  and  II  are  basically  the
same,  and zone III  is  not  considered due to differences
in vegetation types. Both the results of NDVI, EVI and
SIF show that the length of the growing season in zone I
is  longer  than  that  in  zone  II.  We  can  assume  that,  as
global climate  change  leads  to  the  degradation  of  per-
mafrost, the length of the growing season of the vegeta-
tion in the area will  be shortened.  The impact  mechan-
ism  of  permafrost  degradation  on  vegetation  is  very
complicated  and  needs  to  be  further  explored.  Perhaps
we  can  simply  understand  that  permafrost  is  the  most
suitable growth  environment  for  vegetation  in  perma-
frost  regions  such  as Larix  gmelini. When  the  perma-
frost  is  degraded,  the  vegetation  temporarily  does  not
adapt  to  this  change,  so  the  growing  season  becomes
shorter. 

4.5　Study limitations
The short time span of SIF data and low spatial resolu-
tion  are  the  main  limitations  of  this  study.  Recently,
many downscaled  SIF  data  products  have  been  pro-
duced (Zhang et al., 2018; Li and Xiao, 2019; Yu et al.,
2019);  however,  these products  are  the result  of  spatial
interpolation or fitting using other high-resolution data.
They  can  not  represent  the  real  SIF  due  to  errors.

Moreover,  SIF  data  are  spatially  discontinuous  point
data, which is also a limitation for regional phenologic-
al  extraction.  Because  the  revisit  period  of  the  OCO-2
satellite is 16 d, the number of points in the study area is
relatively  small,  and  we  use  the  average  value  of  the
points  to  represent  the  overall  situation  of  the  area.
Sometimes, the area can not be accurately reflected ow-
ing to the sparse point data. With the development of re-
mote sensing technology and the improvement of inver-
sion  methods,  we  believe  that  these  problems  will  be
solved. 

5　Conclusions

With the development of various phenological observa-
tion technologies,  the research of vegetation phenology
has entered  a  stage  that  requires  the  integration  of  re-
lated disciplines and the use of new technologies. To ex-
plore the feasibility of applying SIF to extract phenolo-
gical  information  in  permafrost  regions  of  northeastern
China, this study uses SIF, NDVI, and EVI data to ob-
tain  the  filtering time series  curves  and compares  them
with  each  other.  We  found  that  the  growing  season
length  of  SIF  is  significantly  shorter  than  NDVI  and
slightly shorter than EVI. Because the traditional veget-
ation  indices,  NDVI  and  EVI,  reflect  the  phenology  of
leaves, which may be decoupled from actual  photosyn-
thesis and easily interfered with by the background. The
permafrost  regions  of  northeastern  China  are  an  ideal
area  for  phenological  research.  This  study  derived  the
phonological  metrics  and  change  trends  of  the  study
area  at  the  pixel  scale  and  achieved  good  results.  The
length  of  the  growing  season  in  zone  I  is  longer  than
that in zone II.  Therefore, we predict that as zone I de-
generates  into  zone  II,  the  length  of  the  vegetation
growing season will become shorter.

As a new type of remote sensing technology, SIF can
be  used  to  extract  vegetation  phenology  information,
compensating for  the  shortcomings  of  traditional  re-
mote sensing  vegetation  indices.  This  is  not  only  im-
portant for phenology development but also has a signi-
ficant impact  on understanding the  response  of  ecosys-
tems to global environmental changes.
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