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Decreased Sensitivity of Grassland Spring Phenology
to Temperature on the Tibetan Plateau
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Abstract—Spring phenology is a critical indicator to characterize
vegetation dynamics and their responses to climate change. Spring
phenology on the Tibetan Plateau (TP) has received extensive
attentions as it has experienced one of the most rapid warm-
ings. Warming-induced advancement of spring phenology has been
revealed by many studies, however, the underlying mechanisms
remain obscure. In this article, we derived the start of growing
season (SOS) from the satellite solar-induced chlorophyll fluores-
cence (SIF) and investigated the spatial and temporal variations of
SOS over grasslands on the TP during 2001–2020. The temperature
sensitivity (St) of SOS was then analyzed, i.e., the slope of a linear re-
gression between the advanced SOS and preseason air temperature.
Results showed an average advanced trend of 0.29 days per decade
of SOS, although not statistically significant. Spatially, grasslands
in eastern TP showed an earlier trend of SOS whilst those in western
TP showed a later trend of SOS. The spatial distribution of St was
much more affected by precipitation and air temperature, i.e., a 1
mm decrease of precipitation and 1 °C warming incur a decrease
in St of 0.02 and 0.54 day/°C, respectively. Temporally, St showed
a significant decrease with an average speed of 0.14 day/°C per
year during 2001–2020, and the climate controllers show a high
spatial heterogeneity. These findings improved our understanding
of grasslands spring phenology responses to warming and help us
clarify future global water and energy cycles.

Index Terms—Solar-induced chlorophyll fluorescence (SIF),
spring phenology, temperature sensitivity (St), Tibetan Plateau
(TP).
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I. INTRODUCTION

S PRING phenology is a highly sensitive indicator to charac-
terize vegetation dynamics and their responses to climate

change [1], [2], [3]. Climate change has an impact on spring
phenology, and phenological changes regulate vegetation’s abil-
ity to feed back to the climate system through affecting the
carbon, water and energy cycles [4], [5]. Therefore, it is crucial
to comprehend the probable mechanisms of climate factors
influencing spring phenology in order to improve phenology
prediction in future climate change, which may help us in better
understanding future carbon, water and energy cycles.

The Tibetan plateau (TP), the highest plateau in the world, has
warmed at one of the fastest rates (∼ 0.4 °C per decade), which is
twice the average rate of global warming [2], [6]. Several studies
have indicated early spring phenology in response to spring
warming in the grasslands of TP since the 1980s [7], [8], [9],
which was also found in other high-elevation and high-latitude
regions [10], [11], [12]. However, due to the ambiguity created
by many data sources and the shifting relative importance of
climate limitations on spring phenology, it is elusive whether
this accelerated spring phenology trend will continue into the
21st century [13]. For instance, recent studies have reported that
spring phenology was overestimated by the structural vegetation
indices [e.g., normalized difference vegetation index (NDVI)
and enhanced vegetation index (EVI)] [14], [15], and these
indices were impacted by cloud, snow, or ice cover [14]. The
new solar-induced chlorophyll fluorescence (SIF), in contrast
to conventional vegetation indices, provides a direct measure
of photosynthesis as it is released from the chlorophyll of
photosynthesis-sensitive plants [13]. As a result, SIF is less
likely to be impacted by cloud, snow and other environmental
factors [13], [14]. In addition, previous studies have also reported
the strong linear correlation between SIF and GPP for various
biomes including crops, grasslands, and temperate forests on the
TP [16], [17], [18], providing a potential way for detecting vege-
tation phenology at large scales from photosynthetic perspective
[16], [19].

The temperature sensitivity (St), defined as the advancement
of spring phenology in response to a unit shift in preseason
air temperature [1], has been widely used for assessing and
predicting phenology responses to climate change [8], [10], [20],
[21]. Previous researches using in situ observations revealed
that St generally decreased with increasing spring temperatures
[1], [22], [23], [24]. However, our knowledge of how increasing
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Fig. 1. Spatial distribution of grasslands on the Tibetan Plateau.

temperature regulates spring phenology as well as St variations
for grasslands on the TP since 2000s is still poor, especially
regarding the underlying mechanisms behind spring phenology
responses to climate change on the TP [5], [8], [25], [26], [27].

In this article, we took advantage of SIF to extract grassland
spring phenology [i.e., start of growing season (SOS)] on the
TP and revealed the spatial and temporal variations of St from
2001 to 2020. To investigate the underlying determinants of
the TP grasslands’ responses to climate change and facilitate
our understanding of these ecosystems in future climates, we
aimed to: investigate spatial and temporal patterns of SOS trends
derived from SIF time series from 2001 to 2020; elucidate the
response of SOS to preseason air temperature (i.e., St) and the
effects of preseason climate factors in determining the spatial
pattern of St; and investigate the temporal variation of St and
underlying climate controllers.

II. MATERIALS AND METHODS

A. Study Area

The TP is located in western China (25. 9°N ∼ 40.0°N, 73.
4°E ∼ 104. 3°E), accounting for approximately 15% of the
land area in China [28]. As the highest land of the world, TP
has an average altitude of over 4000 m, a typical cold climate,
little precipitation, significant solar radiation and thin air (see
Fig. 8) [5], [29], [30]. The dominant land covers are steppe and
meadow, which respectively covers 28.2% and 28.6% of the
entire TP, according to the Vegetation Maps of China with a
scale of 1:1000000 (see Fig. 1) [31], [32]. In this article, we
focused on the grasslands area (i.e., steppe and meadow).

B. Datasets

1) Contiguous Solar-Induced Fluorescence Data: The con-
tiguous solar-induced fluorescence data (CSIF) was se-
lected to extract SOS, which was freely acquired from
National Tibetan Plateau Third Pole Environment Data
Center (TPDC, http://data.tpdc.ac.cn/en/data/d7cccf31-9bb5-
4356-88a7-38c5458f052b/). CSIF is produced by a machine
learning method from orbiting carbon observatory-2 SIF dataset
and MODIS (Moderate-resolution Imaging Spectroradiometer)
reflectance dataset (MCD43C1 C6), with the spatial resolution
of 0.05° and the temporal resolution of 4-days, available from
2001 to 2020 [33]. In this article, we selected the clear-sky daily

CSIF (CSIFclear-daily) since it has a good performance vali-
dated by original SIF observations (Coefficient of determination,
R2 = 0.79), and also has high correlations with GPP estimated
from flux towers [33]. To match the resolution of the climate
dataset, we resampled the CSIF data to 0.1° by a 2×2 window
averaging method.

2) ERA-5 Land Climate Reanalysis Dataset: In this arti-
cle, the hourly 2 m air temperature, precipitation and short-
wave downward radiation data from 2001 to 2020 with a
spatial resolution of 0.1°×0.1° were employed from ERA5-
Land climate reanalysis dataset, which was developed by
the European Centre for Medium-Range Weather Forecasts
(ECMWF) Website (https://cds.climate.copernicus.eu/cdsapp#!
/dataset/reanalysis-era5-land) [34]. The ECMWF ERA5 cli-
mate reanalysis’ land component was replayed to create ERA5-
Land dataset, which offered a more consistent depiction of the
evolution of land variables across multiple decades than ERA5
[34], [35]. We synthesized the hourly ERA5-Land data into daily
data.

3) Landcover Dataset: The Vegetation Maps of China with
a scale of 1:1000000 was used to identify land cover types in our
study area. Alpine meadows and alpine grasslands are included
in this data as grasslands, which are more suited for TP research
than other land cover products [5], [7]. This dataset was provided
by Environmental & Ecological Science Data Center for West
China, and can be freely available from http://westdc.westgis.ac.
cn. We merged the alpine meadow and steppe into a simplified
“grasslands” class.

C. Methods

1) Extraction of the Start of Growing Season: To avoid sys-
tematical error of different phenological extraction methods,
we used two widely used methods, i.e., dynamic threshold and
double logistic function method to extract SOS [5].

a) Dynamic threshold method: To lessen the bias caused
by random noise, we first linearly interpolated the 4-days of
CSIF data to create a daily time-series, and then we smoothed
it using Savitzky–Golay (S–G) and harmonic analysis of time
series (HANTs) filtering [36], [37]. To guarantee the smooth-
ness of the CSIF time series, a 32-day window was chosen in
S–G filtering [15]. The parameters of the HANTs filter were
referenced from Zhou et al. [38]. In this article, 20% of CSIF
value was used to extract SOS on the TP [2], [39], [40], [41]

CSIFratio =
(CSIFts − CSIFmin)

(CSIFmax − CSIFmin)
(1)

where CSIFts is the value of CSIF in the smoothed time series ts;
and the CSIFmax and CSIFmin are the maximum and minimum
value of the CSIF in the smoothed time series of current annual
year, respectively. The SOS was specifically defined as the
average first day of the ts when CSIFratio value exceeds 0.2.

b) Logistic function method: The logistic function
method is predicated on the idea that vegetation growth follows
a well-defined temporal profile. As a result, the time series CSIF
(smoothed by S–G) can be fitted by a logical function, such as

http://data.tpdc.ac.cn/en/data/d7cccf31-9bb5-4356-88a7-38c5458f052b/
http://data.tpdc.ac.cn/en/data/d7cccf31-9bb5-4356-88a7-38c5458f052b/
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land
http://westdc.westgis.ac.cn
http://westdc.westgis.ac.cn
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double logistic function as follows [10], [42], [43], [44]:

f (ts) = CSIFw +
αS

1 + e−∂S×(ts−S)
− αA

1 + e−∂A×(ts−A)
.

(2)
In the (2), f(ts) is the fitted CSIF at the date (day of year,

DOY) ts, CSIFw is the base winter CSIF,αS andαA represent the
amplitudes of spring green-up and autumn brown-down plateau,
respectively. The transition curvature parameters are δS (which
corresponds to the spring plateau) and δA (which corresponds
to the autumn plateau), and S and A are the transitions’ DOY
midpoints for green-up and brown-down, respectively [43].
Moreover, by using least squares method, the parameters (αS,
αA, δS, δA, S, A) were fitted against actual observations [45].
In this method, SOS is estimated by using the minimum and
maximum values of the first, second, and third derivatives [43],
[45], i.e.,

SOS = S − 4.562/2× CSIFw (3)

where S and CSIFw are fitted parameters in (2). Finally, we
averaged the SOS obtained by above-mentioned two methods
as the final SOS.

2) Calculation of the Temperature Sensitivity (St): Temper-
ature sensitivity (St) is the main effective and simple way to
evaluate phenology responses to climate warming [1], [12], [24].
In this article, the slope of a linear regression of advanced spring
phenological days versus preseason temperature was used to
determine the St of spring phenology [1], [10], [24], [46]. As
a result, “preseason” refers to the climatic conditions that the
vegetation was exposed to the date before the SOS [23]. The
“preseason length” was defined as the date from November 1st
in preceding year to the SOS of current year, and air temperature
corresponding to the preseason length is the preseason tempera-
ture [1], [47]. Likewise, we defined preseason precipitation and
radiation in the same way. In this article, a positive value of
St indicates warming-induced advancement of SOS (i.e., earlier
SOS), and vice versa.

3) Statistical Analysis: To examine the monotonic trends in
SOS and St and determine their significance, we employed the
Theil–Sen method and the Mann–Kendall (MK) trend test [48],
[49]. Details regarding the above-mentioned two methods could
be found in Jiang et al. [48]. When analyzing trends of SOS,
we also highlighted trends that the MK trend test indicated were
significant at the 5% confidence level (p < 0.05).

In addition, simple linear regressions [22] were used to cal-
culate correlations between the spatial distribution of St and
preseason climate factors. And we analyzed temporal changes
of St by using decadal differences and a 5-year moving window,
respectively. We calculated the change of St by comparing
the sign of the two generational St value, which determines
the decadal difference of St (same sign means no significant
change, and the different sign means significant change).The
t-test [50] and MK trend test were used for significance test
of St. Moreover, the contributions of climate factors (preseason
temperature, precipitation and radiation) to St were evaluated by
using partial regression models. We ordered these factors (i.e.,
climatic factors) according to the absolute value of their partial
correlation coefficients to identify the factors that contributes

the most to the St dynamics. The main contributor to the St in
that grid cell was determined to be the factors with the biggest
absolute value of partial correlation.

III. RESULTS

A. Spatio-Temporal Dynamics of Spring Phenology on the
Tibetan Plateau

In general, the multi-averaged SOS during 2001–2020 ranged
from April to June from the eastern to the western TP [see
Fig. 2(a)]. The trend of SOS revealed distinct spatial patterns
between eastern and western TP [see Fig. 2(b)]. About 58.1% of
the grasslands area exhibited advanced/earlier trends in SOS,
which mainly located in the eastern TP, among which 9.2%
was significant. On the contrary, the delayed SOS (41. 9%)
was distributed at the southwestern TP, and the significant trend
accounted for 2.6%. Overall, SOS had an average advancement
of 0.29 days per decade for grassland ecosystems on the entire
TP.

B. Spatial Pattern of Temperature Sensitivity of Grassland
Spring Phenology

The temperature sensitivity (St) during 2001–2020 was pre-
sented in Fig. 3. Overall, the average St over grasslands on the
TP is approximately 0.66 day/°C, which means an increase in
preseason temperature of 1 °C corresponded to an advancement
of 0.66 days in SOS. The St showed an apparent distinct spatial
pattern over grasslands on the TP, which was similar with the
spatial pattern of SOS trend [see Fig. 2(b)]. In the southwest
of TP, the majority of pixels exhibited negative St, with the
mean value of −5.47 day/°C. In contrast, positive St was mainly
concentrated in the center and east of TP, accounting for about
58% of the grasslands of TP, most of which were higher than
+3 day/°C.

We further investigated the distribution of St with a combina-
tion of preseason climate factors (i.e., preseason temperature,
precipitation and radiation). About 80.3% of TP grasslands
showed an increasing trend of preseason temperature at an
average rate of 0.03 °C per year, which was larger in the western
than that in the eastern TP [see Fig. 9(a) and (b)]. Likewise, pre-
season radiation showed an apparent increase trend with about
72.3% regions of grasslands on the TP [see Fig. 9(e) and (f)].
On the contrary, preseason precipitation showed a significant
decrease for 59.1% of grasslands on the TP [see Fig. 9(c) and
(d)].

We observed that St has obvious distribution differences in a
climatic space composed of temperature and precipitation (see
Fig. 4). The negative St was mainly occurred in the regions
with preseason precipitation lower than 200 mm and preseason
temperature higher than 0 °C (see Fig. 4). Positive St was
mainly occurred in cold (preseason temperature < 0 °C) and
humid/sub-humid (preseason precipitation > 200 mm) regions
(see Fig. 4). Preseason precipitation was highly and positively
correlated with St (R2 = 0.81), while the negative correlations
(R2 = 0.78) were found for preseason temperature. More-
over, similar relationships were also observed in radiation and
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Fig. 2. Spatial pattern of (a) the multiaveraged SOS and (b) temporal trends of SOS during 2001–2020. The bottom left insets show the corresponding frequency
distributions. The texts in (b) show the proportions of areas with advanced (A) and delayed (D) SOS, with the significant pixels (p < 0.05) indicated in the bracket.

Fig. 3. Spatial pattern of temperature sensitivity (St) on the Tibetan Plateau during 2001–2020. The bottom left insets show the frequency distributions of St, and
the texts show the proportions of areas with positive (P) and negative (N) St, respectively.

precipitation (see Fig. 10), but not in temperature and radiation
(see Fig. 11). Overall, the spatial distribution of St was much
more affected by the ambient conditions of temperature and pre-
cipitation than radiation, with a 1 mm decrease of precipitation
and 1 °C warming incur a decrease in St of 0.02 and 0.54 day/°C,
respectively.

C. Decreased Temperature Sensitivity of Grassland Spring
Phenology

We found that the percentage of positive St decreased from
64.8% in 2001–2010 to 50.4% in 2011–2020 [see Fig. 5(a) and
(b)]. That is, about 44.7% of grasslands spring phenology on the
TP have experienced distinct shift in St. At the same time, the
mean value of St in 2001–2010 was much higher than that in
2011–2020 (+1.38 day/°C vs.+0.16 day/°C), and the difference
of St in the two decades are significant at a level of p < 0.01
[see Fig. 5(c)]. Trend analysis by a 5-year moving window from
2001 to 2020 presented that St decreased by an average speed

of 0.14 day/°C per year (p = 0.1) [see Figs. 6 and 12]. These
results highlighted that the St of grasslands spring phenology
on the TP have experienced obviously decrease in the past two
decades.

D. Attribution of Temporal Decrease in Temperature
Sensitivity

We further explored the contributions of preseason climate
factors to the decrease of St by partial correlation analysis based
on the St calculated by 5-year moving window. Considering
the length of the moving window may affect the trend of St, we
tested six different sizes of moving windows. The results showed
that a 5-year moving window was the most suitable method to
calculate the temporal change of St (see Fig. 13). Partial correla-
tion analysis allowed us to control the influence of other factors
when analyzing the correlation between climate factor and St.
Preseason temperature showed negative partial correlation with
St for 56.5% grasslands on the TP (10.7% was significant at
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Fig. 4. Distribution of temperature sensitivity (St) in the climatic space
composed of the preseason temperature and preseason precipitation during
2001–2020. In the upper and right subgraphs, the solid black lines indicate the St
variations with temperature and precipitation, respectively. The gray shadows
areas the standard deviation error of St in each bin, the dashed red lines are
the fitted linear regressions, and the dashed black lines indicate the location of
0 day/°C.

p < 0.05 level), which mainly distributed in southwest and
center of TP [see Fig. 7(a)]. This relationship might indicate
that increasing preseason temperature will shift St to negative
direction, that is, warming would be less beneficial to vegetation
growth in these areas. Likewise, Preseason precipitation showed
negative partial correlation with St in about 56.6% regions (7.5%
was significant at p < 0.05 level) [see Fig. 7(b)]. Preseason
radiation showed positive relationship with St in about 52.0%
regions (7.6% was significant at p < 0.05 level) [see Fig. 7(c)].
The results of corresponding areas of each dominant/limiting
factor are presented in Fig. 7(d). For the entire TP, the St was
limited by preseason temperature, radiation and precipitation in
37.9%, 34.4%, and 27.7% of the areas, respectively.

IV. DISCUSSION

A. Spatio-Temporal Variation of Grassland Spring Phenology

This article estimated the SOS and its temporal variation
over the grasslands on the TP from 2001 to 2020 based on
CSIF data. We found that SOS in the western TP was generally
later than that in the eastern part. In the western TP, the sparse
vegetation and relatively high temperature induced larger evap-
otranspiration and lower accumulated preseason precipitation
[28], [39]. Vegetation growth was inhibited and vegetation takes
longer to end the dormant period, resulting in delayed spring
phenology on the western TP [2]. On the contrary, relatively

sufficient precipitation could meet the water demand for vegeta-
tion growth, and low-risk drought allowed vegetation to benefit
more in terms of temperature on the eastern TP [51]. Besides,
we found that the spatial pattern of SOS was roughly consistent
with that of the two grassland types, which might indicate that
the spring phenological changes of grasslands were contributed
by grassland types on the TP [52].

Our results confirmed the spatial distribution of different
trends of SOS in the eastern and western TP during the period
2001–2020, which was apparently consistent with previous stud-
ies [2], [5], [13], [53]. Recent studies gave possible explanations
about the opposite trends on the TP: The ecosystems in the
east and west were under stress from the cold and the drought,
respectively [2], [13]. In the eastern TP, the daily average
temperature was consistently below 0 °C from November until
the following April on the TP [2]. Thus, an increasing spring
temperature would advance the green-up date (corresponding
to SOS) of alpine vegetation. In the western TP, increasing
forcing temperature did not necessarily advance SOS due to the
impact of decrease in preseason precipitation [53]. Our results
identified that SOS showed no significant trends with an average
advancement of 0.29 days per decade on the TP. This finding may
put an end to the discussions about whether spring phenology has
continuously advanced in climate-sensitive regions (e.g., TP)
into the 21st century [53], [54].

B. Spatial Variation of Temperature Sensitivity

We observed that the spatial distribution of St was much
more affected by the ambient conditions of temperature and
precipitation, which was highly correlated with preseason pre-
cipitation (R2 = 0.81) and temperature (R2 = 0.78) on the
TP. In arid/semi-arid regions (preseason precipitation < 200
mm), soil moisture might remain suboptimal after low rainfall,
and continued warming could lead to even harsher vegetation
growth conditions. Thus, St was more correlated with preseason
precipitation than preseason temperature in these regions [51].
Furthermore, preseason high temperatures in arid/semiarid re-
gions might lead to increased evapotranspiration and thus less
water availability, which might result in the delay of SOS [55],
explaining the negative St observed in grasslands in arid/semi-
arid regions on the western TP. By contrast, in humid/sub-humid
regions (preseason precipitation > 200 mm), the initiation of
vegetation growth was not limited by water shortage, and as a
result, the St was more correlated with preseason temperature
than to preseason precipitation. In these regions, St was positive
under increasing preseason temperature.

C. Temporal Decrease of Temperature Sensitivity

Previous studies have reported that St has experienced a
significantly decrease on hemisphere and regional scales in the
past decades [1], [22], [24]. Our results suggested that St of
grassland significantly decreased with the speed of 0.14 day/°C
per year on the TP from 2001 to 2020, which was faster than
Central European (0.07 day/°C per year) and Switzerland (0.05
day/°C per year) [1], [24].
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Fig. 5. Spatial pattern of temperature sensitivity (St) for periods of (a) 2001–2010 and (b) 2011–2020, (c) St distributions of the two decades. The texts in (c)
show the p value of t-test of decadal St and decadal-averaged St.

Fig. 6. Temporal variation of temperature sensitivity (St) with a 5-year moving
window on the Tibetan Plateau during 2001–2020. The trend (fitted by simple
linear regression) and the significance level were indicated in the figure.

The St was co-controlled by preseason temperature (37.9%),
radiation (34.4%) and precipitation (27.7%) during 2001–2020
[see Fig. 7(d)]. Previous studies showed that preseason temper-
ature and radiation would be an important climate factor that
would dominate the temporal decrease of St [22], [24], which
was consistent with our finding. However, the dominant climatic
factor controlling St was spatially heterogeneous. We provided
possible potential mechanisms for interpreting the decrease in
St on the TP.

First, vegetation needs heat accumulation after emerging from
dormancy to start leaf unfolding in spring [1]. At the same
time, vegetation needs to break dormancy in order to spread
leaves, which requires sufficient chilling accumulation during

dormancy [4], [53]. In the context of continuous global warming,
the chilling accumulated during the dormancy period reduced,
thus increasing the heat demand and slowing down the leaf
unfolding [1], [56]. The lack of chilling prolonged the dormant
period of vegetation and led to the slowing down of spring
phenological advance (i.e., slowing downing the advancement
of SOS).

Second, the indirect influence on SOS can be used to ex-
plain how radiation and precipitation regulate St [22], [57].
In several studies, it has been demonstrated that radiation in-
directly influences spring phenology because it affects tem-
perature and moisture by regulating heat flux and evapotran-
spiration [22], [58]. Increasing preseason radiation strength
the solar-induced warming, resulting in additional increases in
turbulent fluxes and evapotranspiration [59], and the decrease
of preseason precipitation leads to the decrease of vegetation
available water [1], [60], [61]. These effects limited vegeta-
tion growth in spring and slow down the advanced trend of
SOS, which reducing the sensitivity of vegetation response to
warming.

In addition, photoperiod limitation mechanisms and vegeta-
tion adaptation may also limit when leaf unfolding dates occur
too early in the season, which influences temporal variation in
St [22], [24].

D. Limitations and Future Work

Our study revealed different potential mechanisms of grass-
land spring phenology and St variations on the TP. It was notable
that many of the explanations in our study were speculative and
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Fig. 7. Spatial pattern of partial correlation coefficient between the temperature sensitivity (St) and preseason (a) temperature, (b) precipitation, (c) radiation.
(d) Indicate the main limiting factor on temporal variation of St on the Tibetan Plateau. The bottom left insets in (a)–(c) show the frequency distributions of
corresponding correlation coefficients, and the texts show the proportions of areas with positive (P) and negative (N) correlations, respectively. The texts in the
lower left corner in (d) describe the proportions of the regions controlled by temperature (T2m), precipitation (Pre) and radiation (Rad), respectively.

nonexclusive, hence, further studies are needed to reveal the
physiological process of vegetation dynamics to the variation
of climatic factors. Moreover, the relationship between other
phenological metrics (e.g., the end of growing season, EOS)
and St needs to explore further. Therefore, we recommend
further investigations on the impact of climatic change on St and
vegetation phenology for various vegetation types at larger re-
gions. This will help us better understand the mechanisms of re-
sponses and feedbacks of vegetation dynamics to climate change
and our ability to accurately explain them through improved
models.

V. CONCLUSION

This article assessed the spatio-temporal variation of spring
phenology and temperature St response to preseason climate
factors on the TP based on CSIF and meteorological reanalysis
data. Our study confirmed the spatial pattern of distinct trends

of SOS during 2001–2020, i.e., advanced (58.1%) and delayed
(41.9%) trends were mainly distributed in the eastern and west-
ern TP, respectively. Moreover, this article also highlighted St
has experienced a significant decrease with an average speed of
0.14 day/°C per year on the TP during 2001–2020. Spatially, St
was positive in eastern TP but negative in western TP. The spatial
distribution of St was much more affected by precipitation and
air temperature, with a 1 mm decrease of precipitation and 1 °C
warming incurring a decrease in St of 0.02 and 0.54 day/°C, re-
spectively. Temporally, preseason climate factors synergistically
contributed to the decrease of St. These findings have significant
implications for understanding the response of spring phenology
to climate change on the TP, and further confirms that preseason
climate factors should be taken into account in spring phenology
research models.

APPENDIX

Fig. 8. Spatial pattern of multi-year averaged climate factors the Tibetan Plateau during 2001–2020. (a) Annual 365-days average temperature. (b) Annual
365-days accumulated average precipitation. (c) Annual 365-days average radiation.
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Fig. 9. Spatial pattern of preseason climate factors during 2001–2020 (a) Annual 365 days average temperature. (b) Trend of temperature. (c) Annual 365 days
avera ge accumulated precipitation (d) Trend of precipitation. (e) Annual 365 days average radiation (f) Trend of radiation. The bottom left insets in (b), (d) and
(f) show the corresponding frequency distributions. The texts show the proportions of areas with increased (In) and decreased (De) trend, respectively.

Fig. 10. Distribution of temperature sensitivity (St) in the climatic space
composed of the preseason radiation and preseason precipitation during 2001–
2020. In the upper and right subgraphs, the solid black lines indicate the St
variations with radiation and precipitation, respectively. The gray shadows areas
the standard deviation error of St in each bin, the dashed red lines are the fitted
linear regressions, and the dashed black lines indicated the location of 0 day/°C.

Fig. 11. Distribution of temperature sensitivity (St) in the climatic space
composed of the preseason temperature and preseason radiation during 2001–
2020. In the upper and right subgraphs, the solid black lines indicate the St
variations with temperature and radiation, respectively. The gray shadows areas
the standard deviation error of St in each bin, the dashed red lines are the fitted
linear regressions, and the dashed black lines indicated the location of 0 day/°C.
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Fig. 12. Spatial pattern of temperature sensitivity (St) calculated by 5-year moving window. (a)–(p) St calculated for each window, which was represented on
the top of subplot. The bottom left insets show the frequency distributions of corresponding St.
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Fig. 13. Temporal variation of temperature sensitivity (St) with a (a) 4-year, (b) 5-year, (c) 6-year, (d) 7-year, (e) 8-year and (f) 9-year moving window on the
Tibetan Plateau during 2001–2020.
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