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Introduction: The research on spring vegetation phenology is crucial to the 
investigation of terrestrial ecosystems and climate change. Changes in the soil 
freeze–thaw (F/T) lead to variations in soil moisture, directly impacting vegetation 
activity. The start of the season (SOS) is the initial and important phenophase for 
vegetation activity, and thus, this highlights the need to understand the response 
of spring vegetation phenology to soil F/T state.

Methods: This study first comprehensively investigates the consistency of the SOS 
and three soil F/T state indexes, i.e., the start day of the F/T state (SFT), the end day of 
the F/T state (EFT), and the length of days of the F/T state (LFT) via satellite data source.

Results: Results reveal that: (1) All 3 F/T state indexes impact SOS values, and 
the EFT outperforms others. The correlation coefficients between EFT and 
SOS gain around 3.07%. (2) A temporal overlap between SOS and EFT occurs 
in May, suggesting that parts of the plants begin active growth before average 
temperatures reach above 0°. (3) Small differences of SOS and EFT exist between 
savannas, and croplands, with an average difference of less than 10 days; in 
contrast, the largest differences occur in broadleaf evergreen forests. The results 
can fill the knowledge gap on the response of spring vegetation phenology to soil 
F/T state, and help to investigate the reasons for the nonlinear dynamics of SOS 
under global warming.
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1 Introduction

Spring vegetation phenology is a combination of biological rhythms and environmental 
conditions, reflecting the prevailing weather conditions and the cumulative effects of 
meteorological conditions (Schwartz, 1998). It is commonly used in the study of terrestrial 
ecosystems and global change. Satellite data thus has become a key measure in recent global 
ecological studies since the 1980s (Myneni et  al., 1997; Piao et  al., 2015). Accordingly, 
phenological extraction methods based on satellite products have developed during the past 
decades (White et al., 2009; Cong et al., 2012; Chen et al., 2022). Among these grided vegetation 
products, the Normalized Differential vegetation index (NDVI) is the preferred index for 
biological studies (Zhou et al., 2001) because of the long-term expansion and multiple sources 
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(Myneni et  al., 1997; Zhang et al., 2003). The calculation method 
highlights vegetation information due to the high reflectance of 
chlorophyll in the near-infrared (NIR) band and strong absorption in 
the infrared (IR) band (Haboudane et al., 2002).

The start of the season (SOS) has advanced significantly during 
the past several decades with the continuous warming in most areas 
of the Northern Hemisphere (Jeong et  al., 2011; Li et al., 2022). 
However, the SOS dynamic does not show a fixed advancing 
magnitude, and the changing trend is proven by different periods, 
areas, and vegetation cover (Yu et al., 2010; Piao et al., 2017). Early 
season temperature is proven to be the main driving factor for SOS in 
previous studies. At the same time, precipitation interactively regulates 
SOS variation in arid and semi-arid regions (Shen et al., 2015). To our 
knowledge, the precipitation effect is mentioned mainly by the part 
transferring soil moisture underground. Besides precipitation and 
groundwater, soil moisture comes primarily from the thawing of 
frozen water in the spring. The soil freeze–thaw (F/T) state responds 
accordingly to global climate change (Yang et al., 2019). Changes in 
the soil F/T lead to variations in soil moisture conditions and physical 
properties, which can directly affect plant activities, such as spring 
phenology. The start/end time of the soil F/T state also affects the start 
of the vegetation growing season and thus net primary productivity. 
Therefore, investigating the response of spring vegetation phenology 
to soil F/T state is urgently needed for environmental activities. 
However, to the best of our knowledge, the impact of F/T on SOS has 
rarely been evaluated due to the lack of datasets.

The soil F/T state is affected by climate change, topography, and 
vegetation cover, which mainly occurs in high-altitude or high-latitude 
cryospheres (Jiang et al., 2020). In recent years, the distribution of soil 
permafrost has changed significantly under the influence of climate 
warming, and the detection of soil F/T state has gradually become a 
research hotspot (Kim et al., 2010; Rowlandson et al., 2018; Kim et al., 
2019). Methods for determining soil F/T state can be divided into three 
main categories: in-situ measurement, numerical modeling, and 
remote sensing methods (Pardo Lara et al., 2020; Wang et al., 2020; Xie 
et  al., 2021). In-situ measurement can accurately obtain the near-
surface soil F/T state; however, the spatial continuity of in-situ 
measurement is limited, and the distribution of observation stations is 
relatively sparse. It cannot reflect the characteristics of large-scale 
continuous soil F/T changes. The numerical method can simulate the 
soil temperature through the land surface process model to judge the 
soil F/T state. Nevertheless, uncertainty exists in the parameters input 
for numerical simulations, which may lead to errors for soil F/T state 
simulations. Microwave remote sensing has a long wavelength, and can 
penetrate the topsoil surface. Microwave remote sensing is sensitive to 
the dielectric changes in the soil F/T state when the near-surface soil 
undergoes the F/T cycle. Active microwave remote sensing, such as 
Synthetic Aperture Radar (SAR) images, can be an effective tool for soil 
F/T state detection (Chen et al., 2019). However, active microwave 
remote sensing is limited by its ability to retrieve high temporal soil F/T 
state with its long revisit time. Since the successful launch of the passive 
microwave satellites, e.g., Soil Moisture and Ocean Salinity (SMOS) 
mission and the NASA Soil Moisture Active Passive (SMAP) mission, 
an increasing number of studies have been devoted to the development 
of F/T monitoring algorithms using L-band signals emitted, which is 
considered to be the optimal band for soil conditions monitoring due 
to its sensitivity with soil permittivity (Chen et  al., 2019; Kim 
et al., 2019).

This study is motivated to demonstrate the response of spring 
vegetation phenology to soil F/T state. Here, three indexes, i.e., the 
start day of the F/T state (SFT), the end day of the F/T state (EFT), and 
the length days of the F/T state (LFT), are derived from the SMAP F/T 
product, and their consistencies with the SOS is clarified. In addition, 
the distribution of SFT, EFT, LFT, and SOS with land cover types is 
analyzed, and the differences between the SOS and EFT are also 
investigated. Finally, the factors affecting these relationships are also 
addressed. The results can deepen the understanding of the influence 
of soil F/T status on vegetation phenology.

2 Data

2.1 SMAP freeze/thaw data

The SMAP mission, launched by NASA in 2015, operates in the 
L band. It has a revisit time of 2 ~ 3 days. The 9 km L3 Radiometer 
Global and Northern Hemisphere Daily F/T data from 2016 to 2022 
are used here. The data are selected for the months of March 
through June of each year. The F/T product is derived from the 
brightness temperatures. Two observations of the ascent (6:00 PM) 
and descent (6:00 AM) are provided per day, with “0” indicating 
thawed conditions, and “1” indicating frozen. Soil F/T state is 
determined by a baseline method, whereby the time response of the 
normalized polarization ratio of the brightness temperature is 
determined. The method is sensitive to changes in the soil 
permittivity, and apparent changes in soil permittivity as water 
transitions between freezing and non-freezing conditions (Chew 
et al., 2017). Data from 2016 to 2022 are collected. The data is then 
resampled to 10 km using the nearest neighbor interpolation 
method to match with the NDVI data.

2.2 NDVI data

GIMMS 3 g + NDVI product is used to estimate the SOS. The 
dataset is produced by Global Inventory Modeling and Mapping 
Studies (GIMMS) (Tucker et  al., 2005). The latest generation 
GIMMS3g + updates the data to 2022 with biweekly temporal 
resolution and 1/12° spatial resolution, and we thus get the annual 
series with 24 components (Cong et al., 2013). We employ data from 
2016 to 2022, to be consistent with the period of the F/T data.

2.3 Land cover data

The land cover data employed here is the International Geosphere-
Biosphere Programme (IGBP) land classification data. The IGBP is 
supplied by the MODIS MCD12Q3 product, with a spatial resolution 
of 1 km. In order to cooperate with the NDVI data, the resolution is 
then resampled to 10 km.

2.4 Ancillary data

Soil moisture and soil surface temperature for March through 
June from 2016 through 2022, selected from the ERA5-Land 
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monthly average data, are used for comparison. The resolution of 
the ERA5-Land monthly data is 0.1°. The soil moisture and surface 
temperature data are then averaged annually to final values  
(Supplementary Figure S1).

3 Method

3.1 Extraction method for the start of F/T 
state (SFT) and end of F/T state (EFT)

A conceptual and simple method is used to identify the state of 
the soil F/T state (SFT). When a pixel has an F/T state for over four 
consecutive days, i.e., four consecutive days with am data of 1 and 
pm data of 0, this day of the year (DOY) is considered the SFT value. 
Conversely, sorting the data in reverse order by DOY, when a pixel 
has an F/T state for over four consecutive days, the DOY is 
considered an EFT value. Besides, the length of the F/T state (LFT) 
is a necessary index of climate change, which may affect the 
SOS. Here, the value of the LFT is obtained as the subtraction value 
of the SFT and EFT.

3.2 Extraction method for the start of the 
season (SOS)

The polyfit-maximum method is used to estimate SOS in this 
study. The invalid value is removed from the NDVI time series. The 
invalid value is defined as the value that is lower than the two 
neighboring points from March to November. Then, the missing value 
is mended via simple linear interpolation. A six-degree polynomial 
model is used here to fit the annual NDVI curves.

y(x) = a0 + a1x + a2x2 + a3x3 + a4x4 + a5x5 + a6x6

where y(x) indicates the NDVI value at the x period; a(0, 1, 2, 3, 4, 5, 6) 
indicates the fitting coefficients of the least squares in the formula.

The maximum changing ratio is considered to be  the active 
growing season starting dates. The most rapid increase interval of 
NDVI from March to September is judged to be the start of green-up, 
and the date of year (DOY) gained based on the annual mean NDVI 
value of the fastest increasing period. The detailed method can 
be found in Cong et al. (2012) and Piao et al. (2006).

4 Results

4.1 Spatial distribution of the annual 
averaged SFT, EFT, LFT, and SOS

Figure 1 shows the spatial distribution of the annual averaged SFT, 
EFT, LFT, and SOS over the Northern Hemisphere from 2016–2022. 
The slight changes happen in SFT, with most values concentrated 
earlier than 80 in Julian day. North of Canada and the Tibetan Plateau 
regions display relatively high SFT values, both of which have 
exceeded 100 in Julian day (Figure 1A). These two regions consistently 
indicate low spring temperature (Supplementary Figure S1A), and the 
frozen soil thus thaws late. EFT varies more significantly compared to 

SFT. The larger values in North America and the Tibetan Plateau 
regions indicate that the F/T state ends later. In addition to these two 
regions, some parts of southern North America also have larger EFT 
values, while most of the data in the other regions are earlier than 
120 in Julian day (Figure 1B). Regarding the LFT, the LFTs in different 
areas vary significantly, showing a gradual increase southward. The 
Tibetan Plateau region and southern North America have relatively 
larger LFT values, with values longer than 40 in Julian day (Figure 1C). 
Interestingly, in mid-low latitude areas, we can see that longer LFT 
corresponds to less soil moisture. This phenomenon is apparent in 
South Asia and Southwest America. This is probably due to the 
relatively smaller specific heat capacity of drier soil. For instance, the 
Tibetan Plateau has very strong radiation in the daytime, and the 
surface temperature increases quickly in early spring. Meanwhile, the 
temperature falls below 0 centigrade without sunlight during 
nighttime. Therefore, the LFT lasts longer for the frequent changes 
below and above 0°during the whole day.

Generally, the spatial distribution of SOS is similar to 
EFT. Variations along latitude also show significant similarities. The 
averaged SOS pattern in Figure 1D suggests variation along altitude. 
SOS increases from low latitude to high latitude between March to 
early June. SOS in North America varies gradually along altitude 
except for the southern semi-arid region. The grasslands and 
shrublands with sparse vegetation cover in this region may lead to the 
relatively late SOS. Furthermore, in Eurasia, vegetation in Europe 
starts active growth early in the southern area, and the SOS increases 
northward and eastward. SOS starts late in the Tibetan Plateau in 
South Asia mainly due to low temperatures resulting from high 
altitude, while low temperatures result in late green-up of alpine 
vegetation. In the mid-latitude region of Eurasia, vegetation in Asia 
starts growing slightly later than in Europe. The high-latitude region 
shows a similar SOS pattern to the mid-latitude area. Similar to the 
LFT, the SOS variations also show an inverse tendency with the soil 
moisture. It can be concluded that soil moisture is a crucial factor in 
the SOS besides spring temperature.

Global temperatures have risen slowly over the past several years, 
potentially advancing the spring phenology. The probability density 
functions (PDF) of SFT, EFT, LFT, and SOS for each year are presented 
in Figure 2, in order to explore the possible effects of soil F/T on spring 
phenology. As shown in Figure  2A, the onset of soil F/T state is 
concentrated in earlier periods, mainly in March and April. The largest 
proportion occurs in March, with a slight difference among the 
7 years.

The end of the soil F/T state is mainly concentrated in April to 
June. The largest fraction occurs in May, while there are some 
differences among the 7 years, but insignificant (Figure 2B). On an 
annual basis, the value of LFT continues to fluctuate between 15 and 
80 days (Figure 2C). The inter-annual variation in LFT appeared to 
be smaller than that of EFT (Figure 2B).

The PDF of SOS is distributed normally, mainly concentrating on 
April and early June. Before mid-May, the PDFs of SOS show an 
annual increase; conversely, after mid-May, the PDFs decrease slightly. 
Therefore, SOS indicates an advance tendency from 2016 to 2022 
(Figure 2D). Theoretically, SOS should occur after EFT, but the results 
indicate a temporal overlap between SOS and EFT in May. This 
suggests that plants begin active growth before average temperatures 
reach above 0°. The demand for vegetation to start green-up thus 
varies with the vegetation category and the environmental conditions.
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4.2 The distribution of SFT, EFT, LFT, and 
SOS with land types

As shown in Figure  3, thirteen IGBP classes, representing 
different vegetation distributions, are selected to show the different 
distributions of SFT, EFT, LFT, and SOS with land classification. 
Figure 3A illustrates that low SFT values mainly occur in the forest 
category, i.e., evergreen needleleaf forests, evergreen Broadleaf 
forests, deciduous broadleaf forests, and mixed forests. These areas 
represent high vegetation cover, which means higher soil moisture 
(Supplementary Figure S1B). It leads to higher soil surface 
temperatures, which can advance the SFT. In contrast, open 
shrublands, and savannas have high SFT values. These areas, except 
permanent wetlands, have low to moderate vegetation cover, and the 
sparse vegetative cover weakens the insulating effect on the surface 
soil, leading to the delaying of SFT. Nevertheless, the permanent 
wetlands show the latest SFT, probably attributed to the high specific 
heat capacity of water. Temperatures here need to continue to rise to 
some critical point before permafrost thaw occurs. As for the EFT 
values (Figure 3B), almost all land types have high EFT values except 
for the croplands. Since human activities highly influence cropland 

land, soil F/T state in unnatural state are not further discussed. The 
result in Figure  3B shows that the forest category has high EFT 
values and relatively low soil moisture variability, which can promote 
the length of the soil’s F/T state. The values of the EFT for each land 
type in 2020 are lower than those in other years, probably due to the 
extreme warming of the weather during that year. Figure 3C shows 
that the forest category and closed shrublands have the highest LFT 
values. This is mainly due to the early SFT (Figure 3A). Relatively 
low moisture variability, can also prolong the state of soil freeze 
and thaw.

Regarding the SOS, the evergreen broadleleaf forests start the 
latest, followed by the shrublands. To be noticed, the woody savannas, 
and permanent wetlands show advance in SOS during these 7 years. 
There are small differences between savannas, and croplands, with an 
average difference of less than 10 days. Savannas are drought-tolerant 
plants. When the temperature reaches the conditions for savannas 
green-up, soil moisture is not a limiting factor anymore. Soil moisture 
accumulated by the process of soil F/T is getting enough to support 
the savannas’ growth (Xu et al., 2004). The SOS here is thus close to 
EFT. Regarding cropland, when the temperature reaches the 
conditions for vegetation emergence, an increase in soil moisture is 

FIGURE 1

The spatial distribution of averaged SFT, EFT, LEF, and SOS.
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achieved by human irrigation (Jones, 2009). Therefore, when EFT 
finishes, the soil moisture of this land type may advance the SOS. In 
contrast, there are considerable differences between EFT and SOS in 
broadleaf evergreen forests. This phenomenon in forests is possible 
because of the high demand for soil moisture.

4.3 The correlations between the SFT, EFT, 
LEF, and SOS in space

Correlation coefficient analysis is conducted at each grid using the 
seven pairs of data to test the linearity between the SFT, EFT, LEF, and 

FIGURE 2

The PDFs of SFT, EFT, LEF, and SOS from 2016 to 2022.

FIGURE 3

The heatmaps of SFT, EFT, LEF, and SOS from 2016 to 2022.
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SOS. Figure  4A summarizes the R-values between SFT and 
SOS. Consistency varies over different regions, with values ranging 
from −0.95 to 1. Approximately 22.6% of grids within the domain 
have a strong positive correlation (R ≥ 0.5); 32.3% of grids have 
moderate to strong negative correlation (R < -0.5), while a large 
majority of grids domains show a relatively weak relationship between 
the two records. In most of Asia, R-values remain negative. In North 
America, the R-values mostly show a positive correlation and are 
mainly concentrated in this continent’s central and southern regions. 
In spatial patterns, EFT and SFT differ significantly (Figure  4B). 
Positive correlations are distributed in eastern North America, while 
negative correlations are found in central North America. As for 
Eurasia, significant positive correlations are found only at high 
latitudes, while the correlations are weaker (R < 0.2) at low and middle 
latitudes in Eurasia. The correlation between LEF and SOS shown in 
Figure 4C shows a similar spatial pattern to EFT. Positive correlations 
occur mainly in eastern North America, and negative correlations 
occur at high latitudes in North America. Positive correlations occur 
only at high latitudes in Eurasia.

The difference between the SOS and EFT is obtained to further 
understand the drivers of uncertainty about the SOS delays 

(Figure  4D). Among the grids in the study area, 5.5% show a 
difference of less than 1 month. This suggests that environmental 
conditions in these areas meet the vegetation green-up soon after the 
soil EFT. The pixels are mainly distributed at the low-mid latitude of 
Europe. Approximately, SOS happens one to 2 months after the end 
of the soil EFT, accounting for 16.2% of grids. Around 34.9% of the 
whole pixels start spring onset between 2 and 4 months after soil 
EFT. At last, over 40% of the grids suggest even later green-up onsets 
after EFT by more than 120 days. As for the spatial pattern, the gaps 
between SOS and EFT are extremely large in two areas, i.e., the 
southern region of Asia, and the southwest of North America. To our 
knowledge, the Tibetan Plateau is located in South Asia with a 
relatively high altitude, i.e., > 3,000 m, resulting in cold weather (Zhao 
et al., 2013). As mentioned above, the strong radiation in the daytime 
heats the soil surface fast and leads to a long period of soil 
F/T. Therefore, it takes a longer time for SOS to reach the appropriate 
temperature after EFT. This can lead to a low temperature; thus, this 
area needs a long time for vegetation to green up after EFT. In the 
case of the northern Americas, this is a predominantly semi-arid area 
with grasses and shrubs. The lack of soil moisture leads to the late 
green-up of vegetation.

FIGURE 4

Comparison of R values between soil F/T state and SOS. (A) R between SFT and SOS, (B) R between EFT and SOS, and (C) R between LFT and SOS, 
(D) the spatial distribution of the difference between the SOS and EFT.
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FIGURE 5

Boxplot of the R values for the 13 land types. (A) Boxplot between SFT and SOS, (B) boxplot between EFT and SOS, and (C) boxplot between LFT and 
SOS.

FIGURE 6

The average R2 values of the three indexes vary with the length of LFT. (A) is the R2 value of SFT vs. SOS, (B) is the R2 value of EFT vs. SOS, (C) is the R2 
value of LET vs. SOS, and (D) is the length of LFT.
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Quartile statistics (i.e., the min, maximum, median, 1st quartile, 
and 3rd quartile) and correlations between the SFT, EFT, LEF, and SOS 
are calculated for the 13 land types, as shown in the boxplot in 
Figure 5. Overall, the R-values of all land types range from −1 to 1. 
For Figure 5A, the highest median R-values for all land types ranged 
from −1 to 1. As depicted in Figure 5A, the highest median R-values 
occurred in open shrublands, closed shrublands, and permanent 
wetlands. The R-values for the 13 land types in Figure 5B are similar 
to those in Figure 5A, but slightly increased. The forest category in 
Figure 5C has a relatively high R-value.

Figure 6 shows the average R2 values of the three indexes vary with 
the length of LFT. Overall, these results confirm that the SFT, EFT, and 
LET are consistent well with the SOS, with the absolute value of R2 larger 
than 0.2 over the entire time period. The result of EFT outperforms the 
other two indexes, with an increase of about 3.14% in R2. As illustrated in 
Figure 6A, the R2 values of SFT against SOS are relevant to the declining 
trend except for the period between 90 and 100 days. Similar to SFT, the 
R2 values for EFT and LEF values also show a decreasing trend until the 
80th period. However, the sample numbers of the length of days 80 ~ 120 
are very few, which may lead to a relatively large statistical error.

5 Discussion

As aforementioned, the soil F/T state affects the beginning of the 
vegetation growth period, which in turn affects net primary 
productivity. These biological processes would directly or indirectly 
influence terrestrial ecosystem carbon cycles. This research extracts 
three phenophases of F/T, i.e., SFT, EFT, and LFT, from winter to 
spring and analyzes the impact on SOS in detail. Specifically, the 3 F/T 
state indexes all impact SOS values, and the EFT outperforms others. 
It provides an interesting view of the driving mechanisms of SOS 
under the ongoing global warming. The results can fill the knowledge 
gap on the response of spring vegetation phenology to soil F/T state.

In theory, SOS should follow closely to EFT. The results confirmed 
this hypothesis. The process of F/T can enrich soil moisture during the 
period, which is beneficial for plants starting green-up onset. In 
particular, vegetation spring green-up onset occurs only when the 
temperature reaches the growing threshold and soil moisture is 
adequate (Wang et al., 2022). However, the above results show an 
overlay between the SOS and EFT. Substantially, under the dramatic 
global warming, soil moisture is a critical driving variable for 
vegetation phenology besides temperature.

Nevertheless, this study has some limitations: (1) Due to the 
launch of the SMAP mission being in 2015, the dataset only covers 
7 years from 2016 to 2022. It is hard for us to assess the long-term 
variation of soil F/T state during the past several decades. (2) Here, 
we only take a look at the linkage between the SOS and spring soil F/T 
state. The vegetation activities in autumn, e.g., vegetation dormancy 
and the end of the growing season, can also be affected by soil F/T 
state. The linkage between the soil F/T state and the yearly vegetation 
activities will be considered in the future. (3) This study focused on 
exploring the impact of soil F/T state on spring vegetation phenology; 
other factors, e.g., soil moisture, precipitation, shortwave radiation, 
plant self-rhythm, and interaction, are not considered. Future work 
will consider more satellite data from other sources to effectively 
improve the accuracy of the results.

6 Conclusion

This study first comprehensively investigates the consistency of 
the SOS and three soil F/T state indexes, i.e., the start day of the F/T 
state (SFT), the end day of the F/T state (EFT), and the length of days 
of the F/T state (LFT) via SMAP data. Results indicate that the soil F/T 
state can affect the spring vegetation phenology, and the EFT 
outperforms the other two indexes. The main conclusion includes:

 1 All 3 F/T state indexes impact SOS values, and the EFT 
outperforms others. The R2 values between EFT and SOS gain 
around 3.07%.

 2 The results indicate a temporal overlap between SOS and 
EFT. This suggests that plants begin active growth before the 
average temperatures reach above 0°. In addition, the spatial 
heterogeneity exists in the differences between SOS and 
EFT. The largest difference occurs in South Asia’s Tibetan 
Plateau and South North America’s semi-arid regions. Different 
driving mechanisms (e.g., altitude and soil moisture saturation) 
may lead to this phenomenon.

 3 Moreover, for different land types, there are insignificant 
differences of SOS and EFT between savannas, and 
croplands, with an average difference of less than 10 days. 
In contrast, the largest differences occur in broadleaf 
evergreen forests.

Foeseeably, the results deepen the understanding of the 
implications of soil F/T state on vegetation phenology. In addition, it 
provides information to investigate the reasons for the nonlinear 
dynamics of SOS under ongoing warming.
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