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Abstract—Deciduous forests spring phenology plays a major role
in balancing the carbon cycle. The cloud cover affects images ac-
quired from optical sensors and reduces their performance in mon-
itoring phenology. Synthetic aperture radar (SAR) can regularly
acquire images day and night independent of weather conditions,
which offers more frequent observations of vegetation phenology
compared to optical sensors. However, it remains unclear how
SAR data-derived indices vary across different growth stages of
forests. Here, we explored the relationship between the cross ratio
(CR) index derived from Sentinel-1 data and the deciduous forest
growth process. We proposed a deciduous forests spring phenology
extraction method using CR and compared the extracted start
of growing season (SOS) with those extracted using normalized
difference vegetation index (NDVI) derived from Sentinel-2 optical
satellite data and green chromatic coordinate (GCC) derived from
ground PhenoCam data. We extracted the SOS of 41 PhenoCam
sites over the Continental United States in 2018 using the dynamic
threshold method. Our results showed that the variations of CR
time series are closely related to the phenological processes of
deciduous forests. The SOS extracted using CR data showed high
consistency with those extracted using GCC (R2 = 0.46), with
slightly lower accuracy compared with NDVI-derived results (R2 =
0.62). Our study illustrates the value and mechanism of deciduous
forests spring phenology extraction using SAR data and provides a
reference for using SAR data to improve forest phenology extrac-
tion in addition to using optical remote sensing data, especially in
rainy and cloudy regions.

Index Terms—Cross ratio (CR), deciduous forests, normalized
difference vegetation index (NDVI), PhenoCam network, Sentinel-
1, spring phenology.

I. INTRODUCTION

S PRING plant phenology is sensitive to climate change
and plays a major role in balancing the circulation of

carbon, water, and energy between terrestrial ecosystems and
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the atmosphere [1], [2], [3]. Monitoring spring phenology is
an important way to study the effects of global warming on
terrestrial ecosystems [1]. Deciduous forests are indispensable
for terrestrial carbon storage, and their changes can, in turn,
affect climate [4], [5], [6]. Deciduous forests spring phenology,
therefore, is a significant indicator of the biological impact of
climate change on forests ecosystems [5].

Phenological monitoring can be done at three general scales:
in situ, near-surface, and optical-based observations. in situ
observations are conducted within small spatial extent, visually
assessing phenophases of a limited number of trees and species
[7]. The measured phenophases are lack of representativeness,
and there are scale differences compared with phenophases
obtained by other ways (such as remote sensing). Moreover, the
phenological metrics extracted using this method are susceptible
to the subjective judgment of observers. in situ observations
are difficult to achieve under adverse natural conditions, such
as arid desert ecosystems, arctic, and alpine tundra ecosystems
[1]. Near-surface sensors mainly collect data depending on con-
ventional or networked red–green–blue (RGB) cameras, which
shot repeatedly at high frequency [8]. For instance, “Pheno-
Cams,” automated digital time-lapse cameras, can provide a
permanent and regular visual record of vegetation conditions
[9]. PhenoCam mainly observes terrestrial ecosystems in North
America and is one of several networks worldwide that monitor
vegetation phenology using near-surface remote sensing [8].
They monitor changes in leaves, canopy, and environmental
conditions and quantify phenology by different vegetation in-
dices [10]. Optical-based monitoring is achieved mainly using
surface reflectance products that eliminated the effects of the
atmosphere on the satellite-measured radiance [11], providing
data for extraction of global phenological metrics at a low
cost. Compared to traditional course-resolution satellites, e.g.,
moderate-resolution imaging spectroradiometer (MODIS) and
advanced very high resolution radiometer, Sentinel-2 satel-
lite provides decametric resolution data with high revisit fre-
quency, improving our capacity for forest phenology extraction
[12], [13].

An accurate detection of the spring plant phenology is key
to the global carbon balance [14], plant competition research
[15], pest control, and pollen forecasts [16]. Frequent earth
observation data are important for accurate estimation of spring
phenology. Despite the advantage of providing reflectance spec-
trum data, the quality of optical satellite data is subject to weather
conditions, and cloud contamination makes it difficult to obtain
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high-quality continuous spectral data [17]. For instance, most of
phenological changes occur during cloudy periods (spring and
autumn) in Mediterranean areas, the capacity of detecting plant
growth stage with optical images is significantly limited due to
cloud contamination [18]. In addition, the saturation effects of
optical satellite data-derived indices cause additional limitation
to methods solely based on optical observations [19]. Mean-
while, satellite-based imaging radar offers new opportunity to
monitor vegetation phenology, it can regularly acquire images
independent of weather conditions due to longer wavelengths
than optical remote sensing [18]. Moreover, microwaves have
a stronger penetrability and can detect the internal structure of
tree canopy, alleviating saturation effects [20].

Synthetic aperture radar (SAR) sensors actively transmit mi-
crowaves to earth and then measure the intensity and phase
of signal scattered back to the sensor. For example, Sentinel-
1 satellites launched by the European Space Agency (ESA)
provide frequent observations (six-day temporal resolution) of
dual-polarization backscatter data in interferometric wide swath
mode (IW) mode. The intensity of microwave signal directly
scattered back to the radar antenna is expressed by the backscat-
ter coefficient. Radar backscatter is coaffected by the microwave
scattering characteristics of the tree crown and ground surface
layer [21]. The SAR backscatter intensity of each part depends
on their structure (i.e., the shape, size, and distribution of the
scatterers) and dielectric properties [22]. In addition, the mi-
crowave’s specific properties, such as polarization mode, can
also affect backscatter. Many studies on crops [23], [24], [25]
and forests [26], [27] have shown that the ratio of C-band cross-
and co-polarized backscatter, i.e., cross ratio (CR), is sensitive to
vegetation structure and water content. As such, SAR backscat-
ter data could be used to extract phenology because phenology
changes (including leaf-out, leaf expansion, and leaf maturation)
lead to changes in the structure and dielectric properties of
the deciduous forests, resulting in changes in the backscatter
properties.

Previous studies on phenology extraction using SAR data
mostly focused on croplands [28], [29], [30], [31]. The potential
of SAR data for large-scale forest phenology extraction is yet to
be investigated [32]. In addition, the physical linkage between
the CR dynamics and deciduous forests phenology is unclear
[18], [32], [33]. Therefore, it is important to disentangle how
CR changes across different growth stages of forest phenology
and the drivers of the changes.

In this study, we investigated the potential of SAR data in
forest spring phenology extraction in comparison with using
traditional optical remote sensing data. The objectives are to: 1)
investigate the mechanism of phenology extraction using SAR
data; 2) compare phenology extracted through dynamic thresh-
old method using CR derived from SAR data and normalized
difference vegetation index (NDVI) derived from optical data
at PhenoCam network sites, using phenology extracted from
ground-observed green chromatic coordinate (GCC) as a bench-
mark; and 3) generate spring phenological maps of deciduous
forests in the Continental United States and compare phenology
observations from Sentinel-1 and Sentinel-2 at continental scale.

Fig. 1. (a) Spatial distribution of selected PhenoCam deciduous forests sites.
Background map illustrates deciduous forests delineated from the United States
National Land Cover Database. (b) and (c) Example sites and represent Pheno-
Cam images captured on 01/05/2018 over Robinson (35.96 °N, 84.28 °W) and
Russellsage site (32.54 °N, 87.80 °W), respectively.

II. DATA

A. Study Area and PhenoCam Data

This study was conducted at PhenoCam sites located in the
United States. The PhenoCam network uses digital camera
imagery to monitor ecosystem dynamics over time [34]. Digital
cameras in the PhenoCam network provide images in every 30
min, ensuring high-quality data by minimizing data disconti-
nuity under adverse environmental conditions. Image data are
three-layer JPEG images with color information stored in red,
green, and blue channels. The information about the average
intensity of each color channel was extracted based on the
user-defined study region to calculate GCC [8]:

GCC =
GDN

RDN +GDN +BDN
(1)

where RDN, GDN, and BDN are the red, green, and blue digital
numbers, respectively. GCC describes the proportion of green
channel brightness relative to total image brightness, which
yield an easily interpreted representation of seasonal changes
in canopy status [35].

The heterogeneity of the observed areas affects CR and NDVI.
Since the green-up date of deciduous forests in the United States
is after March, we excluded sites with a majority of evergreen
forests in the observation area based on photos taken by the
RGB cameras in February 2018. We selected 41 homogeneous
deciduous forests PhenoCam sites (see Fig. 1). See the Appendix
for photos of the selected sites. Daily GCC data at these sites in
2018 were used, while Sentinel-1 and -2 data were also available.
The robust locally weighted scatterplot smoothing (RLOWESS)
[36] and Savitzky–Golay (SG) filtering [37] were successively
used to eliminate outliers and reduce noise as they led to the best
smooth. The RLOWESS method was performed with a span
factor of 15%. A quintic polynomial SG filter with a moving
window of nine days was used.

B. SAR Data

In this study, CR calculated using Sentinel-1 SAR data
was used to extract spring phenology. As of the time of our
study, the Sentinel-1 mission comprises a constellation of two
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polar-orbiting satellites (Sentinel-1A and Sentinel-1B), oper-
ating day and night performing dual-polarization (VV+VH)
C-band SAR imaging. On December 23, 2021, Copernicus
Sentinel-1B experienced an anomaly related to the instrument
electronics power supply provided by the satellite platform,
leaving it unable to deliver radar data. On August 3, 2022,
ESA and the European Commission announced that it is the
end of the mission for Sentinel-1B. Considering all available
orbits (ascending and descending orbits), Sentinel-1 constel-
lation has a high revisit time (2–4 days) due to acquisition
overlap [38]. We downloaded all IW mode ground range de-
tected (GRD) high-resolution images (10 m spatial resolution)
covering the study areas in 2018 through the Google Earth
Engine (GEE) collection “COPERNICUS/S1_GRD” [39]. The
Sentinel-1 Toolbox was applied to calibrate and orthocorrect
the image to derive backscatter coefficient in decibels (dB). The
preprocessing steps implemented by the Sentinel-1 Toolbox are
as follows: apply orbit file, GRD border noise removal, thermal
noise removal, radiometric calibration, and orthorectification.
The details regarding the preprocessings can be found in [38].

C. Optical Satellite Data

Sentinel-2 data were employed for comparison with SAR
derived phenology. The Sentinel-2 mission also consists of a
constellation of two satellites: Sentinel-2A and Sentinel-2B,
which both carry the multispectral instruments. The two satel-
lites allow a repeat cycle of five days and take images in
13 spectral bands at spatial resolutions of 10 m (blue, green,
red, near-infrared (NIR) bands), 20 m (three vegetation red
edge bands, narrow NIR band, two short-wave infrared (SWIR)
bands) and 60 m (coastal aerosol, water vapor, SWIR-Cirrus
bands). For Sentinel-2, we used Level-1C imagery, i.e., top
of atmosphere (TOA) reflectances from the GEE collection
“COPERNICUS/S2.” TOA reflectances were used because the
top of canopy reflectance products (Level-2A) over America
was available only since 2019 at the time of our analysis. All
available observations of Sentinel-1 and -2 between January 1,
2018 and December 31, 2018 were downloaded to cover a full
phenological cycle.

III. METHODS

A. Theoretical Basis

1) C-Band Backscatter Process of Deciduous Forests: For
deciduous forests, their structural properties include the size,
shape, and orientation distributions of foliage, twigs, branches,
and trunks [40]. The dielectric properties of deciduous forests
are mainly determined by the water content of trunks, branches,
twigs (woody part), and leaves [41]. For the ground surface layer,
the backscatter is modulated by its moisture content and material
properties (both of which jointly determine dielectric properties)
and surface geometry [42].

There are three typical scattering types: surface backscatter
from soil and backscatter from branches and trunks, double-
bounce backscatter, and volume backscatter from the tree crown

[43], [44]. Single polarization is affected by errors associated
with the acquisition system (e.g., the radiometric instability) or
environmental factors (e.g., variations of soil moisture), which
lead to sudden and large fluctuations in backscatter coefficient.
CR can reduce these artifacts and is a more robust indicator
of forests structure dynamics than σ0

VH or σ0
VV [24], [45]. In

addition, other factors leading to sudden and large fluctua-
tion in backscatter coefficient, such as double-bounce effect
and different incidence angles, can also be attenuated by CR
[24], [33].

2) Spring Resuscitation Process of Deciduous Forests: The
growth of deciduous forests is accompanied by changes in its
structure and dielectric properties, reflected by changes in CR.
Based on other studies on the growth process of deciduous
forests, we described the spring resuscitation process of decidu-
ous forests mainly in terms of woody water content and structure
change, which can cause changes in scattering characteristics of
forests (see Fig. 2). During dormancy, the growth of deciduous
forests is inhibited by unfavorable ambient climatic conditions.
At this stage, the main scatterers are trunks and branches.
Warming during spring prompts a series of biochemical changes
in trees to allow for tree resuscitation. Deciduous forests need
water to optimally hydrolyze stored macromolecular nutrients
and increase enzyme activity [46]. The acropetal transport of
water and nutrients begin when buds start developing [47].
Furthermore, the hydrolysis of starch into soluble sugars can
modify the osmotic potential and, therefore, intensify the water
requirement during bud swelling [48], [49].

3) Hypothesis of Variations in CR During Tree Growth: As
such, the water content of branches and trunks, i.e., the woody
water content of deciduous forests increases from dormancy to
leaf-out [50], [51], results in enhancing backscatter intensity.
The main scatterers after leaf-out are the wood and leaves. After
leaf-out, the woody water content decreases due to evapotran-
spiration and reaches its minimum before autumn [50], and
results in the decrease of CR. Young leaves continue to grow
to a dense mass until the wood is obscured at leaf maturation
phase. The leaves have direct and indirect effects on decreasing
CR, i.e., leaves directly absorb or forward scatter microwave
energy more than backscattering it back, weakening echo energy
[52]; the leaves gradually expand until obscure the wood (a
strong scatterer), which indirectly causes CR decreasing. At leaf
maturation, the woody part is completely obscured by dense
leaves and its water content reaches a minimum. At this stage,
the main scatterer is the tree crown, volume backscatter is the
only backscatter type, and CR reaches the minimum. In autumn,
leaves turn yellow and begin to fall, and the woody part gradually
revealed. The woody water content gradually increased, but it
was not as dramatic as that occurred in spring resuscitation [50],
[51]. During leaf senescence, CR gradually increases.

We hypothesize that CR increases before leaf-out and then de-
creases until leaf maturation, associated with changes in canopy
structure and woody water content, and these changes are the
theoretical basis for extracting phenological indexes from the CR
time series. Based on the above description, the change pattern
of CR is shown in Fig. 2.
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Fig. 2. Variations of phenology phases and woody water content of deciduous forests along with CR values in a year. The curve indicates CR. The change in
the color of curve indicates the change in woody water content during the growth of the tree. Dark and light blue indicate high and low woody water content,
respectively.

B. Phenology Extraction

For Sentinel-2 data, we excluded cloudy pixels according to
the quality control band (QA60 band in “COPERNICUS/S2”),
which provides information about clouds and cirrus at the 60 m
pixel scale. Then NDVI was calculated using cloud-free data.

The NDVI [53] was calculated as

NDVI = (NIR − R) / (NIR + R) (2)

where R and NIR are reflectance in the red and the NIR bands,
respectively.

The Sentinel-1 CR [24] was determined as

CR =σ0
VH − σ0

VV (3)

where σ0
VH and σ0

VV are the VH and VV backscatter coefficients,
respectively.

For each PhenoCam site, the CR and NDVI were averaged in
a 100 m × 100 m region of interest (ROI) to compare with GCC.
The size of the ROI can meet the requirements of observing the
scattering characteristics of deciduous forests and also ensure
that the observations do not contain scattering from other ground
objects. The time series of CR and NDVI at each site were
calculated as the mean value of all pixels within the ROI. To
eliminate the influence of snowfall, we selected the period of five
consecutive days during which the minimum temperature ex-
ceeds −5 °C. The temperature data were downloaded from GEE
collection “IDAHO_EPSCOR/GRIDMET” [54]. The CR time
series without snowfall was then smoothed using RLOWESS
and SG methods. The RLOWESS method was performed with
a span factor of 30%. A quintic polynomial SG filter with a
moving window of nine days was used. The RLOWESS with a
span of 2% was applied to smoothen the NDVI time series.

A dynamic threshold method [55] was used to extract the
start of season (SOS) from the smoothed GCC, CR, and NDVI
time series. SOS extracted from GCC, CR, and NDVI time
series were hereafter referred to as “GCC SOS,” “CR SOS,”
and “NDVI SOS,” respectively. For GCC and NDVI time series,
SOS occurs when the value of the smoothed curve exceeds
the minimum plus a given percentage of seasonal amplitude.

By contrast, CR decreased gradually after leaf-out until leaf
maturation (see Fig. 2). Hence, CR SOS occurs when CR reaches
the maximum minus a given percentage of its seasonal ampli-
tude. In order to explore the divergence in phenology extraction
among GCC, CR, and NDVI time series, the thresholds spanning
from 10% to 50% with a 5% interval are applied over 41 sites.
We compared CR SOS and NDVI SOS extracted by different
thresholds with GCC SOS as benchmarks. In more detail, we
used nine thresholds to extract GCC SOS over 41 sites, and then
separately compared the nine sets of GCC SOS with the nine sets
of satellite SOS processed by the same extraction procedure. We
chose the thresholds of CR SOS and NDVI SOS when they are
most consistent with GCC SOS for subsequent applications.

To test the performance of our proposed method for pheno-
logical extraction over large geographical range, we generated
deciduous forests spring phenological maps of the Continental
United States based on CR and NDVI time series using the
selected thresholds. The United States National Land Cover
Database was applied to delineate deciduous forests areas’. Due
to the influence of clouds, a part of pixels in the study area
cannot get enough observations in a year. This makes it difficult
to generate a phenological map of the Continental United States.
To improve the temporal resolution, we downloaded all available
satellite data downloaded via GEE for 2018-2021 and then
integrated them into an entire seasonal cycle with a six-day
resolution.

C. Statistical Analysis

We evaluated the consistency of CR SOS and NDVI SOS with
GCC SOS. Three statistical metrics—coefficient of determina-
tion [R2, (4)], the root-mean-square error [RMSE, (5)], and the
mean difference of the satellite SOS minus the GCC SOS [BIAS,
(6)]—were used to assess the goodness-of-fit, accuracy, and
systematic deviation, respectively. These metrics are computed
as follows:

R2 = 1−
∑N

i=1 (yi − y′i)
2∑N

i=1 (yi − ȳ)2
(4)
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Fig. 3. Time series of (a) GCC, (b) NDVI, and (c) CR for all PhenoCam deciduous forests sites. The gray curves represent the averaged variation of each time
series. DOY: Day of year.

RMSE =

√∑N
i=1 (yi − y′i)

2

N
(5)

BIAS =
1

N

N∑
i=1

(y′i − yi) (6)

where N is the number of PhenoCam sites, yi is GCC SOS for
the ith site, yi′ is satellite SOS, and ȳ is the mean value of GCC
SOS for all sites.

IV. RESULTS

A. Time Series of CR

Fig. 3 shows the time series of GCC, NDVI, and CR at 41
deciduous forest sites. The GCC and NDVI time series followed
similar seasonal pattern, both began to increase around DOY
90 and reached the peak around DOY 180 [see Fig. 3(a) and
(b)]. The actual CR showed an increase until DOY 90 and then
decreased and reached its minimum value around DOY 180 [see
Fig. 3(c)]. During dormancy, GCC and NDVI remained low,
and CR increased and reached its maximum value around DOY
90 as the increase in the woody water content enhanced the
woody dielectric properties; during leaf-out to from DOY 90
to 180, GCC and NDVI increased and reached their peak value
around DOY 180 caused by increasing leave abundance and
greenness, while CR decreased and reached its minimum value
around DOY 180 caused by leaf expansion and decreased woody
water content; from maturation to the end of season, GCC and
NDVI decreased as leaves brown down, while CR increased as
woody water content increased. This shows that our assumption
for the variation of CR is reasonable (see Fig. 2).

B. Evaluation of SOS Extracted Using Different Data

Fig. 4 shows the correlation statistics between the GCC SOS
and satellite SOS under different thresholds over 41 sites. The
R2 between GCC SOS and CR SOS was overall high (averagely
0.44) and independent of the threshold [see Fig. 4(a)], while
the R2 between GCC SOS and NDVI SOS was mostly low
(averagely 0.29) except when the threshold used for Sentinel-2
was 50% [see Fig. 4(b)]. The RMSE and BIAS between CR

SOS and GCC SOS showed similar patterns across different
thresholds compared to the correlations between NDVI SOS
and GCC SOS [see Fig. 4(c)–(f)]: the RMSE was lower when
both the thresholds used for satellite data and PhenoCam data
were higher, while the BIAS was lower when the thresholds used
for satellite data and PhenoCam data were closer to each other.
The best RMSE and BIAS between GCC SOS and CR SOS were
found when the threshold of GCC SOS was about slightly higher
than that of CR SOS [see Fig. 4(c) and (e)]. This indicated that the
variation of CR time series has a lag compared with the variation
of GCC time series after leaf-out. By contrast to the variation
patterns of RMSE and BIAS between GCC SOS and CR SOS,
GCC SOS lagged behind NDVI SOS in the early growth stage,
and the two were gradually consistent after the early growth
stage [see Fig. 4(d) and (f)]. This indicated that the change of
satellite NDVI time series is faster than that of GCC time series
in the early growth stage, and the variation of NDVI and GCC
time series is nearly synchronous over time. Fig. 5 shows the
variation of CR, GCC, and NDVI at Harvardlph in 2018. The
SOS of CR, GCC, and NDVI extracted with thresholds of 10%,
15%, and 30%, respectively, was very close: DOY 109, DOY
111, and DOY 110, respectively. The SOSs of three time series
extracted by different thresholds are very close. This further
illustrates the aforementioned asynchrony of CR, GCC, as well
as NDVI.

C. Comparison of Continental SOS Maps

According to Figs. 4 and 5, the same threshold was not
recommended for the consistency of CR SOS and GCC SOS
due to the asynchronism between GCC and CR time series. In
addition, it is necessary to consider the difference between GCC
SOS and NDVI SOS due to the asynchronism between GCC and
NDVI time series in the early growth stage. By considering three
indicators together, CR SOS30 and NDVI SOS50 were most
consistent with GCC SOS50, shown as the red boxes in Fig. 4.
The number behind SOS represents the percentage of threshold,
e.g., SOS50 represents SOS extracted with a threshold of 50%.
Fig. 6 shows the scatterplot for CR SOS30, NDVI SOS50, and
GCC SOS50 at 41 PhenoCam sites. The relationship between
GCC SOS50 and CR SOS30 showed a moderate consistency and
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Fig. 4. Comparison of GCC SOS with CR SOS [(a) R2, (c) RMSE, and (e) BIAS] and NDVI SOS [(b) R2, (d) RMSE, and (f) BIAS] using different threshold
metrics. The red boxes highlight the optimal statistics among GCC SOS50, CR SOS30, and NDVI SOS50.

high uncertainty [R2 = 0.46, RMSE = 20.18 days, and BIAS =
-2.15 days, Fig. 6(a)]. GCC SOS50 and NDVI SOS50 showed
superior consistency [R2 = 0.62, RMSE = 9.36 days, and BIAS
= 1.51 days, Fig. 6(b)]. We generated spring phenological maps
for Sentinel-1 and Sentinel-2 based on the above-selected thresh-
olds of 30% and 50%, respectively, as shown in Fig. 7(a) and
(b). In general, the CR SOS30 and NDVI SOS50 showed similar
spatial patterns at continental scale, and both gradually delayed
from low latitude to high latitude. The SOS ranged widely from
late March in the south to approximately mid-May in the north.
We further counted the satellite SOS by latitude [see Fig. 7(c)].
CR SOS30 and NDVI SOS50 were in good agreement from

32 °N to 47 °N. The standard deviation, within latitude bands,
of CR SOS30 was slightly higher than that of NDVI SOS50.

V. DISCUSSION

A. Physiological Drivers of Seasonal Changes in CR in
Deciduous Forests

Our study revealed the seasonal change in the CR time series.
Previous studies, such as Ling et al. [32], extracted forests
phenology based on seasonally changed CR time series. In
this study, we related the variation of CR with the variation
of structure and water content during the growth of deciduous
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Fig. 5. Variation of CR, GCC, and NDVI at Harvardlph in 2018. The orange,
green, and blue circles indicate the SOS of CR, GCC, and NDVI extracted with
10%, 15%, and 30% thresholds, respectively. The gray line indicates DOY 110.

Fig. 6. Comparison of (a) CR SOS extracted with the threshold of 30% (CR
SOS30), (b) NDVI SOS extracted with the threshold of 50% (NDVI SOS50)
with GCC SOS extracted with the threshold of 50% (GCC SOS50).

forests (see Fig. 2). The results accordingly confirmed our
hypothesis in theory (see Fig. 3). This finding helps to further
understand the physical significance of CR and further explain
the mechanism of extracting phenology based on CR. In the
future, the comparison with field measurements of woody water
content should be carried out to practically prove the rationality
of our hypothesis.

Moreover, we explored the relationship between the timing
of CR extremum and specific phenophase. We hypothesized
that the CR time series reaches minimum and maximum when
leaves mature and leaf-out, respectively (see Fig. 2). Our results
showed that the timing when the CR time series reached the
minimum is slightly later than the timing when GCC and NDVI
reached the maximum (leaf maturation) (see Figs. 3 and 5). This
phenomenon may be due to signal saturation, i.e., the sensitivity
of optical data to biomass declines earlier than that of SAR data
during leaf maturation [24]. The penetrability of microwaves is
another reason: C-band microwaves can probe the interior of the
tree crown [56], so the sensor can still receive backscatter from a
branch within the tree crown after leaf maturation. We suppose
that the water content of branches still decreases for a while
after leaf maturation due to transpiration until the leaves begin
to senesce. At this time, the change of backscatter characteristics
of branches can affect CR. The decrease in water content leads

to the weakening of dielectric properties and further decrease
in CR.

The timing when the CR time series reached the maximum
was close to the timing when GCC and NDVI time series began
to rise (see Fig. 3). The increase of GCC and NDVI indicated
that the emergence of green leaves and greenness began to
increase. This confirmed our conjecture and manifested that
the timing of the maximum CR time series may be a reliable
indicator of spring resuscitation in deciduous forests. Soudani
et al. [33] confirmed the high potential offered by Sentinel-1
SAR C-band time series for the detection of forest phenology and
their study showed there were obvious extremums in the original
time series of polarization combination before smoothing in the
early growth stage. Nevertheless, the extremum was neglected
and was not further explored.

B. Comparisons Between SOS Derived From GCC, CR, and
NDVI

GCC, CR, and NDVI time series all show apparent season-
ality (see Fig. 3), although their variations are not completely
synchronized, which is partly related to intrinsic differences in
the measured signal. The change pattern of statistical indicators
between the three extracted SOS (see Fig. 5) was also affected
by the measured different signals. We note that the NDVI time
series change faster than the GCC time series in the early growth
stage. This is because the physical meaning of GCC and NDVI
is not exactly the same. GCC is an indicator to characterize
vegetation greenness and is mainly sensitive to leaf chlorophyll
concentration [10]. NDVI is most strongly influenced by canopy
structure rather than by pigments [57]. With the increase of
leaf area index associated with the formation of new leaves,
NDVI increases more quickly than GCC during the early growth
stage, as a result, SOS extracted from GCC time series lags that
extracted from NDVI time series.

The change in the CR time series is not synchronous with
GCC and NDVI time series, in agreement with Veloso et al.
[24]. The timing at which chlorophyll, woody water content,
and tree crown structure vary (in response to crop development
or weather events) may not perfectly match, causing differences
in the synchronicity of GCC, NDVI, and CR time series [31].
Unlike the chlorophyll content that increased rapidly with the
growth of young leaves [58], the woody water content decreased
slowly after leaf-out [51], thus explaining why CR time series
change slower than GCC and NDVI time series. Our study can
deepen the understanding of the response of SAR data to decid-
uous forests growth at the present stage and also provide a new
avenue for future research on the phenology based on SAR data.

C. SOS Maps Derived From Satellite Data

We determined the corresponding thresholds of GCC SOS and
satellite SOS with optimal consistency according to the statistics
(see red boxes in Fig. 5). The process of determining the thresh-
old fully considered the asynchronism between the variation of
the woody water content and the variation of leaf greenness
of deciduous forests. Previous study on forests phenology used
the same threshold to extract phenology from SAR and optical
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Fig. 7. Continental-scale SOS maps of deciduous forests. (a) CR SOS30 derived from CR. (b) NDVI SOS50 derived from NDVI. (c) Latitudinal gradients of
different SOS (32 °N–47 °N). Error bars represent standard deviation. The number behind SOS represents the percentage of threshold. DOY: Day of year.

data [32], without considering the unique characteristics of CR
and NDVI. Moreover, our study was carried out based on 41
PhenoCam deciduous forests sites’ in the eastern United States,
rather than based on few sites [32]. This shows that the method
considering different time series characteristics is reliable and
stable.

In this study, Sentinel-1 CR time series was used to extract the
phenology of deciduous forests based on the continental scale.
The CR SOS30 varied with latitude and was in good agreement
with NDVI SOS50 as a reference. The spatial patterns of SOS
provided by Descals et al. [59] were similar to our results in
deciduous forests covering eastern United States. Combined
with the advantages of continuous imaging, Sentinel-1 CR time
series is expected to extract phenology over a large area suffering
from cloudy contamination.

D. Limitations

The uncertainty of CR SOS is high, which may be caused by
small fluctuations in the CR time series. Although microwaves
are not affected by weather conditions, rain and wind can change
the structure and dielectric properties of trees within a short time,
which in turn affects the CR time series and could induce noise
in the CR data. Wind directly affects the structure, which affects
the CR [60]. The effect of rain is that it will add a layer of water
to the surface of the observed object, despite that for relatively
impermeable objects such as living vegetation, this layer is quite
thin. Hobbs et al. [60] showed that the net effect of additional
water could in principle reduce the backscatter signal. Therefore,
the thin water film may cause increased reflection at the top
of the tree crown and reduce multiple backscatters received by
the sensor. This phenomenon may also result in uncertainty on
phenological phase extraction.

In addition, according to the Appendix, deciduous forests are
inevitably mixed with a small amount of evergreen forest at
many sites. The scattering characteristics of evergreen forests

are different from those of deciduous forests [61], which affects
the CR time series and, thus, the phenological extraction results.

Based on other studies on the water content and structure of
deciduous forests, this study made assumptions on the changes
of CR. Field measurements for structure and woody water
content should be carried out in the future to fully verify the
hypotheses of this study.

VI. CONCLUSION

This study investigated the application of SAR satellite data
for deciduous forest spring phenology extraction in comparison
with optical satellite data, using ground PhenoCam data as a
benchmark in the United States. We illustrated that the vari-
ation of Sentinel-1 CR time series well tracks the changes in
structure and woody water content as deciduous forests grow,
providing the rationale for phenology extraction with SAR data.
Our results demonstrated the potential of phenology extraction
based on the CR index derived from Sentinel-1. The start of
the growing season generated using a SAR index CR, derived
from Sentinel-1 data, and an optical index NDVI, derived from
Sentinel-2 data, showed high accuracy compared with those
PhenoCam-derived GCC observations at 41 sites. Furthermore,
the United States continental maps of SOS extracted using
CR and NDVI time series showed good consistency, indicating
large-scale phenology extraction based on SAR data is feasible.
Our study provides a reference for improving the capacity for
monitoring deciduous forest spring phenology using microwave
satellite data, especially in cloudy regions where optical satellite
data compromises its observational frequency.
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