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ABSTRACT:
The photosynthesis governs productivity and health of the forests. Traditionally, remote sensing derived reflectance measures have
been used to assess forest phenology, productivity and stress. The chlorophyll pigments absorb solar radiation, and emit
fluorescence in far red region of electromagnetic spectrum. Chlorophyll fluorescence directly relates to the photosynthetic activity
of the plants. Measurement of chlorophyll fluorescence from space has recently been achieved in the form of Sun- Induced
Fluorescence (SIF). But SIF response have been found variable with respect to variation in vegetation type, hence, there is a need
to study SIF response of tropical forests of India considering their wide extent, contribution to national carbon cycle and climate
resilience. In this study, intra- and inter-annual GOME-2 and OCO-2 SIF responses of contrasting Indian tropical forest types viz.,
dry deciduous (Betul, Madhya Pradesh), moist deciduous (Kalahandi, Orissa) and wet evergreen forests (Uttara Kannada,
Karnataka) has been investigated with respect to rainfall, NDVI and GPP trends. The results show that dry, moist and wet forests
of India have differences in photosynthetic activity at intra- and inter-annual scale. GOME-2 SIF observations were more variables
than OCO-2 SIF, particularly during green-up and senescence phase. SIF explained higher seasonality for dry deciduous followed
by moist deciduous and wet evergreen. Annually integrated SIF (proxy of GPP) was in order: wet evergreen>moist deciduous> dry
deciduous.

1. INTRODUCTION
Measurements of Sun-Induced Fluorescence (SIF) from space
have the potential to improve the accuracy of global
photosynthesis maps. Whether a plant is photo-synthetically
active or not can be detected directly by capturing the
chlorophyll fluorescence radiation through remote sensing
techniques. Earlier studies revealed that SIF product can be
related with GPP (Lee et al., 2013; Guanter et al., 2014;
Frankenberg et al., 2014F). SIF can be expressed by a similar
equation in which few assumptions are made that relate with
GPP and LUE (Damm et al., 2010; Guanter et al., 2014). Time
of acquisition of data has huge impact on the relationship of
fluorescence and photosynthetic rate (Tol et al., 2009).
SIF is primarily retrieve through Fraunhofer Line Depth (FLD
etc.) by Earth Observation (EO) satellite (Meroni et al., 2009).
FLD uses Fraunhofer absorption line that introduced by oxygen
band O2B (686nm) and O2A (760nm) (Plascyk, 1975; Moya et
al., 2004). At present, global scale SIF retrieved through FLD
algorithm is provided by a few satellites like (Global Ozone
Monitoring Experiment - 2) and Orbiting Carbon Observatory
2 (OCO-2) with up to a few km (Joiner et al., 2013;
Frankenberg et al., 2014). However, these SIF sensors slightly
differ with their retrieval channel and sensing time. GOME-2
uses 734nm -758 nm channel (spectra) to detect morning SIF
(9: 30 AM, local time) whereas OCO-2 uses 757 & 771 nm
channels to retrieve SIF at 1:30 PM (local time).
SIF also vary with different forest type comprises of different
canopy structure and biochemical variables. About 90%
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variable SIF is governed by canopy structure [LAI (Leaf area
index) & LIDFa (leaf inclination distribution factor)] and
biochemical variable [(chlorophyll concentration & Vcmax
(maximum Carboxylase rate)] (Verrelst et al., 2015, Chen et al.,
1999; Tol et al., 2014; Walker et al., 2014). Time-series analysis
provides a descriptive feature of seasonality [e.g. ARIMA (auto
regressive integrated moving average) model]. Annual SIF
variation is estimated by integrating SIF by AUC (area under
curve) method (Reed et al., 1994). In present study, we tested the
potential of SIF originated at different spectra and time, to
capture the seasonality of different forest type induced by
photosynthetic activity.

2.

METHODOLOGY

2.1 Materials
2.1.1 Satellite SIF Products: GOME-2 SIF (V27 Level 3)
monthly data from 2014 to 2017 were downloaded from
https://acd-ext.gsfc.nasa.gov/. GOME-2 sensor is a
spectrometer on-board European meteorological satellite
MetOp-A and MetOp-B, launched in the year 2006 in sun
synchronous polar orbit. Its spatial resolution is 40km x 40 km
and swath is 1920 km. It senses irradiance in wavelength range
240nm-790nm at 0.5nm spectral resolution (Joiner et al., 2014).
OCO-2 SIF product data was downloaded from September 2014
to July 2018 from https://co2.jpl.nasa.gov. OCO-2 is an U.S.
environmental science satellite which was launched on 2 July
2014 in sun synchronous orbit. OCO-2 has spatial resolution of
2.25km x 1.29km (Frankenberg et al., 2014). It measures Earth
reflected radiation in O2-A band at 0.76 microns and CO2 band
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at 1.61 and 2.06 µm. SIF is retrieval at O2-A band using the
SIF emission spectra, ranges between 660 -850nm.
2.1.2 Satellite-derived Biophysical Products: MODIS
(MYD13C2) NDVI (Normalised Difference Vegetation
Index) 8-days composite product at 0.05º spatial resolution
was
downloaded
from
NASA
website
(https://search.earthdata.nasa.gov). MODIS (MYD17A2H)
GPP 8-day composite data of 500m pixel size of 2015-2017
was obtained. GPP products based on fraction of absorbed
photosynthetically
active
radiation
(fAPAR)
and
photosynthetically Active Radiation (PAR) reflectance of
vegetation which indicates the productivity of plants.
2.1.3 Ancillary Data: District wise monthly rainfall data
(AWS based) of different forested grids belonging to period
2013 to 2017 was downloaded from Indian Meteorological
Department (IMD) website (http://www.imd.gov.in/). In
addition, the mean annual precipitation and temperature spatial
data layers from Worldclim (www.worldclim.org/) was used.
Vegetation type map of India was obtained from Reddy et al.
(2015).
2.2 Methods
2.2.1
Selection of Contrasting Vegetation Types:
According to Koppen-Geiger scheme of classification and
based on vegetation type map of India (Reddy et al. 2015), three
contrasting vegetation types were chosen i.e. Tropical Dry
Deciduous (TDD) from Betul, Madhya Pradesh, Tropical Moist
Deciduous (TMD) from Kalahandi, Orissa and Tropical Wet
Evergreen (TWE) from Uttara Kannada, Karnataka of India
(Figure 1).

2.2.2
Pre-Processing of SIF Data: GOME-2 and OCO-2 SIF
SIF data were downloaded in NetCDF (.nc) and NetCDF-4
(.nc4) in 2-D and 1-D data format respectively. NetCDF format
can be directly opened in HDF viewer, Panoply, MATLAB and
R (CRAN) etc. software. ArcGIS uses “Make NetCDF Raster
Layer” tool from ArcTool box to converts 2-D NetCDF file to
other raster format (.TIF).
GOME-2 SIF images of Indian region were extracted from the
global coverage. However, OCO-2 SIF data global coverage is
provided in the form of point layer (1-D). A Python script in
Linux was used to extract are OCO-2-point data for Indian
region. Negative and no data values were removed from raster
layer marking as error or flag.
2.2.3
Intra and Inter-Annual SIF Trend Analysis: Box
plot method showing lowest value, highest value, lower quartile,
upper quartile, distribution or range and median value were used
to show the SIF trends using R studio (CRAN team, 2018).
ARIMA (auto regressive integrated moving average) model is
used to find out the temporal trend of SIF varying with other
variables (e.g. rainfall, NDVI, and GPP) through time series
analysis (CRAN team, 2018). In this study trend and point
inflection (TPI) methods are used jointly by the help of CRANR statistical software (CRAN team, 2018). TPI method permits
easy discrimination of growing season having multiple growth
seasons. Pre-defined or comparative references value has been
used to identify the transition phase (i.e. leaf fall as end of
senescence, leaf flush as onset of greenness) as a threshold value.
Phenological transition periods is the time lag between two
specific phenological conditions.
The inflection point method based on detection of values and
point at particular range of time (Reed et al., 1994). Trend
derivative methods used to estimate time integrated SIF for interannual variation analysis. tSIF estimated by using AUC (Area
Under Curve) with quantitative accuracy tests through library
(DescTools) available in R- core package. AUC drawn either one
of these method “trapezoid”, “step” or “spline”. “spline” method
is used with ‘splinefun’ function integrate in ‘function’. Loess
regression is applied to smoothen the time series dataset and then
time integrated value is calculated (Figure 2).

Figure 1. Location of selected forest type in India
The factors such as data availability, species composition, Mean
rainfall (MRF), Mean Temperature (MT) (℃) area extent (to
suffice GOME-2 pixel extent) and seasonal variation were taken
into account for selection of the site within the selected
vegetation type (Table 1).
S.
No.

Forest
Type

Dominant Species

1.

TDD

2.

TMD

3.

TWE

Tectona grandis &
Butea sp. etc.
Shorea robusta &
Terminalia sp. etc.
Diptero carpus &
Mesua hopea etc.

MT
(℃)
23-29
21- 26
24-27

Table 1. Type of selected forest and their specific
characters

MRF
(mm)
750 1900
12002000
20003000

Figure 2. Time integrated SIF (tSIF) smoothened using
spline function
2.2.4
Relationship of SIF with Biophysical Parameters:
The biophysical parameters impact and pattern on SIF was
analysed. Also seasonal as well as spatial variation examined.
Partial correlations applied between SIF of GOME-2 and these
parameters. The climatic variables are aggregated spatially and
distributed monthly for each selected sites of forest. Individual
variables relationship is derived and studied. Correlation
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coefficient of rainfall ground station point data and GOME-2
SIF is estimated. In this relationship one is ground data i.e.
district rainfall IMD data and other one is satellite product.
Bias and variance is estimated.
This involves the study of phenological events and relationship
during stress as well as growing phase. For this tSIF (time
integrated SIF) and tNDVI (time integrated NDVI) values are
studied for stress as well as for growing phase. The generated
values are compared with each other. To derive GPP
relationship with GOME-2 SIF similar above section trend
analysis is done. Coefficient of regression value are also
generated to compare the relationship of one variable with each
other.
3. RESULTS AND DISCUSSION
3.1 Intra-Annual SIF Trend Analysis
Seasonal variations affect the photosynthetic activity by
regulating the phenology of forest. Seasonal variation (intraannual) are shown by box-plot of monthly SIF for tropical dry
deciduous, moist deciduous and wet evergreen forest type
(Figure 3).

Figure 3. Intra-annual trend of SIF derived from GOME-2 (left)
and OCO-2 (right) for different forest type.
3.1.1 Tropical Dry Deciduous (TDD): GOME-2 SIF values
show large variation in minimum and maximum values
indicating dry deciduous forest undergo minimum as well as
maximum period of photosynthetic activity (Figure 3, top).
Similar trend is also observed for OCO-2 SIF response with high
variability during growth phase i.e., July –August and negligible
during senescence. Though both GOME-2 SIF and OCO-2 able
to capture the seasonality of dry deciduous forest well, yet
GOME-2 SIF response was found tracking seasonal changes
more clearly. The variability in SIF in June reaches to a
maximum value of more than 1 and minimum value less than
0.5, due to leaf flush resulting into accelerating metabolic
activities (Dadhwal et al., 2012) which causes this variation in
SIF after leaf emergence.

In July, August & September growth of trees, particularly foliage
is maximum with optimum growth condition. The higher
metabolic activities of growing phase promote high productivity
(Jha et al., 2013) thus account for high SIF values. Senescence
phase starts from end of November and the forest remains
leafless till March (Shah et al., 2007). To withstand the high
temperature and low rainfall, TDD forests shed their leaves that
reduces the transpiration rate and helps for their survival (Singh,
Kushwaha, 2005). In the month of February and April, due to
undergrowth (shrubs and herbs such as grasses) exposure (Pande
et al., 2002), they also contribute to SIF showing more variability
as compared to January and December.
3.1.2 Tropical Moist Deciduous (TMD): These forests receive
rainfall for four to five months. Due to this, the duration of
growth phase length is more i.e., May to October. So, the growth
is evenly distributed due to prolonged favourable condition for
growth resulting into slow growth showing lesser SIF values
during growth phase and high during senescence phase as
compared to dry deciduous forest (Figure 3, middle). The leaves
emerge in this type of forest during May –June. The SIF is quite
higher as compared to previous months. The variability in SIF
was found high because the selected forest has a mixed forest
having different leaf emergence phases for different species
found in this forest (Sinha et al., 2017). Peak growth phase of
this forest ranges from end of June to October (Singh et al., 1993)
which shows high values of SIF all round these months.
Variability of SIF is more in the months of June and July due to
maximum growth. Senescence phase starts from end of
December and the forest remains leafless till March when the
flowering starts (Poorter et al., 2007).

3.1.3 Tropical Wet Evergreen (TWE): In the tropical wet
evergreen, the seasonal variability do not show any specific trend
as compared to dry deciduous and moist deciduous forests as the
leaf fall, growth and senescence phases are not separable. For the
evergreen vegetation, the SIF values remains uniform throughout
the year due to no specific season for leaf fall so they keep on
growing all-round the year (Dash et al., 2010). Still during
August, it has attained maximum growth with highest value of
SIF around 2.0. Minimum photosynthesis in the month of
January. Due to metabolic activities throughout the year (Pascal
et al., 2004), the variability in SIF is more during all months with
a maximum variability in the month of June with highest SIF
(Figure 3, bottom). The OCO-2 SIF response deviated from
GOME-2 SIF in the month of April and September except these
two months, there is similarity between growing as well
senescence phase of both the satellite SIF trends.
3.2 Time Series Analysis (Intra- And Inter-Annual SIF)
SIF of three contrasting tropical forest types show different level
of photosynthetic activity in different months. Overall mean SIF
values for wet evergreen is more as compared to dry and moist
deciduous. But maximum SIF response was observed in August
for dry deciduous. It indicates that dry deciduous forest have
high photosynthetic capacity for short duration (Figure 4).
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3.2.2 Tropical Moist Deciduous (TMD): SIF shows rapid rise
after receiving first shower of rains, i.e. from May which is
different while comparing to dry sites which shows rise in value
during late June supporting the findings of Sinha et al., (2017).
In the year 2016 and 2017 SIF and rainfall follow each other but
not in 2014 and 2015. The trend of GPP and NDVI remain same
for entire four years whereas SIF reaches to peak value 2.4
during 2016. It was also observed that SIF reacted sharply to
increasing rainfall amount during growing phases of forests,
more sharply than NDVI. On the other hand, sharp decrease in
SIF was observed in post-monsoon period indicating increasing
level of water stress in the forests for which NDVI did not show
much sensitivity till November months. Rainfall shows highest
R2 with SIF R2 = 0.55 (p<0.5) for TMD forest (Figure 6). SIF is
not well correlated with GPP and NDVIMODIS with R2=0.4
(p<0.5) for TMD forest.

Figure 4. Time- series trends analysis for monthly variable
[SIF (GOME-2), GPPMODIS, NDVIMODIS, and Rainfall
(RF)] from 2014 to 2017 (n=48).
To predict the seasonal cycle, the SIF derived from GOME-2
served as an effective predictor for different forest types. The
trend is more closely corresponded with rainfall and GPP than
with NDVI.
3.2.1 Tropical Dry Deciduous (TDD): The pattern and
seasonality that are obtained through SIF data are different from
traditional vegetation indices records. The SIF & GPP shows
enhanced productivity from July to October and values reaches
to peak during post monsoon months i.e. August, September and
October whereas rainfall is at its peak in the month of June and
July. During dry months they shed leaf (April, May, June) so, the
SIF, GPP and NDVI reaches to minimum in each year to limit
evapotranspiration loss (Singh & Kushwaha,2005). SIF and
rainfall shows highest value in the year 2016 whereas NDVI and
GPP showing similar trend for all the years. As compared SIF
from these three variables the correlation with rainfall is better
than other two variables i.e. (R2=0.62) (Figure 5). SIF relates
to GPP and NDVI with R2 =0.58 and 0.5 respectively (p
<0.005).

Figure 5. GOME-2 SIF relationship with rainfall (a), GPP
(b) and NDVI (c) for TDD

Figure 6. GOME-2 SIF relationship with rainfall (a), GPP
(b) and NDVI (c) for TMD
3.2.3 Tropical Wet Evergreen (TWE): The SIF response of
TWE is unique. NDVI trend of 2015 did not show seasonal
variation (Prasad et al. 2007) but SIF showed seasonal variability
for the same period. This shows that SIF is more related to
phenology as well as stress in evergreen species than NDVI. The
seasonal correlation between SIF and GPP was also weaker in
the wet tropics, mostly because of the minimal GPP seasonality
and noise in the data (Giardina et al., 2018) (Figure 7).

Figure 7. GOME-2 SIF relationship with rainfall (a), GPP
(b) and NDVI (c) for TWE
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Leaf emergence takes place in February and March (premonsoon) and led to rise of SIF value in each year but the same
could not captured using NDVI. Flowering and fruiting takes
placed in between December-March. Wet evergreen was found
less sensitive to precipitation seasonality. As trees in tropical
wet evergreen forests contain more biomass and have deep
rooting systems which enables to access them deeper soil
moisture thus avoid impacts of drought month on
photosynthetic capacity.
3.3 Inter-Annual SIF Trend Analysis
Minor differences were observed in the values of yearly tSIF
estimated from original curve and smoothened curve by AUC
and spline algorithm. The unit of tSIF depend upon the SIF
unit (i.e. mW/m2/nm/sr). Overall tSIF (2014-2017) estimated
through GOME-2 shows highest for TWE whereas OCO-2
showed tSIF for TMD was slightly higher than TWE (Table
2).
Year
TDD
TMD
TWE
Mean
SD

2014
7.98
11.50
12.30
10.59
1.88

Year
TDD
TMD
TWE
Mean
SD

2015
5.07
6.86
5.99
5.97
0.73

GOME-2
2015
2016
10.40
9.60
10.70 11.80
11.90 10.70
11.00 10.70
0.65
0.90
OCO-2
2016
2017
6.81
5.84
5.99
5.98
6.14
6.64
6.15
6.31
0.36
0.35

2017
9.50
11.50
12.30
11.10
1.18

Mean
9.37
11.38
11.80

Mean
5.91
6.28
6.26

SD
0.71
0.41
0.28

SD
0.88
0.41
0.66

Figure 8. Illustration of pattern difference using (a) SIF & (b)
NDVI values

4. CONCLUSION

Table 2: Time integrated SIF (tSIF) from GOME-2 and OCO-2
Annual tSIF estimated from GOME-2 (tSIFGOME-2) was higher
than tSIF from OCO-2 (tSIFOCO-2) for almost all year (Table 2).
Total tSIF was lowest for TMD forest type than TMD and TWE
estimated from both the SIF sensors. tSIFGOME-2 of TDD for year
2016 and 2017 is almost same whereas, tSIFOCO-2 shows highest
value for year 2016 instead of 2015, as rainfall was also recorded
higher for the same year. Yet, tSIF for year 2015 shows little
anomaly as OCO-2 estimates higher for TMD and lower for
TDD and TWE but GOME -2 estimates highest for TDD than
TMD and TWE. TWE shows highest photosynthetic activity
than TMD and TDD forest type.
The dry deciduous and moist deciduous forest revealed similar
trends in both SIF and NDVI but wet evergreen forest exhibited
more prominent differences in SIF and NDVI (Figure 8). This
is because SIF is associated with chlorophyll molecules
function (Frankenberg et al., 2014) and not only greenness of
leaf whereas NDVI rely only on greenness of leaf (Anyamba et
al., 2001).

GOME-2 SIF observations efficiently captured the seasonal
variability than OCO-2 SIF. Estimated monthly SIF and annual
tSIF are guided by the rainfall for all forest type. Observation
shows that, SIF effectively captures the photosynthetic
variability linked with leaf transition periods (i.e. leaf flushing
and senescence phase) particularly in dry deciduous forest.
Monthly SIF also shows unique characteristic of dry deciduous
forest with a peak and deep annually. SIF potentially captures
seasonality while NDVI gets saturated specially in evergreen
forest. Annual tSIF as a proxy of photosynthetic activity (i.e.
GPP) shows, wet evergreen forest sequestrated more carbon than
moist deciduous and dry deciduous forest. GPP from MODIS
can be replaced by tower generated GPP to get a more accuracy
in terms of relation. In future, SIF can be used as an important
tool to measure temporal and spatial variability of photosynthetic
activity, stress pattern, and forest health of different forest type.
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