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Abstract

High-resolution sea surface temperature (SST) estimates are dependent on satellite-based infrared radiometers, which are
proven to be highly accurate in the past decades. However, the presence of clouds is a big stumbling block when physical
approaches are used to derive SST. This problem is more prominent across tropical regions such as Arabian Sea(AS) and
Bay of Bengal(BoB), restricting the availability of high-resolution SST data for ocean applications. The previous studies for
developing daily high-resolution cloud-free SST products mainly focus on fusion of multiple satellites and in-situ data products
that are computationally expensive and often time consuming. At the same time, it was observed that the capabilities of
data-driven approaches are not yet fully explored in the estimation of cloud-free high-resolution SST data. Hence, in this study
an attempt has been made for the first time to estimate daily cloud free SST from a single sensor (MODIS Aqua) dataset using
advanced machine learning techniques. Here, three distinct machine learning techniques such as Artificial Neural Networks
(ANN), Support Vector Regression (SVR) and Random Forest (RF)-based algorithms were developed and evaluated over two
different study areas within the AS and BoB using 10 years of MODIS data and in-situ reference data. Among the developed
algorithms, the SVR-based algorithm performs consistently better. In AS region, while testing, the SVR-based SST estimates
was able to achieve an adjusted coefficient of determination (R-adj"2) of 0.82 and root mean square error (RMSE) of 0.71°C
with respect to the in situ data. Similarly, in BoB too, the SVR algorithm outperforms the other algorithms with R_adj"2 of
0.78 with RMSE of 0.88°C. Further, a spatio-temporal and visual analysis of the results as well as an inter-comparision with
NOAA AVHRR daily optimally interpolated global SST (a standard SST product available in practice) the suggest that the
proposed SVR-based algorithm has huge potential to produce operational high-resolution cloud-free SST estimates, even if there

is cloud cover in the image.
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Abstract

High-resolution sea surface temperature (SST) estimates are dependent on satellite-based
infrared radiometers, which are proven to be highly accurate in the past decades. However,
the presence of clouds is a big stumbling block when physical approaches are used to derive
SST. This problem is more prominent across tropical regions such as Arabian Sea(AS) and
Bay of Bengal(BoB), restricting the availability of high-resolution SST data for ocean
applications. The previous studies for developing daily high-resolution cloud-free SST
products mainly focus on fusion of multiple satellites and in-situ data products that are
computationally expensive and often time consuming. At the same time, it was observed
that the capabilities of data-driven approaches are not yet fully explored in the estimation of
cloud-free high-resolution SST data. Hence, in this study an attempt has been made for the
first time to estimate daily cloud free SST from a single sensor (MODIS Aqua) dataset
using advanced machine learning techniques. Here, three distinct machine learning
techniques such as Artificial Neural Networks (ANN), Support Vector Regression (SVR)
and Random Forest (RF)-based algorithms were developed and evaluated over two different
study areas within the AS and BoB using 10 years of MODIS data and in-situ reference
data. Among the developed algorithms, the SVR-based algorithm performs consistently

better. In AS region, while testing, the SVR-based SST estimates was able to achieve an

2
adj

adjusted coefficient of determination (R, ;) of 0.82 and root mean square error (RMSE) of

0.71°C with respect to the in situ data. Similarly, in BoB too, the SVR algorithm

outperforms the other algorithms with Ridj of 0.78 with RMSE of 0.88°C. Further, a spatio-
temporal and visual analysis of the results as well as an inter-comparision with NOAA

AVHRR daily optimally interpolated global SST (a standard SST product available in

practice) the suggest that the proposed SVR-based algorithm has huge potential to produce
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operational high-resolution cloud-free SST estimates, even if there is cloud cover in the
image.

Keywords: cloud-free SST, SVR, ANN, RF, MODIS

1. Introduction

Sea Surface Temperature (SST) is considered as one of the fundamental geophysical
variables, used to define the physical environment and the variability of aquatic ecosystems.
Moreover, the spatial and temporal patterns of SST are having a significant impact on the
health and sustainable management of fisheries environments (Santos, 2000; Delgado et al.,
2014; Williams et al., 2010). On the other hand, SST is an essential variable in the modelling
of oceanography, marine weather, etc. and it is a crucial variable to assess the effects of
global warming on the upper layer of the ocean, which is an indicator of the health of coastal
ecosystems (Barnes and Hu, 2013). Hence, mapping and monitoring the SST fields are one of

the important tasks of oceanographers.

Nowadays, satellite remote sensing-based approaches are the norm to map and to monitor
SST globally, which offers high spatial and temporal resolution. The most accurate estimates
of SST from space are the infrared radiometer-based estimates in cloud-free conditions
(Barton, 2001). The monitoring of SST using satellite infrared radiometers started since 1981
when National Oceanic and Atmospheric Administration (NOAA) launched Advanced Very
High-Resolution Radiometer (AVHRR) sensor onboard on NOAA 7 satellite (Delgado et al.,
2014). Following this, during May 2002, National Aeronautics and Space Administration
(NASA) launched Moderate Resolution Imaging Spectroradiometer (MODIS) on Aqua
platform. NASA distributes MODIS Aqua level 2 SST fields which has daily coverage, 1 km

spatial resolution and high correlation with the in situ data (Wang and Deng, 2017; Chavula
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et al., 2009) and lowest bias (0.1-0.3 K) globally compared to other platforms including

MODIS Terra (Tomazic et al., 2011; Wang and Deng, 2017).

NASA Ocean Biology Processing Group (OBPG) uses a non-linear sea surface
temperature(NLSST) algorithm to estimate SST values from far infrared bands (Brown and
Minnett, 1999). This approach holds good for global oceans but often suffers from cloud
cover problems. The tropical regions have more clouds compared to the higher latitudes
(NASA, 2019), which result in huge data loss. This will restrict the data availability for
coastal applications, especially during the monsoon time (LaCasse et al., 2008). Though the
microwave (MW) radiometers can provide SST estimates in the cloudy conditions, the error
is larger due to several issues such as large footprints, the need for atmospheric absorption
correction and the strong dependency of surface emissivity with the surface roughness and

wind speed (Barton, 2001).

Several approaches are available to estimate cloud-free SST fields using different
combinations of IR and microwave sensors viz. IR-IR combinations, MW-MW combinations
and IR-MW combinations. Operational Sea Surface Temperature and Sea Ice Analysis
reanalysis (OSTIA_RAN) product by Stark et al. (2008) and AVHRR Optimally Interpolated
(OI) near real-time product by Reynolds et al. (2007) are some of the attempts made to
combine IR—IR sensors data. Remote Sensing System’s MW OI near real-time product is an
example of MW-MW sensors combination SST products (RSS, 2019). Examples of different
IR-MW sensor combinations are ODYSSEA (Autret and Piolle, 2011), Geostationary
Operational Environmental Satellite—Polar Operational Environmental Satellites
(GOESPOES) SST product (Maturi et al., 2008), Multi-scale Ultra-high-Resolution Sea
Surface Temperature (MUR SST) (Chin et al., 2017), etc. Due to the difference in satellites
overpass time in a region, the multi-sensor approaches will consume more time to capture the
images itself and it would be unfavourable for near real-time applications.

4
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Most of the operational products for estimating cloud-free SST are typically based on
optimum interpolation (OI) approach, for example, cloud-free OSTIA (Donlon et al. 2012),
Canadian Meteorological Centre (CMC) 0.2°SST (Brasnett, 2008), ODYSSEA (Autret and
Piolle,2011) and AVHRR AMSR OI (Reynolds et al., 2007). Also, these model-driven
approaches require prior information about the decorrelation scales and covariance functions.
Currently, majority of these global daily SST products have typical grid resolution ranging
between 0.05° x0.05° and 0.25° x0.25°, or approximately between 5 and 25 km. In such
cases, actual resolution of the geophysical products can be significantly coarser than the grid
resolutions due to spatial and temporal averaging applied for interpolation (Reynolds and
Chelton, 2010). To the best of the authors’ knowlededge, till date only three attempts (Chao
et al. 2009, Buongiorno Nardelli et al. 2013 and Chin et al. 2017) have been made to
provide cloud-free SST products at 0.01 x 0.01 grid resolutions. These three studies, which
are based on the multi scale approaches are complex and require a lot of assumptions (Miles
and He, 2010; Fablet et al., 2018; Zhao and He, 2012). At the same time several past studies
related to remote sensing of geophysical varaiables (Picart et al., 2018; Wang and Deng,
2017; Lary et al., 2016) show that machine learning (ML) techniques could provide a
convenient way to work around complex problems, especially for remote sensing data.
Hence, ML is considered to be a practical approach for both classification and regression of
non-linear systems and often called as “Universal approximators” as they learn the
underlying behaviour of a system from a set of training samples (Alavi et al., 2016). The
most significant advantage of these techniques that is they do not need any prior information

regarding the nature of the relationship between the data (Lary et al., 2016)

Machine Learning comprises a number of techniques such as Artificial Neural Networks
(ANN), Support vector machines/support vector regression (SVM/SVR), decision trees, self-

organising map, ensemble methods such as random forests, neuro-fuzzy, genetic algorithm
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and multivariate adaptive regression splines. Among these techniques, ANN and SVM/SVR
are the most commonly used in geoscience problems (Lary et al., 2016; Lary, 2010). Some of
the recent studies show that random forest-based algorithms perform better than other ML
techniques while addressing various problems in the field of remote sensing (Liu et al., 2015;
Belgiu and Dra, 2016; Picart et al., 2018; Cracknell and Reading, 2014; Liu et al., 2014).
Many researchers pointed out that ANN, SVM/SVR and random forest-based algorithms are
characterised by self-adaptability, swift learning pace and limited requirement of training
size, which makes them reliable in intelligent processing of remote sensing datasets (Lary et
al., 2016; Mountrakis et al., 2011; Lary, 2010). Moreover, the machine learning-based
approaches do not involve an explicit characterisation of surface and/or atmospheric

parameters but require only in situ datasets for training purpose (Moser et al., 2009).

Till date, the efforts to develop daily high-resolution cloud-free SST products mainly
focused on fusion of multiple satellite and in situ data products, which involves complex
computations and they are computationally expensive as well as time-consuming, thus
limiting their applications for any real-time applications. However, for near real-time
applications, singe sensor-based cloud-free SST products will be more useful as the data will
be available soon after the satellite overpass. At the same time, machine learning algorithms
are useful in the estimation of various geophysical variables even during sparse data
conditions, but its capabilities were still not assessed for estimation of cloud-free SST. For
example, Wang and Deng, 2017 developed an ANN based approach to estimate SST,

however, they had not attempted to address the data gap due to clouds.

Therefore, to address the mentioned research gaps, this study focuses on utilising single
sensor data for developing new algorithm(s) for estimating high-resolution cloud-free
regional SST fields on a daily basis using machine learning techniques. In order to select the
best machine learning technique, here we have explored and compared three different widely

6
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used techniques viz. artificial neural networks, support vector regression and random forest

for its predictive accuracy to estimate surface temperature irrespective of cloud cover.

2. Study Area and Datasets

Two different study areas were selected for this research work. Study area —I is the south
eastern part of the Arabian Sea (AS) along the Indian Coastline (Figure 1). This area is within
the tropical latitude and longitudinal extent of 5 © to 23° N and of 60° to 78°E. Study area —
IT is the northern parts of Bay of Bengal (BoB) which lies between the latitudes 12 © to 22° N
and longitudes of 82° to 95°E (Figure 2). Since both study areas are situated in the similar
latitude bands that lie in the tropics; there is a significant amount of cloud cover in the region
compared to the higher latitude regions (NASA, 2019). However, both the study areas have
striking dissimilarities especially in terms of wind and precipitation charecterestics. For
example, the winds over the two basins are different. The main reason is that the presence of
highlands of East Africa in the boundary of AS region results in atmospheric “western
boundary current” (Anderson, 1976), which makes the winds over AS more than twice as
strong as those over the BoB. Unlike AS, precipitation exceeds evaporation in the BoB. BOB
receives runoff from major rivers such as Ganga and Brahmaputra into the northern bay while
the runoff from rivers into AS is meagre. Therefore, the surface layer in the BoB is much
fresher than that in the AS; resulting in a higher salinity in the AS. As a consequence, typical
profiles of temperature and salinity in the two basins differ considerably. Due to the massive
inflow of freshwater from precipitation and runoff, strong near—surface stratification is

observed in BoB (Shenoi et al., 2002).
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Figure 1: Spatial distribution of in-situ data points in BoB. (a) Training data points. (b)
Testing points

Datasets: The study involves use of satellite and in-situ data of nine years from January 2006
to December 2015. Here, the MODIS Aqua satellite data was selected because they are
available on daily scale at 1 km grid resolution. Moreover, studies have pointed out that
MODIS Aqua shows the least bias compared to other platforms (Tomazi¢ et al., 2011; Wang

and Deng, 2017). Accordingly, MODIS Aqua daytime level 0 (L0O) data was downloaded
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from NASA Ocean Color website (NASA,2014) for the study period and processed to

achieve level 2 (L2) data for further use in the modelling.

The in-situ SST data used in this study were obtained from the Centre ERS d'Archivage et de
Traitement (CERSAT)—French ERS Processing and Archiving Facility (CERSAT, 2018).
CERSAT collects surface-level in-situ SST data from Coriolis data center and distributes it,
in an easier-to-use format, which can be compared with the satellite SST products.
Distribution of the data points used in this study for AS and BoB regions are shown in
Figures 2 and 3 respectively. Data collected during the years 2006-2013 were used for
training and the data collected during 2014-2015 were used for independent testing. We have
used only those in- situ datasets which have been collected within +3hrs of the satellite
overpass. Characteristics of the in-situ data used in this study are mentioned in Table.1. It
shall be noted that 82% of the training data and 81% of the testing data were under cloud

cover for AS. Whereas, for BoB it is 76% and 79% respectively.

Table 1: Satistical Characterestics of in-situ data.

Statistics AS Training | AS Testing | BoB Training | BoB Testing
Mean (°C) 28.79 28.38 28.08 28.11
Standard
deviation(°C) 1.42 1.62 1.44 1.83
Minimum(°C) 22.6 21.2 22.6 21.4
Maximum (°C) 34 .2 33.9 33.6 34.6
Percentage of Cloud
Cover(%) 82 81 76 79

At the same time, the NOAA AVHRR OI-NCEI-L4-GLOB-v2.0 daily SST (Hereafter

reffered as NOAA SST in this manuscript) product (Reynolds et al., 2007; NCEI, 2016) was

also used during the independent testing period in order to compare with the ML-based SST

outputs derived in this study. This daily scale product, which is based on optimal

interpolation of AVHRR, NCEP ice, and in-situ datasets, gives cloud-free bulk SST values at

25 km resolution across the globe. This NOAA SST is a valuable product to be

9
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intercompared with the estimates obtained herei because the present study also aims to

compute daily scale cloud-free bulk SST at high spatial resolution.

3. Methods

The overall framework adopted for this study is described as a flowchart in Figure 3. MODIS
(Aqua) LO datasets are selected for this study since they can be downloadable immediately
after the satellite overpass, thereby useful in near real-time applications. As an initial step,
MODIS L0 data were processed to obtain L2 Brightness Temperature (BT) values using
SeaWiFS Data Analysis System (SeaDAS) (Baith et al., 2001) as follows. Firstly, the
MODIS Level 0 -Product Data Set (MODIS L0 — PDS) were converted to Level 1A file using
the python script modis_L1A.py, available in SeaDAS. Further, the corresponding geo-
location file was derived from Level 1A file using the modis GEO.py. Following that, Level
1A and Geo files were used as inputs for the modis L1B.py to generate Level 1B file that
contain calibrated and geolocated at-aperture radiance. Finally, the brightness temperature at

11 and 12 micrometres are generated using 12gen SeaDAS script.

In this study, six different variables have been used to develop algorithm(s) for estimating
SST through three different ML techniques. The selection of inputs was done by referring the
available scientific literature. Among the input variables, the brightness temperatures at 11-
and 12-micrometre channels are considered to be the most important and necessary quantities
to estimate SST from space(Brown and Minnett, 1999; Barton, 2001, Wang and Deng, 2017)
and hence, the same are adopted in this study. Likewise, studies conducted by Alavi et al.,
2016 and Picart et al., 2018 have proven that latitude and longitude have significance in
deriving SST using data-driven approaches and hence, they are incorporated in this study. At
the same time, the Julian day is also reported as one of the important variables to estimate

SST to account for the seasonal characteristics (Sirjacobs et al., 2011) and hence, it is also

10
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considered here. Lastly, variable cloud factor (CF) is also introduced in the algorithm to
indicate the presence of clouds. If CF = 1, there is cloud and if CF = 0, there is no cloud, and
this value can be obtained from MODIS cloud mask. The model outputs were analysed for
different set of inputs. It was found that the best results could be achieved when all the inputs
used in the model. It shall be noted that all these inputs can be extracted as soon as the
satellite image is available, which makes them desirable for operational purposes. All inputs
were normalised to the range of 0 and 1 before training and testing in order to make all

columns in the dataset using a common scale as given in LaCasse et al. (2008).

Here, the training and testing of the samples were done in two different scenarios. In
Scenario-1, cloudy and non-cloudy pixels were trained together. In this case, the variable CF
was used to distinguish between cloudy and non-cloudy pixels. In Scenario-2, the cloudy
pixels and non-cloudy pixels were trained and tested separately. Hence, for Scenario-2, CF
variable was not used. All three ML techniques were trained using the datasets collected
during the years 2006—-2013 and tested using the datasets of 2014-2015. Ten-fold cross-
validation method was used for training the samples as it involves the training and validation
of the entire dataset, which will make the model robust with improved generalisation

capabilities.
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Figure 3: Overall framework of the present study.

3.1 Description of the selected ML Techniques

In this research, Weka software by Witten et al., (2016) has been exploited to develop ML

based SST algorithms. Description of the selected ML technique(s) is discussed as follows.

a. Artificial Neural Networks
The Artificial Neural Networks (ANNs) used in this study are the conventional feed-forward
neural networks, also known as multi-layer perception. Generally, ANN consists of three or
more interconnected nodes or layers: an input layer, output layer, and one or more hidden
layers. The readers are referred to Havkin (1990) for more explanations regarding the

differences configurations of neural networks. In ANN, an input vector x" is passed through a

12
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series of non-linear hidden neuron activation functions G(.) to an output layer f(x) via a

series of optimised weight matrices wj.

The output of the network is given by Eqn. (1)
o h
f(x)=f {2 w,Gls|+b,] (1)
j=1

where f'is the activation function of the output neuron k, by is the bias of the output neuron

and s;is the weighted sum of the input data to the hidden neuron activation functions for each

layer j. Let the training dataset be DZ{ X" ,t”}:{:l. The network is trained using input dataset by

adjusting the parameters w, to minimise the error function Ep. The error function is given by

Eqn. (2).

I~ (o 12
Ep=o 2 X" wl-t @
n=1

For each input/target pair {x,t}, the output m ) is calculated for the entire series to

calculate the error between the network output and target. The minimisation of error is
carried out by repeated evaluation of the gradient of Ep using the variants of batches k
propagation algorithm. After various trials, it was found that 25 hidden neurons in two layers
each containing 10 and 15 neurons are chosen as optimal values.

b. Support Vector Regression
Support vector machine (SVM) is a supervised non-parametric statistical learning technique
(Mountrakis, Im, and Ogole, 2011b) initially formulated by Vapnik (1979). The main
objective of the SVM algorithm is to find a hyperplane that separates the dataset into a
number of classes in such a way that it is consistent with the training examples. Generally,
the regression based on support vector machines (SVRs) can be explained as follows:
SVM estimates f by minimising an upper bound on the probability that the estimation error

may be above a given threshold (Moser et al., 2009). For a set of training samples
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{(xl,yl),(xz,yz),(x3,y3),,,_(xh,yh),_,,(xN,yN)} of sample size N ( where x,is the h" feature

vector corresponding to the reference measurement y,; h=1,2,3,....N), the resulting
approximation can be expressed as a linear combination of suitable kernel functions centred

on a subset of training samples as given by Eqn.(3) (Moser et al., 2009; Vapnik, 1998).

fIxI=3 B.K [x,, xVy|+b' 3)

heS

where B;, B;... B}, are the weight coefficients of the linear combination, K(-, .. y) is a kernel

function, in general, by a vector y of r real valued parameters (y e R"),b’ is a bias term, and
S= [h . ‘3;7&0}. Ifhes, ie., B;#0, the training sample x, is named ‘support vector’ (Moser

et al., 2009; Vapnik, 1998).

Selection of kernel functions play a vital role in the performance of the support vector
machines. In this study, Pearson VII function kernel generally known as PUK is used as it
can be served as a universal kernel. Studies (Zhang and Ge, 2013; B. Ustun, Melssen, and
Buydens, 2006) have proven that PUK kernel is robust with an equal or even stronger
mapping power compared to the other standard kernel functions (linear, Polynomial and
RBF kernel functions) used in SVMs.

¢. Random Forest

The working principle of the random forest is as follows: The technique applies P random

samplings with replacement as given in Eqn. (4)
—_ 1 p
f(x)ZEZti(xl,...xN) 4)
i=1
where t; is the different regression tress (Breiman, 2001; Picart et al., 2018). Each tree is
based on a simple decision criteria on X covariates such as: if X< threshold, then value 1 else

value 2. The threshold value is calculated with respect to the training samples by maximising

14
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the difference between value 1 and value 2. The dataset will be split further recursively at

each node of the tree.

For the present study, a maximum of 2500 nodes and a forest consisting of 300 trees have
been considered. The maximum number of nodes was selected on trial and error basis by

increasing the number of nodes from 100 to 4000 trees.
3.2 Evaluation of the results

The developed ML based algorithms were evaluated for two different scenarios. In scenario-
1, the algorithms were trained using both cloudy and non-cloudy pixels together. In scenario-
2, the algorithms were trained separately for cloudy and non-cloudy pixels. Accordingly, the

performances of each developed algorithm were analysed for both scenarios based on

adjusted R? ( Ridj), Root mean square error (RMSE) and mean absolute error (MAE) values.

Generally, R? is used as a measure of the proportion of variance of the predicted results.
However, in this study Ridj has been used to assess the algorithm performance in order to

adjust the model results with the number of predictors. RMSE and MAE were calculated for
assessing total error values in the algorithms. By squaring the error, before calculating the
mean and later taking the square root gives more weight to large but infrequent errors than
the mean in RMSE. Therefore, comparison of RMSE and MAE can be used to determine
whether the forecast contains large but infrequent errors. Larger the difference between

RMSE and MAE, more inconsistent the error size is.

For the identified best scenario of each algorithm, spatial and temporal distribution of errors
of individual points were calculated as follows. Difference between the in-situ SST (SST ¢

and the predicted SST (SST'(, values was computed for each data point (Eqn.5)
ASST=(SST,,,—SST) ()
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A SST values were then analysed spatially for both training and testing phase. Further, A SST

values for each Julian day are averaged and the temporal distribution of the error values is
studied. Finally, the best performing ML SST estimates were inter-compared with a standard

cloud-free daily SST product (NOAA SST) against the reference in-situ data.
4. Results and Discussions

The obtained results are discussed in four sub-sections. First, in section 4.1, the results of the
algorithm(s) developed for both scenarios are discussed. In sections 4.2 and 4.3, the results
from the best scenario are analysed both spatially and temporally to study the error
distribution. In Section 4.4, an inter-comparison of the best performing ML SST estimate and
NOAA SST with respect to in-situ data is presented. Finally, in Section 4.5 some illustrative
examples of the SST images for pre-monsoon, monsoon and post-monsoon seasons are

presented for visual analysis of the algorithm(s) outputs.
4.1 Performance of the developed ML algorithms during training and testing phases

Overall performance of the developed ML-based algorithms during training and testing for
both scenarios are shown for both AS and BoB regions in Figures 4a—d and 5 a-d
respectively. It is evident that all the developed algorithms perform relatively well
considering the significant amount of cloud contamination in the study regions. However,
SVR algorithm performs consistently better than the other two tested algorithms in both

Scenario-1 and Scenario-2.
4.1.1 Study area I : AS

In Scenario-1, during training (Figure 4a), R, for RF is higher than that of SVR and ANN.

adj

The error values (RMSE and MAE) also indicate that RF has the least error followed by SVR

and ANN. However, for the same Scenario-1 while testing, SVR shows the highest Ridj of

16



339 0.86 followed by ANN and RF (Figure 4b). Likewise, the magnitude of error values is also
340 lowest for SVR algorithm followed by ANN and RF algorithms. These indicate that RF
341 algorithm performs inconsistently compared to SVR and ANN. From Scenario-2 results
342  (Figure 4c and d), it can be observed that all the three algorithm s perform almost similar to

343  Scenario-1 during both training and testing phases.

344 The maximum difference of 0.2°C between RMSE and MAE values for all three algorithms
345 in both scenarios indicates that the occurrence of very large but infrequent errors is not

346 significant.

a) Scenario-1, Training b) Scenario-1, Testing
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348 Figure 4: Performance of the developed ML based algorithm(s) in AS for Scenario-1:
349 training (a) and testing (b) and Scenario-2: training (c) and testing (d).

350 4.1.2 Study area II: BoB

351 Performance of the algorithms in BoB is similar to that of AS. In Scenario-1, during training
352 phase(Figure 5a), R, for RF is higher than that of SVR and ANN. Accordingly, RF showed

adj

353 the least error values followed by SVR and ANN. Similar to AS, for Scenario-1 while testing,
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SVR and RF shows the highest R’

adj

followed by ANN (Figure 5b) and the error values are
lowest for SVR algorithm followed by RF and ANN algorithms. In BoB too, all the three
algorithms perform almost similar in both Scenario-1 and Scenario-2 during training and
testing phases. However, there is a slight decrease in the overall performance of the
developed ML algorithms in BoB compared to AS. As mentioned in Section 2, BoB is more
complex in nature than AS. The presence of strong near-surface stratification due to large
inflow of precipitation and runoff (Shenoi et al., 2002) could be the reson for relatively poor

performance of the tested algorithms in BoB.

By analysing the results of the two different study regions, it is observed that there is no
considerable difference between the results of both scenarios during training and testing
phases. Hence, it is better to choose a single model as given in Scenario-1 to reduce the
model complexity and runtime. Therefore, only Scenario-1 results are considered for further

testing and analysis.
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Figure 5:: Performance of the developed ML-based algorithm(s) in BoB for Scenario-1:
training (a) and testing (b) and Scenario-2: training (c) and testing (d).

4.2 Spatial analysis of the results

Outputs of the ML based models developed for Scenario -1 were analysed spatially to obtain
the distribution of errors in individual data points during training and testing periods,

respectively.
4.2.1 Study area I: AS

The overall spatial distribution of ASST values for training and testing as well as the number
of points in each range of ASST is given in Figures 6a-h. From Figures 6a-d, it can be
observed that all three developed algorithms perform relatively well during the training
period, but the ANN algorithm gives larger A SSTvalues compared to the other two
algorithms. During training, 89% of the data points have ASST values within +1°C for ANN
algorithm, whereas for RF and SVR algorithms, it is 98% and 93% respectively. Likewise,
the distribution of errors obtained in AS while testing the algorithms (Figures 6e-h) shows
that the RF algorithm gives larger A SST values followed by ANN and SVR algorithms. The
percentage of data points having ASST values within +1°C is 84%, 81% and 88% for ANN,
RF and SVR algorithms respectively. This results indicate that SVR algorithm has good
generalisation capabilities as it could predict most of the variations with least error values

during both training and testing periods.
4.2.2 Study area Il : BoB

Figures 7a-h show the overall spatial distribution of the ASST values for training and testing,
inlcuding the number of points in each range of ASST. The variations of ASST values during

training are given in Figures 7a-d. Similar to AS, the occurrence of larger errors is very less
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during the training period for all the developed algorithms.While training, RF algorithm has
the least error values with 98% of data points has ASST values within +1°C followed by
SVR (92%) and ANN(85) algorithms. It can be observed that while testing (Figure 7e & h)
ANN algorithm shows larger error values. Only 58% of the data points has ASST values
within +1°C for ANN algorithm, whereas it is 77% and 78% for RE(Figure 7b & f) and

SVR(Figure 7¢ & g) algorithms respectively.

Overall, it is observed that the SVR algorithm is working better for both AS and BoB regions in terms
of error values although the performance of the former is slightly lower in BoB. The relatively poor

performance of all the tested algorithms in BoB could be due to the similar reasons discussed in
Section 4.1. Also, it is noteworthy that though a majority of pixels are cloud-covered during
both training and testing (Figure 1&2), all the three developed ML algorithms are capable of
producing SST estimates with high accuracy, albeit with minor differences. Thus, it can be
said that the ML based algorithms will aid the ongoing efforts of the research groups like The
Group for High-Resolution Sea Surface Temperature (GHRSST) for estimating SST at high

spatial resolutions from space.
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408  Figure 6: Spatial distribution of  ASST (SST,,,— SST , values in degree Celsius across the AS during training (a-c) and testing period (e-f) for ANN, RF and
409  SVR respectively. Sub-figures (d) and (h) show number of points (in percentage) in various ranges of ASST during training and testing periods.
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4.3 Temporal analysis of the results

The results obtained from the ML based models developed for Scenario -1 in both the study

regions were temporally analysed to visualise the average error distribution in a year.

4.3.1 Study area I : AS

The number of reference points in each julian day and the average ASST values for the
corresponding day during training and testing period are given in Figures 8a-d. In training
phase, all the developed algorithms show a mixed trend of underestimation and
overestimation (Figure 8a—b). The magnitude of error is higher for the ANN algorithm,
followed by SVR and RF algorithms. During the monsoon period, that is from Julian day 152
to 273, large error values were expected due to intense cloud cover. However, the ASST
values for all the three algorithms during monsoon time are quite similar to the other days
(Figure 8b).

Likewise, the number of points and average ASST values on each Julian day during the
testing period are plotted in Figures 8c—d. All the developed algorithms severely
underestimate during the first two calendar months compared to other months in the testing
period. Studies conducted by Thadathil et al.,1992 and Balachandran et al., 2008 reported
about the temperature inversions in AS during winter. This could be the reason behind the
severe underestimation of the algorithms during the same time. ANN algorithm shows the
largest magnitude ASST values during the testing phase compared to the other tested
algorithms. Unlike the training phase, the RF algorithm shows larger magnitude of errors
while testing (Figure 8d). SVR algorithm shows similar performance during training as well
as testing and also it gives the least average ASST values in the testing phase. Hence, in terms

of the error magnitude, SVR algorithm is more reliable compared to the other two algorithms.
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Figure 8: Number of reference points available in each Julian day and Average ASST (SST ;— SST )

in degree Celsius for the corresponding day during training (a-b) and testing(c-d) periods
respectively for AS.

4.3.2 Study area Il : BoB

Similar to AS region, the temporal distribution of reference points and average ASST values
for BoB during training and testing period are given in Figures 9a-d. For the training period
(Figures 9 a—b), the magnitude of average 4SST is higher for the ANN algorithm, followed by

SVR and RF algorithms throughout the year. From Figure 9c-d, it can be observed that ANN
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445  1s showing the larger magnitude of average ASST values compared to the other algorithms

446 followed by RF and SVR during the testing period.
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Unlike AS, in BOB the training data for December, January and February are more abundant
compared to the other months (Figure 9a). Even though there was large number of training
data samples in the training period, all the developed algorithms underestimate during the
first two months compared to other days in the testing period, which could be due to the

temperature inversion happening in the winter as reported by Balachandran et al., 2008.

4.4 Inter-comparison of NOAA SST and the best performing ML SST

The results of inter-comparision between NOAA SST and the best performing ML algorithm
(i.e. Scenario-1 SVR-SST) wrt in-situ data for the independent testing period (i.e. 2014-2015)
in both the study regions are given in Table 2. Compared to the performance of SVR
algorithm, the obtained results for NOAA SST shows higher correlation and lower error (i.e.
RMSE and MAE) in both AS and BoB regions. It shall be noted that though the performance
of SVR SST is lower to NOAA SST, the difference is not high (Table 2) especially in BoB.
Moreover, the magnitude of the coefficient of determination and the error values for SVR SST
presented in this study is better than that of the operational SST products viz. OSTIA, L3 and
L4 MODIS SST evaluated by Thakur et al., 2018. Interestingly, the performance of NOAA
SST is also relatively weak in BoB compared to AS region. It was observed that the RMSE
values of SVR algorithm is almost close to the NOAA SST in BoB. It should be noted that
the SVR SST derived in this study is of 1 km resolution, which is much finer than the NOAA
SST which has 25 km resolution. The study conducted by Senatore et al, 2020 has proven
that high resolution SST fields has significant impact on the simulation of the atmospheric
boundary layer processes which in turn affect the forecast of hydrological responses to heavy
precipitation. Therefore, even though NOAA SST is slightly performing better, SVR SST

will be useful for studies similar to Senatore et al.,2020 which require high resolution SST.
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Table:2 Performance of NOAA SST and SVR SST with respect to in situ data for AS and BoB
for the period 2014-2015.

Study Regions
Statistics AS BoB
SVR | NOAA SST SVR | NOAA SST
Ry 0.82 0.90 | 0.78 0.83
RMSE (°C) 0.71 0.62| 0.88 0.88
MAE(°C) 0.51 0.38 | 0.66 0.56

4.5 Ilustrative examples of ML SST images

SST images obtained from the developed ML algorithms (for Scenario-1 case) were visually
compared with the MODIS L2 SST and the NOAA SST products at their native resolutions.
The in-situ datasets available on the corresponding day also overlayed on them. For
illustrative purpose, the comparisons are shown for arbitrarily selected dates spanning
different periods, viz. pre-monsoon, monsoon and post-monsoon in Figures 10—11,

respectively.

4.5.1 Study Area I: AS

[lustrative examples of the SST images obtained from MODIS L2 SST, NOAA SST and ML
SST algorithms for AS region during pre-monsoon, monsoon and post-monsoon period are
shown in Figures 10 a-p. During the pre-monsoon period, MODIS L2 SST product is having
huge gaps due to cloud cover (Figure 10a). For the same day, NOAA SST is able to capture
the trends in SST variation but with coarser resolution (Figure 10b). ANN and RF algorithms
are effective in capturing the overall trend, however, the SST images obtained from these two
techniques are showing some discrepancies (Figures 10c & d) For example, the ANN-based
estimates suffer from over smoothening and RF-based estimates are having horizontal as well
as vertical patches of SST. The cloud-free SST image obtained using SVR algorithm (Figure
10e) shows values similar to MODIS L2 SST product but it covers whole region unlike

MODIS SST. Visual comparison of SVR SST image and NOAA SST image indicates that
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SVR SST product captures the minute variations in SSTs better than NOAA SST product due
to its fine resolution. It is also observed that SVR algorithm performs much better than the

other two tested ML techniques during the pre-monsoon season.

During the monsoon season, it can be seen that only very few pixels of SST is being retrieved
from the MODIS L2 SST product due to intense cloud cover in the study area (Figure 10g). A
typical example (Figures 10 g—k) illustrates that although the SST values from physical
approach are very few, the machine learning-based approaches are able to retrieve the SST
values without gaps. In this case too, the SVR algorithm gives a better representation of SST
estimates compared to the other two tested algorithms. Likewise, during the post monsoon
season too, the illustrative example given in Figures 10 (i-p) show that the performance of

the tested SST products is similar to that in the pre-monsoon and monsoon seasons.

4.5.2 Study Area II: BoB

Ilustrative example of SST images for BoB region during various seasons are given in
Figures 11a-p. The results obtained are similar to AS region. During pre-monsoon (Figure
11a-f), monsoon (Figure 11g-k) and post-monsoon(Figure 11i-p) periods, ANN
algorithm(Figure 11 c,i,n) fails to capture the overall treand and often deviated from the in
situ data values. Even though RF algorithm (Figure d,j,o) is able to capture the overall trend,
the images are looking patchy and distorted. SVR algorithm (Figure 11 fk,p) is relatively
better than the other two tested algorithms. It is to be noted that the SVR SST estimates are
closely matching with the in situ dataset and the cloud free portions of MODIS L2 SST.
Likewise, the NOAA SST values are also in good agreement with respect to the in situ data,

however, they are having coarse resolution unlike SVR SST estimates.
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Figure 10: lllustrative example of ML based SSTs compared to the NOAA SST and MODIS L2 SST product for AS. (a)(g)(l) MODIS L2 SST, (b)(h)(m) NOAA
SST and SST estimates from (c)(f)(n)ANN, (d)(J)(o) RF and (f)(k)(p)SVR machine learning algorithms during pre-monsoon,monsoon and post-monsoon. The
in situ SST data available on the same day is overlayed on the product with the same color code.
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NOAA SST and SST estimates from (c)(f)(n)ANN, (d)(J)(o) RF and (f)(k)(p)SVR machine learning algorithms during pre-monsoon,monsoon and post-
monsoon. The in-situ SST data available on the same day is overlaid on the product with the same color code.
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Overall, the visual analysis of the ML SST estimates of different seasons indicates that SVR
SST shows the best representation of SST compared to the other two ML algorithms. The
primary reason behind the poor performance of RF and ANN techniques is their inability to
capture minute differences in the latitude-longitude values. It is also observed that SVR SST
and the operational NOAA SST and the cloud free regions of MODIS L2 SST products are
having similar trends in SST variation for all three illustrative cases discussed here for both

study areas.

Summary and Conclusions

This study is a first of its kind, to explore the potential of machine learning techniques to
estimate cloud-free, high-resolution, accurate daily SST from a single IR sensor. In order to
achieve this goal, three machine learning techniques viz. ANN, SVR and RF were explored
for estimating SST from MODIS Aqua sensor dataset. The developed ML based algorithms
were trained and tested for two different scenarios in two different study regions viz. Arabian
Sea (AS) and Bay of Bengal (BOB). In Scenario-1, cloudy and non-cloudy pixels were
trained and tested together, whereas in Scenario-2, the cloudy pixels and non-cloudy pixels
were trained and tested separately. The obtained results when analysed with respect to in-situ
data indicate Scenario-1 as the best scenario for all three ML algorithms and hence, this

scenario results were further analysed in various aspects.

A spatio-temporal analysis of the difference between the ML-based SSTs and in-situ data
(ASST) shows that SVR-based algorithm is more efficient compared to the other two ML
algorithms. Futher, the best performing ML-based SST i.e. SVR SST was inter-compared
with the operationl NOAA SST product of 25 km resolution. Compared to SVR SST, NOAA
SST shows higher correlation and least error values with respect to in-situ data. However,

SVR SST values are not significantly different from NOAA SST estimates for the same
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period. At the same time, it is observed that the SVR algorithm is able to effectively capture
minute variations in SSTs better than NOAA SST as well as the other two ML algorithms.
Therefore, it can be concluded that the SVR is an effective technique for retrieving high-
resolution SST estimates even when the majority of the image is covered by cloud. Since all
the variables used in this approach are readily retrievable from satellite images immediately
after the satellite overpass, it can be used for near real-time applications; for example, as an
input to numerical models of various applications related to the ocean and weather
forecasting. This new algorithm based on SVR would be helpful to the on-going research
efforts by international research groups like GHRSST towards estimation of SST products at

finer resolution.
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