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ARTICLE INFO ABSTRACT

Keywords: In Ecuador, there is a limitation on air quality monitoring due to the cost of monitoring networks.
Satellite Although air quality monitoring stations are instruments for air measurement, they do not cover
Remote sensing an entire city due to their scope. Satellite remote sensing is now an effective tool to study atmos-
Alr P‘)H“ﬁ“’“ pheric pollutants and has been applied to continuously assess a region and overcome the limita-
;‘éerp()lanon tions of fixed stations. Despite the application of satellite data for air quality monitoring, there
Senztinel-S are some limitations, such as measurement frequency, cloud cover and wide spatial resolution,

which do not allow the assessment of air pollution in cities. Therefore, downscaling, applying in-
terpolation methods, is essential for continuous air quality monitoring at smaller scales. For this
research, Nitrogen Dioxide (NO,) data from the Sentinel-5 satellite percussor was used in the city
of Guayaquil for January-December 2020, which is considered before, during and after the
COVID-19 quarantine. This mid-size port city does not have a permanent monitoring network,
which prevents us from knowing the air quality. Due to the limitation of pixel size, this study used
satellite data to apply interpolation techniques and reduce pixels to assess air quality. Two cate-
gories of interpolation were selected: deterministic and stochastic. The empirical Bayesian krig-
ing (EBK) interpolation obtained a R? of 0.9546, which was superior to the other methods ap-
plied. Therefore, the EBK method had the best accuracy for tropospheric NO, concentration. Fi-
nally, the method used in this research can help monitor air quality in cities lacking continuous
monitoring networks, as the reduction of the pixel size gives us a better pattern of pollutants.

1. Introduction

In the last few decades, the accelerated process of urbanization and industrialization has led to increased emissions of air pollu-
tants, such as nitrogen dioxide (NO,), sulfur dioxide (SO,), carbon monoxide (CO), and particulate matter (PM). These pollutants
have significant adverse effects on the economy, human health, and the environment (Yang and Liu, 2018). To mitigate these risks,
the key strategies are real-time monitoring and control of air pollutants, and the communication of air quality status to the public
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(Athira et al., 2018). However, in the developing countries high costs of technology and maintenance limit number of monitoring sta-
tions, which, in turn, hampers the implementation of effective pollution prevention, control, and monitoring programs (Ma et al.,
2019). For example, in Ecuador, currently, only two cities, Quito and Cuenca, have air quality monitoring networks.

Due to their limited monitoring range, however, air quality monitoring stations cannot reflect the full picture of the real-time spa-
tial distribution of air pollution in complex urban areas, which impedes the spatial analysis and monitoring of air pollution (Tong et
al., 2015) (Zhi et al., 2017). As a result, there have been research attempts to fill the gaps between sparse ground-based data by spatial
interpolation methods: kriging algorithm and inverse distance weighting (Janssen et al., 2008; Ntfiez-Alonso et al., 2019). More re-
cently, machine learning modelling and neural networks, have been employed to increase the accuracy of these interpolations (Ma et
al., 2019; Yi et al., 2018; Zalakeviciute et al., 2021). However, there are several drawbacks to using the models that require ground-
based sensor data, such as values falling outside the range of the training data, no consideration of spatiotemporal associations, re-
quirements for a large historical dataset, or lack of ground-based sensor data (Kn et al., 2021). Thus, an alternative approach is to use
remote sensing data to monitor air quality, as high correlations (r = 0.68-0.75) have been found between satellite data of tropos-
pheric NO, from Sentinel-5P and ground-based measurements (lalongo et al., 2020; Muniraj et al., 2021; Virghileanu et al., 2020).

Satellite remote sensing has now emerged as an effective tool for studying environmental pollutants in the atmosphere, and is
commonly applied to help continuously assess air quality at any spatial-scale region (Engel-Cox et al., 2004). Satellite remote sensing
can provide a complete survey of a city, by identifying the main sources of pollution and its spatial distribution patterns, which then
can help determine where to focus pollution abatement efforts (Engel-Cox et al., 2004) (Schneider et al., 2021). For instance, Omrani
et al. (2020) used spatiotemporal data from the Sentinel-5P remote sensing platform to measure NO, concentration differences over
mainland France. Haq et al. (2014) studied tropospheric NO, hotspots in Pakistan using Ozone Monitoring Instrument (OMI) on
NASA's Earth orbiting satellite Aura. Kn et al. (2021) used multiple spatiotemporal datasets from the Sentinel-5P satellite to map air
quality (SO,, NO,, CO, O3, HCHO) in India. Muhammad et al. (2020) used Sentinel-5P and Aura data to assess NO, concentration
changes due to the coronavirus pandemic in China, Spain, France, Italy, and the United States. Schneider et al. (2021) found that the
TROPOspheric Monitoring Instrument (TROPOMI) NO, dataset provides sufficiently high and valuable data availability to assess NO,
pollution in Norwegian cities.

Cooper et al. (2020) and Wu et al. (2019) developed algorithms to estimate ground-level NO, concentrations with high spatial
resolution, applied to the TROPOMI satellite instrument, aiming to monitor concentrations in urban areas. Similarly, Cersosimo et
al. (2020) proposed an area-weighted interpolation method to improve the spatial resolution of tropospheric NO, observations from
TROPOMI. Moreover, pixel reconstruction methods have proven to be efficient in increasing the spatial resolution of satellite-
measured NO, without compromising the quality of the original data (Kim et al., 2018).

While emission inventories of isolated coal-powered power plants can help validate the performance of NO, instrument on satel-
lites (de Foy et al., 2015); in turn, tropospheric NO, column, measured by Ozone Monitoring Instrument (OMI), can help detect air
pollution from different sources (Wang et al., 2012) (Filonchyk and Peterson, 2023). Evolution in temporal satellite NO, profiles can
also help identify air quality deterioration due to new coal power plant construction (Wang et al., 2012) or improvements due COVID-
19 pandemic (Filonchyk et al., 2021).

Despite the wide application of satellite data, there are some limitations, such as cloud cover blockage, or time-limited measure-
ment, restricted to data acquired when the satellite passes overhead, and recorded as a concentration of contaminants within a verti-
cal column (Berman and Ebisu, 2020). Currently, there are several satellite air quality products that have been successfully used in
numerous environmental applications, but due to their wide spatial resolution, they do not allow air pollution assessments in urban
areas (Shelestov et al., 2018).

In this context, it is essential to explore downscaling techniques, such as interpolation methods, to ensure continuous monitoring
of air quality at the urban scale while also eliminating cloud interference. This research focuses on identifying the most suitable inter-
polation method using data from the Sentinel-5P satellite in cities where ground-based measurements are not available. The long-
term goal is for this methodology to influence public policies and decision-making processes related to land-use planning, which
would facilitate a more efficient approach to address the challenges associated with air quality and pollution in these areas. Digital
image interpolation is the process by which a continuous intensity surface is generated from discrete image data samples. There are
many types of interpolation methods, each of which results in a different appearance of the final image. Therefore, it is best if the
quality, or visible distinctness of each pixel, is maintained throughout the interpolation function. Image interpolation is a term used
for image processing, but it is often used with different terminology in the literature, such as image scaling, image resampling, and
image resizing (Patel and Mistree, 2013). Interpolation is a technique that enables the transfer of images between resolutions without
any loss of quality (Prajapati et al., 2012). When the resolution of an image is increased, it is known as up-sampling or up-scaling, and
when decreased, it is called down-sampling or down-scaling (Prajapati et al., 2012). This technique has numerous applications, such
as image resizing, zooming, enhancement, reduction, sub-pixel image registration, image decomposition, and spatial distortion cor-
rection (Prajapati et al., 2012).

The present study provides a detailed comparison of the performance of six interpolation techniques to visualize and analyze the
spatial variability and temporal dynamics of NO, concentration in the tropospheric column from January to December 2020 conse-
quence of COVID-19 using Sentinel-5P data, namely inverse distance weighting (IDW), local polynomial interpolation (LPI), ordinary
kriging (OK), simple kriging (SK), empirical Bayesian kriging (EBK), and random forest for spatial predictions framework interpola-
tion (RFSP). The interpolated surfaces were created using ArcGIS software within the Spatial Analyst and Geostatistical Analyst series
of interpolation techniques. To compare interpolation techniques, cross-validation parameters were used. The best method was then
employed to produce a city-scale monthly tropospheric NO, map of Guayaquil using a spatial resolution of 30 m.
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The research is structured into four parts: a) interpolation methods are evaluated when applied to the NO, variable for spatial res-
olution reduction, b) the results of the interpolation regarding spatial scale are analyzed, and a temporal analysis of NO, concentra-
tions is incorporated, c) the findings obtained are discussed, and finally, d) the research is concluded by summarizing the results and
highlighting the implications of the interpolation methods used in the study of NO,.

2. Methods

2.1. Study area

The city of Guayaquil was selected as the study area of this work. It is located in the Guayaquil canton in the province of Guayas in
the extreme west of Ecuador (Fig. 1) It is the largest, most populated, and most industrialized city in Ecuador, with a total area of
1800 km? and an estimated population of 2.69 million people (Jicome et al., 2019; Pacheco et al., 2020). The city is located in low
and swampy areas (4.6 m above sea level), except some mountainous areas to the north (highest point at 460 m) (Delgado, 2013).
Guayaquil's climate is considered humid tropical, with an average annual temperature of 26 °C, an average rainfall of 1030 mm, and
prevailing winds that blow to the west. Ambient NO, concentrations in this area are mainly attributed to traffic, with minor contribu-
tions from the industrial sector.

2.2. Data collection

The tropospheric NO, column concentration data used in this paper was collected from the Copernicus Open Access Hub platform
on the European Space Agency's Sentinel-5P. The tropospheric NO, column concentration data were produced by a TROPOspheric
Monitoring Instrument (TROPOMI) instrument on a Sentinel-5 precursor (also known as Sentinel-5P) (Veefkind et al., 2012), which
provides global coverage of the main pollutant gases, such as NO,, SO,, CO, CH,, and O3 (European Commission and ESA, 2015).
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Fig. 1. (a)The map shows the province of Guayas in the gray area, (b) the canton Guayaquil in the gray area, (c) the city of Guayaquil in the gray area, and (d) the study
area, the city of Guayaquil.



D. Mejia C. et al. Remote Sensing Applications: Society and Environment 31 (2023) 100990

TROPOM]I, is a passive sun backscatter imaging spectrometer for measuring ultraviolet-visible (270-500 nm), near-infrared
(675-775 nm), and short-wave infrared (2305-2385 nm) spectral bands (Ialongo et al., 2020), which means it can image various air
pollutants more accurately than previous systems (Zheng et al., 2019). Sentinel-5P can achieve global coverage every 24 h, providing
access to dense measurements around the world. The TROPOMI tropospheric NO, product can retrieve good quality information reso-
lution that is finer than any previous satellites could archive (Griffin et al., 2019). All mission measurements of atmospheric gases are
“column data,” meaning they cover the entire depth of the atmosphere. The tropospheric NO, column has been detailed by Eskes et al.
(2021) and van Geffen et al. (2021).

For this research we worked with monthly average NO, column concentration data in the troposphere. (January—December 2020)
were used in this paper. These periods were selected to identify and compare the evolution of NO, concentrations under normal con-
ditions and during the coronavirus pandemic lockdown. The images were retrieved using Google Earth Engine (GEE) Level 3 products
for Sentinel-5P (Gorelick et al., 2017; Zalakeviciute et al., 2020). The spatial data resolution of tropospheric NO, concentration
(pmol/m?) columns was 1 km? per pixel. The images were downloaded in Geotiff format and referenced to the World Geodetic System
of 1984 (WGS1984). In the city of Guayaquil, there is no permanent monitoring network, so it was not possible to establish trends of
deterioration in air quality in another way. Due to this great limitation, this study uses data from satellite platforms to apply interpo-
lation techniques to assess air quality.

2.3. Interpolation methods

The choice of interpolation algorithm directly affects the quality of the final image, making it important to find a suitable algo-
rithm to improve image quality. The results of the interpolation process are sensitive and dependent on the method used, the selected
dataset, and the optimization processes of the interpolated values (Ali et al., 2021). Since a variety of methods are currently available
in the literature to estimate unknown values of continuous variables, such as pollutant gas concentrations, this study systematically
analyzed spatial interpolation methods to assess the degree to which these different methods affect the estimated values of the tropos-
pheric NO, column concentration. Based on a comprehensive literature review, we selected interpolation techniques in two different
categories: deterministic and stochastic (Deligiorgi and Philippopoulos, 2011).

The deterministic category is represented by two methods: IDW and LPI. The stochastic category is represented by four methods,
namely OK, SK, EBK, and RFSP. The processing of monthly tropospheric NO, column concentration data from Sentinel-5P consisted of
the transformation of the NO, pixels into points through the “raster to point” conversion tool of ArcGIS 10.5. For the development of
the spatial interpolation methods (IDW, LPI, OK, SK, and EBK), ArcGIS software was used. The RFSP model was generated in RStudio
(Hengl et al., 2018a; 2018b; Hengl and MacMillan, 2019). The data used in this study were placed in the Geostatistical Analyst of Ar-
¢GIS 10.5 with a grid resolution of 1 x 1 km. Between 408 and 422 sampling points were used, depending on the availability of tro-
pospheric NO, data, to cover the entire city of Guayaquil.

The common objective of the selected interpolation methods is to estimate the unknown value of 7 at the point x;, so the methods
have the same basic mathematical formulation. The interpolation relationship is calculated as:

n

Z(x) =Y 4Z(x) 6))

i=1

where Z(x;) represents the measured value at point x;, n is the total number of existing data points, 4; is the weight function allocated
to data points, and the sum of the weights is 1 to ensure that the interpolation is unbiased (Ali et al., 2021; Wong et al., 2004). The six
interpolation methods differ only in their choice of sample weights. For these approaches, interpolation involves: (1) defining the
search area or neighborhood around the point to be predicted; (2) locating the observed data points within this neighborhood; and (3)
assigning appropriate weights to each of the observed data points (Wong et al., 2004).

2.3.1. Deterministic methods

Inverse distance weighting (IDW): IDW is one of the simplest and most widely used methods for interpolating air quality data
(Fontes and Barros, 2010) and is based on the presumption that nearby sampling points should have a greater relationship or ef-
fect than more distant points. This method does not require subjective assumptions in the selection of the semi-variogram model,
which gives it an advantage over other methods, such as kriging (Ali et al., 2021). With this method, values are estimated using a
linear combination of the value at the sampled point weighted by an inverse function of the distance between two points. The
weights are determined according to the inverse distance from sampled points to the new point following Equation (2):

1/d

> 1
i=1

where d; represents the distance between the measured point x; and the predicted point x,, n represents the total number of measured
observations used, and p represents a power parameter that is used to highlight the spatial relationship between points. The power pa-
rameter for IDW used in our study was 2. Van Roode et al. (2019) recommends p limits between 1 and 4 for air pollution. In this work,
all available sampled points were used to compute the new measurement at a point.

Local polynomial interpolation (LPI): The LPI interpolation method uses polynomials on all surfaces and has algorithmic func-
tions that correspond to polynomial sequences. In this study, we used the first-order polynomial. LPI conforms to a local subset de-

2DW _

(2



D. Mejia C. et al. Remote Sensing Applications: Society and Environment 31 (2023) 100990

fined by a moving window. This window should include a reasonable number of data points; therefore, the window size must be
large enough for this process (Wu et al., 2019). The surface value p(x;y;), at the center of this window is computed at each point.
The LPI interpolation method only uses the surrounding sample. For first-order polynomials, it can be represented as:

Ho (xi:3i) = o + B1xi + Bay; 3
Indices f are estimated as the center and window move through space.

2.3.2. Geo-statistical methods

Empirical Bayesian kriging (EBK): EBK is a geostatistical interpolation method that automates the difficult aspects of building a
valid kriging model. Other kriging methods require a to manually adjust the model parameters, but EBK automatically calculates
these parameters through a process of sub-configuration and simulations (Sagir and Kurtulus, 2017). EBK is a robust and straightfor-
ward spatial interpolation technique that consists of two geostatistical models: (1) intrinsic random function kriging and (2) linear
mixed model (Gribov and Krivoruchko, 2020). EBK considers the uncertainty in the spatial parameters. The algorithm behind EBK
generates several semi-variogram models to minimize the prediction error generated by the uncertainty of the model parameters
(Banerjee et al., 2018).

Simple kriging (SK): SK is a geostatistical interpolation technique that considers both the distance and degree of variation be-
tween known data points when estimating values in unknown areas (Narvéez and Useche, 2020). SK is a variety of Kriging interpo-
lations that require less computation but is a less general approach (Rebholz and Almekkawy, 2020). With simple kriging, the mean
value is presumed to be known. SK has limited applications, but it is important because it has good properties that ordinary kriging
does not share (Daya et al., 2018). SK is based on the kriging estimator and is approximated as follows:

2 (x0) 1 (s0) = za 12 () — e (x)] @

where 4; represents the kriging weight, n is the total number of existing data points, Z(x;) is the measured variable value at a given
data point i, and p represents a known stationary mean. p is derived as the mean of the data and is assumed to be constant over the en-
tire study area. The weight 4; is calculated using a semi-variogram or covariance function. In this paper, a semi-variogram was used
due to its wide applications in different interpolation studies (Ali et al., 2021) and was estimated using:

y (xi,xo) =y(h)= %var [Z (x[) —Z(xo)] %)

where y(h) represents the semi-variance and h represents the distance between the measured and predicted data points. The stable
semi-variogram model was used in this study. As mentioned above in SK, the trend component is presumed to be an exactly known
constant for the entire study area, which is approximated using the average value of the measured data p(x;) = u, such that:

Do (x0) =+ 3 455 (sx0) + [ () o] ©)

i=1

Ordinary kriging (OK): Ordinary kriging is the most general and widely used method that presumes a constant unknown mean in the
local neighborhood (Xie et al., 2017). OK is an estimation technique known as the best unbiased linear estimator. It has the advantage
of using semi-variogram information (Qiao et al., 2019). The semi-variogram is used to describe the randomness and structuring of
variables (Qu et al., 2017). OK uses the semi-variogram to determine the weights and characterize spatial dependence. In this study,
the stable model is adopted for the interpolation processes. The coefficients of the chosen model are then used to determine the
weights for Kriging. OK is also described as the acronym BLUE, representing the “best linear unbiased estimator” (Ali et al., 2021). OK
is then implemented by the equation below:

Zok (x0) = D A% (x0) Z (x;) with Y 2% (xo) =1 @
i=1 i

i=1

The difference between OK and SK is that in SK, it is presumed that the mean value is known, while with OK, it is presumed that there
is an unknown constant mean value that is determined during the interpolation (Deligiorgi and Philippopoulos, 2011).

Random forest for spatial predictions framework (RFSP): Random Forest (Biau and Scornet, 2016; Breiman, 2001; Cutler et
al., 2012; Prasad et al., 2006) is a powerful spatial and spatiotemporal prediction technique (Bonilla-Bedoya et al., 2021; Hengl
et al., 2015; Nussbaum et al., 2018; Prasad et al., 2006; Vaysse and Lagacherie, 2015) that responds efficiently to linear predic-
tion methods without requiring rigorous statistical assumptions. The RFsp package (Wright and Ziegler, 2017) is an algorithm
developed by Hengl et al. (2018) that includes a spatial prediction approach so that sampling locations and the overall sampling
pattern are considered in the estimation of model parameters.

However, RFSP does not restrict the handling of different types of covariates (Hengl et al., 2018a; 2018b; Hengl and MacMillan,
2019). Thus, spatial prediction of the spatial variability and temporal dynamics of the tropospheric NO, column concentration was
performed with R Project applying RFsp (Hengl et al., 2018a; 2018b; Hengl and MacMillan, 2019). Digital Elevation Model (DEM),
slope, precipitation, temperature, and aspect were used as co-variables.

5
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“RFSP”, includes a spatial approach to prediction in the sense that sampling locations and the overall sampling pattern are consid-
ered in the estimation of model parameters.

Y (s) =f (XG) ®)

where XG denotes the predictors that explain the geographic proximity and spatial relationship between observations (Hengl and
MacMillan, 2019; Bonilla-Bedoya et al., 2021).

XG =dpl,dp2, ... ,dpN (C)]
where N is number of predictors.

2.4. Comparison of the precision and accuracy of interpolation methods

The interpolation methods were evaluated by leave-one-out cross validation (Esmaeilbeigi et al., 2020; Losser et al., 2014; Yuval
et al., 2017), where the interpolation accuracy is determined by iteratively removing an observed value from the dataset and re-
estimating it using the remaining values. This procedure is repeated n times, where n is equal to the number of all samples. Leave-one-
out cross-validation is embedded in the ArcGIS Geostatistical Analyst extension. The error is determined by calculating the difference
between the observed and the estimated value. Under this approach, different statistical cross-validation parameters were used to
evaluate the accuracy of the interpolation methods.

Based on a comprehensive review of the related literature, we focused on six cross-validation methods: mean error (ME), mean ab-
solute error (MAE), root mean square error (RMSE), relative root mean square error (RRMSE), relative mean absolute error (RMAE),
and coefficient of determination (R2) (Arétouyap et al., 2016; Bezyk et al., 2021; Fontes and Barros, 2010; Li and Heap, 2011, 2014; Li
et al., 2016; Losser et al., 2014; Ma et al., 2019; Nouck, 2015; Qu et al., 2017; Sajjadi et al., 2017; Sekuli¢ et al., 2020; Tong et al.,
2015; Van Roode et al., 2019; Yi et al., 2018). Most studies have used two or three parameters to determine the most appropriate in-
terpolation method, with R2 and RMSE being the most widely used (Le et al., 2020; Qiao et al., 2019; Wong et al., 2004; Yu et al.,
2018). The details of all cross-validation parameters are presented in Table 1.

Additionally, the performance of six interpolation techniques were compared: IDW, LPI, EBK, OK, SK, and RFSP. This study was
based on the monthly average time series of atmospheric NO, concentrations measured at the stratospheric level for the year 2020.
The time series was selected for the purpose of observing the effect of COVID-19 restriction measures on tropospheric NO, concentra-
tions in the study area. Restriction due to COVID-19 reduced transport activities, which resulted in less energy consumption, lower oil
demand, and limited domestic travel. These changes in transportation activities had a significant impact on air quality. This behavior
of reduction of pollutant gas emissions due to COVID-19 has been registered in some regions in the world regions in the world such as
China, France, Italy, USA, Spain.

The parameters ME, MAE, RMSE, RMAE, RRMSE, and R? were calculated based on the monthly averages for the analyzed time se-
ries. Fig. 2 shows the results of the statistical analysis by cross-validation analysis, making use of the leave-one-out principle, and
Table 2 shows the average of the statistical parameters of each evaluated model. The statistical parameters and the tropospheric NO,
column concentration were calculated for each month of 2020 to study the spatial behavior of the models. The statistical parameters
were calculated using the model results and the actual concentration values measured by Sentinel-5P. In Table 2 and Fig. 2, the values
of the statistical parameters of the RFSP model are not shown because the model presented the worst performance of the six models

Table 1
Details on the cross-validation parameters used.

Cross-validation methods Parameters

The Mean Error (ME) represents the arithmetic average of all estimated errors in the interpolation. It also indicates the direction
(average) of the estimated errors. Negative bias represents an underestimation of the variable, while overestimation is =
represented by a positive bias. This parameter is used as an indicator of precision because the positive and negative estimates
counteract each other, which makes the ME comparatively lower than the actual error.

The Mean absolute error (MAE) is the mean of the absolute values of the individual prediction errors in all instances of the test set. 1
Each prediction error is the difference between the actual value and the predicted value for the instance. i

The Root mean square error (RMSE) is the most commonly used cross-validation parameter. It is the square root of the mean n
square of all errors indicating how concentrated the data are around the line of best fit. It has the same unit of measurement as
the predicted value.

These two new measures and their modified versions can be interpreted as measures of relative errors in the estimates. They allow
comparison of the performance of interpolation methods with different units/scales from various studies in different disciplines
(Li and Heap, 2011; Prestwich et al., 2014).

The Coefficient of determination, also known as R, is perhaps the most popular measure of goodness-of-fit for linear models. It
describes how well the observed results are replicated by the model. An R? close to 1 implies a near perfect relationship between
the model and the data, while an R? close to 0 implies failure to accurately model the data.

yi: represents observed/measured value
3i: is the predicted value
¥it is the average of observed/measured values

$,: is the average of predicted values
n: the number of observations in a validation dataset
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Fig. 2. The statistics of cross-validation results (R%, ME, MAE, RMSE, RRMSE, and RMAE) of five interpolation methods (IDW, LPI, EBK, OK, and SK) for the 12 months
of 2020.

Table 2

Average of the statistical results Coefficient of determination (R?), Mean error (ME), Mean absolute error (MAE), Root mean square error (RMSE), Relative root
mean square error (RRMSE), and Relative mean absolute error (RMAE) using cross-validation for the different interpolation methods for each month of 2020 pollu-
tants in Guayaquil. The best values are in bold. Furthermore, the P value of the Pearson correlation coefficient is displayed.

Method R? ME MAE RMSE RRMSE RMAE P Value

IDW 0.9350 0.3079 3.6922 5.4295 10.1934 7.0133 <0.0001
LPI 0.9474 -0.1921 3.0792 4.6729 8.9615 5.9252 <0.0001
EBK 0.9546 -0.0139 2.8270 4.2954 8.3673 5.4887 <0.0001
OK 0.9449 -0.1154 3.3167 4.9140 9.4668 6.3789 <0.0001
SK 0.9399 —-0.0109 3.2560 4.8909 9.5254 6.4330 <0.0001

analyzed with an RMSE = 16.55 and R? = 0.33, values with errors well above those of the other models; therefore, it was unneces-
sary to compare them.

Table 2 shows that the estimated values were significantly related to the observed values. EBK had the highest average R2 value
(0.9546), while IDW had the lowest value (0.9350). The order of suitability of the interpolation techniques according to the average
R?was EBK > LPI > OK > SK > IDW. The ME, which measured bias, showed that the bias was very small (close to zero) for the SK
method (—0.0109), while the IDW method (0.3079) had the most bias comparatively. The order of suitability of the interpolation
techniques according to the average ME was SK > EBK > OK > LPI > IDW. RMSE and MAE are two similar measurement indica-
tors for interpolation accuracy. The interpolation of NO, data resulted in an RMSE and MAE of 4.2954-5.4295 and 2.8270-3.6922,
respectively. The highest accuracy was obtained with EBK (RMSE = 4.2954, MAE = 2.8270). The LPI method performed almost as
well as EBK. The order of suitability of the interpolation techniques according to the average MAE and RMSE was
EBK > LPI > SK > OK > IDW. RRMSE and RMAE are indicators used to evaluate the overall performance of the models and to
compare them with other variables on a different unit/scale. The best performing model was EBK (RRMSE = 8.3673,
RMAE = 5.4887), while IDW had the lowest performances (RRMSE = 10.1934, RMAE = 7.0133). The order of suitability of the in-
terpolation techniques according to the average RMAE and RRMSE was EBK > LPI > OK > SK > IDW.

Among the different methods analyzed, IDW interpolation had the highest error. Overall, considering all statistical parameters,
the EBK method had the best performance compared to the other methods, although the LPI method also produced equally good re-
sults. The EBK method outperformed the other models in all statistical parameters except ME. The best average results of the statisti-
cal parameters for each interpolation method are marked in bold in Table 2. Fig. 2 shows that our study, good cross-validation results
suggested that EBK is a reliable interpolation method for tropospheric NO, in the city of Guayaquil.

As shown in Fig. 2, the interpolation methods present similar behaviors, with EBK being the method with the best statistical results
during most of 2020, while IDW had the worst results. The spatial distribution of tropospheric NO, columns in the urban area of
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Guayaquil was interpolated using IDW, LPI, EBK, OK, SK, and RFSP methods. To explore the effect of the six interpolation methods on
the spatial variation of NO,, monthly average maps were made from January to December 2020. All interpolation methods, except
RFSP, reflected the general trend of tropospheric NO, columns (Fig. 3a and b).

The tropospheric NO, concentration showed a clear spatial heterogeneity in the study area. Almost all interpolation methods
showed a similar general distribution and concentration pattern, indicating an increase in NO, concentrations from north to south in
the first half of 2020. In contrast, the pattern increased from south to north in the second half of 2020. The spatial variations between
the different interpolation methods were similar between the deterministic (IDW and LPI) and stochastic (EBK, OK, and SK) methods.

In addition, the findings were corroborated by Fig. 4, which presents scatter plots comparing the measured and predicted tropos-
pheric NO, columns for the five methods (IDW, LPI, EBK, OK, and SK), excluding the RFSP stochastic method, which exhibited dis-
tinct scattering behaviors. Measured and estimated values were plotted for all months of 2020. The models adequately fit the actual
values. On the other hand, in light of the fact that the calculated P-values, across all examined cases, are consistently lower than the
pre-determined threshold of statistical significance (« = 0.05), it can be inferred that the observed correlation in the present study is
statistically significant.

In this paper, tropospheric NO, column concentration data from January to December 2020, obtained with the best performing
EBK model, were used for monthly statistics, and the results showed that there was significant seasonal variation in Guayaquil (Table
3).

The minimum concentration of the NO, column in each month was approximately 7-24 pmol/m2, with April having the lowest
concentration (7.242 pmol/m2). The highest NO, column concentrations in each month were significantly different and decreased
from February to April, before again increasing to the highest level in July (175.086 pmol/m?). The mean concentration of NO, in
April was the lowest (26.951 pmol/m?), while the mean value in December was the highest (90.639 pmol/m?2). March and April, in
which the lowest mean NO, concentrations occurred (27.924 and 26.951, respectively), coincided with the lockdown measures taken
in Ecuador due to the COVID-19 pandemic.

3. Discussion

The EBK method proved to be capable of providing higher accuracy when generating NO, maps with high spatial and temporal
resolution, as it achieved an R2 of 0.9546. This result contrasts with the study by Ma et al. (2021), where the EBK method was applied
to improve the spatial resolution of satellite data, yielding an R? of 0.8230. This evidence demonstrates that the EBK method is precise
when it comes to downscaling spatial resolution. On the other hand, the results observed by Banerjee et al. (2018) concluded that EBK
is an ideal method for generating air pollution maps for CO, NO2, SO2, and Particulate Matter (PM). In contrast, in a study conducted
by Sajjadi et al. (2017), the best interpolation method for PM was the IDW method. This contradicts what was found in this research,
since IDW had a lower performance in the statistical parameters (Table 2). In our study, IDW presented an average R? = 0.9350,
which was much higher than that found by Van Roode et al. (2019) when analyzing IDW to interpolate NO, concentrations in the Bay
of Algeciras in Spain (R = 0.72). In the study developed by Fontes and Barros (2010), using cross validation, it was demonstrated that
IDW was the best method to interpolate NO, data in an urban sensitive area. A possible reason for the different results could be the
comparison approach or the distribution of the monitoring networks in conjunction with the study scale. For Qu et al. (2017), who
studied four spatial interpolation methods, namely inverse distance weighting (IDW), radial basis function (RBF), ordinary Kriging
(OK), and universal kriging (UK), the comparison of predicted values with measured values indicated that OK was the optimal
method for analyzing the spatial distribution of N deposition.

In another study developed by Kumar et al. (2016), the interpolated results of air pollutants SO,, NO,, and suspended PM obtained
better results with the IDW and kriging models. The RFSP model had the worst performance of the six evaluated methods. This is con-
tradictory to the results for PM, 5 obtained by Ma et al. (2019), who after comparing traditional spatial interpolation approaches
(IDW and Ordinary Kriging) with machine learning models and neural networks, found that the latter obtained a higher R? value
(0.6732) and a lower RMSE (0.0677), which are better results than those found in our study.

It is important to consider that the results obtained in our study have been compared with papers that have used monitoring net-
works to develop interpolation processes. This approach may be the main reason for the difference in the results since we used infor-
mation from Sentinel-5P satellite images to generate the interpolation processes.

On March 16, 2020, a partial blockade began in Ecuador with curfew measures mainly from 21:00-5:00 UTC, and vehicle traffic
was prohibited 4 days/week. On March 25, 2020, a total blockade opted for curfew measures from 14:00-5:00 UTC, and vehicle traf-
fic was prohibited 4 days/week. Subsequently, on April 6, 2020, the strongest blockade was implemented with curfew measures from
14:00-5:00 UTC, and vehicle traffic was prohibited 6 days/week (Pacheco et al., 2020). As shown in Table 3, NO, concentration
started to increase significantly after May, when the closure measures became less restrictive. Zalakeviciute et al. (2020) reported on
an analysis of satellite data in Ecuador before and during the quarantine, which shows differences in the spatial concentration of NO,
in relation to the application of protective measures in the country, especially in the city of Quito. Muhammad et al. (2020) reported
that NO, concentrations in the tropospheric column were reduced by 20-30% in Spain due to the lockout, especially in major cities
such as Madrid, Barcelona, and Seville. Huang and Sun (2020) indicated that COVID-19 control measures, including lockouts and
refuge-in-place standards, led to 87-90% and 62-89% reductions in tropospheric NO, in Wuhan and Beijing, respectively. Using real-
time measurements, Berman and Ebisu (2020) found evidence of a 25.5% reduction in NO, in the USA during the COVID-19 pan-
demic. In the context of the study area, Pacheco et al. (2020) performed an analysis considering the strongest blocking measures ap-
plied in Ecuador, which led to the discovery of a 35.0% tropospheric NO, reduction in Guayaquil.



D. Mejia C. et al.

Remote Sensing Applications: Society and Environment 31 (2023) 100990

January

February

August

M
D
A

}&"

September

Ja-
A%
e

April M: June

%
AV

October November December

(Mmai) Bunybiapp aoue)siq 9s19AU|

January

2

July

;13

February

August

A8
S
b

Ll

P

A%
A
A%

March

September

April M.

R

y June

.

October November December

4

r
o
o
2
o
X
<
3
o
2
e
&
-
[+
=
T
S,
D
=3
=]
3
F
2

January

x

February

e

March

B
A

April M.

"
AV

(Mg3) Buibuy ueisakeg |esuidwg

y June

July August September October November December
i Predicted NO2 [umol/m2]
4 ST |
N <0 >45

Fig. 3a. Spatial distribution of monthly tropospheric NO, column concentration (pmol/m?) in Guayaquil city based on different interpolation methods (IDW, LPI and

EBK).

°



D. Mejia C. et al.

Remote Sensing Applications: Society and Environment 31 (2023) 100990

Huly

Uanuary February April May June
:
3
t‘l =3
3
Y]
<
P
July August September October November December é.
5
e * '?L E
- é S
4 -~ PE
=3 - =
i ; . %
January February May June
.
@
3
2
[
2
Yuly August October November December Q
3
«Q
7
) 3
“, o . =5 >
Vanuary February April May

%

A

October November December

A

September

(dS4¥) H4omaweuy suonoipasd
|enjeds 10} }sa10) wopuey

o
o
3
N
S
=
- ]

7
N <10

/ Predicted NO2 [umolim2]
2\ e
>27

Fig. 3b. Spatial distribution of monthly tropospheric NO, column concentration (pmol/m?) in Guayaquil city based on different interpolation methods (OK, SK, and

RFSP).



D. Mejia C. et al. Remote Sensing Applications: Society and Environment 31 (2023) 100990

IDW OK
N
Jan 504 1 1 1 . 1
25 4 r=0.977 | A r=0.985 | - r=0.989 | r=0.982 | - r=0.981
P<0.001 P<0.001 P<0.001 P<0.001 P<0.001
1001 ] 1 1 i
Feb -
r=0.948 r=0.955 r=0.954 r=0.947 r=0.948
P<0.001 P<0.001 P<0.001 P<0.001 P<0.001
Mar 50 1 ] ] 1
25 1 =0.969 | - =0.975 | =0978 | - =0.967 | - r=0.966
P<0.001 P<0.001 P<0.001 P<0.001 P<0.001
50 7 q . g q
AP 25 :
. r=0.931 r=0.945 r=0.949 r=0.940 r=0.926
P<0.001 P<0.001 P<0.001 P<0.001 P<0.001
100 o ¥ q = q q q
r=0.957 | | r=0.961 | | r=0.962 | | r=0.949
P<0.001 P<0.001 P<0.001 P<0.001
;
100 1 - g 1
Jun
50 1 r=0.965 | r=0972 | 1 r=0.972 | r=0.952
P<0.001 P<0.001 P<0.001 P<0.001
150 4 L i ] posoe | ‘?/'
Jul 100 4 9 ] ] ? |
50 4 r=0.974 | | r=0.981 | | *r=0975 | | 0.977
P<0.001 P<0.001 P<0.001 P<0.001
100 1 g g q
Aug d
501 r=0.994 | r=0.995 | ] : r=0.991 | 7] r=0.994
P<0.001 P<0.001 P<0.001 P<0.001
100
Sep 5 > 3
50 1 r=0.988 | r=0.989 | T 4 r=0.984 | 7] 3 r=0.988
P<0.001 P<0.001 P<0.001 P<0.001
P2 o
Oct 100 ] 1 % ] i :
50 4 1 r=0.989 | - r=0.991 | A r=0.988 | - r=0.990
P<0.001 P<0.001 P<0.001 P<0.001
150 - 1 . 1 1
Nov 100 - 1 1 1 ]
50 4 i r=0.992 | r=0.993 | r=0.989 | r=0.992
P<0.001 P<0.001 P<0.001 P<0.001
=
Dec 1001 ] 1 1 1 x
50 % r=0.964 | 1 r=0.973 | A r=0.975 | A ] r=0968 | 1 7 . r=0.971
. P<0.001 P<0.001 P<0.001 . P<0.001 P<0.001
50 100 150 0 100 0 100 50 100 150 0 100

Fig. 4. Scatterplots of measured (y-axis) vs. predicted (x-axis) tropospheric NO, columns from IDW, LPI, EBK, OK and SK. The trendline, the Pearson coefficient (r) be-
tween the measured and estimated, and P value are shown.

Table 3

The monthly statistical results of tropospheric NO, column concentration for EBK interpolation.
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Min 10.180 10.236 11.267 7.242 11.235 17.264 24.217 18.875 20.773 20.551 21.913 21.272
Max 70.839 103.461 64.346 49.447 100.231 107.276 175.086 101.717 97.366 123.850 147.040 135.358
Mean 45.528 48.597 27.924 26.951 38.092 57.008 86.453 66.541 58.823 68.046 87.274 90.639
Std 17.684 20.626 10.908 8.032 17.668 21.999 37.032 22.594 20.147 22.948 37.317 28.698

Despite the existence of national policies and regulations, the lack of effective implementation and limited supervision have re-
sulted in a reduced impact on improving air quality. In 2012, the Air Quality Management Plan was published, containing actions and
policies aimed at improving air quality and reducing atmospheric pollution levels in the country (Ministerio del Ambiente del
Ecuador, 2012). However, in the study area, the lack of resources and political will has led to an absence of equipment for monitoring
air quality. Therefore, Sentinel-5P satellite data with spatial downscaling could be useful for continuous monitoring of NO,, thus
strengthening public awareness of the health risks associated with air pollution (Anjum et al., 2021).

4. Conclusion

This research addresses the limitation of access to pollutant data in cities lacking continuous monitoring networks such as
Guayagquil. The application of interpolation methods allows the measurement of air pollutant concentrations at the urban scale, which
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was another limitation of the research. This will allow future research on the impact of air pollution on public health and the econ-
omy. This study assessed various interpolation methods for estimating the monthly tropospheric NO, column concentration in
Guayaquil from January to December 2020. To achieve this goal, NO, data from Sentinel-5P was transformed into a centered point
coordinate system. Six interpolation methods, IDW, LPI, EBK, OK, SK, and RFSP, were selected and tested. The different interpolation
techniques were evaluated by employing leave-one-out cross validation and statistical criteria (R2, ME, MAE, RMSE, RRMSE, and
RMAE).

The interpolation results showed that EBK had the best ability to accurately produce the interpolated surface of the tropospheric
NO, column concentration. Based on the results of the cross-validation technique, the EBK interpolation method generated the small-
est mean error, except for ME (RMSE = 4.2954, MAE = 2.8270, RRMSE = 8.3673 and RMAE = 5.4887), and the highest coeffi-
cient of determination (R? = 0.9546) compared to the other five interpolation methods. LPI and EBK had similar results, suggesting
that while using spatial correlation patterns like EBK makes intuitive sense, simpler methods like LPI work just as well. The best re-
sults in terms of accuracy were obtained by the EBK application. In addition, the study allowed us to identify that IDW could not gen-
erate interpolation surfaces with high performance for tropospheric NO, columns.

The results of the tropospheric NO, surface showed that the spatial distribution of NO, in Guayaquil increased in NO, concentra-
tion from north to south in the first half of 2020, while it increased from south to north in the second half of 2020. The spatial varia-
tions between the different interpolation methods were similar between the deterministic (IDW and LPI) and stochastic (EBK, OK, and
SK) methods, except the stochastic RFSP method, which showed unusual behavior compared to the rest of the models.

Given that there are currently no monitoring stations in the city of Guayaquil that allow direct validation of the results obtained in
this study, more studies should be performed in other urban areas to determine if similar patterns can be found. Furthermore, it is nec-
essary to evaluate the effect of other variables, such as wind and atmospheric pressure, to improve the accuracy of the results. In con-
clusion, EBK can be considered a better interpolation method to interpolate tropospheric NO, column concentration data in densely
populated areas. However, LPI proved its applicability as an alternative method.

Finally, while traditional interpolation methods are used in this research for NO, satellite data resampling, the natural continua-
tion of the research guides us towards exploring new techniques such as Machine Learning and Deep Learning that can further im-
prove the accuracy of the results. On the one hand, Deep Learning methods are increasingly popular in the field of artificial intelli-
gence and Machine Learning that can be particularly useful for analyzing satellite data of atmospheric pollutants. On the other hand,
machine learning algorithms could be used in future research because they are effective in different scenarios.
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