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Abstract
One of the significant natural pollutants in the atmosphere is the mineral dust aerosols. In the northern hemisphere, Arabian

Peninsula is one of the significant sources of dust aerosols with the frequency of dust storms changing seasonally. Dust

emitted from the Arabian Peninsula region transports towards the Indian region through prevailing winds, therefore a

positive correlation between the extreme dust episodes over the Arabian region and air quality over the Indian region is

generally observed. Therefore, there is a need to monitor and forecast such an episodic event over the Arabian Peninsula

and surrounding regions so that substantial measures may be taken in Indian subcontinent to mitigate the adverse impact of

low air quality on human being and several other sectors such as aviation, energy and infrastructure. In the present study,

the WRF-Chem simulations for dust particles are assessed against the observational data sets (i.e. MERRA-2, MODIS-

Terra, Aura-OMI, CPCB). Based on the comparison of WRF-Chem simulated data sets with the satellite/reanalysis data, it

is noted that in the post-monsoon season, WRF-Chem model can capture the entire dust episode (emission, transportation

and dissipation) reasonably well. From the statistical analysis (PDF, CDF, Scatter plot and Temporal evolution), it was

noted that there was a consistent underestimation of the simulated dust by WRF-Chem as compared to the observational

data sets. A statistically robust categorical analysis has also been carried out for assessing the performance of WRF-Chem

with respect to the observations for each dust event, and it is noted that on an average the probability of detection of dust

event is about 77% and false alarm ratio is about 15% with an overall accuracy of 76%. Results obtained from the present

analysis are encouraging and would be useful for the assessment of WRF-Chem simulations for other seasons also.
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Introduction

Aerosols present in the atmosphere can be from a natural

source or an anthropogenic source. Natural aerosols are

primarily sea salt and mineral dust. Dust or mineral dust is

minute soil particles that are suspended in the atmosphere.

They originate primarily from arid and semi-arid regions

with deficient annual rainfall (Ginoux et al.

2004, 2012; Goudie and Middleton 2006) and wind speeds

(Shao 2009) greater than 10 m/sec. They undergo both

regional to intercontinental transportation. In the northern

hemisphere, the primary dust sources are Sahara and Sahel

in North Africa, Wahiba sands area of Oman in the Middle

East and Southwest and East Asia. These natural sources

are mainly located in the arid and semi-arid regions, which

includes deserts, dry lake beds and temporary river beds.

The anthropogenic sources include those due to construc-

tion, human-induced droughts and agricultural practices.

An increase in atmospheric dust load has also been

observed as a consequence of an increase in anthropogenic

activities (Prospero et al. 2002; Tegen and Fung 1994). The

most considerable contribution of dust aerosols to the
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atmosphere is from the Northern Hemisphere owing to a

more significant proportion of land coverage. The Sahara

desert is the single largest source of dust on the planet with

an estimated global emission of 670 Mt/yr (Rajot et al.

2008). The major factors which contribute to the higher

dust load values over this region are the larger area over

which dust is lifted and the strong winds (Su and Toon

2011). Observations and simulations show a seasonal

change in the wind speed, and the dry condition has also

contributed to significant variation in the concentration of

dust in the atmosphere (Gong et al. 2012; Kaufman et al.

2005). Currently, it is understood that the highest and

maximum dust load events occur during the summer sea-

sons. Such observations were made in the Sahara and

Arabian Peninsula as well as in various other parts of the

northern hemisphere where the frequency of dust load

events is higher during June, July and August (Goudie and

Middleton 2006).

Dust aerosols severely degrade air quality and are also

harmful to organisms (Iii et al. 2002; Pease et al.

1998; Prospero 1999). The dust acts as a source of nutri-

ents for remote oceans which influence the marine bio-

geochemical cycles, which in turn affect the carbon uptake

by oceans (Andreae et al. 1986; Jickells et al. 2005). They

directly impact the climate by absorbing and scattering

incoming solar radiation (Choobari et al. 2014; Hansell

et al. 2010; McCormick and Ludwig 1967; Miller and

Tegen 1998; Miller et al. 2004). They affect the climate

semi-directly by changing the temperature structure of the

atmosphere and cloud-burning effect (Ackerman et al.

2000; Hansen et al. 1997; Koren et al. 2004). The climate is

indirectly influenced by the dust aerosols due to the effects

of the dust on the optical properties of clouds and on the

pattern of precipitation formation (Gunn and Phillips 1957;

Jing Su et al. 2008; Liou and Ou 1989). Studies have

demonstrated that the cloud cooling effect has been sub-

stantially reduced at the surface and TOA by the dust

aerosols (Santos et al. 2013). Present values of the radiative

forcing by dust have many significant uncertainties

(Dubovik et al. 2002; Durant et al. 2009). These uncer-

tainties arise because of uncertainties in estimates of global

dust load (Dubovik et al. 2002; Ginoux et al. 2012;

McGowan and Soderholm 2012) and also as a result of the

complex physical and chemical properties of dust aerosols

and its relation with the radiation budget (Science

2020; Sokolik et al. 2001). Several studies have also shown

the dust aerosols substantially affect the India summer

monsoon variability (Jin et al. 2014, 2015; Singh et al.

2017 a, b, 2018, 2019a, b; Vinoj et al. 2014).

Dust aerosols can be transported over distances ranging

from intercontinental to regional scale (Dey

et al. 2004; Engelstaedter et al. 2006; Griffinet al. 2002;

Uno et al. 2009). The activity of dust during the summer is

mainly controlled by the strong seasonal cycle. Observa-

tions show that dust storms are more frequent over the

Arabian Peninsula, Iraq, Iran, Jordan, Lebanon, Syria and

southern Egypt during the spring (Middleton

1986; Orlovsky et al. 2005). In contrast, in northern Egypt,

the frequency of dust storms is higher in the winter. The

transport path of the dust aerosols also changes seasonally.

Its location strongly influences their residence time in the

atmosphere, its size and the type of process taking place

there (Wang et al. 2013). Observations by (Bolin et al.

1974) show that the particles in the upper troposphere have

a longer lifetime compared to those in the lower tropo-

sphere. They found that the dust particles with relatively

larger size fall out rapidly near the source because of the

gravitational effect whereas the smaller particles remain

suspended for extended periods.

In recent years, attempts have been made to analyse and

monitor the extreme dust episodes using numerical models

(Alonso-Pérez et al. 2012; Cavazos-Guerra and Todd 2012;

Dumka et al. 2019; Kedia et al. 2018; Kumar et al. 2014;

Singh et al. 2020; Ukhov et al. 2020) owing to wide spread

impact of such activities on social and economy sectors.

However, model simulated output may not exactly resolve

atmospheric processes due to various reasons such as

complexities involve in simulating the nonlinear processes,

model physics and dust emission mechanism (Nabavi et al.

2017; Lin Su and Fung 2015; Zeng et al. 2017), therefore it

is essential to analyse model simulated output with respect

to the observational, remote sensing data sets. In the pre-

sent study, an attempt has been made to evaluate Weather

Research and Forecasting coupled with Chemistry (WRF-

Chem) generated forecast of dust aerosols against obser-

vational data sets using various statistical measures.

Materials and Methods

Study Area

The region under investigation in this work is shown in

Fig. 1. The areal extent of this study area is between 5� N
to 38� N and 50� E to 98� E which includes some of the

significant dust sources in the Northern Hemisphere such as

Afghanistan, Arabian Peninsula, Iran, India and Pakistan.

The particular study area was chosen to understand the

formation of dust storms over these source regions and its

effects on the air quality over the Indian subcontinent.
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Dataset

WRF-Chem Simulated Output

Two days forecasting is being generated using WRF-Chem

at IIRS. For more details of the dataset, IIRS air quality

portal (https://airquality.iirs.gov.in) may be referred. The

dataset is available at 0.25� X 0.25� resolution for every

6 h. The variables considered for this study are Dust load

(g/m2), PM10 and PM2.5. WRF-Chem model output is

assessed based on various observational and reanalysis

datasets.

A variant of the numerical prediction model WRF has

been used for the simulation of the dust episodes. WRF

model is an advanced mesoscale forecast model that is

mainly instrumental for understanding and predicting

weather phenomenon. WRF can be employed for various

research problems and operational forecasting, including

cloud burst, forest fire, solar power, tropical cyclone and

regional climate (Budakoti et al. 2019; Michalakes et al.

2005; Navale et al. 2020; Navale and Singh 2020; Singh

et al. 2020). For the simulation of aerosol emission, tur-

bulent mixing, transport and chemical transformation of

trace gases and aerosols, a dedicated chemistry module is

embedded in the WRF-Chem model (Grell et al. 2005),

which has been utilised in this study. NCEP final analysis

data with 1� 9 1� spatial resolution and 6-h temporal

resolution have been used for the model initial and

boundary conditions for the simulations. The domain of

dust episode simulations in the model is between 0� to 40�
N and 50� to 100� E with a horizontal resolution of 25 km.

The model configuration considers 41 vertical levels with

the height of the lowest layer being 50 m, and the dust-

radiative feedback has been enabled in the model. For

modelling simulations of dust episodes, WRF-Chem was

configured with RRTM for GCM scheme to treat short-

wave and longwave radiations within the model (Iacono

et al. 2000) and the microphysics option WSM6, Yonsei

University (YSU) planetary boundary layer scheme (Hong

and Pan 1996). Soil texture data implemented in the model

considers 12 texture classes based on FAO (Zobler 1999).

The Goddard Global Ozone Chemistry Aerosol Radiation

and Transport (GOCART) dust scheme (Ginoux et al.

2001) has been implemented for resolving dust emission

and related processes within WRF-Chem simulations.

Volume approximation has been used to estimate the

optical properties of aerosols. The dust emission is calcu-

lated as a function of surface dust inducing variables in the

GOCART dust scheme such as surface winds, surface

wetness and surface erodibility (Chin et al. 2002). The

number of bins considered in the model was 5 with the bin

size being 0.5, 1.4, 2.4, 4.5 and 8.0 lm effective radius,

respectively.

Fig. 1 Area of study

Journal of the Indian Society of Remote Sensing (July 2021) 49(7):1545–1559 1547

123

https://airquality.iirs.gov.in


Reanalysis Dataset

MERRA-2 The Modern-Era Retrospective analysis for

Research and Applications version 2 is a global reanalysis

which integrates various satellite-based observations with

ground and model observations of aerosols. The parameter

extracted from the MERRA-2 is Dust load (g/m2), PM10

and PM2.5. The datasets have a spatial resolution of 0.625�
X 0.5� and a temporal resolution of 6 h.

Satellite Datasets

MODIS The Aerosol optical depth extracted from the daily

level-3 MODIS global atmospheric product at a spatial

resolution of 1 degree is used for this particular study. The

AOD does not represent the actual quantity of dust in the

atmosphere but gives us an idea about the total aerosol in

the atmosphere.

OMI The Aerosol Index detects the presence of UV-

absorbing aerosols such as dust and soot. UV Aerosol

index (AI) is based on a spectral contrast method in a UV

region where the ozone absorption is minimal. The mea-

surements of Ozone Monitoring Instrument have a spectral

range of 264–504 nm (nanometres) with a spectral reso-

lution between 0.42 nm and 0.63 nm and cover a nominal

ground footprint of 13 9 24 sq.km at nadir.

Ground-Based PM10 and PM2.5: Central Pollution

Control Board (CPCB) provides data of various parameters

over the Indian region. It is a ground-based data collection

system. PM10 and PM2.5 data over selected regions in

India are considered for validation of model-generated

data.

Methods

Qualitative Analysis

Qualitative analysis is done to understand the spatial and

temporal distribution of the dust over the study area. An

understanding of the general behaviour of the model and

that of the dust load is inferred. Qualitative analysis is

performed in three steps. The first step is simply a visual

interpretation technique in which the model outputs of the

same day but for different initial conditions are compared

with each other as well as with another dataset to under-

stand the difference in the behaviour of dust due to change

in the initial conditions of the model and to assess the

accuracy of the model in simulating dust episodes. It can be

used to locate the source regions over which dust is emit-

ted. Once the source regions are identified, the variation of

dust values at that point over time may be analysed (time-

series analysis) to better understand the nature of the dust at

the source region.

Additionally, time-series graphs are plotted using

Aerosol Optical Depth and Aerosol Index values over the

dust episode over the source region. A scatter plot of

observational dust values (reanalysis data) with model

simulated dust has been generated and the correlation

factors are also noted. Time-series graphs for PM10 and

PM2.5 values over parts of India during the time in which

dust episodes occurred serves to explain whether there is

any influence of the dust storms in Arabian Peninsula on

the air quality over India.

Quantitative Analysis

In this study, to develop a quantitative understanding of the

model data, a probability density function and cumulative

density function were plotted using the model data and the

MERRA-2 data. The probability distribution function helps

us understand how the model values are assigned compared

to the same location in the observation datasets, i.e. count

of each value and how it differs in both the datasets. The

cumulative distribution helps to assess the pattern of both

the datasets and to assess how different it is from each

other. Various significance tests can be performed to

analyse the difference between the datasets. Categorical

Statistics of the datasets were carried out not to understand

the intensity of values but to understand how well the

model has performed in capturing the data points. The

statistical metrics used for this has been given in a 2 X 2

contingency table as shown in Table 1. Various scores can

be calculated using the formulas stated below (Bharti and

Singh 2015; Navale et al. 2020; Navale and Singh 2020a).

Probability of Detection (hit rate): It tells how well the

model estimated multiple dust events (hits). The value lies

between 0 and 1 with 1 being the desired result.

POD ¼ a

aþ c

Critical Success Index (CSI) It is the fraction of cor-

rectly estimated dust events by model, i.e. the accuracy

with which the model gives hits (correct dust events),

Table 1 Contingency table used to evaluate the performance of WRF-

Chem model in detecting dust events

MERRA-2 dust MERRA-2 no dust

WRF dust a (hit) b (false alarm)

WRF no dust c (miss) d (no correction)

Total a ? b ? c ? d
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although correct no-dust events are not considered. The

value ranges from 0 to 1 with 1 as the perfect score.

CSI ¼ a

aþ bþ c

Accuracy It measures how much model and satellites

agree on detection of dust events. The ideal score is 1.

Accuracy ¼ aþ d

Total

False Alarm Ratio (FAR) The false alarm is the ratio of

falsely detected dust pixels divided by total dust pixels as

estimated by the model. For best results, it should be near

or equal to zero.

Fig. 2 Flowchart of

methodology followed for this

study

Table 2 Identified dust episodes

during post-monsoon of 2018
Dust Events Duration (h) Location Number of Time Steps

11th October 2018 12–24 Arabian Peninsula 28

19th October 2018 24–36 Arabian Peninsula 28

30th October 2018 18–36 Arabian Peninsula, Afghan Coast 28

4th November 2018 48 Arabian Peninsula 28

13th November 2018 12–18 Arabian Peninsula 28

Fig. 3 WRF-CHEM simulated dust load over dust source region of dust event on a 11th October 2018 and b 4th November 2018
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FAR ¼ b

aþ b

Frequency Bias Index (FBI) The ratio of model-esti-

mated events to the observed events measures whether the

model is overestimating or underestimating the frequency

of dust events. The desired score is 1 with value lesser or

greater than 1 indicating underestimation or overestimation

of the frequency of dust events, respectively.

FBI ¼ aþ b

aþ c

The methodology followed for this study has been

shown in Fig. 2.

Results and Discussions

Identification of Dust Events

The standard statistical measurements exhibit some strik-

ing features of the WRF-Chem model over the source

regions. The effect of dust emitted over the Arabian

Peninsula is maximum during the pre-monsoon and post-

monsoon period. This effect is mainly due to the strong

Shamal winds which are the north-westerlies which are

active during this period. These winds carry dust particles

emitted over the Arabian Peninsula to the Indian subcon-

tinent. In this study, dust episodes which took place during

the post-monsoon season are considered, particularly the

months of October and November of the year 2018.

The various dust storm events, which are also called the

dust episodes, were identified from various literatures

(newspaper and research articles) and were confirmed

using MODIS-Terra optical datasets. From these 5–6

events were observed to be dust storms. These events are

Fig. 4 Time-series plot showing

dust load and aerosol index for

dust event on a 11th October

2018 and b 4th November 2018

1550 Journal of the Indian Society of Remote Sensing (July 2021) 49(7):1545–1559

123



listed in Table 2. Most of the dust storms took place over

the Arabian Peninsula; however, a few dust events of a

smaller scale were observed over the Afghanistan-Pakistan

border. The smaller scale and duration of these events are,

nevertheless, quite significant in terms of air quality over

the Indian region.

Qualitative Analysis

An initial analysis of the general behaviour of the model

showed its ability to estimate dust value over the entire

spatial extent of the study area. Following this, a more

detailed analysis was taken up by considering each dust

episode separately and for the source region of that par-

ticular event. For this, a particular area of the source region

was selected and isolated for each region which corre-

sponds to the location from where the dust was emitted.

Time-series plots and scatterplots were plotted using the

pixel values of both WRF model data and MERRA-2 from

the source region. Time-series plots of PM10 and PM2.5,

using both model data and ground observations, help

understand the effect of these dust events over the Indian

subcontinent.

11th October 2018

A dust event was identified to have formed during the days

of 8th to 14th October 2018 over the Arabian Peninsula.

The number of times-steps considered was 28 for WRF-

Chem and MERRA-2, whereas for OMI and MODIS it was

7. Figure 3a shows the location which has been taken for

the analysis of this particular day. The extent of this is

between 19� N to 22.5� N and 52.5� E to 56.88� E.
Figure 4a shows the temporal evolution of dust con-

centration in the air. Both WRF-Chem and MERRA-2

values are represented here along with the aerosol index.

The WRF-Chem model does a decent job in capturing the

pattern of the change in dust concentration as signified by

the match between most of the peaks between the model

and the observational data. The slight mismatch in the

location of the peaks between the different datasets may be

due to the difference in the time interval between succes-

sive acquisition or simulation. The aerosol index data of

the Aura-OMI also show a nearly similar pattern even

though the number of time-steps has reduced. Figure 5a

also shows the evolution of dust concentration along with

aerosol optical depth. AOD data from MODIS-Terra also

Fig. 5 Time-series plot showing

dust load and aerosol optical

depth for dust episode on a 11th

October 2018 and b 4th

November 2018
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show an excellent match with the WRF-Chem pattern. The

WRF-Chem simulations show consistent lower values

throughout the entire event. This agrees with the observa-

tions from the spatial maps that the WRF-Chem model is

consistently underestimating the dust values compared to

values of the observation dataset.

Figure 6a shows the relationship between the observa-

tion data set and the model dataset. The dotted line rep-

resents the reference line along which there is a one-to-one

relationship between the two datasets. The relation depic-

ted by this line is the one that is desired. However, the blue

line shows the actual relation between the model dataset

and the observation dataset. Since it differs significantly

from the reference line, we can infer that there is a con-

siderable difference between the intensity of values esti-

mated by the model data and that of observational data.

The data points lying above the reference line show that the

WRF-Chem model mostly highly underestimates them.

This supports the observations from the spatial maps and

time-series plots of the model datasets. On further obser-

vation, we also notice that the underestimation is more

prominent for smaller values, whereas the higher values are

not affected much. The coefficients to correct this under-

estimation have also been estimated. The sensitivity of the

model in estimating the PM10 and PM2.5 has also been

explored as shown in Fig. 7a and Fig. 8a, respectively. The

time-series plots of concentration of particulate matter have

been plotted and compared with ground measurements

over New Delhi to understand the effects of dust storm

events over the Arabian Peninsula on the air quality over

the Indian region. A considerable increase in the concen-

tration of both PM10 and PM2.5 a couple of days after a

dust episode is observed. This shows that there is a positive

relationship between the dust storms over Arabia and the

air quality over India.

The WRF model can capture the intensity of the PM10

quite well. There is a peak for both WRF and the ground

data on 13th October which is two days after the dust

episode on 11th October over the Arabian Peninsula.

However, for PM2.5, it seems that there is an underesti-

mation by the WRF model. However, this is maybe

because the WRF-Chem model is being to simulate only

Fig. 6 Scatterplot of MERRA-2

vs WRF-Chem for dust episode

on a 11th October 2018 and

b 4th November 2018
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dust and its peak over 13th October represents PM2.5

contribution from dust alone, whereas the peak for the

measured data for the same date shows PM2.5 contribution

from multiple sources. In the case of PM10, there is only a

small difference between the values estimated by the model

and the observation data, particularly during 13th October

2018 where the peaks match very well. The reason for this

is that dust particles are one of the main contributors to

PM10, and it does not contribute much to PM2.5.

4th November 2018

During the days of 8th to 14th October 2018 over the

Arabian Peninsula, a dust episode had taken place. The

number of times-steps that considered was 28 for WRF-

Chem and MERRA-2, whereas for OMI and MODIS it was

7. Figure 3b shows the location which has been taken for

the analysis of this particular day. The extent of this is

between 20.5� N to 22.5� N and 56.25� E to 58.13� E.

Figures 4b and 5b show the temporal evolution of the

concentration of dust in the atmosphere based on the WRF-

Chem model and MERRA-2 datasets along with the

aerosol index values from Aura OMI and AOD values from

MODIS-Terra, for the dust event on 4th November 2018.

Here also the three datasets show a significant positive

correlation. Furthermore, the WRF-Chem model depicts on

an average a lower value of dust, a behaviour which is

observed in multiple dust event simulations. A scatterplot

for the same datasets of the same period is also shown in

Fig. 6b. Here also we can see that the behaviour of the

dataset is consistent with the previously discussed event as

well as with the other events. In Fig. 6b, all the datapoints

with lower values are lying above the reference line which

means that all the lower values are underestimated and

some data points having higher values lie below the ref-

erence line which shows that the WRF model overesti-

mates higher values. The values of PM10 and PM2.5 over

New Delhi were also plotted to understand how they

change over time for this particular dust event. There is a

Fig. 7 Time-Series plot of

PM10 over New Delhi on a 11th
October 2018 and b 4th

November 2018
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sharp hike in PM10 values on 5th November 2018 followed

by a dust episode on the 3rd and 4th of November 2018

which can be observed in the time-series plot shown in

Fig. 7b. The ground values show higher values on 5th

November compared to the model-generated values. This

could be because there might have been other sources than

dust for PM10 during that period in that region. The scatter

plot of PM2.5 shown in Fig. 8b shows a pattern that is

similar to that of the previously discussed dust event with

the model values depicting highly underestimated values

compared to the measured values. The consistent lower

values are because dust does not contribute much to

PM2.5. However, there is an excellent correlation between

the pattern of the two time-series plots.

Quantitative Analysis

For the same dust events, quantitative analysis has also

been performed. Probability distribution function (PDF)

and cumulative distribution function (CDF) have also been

plotted for these events. The PDF helps us to understand

how the data is distributed in terms of value. It can be

compared with observation datasets to understand how well

the WRF model captures the values. The CDF is also used

here to find how much the model data varies from the

observed data. Some significance tests can be performed on

these PDFs and CDFs to serve as a test to find the goodness

of fit. Figure 9a shows the plot probability distribution

function of the WRF model-generated data and MERRA-2

data for the dust episode, which took place on 11th October

2018. From the PDF of MERRA-2, we know the actual

distribution of the of data points. There is a considerable

variation of values estimated by the WRF model from the

observational data, particularly in the case of lower values

where there are more data points with lower magnitude.

This again supports the previous observations that the

model is underestimating the lower values. As we move

towards the higher values, it is seen that the frequency of

the model and observation datasets match. Similar obser-

vations are noted in Fig. 9b, which is the PDF plotted for

the dust event on 4th November 2018. Here also the WRF

model underestimates the dust values at lower values and

Fig. 8 Time-Series of PM2.5

over New Delhi on a 11th

October 2018 and b 4th

November 2018
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matches at the higher values. Figure 10 depicts the

cumulative distribution function for model and observa-

tional data for the 11th October and 4th November of 2018.

The shift in the curves of model data from the observa-

tional dataset as well as the difference in the pattern which

is seen in both the plots shows that the model data varies

significantly from the observations. We have utilised here

Kolomogorov Smirnov test (KS-test) for the comparison of

CDFs of two data sets following previous studies (Singh

2013; Singh et al. 2017a; Kundu and Singh 2020). Addi-

tionally, the results of the significance test (K-S test) per-

formed using these plots also show a considerable

mismatch between the two datasets. A categorical analysis

was also done on these to understand whether or not the

model was able to capture the dust events accurately.

Likewise, analysis of other events has also been carried

out and results based on categorical validation are men-

tioned. Table 3 shows the score for all six events that were

analysed for each parameter which helps in determining the

effectiveness of the WRF-Chem model. Here Probability of

Detection (Hit rate) for 11th October is 94% which shows

that the model estimates the dust values quite well for this

event. However, for the 19th of the same month is 55%

which means the hit rate has significantly reduced for that

event. The highest accuracies were observed for the dust

episodes on 11th October and 4th November. The simu-

lation with most desired FAR values was that simulated on

30th October over the Arabian Peninsula.

Conclusion

The study aims to assess the output of WRF-Chem simu-

lated dust using different satellite, reanalysis and ground-

based observation data sets. The output of this model is

used for various operations, including air quality moni-

toring, weather prediction, and to understand the effects of

the dust on the air quality of the Indian region. The use of

this model output in various critical operations has made it

necessary that the model is accurate and precise. In this

study, the model data are analysed and validated using

other satellite and ground-based observational products.

Fig. 9 PDF plot for a 11th

October 2018 and b 4th

November 2018
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The primary dataset that was used was dust load data from

MERRA-2 and was chosen as the primary reference

because both the model and the measurement data have the

same parameters (i.e. dust load). The other parameters that

were used are aerosol optical depth from MODIS-Terra and

aerosol index from Aura-OMI, which was used as sup-

plementary measurements. The model-generated PM10,

and PM2.5 were also compared with the ground measure-

ments of particulate matter by CPCB. This study was

performed for October and November (i.e. post-monsoon

season) as it is one of the periods during which dust activity

is at its maximum and has observed to influence the air

quality over India. Based on the satellite observations, it is

noted that the WRF-Chem model being run to estimate the

Fig. 10 CDF plot for a 11th

October 2018 and b 4th

November 2018

Table 3 Results of categorical analysis of the dust episodes

11th October

2018

19th October

2018

30th October 2018 4th November

2018

13th November

2018

Average

Arabian Peninsula Arabian Peninsula Arabian

Peninsula

Afghan

Coast

Arabian Peninsula Arabian Peninsula

POD 0.94 0.56 0.71 0.81 0.80 0.79 0.77

CSI 0.82 0.50 0.69 0.74 0.75 0.53 0.67

FAR 0.14 0.17 0.03 0.11 0.08 0.38 0.15

Accuracy 0.83 0.68 0.72 0.79 0.82 0.73 0.76

FBI 1.09 0.67 0.73 0.91 0.87 1.29 0.93
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dust load in the atmosphere is able to capture the values

reasonably well for the post-monsoon season.

The magnitude of PM10 and PM2.5 generated by the

model also agrees with the previous studies which link dust

storms over the middle east and Indian region. Statistical

analysis has been performed on the datasets to validate the

performance of the model and to assess the intensity of the

estimated values. Plots for probability distribution func-

tion, cumulative distribution functions, temporal evolution,

and scatter plot consistently show that the WRF-Chem

model underestimates the amount of dust over all the dust

events. It is also noted that the WRF-Chem model can

successfully capture the entire dust cycle (which includes

the emission, transportation and dissipation) reasonably

well. The categorical analysis was also performed for each

dust episode, and the average values for Probability of

Detection are 77%, Critical Success Index is 67%, false

alarm ratio is 15%, and Frequency Bias Index is 92% with

an overall accuracy of 76% which shows an above-average

performance of the model. In the current work, the per-

formance of the model for six dust episodes has been

analysed, and there is a need to calibrate the model output

using satellite data before it is used for any purpose. More

comprehensive work with more dust episodes and a variety

of statistical tests may be carried out in the future for

detailed evaluation.
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