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ABSTRACT 

 
Due to their effect on human health, the study of atmospheric pollutants is an important concern in the Po valley 
– northern Italy – one of the main industrialized and populated areas of the country. Our work focuses on the 
applicability of satellite Aerosol Optical Depth (AOD) retrievals in support of air quality monitoring and 
assessment in urban environments within the Po valley. This has been accomplished by using the 
implementation of the International MODIS/AIRS Processing Package (IMAPP) Air Quality Applications 
software, IDEA-I (Infusing satellite Data into Environmental Applications-International) over the Po valley 
study area. IDEA-I is a globally configurable software package that uses either Terra or Aqua MODerate 
resolution Imaging Spectro-radiometer (MODIS) AOD product retrievals to identify local domains of high 
values of aerosol. For our specific analyses, IDEA-I has been used over the large European domain, centred 
over the Po Valley. One year (2012) of MODIS AOD product retrievals from MODIS on board NASA’s Terra 
(MOD04) or Aqua (MYD04) satellite has been considered using IDEA-I in a retrospective study. These 
retrieved data have been also compared with the Particulate Matter (PM10) measurements from the Italian 
Agency for Environmental Protection (ARPA) ground-based network stations. The acceptable results obtained 
by the correlation PM10 – AOD suggest the satellite AOD as a good substitute for monitoring air quality over 
the Po valley domain. Yet the 10 km resolution of MODIS – AOD product is considered too large for air quality 
studies at urban scale. Recently, a new Multi-Angle Implementation of Atmospheric Correction (MAIAC) 
algorithm has been developed for MODIS which provides AOD data at 1 km of spatial resolution. We have 
evaluated ability of MODIS product MOD04 and MAIAC products to characterize the spatial distribution of 
aerosols in the urban area through comparison with surface PM10 measurements. Using MAIAC data at 1 km, 
we have examined the relationship between PM10 concentrations, AOD, and AOD normalized by Planetary 
Boundary Layer (PBL) depths obtained from NOAA National Center for Environmental Prediction (NCEP) 
Global Data Assimilation System (GDAS), for the same period of analysis. Results show that the MAIAC 
retrieval provides a high resolution depiction of the AOD within the Po Valley and performs nearly as well in a 
statistical sense as the standard MODIS retrieval during the time period considered. Results also highlight that 
normalization by the analyzed PBL depth to obtain an estimate of the mean boundary layer extinction is needed 
to capture the seasonal cycle of the observed PM10 over the Po Valley. 
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1. INTRODUCTION 
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network for PM10 measurements over the Po valley. Each colored circle represents the 

location of a ground-based monitoring station. A different color has been used to 

distinguish the four different administrative region that cover the Po valley. 
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provides air quality data where the ground-based station measurements are not available giving a complete 
coverage of the area under investigation. The potential for monitoring air quality by space-based sensors has 
been demonstrated using Aerosol Optical Depth (AOD) data (Chu et al., 2003). The satellite AOD represents 
total columnar loading of all aerosols particles from Earth surface to the top of the atmosphere averaged over a 
specific spatial area. The importance to understand the meaning of AOD is connected with the fact that the 
AOD data can be used in combination with the PM ground-based stations data for the air quality assessment 
(Gupta et al., 2008). The new point of the research in this field is to study and analyze the exiting correlation 
between a measurement of air quality that is limited to the first layer of the surface, and a measurement that 
represent the integral of the entire atmosphere. As it will become clearer later, the use of satellite data to 
determine the air quality condition over the area of interest has an important application under development. As 
presented in Sec.4.1, the Terra (or Aqua) MODIS aerosol MOD(MYD)04 product is integrated into an under 
development software to identify local domains of bad air quality condition and from them the aerosol 
trajectories are initialized.  
In the present study, AOD at 0.55 µm, retrieved from the MODIS (MODerate resolution Imaging 
Spectroradiometer) sensor on board NASA’s Terra satellite, is compared with the several ground-based PM10 
mass concentration (µgm-3) measurements spread over the Po valley in northern Italy. The whole year 2012 of 
data was considered. A retrospective study using IDEA-International has been conducted to investigate 
anomalous points of PM10 – AOD on the scatter plot that correspond to unique air quality conditions. 
 
 
2. DATA AND METHODS 
 
The region of interest, Po Valley domain, is shown in Fig. 1(a), a specific geographic domain over northern 
Italy- approximately 40◦ - 50◦ N and 5◦ - 15◦ E. The whole Po Valley domain is divided into four administrative 
divisions (regions) from west to east, Piemonte, Lombardia, Emilia Romagna and Veneto. Although the study 
area is small compared to, for example, a United States domain, it is possible to identify specific features for 
each of the four administrative regions within the Po Valley. Piemonte is characterized by major urban centers 
and industrialized, including the capital city of Turin. Turin has one of the main industrial centers in Italy, 
within a heavily urbanized metropolitan area, and pollutants often cloud the skies overhead. Most of the ground 
stations sites of the regional Italian Regional Agency for Environmental Protection (ARPA) network in 
Piemonte are located near the Alps chain. Lombardia is the most populated region. It has the major industrial 
sites, including the area of the capital city of Milan. Emilia Romagna, similar to Piemonte, is characterized by 
major urban centers. Some of the ARPA sites of this region are located close to the mountain chains of the 
Apennines (south) and near the coast of the Adriatic Sea to the east. The stations of Veneto have no particular 
features to mention due to its small sample size of PM ARPA sites. We will consider statistics for the Po Valley 
as a whole as well as each administrative district. 
 

2.1. Ground-level PM10 data 
 

Twenty-four hour average PM10, mass concentration in µgm−3, has been considered over 126 air quality 
monitoring stations of the ARPA network, spread over the Po Valley (Fig. 1(b)) during the year 2012. Since 
each region has its own ARPA network, we considered four different regions covering the Po Valley: Piemonte 
(27 stations), Lombardia (59 stations), Emilia Romagna (37 stations) and Veneto (3 stations). The distribution 
of ground-based stations and their location into the Po Valley is highlighted in Fig. 1(b), using different color 
per each administrative division. In ARPA Piemonte and Veneto the PM10 is measured using a Beta Attenuation 
Monitor (BAM) with an accuracy of 2%. In ARPA Lombardia TEOM, TEOM-FDMS (Tapered Element 
Oscillating Micro-balance - Filter Dynamics Measurement System), or BAM are used, with an accuracy of ±2.5 
µgm3. In ARPA Emilia Romagna, PM10 data have been collected by SWAM 5A, a BAM by FAI Instruments 
with an uncertainty lower than ±10%. All information relating to the ARPAs stations and instrumentation are 
available at the ARPA web sites of their respective regions, mentioned above. 
 

2.2. Satellite data 
 

As satellite data we have considered the standard MODIS Aqua Collection 5.1 (MYD04) and MAIAC AOD 
retrievals from MODIS Aqua retrievals.  



The MODIS aerosol MYD04 products collection 5.1, Level 2 (Remer et al., 2006) returns AOD data at 0.55 µm 
with a spatial resolution of 10X10 km2 retrieved from MODIS on board of Aqua satellite. The MODIS sensor 
on board of Aqua satellites has 36 spectral bands that provide information about atmospheric, land and oceanic 
condition. MODIS gives observations spatially from 250 m – 1 km, every 1 – 2 day in different spectral regions 
of electromagnetic spectrum. MODIS AOD algorithm uses multi-spectral observed radiances, and pre-
computed look-up tables to retrieve AOD over ocean and land (Remer et al., 2005). 
MAIAC is a new algorithm that it has been developed to process MODIS land data (Lyapustin et al., 2011(a), 
Lyapustin et al., 2011(b)). The main difference between the Standard and MAIAC retrieval is that the new 
algorithm retrieves aerosol parameters over land at 1 km resolution simultaneously with BRDF parameters. This 
is accomplished by using the time series of MODIS measurements and simultaneous processing of groups of 
pixels. The MAIAC algorithm guarantees that the number of measurements exceeds the number of unknowns, a 
necessary condition for solving an inverse problem without empirical assumptions typically used by current 
operational algorithms. The MODIS time series accumulation also provides multiple (15) view angle coverage 
for every surface grid cell, which is required for the BRDF retrievals from MODIS data. The aerosol parameters 
include optical depth, Angstrom exponent from 0.47 and 0.67µm, and aerosol type including background, 
smoke and dust models (Lyapustin et al., 2012). Moreover, MAIAC incorporates a cloud mask (CM) algorithm 
based on spatio-temporal analysis which augments traditional pixel-level cloud detection techniques (Lyapustin 
et al., 2008). The period of MAIAC data over the Po Valley is year 2012. This period is used to determine 
coincidences between surface PM10 mass, MAIAC and MODIS AOD obtained over the Po Valley. Note that the 
MAIAC data set considered during the analysis covers 4 MODIS standard land tiles (from h18v03 to h19v04, 
but in smaller area of 1500 × 1500 km2, divided into 3 × 3 local MAIAC tiles. The MAIAC tiles overlap the 
standard MODIS tiles. The Po Valley domain is located in the MAIAC tile named h01v02.  
A direct comparison between MODIS Collection 5.1, MAIAC retrievals and surface PM10 has been done for the 
year 2012, for each ARPA station considered (126 over the Po Valley). Spatial co-location uses nearest 
neighbor approaches by calculating the distance between the pixel and PM10 station and determining the 
minimum radius, within a tolerance radius of 0.02◦ (about 2 − 2.5 km) for MAIAC and 0.20◦ (about 20 − 25 km) 
for MODIS Aqua Collection 5.1. But, per a fixed day of analysis, there are more MAIAC coincidences then 
MODIS Aqua Collection 5.1, due to the overlap of orbit satellite Aqua over the MAIAC local tiles. Because of 
this, the final MAIAC coincidence is the mean value of all the possible detected coincidences, at a specific day 
and PM site. The MODIS Collection 5.1 retrieval has already been cloud filtered and is used without additional 
quality control. The MAIAC AOD retrieval data includes cloud and terrain in masks, incorporated into the 
AOD Quality Assurance (QA) parameter definition. The MAIAC cloud mask (CM) field has been used to avoid 
pixels where clouds were detected and the Land-Water-Snow (LWS) mask field has been used to avoid pixels 
where water or snow is detected.  
 

2.3. Meteorological data 
 

As meteorological data, the 6 hourly 0.5x0.5 degree analysis files from the NOAA National Center for 
Environmental Prediction (NCEP) Global Data Assimilation System (GDAS) have been considered. The GDAS 
is the system used by the Global Forecast System (GFS) model to place observations into a gridded model space 
for the purpose of starting, or initializing, weather forecasts with observed data. The GDAS data are available at 
http://nomads.ncdc.noaa.gov/, freely downloaded. 
 
 
3. RESULTS AND DISCUSSIONS 
 
Our air pollution analysis begins with the study of the 2012 monthly mean trend of PM10 versus AOD data over 
the Po Valley domain. The MODIS and MAIAC AOD monthly mean trend has been considered all over the 
year 2012. The results are reported in Fig. 2.  Fig. 2 (a) shows the mean daily value of PM10 24 Hrs mass 
concentration (black line), for all 126 ARPA stations. The red dots show the monthly mean PM10 mass 
concentration; the blue dots show MODIS Aqua Collection 5.1 AOD monthly mean values. The same analysis 
has been followed for MAIAC data, represented by blue dots in Fig. 2 (c). As can be seen, the trends in PM and 
AOD are not comparable during the winter and fall periods when the highest values of atmospheric particles are 
recorded, especially if we refer to the last two months of the year: the PM monthly mean trend has a positive 
slope, instead of a negative one of  the AOD monthly mean trend.  It is noteworthy that PM10 and AOD 
represent two different measurements of atmospheric loading of pollutants, as mentioned in the introduction 
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the same procedure. The seasonal trend of PBL heights over Po Valley has low values during the winter and 
high values during the summer (Arvani et al., 2013a). This characteristic trend is immediately reflected on the 
AOD monthly mean values normalized by this variable, where the final results are presented in Fig. 2 (b) – (d). 
The data of monthly average AOD/PBL has a closer correlation with the value of average monthly PM for both 
MAIAC and MODIS Collection 5.1 even in winter, season in the Po valley characterized by frequent condition 
of atmosphere stability that favor the near-surface pollutants buildup.  
Our analysis followed a second important step: the calculation of the determination coefficient between daily 
PM10 mass and MODIS AOD to estimate quantitatively the linear relationship between the two data sets. The 
same study approach has been considered on the specific four regions of the domain. We applied the scatter plot 
linear correlation method on the data set, as mentioned in paper by Gupta et al., 2006 (Gupta et al., 2006). 
Because of the large spread of PM10 and AOD values (Arvani et al., 2013(a)) it is more useful to derive a simple 
linear regression equation between PM10 mass concentration and AOD by dividing the PM10 (24 Hrs) into 10 
bins of 5 gm-3 intervals and comparing with mean AOD within each bin. The value of AOD for each PM10 bin 
was determined by calculating the average value of AOD between the values of AOD retrieved in each class of 
PM. This set of ten points are reported on the scatter plot as black dots in Fig. 3, in the left panels (a) – (c), 
along with a solid red line showing the linear regression line between these two data sets. White dots refer to 
median values of AOD at fixed value of PM10. Yellow symbols represent the 25th and 75th percentile 
respectively in MODIS AOD for a particular PM10 bin. This simple statistical approach gives a robust estimate 
of the linear regression between the PM10 and satellite data. The correlation between bin-averaged AOD and 
PM10 concentration is very high if considered MODIS AOD data product. Instead, the higher spatial resolution 
MAIAC retrieval algorithm presents a significant lower determination coefficient. The results show a 
determination coefficient of 0.92 and 0.62 for MODIS Collection 5.1 and MAIAC respectively over the Po 
Valley domain, for the same period of analysis. This is an interesting result: if we consider a limited time, 
excluding the winter season – as presented in Arvani et al., 2013 (a) – the determination coefficient for MAIAC 
data is comparable with MODIS AOD data. Yet, if we consider the entire year of analysis, the determination 
coefficient decreases. This means that the MAIAC AOD data for the winter season have a significant impact on 
the final PM – AOD correlation. As we mentioned in the previous subsection, the PM10 – AOD correlation may 
be improved with the introduction of information related to the depth of the aerosol layer. Therefore, we applied 
the same analysis to the AOD/PBL data. The results related to the Po Valley are summarized in Fig. 3 in the 
right panels (b), (d). The AOD/PBL results show R2 of 0.98 for both MODIS Collection 5:1 and MAIAC 
algorithm retrievals when AOD is normalized by PBL depth.  
 
 
4. DATA APPLICATIONS 
 
Until this point of our analysis, the use of MODIS aerosol product applied for particulate pollution research has 
been presented. This has been accomplished demonstrating the significant exiting correlation between ground-
based measurements and satellite data. Also, how the spatial resolution of the retrieval algorithm may impact 
the final correlation result. An interesting followed analysis accomplished was to study how this product – the 
MODIS retrieval algorithm product – could be used to forecast the air quality over a specific area, for a specific 
day of the year.  
Since years ago, over the Po valley domain, regional Italian Regional Agency for Environmental Protection 
(ARPA) uses forecasting systems for air quality. Yet such systems do not use satellite data as input of air 
quality condition. For air quality assessment and forecast, ARPA uses meteorological data applied to 
atmospheric dispersion modeling including simple Gaussian plume models, and more complex Lagrangian, 
Eulerian, or Puff models. The use of satellite data, as mentioned above in Sec. 1., allows having a more 
complete coverage over the studied domain, but most of all having the possibility to have air quality 
information in near-real time. During September 2003, a team of NASA (National Aeronautics and Space 
Administration), NOAA (National Oceanic and Atmospheric Administration), and EPA (United States 
Environmental Protection Agency) researchers demonstrated a prototype for near-real time aerosol forecasting 
using MODIS AOD retrievals (MOD04 from Terra satellite or MYD04 from Aqua) in daily air quality forecasts 
known as IDEA (Infusing satellite Data into Environmental Applications) which is a part of the NASA Applied  
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5. CONCLUSION 
 

Using MODIS derived AOD on NASA’s Terra satellites along with co-located ground-based PM10 
concentration measurements at 126 stations spread over the Po valley in Italy, we examined PM air quality. A 
regression analysis was used and we derived empirical relationship between 24 hour PM10 mass concentration 
(µgm-3) and MODIS AOD at 0.55 µm. Our preliminary analysis indicates that satellite data can be used for 
quantitative monitoring of air pollution levels and obtaining air quality indices where PM10 measurements are 
not available. The satellite AOD data are able to return a preliminary and immediate indication of air quality 
condition over the studied domain. Moreover, IDEA-I simulation, for the considered period and domain, 
heightens the comprehension of the recorded air quality condition when meteorological data information are not 
available. Until recently, the MODIS Collection 5.1 satellite AOD data product, with 10 km resolution, was the 
main source of global satellite aerosol data worldwide. In this paper we examine the new high-resolution (1 km) 
AOD retrieval from MODIS data based on the MAIAC algorithm. Our analysis suggests that MAIAC 1 km 
retrieval provides high resolution information on aerosol optical depth within the highly industrialized Po 
Valley of Northern Italy which is quantitatively similar to the coarser resolution Collection 5.1 retrieval. 
Furthermore, as often noted by the literature, the link between surface measurements and AOD data alone is 
limited and often not suitable for quantitative analysis. However, the normalization by the PBL depth generally 
improves the R2 due to seasonal changes in the PBL depth over the Po Valley. In the last section of this paper, 
an application of MODIS AOD product was introduced. We tried to explain the importance to use a software 
able t use aerosol retrieval algorithms from satellite measurements as input to air quality forecast.  
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