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Resum en

El pr opósi t o de est e t rabaj o fue el  est ud io 
de los aerosoles atm osfér icos en el Noroeste 
de Méx ico m edian t e el  par ám et r o conocido 
com o Espesor  Ópt ico del Aerosol (AOT) .  Este 
SDUiPHWUR� UHSUHVHQWD� XQR� GH� ORV� FRH¿FLHQWHV�
de ext inción de la radiación solar y un indicador 
de part ículas suspendidas en la atm ósfera. Para 
la det erm inación del AOT recur r im os al uso 
de sensores rem ot os localizados fuera de la 
atmósfera. En part icular, el Espectroradiómetro de 
Imágenes de Media Resolución (MODIS), el cual es 
capaz de obtener mediciones del AOT atmosférico. 
La inform ación proporcionada por MODI S debe 
VHU�YDOLGDGD�DQWHV�GH� FRQVLGHUDUVH�¿DEOH��SDUD�
esta tarea, se obtuvieron m ediciones desde la 
VXSHU¿FLH� SDUD� HVWDEOHFHU� XQD� FRUUHODFLyQ� FRQ�
los datos derivados del sensor rem oto. El art ículo 
describe el proceso de validación que fue aplicado 
a los datos del sensor MODI S en cont raste con 
m ediciones obtenidas por uno de los fotóm et ros 
de la Red Robót ica para m edición de Aerosoles 
(AERONET)  ubicado en la ciudad de Herm osillo, 
Sonora. Adicionalm ente, se presenta un análisis 
tem poral basado en el com portam iento de las 
JUi¿FDV� GHO� $27�� DVt� FRPR�XQ� DQiOLVLV� HVSDFLDO�
derivado de la información contenida en los mapas 
de dist r ibución del AOT. 

Palabras clave:  AOT, aerosoles, MODIS, AERONET, 
noroeste de México, análisis tem poral, análisis 
espacial

Abstract

The purpose of this paper was to study aerosol 
part icles in the Northwestern region of Mexico 
(NWM) through Aerosol Opt ical Thickness (AOT)  
param eter  in the atm osphere. This param eter 
UHSUHVHQWV� RQH� RI� WKH� H[WLQFWLRQ� FRHI¿FLHQWV� RI�
solar radiat ion and the rate of suspended part icles 
in the atm osphere. For determ inat ion of AOT, we 
considered the use of rem ote sensors outside of 
the atmosphere. In part icular, Moderate Resolut ion 
I m aging Spect roradiom eter (MODI S)  which can 
m easure the atm ospheric AOT thickness. Data 
from  the MODI S sensor m ust  be validated before 
they are considered reliable. For this task, we 
requ ir ed sur face m easurem ent s t o obt ain  a 
correlat ion with the data acquired with the remote 
radiom eter. The paper descr ibes the validat ion 
process perform ed for data obtained with MODI S 
through m easurem ents provided by an AErosol 
ROb o t i c  NETw or k  ( AERONET)  p h o t om et e r 
located in the city of Herm osillo, Sonora, NWM. 
Addit ionally, we carr ied out  a tem poral analysis 
based on the behavior of the AOT graphics and 
VSDWLDO�DQDO\VLV�VXSSRUWHG�LQ�PDSV�ZLWK�VXI¿FLHQW�
inform at ion.

Key words:  AOT, Aerosols,  MODI S, AERONET, 
Northwestern Mexico, Tem poral analysis, Spat ial 
analysis.
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I nt roduct ion
 
One of the m ain factors that  interact  act ively 
ZLWK� WKH� HQHUJ\� IURP� WKH� 6XQ� LV� LGHQWL¿HG� DV�
DHURVRO�SDUWLFOHV��ZKLFK�LQÀXHQFH�WKH�SURFHVVHV�
of absorpt ion, refract ion, and scat ter ing of solar 
radiat ion that is present in the atmosphere and that  
create a dynam ic clim ate on Earth as a result  of 
these interact ions ( I qbal, 1983) . This inform at ion 
from  aerosol m onitor ing is useful not  only for 
others as part  of the study of the atmosphere, but  
LW�FDQ�DOVR�¿QG�PDQ\�DSSOLFDWLRQV�LQ�UHVHDUFK�RQ�
climate change and air pollut ion caused by human 
act ivit ies and natural phenom ena. Many of these 
applicat ions lie on ident ifying opt im al areas in the 
use of alternat ive and renewable energy, such as 
that  from the Sun (Deepak, 1982)  (Gueymard and 
Wilcox, 2011;  Broesam le et  al.,  2001) .

Recent  m odels for est im at ing solar resource 
use require param et ers such as t opography, 
veget at ion,  albedo,  and opt ical t h ickness of 
aerosols in the atmosphere among other elements 
(Bosch et  al.,  2010) . The use of ground stat ions is 
econom ically unfeasible for est im at ing AOT over 
large terr itor ies;  thus, the use of satellite im ages 
represents a viable opt ion for est imat ion of several 
at m ospher ic and geographic param et ers t hat  
affect  the solar radiat ion that  reaches the Earth’s 
surface (Perez et  al.,  1997) .

AOT is used  general ly  t o  det er m ine t he 
concent rat ion of atmospheric solid part icles;  their 
knowledge is useful in conduct ing studies and 
LQ�WKH�DQDO\VLV�RI�VPRNH�IURP�IRUHVW�¿UHV��&KLD�
et  al.,  2007) , air  quality in urban areas (Grosso 
et  al.,  2007) , the relat ionship between AOT and 
wind speed over the ocean surface (Glantz et  al.,  
�������WKH�LQÀXHQFH�RI�DQWKURSRJHQLF�DHURVROV�RQ�
clim ate change (Charlson et  al.,  1992) , as well in 
num erous validat ion studies using inst rum ents 
located on surface (Bai et  al.,  2008) , (Correia 
and Pires,  2006;  I choku et  al.,  2002a;  Liang 
et  al.,  2006) , am ong others. One of the m ost  
interest ing applicat ions of the est im at ion of AOT 
in the atm osphere com prises est im at ion of solar 
radiat ion on the surface because of the importance 
that  this implies in the planning and design of solar 
applicat ions for power generat ion (Gueymard and 
Wilcox, 2011;  Broesam le et  al.,  2001;  Bosch et  

al.,  2010;  Perez et  al.,  1997) .

There are several sensors that  orbit  the Earth 
for the acquisit ion of data from  num erous natural 
variables that  are ut ilized for studies of the Earth’s 
surface and for analyzing the dynam ics of the 
atmosphere. I n part icular, the MODI S radiometer, 
is set  on-board the plat form s Terra ( launched on 
1999)  and Aqua ( launched on 2002)  and offers the 
possibilit y of obtaining values   related with a large 
amount of data among 36 spectral bands spanning 
IURP�YLVLEOH�WR�LQIUDUHG�VSHFWUXP�������ʥ�������

μm , respect ively, providing im ages with spat ial 
resolut ion at  nadir of 1 km , and at  500 and 250 
m  (Wolfe et  al.,  1998) . The advantages of MODI S 
sensor in the study of atm ospheric phenom ena 
DUH�YHU\�EURDG�DQG�LW�KDV�VSHFL¿F�DGYDQWDJHV�LQ�
the analysis of AOT.

Aerosol data provided by MODI S sensor m ust  
be validated by sur face- based m easurem ents 
(Liang et  al., 2006) . For this task, the photometers 
from  AErosol RObot ic NETwork (AERONET)  can 
be used. Using this data is possible to obtain 
opt ical t h ickness values at  a par t icular  point  
while the plat form  in which MODI S is at tached 
perform s it s coverage over the sam e area. I n 
t he present  st udy,  t he val idat ion  process is 
developed for  Nor t hw est ern  Mex ico ( NWM) , 
where to our knowledge no study of this type 
has been conducted before. The m ethod used 
IRU� GDWD� DFTXLVLWLRQ� DQG� UH¿QHPHQW� FRYHUV� WKH�
SHULRG� IURP� ����ʥ������ ZKLFK� ZDV� VHOHFWHG�
DFFRUGLQJ�WR�DYDLODEOH�LQIRUPDWLRQ�IRU�¿UVW�\HDUV�
of MODI S sensor on Terra satellite and AERONET 
data availabilit y in the city of Herm osillo, Sonora. 
I n addit ion, we present  the cr iter ia to determ ine 
the extent  of the area in which AOT values were 
processed from  satellite im ages, the param eters 
for grant ing the sam e m apping character ist ics, 
and the ext ract ion of spectral bands for the opt ical 
thickness spray on the land surface.

Data acquisit ion and pre- processing

I nform at ion source – MODI S

MODI S aerosol products were downloaded from  
At m osphere Archive and Dist r ibut ion Syst em  
(LAADS Web)  of the Nat ional Aeronaut ical and 
Space Agency  ( NASA)  Goddard Space Flight  
Center. The products selected were derived from  
Terra plat form  level 2 (MOD04 L2)  with spat ial 
resolut ion of 10 ×  10 km  at  nadir in hierarchical 
GDWD�IRUPDW��+')��¿OHV��ZKLFK�FRQWDLQ�YDOXHV�DW�
three different  wavelengths for corrected opt ical 
depth land (0.47, 0.55, and 0.66 μm ) am ong 62 
science data-set  opt ions. Data acquisit ion was 
per form ed in t erm s of NWM as m ain covered 
area in all im ages through h07v06 and h08v06 
t iles. Period between 2001 and 2003 was selected 
as tem poral span. Terra products were selected 
over  Aqua due t o data availabilit y,  regarding 
WKH� ODXQFKLQJ� GDWH� RI� HDFK� SODWIRUP�� $OO� ¿OHV�
were reprojected into Lam bert  conical conform al 
proj ect ion em ploy ing t he sam e car t ograph ic 
param eters that  are com m only established by 
Mex ico’s Nat ional I nst it u t e for  St at ist ics and 
Geography ( I NEGI , 2011) .

The wavelength selected for validat ion process 
w i t h  AERONET dat a w as 0 . 6 6  μm ,  b r oad ly 
t o 0 .675 μm  available f rom  sun phot om et er 
m easurem ents and regarded in previous studies 
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(Bai et  al.,  2008;  I choku et  al.,  2002b;  Rem er 
et  al.,  2002) . Then, region of interest  (ROI )  was 
delim ited to obtain the m ean value for all pixels 
with data inside selected area of 50 ×  50 km  (5 
×  5 pixels) .  The cr iter ia for  choosing polygon 
size depended on lack of congruence between 1 
point  over the surface where the photom eter is 
located and the dim ensions of one single pixel in 
WKH�LPDJH��)XUWKHUPRUH��LW�LV�GLI¿FXOW�WR�LPDJLQH�
suspended part icles without vert ical and horizontal 
m ovem ents along atm ospher ic st rata;  hence, 
determ inat ion of t he correct  area propor t ions 
is an im portant  step pr ior  to post-processing. 
Thus, different  area sizes were tested according 
t o prev ious at t em pt s ( I choku et  al .,  2002b)  
(Figure 1) . As ( I choku et  al.,  2002b)  m ent ioned, 
the average speed of aerosol part icles in lower 
atmospheric layers is 50 km/ h, and this represents 
a 1-h window for AOT data gathered by AERONET 
inst rum ents in a 5 x 5 pixels polygon of MOD04L2 
product .

The reference pixel for  ROI  was cent ered 
over AERONET site coordinates in the Geological 
I nst i t u t e Build ing suppor t ed by  t he Nat ional 
Autonom ous University of Mexico (UNAM) at  N 
�����¶��:� ������¶�� 2QFH� DOO� RI� WKH� ¿OHV� ZHUH�
acquired and ROI  was set  up, all im ages were 
stacked to produce t im e series from  which basic 
stat ist ics (m ean and Standard deviat ion [ SD] )  
were derived.

I nform at ion source – AERONET

AOT data from  AERONET was downloaded from  
the level 2 dataset , with an eye toward further 
analysis;  besides this level was used to build the 
C005 algorithm  (Rem er et  al.,  2006) , which build 
up t he last  version of MODI S product s.  Tim e 

period for chosen data was m atched with MODI S 
AOT available im ages between 2001 and 2003. 
The UNAM-Herm osillo AERONET stat ion archives 
a good and cont inuous dat a ser ies and was 
selected for the com parison, taking into account  
its inform at ion availabilit y.

AERONET offers AOT values at  eight  different  
wavelengths and records between 7 a.m. and 7 
p.m. ( local t ime)  every 15 m in. I n this case, the 
0.675-μm wavelength was processed because this 
wavelength depicts closest  matching to the 0.66-
μm MODIS band. In order to select the dataset from  
AERONET based on the MODIS pass, a 3-h range 
was set  up to correlate AOT from the previously 
ment ioned sources in an at tempt to overcome the 
scarce availability of 60-m in values at  level 2 data. 
)XUWKHUPRUH�� SUHYLRXV� DQDO\VLV� RI� DOO� +')� ¿OHV�
depicted that  all images were ret rieved by MODIS 
from  4: 30 to 7: 30 p.m . Greenwich Mean Time 
(GMT). By means of st ructured query language 
(SQL) inst ruct ions, mean values were acquired in 
the same period of t ime for 2001 and 2002;  init ially, 
2003 was considered in the complete validat ion 
process, but  non-cont inuous records yielded the 
recommendat ion to omit  the third year.

Results

MODI S-AERONET Validat ion Process

Once al l  in for m at ion  was pr ocessed,  i t  was 
developed in  a t able of  dat a avai labi l i t y  for 
WKH� SHULRG� ����ʥ������ $QDO\VLV� RI�02',6� DQG�
AERONET f i les showed t hat  t he ex ist ence of 
com parable data was very low. This is because 
both sources have long periods without  AERONET 
data whereas MODI S data is available, and vice 
versa. At  the end, we com pared 57 cases (days)  

Figure 1 .  Areas tested to determ ine region of interest .
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RYHU�WKH�SHULRG�����ʥ�����LQ�ZKLFK�YDOXHV�IURP�
both MODI S and the AERONET photom eter exist  
in Herm osillo, Sonora.

Tim e ser ies for  both sets of values is very 
sim i lar  ( Figu r e 2 ) .  When  per for m ing  l inear 
UHJUHVVLRQ�EHWZHHQ�WKHP��)LJXUH�����ZH�LGHQWL¿HG�
those   > 2 SD away from  values   obtained from  the 
regression. These data were removed for analysis. 
I n total, we perform ed 2 linear regressions and 
elim inated 7 data represent ing 12.3%  of out liers. 
Figures 3 and 4 show graphs obtained from  linear 
UHJUHVVLRQ�¿W�DQG�WKH�DQDO\VLV�RI�ZDVWH�EHIRUH�DQG�
DIWHU�¿OWHULQJ�WKH�GDWD�

7KH� ¿QDO� GHWHUPLQDWLRQ� RI� FR�HI¿FLHQW�R²  =  
0.891 was obtained for a set  of 50 data between 
2001 and 2002.  Th is resu lt ,  com pared w it h 
previous studies, presents a higher correlat ion 
RQ�FRQIURQWDWLRQ�ZLWK�D�FR�HI¿FLHQW�RI�R²  =  0.729 

( I choku et  al.,  2002b)  and was close to results 
in which the correlat ion obtained is R²  =  0.9245 
(Bai et  al.,  2008) . However, we should note that  
these measurements were obtained from different  
regions and different  datasets from  am ounts of 
records with different  values;  thus, results are 
employed as parameter of comparison and not  for 
validat ion of those obtained in this work.

I n order to evaluate the correlat ion between 
bot h  dat a ser ies,  MODI S and AERONET,  w e 
performed the Spearman rank correlat ion test  and 
the Pearson rank correlat ion test . For Spearm an 
WHVW�ZH�REWDLQ�D�FRUUHODWLRQ�FRHI¿FLHQW�RI�& ������
(p <  2e-7, N=  57)  and for Pearson test  we obtain 
D�FRUUHODWLRQ�FRHI¿FLHQW�RI�& �������S����H�����
N=  57) .  The correlat ion in both t est s is high 
and the probabilit y of error is low enough to be 
considered negligible.

Figure 2 .  Aerosol Opt ical 
Thickness (AOT) data series 
from  Moderate Resolut ion 
Imaging Spectroradiometer 
( MOD I S )  a n d  A Er o s o l 
R O b o t i c  N E T w o r k 

(AERONET) .

Figure 3 .  Linear regression and residuals analysis for AErosol RObot ic NETwork (AERONET)  and Moderate Resolut ion 
I m aging Spect roradiom eter (MODI S)  data. I nit ial data set .
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Based on data from  the MODI S sensor and 
once we had com pleted validat ion with AERONET 
m easurem ents in the previous sect ion, we were 
able to consider that  MODI S data are suitable for 
studying not  only tem porarily opt ical thickness 
behavior spray in the city of Herm osillo, Sonora, 
EXW�� DFFRUGLQJ� WR� WKH� FRUUHODWLRQ� FRHI¿FLHQWV��
MODI S values   can be ut ilized for spat ial analysis 
of the AOT in the ent ire coverage area of MODI S 
im ages cor responding t o NWM, even t hough 
baseline data were obtained from  the state of 
Sonora.

Discussion

Tim e Analysis

The graphs presented in this sect ion (Figures 5 
and 6)  refer to the average behavior of AOT in 
a ROI  of 2,500 km ²  (5 ×  5 pixels)  over city of 
Hermosillo, which were obtained as measurements 
for validat ion of MODI S data and do not  refer to 
variat ions in opt ical thickness across the NWM. 
This is due to that  for this second case, it  would be 
necessary to perform digital processing of satellite 
im ages to obtain the value at  different  points, 
although in this study we report  a subsequent  
VSDWLDO� DQDO\VLV� EDVHG� RQ� LQIRUPDWLRQ� UHÀHFWHG�
RQ�¿QDO�PDSV�

Com parat ive analysis of values   in the 3-year 
period attempts to ident ify patterns in the presence 
of suspended part icles as well to dem onst rate 
i f  t here is seasonali t y  in  t he m easurem ent s 
explain ing AOT behav ior.  Thus,  ot her  fact ors 
determ ine the concent rat ion of aerosols in the 
atm osphere.

When we observe the behavior  of the AOT 
data of Herm osillo over the polygon set  for study 
period, there are different  peaks with values   > 0.6 
in the m onths of March, May, and June, while the 
m onths with the lowest  values   are Decem ber and 
January;  this shows a decrease of opt ical thickness 
in the coldest  m onths (Figure 5) .

I n the case of 2002, the behavior of AOT was 
depicted despite the lim ited availability of data. 
I n June 2001 and 2002, there is a maximum AOT 
YDOXH���DV�D�UHVXOW�RI�JUDGXDO� LQFUHDVH�LQ�WKH�¿UVW�
half of the year. After June, a decrease of AOT 
concentrat ion is observed during the second half 
of the year. Unlike 2003, AOT values   remained 
relat ively low throughout the year;  this trend is also 
suggested with the available data. This suggests a 
seasonal pat tern that  advice to verify informat ion 
for prior years and after ones as well. I n addit ion, 
there are small peaks in August  and September 
and lonely spots between November and December 
as well as between January and March.

By interpret ing the annual behavior of the AOT 
during the 3 years (Figures 6 and 7) , it  is clear that  
2001 and 2002 exhibit  sim ilar behavior. Figure 7 
shows that  higher average values   correspond to 
the m onths of June, with m easurem ents > 0.4 
unit s for  2001 and 2002.  The lowest  values   
occur in the m onths of Novem ber, Decem ber, and 
January, the sam e in both cases, indicat ing   an 
agreement with months with lowest temperatures.

We m ust  take in account  that  data availabilit y 
in 2002 (Figure 6)  is scarce or non-existent  during 
a few m onths;  thus, in this case, the behavior 
is deduced by observing the m onthly data and 

Figure 4 .  Linear regression and residuals analysis for Moderate Resolut ion I m aging Spect roradiom eter (MODI S)  and 
$(URVRO�52ERWLF�1(7ZRUN��$(521(7��DIWHU�¿OWHULQJ�RI�GDWD�
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Figure 5 .  Variat ions in Aerosol opt ical thickness (AOT)  behavior, over 5 x 5 pixels polygon set  on Herm osillo, Sonora, 
for the period com prising January 2001 to Decem ber 2003.
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analysis in relat ion to other years in order to infer 
AOT t rends over the year, although analysis of 
the com plete study period m ust  be considered in 
determ ining pat terns in the part icle concentrat ion. 
I n 2003, there are 8 m onths with available data, 
H[FOXGLQJ�WKH�¿UVW���PRQWKV�RI�WKH�\HDU�DQG�WKH�
m onth of June, which does not  allow for clearly 
analysis of t he annual per form ance of opt ical 
thickness. However, available data show that  in 
the m onths of May through October, there is a 
gradual increase, and a decrease in AOT values 
DURXQG�-XQH��7KLV�DSSHDUV�WR�FRQ¿UP�WKH�VHDVRQDO�
pattern observed in the previous 2 years, although 
absolute AOT values   for the ent ire year of 2003 
are lower than those of previous years.

Finally, to com pare AOT behavior during the 
3-year  per iod,  it  is not ewor t hy  t hat  while in 
the annual charts the cyclical behavior  of the 
concent rat ion of  at m ospher ic par t icles is not  
clear ly observed, when we considered all data 
t ogether,  t here is a clear  seasonal pat t ern of 
an increase and a decrease in opt ical thickness 
values, in which m easurem ents are higher from  
the second third of the year.

For  2001 and 2002,  t h is was fu l f i l led by 
present ing the highest  values   in March and June 
with two peaks in their respect ive charts. However, 
t he year  2003 dif fers from  this behavior  and 
exhibits highest  values in August  and Septem ber, 

Figure 6 .  Com parat ive graph of Aerosol opt ical thickness (AOT)  behavior for 2001, 2002, and 2003.

Figure 7 .  Monthly com parison graph of AOT behavior for the years 2001, 2002, and 2003.
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which would be st range if we take pr ior years 
as reference.  However,  when consider ing t he 
behav ior  of  t he at m ospher e along  t he last  
year  ( 2003) ,  it  is possible t o cor relat e t hese 
m easurem ents with the presence of two m ajor 
F\FORQLF�HYHQWV�WKDW�H[HUWHG�DQ�LQÀXHQFH�RQ�WKH�
region during that  year.

According t o t he U.S.  Nat ional Hur r icane 
Service (NOAA, 2003a) , in 2003, atypical landfall 
in NWM occurred, the second st rongest  t ropical 
F\FORQH�RI�WKH�VHDVRQ��WKH�¿UVW��I gnacio,  becam e 
hurr icane on August  26 and entered into the Gulf 
of Baja California with a slow m ovem ent  that  
brought  heavy rainfall,  while the second, Marty  
began to develop on Septem ber 10 and peaked 
on day 22 of the m onth as a hurr icane (NOAA, 
2003b) .

This m ay part ially explain the high AOT values   
in these m onths due to the presence of large 
num bers of hygroscopic nuclei in large cloud 
form at ions due to cyclonic events and to t he 
at tenuat ion of the passage of solar radiat ion at  the 
Earth’s surface as a result  of the high concentrat ion 
of suspended part icles ( I qbal, 1983) .

I t  is also notable t hat  dur ing the 3 years, 
m onths with the lowest  opt ical- thickness values 
correspond to Decem ber and January 2001 and 
2002, while in the case of 2003, the m onth of 
Decem ber has the lowest  values.   Despite that  
t here is no dat a for  t he January  per iod,  t he 
graphical behavior of the 3 years indicates that  in 
each year, the m onths m ent ioned show the sam e 
character ist ics in term s of part icle concent rat ion 
in the atm osphere.

Spat ial Analysis

Once MODI S data were validated with AERONET 
sensor data from  the city of Herm osillo, MODI S 
im ages can be used for data acquisit ion of opt ical 
t hickness t hroughout  area covered by sensor 
snapshots. For the im age select ion represent ing 
the best  descr ipt ion of opt ical depth in NWM, 
monthly data median was selected from AERONET 
in order to determ ine the day that  shows m ost  
representat ive AOT dist r ibut ion in the study area 
m ost  clear ly.  Consider ing t hat  t he availabilit y 
of im ages is not  com plete in each m onth of the 
3-year period and that  in m any cases all values 
are concent rated at  short  period of t im e in the 
m onth we found m ost  useful m edian usage. I f we 
had used m ean to get  m onthly values, those had 
been representat ive just  of a part  of month instead 
of ent ire m onthly period. However, when we use 
m edian, we take into account  AOT behavior at  
the m ost  possible m iddle of the m onth. Also, it  is 
known that  the mean could be affected by extreme 
values, while the m edian is not  (Tr iola, 2008) .

I n  t h e  p r ep a r a t i o n  o f  m a p s b a sed  o n 
inform at ion from  the im ages, var iat ions of the 
part icle concent rat ion of aerosols are shown not  
only over the area of 2,500-km ²  plot  in the city 
of Herm osillo, but  also in space for the ent irety 
of NWM, in addit ion t o inform at ion contained 
in im ages taken with the MODI S aerosol- type 
product  to know the or igin of the part icles in each 
m ap. I n the im ages presented in this subsect ion 
(Figure 8) , we observe the behavior of the opt ical 
thickness across the NWM, and by means of image 
analysis, it  is possible to interpret  not  only the 
pat terns of aerosol-par t icle concent rat ion, but  
also the dist r ibut ion of part icle type, m ainly in 
the state of Sonora, which is represented in all of 
WKH�¿QDO�PDSV�

These maps, in conjunct ion with the correlat ion 
work  prev iously  per form ed w it h  phot om et er 
m easurem ents of the Herm osillo City AERONET 
net works,  represent  val id  dat a for  al l  areas 
of Mexico and t he par t s of t he U.S.  t hat  are 
UHSUHVHQWHG�LQ�WKH�¿QDO�PDSV��)XUWKHUPRUH��WKHVH�
m aps cover NWM on m any days different  from  
those ones which data for validat ion processing 
were obtained. Hence, the behavior observed in 
the previous graphs m aintains st r ict  concordance 
solely with adjacent  pixels over Hermosillo instead 
RI�HDFK�RQH�RI� FRYHUHG�DUHD� LQ� WKH�¿QDO�PDSV��
although closest  pixels show sim ilar t rends.  

I n 2001, through analysis of m aps of every 
m onth of the year, there is a notor ious gradual 
increase that  reaches its peak on July and then 
gradually decreases unt il December;  addit ionally, 
the month of January presents the lowest  opt ical-
thickness values for the ent ire region.

During 2002, although we do not  have m aps 
of every m onth, it  is possible to ident ify a sim ilar 
pat tern of r ise and fall as in the previous year, 
with highest  values in June. According to the 
m onthly im age, there is an abrupt  increase of 
AOT in relat ion to the inform at ion available for 
WKH�¿UVW�KDOI�RI�WKH�\HDU�

I n this sam e year, after the m axim um  value 
observed in June is clearly observed a decrease in 
opt ical thickness, even with the lack of m aps for 
every m onth of the second quarter of 2002, the 
im ages of Septem ber, Novem ber, and Decem ber 
clearly illustrate a gradual decrease among each of 
these, which means that  this pat tern is consistent  
with AOT behavior in the m onths for which no 
data are available.

I n 2003, by interpret ing the im ages, it  can be 
concluded that  although there are no m aps of the 
¿UVW���PRQWKV�RI�WKH�\HDU��WKHUH�LV�DQ�LQFUHDVH�LQ�
opt ical- thickness values   from  April,  reaching its 
highest  peak, as in the previous 2 years, between 
June and July, but  in this case by present ing a 
second increase in August  and Septem ber.
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Figure 8 .�$HURVRO�RSWLFDO�WKLFNQHVV�YDOXHV�DORQJ�����ʥ�����RYHU�1:0��VPDOO�LPDJHV�VKRZ�UHSUHVHQWDWLYH�PRQWKV�
derived from  MODI S aerosol- type product .
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I n general, highest  values   (> 0.5)  are located in 
the northwestern port ion of Sonora, near Desert  
of Altar and northern coast  of the state, although 
in this case it  is possible to assum e a sim ilar 
dist r ibut ion even when the im ages do not  provide 
data for the whole area. These values   are possibly 
related with the ar id condit ions of the region, 
because sparse vegetat ion and presence of the 
desert  facilitate the incorporat ion of part icles into 
the atm osphere that  ult im ately are recorded by 
the MODI S sensor.

Sim ilar ly, in relat ion to tem poral var iat ions, 
values   close to 1.0 or  higher on NWM set  up 
during July 2001, June 2002, May 2003, and June 
2003. I m plying the existence of seasonal pat tern 
between the rainy and the dry season, because 
based on the analysis of annual precipitat ion, 
we know that  these m onths represent  the dr iest  
period and then the beginning of rainy season, 
ZKLFK�LV�LQÀXHQFHG�E\�WKH�0H[LFDQ�PRQVRRQ�ZKHQ�
all of the dust  part icles work as hygroscope nuclei 
in cloud form at ion. Thus, it  is possible to deduce 
that  there is a pat tern in the annual behavior, 
present ing highest  values   in June and July for 3 
years and lowest  values on December and January 
for the 2001–2003 period.

The pat t ern of  increasing and decreasing 
RI�$27�RYHU� WKH�¿UVW�DQG�VHFRQG�KDOYHV�RI� WKH�
years, respect ively, are clearly presented in 2001 
and 2002, while in 2003, a second peak in AOT 
concent rat ion is observed in plots and im ages. 
I t  happens on August  and Septem ber, m ainly in 
the port ion near to inter ior coast  of Gulf of Baja 
California, the Altar  Desert ,  and the center of 
the peninsula, which m ight  be related with the 
presence of two st ronger cyclonic events during 
hurr icane season in 2003. These were cyclones 
I gnacio and Marty respect ively (NOAA, 2003a;  
NOAA, 2003b) while in the month of October of the 
sam e year, after the passage of two hurr icanes, 
the pat tern of behavior was re-established and 
exhibited a decrease in AOT values   in Decem ber 
as in two previous years. I n addit ion, it  took into 
account  the periods with higher rainfall, consistent  
with the sum m er and fall m onths (year 2003) , 
during which it  is known that  rainfall is greatest  
in NWM, also due to m oisture penet rat ion on the 
cont inent  connected with Mexican Monsoon and 
Southwest  Monsoon of Am er ica (Reyes et  al.,  
1994) .

I n  t he case of  Baj a Cal i forn ia pen insu la, 
t hroughout  t he st udy per iod,  we ident ify  t he 
KLJKHVW�YDOXHV�������ʥ����DQG�RYHU���RQ�0D\��-XQH��
July, and August  2001, June 2002, and in April,  
May, and July 2003. Generally, we observed that  
the peninsula has the highest  values   throughout  
the period, unlike the NWM m ainland. Possibly 
UHODWHG�ZLWK�WKH�QDUURZ�QRUWK�VRXWK�SUR¿OH�RI�WKLV�
SK\VLRJUDSKLF� SURYLQFH��ZKLFK� LV� LQÀXHQFHG� E\�

aerosols of m arine or igin throughout  East-West  
H[WHQVLRQ�DQG�WKDW�LV�UHÀHFWHG�LQ�PHDVXUHPHQWV�
m ade   by the sensor and in processed im ages.

Addit ionally, by analyzing the histogram s of 
HDFK�LPDJH�DQG�RQFH�LGHQWL¿HG�WKRVH�DUHDV�ZLWK�
highest  concent rat ion of part icles in the region 
and seasonal pat t erns,  we are able t o not ice 
that  im ages with the highest  concent rat ion of 
YDOXHG� SL[HOV� VKRZ� ORZHU� UDQJHV� �����ʥ�����
DQG�����ʥ�������HVSHFLDOO\�LQ�-DQXDU\��)HEUXDU\��
March,  and Apr i l  2001,  increasing f rom  May 
u n t i l  Ju ly.  I n  t h is in cr ease,  t h e p ix els ar e 
related with classes or ranges between 0.5 and 
0.99, subsequent ly decreasing from  August  to 
Decem ber of that  year.

This behavior  is repeated in the sam e way 
in 2002 and 2003, years covered in the study, 
which also has the highest  concentrat ion of pixels 
RI� ������ LQ� WKH� ¿UVW� DQG� ODVW�PRQWKV� RI� HDFK�
year, while there was an increased presence of 
values   > 0.5 in total exist ing pixels in the images 
presented in June, 2002, May 2003, and July 2003.

In relat ion to these histograms, it  is noteworthy 
that  their analysis is relat ive, because the amount  
and locat ion of the pixel value is not  uniform  
in all im ages and covered area is different  for 
each im age. Nonetheless the observed behavior 
corresponds to the cr iter ia given previously and 
UHDI¿UPV�VSDWLDO�DQG�WHPSRUDO�SDWWHUQV�RI�$27�

I n each m ap presented, there is also at tached 
inform at ion related with the predom inant  aerosol 
t ype in t he at m osphere,  which was obt ained 
from  a sub-product  of MD04L2 related to this 
param et er.  Th is exh ib it s a not or iously  large 
predom inance of sulfate aerosols in cont rast  with 
the other types shown in NWM im ages, in which 
D�GLUHFW�UHODWLRQVKLS�ZDV�QRW�LGHQWL¿HG�EHWZHHQ�
aerosol t ype and part icle-concent rat ion values   
expressed by AOT. I t  is interest ing to not ice that  
dust - related aerosols are generally  located in 
northern areas of states of Chihuahua, Coahuila 
and Nuevo León and in the southern U.S. along 
border areas (Figure 8) .

The third type of aerosol, heavy absorpt ion 
VPRNH��ZDV� QRW� LGHQWL¿HG� RQ�1:0�� 7KDQNV� WR�
coverage of  som e im ages and t o availabil i t y 
of inform at ion of this param eter is possible to 
determ ine its concent rat ion in the ent ire Northern 
coastal area Gulf of Mexico, where oil is probably 
the act ivity that  affects part icle em ission to the 
atm osphere. The sam e type of aerosol part icles 
LV� DOVR� LGHQWL¿HG� LV� DOVR� LGHQWL¿HG� LQ� WKH� ORZHU�
Mississippi River Basin, m ainly in the agricultural 
region of the U.S. which extends from  I llinois to 
the border with Mexico in the State of Texas. While 
our work is focused on NWM, there is no presence 
of this type of part icle in any analyzed im age.
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Furtherm ore, we observe in the im ages that  
highest  values are located m ainly near to the 
coast  of the Gulf of Baja California and these 
values decrease in the inter ior region of the sta-
te of Sonora, increasing again, but  less so than 
on the coast , on western slope of Sierra Madre 
Occidental. I n this area the presence of natural 
vegetat ion encourages the em ission of biom ass 
into the atm osphere in larger quant it ies than in 
the areas located in the center of the ent ity, where 
there are dr ier zones.

Addit ionally, it  is notor ious that  in m ost  of the 
m aps, highest  AOT values   are found near lat itude 
30°, which is possibly related to the t ransport  of 
part icles from  the ar id Southwestern U.S., under 
LQÀXHQFH�RI�WUDGH�ZLQGV�DQG�ZHVWHUOLHV��$OWKRXJK�
LW�VKRXOG�EH�UHPDUNHG�WKDW�WKH�LQÀXHQFH�RI�6DQWD�
Ana winds (JPL, 2002)  in NWM m ay explain the 
higher concent rat ion of suspended part icles in 
Baja California peninsula and the coast line of 
the states of Sonora and Sinaloa. Despite we 
GR� QRW� REVHUYH� WKHLU� RYHUDOO� LQÀXHQFH� RQ� $27�
spat ial- tem poral var iat ion for the ent ire region 
from  October to March, when Santa Ana winds 
occur, this does not  correspond to m onths with 
the greatest  increase in opt ical thickness.

As part  of the analysis of AOT im ages, we also 
XQGHUWRRN� LGHQWL¿FDWLRQ� RI� KRWVSRWV� LQ� VDWHOOLWH�
im ages provided by the Nat ional Com m ission for 
the Knowledge and Use of Biodiversity (CONABIO, 
2010)  to determ ine whether during study period, 
WKH�RFFXUUHQFH�RI�ZLOG¿UHV�ZDV�DFWLYH�LQ�WHUPV�RI�
part icle em ission to the atm osphere. However, 
no direct  relat ionship was found because, in all 
LPDJHV�DQDO\]HG��:H�LGHQWL¿HG�WKDW�WKH�JUHDWHVW�
FRQFHQWUDWLRQ�RI�KRWVSRWV�LV�UHODWHG�WR�ZLOG�¿UHV�
in the cent ral and southern part  of Mexico. Thus, 
while it  is appropriate to take the occurrence of 
these events into account , we not  considered that  
they have a higher weight  in AOT values.

Finally, by comparing the behavior of AOT along 
3-year study period, we were unable to observe a 
gradual increase in the concentrat ion of part icles in 
the atmosphere because, according to the graphs 
of temporal AOT variat ion, the year 2003 in general 
exhibited values   below those of the average. Despite 
what  we m ight  expect  if we relate these variat ions 
to chronic expansion of urban areas throughout  
the country and consequent ly increasing emissions 
of anthropogenic aerosols. Based on the criteria 
presented in this subsect ion related to analysis of 
¿QDO�PDSV��WR�KLVWRJUDPV�RI�HDFK�JUDSK��DQG�WR�$27�
EHKDYLRU��WKHVH�DSSHDU�WR�FRQ¿UP�WKH�LGHQWL¿FDWLRQ�
of a seasonal pat tern in the behavior of opt ical 
WKLFNQHVV�LQ�1:0�GXULQJ�����ʥ������%HVLGHV�WKLV�
SDWWHUQ�FDQ�DOVR�EH�LQÀXHQFHG�E\�WKH�RFFXUUHQFH�
of extraordinary events throughout  each year, but  
LQ�JHQHUDO�WKHUH�ZHUH�QR�VLJQL¿FDQW�FKDQJHV�LQ�WKH�
space- t ime t rend.

Conclusions

By means of perform ing a study of the correlat ion 
between data measured by the AERONET sensor in 
the city of Herm osillo, Sonora, Mexico, and those 
of the MODI S satellite, we obtained a correlat ion 
FRHI¿FLHQW�RI�R²  =  0.891. The study allows us to 
observe the behavior of the aerosol part icles at  
WKLV�VLWH�GXULQJ�WKH�����ʥ�����SHULRG��7KXV��ZH�
consider that  the data em ployed in this research 
are rel iable for  t heir  purposes and usefu l in 
ident ifying tem poral and spat ial pat terns in AOT 
behavior.

The main pat tern observed depicts highest  AOT 
values during the rainy season in NWM and in the 
2 pr ior m onths. The relat ionship between these 
values can be associated with low atm ospheric 
pressures due to high tem peratures, which cause 
convergence of  air  m asses relat ed t o Nor t h 
Am erican m onsoon. The convect ive air  currents 
encourage and facil i t at e t he incorporat ion of 
part icles into the atmosphere before rainy season 
and t he form at ion of h igh ver t ical developed 
clouds from  August  to October.

)XUWKHUPRUH��RWKHU�IDFWRUV�ZHUH�LGHQWL¿HG�LQ�
AOT behavior, as well hurr icanes during the rainy 
season in 2003, generat ing highest  values for that  
year despite its low values in com parison with the 
whole 3-years period.

,Q�DGGLWLRQ�WR�WKH�LQÀXHQFH�RI�WKH�SK\VLRJUDSKLF�
shape of Baja California peninsula and inland NWM 
in AOT values, the presence of large areas with 
scarce vegetat ion aids to st im ulate the em ission 
of part icles from  the ground. I n the sam e way, 
high-density vegetat ion areas increase biom ass 
em ission in m ountain ranges located on eastern 
port ion of Sonora.

Finally,  it  was not  possible to com pare the 
results of this research with others, considering 
that  to our  knowledge, there are no previous 
at tempts to study aerosol behavior in NWM. Thus, 
further work is required to build up a st ronger 
database in order to helps monitor and understand 
KRZ�$27�YDOXHV�DUH�LQÀXHQFHG�E\�GLIIHUHQW�IDFWRUV�
and how these are related to inform at ion from  
UHVHDUFKHV�LQ�VHYHUDO�VFLHQWL¿F�¿HOGV�
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Table 1 . Data availabilit y from  Moderate Resolut ion I m aging Spect roradiom eter (MODI S)  and AErosol 
RObot ic NETwork (AERONET) .

Date MODI S AERONET Date MODI S AERONET
( 6 6 0  nm )  ( 6 7 5  nm )   ( 6 6 0  nm )  ( 6 7 5  nm )

15/ 11/ 2001 0.047000 0.02151636 05/ 06/ 2002 0.362714 0.13462458
16/ 11/ 2001 0.163150 0.03446177 08/ 06/ 2002 0.345778 0.14995492
17/ 11/ 2001 0.087000 0.03355362 09/ 06/ 2002 0.365000 0.06558950
19/ 11/ 2001 0.110375 0.04732900 12/ 06/ 2002 0.390875 0.14424058
20/ 11/ 2001 0.147600 0.03939413 14/ 06/ 2002 0.642000 0.15638400
21/ 11/ 2001 0.098000 0.04258614 15/ 06/ 2002 0.319500 0.14523883
25/ 11/ 2001 0.139846 0.03491987 16/ 06/ 2002 0.739000 0.11349450
27/ 11/ 2001 0.134500 0.03744760 17/ 06/ 2002 0.262231 0.10734983
28/ 11/ 2001 0.097308 0.04334970 18/ 06/ 2002 0.350000 0.10298600
01/ 12/ 2001 0.068889 0.03290827 19/ 06/ 2002 0.341333 0.09602550
02/ 12/ 2001 0.120050 0.02228500 21/ 06/ 2002 0.439333 0.09180567
03/ 12/ 2001 0.022143 0.01115900 25/ 06/ 2002 0.615000 0.13830422
13/ 12/ 2001 0.108263 0.01001254 26/ 06/ 2002 0.428000 0.17784543
16/ 12/ 2001 0.101826 0.03282064 27/ 06/ 2002 0.401000 0.19024858
17/ 12/ 2001 0.047667 0.01083812 30/ 06/ 2002 0.674333 0.16896028
18/ 12/ 2001 0.100737 0.03201989 01/ 09/ 2002 0.154000 0.11731225
19/ 12/ 2001 0.025385 0.01651793 02/ 09/ 2002 0.404000 0.18827701
20/ 12/ 2001 0.116947 0.02131789 05/ 09/ 2002 0.257280 0.10057900
21/ 12/ 2001 0.050429 0.02466560 12/ 09/ 2002 0.157333 0.06258500
22/ 12/ 2001 0.097143 0.01854000 13/ 09/ 2002 0.116000 0.05697200
23/ 12/ 2001 0.060143 0.02065667 14/ 09/ 2002 0.140957 0.05644433
24/ 12/ 2001 0.065250 0.02142057 16/ 09/ 2002 0.258667 0.08315050
25/ 12/ 2001 0.089650 0.00585738 21/ 09/ 2002 0.172524 0.09421967
26/ 12/ 2001 0.025200 0.02577600 22/ 09/ 2002 0.151000 0.04333180
05/ 01/ 2002 0.133684 0.01517575 23/ 09/ 2002 0.128400 0.04876790
06/ 01/ 2002 0.054333 0.00776320 25/ 09/ 2002 0.175000 0.06890750
07/ 01/ 2002 0.085143 0.02254000 27/ 09/ 2002 0.212333 0.08882033
08/ 01/ 2002 0.081563 0.01104217 28/ 09/ 2002 0.220000 0.08812280
03/ 06/ 2002 0.302125 0.09941730
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