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Περίληψη

΄Ενα ντετερμινιστικό φασματικό μοντέλο διάδοσης ακτινοβολίας χρησιμοποιήθη-

κε για τον υπολογισμό του ισοζυγίου ακτινοβολίας στην ατμόσφαιρα της Γης,

με βάση δορυφορικά δεδομένα αιωρούμενων σωματιδίων και ατμοσφαιρικών

παραμέτρων, σε υψηλή χωρική ανάλυση και συχνότητα ανάκτησης, από τον

αισθητήρα MODIS (Moderate Resolution Imaging Spectroradiometer).

Η μελέτη εστιάστηκε στην εκτίμηση της άμεσης επίδρασης (DRE) των

αιωρούμενων σωματιδίων στις συνιστώσες του ισοζυγίου ακτινοβολίας. Λόγω

της υψηλής χωρικής και χρονικής μεταβλητότητας των αιωρούμενων σωματιδίων,

η DRE, η οποία αποτελεί κρίσιμη συνιστώσα της συνολικής επίδρασης των αι-

ωρούμενων σωματιδίων στο κλίμα, χαρακτηρίζεται επίσης από μεγάλη μεταβλη-

τότητα.

Εξετάστηκε επίσης η άμεση επίδραση των αιωρούμενων σωματιδίων στο

ρυθμό φωτοδιάσπασης του τροποσφαιρικού όζοντος, J(O1D), ο οποίος αποτελεί

βασικό μηχανισμό μείωσής του. Σημειώνεται ότι το τροποσφαιρικό όζον συνε-

ισφέρει στο παγκόσμιο φαινόμενο του θερμοκηπίου. ΄Ετσι, ο J(O1D) είναι μία

σημαντική κλιματική παράμετρος, που πρέπει να μελετηθεί μέσω μοντελοποίησης,

λόγω της απουσίας σταθμών μετρήσεων, και της πραγματοποίησής του σε μήκη

κύματος μικρότερα από 330 nm, όπου η επίδραση των αιωρούμενων σωματιδίων

είναι σημαντική.

Αξιολογήθηκε επίσης η άμεση επίδραση των αιωρούμενων σωματιδίων στη

δυνητική εξάτμιση, η οποία ισούται με την πραγματική εξάτμιση σε ρηχές λίμνες,

και αποτελεί καθοριστική παράμετρο του υδρολογικού κύκλου. Η DRE μειώνει

τη δυνητική εξάτμιση μέσω της μείωσης της ηλιακής ακτινοβολίας που φτάνει

στην επιφάνεια της Γης.

Οι προσομοιώσεις του μοντέλου πραγματοποιήθηκαν για την περίοδο 2000–

2010, σε διάφορες περιοχές της Ελλάδας, που χαρακτηρίζονται από υψηλές

συγκεντρώσεις αιωρούμενων σωματιδίων, με μοναδικά χαρακτηριστικά επο-

χικής διακύμανσης και προέλευσης. Δύο ερευνητικοί σταθμοί στην Κρήτη

(ΕΛΚΕΘΕ/AERONET και Φινοκαλιά) επιλέχθηκαν λόγω της καταλληλότητας

του νησιού για τη μελέτη των επεισοδίων σκόνης από τη Σαχάρα, τα οποία είναι

συχνά στην ευρύτερη Ανατολική Μεσόγειο, και της διαθεσιμότητας επίγειων
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μετρήσεων, που χρησιμοποιήθηκαν ως συμπληρωματικά δεδομένα εισόδου στο

μοντέλο και για την αξιολόγηση των αποτελεσμάτων. Προσομοιώσεις πραγ-

ματοποιήθηκαν και πάνω από τέσσερεις λίμνες στην Κεντρική Ελλάδα, που

αποτελούν τους κύριους ταμιευτήρες παροχής νερού στην Αθήνα, για την αξ-

ιολόγηση της επίδρασης των αιωρούμενων σωματιδίων στη δυνητική εξάτμιση.

Πραγματοποιήθηκε ανάλυση και επεξεργασία δεδομένων αιωρούμενων σω-

ματιδίων, νεφών και ατμοσφαιρικών παραμέτρων από το MODIS, τα οποία

είναι διαθέσιμα από το 2000, σε ανάλυση 10 km×10 km και 5 km×5 km, και

χρησιμοποιήθηκαν ως δεδομένα εισόδου. Το μοντέλο λαμβάνει υπόψη όλες τις

φυσικές παραμέτρους και διαδικασίες που επηρεάζουν σημαντικά τη διάδοση

της ηλιακής ακτινοβολίας. Η DRE υπολογίζεται στην επιφάνεια της Γης, στο

εσωτερικό της ατμόσφαιρας και στην κορυφή της.

Η κατερχόμενη ηλιακή ακτινοβολία που υπολογίστηκε από το μοντέλο,

συγκρήθηκε επιτυχώς με επίγεια δεδομένα από τους σταθμούς ΕΛΚΕΘΕ και

Φινοκαλιάς, όπως και ο J(O1D) με βάση αντίστοιχα δεδομένα από τη Φι-

νοκαλιά. Η ανάλυση της επίδρασης των αιωρούμενων σωματιδίων στο ισοζύγιο

ακτινοβολίας, στο J(O1D) και στη δυνητική εξάτμιση πραγματοποιήθηκε σε

στιγμιαία/μέση ημερήσια, εποχική και ετήσια βάση. Ποσοτικοποιήθηκε επίσης

η επίδραση των επεισοδίων σκόνης, ενώ εκτιμήθηκαν και αξιολογήθηκαν οι

τάσεις μεταβολής κατά την εξεταζόμενη περίοδο, με βάση αντίστοιχες τάσεις

και επιδράσεις παραγόντων, που περιλαμβάνουν τα αιωρούμενα σωματίδια, τα

νέφη και το ολικό όζον.

Τα αποτελέσματα δείχνουν τάσεις μείωσης στα αιωρούμενα σωματίδια και

στην επίδρασή τους, σε όλες τις περιοχές που εξετάστηκαν. Ωστόσο, οι αλ-

λαγές στο ισοζύγιο ακτινοβολίας καθορίζονται και από άλλους παράγοντες:

η αύξηση της νεφοκάλυψης στο σταθμό του ΕΛΚΕΘΕ αντιστάθμισε τα απο-

τελέσματα της μείωσης της DRE. Παρόμοια, αν και η DRE στο J(O1D) μειώθηκε,
ο J(O1D) δεν αυξήθηκε όπως αναμενόταν, λόγω αύξησης του ολικού όζοντος

στην ατμόσφαιρα. Η παρουσία των αιωρούμενων σωματιδίων μειώνει τη δυν-

ητική εξάτμιση κατά περίπου 0.5 mm σε μέση ημερήσια βάση, φτάνοντας τα 2
mm το καλοκαίρι. Ωστόσο, μία τάση μείωσης των αιωρούμενων σωματιδίων

βρέθηκε σε όλες τις λίμνες που εξετάστηκαν, κατά την περίοδο 2001–2010.

Ανάλογα με τη διαθεσιμότητα των δεδομένων εισόδου του μοντέλου, η

μεθοδολογία που αναπτύχθηκε στην παρούσα εργασία μπορεί να εφαρμοστεί

σε οποιαδήποτε περιοχή ειδικού ενδιαφέροντος στον πλανήτη.
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Abstract

A deterministic spectral shortwave radiative transfer model was used for
the computation of the Earth’s atmospheric radiation budget, based on high
temporal and spatial resolution satellite data of aerosols and atmospheric cli-
matic parameters from the Moderate Resolution Imaging Spectroradiometer
(MODIS) sensor.

The study focused on the evaluation of the aerosol direct radiative ef-
fect (DRE) on the radiation budget components. Due to the high spatial
and temporal variability of aerosols, the DRE, which constitutes a crucial
component of the overall effect of aerosols on climate, is thus also highly
variable.

The aerosol direct effect on the tropospheric ozone photolysis rate, J(O1D),
was also examined, being a dominant sink of tropospheric ozone. We note
that tropospheric ozone contributes to the global greenhouse effect. Thus,
J(O1D) is an important climatic parameter, which needs to be studied us-
ing modelling approaches, due to the scarcity of measuring stations, and
because it takes place primarily below 330 nm, a spectral region where the
aerosol effect is a key operating factor.

The aerosol direct effect on potential evaporation was also assessed. Po-
tential evaporation equals actual evaporation in shallow lakes, and constitutes
a crucial parameter of the hydrological cycle. The aerosol DRE decreases
potential evaporation by decreasing the solar radiation reaching the Earth’s
surface.

The model runs were performed for the period 2000–2010 over several
sites in Greece, which are characterised by high aerosol loads, with unique
characteristics in terms of seasonal variation and origin. Two research sta-
tions in Crete (HCMR/AERONET and Finokalia), were selected due to the
appropriateness of the island for studying Saharan dust episodes, which are
frequent in the wider Eastern Mediterranean, and the availability of ground–
based data for both model supplementary input and validation. The model
was also run over four lakes in Central Greece, which constitute the main
water supply reservoirs of the city of Athens, for the evaluation of the aerosol
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effect on potential evaporation.
MODIS Level 2 data of aerosols, clouds and atmospheric parameters were

analysed and processed, and used as input to the model. These data are
available since 2000, on a daily basis and at 10 km×10 km and 5 km×5 km
spatial resolution. The model takes into account all physical parameters and
processes that affect significantly the solar radiation transfer. The aerosol
DRE is determined at the Earth’s surface, within the atmosphere and at the
top of the atmosphere.

The model output downwelling shortwave radiation was successfully vali-
dated against ground–based measurements at the HCMR and Finokalia sta-
tions and at the four lakes in Central Greece. The model output J(O1D) was
successfully validated against Finokalia station measurements. The analysis
of the aerosol DRE on the model radiation budget, J(O1D) and potential
evaporation was performed on an instantaneous/daily mean, seasonal and
inter–annual basis. Dust event effects were also quantified, and trends during
the period examined were assessed and evaluated in terms of corresponding
trends and effects of operating factors, including aerosols, clouds and total
ozone.

Results show a decreasing trend in aerosols and the corresponding DRE
over all sites examined. Changes in the radiation budget components, how-
ever, are also controlled by other factors; an increase in cloud fraction over
HCMR station counterbalanced the effect that the DRE reduction would
have caused. Similarly, although the DRE on J(O1D) has decreased, J(O1D)
has not increased as was expected, due to an increase in total atmospheric
ozone. The presence of aerosols reduces potential evaporation by about 0.5
mm on a mean daily basis, reaching up to 2 mm in summer. However, a
decreasing trend in the aerosol load and DRE was found over all lakes during
the period 2001–2010.

Depending on the availability of model input data, the methodology de-
veloped in this study is applicable to any region of specific interest over the
globe.
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Introduction

Climate change predictions require knowledge of all the factors that con-
trol climate variability globally. Although the effects of greenhouse gases
are known relatively accurately, due to their long lifetime and homogeneous
global distribution, the effects of aerosols on climate remain uncertain due
to their variability. An adequate representation of aerosol impacts on cli-
mate is required for more reliable predictions of future climate change, under
different future emission scenarios.

The science of atmospheric aerosols has advanced significantly since the
first observations of aerosol effects in the late 18th century, when volcanic
ashes were linked to solar dimming and reduced air temperature (Franklin,
1784). However, until a few decades ago, the lack of sufficient aerosol mea-
surements and uncertainties regarding their actual effects resulted in erro-
neous conclusions and exaggerated estimations of aerosol effects on climate
(Weart, 2008).

The simultaneous development of both satellite and ground–based obser-
vations, in situ measurements and computational efficiency, improved aerosol
monitoring and led the scientific community to a consensus regarding the
categorization of the aerosol effects and the importance of their accurate
estimation. However, a high degree of uncertainty remains; the Intergovern-
mental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4)
concluded that uncertainties associated with changes in Earth’s radiation
budget due to aerosols constitute the largest uncertainty in the radiative
forcing of climate change, among factors that were assessed over the indus-
trial period (IPCC, 2007).

Aerosol inherent characteristics, including their lifetime, which spans from
a few days to a few weeks, and the spatial and temporal inhomogeneity
of their sources and sinks, maintain this uncertainty. This highlights the
importance for their continual and intensive spatial and temporal monitoring.
Networks of ground–based aerosol monitoring stations offer high temporal
resolution, but not adequate spatial distribution. Global aerosol monitoring
can only be achieved using satellite derived measurements.
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INTRODUCTION

Polar orbiting satellite sensors scan the Earth’s surface in 1–2 days, solv-
ing the problem of global coverage. However, the spatial resolution remains
a crucial parameter: due to the highly variable aerosol distributions, the
aerosol effects are much more pronounced on regional scales than on the
global scale. In fact, although several models show good agreement in their
representation of the global mean Aerosol Optical Thickness (AOT), which
in general also agrees with satellite–derived values, large differences exist in
model simulations of regional distributions of AOT (Remer et al., 2009). It
can thus be insufficient or even misleading to place too much emphasis on a
global average.

The Moderate Resolution Imaging Spectroradiometer (MODIS), devel-
oped for the National Aeronautics and Space Administration (NASA) Earth
Observing System (EOS) Terra and Aqua satellites, provides a great op-
portunity for aerosol research. In particular, complete spectral coverage in
key atmospheric bands has spurred the development of new spaceborne algo-
rithms, while moderate but global spatial coverage (10 km× 10 km at nadir
for aerosol parameters) allows for the implementation of retrieval algorithms
at a higher spatial resolution than has previously been possible (Platnick
et al., 2003).

High spatial resolution and global coverage are necessary but insufficient
conditions for the assessment of aerosol effects on climate: both aerosol di-
rect (interaction with atmospheric radiation through absorption and scat-
tering) and indirect (modification of cloud properties and lifetime) effects,
require additional modelling approaches. In particular, the aerosol direct ef-
fect is stronger at the Earth’s surface compared to the Top of the Atmosphere
(TOA), due to aerosol absorption (e.g. Zhou et al., 2005), also exerting large
impacts within the atmosphere, to alter the atmospheric circulation patterns
and water cycle (e.g. Remer et al., 2009). For the estimation of the aerosol
direct effect and its consequences, the description of the radiation field inter-
action with aerosols and its subsequent modification, using an appropriate
radiative transfer scheme, is also necessary.

The aerosol direct radiative effect modifies the solar radiation field in
the atmosphere and has also an impact on other important atmospheric
processes, including atmospheric photochemistry and the hydrological cy-
cle. Specifically, the aerosol direct effect, being a key operating factor in
the ultraviolet spectral region, affects the ultraviolet radiation reaching the
Earth’s surface, and consequently the tropospheric ozone photolysis rate,
J(O1D). The importance of this effect and the need for its accurate assess-
ment, are highlighted by the fact that tropospheric ozone acts both as an
important greenhouse gas and as an indirect controller of greenhouse gas life-
times (IPCC, 2007). Furthermore, the solar radiation reaching the Earth’s
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surface is the dominant factor controlling the evaporation rate from oceans
and lakes, which constitutes the main mechanism for the return of water
to the atmosphere. By modifying the solar radiation field, the presence of
aerosols will also modify this rate and consequently affect the water cycle.
This effect is expected to be important especially in areas with high aerosol
loads and limited water resources.

In the present work, high resolution MODIS daily data of aerosols, clouds
and atmospheric parameters are used for the first time as input to a Short-
wave (SW) spectral radiative transfer model, for the computation of the
atmospheric radiation budget components and the corresponding aerosol di-
rect radiative effect (DRE) and its anthropogenic component (direct radia-
tive forcing, DRF) at 10 km×10 km spatial resolution. The aerosol DRE and
DRF are computed in the SW range of wavelengths, since the corresponding
effect is much smaller in the Longwave (LW), due to the rapid decrease of
aerosol extinction with increasing wavelengths for most aerosol types. The
FORTH radiative transfer model (Vardavas and Taylor, 2011), used here, has
also been used in numerous studies in the past (e.g. Hatzianastassiou et al.,
2005, 2004a,b), typically using climatological data at 2.5◦ × 2.5◦ or 1◦ × 1◦

latitude–longitude resolution, while it has also been successfully validated
using ground–based measurements and intercompared against line–by–line
models (Randles et al., 2013). The study focuses on the island of Crete,
which is representative of the wider eastern Mediterranean basin, a region
of high interest in terms of aerosol research, due to the variety of aerosol
origins, mixture and composition (e.g. Lelieveld et al., 2002). The availabil-
ity of MODIS data on a daily basis for over a decade (2000–present), allows
the examination of both long–term trends and daily variations, including
Saharan dust events, which prevail in this region.

Further to the study of the aerosol direct radiative effect per se, the con-
sequences on J(O1D) and on the evaporation rate are also examined for the
first time at this high spatial resolution. Specifically, J(O1D) is computed us-
ing the FORTH model, and the impact of aerosols is estimated and analysed.
The aerosol direct effect and its long–term trends on potential evaporation
are also investigated over four lakes in Greece, which constitute the main
water supply of Athens.

The results presented in this study give insight to the aerosol direct effect
and its consequences on aspects of atmospheric photochemistry and the water
cycle, over a region very sensitive to climate change, due to the proximity
of Sahara and the influence of the North Atlantic Oscillation, both of which
control atmospheric moisture in the region. In addition, this approach offers
the possibility of discriminating spatial patterns and procedures not evident
using lower resolution data, in any place of interest, where MODIS satellite
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data are available.
In the chapters that follow, a description of the aerosol characteristics,

properties and effects is first given, focusing on the direct effect, the impor-
tance of radiative transfer models for its evaluation and the eastern Mediter-
ranean, as a region of high interest for its study (Chapter 1). The advances
in aerosol remote sensing, both ground–based and satellite, which led to the
present–day sophisticated monitoring instruments, are described in Chap-
ter 2, along with the MODIS sensor and the corresponding products used
here. Ground–based stations in Crete, related to aerosol monitoring and
used for validation purposes, and the procedure used for the MODIS data
pre–processing, are also described in this chapter. Chapter 3 provides a
detailed description of the FORTH radiative transfer model, including its
assumptions, approximations and accuracy. Chapter 4 presents the model
results regarding the aerosol direct effect: validation of model output against
ground measurements, sensitivity analysis, the aerosol direct effect during
dust events, seasonal variation and trends. Estimation and validation of the
aerosol effect on ozone photolysis at the Earth’s surface are presented in
Chapter 5, together with the effect of total column ozone on the photoly-
sis and a trend analysis. Finally, Chapter 6 presents the methodology used
for the estimation of potential evaporation, the aerosol effect and its trends,
separately for each of the four lakes studied.
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Chapter 1

Aerosols in a Changing Climate

1.1 Introduction

The first clues that aerosols, the solid and liquid particles suspended in the
atmosphere, might affect the Earth’s climate, came from volcanic eruptions,
during the 18th and 19th centuries: volcanic dust was reported to dim the sun-
light and reduce the air temperature (e.g. Franklin, 1784; Abbot and Fowle,
1913). As usually happens in scientific enquiries, even before the question
regarding the interconnection between these phenomena was definitely an-
swered, new questions had already emerged: If volcanic emissions can alter
the climate, what about particles from other sources? Could human activity
be such a source?

Lack of sufficient scientific data during the first decades of the 20th cen-
tury prevented researchers from addressing these questions, until almost the
1960s, when public concern started affecting the direction of aerosol research:
understanding the interaction between aerosols and clouds, in the hope of ma-
nipulating the latter, the effects of contrails from an increasing fleet of jet air
planes, airborne particles originating from nuclear weapon tests and ground
level air pollution became primary areas of aerosol research. The increased
focus on the aerosol pollution effects in urban areas, combined with mea-
surements from both urban and remote sites, raised questions about possible
world–wide effects (Weart, 2008).

In the early 1970s, when numerous scientists had already accepted that
the regional to global aerosol effects are worth studying in more detail, the
new question regarded the sign and magnitude of these effects, and their in-
tercomparison with the corresponding greenhouse gases. First results showed
that under specific circumstances, aerosols could produce a warming effect
(e.g. Mitchell, 1970; Idso and Brazel, 1977), while the uncertainty on the
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magnitude of the generally accepted aerosol cooling effect, led to estima-
tions that involved even a possible new ice age (Rasool and Schneider, 1971).
Although the even less understood aerosol interaction with clouds (indirect
effect, Section 1.2.3) added to the overall uncertainty, by the late 1970s, sci-
entists with better data concluded that greenhouse warming would dominate
as a climate forcing agent (Hansen et al., 1978).

In the late 1970s and early 1980s, computer models of aerosol direct
effects on solar radiation started contributing to the scientific findings of the
field (Section 1.3.1). The verification that sulfate aerosols, originating from
volcanoes, could remain in the stratosphere for years, and the new theories of
a possible “nuclear winter” (Kondratyev, 1988) and the dinosaur extinction
due to a fatal planetary cooling caused by an asteroid impact (Alvarez et al.,
1984), led the scientific interest to a planetary–scale viewpoint and awareness.
However, this trend also led most scientists to treat aerosols as a globally
uniform background, disregarding the spatial variability of aerosol emissions
due to human activity (Weart, 2008).

By 1990, it was clear that global climate change was not a matter of CO2

alone, and the role of aerosols had to be quantitatively estimated (Watson
et al., 1990). A shift in viewpoint, now focusing on changes in the energy
balance rather than attempting to calculate surface temperature changes
only, accompanied by advances in laboratory instrumentation and aerosol
remote sensing, led to the current wealth of methods, approaches and data
available for aerosol research. While many uncertainties regarding the aerosol
role and effects on climate remain (Figure 1.4), it is now clear that even for
global–scale studies, the aerosol effects have to be examined on a local to
regional scale.

1.2 Aerosol properties and effects

The term “atmospheric aerosol” encompasses a wide range of particle types,
which have different compositions, sizes, shapes, and optical properties. At-
mospheric aerosol particles are either natural (e.g. desert dust, sea salt,
wildfire smoke, volcanic emissions) or anthropogenic (e.g. industrial emis-
sions, combustion of fuels, biomass burning for agriculture, erosion due to
land use changes). They are further categorized as primary (directly emit-
ted) and secondary (formed in the atmosphere by gas–to–particle conversion
processes, e.g. Seinfeld and Pandis, 2006). Since they are produced mainly
at the Earth’s surface, they are concentrated at the lowest layers of the tro-
posphere, and usually near their production sources. However, their lifetime,
which ranges between a few days and a few weeks, when combined with
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specific meteorological conditions, can lead to their lifting at several kilome-
ters, and their transportation over long distances. The great variation of the
aerosol spatial distribution is caused by the combination of the non–uniform
distribution of their sources and sinks, their short lifetime and the different
removal processes, which include dry deposition (gravitational settling espe-
cially of coarse particles), wet deposition (precipitation) and cloud processing
(particles acting as cloud condensation nuclei (CCN)). Aerosols also exist in
the stratosphere, originating primarily from volcanic eruptions. Although
much less than tropospheric aerosols, their impact can be significant due to
their longer lifetime and their global spreading (e.g. Lenoble et al., 2013).

1.2.1 Aerosol properties

The aerosol optical characteristics, which are used for the evaluation of their
direct radiative effect, depend on the particles’ chemical composition, their
size and their shape. In turn, these physical characteristics depend on the
aerosol origin, atmospheric processing and transport. This complexity in
aerosol characteristics may refer to a single particle, which can be a mixture
of different materials, or an aerosol layer, which usually contains particles of
different sizes, compositions and origins. In addition, air humidity alters the
aerosol optical properties, compared to laboratory measurements.

Aerosol sizes vary from a few molecules (10-3
µm) to a few tens of mi-

crometers in radius. However, most of the aerosol mass is contained in the
size range 0.05 to 10 µm, while this range also causes the major impact on
radiation. According to their size, aerosol particles are categorized roughly
into four modes: the nucleation mode comprises particles with diameters up
to about 0.01 µm, the Aitken mode spans the size range from about 0.01 to
0.1 µm, the accumulation mode extends from 0.1 to 2.5 µm in diameter, while
the coarse mode includes particles with diameter greater than 2.5 µm. Figure
1.1 shows typical examples of aerosol particles in each mode. A more general
categorization divides aerosol particles into “fine” and “coarse” modes, with
a 2.5 µm diameter separating the two modes. A detailed description of the
aerosol size modes, composition and characteristics, can be found in Seinfeld
and Pandis (2006).

Figure 1.1 also shows typical number and volume distributions of aerosols.
While most particles have radii less than 0.1 µm (100 nm), the majority of
the total volume is contributed by particles in the accumulation and coarse
modes. For modelling purposes, mathematical expressions are used to rep-
resent the aerosol size distribution. The lognormal is a typical distribution,
while the bimodal lognormal size distribution assumes a mixture of two dif-
ferent aerosol modes, namely a coarse mode with large particles and a fine
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Figure 1.1: Typical examples of aerosol particles in the different size modes,
along with the corresponding number and volume distributions (Heintzenberg
et al., 2000).

mode with small particles. Although in nature aerosol size distributions are
sometimes complex superpositions of different modes, the bimodal distribu-
tion is regarded as the most appropriate model in aerosol inversion algorithms
(see e.g. Dubovik et al. (2002a), and references therein). Figure 1.2 shows
an example of a bimodal distribution and its seasonal variation, reported
by Fotiadi et al. (2006), using data from the FORTH–CRETE AERONET
station (Section 2.4).

The aerosol optical properties required for the computation of the aerosol
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Figure 1.2: Seasonal variation of aerosol columnar volume size distribution
at the FORTH–CRETE AERONET station (Fotiadi et al., 2006).

layer interaction with radiation and the evaluation of the corresponding
aerosol direct effect (Section 1.2.2), are the AOT, the single scattering albedo,
ωaer, and the asymmetry parameter, gaer. The AOT (also referred to as
aerosol optical depth, AOD, in the literature) is a unitless measure of the
amount of radiation incident on the aerosol layer, that is either scattered
or absorbed by the aerosol particles. Formally, AOT is the integral of the
aerosol extinction coefficient, or total effective cross–sectional area, along a
path length through the atmosphere (see e.g. Vardavas and Taylor, 2011).
The fraction of light that is scattered by the aerosol layer, compared to the
total that is scattered and absorbed, is given by ωaer: values of ωaer range
from 0 for totally absorbing particles to 1 for purely scattering ones. The
asymmetry parameter, also known as asymmetry factor, gives a measure of
the direction of the scattered radiation, compared to the incident one: the
value of gaer ranges from -1 for entirely back-scattering particles, to 0 for
isotropic scattering, to 1 for entirely forward–scattering. A detailed descrip-
tion of the aerosol optical properties is given in Sections 3.6 and 3.8.

Aerosol effects range from local scale, relating to air quality and human
health, to regional and global scales, constituting a crucial factor of global
climate. According to the IPCC, a scientific body established by the United
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Nations (UN) and the World Meteorological Organization (WMO) in 1988
in order to assess the information relevant to climate change and its environ-
mental and socio–economic impacts, climate change related aerosol effects
are categorized into direct, indirect and semi–direct (Forster et al., 2007).

1.2.2 Aerosol direct effect

The aerosol direct effect, also known as Direct Radiative Effect (DRE), is
the mechanism by which aerosols alter the SW and LW radiative balance of
the Earth–atmosphere system, through scattering and absorption of radia-
tion (Figure 1.3). Aerosol DRE studies usually focus on the SW, since the
corresponding effect is much smaller in the LW, due to the rapid decrease of
aerosol extinction with increasing wavelengths for most aerosol types. Even
for dust aerosol loads, the LW DRE is about 10% of the corresponding SW
(Tanré et al., 2003).

The DRE is defined as the energy flux difference between an initial and a
perturbed aerosol loading state, at a specified level in the atmosphere. It is
usually estimated at the Earth’s surface, at TOA and within the atmosphere,
while the initial state usually refers either to the complete absence of aerosols,
or to a typical pre–industrial year when human activity had not yet begun
to exert an accelerated influence on the environment. Furthermore, in order
to distinguish between natural and anthropogenic aerosol DRE, the latter
is called Direct Radiative Forcing (DRF). The SW aerosol DRE is always
negative at the Earth’s surface, due to the reduction of the downwelling
radiation. At TOA, the DRE is either negative or positive, depending on
the surface brightness and the presence of clouds: while over dark surfaces,
such as ocean and vegetation, the TOA DRE is negative (more radiation
reflected back to space when aerosols are present), over bright surfaces, such
as desert, snow and ice, the TOA DRE can become positive (e.g. Chylek
and Wong, 1995; Haywood and Shine, 1995). The aerosol DRE can alter the
atmospheric circulation and the water cycle, including precipitation patterns,
on a variety of length and time scales (e.g. Ramanathan et al., 2001).

1.2.3 Aerosol indirect effect

The aerosol indirect effect is the mechanism by which aerosols modify the
microphysical and hence the radiative properties, amount and lifetime of
clouds (Forster et al., 2007). According to the IPCC Fourth Assessment
Report (AR4), the indirect effect is split into the first and second indirect
effects (Figure 1.3).
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Figure 1.3: Schematic diagram showing the aerosol direct, indirect and semi–
direct effects. Small black dots represent aerosols, circles represent cloud
droplets, straight lines represent SW radiation, and wavy lines LW radia-
tion. CDNC is cloud droplet number concentration and LWC is liquid water
content. (From Forster et al. (2007), modified from Haywood and Boucher
(2000)).

The first indirect effect, also known as “Twomey effect” (e.g. Twomey,
1977) or “cloud albedo effect” (e.g Lohmann and Feichter, 2005), is the mi-
crophysically induced effect on the cloud droplet number concentration and
size, when the liquid water content is held fixed: aerosols, which act as cloud
condensation nuclei (CCN), increase the number of cloud droplets, causing a
reduction in the cloud droplet size. This in turn increases the cloud albedo
(Ramaswamy et al., 2001). The second indirect effect, also known as “cloud
lifetime effect” (e.g. Lohmann and Feichter, 2005) or “Albrecht effect” (Al-
brecht, 1989), is the effect on the cloud lifetime: increased aerosol loading
causes the formation of smaller cloud droplets, which in turn decrease the
precipitation efficiency and thereby prolong the cloud lifetime (Lohmann and
Feichter, 2005). According to the IPCC AR4, while the cloud albedo effect
is considered a purely radiative effect, the cloud lifetime effect involves feed-
backs with the climate system that increase the uncertainties on its impacts.
It is obvious, however, that the two indirect effects cannot be easily separated
from each other: the processes that decrease the cloud droplet size per given
liquid water content (albedo effect), also decrease precipitation production,
presumably prolonging cloud lifetime (Denman et al., 2007).
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1.2.4 Aerosol semi–direct effect

The aerosol semi–direct effect refers to the changes in atmospheric proper-
ties and cloud cover, caused by the absorption of SW radiation by aerosol
particles: absorbing aerosols heat the surrounding air, preventing the con-
densation of water vapor into clouds, or dissipating existing ones. The overall
result is a reduction in cloudiness (Ackerman et al., 2000). Furthermore, by
heating an atmospheric layer, aerosols cause an enhancement in atmospheric
stability and reduction in convection of moisture, which also result in re-
duced cloud formation (Koren et al., 2004). According to the IPCC Fourth
Assessment Report, the aerosol semi–direct effect is not strictly considered
as a radiative forcing agent, due to the interdependence between it and the
hydrological cycle (Forster et al., 2007).

1.3 Studying the aerosol direct effect

For the study of aerosol effects, observations and measurements of aerosol
amount, properties and distribution are necessary. Over the past decades,
these measurements have substantially improved, based on advances in four
main research fields (Remer et al., 2009): improvement of satellites and re-
mote sensing techniques for retrieval of aerosol properties and their spatio–
temporal distribution (Section 2.1.1), execution of numerous field campaigns
in various aerosol regimes, establishment and continuous improvement of
aerosol ground–based networks (Section 2.1.2), and development of enhanced
instrumentation and retrieval algorithms which can determine various aerosol
properties (e.g. Section 2.3). However, despite all these advances, the un-
certainties regarding the aerosol effects remain high. Figure 1.4 shows the
main radiative forcing components, along with their global mean values, their
spatial scale and the corresponding level of scientific understanding in 2007
(Solomon et al., 2007). While it is clear that aerosols induce a negative ra-
diative effect (cooling), the range of uncertainty is very high for both direct
and indirect effects, and the corresponding scientific understanding remains
medium to low.

The study of the aerosol direct effect can be broadly separated into two
approaches, namely measurement–based and model–based estimations. The
measurement–based approach relies on observations of aerosol properties
from satellite sensors, ground instruments and field campaigns. When the
aerosol optical properties required are available from observations, a Radia-
tive Transfer Model (RTM) can be used for the estimation of the DRE at
TOA and at the surface (e.g. Remer and Kaufman, 2006). Due to the lack
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Figure 1.4: Global average values and uncertainty ranges of the main ra-
diative forcing components. Their typical geographical extent (spatial scale)
and level of scientific understanding (LOSU) are also shown (Solomon et al.,
2007).

of sufficient satellite–derived aerosol optical properties to be used as input to
the RTMs, satellite retrievals are usually integrated with corresponding data
from model simulations (e.g. Yu et al., 2003, 2004).

The modelling approach is based on various types of models, which pro-
vide a variety of methods for understanding the aerosol effects on climate.
Chemical Transport Models (CTMs) are used to test current understand-
ing of the processes controlling aerosol spatial and temporal distributions,
including aerosol and precursor emissions, chemical and microphysical trans-
formations, transport and removal. CTMs are used to describe the global
aerosol system and to make estimates of the DRE. The overall climate re-
sponse to these effects is usually assessed by General Circulation Models
(GCMs), which have the capability of including aerosol processes as a part
of the climate system to estimate aerosol climate forcing, including the DRE,
as well as aerosol–cloud interactions and feedbacks (Rind et al., 2009).

Climate models are essential tools for studying aerosols, when remote
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sensing or in situ measurements are not available: reproduction of the his-
torical evolution of aerosol distribution and effects since the pre–industrial
period, and estimation of future climatic scenarios, can only be assessed using
models. The modelling approach has been substantially improved during the
last two decades. The fact that in the IPCC First Assessment Report (Tegart
et al., 1990) climate change simulations included only increases in greenhouse
gases, is indicative of this progress. However, the role of aerosol remote sens-
ing and RTMs remains crucial. In fact, along with the improvement of CTMs
and GCMs, there has been a simultaneous shift of the present–day aerosol
DRE estimation from model–based methods (as in the IPCC Third Assess-
ment Report), to measurement–based methods (Yu et al., 2009).

Remotely sensed aerosol observations are required to provide both con-
straints and validation to the models: they can be compared with, or used in
place of assumed model values, and are particularly important if the model
is to be used in projections of future climate states that would result from
assumed future scenarios. Validation of model output regarding aerosol prop-
erties is also based on aerosol measurements collocated in space and time.
This interconnection explains the simultaneous progress in both models and
aerosol remote sensing techniques (Section 2.1) during the past two decades.

In both approaches, measurement–based and model–based, RTMs are a
prerequisite for the evaluation of the aerosol DRE. Reliable estimations of
the effect of aerosols on solar radiation, compared to a hypothetical reference
state (total absence of aerosols or pre–industrial aerosol concentrations), re-
quire a simulation of the solar radiation transfer through the atmosphere
and its interaction with the aerosol particles, using an appropriate radiative
transfer scheme.

1.3.1 Radiative Transfer Models

All RTMs are ultimately based on the fundamental equation of radiative
transfer, which describes the modification of the radiation field as it traverses
an atmosphere, due to absorption, scattering and emission effects from both
the atmospheric molecules and the surface (e.g. Vardavas and Taylor, 2011).

A typical approximation in most one–dimensional RTMs is the “plane–
parallel”, whereby the atmosphere is divided in simple, internally homoge-
neous layers, while temporal and horizontal variations are neglected. The
plane–parallel approximation can be safely assumed, if the extent of the at-
mosphere is negligible compared to the planetary radius, as in the Earth’s
case, it is expected however to produce systematic errors at large solar zenith
angles, due to different atmospheric columns. In a plane–parallel atmo-
sphere, aerosols can be represented as one (or more) scattering and absorbing
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layer(s). The aerosol DRE is then estimated as the difference between two
model outputs, computed by including and omitting the aerosol layer(s),
respectively.

Important characteristics of a RTM that determine its capabilities and ac-
curacy include the spectral range and resolution (number of bands considered
in the Ultraviolet (UV), visible and Near Infrared (NIR)), the approxima-
tion used to solve the radiative transfer equation, the multiple scattering and
gaseous transmission (transmission database) schemes used, and the vertical
resolution (number of atmospheric layers considered).

In terms of spectral resolution, the highest accuracy is achieved by line–
by–line models (e.g. Edwards, 1992), which treat transmittance explicitly, by
calculating the contribution of each spectral line for all molecules in each at-
mospheric layer. The data required for the theoretical calculations of molecu-
lar transmittances are available from databases such as the HIgh–resolution
TRANsmission molecular absorption database (HITRAN, Rothman et al.,
2009). For computationally more efficient calculations, the model spectral
resolution is reduced, and replaced with parametrizations, which also reduce
the accuracy. In models with lower spectral resolution, gaseous transmit-
tance is generally achieved using either the correlated–k approximation (e.g.
Lacis and Oinas, 1991) or the exponential–sumfit method (e.g. Wiscombe
and Evans, 1977).

The most common approach for the solution of the radiative transfer
equation is the two–stream approximation, whereby only two directions of
the radiation field are considered, incoming and outgoing (e.g. Vardavas and
Taylor, 2011). The two–stream approximation is computationally efficient
and sufficiently accurate. Multi–stream approximations are used when higher
accuracy is required, e.g. in line–by–line models (e.g. Randles et al., 2013).
Multiple scattering schemes include the discrete–ordinate method (Stamnes
et al., 1988), variations of the Eddington approximation (e.g. Joseph et al.,
1976) and the matrix–operator method (Plass et al., 1973). As reported by
Randles et al. (2013), most models use the Delta–Eddington approximation,
described in detail in Section 3.11.

There are two main sources of uncertainties in estimates of the aerosol
DRE using RTMs: a) uncertainties in the knowledge of aerosol optical prop-
erties and the way they are parameterized, and b) the treatment of radiative
transfer, including the accuracy of the method, its spectral resolution and
the treatment of molecular and multiple scattering. During the past decades,
progress in both aerosol remote sensing (Sections 2.1.1 and 2.1.2) and com-
putational methods, led to the simultaneous improvement of aerosol DRE
estimations based on RTMs. Numerous RTM intercomparisons also helped
to this end (Fouquart and Bonnel, 1991; Boucher et al., 1998; Halthore et al.,
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2005; Randles et al., 2013). The FORTH Radiative Transfer Model, de-
scribed in detail in Chapter 3, was successfully tested and validated against
line–by–line model results during the latest RTM intercomparison experi-
ment (Randles et al., 2013).

1.4 Aerosols in the Eastern Mediterranean

In terms of climate change, the eastern Mediterranean region (Figure 1.5)
is a sensitive area of high interest, especially due to the observed decreasing
precipitation and increased droughts (Trenberth et al., 2007), and the con-
sequent imminent desertification, which is also foreseen by future climatic
projections (Meehl et al., 2007).

Numerous studies regarding aerosol characteristics and their effects have
focused on this region, showing that it is multiply affected by air pollution
from different sources and at different atmospheric levels. The main aerosol
transport patterns include anthropogenic air pollution from Europe, which
peaks in summer, and mineral dust from northern Africa and Middle East,
especially during spring and autumn (e.g. Mihalopoulos et al., 1997; For-
menti et al., 2001; Andreae et al., 2002; Lelieveld et al., 2002). Aerosols from
sea spray and seasonal biomass burning (Formenti et al., 2002), and anthro-
pogenic emissions from big cities, including Istanbul, Cairo and Athens (e.g.
Kanakidou et al., 2011; Im and Kanakidou, 2012), also contribute to the over-
all aerosol load in the area. This complexity results in a mixture of aerosol
types with different origins, compositions and characteristics. Subsequent
studies have confirmed these findings, using both ground–based and satellite
observations.

Aerosol data from various meteorological, lidar and Aerosol Robotic Net-
work (AERONET) stations in the central and eastern Mediterranean, sup-
plemented by satellite observations, have been used in the past to assess
aerosol load, composition and seasonal variations. Major station locations
include Athens (e.g. Papayannis et al., 2005; Papayannis and Balis, 1998),
Thessaloniki (e.g. Koukouli et al., 2006; Balis et al., 2004), Crete (Section
2.4), Lampedusa (e.g. Pace et al., 2006; di Sarra et al., 2001), Erdemli (e.g.
Vrekoussis et al., 2005; Kubilay et al., 2003), Nes Ziona and Sede Boker (e.g.
Israelevich et al., 2003; Holben et al., 2001). The locations of these stations
are shown in Figure 1.5. Studies focusing on these sites confirmed both the
complex compositions and origins, and the very high aerosol loads, compared
to other regions or the global average.

Although the above mentioned sites are representative of the wider east-
ern Mediterranean, the spatial distribution of aerosols and their DRE can
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Figure 1.5: The eastern Mediterranean region and the locations of seven
major aerosol research stations: Lampedusa, Thessaloniki, Athens, Crete,
Erdemli, Nes Ziona and Sede Boker. (Image courtesy: NASA Blue Marble).

only be assessed using satellite–derived data and radiation transfer calcu-
lations. Hatzianastassiou et al. (2009) studied the spatial distribution of
natural and anthropogenic aerosols in the eastern Mediterranean for the pe-
riod 1980–2005, using AOT data from Total Ozone Mapping Spectrometer
(TOMS) and MODIS sensors with 1◦ × 1◦ spatial resolution. They found
strong spatial inhomogeneities and a significant seasonal cycle: the largest
AOTs are reported over deserts and attributed to natural sources (desert
dust), while large cities also exhibit large AOT values, due to local anthro-
pogenic pollution sources. The intra–annual variation comprise maximum
AOT values in spring, due to Saharan dust events, secondary maxima during
summer, due to transport of continental aerosols from Europe, and minima
in winter.

Papadimas et al. (2008) and Gkikas et al. (2009) found a similar intra–
annual variation, examining the AOT spatial distribution over the broader
Mediterranean basin for the 2000–2006 period, and the frequency and inten-
sity of aerosol events for the 2000–2007 period, respectively, using MODIS
Level 3 (1◦ × 1◦ spatial resolution) data. Papadimas et al. (2008) also re-
ported a decreasing trend in AOT during summer, probably due to decreased
emission rates of anthropogenic pollution, and a corresponding increase in
winter, related to decreased precipitation. Furthermore, Gkikas et al. (2009)
found a gradual decrease in the frequency of aerosol episodes, accompanied
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by an increase in their intensity.
Focusing on the AOT spatial distribution over Greece, Athanassiou et al.

(2013) used higher resolution data (50 km×50 km, derived from MODIS Level
2 10 km × 10 km data) for the 8–year period from March 2000 to February
2008, and found significant spatial and seasonal variability, including increas-
ing AOT values from north to south, due to the presence of high loads of
Saharan dust in Southern Greece, and high values in the eastern part of the
Greek peninsula, due to high emissions of anthropogenic aerosols. They also
report maximum AOT values in spring and summer and minimum in winter.

So far, the only study that has focused on the broader Mediterranean
basin in order to estimate the aerosol DRE using satellite data and radia-
tive transfer computations, was conducted by Papadimas et al. (2012). They
calculated the aerosol DRE for the 7–year period from March 2000 to Febru-
ary 2007, at a spatial resolution of 2.5◦ × 2.5◦ latitude–longitude and on a
monthly mean basis, using the FORTH RTM (Chapter 3) and aerosol data
from MODIS Level 3 and Global Aerosol Data Set (GADS) (Köpke et al.,
1997). They found that aerosols modify significantly the regional solar radia-
tion budget, by inducing a planetary cooling, except for bright land surfaces,
such as the desert and the Alps. The atmosphere is heated due to enhanced
absorption, while the surface is cooled through reduced downwelling radia-
tion. The maximum absolute DRE values were found in spring and summer,
and the minimum in winter. Furthermore, they report a decreasing trend in
the magnitude of DRE, due to decreasing aerosol load, which was attributed
to reduced emissions of aerosols and aerosol precursors, combined with an
increased aerosol removal by enhanced precipitation.

Both station and satellite based studies in the eastern Mediterranean,
confirm the uniqueness of the island of Crete as an ideal site for aerosol re-
search. The analysis and results presented in the following chapters, highlight
the representativeness of Crete regarding the wider eastern Mediterranean,
while ground–based data from FORTH–CRETE AERONET, Hellenic Cen-
tre for Marine Research (HCMR) and Finokalia stations on Crete (Section
2.4) are used both for validation purposes and as supplements to satellite
model input data.
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Chapter 2

Aerosol Remote Sensing

2.1 Introduction

Aerosol remote sensing can be separated into two broad categories: space–
based observations and ground–based measurements. During the past two
decades, numerous field campaigns have also contributed to aerosol measure-
ments, combining ground observations with satellite, aircraft or balloon data.
However, these campaigns, each one focusing on a specific area of interest,
provide limited data in terms of spatial and temporal coverage.

2.1.1 Aerosol monitoring from satellite observations

Inference of aerosol properties from satellites relies on the interaction of elec-
tromagnetic radiation scattered and/or absorbed by the atmospheric con-
stituents and the Earth’s surface. Radiation is received by two basic types
of sensors: passive and active. Passive sensors record radiation emitted by
the Sun and reflected back to the sensor, while active sensors receive energy
emitted by the sensor itself (Lee et al., 2009).

Passive satellite remote sensing of aerosols has been performed for over
three decades, although early aerosol monitoring from space used data from
sensors that were designed for other purposes. The first satellite observa-
tion of aerosols was performed by the Multi–Spectral Scanner (MSS) sensor
onboard NASA’s Earth Resources Technology Satellite (ERTS–1, renamed
Landsat); Griggs (1975) showed that the AOT could be estimated using a
linear relationship which correlated the upwelling Earth–Atmosphere radi-
ance and AOT. Validation of the satellite based AOT against ground mea-
surements, made with a photometer at two test sites, determined a ±10%
accuracy of the method.
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The first operational aerosol product was generated based on data from
the Advanced Very High Resolution Radiometer (AVHRR), launched in 1978
onboard TIROS–N satellite and originally intended for weather observations.
Evolution of the AVHRR single–channel algorithm for AOT retrieval included
several phases and was implemented in successive sensors launched on board
National Oceanic and Atmospheric Administration (NOAA) satellites. The
algorithm scaled the upwelling satellite radiances, over oceans and under
cloud–free conditions, to AOT, using an RTM and assuming different types of
aerosol models (Stowe et al., 1997). A dual–channel algorithm has also been
implemented, which derived AOT at two wavelengths (0.65 and 0.85 µm) and
the corresponding Angstrom exponent Å(Ignatov and Stowe, 2002).

The longest measurement record of global aerosols (over both ocean and
land) from space has been provided by TOMS, onboard NASA’s Nimbus–7
(1979–1992) and Earth Probe (1996–2006) satellites, which was replaced by
the Ozone Monitoring Instrument (OMI) onboard NASA’s Aura satellite in
2006. While TOMS was originally designed for ozone monitoring, the ratio
of its 331 and 360 nm channels, which is sensitive to absorbing aerosols, was
used for the derivation of an Aerosol Index, a measure of the presence of
UV–absorbing aerosols, such as dust and soot (Hsu et al., 1996). AOT and
single scattering albedo have also been derived from TOMS measurements,
with uncertainties 20–30% and ±0.03, relative to AERONET observations,
respectively (Torres et al., 2002, 2005).

While both the satellite sensor technology and the algorithms for aerosol
retrieval were dramatically improved over the past 30 years, the underlying
concept remains the same: the SW radiation detected by a satellite sensor is
composed of solar radiation reflected by the Earth’s surface as well as radi-
ation scattered by the atmosphere in the direction of the sensor. Radiation
reflected from the surface also interacts with the atmosphere, and thus its
spectral and angular properties are affected both by the atmosphere and the
surface. This radiation can either be absorbed by gases and aerosol parti-
cles, or scattered to the sensor through single backscattering by an aerosol
particle or by a series of forward and/or backward scattering events in the at-
mosphere (King et al., 1999). After correcting for scattering and absorption
by other atmospheric constituents, the signal contributed by atmospheric
aerosol scattering needs to be decoupled from that contributed by surface
reflectance.

The first algorithms developed, used radiation data from a single channel
and retrieved AOT in the same wavelength (e.g. Nagaraja Rao et al., 1989;
Stowe et al., 1997). These algorithms were limited to dark surfaces with low
and uniform reflectivity, such as oceans, since, due to the lower reflection of
the ocean’s surface, the corresponding signal component is easily eliminated.
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Inclusion of radiation measurements from more than one channel, allowed the
retrieval of additional aerosol characteristics, such as the Angstrom exponent
(e.g. King et al., 1999; Lee et al., 2009). Spectral information also allowed
aerosol retrieval over dark land surfaces, such as green vegetation, whereby
spectral characteristics of this land cover type, known a priori, are used in
the algorithm to infer AOT over land (Kaufman et al., 1997a).

Most of the modern aerosol products are based on data from instruments
with a single sampling of the angular domain, which suffer from the limita-
tion of a priori assumptions about the spectral properties of the underlying
surface. Use of multiple view–angle imagery allows an additional constraint
to be placed, since the same area of surface is viewed through different at-
mospheric path lengths. The principal advantage of a multiple view–angle
approach is that no a priori information of the surface spectrum is required
and aerosol properties can be retrieved over all surface types, including bright
surfaces, such as arid or snow covered land. Another main advantage is that,
by eliminating the dark target limitations, the spatial resolution of the al-
gorithm output can be significantly improved. A limitation of the angular
approach is that the algorithms require accurate co–registration of the im-
ages acquired from multiple view angles. Several multi–angle approaches for
aerosol retrieval have been developed in the past (e.g. Leroy et al., 1997;
Martonchik et al., 1998; Grey et al., 2006; Diner et al., 2009; Frankenberg
et al., 2012). Most of them use data from MISR (Multi–angle Imaging Spec-
troradiometer), POLDER (Polarization and Directionality of the Earth’s Re-
flectances) and the Advanced Along–track Scanning Radiometer (AATSR)
sensors. An algorithm recently developed by North et al. (2009), exploits
the advantages of the multiple view–angle approach for aerosol retrieval, by
synergistically combining data from the Medium Resolution Imaging Spec-
trometer (MERIS) and the AATSR sensors, both onboard the Envisat satel-
lite. The MERIS/AATSR algorithm, along with a global validation of the
retrieved AOT against AERONET and MODIS observations, are presented
in Appendix A. The same synergy AOT data, along with MODIS AOT and
atmospheric parameters, have been used for the estimation of Particulate
Matter (PM) concentrations in Athens, Greece, using a multiple regression
approach (Appendix B).

While only columnar information on aerosol parameters can be retrieved
from passive sensors, the use of active sensors (lidars) allows the retrieval
of information regarding the aerosol vertical distribution, through analysis
of the lidar backscatter signal. The Cloud–Aerosol Lidar with Orthogonal
Polarization (CALIOP) sensor onboard NASA’s Cloud–Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO) satellite, operational
since 2006, is a typical example; its aerosol products include aerosol layer
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height, physical thickness and AOT (Winker et al., 2010, 2009).

2.1.2 Aerosol monitoring from ground measurements

Ground–based aerosol observations are based primarily on Sun photome-
try, whereby a photometer pointing at the Sun measures its direct radiance.
Although the technology involved has substantially advanced (Holben et al.,
1998) since the first analog instrument presented by Volz (1959), the physical
principle and method used remain the same: the solar radiation measured
at the surface is a function of the solar extraterrestrial radiation reaching
the Earth’s orbit, attenuated by absorption and scattering processes in the
Earth’s atmosphere. The spectral atmospheric extinction of the direct solar
radiance is described by the Beer–Lambert–Bouguer exponential decay law:

Iλ = I0λexp(−mτλ), (2.1)

where Iλ is the radiation measured at the sensor, I0λ the incoming radia-
tion at TOA, m is the optical air mass, equal to 1/ cos z, with z the solar
zentih angle, and τλ the atmospheric extinction optical depth. Depending
on the wavelength λ where the measurement takes place, the corresponding
aerosol extinction optical depth can be inferred after removing the Rayleigh
scattering and molecular absorption optical depths (Shaw, 1983).

Except for direct Sun measurements, valuable information regarding the
aerosol properties can be obtained from sky (diffuse) radiance measurements.
Several methods have been proposed (e.g. Nakajima et al., 1983, 1996;
Dubovik and King, 2000), whereby sky radiance measurements in different
angles on the almucantar plane (a circle on the celestial sphere parallel to
the horizon, with altitude defined by the solar zenith angle), are combined
with direct Sun measurements to retrieve aerosol information additional to
the AOT. Aerosol parameters retrieved by inversion of such multi–angular
and multi–spectral measurements of atmospheric radiances include particle
size distribution, complex refractive index, phase function and single scatter-
ing albedo (Dubovik and King, 2000). As in satellite aerosol remote sensing,
lidar measurements are also routinely used from ground stations to retrieve
information on the aerosol vertical distribution.

Several networks of ground aerosol monitoring stations are presently oper-
ational, such as the AERONET (described in detail in Section 2.3), with sta-
tions worldwide, the Sky radiometer Network (SKYNET; Hashimoto et al.,
2012; Kim et al., 2005), with stations located mainly in the Eastern Asia and
Japan, and the China Aerosol Remote Sensing Network (CARSNET; Che
et al., 2009). Aerosol vertical distribution information is also being monitored
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by lidar networks, such as the Micro Pulse Lidar Network (MPLNET, Wel-
ton et al., 2001), with numerous stations collocated with AERONET stations
globally, the European Aerosol Research Lidar Network (EARLINET, Pap-
palardo et al., 2009), with 27 stations distributed over Europe and the Asian
Dust and Aerosol Lidar Observation Network (AD-Net, Sugimoto et al.,
2010), with about 20 stations in East Asia. Along with others, these net-
works are coordinated by the Global Atmosphere Watch (GAW) aerosol pro-
gramme of the World Meteorological Organization, which has organized the
GAW Aerosol Lidar Observation Network (GALION, Bösenberg and Hoff,
2007), a network of networks with primary objectives the harmonization and
integration of aerosol measurements globally.

2.2 The MODIS sensor

MODIS is a sensor on board the NASA Earth Observing System (EOS) Terra
and Aqua satellites (Salomonson et al., 1989; Barnes et al., 1998). A sketch
of Terra satellite, with its technical characteristics and sensors, is shown in
Figure 2.1. Terra was launched on December 18, 1999 and Aqua on May 4,
2002. Both satellites are polar orbiting at a height of about 700 km, with a
wide swath (±55◦ or about 2330 km), which covers the entire Earth’s surface
every 1 to 2 days, while high latitude regions are covered more than once
daily. Terra and Aqua cross the equator at approximately 10:30 and 13:30
local time, respectively. MODIS acquires data in 36 spectral bands, ranging
from the visible through the NIR and mid–infrared to the thermal infrared
(0.405-14.385 µm). MODIS data are being used operationally to provide a
variety of geophysical parameters employed in monitoring the Earth’s land,
ocean and atmosphere. The MODIS 36 bands, their bandwidth and primary
use are shown in Table 2.1 (MODIS, 2013). Their spatial resolution ranges
between 250 m (bands 1–2), 500 m (bands 3–7) and 1000 m (bands 8–36). It
should be noted that these pixel resolutions refer to the MODIS nadir view.
Due to the Earth’s spherical geometry and the wide MODIS swath, pixels
increase to nearly their double size at the swath edges.

MODIS data files are stored in Hierarchical Data Format (HDF). Sev-
eral parameters are grouped and stored in the same HDF file as Scientific
Data Sets (SDS). Each file covers a five–minute time interval of measure-
ments. There are three main levels of products generated from the data
collected by the sensor. Level 1 products include scans of raw radiance mea-
surements, geolocation, calibrated radiances and cloud mask. The Level 2
products comprise geophysical parameter data retrieved from the Level 1
data by application of geophysical parameter algorithms. Level 3 processing
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Figure 2.1: Artist’s sketch of Terra spacecraft with technical specifications
and instrument locations labelled. Credit: NASA.

uses Level 2 products to produce Earth–gridded geophysical parameter data,
which have been statistically processed both spatially and temporally. Fig-
ure 2.2 shows the data processing architecture and data products that are
used in processing MODIS atmospheric properties (adapted from Parkinson
and Greenstone, 2000).

MODIS Level 2 data are categorized into 3 groups of products, namely
Atmosphere, Land and Ocean parameters. The Level 2 Atmosphere param-
eters, used in this study, are further divided into 4 groups: the Aerosol, the
Water Vapor, the Cloud and the Atmospheric Profile Products. A concise
description of the MODIS atmosphere data products can be found in King
et al. (2003).

2.2.1 The Aerosol product

MODIS Level 2 Aerosol products are derived separately over three environ-
ments: dark–surface (far from sun glint) ocean targets (Remer et al., 2005),
dark surface land targets (Levy et al., 2007) and bright surfaces (deserts)
land targets (Hsu et al., 2004). The products are organized in collections
(Levy et al., 2009), whereby each successive collection consists of products
that were generated by a major revision of the retrieval algorithm. While
the algorithm was conceived and developed prior to Terra launch (Kaufman
et al., 1997a; Tanré et al., 1997), and the latest operational collections are
005 and 051, the theoretical basis remains the same: the algorithm operates
by matching observed spectral reflectance to Look–Up Table (LUT) that
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Table 2.1: MODIS bands, bandwidths and primary applications (adapted
from MODIS, 2013).

Band # Bandwidth (µm) Primary Use
1 0.620–0.670 Land/Cloud/Aerosols
2 0.841–0.876 Boundaries
3 0.459–0.479 Land/Cloud/Aerosols
4 0.545–0.565 Properties
5 1.230–1.250
6 1.628–1.652
7 2.105–2.155
8 0.405–0.420 Ocean Color/
9 0.438–0.448 Phytoplankton/

10 0.483–0.493 Biogeochemistry
11 0.526–0.536
12 0.546–0.556
13 0.662–0.672
14 0.673–0.683
15 0.743–0.753
16 0.862–0.877
17 0.890–0.920 Atmospheric
18 0.931–0.941 Water Vapor
19 0.915–0.965
20 3.660–3.840 Surface/Cloud
21 3.929–3.989 Temperature
22 3.929–3.989
23 4.020–4.080
24 4.433–4.498 Atmospheric
25 4.482–4.549 Temperature
26 1.360–1.390 Cirrus Clouds
27 6.535–6.895 Water Vapor
28 7.175–7.475
29 8.400–8.700 Cloud Properties
30 9.580–9.880 Ozone
31 10.780–11.280 Surface/Cloud
32 11.770–12.270 Temperature
33 13.185–13.485 Cloud Top
34 13.485–13.785 Altitude
35 13.785–14.085
36 14.085–14.385
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Figure 2.2: MODIS Atmosphere data processing architecture and products
(Parkinson and Greenstone, 2000).
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simulate spectral reflectance for expected aerosol conditions.
Both the land and ocean aerosol algorithms take as input the Level 1 cal-

ibrated and geolocated reflectances. Algorithm input also includes the Level
2 cloud mask product and the atmospheric profile product, as well as H2O
and O3 profile data from the National Centres for Environmental Prediction
(NCEP), as described in Remer et al. (2005). All reflectance pixels are aggre-
gated in 10 km×10 km boxes. In bands with spatial resolution 500 m×500 m,
each 10 km× 10 km box contains 20× 20 = 400 pixels. Reflectances are cor-
rected for atmospheric H2O, O3 and CO2, while cloud mask data are used to
mask cloudy and snow or ice covered pixels. The categorization of each initial
pixel as a “land” or “water” pixel, also included in the cloud mask product,
is used in the algorithm pre–processing: if all 400 pixels in the 10 km box
are “water” pixels, the algorithm proceeds with the over-ocean retrieval. If
any pixel is land, then it proceeds with the over-land retrieval (Levy et al.,
2009).

Above land, in order to discard bright surfaces, only dark pixels are se-
lected, based on their reflectance in band 7 (2.13 µm). To be selected, a
pixel must fall within the range 0.01 ≤ ρ2.13 ≤ 0.25. The selected pixels are
then sorted based on their visible reflectance (ρ0.66): the darkest 20% and
brightest 50% are also discarded, to avoid possible contamination by clouds
or cloud shadows. If at least 12 pixels remain (out of 400), mean reflectances
are calculated at 0.47, 0.66 and 2.13 µm. The surface reflectances at 0.47 and
0.66 µm are then derived from the mean TOA reflectance at 2.13 µm, using
the Kaufman et al. (1997a) empirical relationships. The 0.47 and 0.66 µm
TOA and surface reflectances are used as input to the model LUT, to retrieve
AOT values at the same wavelengths. The LUT comprises several aerosol
models, with specific size distribution parameters and single scattering albe-
dos (Table 1 in Remer et al., 2005). The algorithm output includes AOT
at 0.47, 0.66 and 0.55 µm, inferred from the corresponding Angstrom expo-
nent, as well as the fraction of AOT contributed by the fine mode (fine mode
fraction). A detailed description of the algorithm is given in Remer et al.
(2005).

Over ocean, after correcting radiances for atmospheric gases and cloud
masking, two additional masks are applied, one for ocean contaminated by
river sediments and the other for Sun glint, since the algorithm is designed
to retrieve only over dark ocean (Remer et al., 2005). For the inversion
procedure, all reflectances from MODIS bands 1–7 are used (Table 2.1). The
LUT consists of four fine mode and five coarse mode aerosol models, and
the solution, which results from minimizing an error metric, is a combination
of a fine and a coarse mode. The algorithm output includes AOT at 7
wavelengths (bands 1–7), fine mode fraction and the aerosol effective radius,
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which is the ratio of the third and second moments of aerosol size distribution.
The aerosol asymmetry factor, a crucial parameter for the radiation transfer
computations described in Chapter 3, is also available over ocean at the same
seven wavelengths, as a diagnostic parameter (Remer et al., 2005).

All collections of the MODIS Level 2 Aerosol product, both over land and
ocean, have been thoroughly validated by the MODIS atmosphere science
team as well as by independent researchers worldwide. Ichoku et al. (2002)
developed a framework for the spatio–temporal intercomparison of MODIS
AOT with corresponding AERONET measurements. The major validation
studies (Chu et al., 2002; Ichoku et al., 2002, 2005; Remer et al., 2005; Levy
et al., 2010) followed this framework and included data sets with thousands
of pairs of MODIS and AERONET collocated AOT globally. This method,
also used in the present study, is described in detail in Section 2.4.1.

2.2.2 The Cloud product

The MODIS Level 2 Cloud products include cloud detection and masking,
cloud–top properties (pressure, temperature, effective emissivity), thermo-
dynamic phase, and optical and microphysical properties (optical thickness,
particle size, water path). With the exception of a 250 m cloud mask, all
cloud products are at a scale of 1 or 5 km.

The Cloud Mask algorithm employs a variety of cloud detection tests, to
indicate a level of confidence that MODIS is observing a clear or cloudy–sky
scene. The algorithm uses 20 of the 36 MODIS bands to maximize reliable
cloud detection (Ackerman et al., 2010). The product is derived globally
during both day and night, at 1 km× 1 km pixel resolution.

Cloud–top properties and cloud amount are derived using the CO2 slicing
algorithm (Menzel et al., 1983; Wylie and Menzel, 1999), which takes advan-
tage of the differing partial absorption in the MODIS infrared bands located
within the broad 15 µm CO2 absorption region (bands 31–36 in Table 2.1).
Due to the difference in CO2 absorption as the wavelength increases from
13.3 to 15 µm, each band is sensitive to a different level in the atmosphere,
allowing the derivation of cloud–top properties in a wide range of pressure
levels. The products are generated at 5 km×5 km spatial resolution (Menzel
et al., 2010).

While cloud–top properties retrieval is based on thermal infrared bands
only, SW infrared and midwave infrared bands are also used for the retrieval
of optical and microphysical properties. The retrieval is based on MOD-
TRAN4 library calculations (Berk et al., 1998) of plane–parallel homoge-
neous clouds, considering different size distributions for liquid and ice clouds
(Platnick et al., 2003; King et al., 1997). Cloud optical and microphysical
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properties are derived at 1 km× 1 km spatial resolution.

2.2.3 The Atmospheric Profile product

The Atmospheric Profile Product includes profiles of temperature and mois-
ture, as well as surface temperature, total column ozone and precipitable
water. The retrievals are performed using clear–sky radiances measured by
MODIS at 5 km × 5 km spatial resolution, over land and ocean. The algo-
rithm uses 11 bands (bands 25–36 in Table 2.1) for the derivation of the
products. Since all these bands are in the infrared, the output is available
for both day and night (Seemann et al., 2003).

The retrieval algorithm is based on a statistical regression between ra-
diances and corresponding atmospheric profiles, utilizing a large sample of
atmospheric temperature and moisture soundings, and collocated radiance
observations. Since actual MODIS measurements are not always well collo-
cated in space and time with radiosonde profiles, radiative transfer calcula-
tions are also involved. After the estimated atmospheric profiles are obtained,
integration yields the total column ozone and precipitable water (Seemann
et al., 2006; Borbas et al., 2011).

2.3 The AERONET stations network

AERONET is a global network of ground–based aerosol remote sensing au-
tomatic instruments established by NASA. Since the first documentation of
the AERONET philosophy, instrumentation, processing system and database
(Holben et al., 1998), the network has expanded by agencies, institutes and
universities to approximately 400 stations in 50 countries (Figure 2.3).

AERONET station measurements are performed by spectral radiome-
ters of the CIMEL CE–318 series. These instruments are solar–powered,
robotically–pointed sun photometers, which perform both Sun and sky mea-
surements. The direct Sun measurements are made in eight spectral bands
(340, 380, 440, 500, 675, 870, 1020 and 1640 nm; the standard wavelengths
are 440, 670, 870, 940 and 1020 nm), at 15–min intervals. Sky measurements
are performed at 440, 670, 870 and 1020 nm.

AERONET uses a data collection system operating on geostationary
satellites to automatically collect and process data from all network stations.
Except for AOT retrieval from direct Sun measurements, the AERONET
data processing system comprises referenced and generally accepted inver-
sion algorithms for retrieval of aerosol optical and microphysical properties,
by exploiting both Sun and sky measurements. The AERONET inversion
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Figure 2.3: Global distribution of AERONET stations. The red squares on
the map indicate the locations of AERONET sites. Credit: NASA.

products include aerosol size distribution, complex refractive index, phase
function, single scattering albedo, asymmetry parameter, spectral and broad-
band fluxes (Dubovik and King, 2000; Dubovik et al., 2002b; Dubovik, 2004;
Sinyuk et al., 2007).

AERONET has offered a standardization for ground–based aerosol mea-
surements, processing and characterization. AERONET data have been used
in numerous studies, primarily on local and regional scales, regarding air pol-
lution, aerosol properties and effects on the atmospheric radiation budget.
They also constitute the data set most widely used for validation of aerosol
properties retrieved from satellite sensors.

2.4 Station measurements and MODIS ob-

servations in Crete

Crete is the largest and most southerly major island in Greece and is located
on the border between the Aegean and Levantine sub–basins of the East-
ern Mediterranean (Figure 2.4a). Ground–based data from three stations
were used in the present study, either as input to the FORTH model or for
validation purposes.

The FORTH–CRETE AERONET station (35 19’ 58” N, 25 16’ 55” E),
is located on the northern coast of Crete, 15 km east from Herakleion, the

52



2.4. STATION MEASUREMENTS AND MODIS OBSERVATIONS IN
CRETE

Figure 2.4: a) The location of Crete in the Eastern Mediterranean. b) The
sites of FORTH–CRETE and HCMR stations (1), Finokalia Station (2) and
the city of Herakleion (3). (Image credit: NASA Blue Marble).

largest city in Crete with a population of about 200,000 people (Figure 2.4b).
The instrumentation, which operates since January 2003, is set up on the roof
of the 20 m high building of the HCMR, which is 100 m from the coast. An
analysis of the aerosol physical and optical properties measured at this station
can be found in Fotiadi et al. (2006). Aerosol optical thickness data measured
at the FORTH–CRETE AERONET station were used for validation of the
corresponding MODIS Level 2 AOT data, as described in Section 2.4.2. Data
of aerosol single scattering albedo, also provided by the FORTH–CRETE
AERONET station, were used as input to the FORTH model, due to lack of
corresponding satellite data. The incorporation procedure of these data in
the model is described in detail in Section 3.8.

At HCMR meteorological station, which is collocated with the FORTH–
CRETE AERONET station, downwelling shortwave radiation fluxes are be-
ing measured since June 2003, using a Kipp & Zonen CM11 pyranometer,
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with spectral range 310-2800 nm and 2% uncertainty. These measurements
were used for validation of the corresponding FORTH model output, as de-
scribed in Section 4.2.1.

Finokalia meteorological station, operated by the Environmental Chem-
ical Processes Laboratory of the Department of Chemistry – University of
Crete, is also located at a remote site of the northern coast of Crete, 70 km
east of Herakleion (35 20’ N, 25 40’ E, 250 m altitude, Figure 2.4b). De-
tails on the region and the prevailing atmospheric and meteorological condi-
tions of the wider area are given in Mihalopoulos et al. (1997), Kouvarakis
et al. (2000) and Gerasopoulos et al. (2005). Among other instruments, a
CM3 pyranometer is installed in Finokalia since 2001, measuring the down-
welling SW radiation at the 305-2800 nm spectral range, with 10% uncer-
tainty. These data were also used for model validation (Section 4.2.1). Mea-
surements of the surface ozone photolysis rate, J(O1D), have also been con-
ducted in Finokalia during the period 2002–2006, and were used for validation
of the FORTH model J(O1D) (Section 5.3.2). The ground measurements are
performed using a 2π filter radiometer (Meteorologie Consult, Metcon, Ger-
many), with a time resolution of 5 min. The accuracy of these measurements
is estimated to be 15% and the precision better than 3% (Berresheim et al.,
2003). More information regarding the instrument can be found in Gera-
sopoulos et al. (2012).

2.4.1 MODIS Level 2 data processing

Due to the polar orbits of both Terra and Aqua satellites, the orientation
of all MODIS Level 2 swath data sets is not regular, depending on a 16–
day repetition cycle of each specific satellite overpass trajectory. Moreover,
due to the Earth’s spherical geometry and the wide MODIS swath, pixel
sizes increase near the swath edges. In the case of the Aerosol Product, the
spatial resolution ranges between 10 km× 10 km at nadir and 20 km× 20 km
at the edge of the swath. The corresponding spatial resolutions of all other
data Products are 5 km× 5 km and 10 km× 10 km, respectively.

To acquire MODIS Level 2 data as input to the FORTH model over a site
of interest, a procedure similar to the one described in Ichoku et al. (2002) for
the validation of MODIS AOT against AERONET measurements, was used.
The basis for this procedure is to identify within each MODIS image the pixel
falling over the site of interest, by its longitude and latitude. If the parameter
under consideration was successfully retrieved by the corresponding MODIS
algorithm, this pixel value is used as input to the model. In case of MODIS
algorithm failure, an N×N km2 subset centered on that pixel is extracted,
and its mean and standard deviation are computed. Following Ichoku et al.
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Table 2.2: MODIS Level 2 Atmosphere Products and corresponding pro-
cessed Scientific Data Sets.

Product SDS name
Aerosol Corrected Optical Depth Land

Corrected Optical Depth Land wav2p1
Effective Optical Depth Average Ocean
Optical Depth Small Land
Optical Depth Small Average Ocean
Asymmetry Factor Average Ocean
Solar Zenith
Mean Reflectance Land

Cloud Cloud Fraction
Cloud Optical Thickness
Cloud Phase Infrared
Cloud Top Pressure

Atmospheric Profile Surface Temperature
Surface Pressure
Retrieved Temperature Profile
Retrieved Moisture Profile
Total Ozone

(2002), a ∼ 50 km × 50 km window size was selected for calculation of the
mean values. This size corresponds to 5×5 pixels of Aerosol Product data
(10 km × 10 km spatial resolution at nadir) and 10×10 pixels of all other
Products data (5 km × 5 km spatial resolution at nadir). In order for the
calculated mean value to be regarded as representative of this area and be
used as input to the model, it is computed from a certain minimum number
of values (20% of the pixels of this ∼ 50 km×50 km grid). When this criterion
is not fulfilled, a “no–data” value is assigned to the pixel of interest.

Table 2.2 shows the MODIS Level 2 Products and corresponding SDS pa-
rameter names, required as input to the FORTH model, which were processed
using this method (see also Table 3.1). The runs were performed over all ar-
eas of interest covered in Chapters 4–6, namely FORTH–CRETE/HCMR
stations (Chapter 4), Finokalia station (Chapters 4 and 5), and Marathonas,
Yliki, Evinos and Mornos lakes (Chapter 6).
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2.4.2 MODIS aerosol properties validation over Crete

Although the MODIS Level 2 AOT has been successfully validated in numer-
ous studies based on thousands of AERONET collocated observations (Sec-
tion 2.2.1), the overall performance may differ from site to site (Levy et al.,
2010). In order to ensure the validity of the results reported here, MODIS
AOT was validated against corresponding FORTH–CRETE AERONET mea-
surements.

Following the Ichoku et al. (2002) approach, MODIS AOT averaged over
a 50 km× 50 km area centered on the FORTH–CRETE AERONET station,
was validated against temporal statistics from AERONET: the AERONET
data acquired during the 1–hour period centered on the MODIS overpass
time (±half hour) were used for the calculation of the AERONET mean AOT
value. The justification is that, since air masses are constantly in motion,
an air mass captured by MODIS across a certain horizontal span over the
AERONET site, will be sampled by the sunphotometer during a certain time
period. The MODIS AOT derived from the ocean algorithm was used, as
suggested by Remer et al. (2002), for coastal and island stations.

For the validation of AOT, values at 675 and 870 nm from FORTH–
CRETE AERONET station and at 660 and 865 nm from MODIS Terra and
Aqua, were used. These channels are sufficiently similar for direct compar-
ison. In Figure 2.5, the mean values of the 50 km × 50 km MODIS subset
and the ±30 min temporal average of the corresponding AERONET data
set are plotted. The error bars represent the respective spatial and tem-
poral standard deviations. The red line is the linear regression fit, with
the equation, determination coefficient and number of points used shown at
the lower right corner. The agreement, as represented by the linear fit, is
within the expected uncertainty of the MODIS retrieval algorithm over ocean
(∆τ = ±0.03 ± 0.05τ) for small values of AOT, as denoted by the dotted
lines in the figures. The slight overestimation of AOT by MODIS might be
partly explained by the slightly smaller observation wavelengths of MODIS
than of AERONET.

The same validation procedure has been used for the cases of fine mode
AOT and the asymmetry parameter g. Fine mode AOT validation was per-
formed for the 0.47 and 0.50 µm wavelengths of MODIS and AERONET,
respectively. The two data sets are not well correlated, with the determina-
tion coefficient being 0.38 and the slope equal to 0.59. These results show
that MODIS tends to overestimate the fine mode AOT, as was shown by sim-
ilar studies for dust–dominated aerosols (Santese et al., 2007; Kleidman et al.,
2005). The MODIS asymmetry parameter was validated against the corre-
sponding AERONET product at the two pairs of wavelengths used in the case
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Figure 2.5: Scatter plots of means of AOT (660 nm (a) and 865 nm (b)) of
MODIS 50 km× 50 km subsets against AOT (675 nm (a) and 870 nm (b)) of
AERONET 1–hour subsets, for the period 2003-2008. The error bars repre-
sent the respective standard deviations. The red line is the linear regression
fit, with the equation, determination coefficient and number of points used
shown at the lower right corner. The dotted lines correspond to the expected
uncertainty of the MODIS retrieval algorithm.
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of the total AOT validation. While the two products are not well correlated
at the 660 and 675 nm wavelengths (R2 = 0.39, slope = 0.59), the correla-
tion is improved at the 865-870 nm wavelengths (R2 = 0.51, slope = 0.82).
Nevertheless, the narrow value range of the asymmetry parameter and the
sensitivity test performed for both these parameters (Section 4.2.3), suggest
that the uncertainties associated with the MODIS data do not affect signifi-
cantly the FORTH model results.
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Chapter 3

The FORTH Radiative
Transfer Model

3.1 Introduction

The FORTH model is a deterministic spectral radiative transfer model for
computing the solar radiation budget components. Evolution of the model
and its characteristics during the last 30 years can be traced in numerous
past studies.

A one–dimensional spectral radiative–convective (RC) model with pa-
rameterizations, was developed by Vardavas and Carver (1984), to model
both solar and terrestrial radiation transfer. Sample computations for the
present Earth atmosphere were compared against contemporary studies, in
terms of incoming and outgoing fluxes, heating and cooling rates, cloud ef-
fects, global albedo and the doubling of atmospheric carbon dioxide (CO2),
ammonia (NH3) and methane (CH4). This model formed the basis for later
modifications and improvements, which led to the present FORTH model
versions.

A simpler version of the RC model was developed by Vardavas (1987a),
for computing the daily net all–wave radiation flux above a water surface,
given the prevailing atmospheric conditions. This version was used in Var-
davas (1987b) for the estimation of seasonal variations of net solar and net
terrestrial radiation, and the Penman potential evaporation (Penman, 1948),
for a water body located in northern Australia. Model results of radiation
fluxes and evaporation were found to be in very good agreement with corre-
sponding results from field studies and measurements. This version was also
applied to four Australian lakes, representing different climatic conditions,
by Vardavas and Fountoulakis (1996), and to Messara Valley of Crete (Var-
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davas et al., 1997), along with the modified version developed by Vardavas
and Koutoulaki (1995).

Vardavas and Koutoulaki (1995) used the solar radiation transfer compo-
nent of the model to estimate the radiation budget at the Earth’s surface and
at TOA for the northern hemisphere. The SW radiation was divided into two
spectral bands, one for essentially the UV-visible wavelengths (λ < 0.85 µm)
accounting for about 60% of total solar incoming radiation, and a second
band for the NIR wavelengths (0.85 µm ≤ λ ≤ 5 µm) accounting for about
40% of total solar radiation. Long term climatological data were used as
input to the model, and the output was computed on a mean monthly basis
for 10◦ latitudinal zones. A very good agreement of the model output TOA
fluxes with the corresponding Earth Radiation Budget Experiment (ERBE)
satellite data (Li and Leighton, 1993) was found. This version of the solar
radiation transfer model was also tested according to the Intercomparison
of Radiation Codes in Climate Models (ICRCCM) program (Fouquart and
Bonnel, 1991). The model results were found to agree very well with the
corresponding line–by–line model results of others.

Hatzianastassiou and Vardavas (1999, 2001) modified the previous model
version, in order to incorporate the then available climatological data from
the International Satellite Cloud Climatology Project (ISCCP), described
in Schiffer and Rossow (1983) and Rossow and Schiffer (1991), as well as
water vapour and temperature input data from the NCEP and National
Center for Atmospheric Research (NCAR) data set. Using ISCCP–C2 and
NCEP/NCAR data, available at 2.5◦ × 2.5◦ spatial resolution, they calcu-
lated monthly mean radiation fluxes over both hemispheres, for the 1983–
1990 period. Using the standard ISCCP cloud droplet spectrum and a Mie
calculations code (Hatzianastassiou et al., 1997, 1998), they also incorporated
in the model the spectral cloud optical properties for the entire UV–Visible
and NIR spectrum. An equation for the estimation of the radiative forcing
of a scattering and absorbing aerosol layer was also included in the model.
The model surface radiation fluxes were validated through intercomparison
with other model results, while the TOA outgoing fluxes were also validated
against the ERBE corresponding data. The agreement between model output
and ERBE data was improved, compared to previous model versions.

The same broadband model version was used in Hatzianastassiou et al.
(2004a), for the estimation of the global distribution of the Earth’s SW radia-
tion budget at TOA, at 2.5◦×2.5◦ spatial resolution and on a monthly mean
basis, for the 1984–1997 period. Input data from the D2 series of ISCCP
(Rossow et al., 1996), which were improvements over the previous C–series
version, were supplemented by NCEP/NCAR atmospheric water vapour and
temperature data. Aerosol effects on the SW radiation budget were incor-
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porated in the model using the modified two–stream approximation, with
aerosol optical parameters input data taken from the GADS (Köpke et al.,
1997). Model results allowed the examination of seasonal and geographical
distributions, intercomparison with ERBE data and results from other stud-
ies, trends and a sensitivity analysis of the TOA SW radiation budget. A
decreasing trend in the tropical mean outgoing SW radiation at TOA was
further investigated by Fotiadi et al. (2005). The corresponding model re-
sults at the Earth’s surface (Hatzianastassiou et al., 2005), computed for the
period 1984–2000, were validated at the grid cell level against two station
networks, the Baseline Surface Radiation Network (BSRN, Ohmura et al.
1998) and the Global Energy Balance Archive (GEBA, Gilgen and Ohmura,
1999).

The same model version, along with the LW component and models for
the estimation of heat fluxes and heat storage were used to study the heat
budget of the Mediterranean (Matsoukas et al., 2005), and the Red and Black
seas (Matsoukas et al., 2007). Additionally, correlations between the El Niño
Southern Oscillation (ENSO) and surface SW radiation patterns over the
tropical Pacific (Pavlakis et al., 2008), as well the effect of Arctic sea–ice on
the absorbed solar radiation at the surface (Matsoukas et al., 2010), have
been studied.

The importance of including aerosol effects in the model calculations was
further investigated by Hatzianastassiou et al. (2004b). Using the spectral
version of the model (computations at 115 wavelengths in the 0.20–0.85 µm),
along with data from GADS, ISCCP–D2 and NCEP/NCAR, as described
above, the aerosol direct radiative effect in the UV–Visible, under clear skies
and for summer and winter conditions, was estimated on a global scale at
2.5◦ × 2.5◦ pixel size and compared against other similar studies. A sen-
sitivity analysis on the aerosol DRE was also performed (Hatzianastassiou
et al., 2004c), showing that the high spectral resolution for the estimation
of aerosol effects is crucial, since the optical properties of aerosols are spec-
trally variable, making their interaction with solar radiation very sensitive to
wavelength. The use of the spectral model for the study of aerosol effects on
a global scale was extended in the solar NIR (Hatzianastassiou et al., 2007a),
and complemented by Hatzianastassiou et al. (2007b), whereby global DRE
monthly climatologies were produced, based on the 1984–1995 period, for
winter and summer, for both clear and all–sky conditions. Computations
were performed on a daily basis and at 1◦ × 1◦ spatial resolution.

Recently, the spectral version of the model was used for the computation
of potential evaporation over land at 2.5◦ × 2.5◦ spatial resolution for the
25–year period 1983–2008 using ISCCP–D2, NCEP/NCAR and GADS data
(Matsoukas et al., 2011), while MODIS Level 3 aerosol data were used along
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with GADS data, for the computation of the aerosol DRE on the solar radia-
tion over the broader Mediterranean basin, on a monthly basis, for the 2000–
2007 period and at 2.5◦×2.5◦ spatial resolution (Papadimas et al., 2012). The
performance of the spectral model has recently been examined, along with
30 other global model radiative transfer schemes, during the aerosol model
intercomparison initiative (AeroCom) Radiative Transfer Experiment (Ran-
dles et al., 2013). The model results showed very good agreement between
the model and the corresponding benchmark results from high resolution,
line–by–line radiation models.

The present, spectral version of the model has been developed to in-
corporate Level 2 daily data from the MODIS sensors on board NASA’s
Terra and Aqua satellites. The model spatial resolution has been increased,
reaching up to 10 km × 10 km pixel size. This high spatial resolution of-
fers the possibility of distinguishing patterns that could not be obvious in
previous studies, where the resolution was lower, improving also the proce-
dure of model validation against station measurements. The new version
has also been adjusted to run in two separate modes, one for the evaluation
of mean daily results and another for computations regarding the specific
satellite overpass time. Modifications were also made to exploit the spectral
resolution available from MODIS, regarding aerosol parameters and the sur-
face reflectance. All model input data come from the MODIS daily Level 2
Atmosphere Products (Section 2.2), except for the aerosol single scattering
albedo, which is supplemented by AERONET station data. The combination
of MODIS Level 2 data set completeness, regarding the model required in-
put data, along with their high spatial and temporal resolution, and the time
period covered by MODIS measurements (2000–2012), renders the present
model version suitable for studies over specific sites of interest, for both time-
series/trends analysis and case studies.

3.2 Model overview

The model computations are performed separately for 118 wavelengths in
the range 0.2–1.0 µm, and 10 spectral bands in the range 1.0–10 µm. The
incoming solar irradiance at the top of the atmosphere is computed based on
the spectral profile of Gueymard (2004), using a solar constant S� = 1367 W
m-2 (Hartmann, 1994; Willson, 1997) corrected for the Earth’s elliptical or-
bit. For each wavelength and spectral band, a set of monochromatic radiative
flux transfer equations is solved for an absorbing and multiple–scattering at-
mosphere, using the Delta–Eddington approximation method (Joseph et al.,
1976) based on the Henyey–Greenstein phase function, which is an extension
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Figure 3.1: Scattering and absorption of UV–Visible and NIR solar radiation
by the model atmospheric layers (Vardavas and Taylor, 2011).

of the Eddington method described in Shettle and Weinman (1970).
The model takes into account physical parameters and processes that af-

fect significantly the solar radiation transfer: absorption by O3 in the UV
region between 0.2 and 0.35 µm (Hartley–Huggins bands) and in the visible,
between 0.45 and 0.85 µm (Chappuis bands), and absorption in the NIR by
water vapor (H2O), methane (CH4) and carbon dioxide (CO2). The model
also includes scattering and absorption by clouds and aerosols, Rayleigh scat-
tering and surface reflection. The various atmospheric, cloud and surface
properties required as input to the model, are shown in Table 3.1.

Depending on the part of the solar spectrum considered, the atmosphere

Table 3.1: Input data required to model the shortwave radiation budget.

Cloud Properties Atmospheric Properties Surface Properties
Amount Temperature Pressure

Scattering optical depth Specific humidity Temperature
Absorption optical depth Atmospheric gases Albedo

Top pressure Aerosol optical depth
Physical thickness Aerosol asymmetry

parameter
Phase Aerosol single

scattering albedo
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is divided into different number of layers which determine the solar radiation
transfer. In the UV–visible region, five layers are considered: an aerosol
layer above the Earth’s surface, Rayleigh scattering layers below and above
a cloud layer and an ozone layer at TOA. In the NIR part the layers are:
CO2 and H2O absorbing layers above and below clouds and a scattering and
absorbing aerosol layer above the surface. The atmospheric layers considered
by the model are shown in Figure 3.1. Model output fluxes include TOA
incoming radiation, TOA outgoing, atmospheric absorption, Downwelling
SW Radiation (DSR), surface absorption and net TOA incoming radiation.

Reflection of incident solar radiation from the Earth’s surface is taken
into account and the surface reflectivity, Rg, is computed considering four
general types of surface: land, ocean, snow and ice. Then

Rg = flandRl + foceanRo + fsnowRs + ficeRi, (3.1)

where fi is the fractional coverage of the pixel’s surface by each type i of
reflecting surface. The ocean reflectivity, Ro, is computed using Fresnel re-
flection corrected for a non–smooth surface.

3.3 Incoming solar radiation

The solar spectrum used by the model is taken from Gueymard (2004). The
original spectrum from Gueymard covers the spectral region from 0.5 nm
to 280 nm in 1 nm steps, 280 to 400 nm in 0.5 nm steps, from 400 nm to
1705 nm in 1 nm steps, 5 nm steps from 1705 nm to 4000 nm, and variable
steps beyond 4000 nm. The Gueymard solar spectrum is interpolated in the
118 wavelengths and 10 spectral bands used by the model. Figure 3.2 shows
the original Gueymard spectrum (upper panel) and the interpolated values
used as input to the model (lower panel). The correction for the Earth’s
elliptical orbit, described in this Section, is analysed in detail in Vardavas
and Taylor (2011).

Due to the Earth’s elliptical orbit, the incoming solar radiation at TOA
varies with the time of year according to

S(t) = S�

(
r̄

r(t)

)2

, (3.2)

where r(t) is the Sun–Earth distance and r̄ is the mean Sun–Earth distance,
equal to 0.5(rp+ra) = α with rp, ra, the corresponding distances at perihelion
(shortest) and aphelion (largest) and α the semi–major axis of the Earth’s
elliptical orbit.
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Figure 3.2: Solar spectrum, as given by Gueymard (2004) and the interpo-
lated model input.

Representing the apparent orbit of the Sun in a geocentric system, the
Earth’s longitude of perihelion, ω̄, varies from 0 to 360◦ in about 21000 years,
and is given by

ω̄ = ω̄0 + 9.44× 10−5π(year − 2000), (3.3)

where ω̄0 = 0.5725π is the value of ω̄0 at the perigee of the celestial sphere,
which corresponds to the perihelion of the Earth’s orbit.

Assuming a fictitious mean Sun moving on the celestial equator at a
uniform rate (i.e. circular motion), the mean Sun anomaly, g, is given by

g = L− ω, (3.4)

where L is the mean longitude of the Sun, given by

L(t) = L0 +
2πtd
P

, (3.5)

with P the period of the Earth’s orbit (365.256 days) and td the time in days
from January 1st, given by

td = n− 1 + t/24, (3.6)
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n = 1 on January 1st and t is UT in hours. In Equation (3.4), ω is the
solar longitude of the perigee, equal to ω̄ + π. The true Sun anomaly, v,
corresponding to the arc formed by the perihelion and the Sun’s current
position, is given by

v = g + 2e sin g +
5e2

4
sin 2g, (3.7)

where e is the eccentricity of the Earth, with a present mean value of 0.0167.
The equation for the Sun–Earth distance is then given by

r =
α(1− e2)

1 + e cos v
. (3.8)

The incoming solar flux, F ↓�(t), above the Earth’s atmosphere, at a particular
location on Earth and at a particular time, is given by

F ↓�(t) = S�µ

(
r̄

r(t)

)2

, (3.9)

with µ = cos z, z the solar zenith angle. In the case of model runs on an
instantaneous basis, the solar zenith angle is available from MODIS for each
pixel covered and corresponding time. In general, µ(t) can be calculated from

µ(t) = A+B cos [h(t)], (3.10)

with

A = sin θ sin δ, (3.11)

B = cos θ cos δ, (3.12)

where θ is the latitude, δ the Sun’s declination and h the hour angle. The
Sun’s declination is given by

δ = arcsin (sin ε sinλ), (3.13)

where ε is the obliquity of the ecliptic, given by

ε(year) = ε0 − 7.22× 10−7π(year − 2000), (3.14)

with ε0 = 0.13022π, in the year 2000 AD, and λ = v + ω, thus

λ = L+ 2e sin g +
5e2

4
sin 2g. (3.15)
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The hour angle h in Equation (3.10) is computed from

h(t) =

(
t− 12 +

E

15

)
π

12
, (3.16)

where E, the equation of time, is equal to L − a, with a, the solar right
ascension, calculated from

a = λ− u sin 2λ+
u2

2
sin 4λ, (3.17)

with

u = tan2
(ε

2

)
. (3.18)

In the case of model runs on a mean daily basis, the incoming mean daily
solar flux at TOA, on day n, is calculated from

F ↓�(t) = S�µndn

(
r̄

rn

)2

, (3.19)

where dn is the day length, equal to 24Hn/π, and the hour angle Hn is given
by

Hn = arccos (− tan θ tan δ). (3.20)

The mean daily cosine of the solar zenith angle, µn, is calculated from

µn = An +
Bn sinHn

Hn

. (3.21)

3.4 Ultraviolet and visible molecular absorp-

tion and scattering

3.4.1 Ultraviolet and visible molecular absorption

The 0.2–1.0 µm spectral region corresponds to about 69% of the incoming so-
lar radiation. The main atmospheric absorbers of solar UV–Visible radiation,
included in the model, are O3, O2 and CO2.
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Figure 3.3: O3 absorption cross section from Sander et al. (2006), interpolated
at the model 118 wavelengths.

Ozone absorbs strongly in the wavelength region between 0.2 and 0.3 µm
(Hartley bands). From 0.3 to 0.35 µm it absorbs in the relatively weak and
temperature dependent Huggins bands. It also absorbs in the visible region
between 0.41 and 0.85 µm in the Chappuis bands (see e.g. Vardavas and
Taylor, 2011). Ozone absorption cross section is taken from the Jet Propul-
sion Laboratory (JPL) Chemical Kinetics and Photochemical Data for Use in
Atmospheric Studies (Sander et al., 2006) and interpolated at the 118 model
wavelengths. Figure 3.3 shows the corresponding spectral distribution in cm2

g-1.

The temperature dependence of the O3 absorption cross section, σλ(T ),
in the Hartley–Huggins bands, is taken into account according to Vardavas
and Carver (1984), based on data from Bass and Paur (1981), whereby

σλ(T ) = σλ(295 K)rλ(T ), (3.22)

with

rλ(T ) =

{
ab+1
λ , T ≥ 243 K
aλe

0.0477b, T < 243 K,
(3.23)
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where

aλ(T ) =

{
−111.11λ2 + 62.22λ− 7.711, 0.28 µm ≤ λ ≤ 0.35 µm
1, 0.20 µm ≤ λ < 0.28 µm,

(3.24)

b =
243− T

52
. (3.25)

For the calculation of the surface O3 photolysis rate, described in Chap-
ter 5, Section 5.2, the temperature dependence of the O3 absorption cross
section was taken into account using linear interpolation between the two
temperature values (at T=218 K and T=293–298 K) available from the Jet
Propulsion Laboratory Chemical Kinetics and Photochemical Data for Use
in Atmospheric Studies (Table 4–5 in Sander et al., 2006). In the model
calculations, total ozone is distributed at the top atmospheric layer. Total
ozone amount is available from MODIS Atmosphere Level 2 Products on a
daily basis (Section 2.2.3).

Figure 3.4: CO2 absorption cross section (Karaiskou et al., 2004) interpolated
at the model wavelengths.

While CO2 is an important absorber in the NIR region, it also absorbs
weakly in the UV region. Figure 3.4 shows the CO2 absorption cross section
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in the UV region (cm2 g-1) used by the model. CO2 absorption cross section
data were taken from Karaiskou et al. (2004).

For CO2, a total atmospheric amount is taken equal to 0.59 g cm-2, cor-
responding to a fixed mixing ratio of 379 parts per million by volume (ppmv,
2005 value). CO2 is distributed in all atmospheric layers, in proportion to
the pressure differential.

Absorption by O2 also takes place in the UV region, between 185 and
242 nm. This spectral interval corresponds to the Herzberg dissociation con-
tinuum, and is the main source of O atoms for altitudes below 60 km in
the Earth’s atmosphere (see e.g. Vardavas and Taylor, 2011). The absorp-
tion cross section of O2 (cm2) as a function of wavelength for the Herzberg
continuum is given by

σ(x) = 7.5× 10−24x exp[−50(lnx)2], (3.26)

where x = 199/λ, with λ in nm (Nicolet and Kennes, 1986). Figure 3.5 shows
the corresponding spectral distribution (cm2 g-1) in the 200–242 nm region,
where model computations take place.

Figure 3.5: O2 absorption cross section (Herzberg continuum), based on the
Nicolet and Kennes (1986) formula.
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O2 is also distributed in all atmospheric layers in proportion to the pres-
sure differential, while a constant amount, corresponding to 21% mixing ratio,
is used.

The optical depth for molecular absorption, τma, for each atmospheric
layer and spectral wavelength, is computed as the sum of the products of the
absorption cross sections σi (cm2 g-1) and the corresponding amounts yi (g
cm-2):

τma =
∑

σiyi (3.27)

3.4.2 Rayleigh scattering

As described in Vardavas and Taylor (2011), Rayleigh scattering by atmo-
spheric molecules is important for wavelengths up to 1.0 µm, as the Rayleigh
scattering cross–section decreases rapidly with wavelength. The real part of
the refractive index of an atmosphere consisting of scattering molecules that
are far apart is given by

n = 1 + 2παN, (3.28)

where n is the number density of the molecules and α is called the polar-
izability of the molecules (van de Hulst, 1981). The Rayleigh scattering
cross–section for a molecule is given by

σR =
8π

3
k4α2δ, (3.29)

where k = 2π/λ, and λ is the wavelength in vacuum. The original result of
Rayleigh was for spherical top molecules, so there is a small but significant
correction δ for non–spherical molecules. The refractive indices of molecular
gases at STP are tabulated, for example, in Allen (1973) and have the form

nSTP − 1 = A

(
1 +

B

λ2

)
, (3.30)

where λ is in µm. Thus, from (3.28) and (3.30) we can write

α =
A

2πNSTP

(
1 +

B

λ2

)
. (3.31)

If we replace k in the expression for the cross–section (3.29) we have

σR =
128π5δ

3λ2
α2, (3.32)
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Table 3.2: Coefficients for computing the Rayleigh scattering cross–sections
(Vardavas and Taylor, 2011)

.

Molecule A(×10−5) B(×10−3) ∆ δ
N2 29.06 7.70 0.0305 1.05
O2 26.63 5.07 0.0540 1.10
Ar 29.06 7.70 0.0305 1.05

CO2 43.9 6.4 0.0805 1.15
O3 50.5 0.0 0.1189 1.23

H2O 26.1 0.0 0.0199 1.034

and the cross–section (cm2) can be computed from

σR = 4.577× 10−21 δ

λ4

[
A

(
1 +

B

λ2

)]2

(3.33)

where λ is in µm, the coefficients A and B are tabulated in Allen (1973) for
various molecules, while δ = (6+3∆)(6−7∆), where ∆ is the depolarization
factor, whose values are given in Table 3.2, together with the coefficients A
and B for the molecules considered in the model.

In Figure 3.6, the Rayleigh scattering cross–sections (cm2 g-1) of these
molecules in the 0.2–1.0 µm spectral region are shown.

For a mixture of atmospheric gases we obtain the Rayleigh cross–section
from

σR =
∑
m

σRmnm (3.34)

where nm is the mixing ratio by volume, of molecules m.
For the model computations, all Rayleigh scattering gases except O3 are

distributed in all atmospheric layers in proportion to the pressure differential.
For the main atmospheric constituents, namely N2, O2 and Ar, constant
mixing ratios are assumed, corresponding to 78%, 21% and 1%, respectively.

Table 3.3 summarizes the absorbing and scattering atmospheric gases in
the UV–Visible spectral region, taken into account by the model. In order
to assess the relative importance of each atmospheric gas, the downwelling
UV–Visible radiation at the surface over HCMR station was calculated on a
daily basis, for the period 2000–2010, first including all atmospheric gases and
then disregarding each gas separately. Table 3.3 shows the resulting mean and
standard deviation values (in percent) of the surface downwelling UV–Visible
radiation attenuation due to each molecular gas. It is obvious from Table 3.3
that total ozone is the most important absorber, while the contributions of
Ar, CO2 and H2O in this spectral region are almost insignificant.
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Figure 3.6: Rayleigh scattering cross–sections of the molecules considered by
the model.

Table 3.3: Atmospheric gases in the UV–Visible: scattering, absorption and
% effect on the downwelling surface radiation.

Atmospheric
gas

Scattering Absorption

% Effect in
UV-Visible
downwelling
radiation at

surface
N2 X −6.09± 1.180
O2 X X −1.06± 0.190
Ar X −0.01± 0.005

CO2 X X −0.01± 0.005
O3 X X −3.16± 0.310

H2O X −0.02± 0.010

83



CHAPTER 3. THE FORTH RADIATIVE TRANSFER MODEL

3.5 Near–infrared absorption

The 1.0–10 µm spectral region corresponds to about 31% of the incoming
solar radiation. The most important absorbing gases in this spectral region,
taken into account by the model, are H2O, CO2 and CH4. Table 3.4 shows
the 10 spectral bands, into which the 1.0–10 µm spectral region is divided,
the incoming solar flux in each interval and the corresponding absorbing
molecules.

Table 3.4: Distribution of the model 10 spectral bands in the near infrared
region, incoming solar flux and main absorbers (adapted from Vardavas and
Taylor, 2011).

Spectral
interval

Wavelength
(µm)

Solar flux
(%)

Absorbing
molecule

1 1.00-1.04 2.12 H2O
2 1.04-1.22 7.55 H2O
3 1.22-1.58 9.19 H2O,CO2

4 1.58-1.95 4.81 H2O
5 1.95-2.12 1.24 H2O,CO2

6 2.12-2.61 2.41 H2O
7 2.61-2.92 0.92 H2O,CO2

8 2.92-3.88 1.34 H2O,CH4

9 3.88-4.60 0.40 CO2

10 4.60-9.52 0.64 H2O,CH4

To calculate the effect of molecular NIR absorption, the correlated–k
approximation is used (Vardavas and Taylor, 2011), whereby the average
transmissivity within a spectral interval is obtained from

t =
∑
n

αn exp (−kny), (3.35)

for an absorber amount y, in terms of effective monochromatic absorption
coefficients, kn, and associated discrete probability distribution weights αn,
with the normalization ∑

n

αn = 1. (3.36)

The monochromatic radiation transfer is solved for each optical depth τn =
kny, for incoming solar flux αnFi, where Fi is the flux contained in the spectral
band i. For overlapping bands of two different molecules, namely for bands
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3, 5, 7, 8 and 10 of Table 3.4, the transfer equation is solved for αnβmFi, with
optical depth τnm = kny + lmv, for every combination of n and m, where lm
and v are the monochromatic absorption coefficients and absorber amount
of the second molecule, respectively.

Values of αn and kn for H2O, CO2 and CH4 and for each spectral interval
were taken from Vardavas and Carver (1984). The H2O content (g cm-2)
inside an atmospheric layer, which is defined by pressure levels p1 and p2

with p1 < p2 is calculated from

WH2O
= −

p1∫
p2

η(p)dp/g, (3.37)

where η(p) is the water mixing ratio by mass and g the gravitational ac-
celeration (Vardavas and Taylor, 2011). The CH4 mixing ratio is set equal
to 1.774 ppmv, corresponding to 10−3 g cm-2 (IPCC, 2007). CH4 and CO2

are also distributed in all atmospheric layers in proportion to the pressure
differential.

Although the correlated–k method is an approximation compared to de-
tailed line–by–line calculations, based for example on data from the HITRAN
database (Rothman et al., 2009), several studies have shown that errors due
to the correlated–k method are of the order of 1% or less, when compared
with corresponding results from line–by–line calculations (e.g. Goody et al.,
1989; Lacis and Oinas, 1991).

Table 3.5: Atmospheric absorbers in the NIR: % effect in the NIR down-
welling surface radiation.

Atmospheric

absorber

% Effect in NIR

downwelling radiation

at surface

H2O −31.65± 2.93
CO2 −2.26± 0.21
CH4 −0.31± 0.04

In Table 3.5, the effects of each absorbing gas in the NIR downwelling
radiation at the surface are shown. Each effect was calculated as the mean
difference between two model runs over HCMR station, for the period 2000–
2010, using Terra MODIS data. In the first run, all near–infrared absorbers
were included, while in the second, the amount of each gas under study was
set equal to zero. It is apparent from Table 3.5 that water vapor is the main
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atmospheric absorber in the NIR, playing the most important role in the
radiation budget in this spectral region.

3.6 Optical properties of atmospheric layers

The optical properties required for the radiation transfer solution in each
atmospheric layer consist of the monochromatic extinction optical depth (or
extinction optical thickness), τλ, single scattering albedo, ωλ and asymmetry
parameter (or asymmetry factor), gλ.

The extinction optical depth is defined by

τλ =

L∫
0

χλ(l)dl, (3.38)

where χλ is the extinction coefficient, or total effective cross–sectional area,
for absorption and scattering of photons of wavelength λ by all particles,
if the photons travel a distance L. Thus, 1/χλ represents a characteristic
length for the removal of photons of wavelength λ along their path, and the
optical depth is the physical distance traversed by the photons in units of
mean free path (see e.g. Vardavas and Taylor, 2011).

In atmospheres without significant macroscopic motions, χλ is isotropic
and has two components, an absorption (κλ) and a scattering (σλ) compo-
nent: χλ = κλ+σλ. The single scattering albedo is defined as the probability
of a photon undergoing a scattering event as opposed to an absorption event:

ωλ =
σλ

κλ + σλ
(3.39)

The asymmetry factor, g, is defined by

g =
1

2

1∫
−1

p(cosϑ) cosϑd cosϑ, (3.40)

where p(cosϑ) is the phase function for coherent scattering (e.g Rayleigh and
Mie scattering), and ϑ is the angle between incident and scattered radiation,
given by Equation (3.57). Thus, g ranges between -1 and 1 and quantifies the
extent of the non–isotropy of the scattering process, assuming the following
characteristic values:

g =


1 forward scattering
0 isotropic or symmetric scattering
−1 backward scattering

(3.41)
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3.7 Cloud absorption and scattering

The presence of a cloudy sky part determines the number of atmospheric
layers considered by the model, in both the UV–Visible and NIR spectral
regions. In the UV–Visible case, the atmosphere is separated into five layers,
while in the NIR four layers are considered. In both cases, the cloud layer is
set below the top atmospheric layer (Figure 3.1).

Clouds are classified into three types and two phases: low, middle, high,
and liquid and ice, respectively. The type classification is based on the ISCCP
cloud classification scheme, whereby clouds are classified according to the
cloud–top pressure: low level clouds have top pressures greater than or equal
to 680 mbar, high level cloud–top pressures are less than 440 mbar and middle
level cloud–top pressures lie between 440 and 680 mbar.

The cloud optical properties, required for the model computations, com-
prise cloud optical thickness, asymmetry parameter and single scattering
albedo, as described in the previous Section. In the UV–Visible region, only
scattering of solar radiation by clouds takes place, while in the NIR both scat-
tering and absorption are considered. Of these parameters, MODIS provides
only the cloud scattering optical depth, τ sc (UV−V isible), for the visible wave-
lengths 0.65 µm over land and 0.86 µm over ocean. This parameter is consid-
ered representative of the entire UV–Visible spectrum, since the cloud scat-
tering optical depth in this spectral region is approximately independent of
wavelength, as they have a particle–size distribution of sufficiently large radii
when compared with the radiation wavelength (Vardavas and Taylor, 2011).
The cloud scattering and absorption optical depths in the NIR, τ sc (NIR)
and τac (NIR), are derived from the ratios τ sc (NIR)/τ sc (UV − V isible) and
τac (NIR)/τ sc (UV − V isible), which resulted either from Mie scattering cal-
culations or from existing parameterizations.

The cloud asymmetry parameter, gc, is taken into account by computing
values separately for the UV–Visible and NIR range of wavelengths, and for
liquid and ice clouds. The computation is based on the parameterizations
of Slingo (1989) for liquid clouds and Ebert and Curry (1992) for ice clouds.
The cloud effective radius, needed for these computations, is set equal to
10 µm for liquid droplets and 30 µm for ice crystals, based on the ISCCP–D2
standard scheme (Hatzianastassiou et al., 2004a). The resulting gc values,
used by the model, for each cloud type, phase and spectral region, are shown
in Table 3.6.
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Table 3.6: Values of cloud asymmetry parameter, gc, for low, middle and
high clouds and for the UV–Visible and NIR ranges of wavelengths.

low clouds
(liquid)

middle
clouds
(liquid)

high
clouds
(ice)

UV-Visible 0.850 0.815 0.780
NIR 0.820 0.810 0.800

3.8 Aerosol absorption and scattering

The aerosol optical properties required as input to the model include the
AOT, the asymmetry parameter, gaer, and the single scattering albedo, ωaer.
AOT is available from MODIS Level 2 Atmosphere Products at seven wave-
lengths over ocean (0.47, 0.55, 0.66, 0.87, 1.24, 1.64 and 2.13 µm) and three
wavelengths over land (0.47, 0.55 and 2.13 µm), while gaer is also available
over ocean at the same seven wavelengths and ωaer data are available from
the FORTH–CRETE AERONET station, at four wavelengths (0.44, 0.67,
0.87 and 1.02 µm), as described in detail in Chapter 2. Since the spectral
model computations are performed for specific wavelengths and spectral in-
tervals in the UV–Visible and NIR regions, the required AOT, gaer and ωaer
are obtained through interpolation and extrapolation. Specifically, for the
0.20–0.47 µm region, linear extrapolation is used for gaer and ωaer (0.20–
0.44 µm) and exponential extrapolation for AOT. In the 2.13–10 µm linear
extrapolation is used for all three parameters (1.02–10 µm for ωaer). Using
values of AOT and ωaer in each wavelength, the aerosol scattering (τ saer) and
absorption (τaaer) optical depths are given by

τ saer = ωaer × AOT, (3.42)

τaaer = τ saer ×
1− ωaer
ωaer

, (3.43)

where

ωaer =
τ saer

τ saer + τaaer
. (3.44)

Aerosol scattering and absorption are considered in the layer above the
Earth’s surface, as shown in Figure 3.1. Aerosols within and above clouds
are not considered, due to missing information. This introduces an under-
estimate of the aerosol effect in the case of absorbing aerosols above clouds
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(Keil and Haywood, 2003). However, the MODIS algorithm does not retrieve
aerosol properties if a cloud is detected (Remer et al., 2005).

The SW aerosol DRE (or ∆F ) is estimated at TOA, at the Earth’s surface
and within the atmosphere, and is given by

∆F = F − Fno−aerosol, (3.45)

where F and Fno−aerosol are the SW radiative fluxes (W m-2) computed
with and without aerosols. Hence, the DRE components ∆FTOA, ∆FAtmAb,
∆FSurface and ∆FNetSurface, represent the direct effect of aerosols on the net
incoming (absorbed) radiation at TOA, within the atmosphere and at the
Earth’s surface (DSR and surface absorption). As far as ∆FTOA is concerned,
DRE is essentially the change of the outgoing (reflected) SW radiation at
TOA, since the incoming extraterrestrial SW radiation is not affected by
aerosols, and therefore ∆FTOA is computed according to

∆FTOA = F TOA
no−aerosol − F TOA. (3.46)

The model computations are based on the SW radiation budget of the planet,
whereby the net TOA incoming radiation equals the atmospheric plus the
surface absorption:

∆FTOA + ∆FAtmAb + ∆FNetSurface = 0. (3.47)

3.9 Surface reflectivity

In previous model versions (e.g. Hatzianastassiou et al., 2004a), the surface
reflectivity was computed based on Equation (3.1), considering four general
types of surface: land, ocean, snow and ice. Fractional land cover data
were taken from ISCCP, while values of surface reflectivity for each surface
type were obtained from the literature, except for the ocean surface, where
reflectivity Ro was computed using Fresnel reflection.

In the present study, the model is run over two coastal regions (HCMR
and Finokalia meteorological stations in Crete) and four lakes (Marathonas,
Yliki, Evinos and Mornos in mainland Greece). In the coastal regions, two
types of surface are considered, namely land and ocean, while in the case
of lakes only ocean reflectivity is used. Reflectivity over land is available
from MODIS Level 2 Products at seven wavelengths (0.47, 0.55, 0.66, 0.87,
1.24, 1.64 and 2.13 µm). In order to estimate land surface reflectivity over
the entire UV–Visible and NIR spectrum used by the model (0.2–10 µm), the
following scheme is used: in the 0.2–0.3 µm region, a constant value Rl = 0.1
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is used. In the 0.3–0.47 µm region, linear interpolation is applied between the
0.1 value at 0.3 µm and the daily variable MODIS value at 0.47 µm. In the
0.47–2.13 µm region, linear interpolation is applied, using the seven MODIS
values available in this spectral interval, while for wavelengths greater than
2.13 µm linear extrapolation is used.

The ocean reflectivity, Ro, is computed as in previous model versions,
using Fresnel reflection corrected for a non–smooth surface for an incident
angle ϕ = cos−1 µ from

Ro = 0.5

[(
sin a

sin b

)2

+

(
tan a

tan b

)2
]

+ 0.016 cosϕ, (3.48)

where
a = ϕ− sin−1(sinϕ/1.333), (3.49)

b = 2ϕ− a. (3.50)

The term 0.016 cosϕ is a correction applied to Fresnel reflectivity, in order
to take into account surface roughness. It yields higher reflectivity of about
0.04 for incident radiation normal to the surface, compared to the smooth
ocean surface case (Kondratyev, 1973). In the case of small lakes (Chapter
6), this correction term is not taken into account, since no surface roughness
is expected.

3.10 Radiation transfer: multiple scattering

solution for inhomogeneous atmospheric

layers

The equation of transfer for diffuse radiation is

µ
∂Iλ
∂τλ

= −Iλ + Sλ, (3.51)

where Iλ(τλ, µ, φ) is the radiance, Sλ the source function, τλ the extinction
optical depth, µ = cos θ, with θ the solar zenith angle and φ the azimuth
angle (Vardavas and Taylor, 2011). For anisotropic scattering, the angle-
dependent source function is generally expressed as

Sλ(µ) = Seλ + Ssλ + Siλ, (3.52)

where Seλ, the thermal emission source function, equals zero, since the Earth’s
atmosphere does not emit ultraviolet or visible radiation. The scattering
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source function is

Ssλ =
ωλ
4π

2π∫
0

1∫
−1

P (µ, φ;µ′, φ′)I(τ, µ′, φ′)dµ′dφ′ (3.53)

and the source function for the incoming direct solar radiation is

Siλ =
ωλ
4π
P (µ, φ;µ0, φ0)F ↓dλ (3.54)

where
F ↓dλ = S�λe

−τλ/µ0 (3.55)

The phase function, P (µ, φ;µ′, φ′), describes the probability of light incident
at µ′, φ′, to be scattered in the direction µ, φ, and equals the redistribu-
tion function when scattering is coherent in frequency, such as Rayleigh and
Mie (Vardavas and Taylor, 2011). Shettle and Weinman (1970) expressed
the scattering phase function as a two–term truncated series of associated
Legendre polynomials in the manner of Chandrasekhar (1960), to obtain

P (ϑ) = 1 + 3g cosϑ, (3.56)

where g is the asymmetry parameter and ϑ the angle between incident and
scattered radiances, given by

cosϑ = µµ′ + (1− µ2)
1
2 (1− µ′2)

1
2 cos(φ− φ′). (3.57)

For an azimuthally–averaged radiation field, the phase function can also be
averaged over the incoming azimuthal direction by replacing cosϑ given by
Equation (3.57) to obtain

P (µµ′) = 1 + 3gµµ′. (3.58)

Eddington (1926) allowed for the anisotropy of the radiation field by expand-
ing the radiance Iλ(τ, µ) in terms of Legendre polynomials and showing that
deep within an atmosphere a good approximation is to neglect higher order
terms beyond the second. Thus, the Eddington approximation is to set

Iλ(τ, µ) = I0(τ) + I1(τ)µ. (3.59)

Using the phase function P and radiance Iλ given by equations (3.58) and
(3.59), respectively, the scattering source function (3.53) becomes Ssλ =
ωλ(I0 + I1µ). Substituting this equation, along with equations (3.58) and
(3.59) in equation (3.51), we get the following equation of transfer:

µ
d(I0 + µI1)

dτ
= −(I0 + µI1) + ω(I0 + µI1) +

ω

4π
S�e

− τ
µ0 (1 + 3gµµ0). (3.60)
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By integrating (3.60) and (3.60) times µ, both over µ, as in Shettle and
Weinman (1970), we obtain the following pair of equations for I0 and I1:

dI1

dτ
= −3(1− ω)I0 +

3ω

4π
S�e

− τ
µ0 , (3.61)

dI0

dτ
= −3(1− ωg)I1 +

3ωgµ0

4π
S�e

− τ
µ0 . (3.62)

For internally homogeneous scattering and absorbing atmospheric layers (ω 6=
1), the following solutions are appropriate within each layer i(i = 1, . . . , N):

I i0(τ) = Ci
1e
−kiτ + Ci

2e
+kiτ − aie−τ/µ0 , (3.63)

I i1(τ) = pi(C
i
1e
−kiτ − Ci

2e
+kiτ )− βie−τ/µ0 , (3.64)

where τi−1 < τ < τi and

ki = [3(1− ωi)(1− ωigi)]1/2, (3.65)

pi = [3(1− ωi)/(1− ωigi)]1/2, (3.66)

ai =
3ωi
π
S�µ

2
0[1 + gi(1− ωi)]/4(1− k2

i µ
2
0), (3.67)

βi =
3ωi
π
S�µ

2
0[1 + 3gi(1− ωi)µ2

0]/4(1− k2
i µ

2
0). (3.68)

In order to determine C1 and C2 (and consequently I) in each layer, a sys-
tem of 2N equations must be solved. These equations are formulated by the
boundary conditions at TOA and at the surface, and the I0(τ) and I1(τ) con-
tinuity requirements between the layers. At TOA (layer 1), the downwelling
diffuse irradiance is zero:

0 = 2π

1∫
0

(I0 + µI1)µdµ = π[I0(0) +
2

3
I1(0)]⇒

(1 +
2p1

3
)C1

1 + (1− 2p1

3
)C1

2 = a1 + 2β1/3. (3.69)

At the surface (layer N), the upwelling diffuse irradiance is equal to the
product of the downwelling direct and diffuse irradiances, and the surface
albedo. If τ ∗ is the extinction optical depth of the entire atmosphere and A
the surface albedo:

π[I0(τ ∗)− 2

3
I1(τ ∗)] = A

{
π

[
I0(τ ∗) +

2

3
I1(τ ∗)

]
+
µ0S�
π

e
− τ

∗
µ0

}
⇒[

1− A− 2(1 + A)pN
3

]
e−kN τ

∗
CN

1 +

[
1− A+

2(1 + A)pN
3

]
e+kN τ

∗
CN

2 =

=

[
(1− A)aN −

2(1 + A)βN
3

+ A
µ0S�
π

]
e
− τ

∗
µ0 . (3.70)
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The remaining 2N − 2 equations are determined by requiring that I0(τ) and
I1(τ) are continuous between layers:

I i0(τi) = I i+1
0 (τi), (3.71)

I i1(τi) = I i+1
1 (τi), (3.72)

with i = 1, 2, . . . , N − 1. Having formulated a system of 2N equations, the
model solves for the 2N unknowns (C1 and C2 in each layer), using the LU
decomposition method (Press, 2007). Direct and diffuse radiation fluxes at
both TOA (layer 1) and the surface (layer N) are computed, while the radia-
tion absorbed by the atmosphere is estimated through the radiation budget,
whereby the net TOA incoming radiation equals the radiation absorbed by
the surface and the atmosphere. For layer i, the diffuse irradiances are com-
puted from

F (τ) = 2π

±1∫
0

(I0 + µI1)µdµ = π[I0(τ)± 2

3
I1(τ)], (3.73)

where µ > 0 and µ < 0 correspond to F ↓(τ) and F ↑(τ) (down and up welling
irradiance, respectively).

Shettle and Weinman (1970) report that using the method described in
this Section, irradiances are computed with an accuracy of several percent.

3.11 The Delta–Eddington approximation

Joseph et al. (1976) improved the truncated phase function approach by in-
cluding a Dirac delta function forward scatter peak and a two–term expansion
of the phase function:

P (ϑ) ≈ Pδ−Edd(ϑ) = 2fδ(1− cosϑ) + (1− f)(1 + 3g′ cosϑ), (3.74)

where f is the fraction of scattered photons in the forward direction, while
the Dirac delta function is defined by:

δ(x) =

{
+∞, x = 0

0 x 6= 0
(3.75)

with the following main properties:

+∞∫
−∞

δ(x)dx = 1, (3.76)
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+∞∫
−∞

δ(x− a)f(x)dx = f(a). (3.77)

Joseph et al. (1976) assumed that the original phase function that they were
approximating was the Henyey–Greenstein (HG) phase function, PHG. This
phase function was introduced be Henyey and Greenstein (1941) and has the
following form:

PHG =
1− g2

2(1 + g2 − 2g cosϑ)
3
2

. (3.78)

By varying the asymmetry factor g between -1 and 1, PHG ranges from
backscattering through isotropic scattering to forward scattering. Figure 3.7
shows how PHG approximates the forward scattering peak, for three typical
values of g.

Figure 3.7: The Henyey–Greenstein phase function for three typical values
of g (0.7,0.8,0.9).

Both van de Hulst (1968) and Hansen (1969) showed that, for flux com-
putations, PHG can be used in place of the more realistic phase functions
from Mie theory (e.g. Vardavas and Taylor, 2011, p. 177, Lavvas, 2007, p.
233). Joseph et al. (1976) also showed that Pδ−Edd agrees with PHG out to
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three terms, and the Pδ−Edd error grows smaller as g → 1. Requiring that the
second moment of Pδ−Edd be identical to the second moment of PHG, they
obtained f = g2. By further requiring that Pδ−Edd has the same asymmetry
factor as PHG, they determined g′:

g′ =
g − f
1− f

=
g

1 + g
. (3.79)

The remaining Delta–Eddington simple transformations were obtained by
inserting Pδ−Edd in the azimuthally averaged radiative transfer equation:

τ ′ = (1− ωf)τ, (3.80)

ω′ =
(1− f)ω

1− ωf
. (3.81)

The solution to the Delta–Eddington approximation is equivalent to the Ed-
dington approximation (Equations (3.63) and (3.64)), with g′, τ ′, ω′ replacing
g, τ, ω. The Delta–Eddington approximation improves the accuracy achieved
by the simple Eddington approximation. According to Joseph et al. (1976),
the Delta–Eddington method predicts the radiative fluxes to an accuracy of
better than 2.5%, with the average flux error being no larger than 0.5%.
Errors tend to increase as the cosine of the solar zenith angle decreases, but
for values of µ ≥ 0.4 the errors remain at their lowest levels.

3.12 Radiative transfer input parameters

The set of monochromatic radiative flux transfer equations described in the
previous Sections is solved separately for each wavelength and spectral band,
and for each atmospheric layer. The atmospheric constituents and processes
in each layer, taken into account by the model, are shown in Figure 3.1. Gen-
erally, the atmospheric extinction optical depth in a layer and for a specific
wavelength is given by

τ = τcs + τca + τaers + τaera + τma + τR, (3.82)

where τcs is the cloud scattering optical depth, τca is the cloud absorption
optical depth, τaers is the aerosol scattering optical depth, τaera is the aerosol
absorption optical depth, τma is that for molecular absorption and τR is that
for Rayleigh or molecular scattering (Vardavas and Taylor, 2011). The single
scattering albedo for each layer is

ω = ωc + ωaer + ωR, (3.83)
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where ωc = τcs/τ , ωaer = τaers/τ , ωR = τR/τ . The asymmetry parameter is
given by

g =
gcωc + gaerωaer + gRωR

ω
, (3.84)

with gc and gaer being the cloud and aerosol asymmetry factors, respectively,
with the Rayleigh asymmetry factor gR = 0. The parameters τ , ω and g
constitute the input to the Delta–Eddington transformations.
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Remer, L., Kaufman, Y. J., Tanré, D., Mattoo, S., Chu, D. A., Martins, J. V.,
Li, R.-R., Ichoku, C., Levy, R. C., Kleidman, R. G., Eck, T. F., Vermote,
E., and Holben, B. N.: The MODIS Aerosol Algorithm, Products, and
Validation, Journal of the Atmospheric Sciences, 62, 947–973, 2005.

Rossow, W., Walker, A. W., Beuschel, D. E., and Roiter, M. D.: Interna-
tional Satellite Cloud Climatology Project (ISCCP)), Documentation of
new cloud data sets, World Meteorological Organization, 1996.

Rossow, W. B. and Schiffer, R. A.: ISCCP cloud products, Bulletin of the
American Meteorological Society, 72, 2–20, 1991.

Rothman, L. S., Gordon, I. E., Barbe, A., Benner, D. C., Bernath, P. F.,
Birk, M., Boudon, V., Brown, L. R., Campargue, A., Champion, J.-P.,
Chance, K., Coudert, L. H., Dana, V., Devi, V. M., Fally, S., Flaud, J.-
M., Gamache, R. R., Goldman, A., Jacquemart, D., Kleiner, I., Lacome,
N., Lafferty, W. J., Mandin, J.-Y., Massie, S. T., Mikhailenko, S. N.,
Miller, C. E., Moazzen-Ahmadi, N., Naumenko, O. V., Nikitin, A. V.,
Orphal, J., Perevalov, V. I., Perrin, A., Predoi-Cross, A., Rinsland, C. P.,
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Chapter 4

Aerosol Shortwave Direct
Radiative Effect and Forcing

4.1 Introduction

In this chapter are presented the first results on the aerosol effect and forc-
ing on local scales, based on the FORTH model runs with MODIS Level 2
climatic data at 10 km × 10 km resolution. These model runs can be ap-
plied to any region where MODIS data are temporally and spatially suffi-
cient. The area of Crete and the FORTH–CRETE AERONET station have
been selected due to the unique aerosol characteristics of the wider Eastern
Mediterranean region (Section 1.4) and for validation of the model input
and output data against ground–based station measurements. The DRE
and DRF of aerosols are computed in the SW range of wavelengths. The
corresponding effect is much smaller in the LW, due to the rapid decrease
of aerosol extinction with increasing wavelength for most aerosol types. The
FORTH model is used to compute the local distribution of all the SW ra-
diation budget components above the FORTH–CRETE AERONET station.
The radiation budget components are calculated on an instantaneous basis
(satellite overpass time), spanning the 11–year period from February 2000
through December 2010.

The results presented in this chapter include validation of the FORTH
model output DSR against in situ measurements from the HCMR and Fi-
nokalia stations, and sensitivity analysis tests regarding the aerosol optical
parameters. The aerosol effect on the radiation budget is examined on an
instantaneous basis (focusing on dust events) and on a mean annual and
seasonal basis, for the evaluation of trends and seasonal characteristics. The
method used for the estimation of the anthropogenic effect on the radiation
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budget (aerosol forcing or DRF), along with the corresponding results exam-
ined on a seasonal basis, are presented in Section 4.2.6, before the summary
and conclusions.

4.2 Results

4.2.1 Model DSR validation against HCMR and Fi-
nokalia station measurements

Aerosol DRE cannot be directly validated against measurements. This can
be only indirectly and partly achieved, through validation of radiation fluxes,
and especially via comparison against real surface measurements of solar ra-
diation. Surface measurement data were obtained from both HCMR and Fi-
nokalia meteorological stations, as described in Section 2.4. Figure 4.1 shows
the model results of the instantaneous DSR at HCMR (FORTH-CRETE
AERONET) station, against corresponding measurements from the station
(spanning a ±15 min interval centred on the satellite overpass time), for the
period 2003–2008, when both station and MODIS data are available. The
model was run separately with MODIS Terra (Figure 4.1a) and Aqua (Figure
4.1b) data as input. The model DSR in both cases is in very good agreement
with the ground–based measurements, as can be seen from the regression
fit and the determination coefficients. Nevertheless, there is a bias of −72
and −52 W m-2, which corresponds to 8.8% and 6.5% of the mean DSR
values found, using Terra and Aqua MODIS data, respectively. This trend
shows that the model tends to overestimate the DSR at the surface. Figure
4.2 shows the corresponding results for the DSR at Finokalia station. In this
case, the bias is lower (−35 and −38 W m-2), corresponding to 4.3% and 4.6%
of the mean output DSR, using Terra and Aqua MODIS input, respectively.
The validation of the model DSR against the FORTH–CRETE AERONET
station has confirmed the tendency of the model to overestimate the DSR
at the surface. The two data sets were well correlated, with a determination
coefficient similar to the one obtained using HCMR and Finokalia station
measurements (R2 = 0.77).

4.2.2 Seasonal variation of the solar radiation budget

Based on the model output with and without aerosols on an instantaneous
basis (Terra and Aqua overpass times), the seasonal variation of the main
solar radiation budget components at HCMR station was computed. The
incoming solar radiation at TOA is scattered and absorbed in the atmosphere,
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Figure 4.1: Scatter plots of the model instantaneous DSR using MODIS Terra
(a) and Aqua (b) data, against corresponding ground–based measurements
from the HCMR station, for the years 2003–2008. The lines are the linear
regression fits, with the equations, determination coefficients, biases, number
of points and mean DSR values shown.
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Figure 4.2: Scatter plots of the model instantaneous DSR using MODIS Terra
(a) and Aqua (b) data, against corresponding ground–based measurements
from the Finokalia station, for the years 2001–2007. The lines are the linear
regression fits, with the equations, determination coefficients, biases, number
of points and mean DSR values shown.
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Figure 4.3: Seasonal variation of the solar radiation budget at HCMR station,
in W m-2 (left panel) and % (right panel). The values are based on model
computations on an instantaneous basis, using Terra MODIS input data.
Dotted lines show the corresponding values without aerosols.

reflected and absorbed by the Earth’s surface, while a fraction is reflected
back to space. Due to conservation of energy, the sum of the radiation fluxes
absorbed in the atmosphere and at the surface and the outgoing radiation
at TOA always equal the total TOA incoming radiation. Figures 4.3 and
4.4 show the seasonal variation of these solar radiation budget components
at HCMR station, based on Terra and Aqua MODIS data, respectively, in
W m-2 and %. The incoming radiation at TOA ranges between ∼700 and
1250 W m-2, with maximum values occurring in summer, due to smaller solar
zenith angles. A similar seasonal variation is observed in the net DSR (surface
absorption), atmospheric absorption and TOA outgoing components. The
distribution of the incoming radiation in these components is almost constant
throughout the year: about 60% is absorbed at the surface, 20% in the
atmosphere, while about 20% is reflected back to space.

The model results without aerosols (dotted lines in Figures 4.3 and 4.4),
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Figure 4.4: As in Figure 4.3, but based on Aqua MODIS input data.

show that at this site, aerosols cool the Earth–Atmosphere system, by in-
creasing the radiation reflected back to space. They also cool the Earth’s
surface, by decreasing the net DSR through scattering and absorption of the
DSR, while they cause a warming effect within the atmosphere. Aerosols
increase multiple scattering within the atmosphere and together with their
own absorption increase the probability of photon absorption within the at-
mosphere, leading to a warming effect.

4.2.3 Sensitivity analysis

To investigate the sensitivity of the model to the uncertainty of MODIS
AOT, in the case of the HCMR station, the DSR was recalculated, using
AOT values computed from the error limits of the MODIS retrieval algorithm
(τ ±∆τ , where τ is the AOT, and, according to Remer et al. (2005), ∆τ =
±0.03 ± 0.05τ for AOT over ocean). The two new output datasets were
then subtracted from the original model DSR output. Figure 4.5 shows the
differences in the estimated DSR, when using the error limits of MODIS AOT
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Table 4.1: Differences in model mean radiation budget components (in %)
induced by variation of the aerosol optical properties (V is the variable and
∆V the amount of variation). Radiation budget components include DSR,
atmospheric absorption (AtmAb) and TOA outgoing radiation. Mean values
were computed from model calculations for the period 2000–2010, using Terra
MODIS data.

V ∆V ∆(DSR) ∆(AtmAb) ∆(TOA)
AOT ±0.03± 0.05AOT ∓0.8 ±1.6 ±1.0

fine mode AOT ±10% ∓0.2 ±0.6 ±0.2
g ±10% ±0.6 ∓0.1 ∓2.0
ω +10% +1.9 −8.8 +3.3
ω −10% −2.6 +12.7 −5.0

retrieval algorithm instead of the AOT values, for Terra and Aqua MODIS.
These differences range between almost 0.5% during summer and 1.5% in
winter, when due to overcast conditions, they lead either to significantly
small AOT or missing AOT retrievals from MODIS algorithm.

The same procedure was repeated for all components of the radiation
budget, namely the DSR, net DSR, atmospheric absorption and outgoing
radiation at TOA, and for all aerosol optical properties (AOT, fine mode
AOT, asymmetry parameter g and single–scattering albedo ω). Table 4.1
shows the sensitivity results using Terra MODIS data only, since the corre-
sponding results from Aqua MODIS were similar. The net DSR sensitivity
results are also omitted, being identical with the corresponding results of
DSR. As expected, an increase in AOT reduced the radiation reaching the
Earth’s surface, while atmospheric absorption and radiation reflected back
to space were increased. The differences due to fine mode AOT variation
were lower compared to those caused by the total AOT (mean DSR differ-
ence ∼0.2%, reaching up to 1% in extreme cases), due to the lower fine mode
AOT values. The asymmetry parameter +10% variation caused an increase
in the surface DSR of the order of 0.6%, due to the increased aerosol forward
scattering, with a small number of maximum differences ranging between 1.5
and 2.5%. This result, along with the small range of values of g (0.60–0.75),
suggests that the use of MODIS g data does not affect the validity of the
model output. Single–scattering albedo variations by +10% or −10% caused
different results in the corresponding radiation budget outputs. In the case
of +10% change in ω values, the output DSR increased by 1.9% on average,
while atmospheric absorption decreased by 8.8% and the TOA outgoing radi-
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Figure 4.5: Time series of the differences in model instantaneous DSR (%),
using Terra (a) and Aqua (b) MODIS AOT data and the error limits of the
AOT retrieval algorithm (τ ± ∆τ), above the HCMR station, for the years
2000–2010.
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ation increased by 3.3%, due to enhanced aerosol scattering. The variations
appear larger when ω is reduced by 10%. This should be attributed to the
typical values of ω, which usually exceed 0.9. Hence, an increase by 10% is
actually less most of the times, since ω values cannot exceed 1.0. In reality,
however, the smaller seasonal variation of ω and the uncertainties regarding
its retrieval, as described in Dubovik and King (2000), suggest that possible
variations of ω never reach values of 10%.

4.2.4 Time series of instantaneous aerosol DRE: Study
of dust events

Figure 4.6 and Figure 4.7 show the instantaneous SW aerosol DRE (or ∆F,
where F represents the radiation flux), at the surface (∆FSurface), the net
surface (surface absorption, ∆FNetSurface), within the atmosphere (∆FAtmAb)
and at TOA (∆FTOA), for the corresponding years of available MODIS data
over the HCMR station. The aerosol DRE generally takes higher values
in summer, due to the larger incoming solar radiation and the clear–sky
conditions prevailing during this season. Mean instantaneous values of DRE
for the period 2000–2010, calculated from both output data sets (Aqua and
Terra MODIS), are given in Table 4.2. The model DREs at the surface and
at TOA were compared with the corresponding values available from the
FORTH–CRETE AERONET station. The model output is well correlated
with the AERONET output in the case of TOA DRE (R2=0.67, slope=1.06).
At the surface, the correlation is fair (R2=0.50, slope=0.64), while the model
tends to overestimate the surface DRE for small absolute values (less than
-10 W m-2).

Dust events, associated with coarse particles transported from the Sahara
desert, enhance significantly the aerosol DRE, especially at the surface and

Table 4.2: Mean instantaneous values with standard deviations of DRE for
the period 2000–2010, calculated from both output data sets (Aqua and Terra
MODIS), for all days and dust events separately.

DRE (W m-2)
All Days Dust Events

∆FSurface −26± 16 −74± 21
∆FNetSurface −21± 13 −60± 17
∆FAtmAb +15± 10 +44± 14
∆FTOA +6± 5 +16± 7
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Figure 4.6: Time series of the instantaneous aerosol effect at the surface
(incident (a) and absorbed (b) radiation), as computed from the model, based
on MODIS Level 2 Terra and Aqua data, for the period 2000–2010, at the
HCMR station.
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Figure 4.7: Time series of the instantaneous aerosol effect in the atmosphere
(a) and at TOA (b), as computed from the model, based on MODIS Level 2
Terra and Aqua data, for the period 2000–2010, at the HCMR station.
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Figure 4.8: Scatter plots of the AOT at 865 nm versus Å at 550–860 nm
from Terra (a) and Aqua (b) MODIS data over HCMR station. The red
lines mark the areas where dust event criteria are met.

within the atmosphere. To further investigate dust events, they were first
defined according to the following criteria: the AOT value should be greater
than the mean AOT value for the whole period plus one standard deviation,
and the Angstrom exponent (Å) less than the corresponding mean value for
the whole period minus one standard deviation. Applying the above criteria
to both Aqua and Terra MODIS (AOT at 865 nm and Å at 550–860 nm)
and AERONET data (AOT at 1020 nm and Å at 440–870 nm), several cases
were found, when dust events occurred. The scatter plots of the AOT versus
Å, using Terra and Aqua MODIS data, are shown in Figure 4.8a and 4.8b,
respectively. The red lines in these scatter plots mark the areas where the
above mentioned dust event criteria are met.

These cases were further confirmed through back trajectories. Back tra-
jectory calculations were made using the Hybrid Single Particle Lagrangian
Integrated Trajectory (HYSPLIT) modeling system. This public domain
model is documented in the international literature (Draxler and Hess, 1998).
Figure 4.9 shows the seasonal distribution of the dust events detected during
2001–2010, from both Terra and Aqua MODIS data. Most of these events
occur in spring, and secondarily in autumn.

The DRE on an instantaneous basis during dust events, when model re-
sults were available, is shown in Figures 4.6 and 4.7, in different symbols from
the other days. Calculated from these cases, the mean values of the DRE on
the radiation budget components during dust events are shown in Table 4.2.
Mean values and standard deviations of the aerosol parameters (AOT, Å, g
and ω) were also calculated for the entire time series and the dust event days
separately. The mean AOT at 0.55 µm for the whole period examined was
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Figure 4.9: Seasonal distribution of dust events detected over HCMR station
during the period 2001–2010, using both Terra and Aqua MODIS data.

0.21 ± 0.19, while during dust events it increased to 0.72 ± 0.66, exceeding
4.0 in some extreme cases. Values of AOT>1.0 during dust episodes have
been reported in the past (e.g. Kaskaoutis et al., 2008; Tafuro et al., 2006).
The asymmetry parameter at the same wavelength shows smaller variability,
with values 0.71 ± 0.04 and 0.75 ± 0.02, respectively, reaching up to 0.78.
Small variability was also found in the case of ω at 0.67 µm: 0.95 ± 0.02
and 0.96± 0.01 for the entire period and dust events, respectively. It should
be mentioned that during dust episodes, the availability of ω data from the
AERONET station was limited, with only 23 values found for the whole pe-
riod examined. During dust events, Å decreased from 0.83 ± 0.42 for the
entire period to 0.25± 0.12, as expected for dust particles with large radius.
Similar values during dust outbreaks in Greece and the Central Mediter-
ranean were reported by Kaskaoutis et al. (2008); Gómez-Amo et al. (2011)
and Tafuro et al. (2006).

During these events, the decrease of the instantaneous DSR can range
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between -50 and -120 W m-2 and the corresponding decrease in surface ab-
sorption between -40 and -90 W m-2, while the warming effect within the
atmosphere ranges between 20 and 80 W m-2. The outgoing radiation at
TOA can be increased by up to 40 W m-2. Similar results have been reported
by Mallet et al. (2009), in a study of a dust event over West Africa. The
maximum instantaneous DRE values, estimated by numerical simulations,
were -172 and -26 W m-2 at the surface and at TOA, respectively. Gómez-
Amo et al. (2011) also reported very high maximum DRE values during a
2007 Saharan dust event in the central Mediterranean: -224 W m-2 at the
surface and -19 W m-2 at TOA. Haywood et al. (2003) found similar results,
studying a Saharan dust episode over Cape Verde: the surface DRE of dust
was shown to reach instantaneous values of approximately -130 W m-2. Some
of the dust event cases are shown in Table 4.3, along with the corresponding
DRE and aerosol properties. Missing values are due to the lack of model
input data.

4.2.5 Mean annual time series and trends

To investigate possible trends of the aerosol DRE during the period exam-
ined, annual mean values were calculated from the instantaneous values. In
this analysis, annual mean values can be regarded as representative of the
overpass time interval of each satellite. It should also be noted that successful
model retrievals of the radiation budget and the corresponding DRE occur
mainly in summer, autumn and spring, due to the more frequent availability
of MODIS input data during these seasons. Hence, the results presented in
this section should also be regarded as more representative of these seasons,
compared to winter. Furthermore, the different distribution of days with
model results in each year, could cause biases in the annual mean TOA in-
coming radiation and the corresponding radiation budget components. To
avoid such complications, the radiation fluxes are presented as percentages
of the corresponding TOA incoming fluxes, while the annual mean values of
factors that affect the radiation budget, such as AOT and cloud fraction,
were also computed from the same days with model output radiation fluxes.

Figure 4.10 shows this seasonal distribution of the model instantaneous
results (in %), for the periods 2001–2010 for Terra MODIS data and 2003–
2010 for Aqua MODIS, when complete annual results were available. This
seasonal bias in annual time series and trends does not affect the significance
of the results, since the highest aerosol loads and corresponding effects occur
during these seasons, due to strong dust episodes taking place in spring and
autumn, and high anthropogenic aerosol load in summer, as was shown by
Fotiadi et al. (2006). Table 4.4 shows the monthly mean AOT values and the
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Figure 4.10: Seasonal distribution in % of the successful model computations
during the periods 2001-2010 (Terra MODIS data) and 2003–2010 (Aqua
MODIS data).

corresponding standard deviations from Terra and Aqua MODIS, calculated
over the period examined. The results verify this seasonal behavior.

The annual mean aerosol DRE during 2001-2010 at surface (DSR and ab-
sorption), within the atmosphere and at TOA, is shown separately for Terra
and Aqua MODIS data in Figure 4.11. An overall decreasing trend in DRE
is obvious in both cases, and was quantified by applying linear regression.
The corresponding % changes in DRE during the period examined are shown
in Table 4.5. These decreases of DRE in all radiation budget components
should be attributed to a corresponding significant decrease in AOT from
both Terra and Aqua MODIS, shown in Figure 4.12 and Table 4.5. The
trends in AOT and DRE found here, are in general agreement with the re-
sults presented by Papadimas et al. (2008, 2012), which showed that there
is a decreasing trend in AOT and DRE values over the broader Mediter-
ranean basin, using MODIS Level 3 data and examining the period from
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Figure 4.11: Time series of the annual mean aerosol DRE at surface (DSR
and absorption), within the atmosphere and at TOA, using Terra (a) and
Aqua (b) MODIS data.
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Table 4.4: Monthly mean AOT and standard deviation from Terra and Aqua
MODIS, calculated for the period 2000–2010.

Month Terra MODIS AOT Aqua MODIS AOT
January 0.14± 0.13 0.15± 0.14
February 0.20± 0.14 0.23± 0.42

March 0.25± 0.40 0.27± 0.40
April 0.29± 0.18 0.33± 0.44
May 0.26± 0.16 0.25± 0.17
June 0.20± 0.12 0.20± 0.11
July 0.21± 0.09 0.20± 0.08

August 0.22± 0.10 0.20± 0.09
September 0.22± 0.12 0.20± 0.09
October 0.21± 0.12 0.19± 0.11

November 0.17± 0.12 0.15± 0.09
December 0.16± 0.12 0.15± 0.11

2000 to 2006. These trends were attributed to reduced emissions of aerosols
and aerosol precursors, but also to increased aerosol removal by enhanced
precipitation.

While a decreasing AOT and corresponding aerosol DRE,assuming that
other important parameters of the radiation budget remain unchanged dur-
ing the period examined, are expected to increase the DSR and net DSR, by
allowing more radiation to reach the surface, and decrease the atmospheric
absorption and the radiation reflected back to space at TOA, the time series
of the radiation fluxes from both Terra and Aqua MODIS appear contra-

Table 4.5: Changes (in %) in the annual mean aerosol DRE on the solar radi-
ation budget and the corresponding AOT, during 2001–2010 (Terra MODIS)
and 2003–2010 (Aqua MODIS). Statistically significant changes are shown
in bold.

DRE Terra MODIS Aqua MODIS
∆FSurface -19.6 -11.3

∆FNetSurface -19.1 -11.1
∆FAtmAb -22.6 -14.4
∆FTOA -9.5 -3.7

AOT (0.55 µm) -19.4 -15.2
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Figure 4.12: Time series of the annual mean AOT at 0.55 µm, using Terra
and Aqua MODIS data.

dictory to this assumption (Figure 4.13a and b, respectively); The DSR, net
DSR and atmospheric absorption have slightly decreased, while the TOA out-
going radiation has increased. Numerical values of these changes are given in
Table 4.6. For the investigation of possible reasons that cause this behaviour
in the radiation fluxes, the same time series analysis was performed for cloud
fraction, along with a model sensitivity analysis. Figure 4.14 shows the time
series of the annual mean cloud fraction over HCMR station using Terra and
Aqua MODIS data for 2001–2010 and 2003–2010, respectively. By applying
linear regression to these data, a significant increase in cloud fraction was
found in both cases, equal to 15.4% and 13.4%, respectively (Table 4.5).

In order to verify that this increase in cloud fraction masked the expected
increase in DSR and net DSR arising from the decrease in AOT and DRE,
a model sensitivity analysis was performed, whereby the cloud fraction was
increased by 10% and 15%, and the radiation budget results were compared
against the corresponding original model output. The results, shown in Table
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Figure 4.13: Time series of the annual mean radiation fluxes at surface (DSR
and absorption), within the atmosphere and at TOA, using Terra (a) and
Aqua (b) MODIS data.

124



4.2. RESULTS

Table 4.6: Changes (in %) in the annual mean components of the solar
radiation budget and the cloud fraction during 2001–2010 (Terra MODIS)
and 2003–2010 (Aqua MODIS).

Terra MODIS Aqua MODIS
DSR -1.9 -1.1

Net DSR -1.5 -1.2
Atmospheric Absorption -0.5 -2.5

TOA Outgoing +5.5 +6.0
Cloud Fraction +15.4 +13.4

Figure 4.14: Time series of the annual mean cloud fraction, using Terra and
Aqua MODIS data.
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Table 4.7: Differences in model mean radiation budget components (in %)
induced by variation of the cloud fraction. Radiation budget components
include DSR, net DSR, atmospheric absorption (AtmAb) and TOA outgoing
radiation. Mean values were computed from model calculations for the period
2000–2010, using Terra MODIS data.

Cloud Fraction DSR net DSR AtmAb TOA
+10 -2.4 -2.4 +0.7 +1.7
+15 -3.2 -3.2 +0.9 +2.3

4.7, imply that the 15% increase in cloud fraction, found during the period
examined, counterbalanced the increase in DSR and net DSR that the AOT
reduction would have caused, furthermore inducing a slight decrease (Table
4.6), while it has also masked a significant decrease in atmospheric absorp-
tion, and increased the TOA outgoing radiation.

4.2.6 Contribution of anthropogenic aerosols on DRE

The separation of total aerosol DRE into its natural and anthropogenic com-
ponents is essential and very important in view of assessing human effects,
through emissions of particulate matter (which may also influence natural
aerosol events), on the extensively discussed current anthropogenic climate
change. According to the literature, aerosols of anthropogenic origin are
mainly composed of fine mode particles (Dubovik et al., 2002a; Kaufman
et al., 2002). To investigate the inter–annual variation of the fine mode
AOT, available from MODIS, and the fine mode fraction (FMF), calculated
by dividing the fine mode AOT by the total AOT, the procedure described
in the previous section was followed. Figure 4.15 shows the resulting time
series of both fine mode AOT and FMF at 0.55 µm, over HCMR station, from
Terra and Aqua MODIS data. As in the case of total AOT (Figure 4.12),
the fine mode AOT has decreased significantly during the period examined.
The FMF, however, has been slightly increasing until 2009, implying that
the total AOT was decreasing more steeply than the fine mode AOT. This
trend changed in 2010, when the total AOT increased (Figure 4.12), while
the fine mode AOT continued to decrease, causing a significant reduction in
FMF. The changes (in %) of fine mode AOT and FMF from Terra and Aqua
MODIS during the entire period examined are shown in Table 4.8.

The technique used here to discriminate aerosols of anthropogenic origin
was first implemented by Barnaba and Gobbi (2004), showing a good cor-
respondence to the actual aerosol distribution, evaluated using other meth-
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Figure 4.15: Time series of the annual mean fine mode AOT (a) and fraction
(b) over HCMR station, at 0.55 µm, using Terra and Aqua MODIS data.

ods. To investigate the contribution of anthropogenic (mainly of fine mode)
aerosols on the total DRE, the following method was used: For each day, the
fine mode AOT at 0.55 µm was divided by the corresponding total AOT, to
calculate the FMF. For the days that this fraction was greater than 0.7, fine
mode particles were assumed to have prevailed and the asymmetry parame-
ter g (taken from MODIS) and single–scattering albedo ω (from AERONET)
during these days were assumed to be characteristic of the fine mode. In this
section, AERONET Level 1.5 single–scattering albedo values were used, due
to lack of sufficient temporal coverage from Level 2.0. For the days when the
FMF was less than 0.7, a mixed aerosol load was assumed. To separate the
anthropogenic component from the total aerosol DRE for days with mixed
aerosol load, values of fine mode g, ω and AOT were also needed. While
fine mode AOT is already available from MODIS on a daily basis, monthly
averaged values of fine mode g and ω were used, computed from the days
when the fine mode particles prevailed (FMF greater than 0.7).
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Table 4.8: Changes (in %) in the annual mean fine mode AOT and fraction at
0.55 µm, during 2001–2010 (Terra MODIS) and 2003–2010 (Aqua MODIS).
Statistically significant changes are shown in bold.

Terra MODIS Aqua MODIS
fine mode AOT -24.8 -11.6

FMF -4.1 +3.0

To investigate the optical characteristics of aerosols during anthropogenic
events, the mean values of AOT at 0.55 µm, Å, g and ω, with the MODIS
FMF greater than 0.7, were calculated. Fine mode AOT from both Terra
and Aqua ranges between 0.12± 0.07, compared to the corresponding mean
0.21 ± 0.19 of total AOT for the same period. Å reaches up to 1.24 ± 0.68
for high FMF, from 0.83± 0.42 for the complete time series, while ω reduces
to 0.89± 0.07, from a mean value of 0.95± 0.02. The asymmetry parameter
exhibits smaller variance: 0.68 ± 0.07 for high anthropogenic aerosol loads,
against 0.71 ± 0.04 for the whole period. A back trajectory analysis was
conducted for the cases with FMF > 0.9. The results show that the Balkan
area is the main source of these aerosol loads, with secondary sources being
South Italy and Western Turkey.

The fine mode AOT at 0.55 µm was also examined on a seasonal basis
and compared against the corresponding total AOT (Figure 4.16). Two
distinct peaks in fine mode AOT appear in both Terra and Aqua MODIS, in
April and August. The total AOT, however, is larger in April, compared to
late summer and early autumn. This difference should be attributed to the
contribution of Saharan dust events, which occur primarily in spring, and
add a significant aerosol load to the total AOT.

The contribution of the fine mode aerosols to the total DRE was also
examined on a seasonal basis, separately for Terra and Aqua. The results
are shown in Figures 4.17 and 4.18, respectively. The DRE on net DSR
peaks in spring in both cases, reaching almost -30 W m-2 on a monthly mean
basis. This peak should be attributed to the combination of high natural
and anthropogenic AOT values (Figure 4.16). The contribution of the fine
mode aerosol on the surface absorption DRE, however, peaks in summer,
due to the lower natural aerosol loads, compared to spring. The highest
DRF on atmospheric absorption occurs also in summer; increased fine mode
AOT, characterised by low values of ω, as mentioned before, causes increased
absorption of radiation in the atmosphere. This characteristic also explains
the reduced DRF on the TOA outgoing radiation, during summer: low values
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Figure 4.16: Seasonal variation of the total and fine mode AOT at 0.55 µm,
over HCMR station, using Terra and Aqua MODIS data.

of ω result in less radiation scattered back at TOA from the aerosol layer.

4.3 Summary and conclusions

The FORTH model was used, along with MODIS Level 2 surface and atmo-
spheric parameters, to compute the instantaneous SW radiation budget and
aerosol DRE and DRF at the surface, within the atmosphere and at TOA,
above HCMR station. The MODIS data were supplemented with data single–
scattering albedo data from the FORTH–CRETE AERONET station. The
model computations were performed for the 11–year period from 2000 to
2010. The results for the DSR were validated against HCMR and Finokalia
stations data, showing that in general the model is able to predict the DSR
in this region, with a negative bias of about 30 to 70 W m-2.

The calculated instantaneous aerosol DRE at the surface, in the atmo-
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Figure 4.17: Seasonal variation of the DRE on net DSR, atmospheric ab-
sorption and TOA outgoing radiation (upper panel), and corresponding con-
tribution of the fine mode aerosols (lower panel), at HCMR station, using
Terra MODIS data.

sphere and at TOA, showed the significance of dust events in the region, when
the DRE at the surface can induce surface cooling as high as -120 W m-2.
The maximum values observed, during dust events, of warming and cooling
effects in the atmosphere and at TOA, are approximately 90 and -40 W m-2,
respectively. These large DRE values constitute an important modification
factor of the local surface and atmospheric radiation budget which, given the
key location of Crete, is representative of the eastern Mediterranean basin.
The DRE is characterised by a seasonal pattern, with maximum values dur-
ing spring, following the corresponding increase in AOT, which is caused by
a combination of transported African dust, that occurs mainly in this sea-
son, with increased fine mode aerosol loads. A secondary maximum is also
observed in late summer and early autumn, associated with anthropogenic
aerosols.
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Figure 4.18: As in Figure 4.17, but based on Aqua MODIS data.

The linear regression analysis applied to the annual mean DRE total
AOT and fine mode AOT, reveals a decreasing trend during the period ex-
amined, which is in agreement with similar previous results (e.g. Papadimas
et al., 2008). The corresponding radiation budget trends, however, are also
influenced by a significant increasing trend in cloud fraction.

The contribution of anthropogenic aerosols on the DRE at surface is high-
est during summer. Low values of single–scattering albedo in fine mode
aerosols, associated with increased absorption of radiation, explain their sig-
nificant contribution in atmospheric absorption, and the attenuation of radi-
ation reflected back to space at TOA.

This version of the FORTH model can be used in the future at various
sites of specific interest, regarding the direct effect of aerosols on the radia-
tion budget, to investigate the local patterns of the DRE. This is important,
especially in view of the assessment of aerosol DRE and DRF under differ-
ent aerosol regimes, for example urban, remote continental, biomass burn-
ing or desert dust. Such future model computations can also benefit from
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the increased availability of vertically resolved aerosol information, provided
by modern platforms like CALIPSO and CloudSat of A–train satellites. It
is also very important to perform validations of computed fluxes against
ground–based stations and satellite measurements, to ensure the validity of
the results.
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Chapter 5

Aerosol Effect on Surface
Ozone Photolysis

5.1 Introduction

Ozone is the main atmospheric absorber of solar UV and visible radiation in
the stratosphere. In the troposphere, O3 acts both as a direct greenhouse gas,
and as an indirect controller of greenhouse gas lifetimes. According to IPCC,
it contributes about 0.35◦C to the total 2.4◦C rise due to greenhouse gases
since pre–industrial times (see also Figure 1.4). The sources of tropospheric
O3 include in situ production by chemical reactions of precursor species (in-
cluding CO and nitrogen oxides), and the transfer of stratospheric O3 to the
troposphere (IPCC, 2007). Due to its large spatial and temporal variability,
it is studied primarily using CTMs. Results from these studies show that
the modelled tropospheric O3 abundances generally agree with observations
and in most cases the net budgets are in balance. The individual budget
components, however, vary greatly (Denman et al., 2007).

The photolysis of tropospheric O3 constitutes its dominant sink, leading
to different products, depending on the radiation wavelength. One of the key
products is O(1D), which is produced by the photolysis reaction:

O3 + hν → O(1D) + O2, (5.1)

primarily for wavelengths below 330 nm. The photolysis rate of O3, J(O1D),
is the inverse of the atmospheric lifetime of an O3 molecule before photol-
ysis occurs. Except in affecting the tropospheric O3 concentration and its
budget, the importance of J(O1D) lies also in providing the mechanism by
which pollutants such as CO and CH4 are removed from the lower atmo-
sphere: the reaction of O(1D) with atmospheric water, forms hydroxyl–OH
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and hydroperoxyl–OH2 radicals, which are highly reactive and constitute the
primary oxidizing species in the lower atmosphere (Rohrer and Berresheim,
2006). Thus, possible changes in J(O1D) are expected to influence both the
greenhouse effect and air pollution levels.

Several methods have been used in the past for the measurement of
J(O1D), including chemical actinometry (e.g. Shetter et al., 1996; Blackburn
et al., 1992) and filter radiometry (e.g. Gerasopoulos et al., 2006; Hofzuma-
haus et al., 1992), while spectral actinic fluxes have also been used, derived
from spectral UV irradiance measurements (e.g. Bais et al., 2003; Kazadzis
et al., 2004). Numerous campaigns have also focused on the study of J(O1D)
(see Gerasopoulos et al., 2012, and references therein).

Atmospheric aerosols and total column ozone are amongst the impor-
tant factors which determine J(O1D) in an area. The effect of aerosols on
J(O1D) has been studied in the past, using either modelling methods (Li
et al., 2011; Tie et al., 2005; Yang and Levy II, 2004), or direct comparisons
between J(O1D) and AOT collocated station measurements (Gerasopoulos
et al., 2012; Casasanta et al., 2011). This effect can also be deduced by
the corresponding aerosol effect in the UV fluxes (Kerr, 2005; Balis et al.,
2002), considering that reaction (5.1) takes place under the presence of UV
radiation. The effect of total column ozone on J(O1D) is also caused by the
high absorption at the same wavelengths, which reduces the amount of UV
radiation that would otherwise reach the surface.

In terms of both aerosol load and total column ozone, the eastern part
of the Mediterranean is a place of high interest. As described in Section 1.4,
numerous studies have shown that aerosols play a crucial role in the radiative
processes over the area, through their high temporal and spatial variability
and their complex characteristics resulting from their mixed composition.
Total column ozone also exhibits high variability in the area, as has been
shown in the past (Demirhan et al., 2005; Hudson et al., 2003).

In the current chapter, the calculation of J(O1D) and the estimation of
the aerosol and total ozone effects are presented. The computations are per-
formed over Finokalia station, using the FORTH radiative transfer model
(Chapter 3), and input data from MODIS Level 2 Collection 051 Atmo-
sphere Products (Section 2.2). The area has been selected due to its rep-
resentativeness of the wider Eastern Mediterranean. Additionally, J(O1D)
measurements have been conducted in Finokalia during the period 2002–
2006, rendering the area suitable for validation purposes (Section 2.4).

In the next section, the methodology for deriving J(O1D) and the aerosol
and total ozone effects, using the FORTH model and MODIS Level 2 in-
put data, are described. The results, including the total ozone validation
against Thessaloniki station measurements, the model derived J(O1D) vali-
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dation against Finokalia station measurements, trends of J(O1D) during the
period examined and the corresponding aerosol and total ozone effects are
given in Section 5.3, before the summary and conclusions.

5.2 Calculation of J(O1D)

For the computation of J(O1D), input from the FORTH model output was
used, specifically the enhancement factor for photolysis. The corresponding
J(O1D) values are computed on an instantaneous basis (satellite overpass
time), spanning the 11–year period from February 2000 to December 2010.
For the calculation of J(O1D) (s-1) the following formula was used, given by
Vardavas and Taylor (2011):

j(z, t) =

λb∫
λa

fλ(z, t)µ0(t)S�λσλ(z)Φλ(z)dλ, (5.2)

where z and t are the altitude and time, respectively, fλ is the enhancement
factor, µ0 is the cosine of the solar zenith angle, S�λ is the spectral solar
irradiance, σλ is the ozone absorption cross section and Φλ is the quantum
yield, which represents the probability for a molecule that absorbs a photon
to be photodissociated. The enhancement factor is given by

fλ =
4πJλ + µ0F

↓
dλ

µ0S�λ
(5.3)

The total monochromatic solar flux for photolysis (also known as actinic
flux), is 4πJλ +µ0F

↓
dλ, where 4πJλ is the spherically integrated over all solid

angles diffuse radiation flux component and µ0F
↓
dλ the direct radiation flux

component, with F ↓dλ given by equation (3.55). Hence, in the calculation of
fλ, all radiation components are taken into account: downwelling direct and
diffuse radiation, as well as upwelling diffuse radiation.

The solar zenith angle is available from MODIS Level 2 Products, while
the spectral solar irradiance, available from Gueymard (2004), is accounted
for as described in Section 3.3. The ozone absorption cross section and
quantum yield are available from the Jet Propulsion Laboratory Chemical
Kinetics and Photochemical Data for Use in Atmospheric Studies (Tables
4–5 and 4–6 in Sander et al., 2006). The absorption cross section, which
is temperature dependent, is calculated using linear interpolation between
the two given values (at T=218 K and T=293–298 K), while the temperature
dependence of the quantum yield is also taken into account, as recommended
by Matsumi et al. (2002).
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Since the AOT in the 300–320 nm range is crucial for the purposes of
this study, the MODIS AOT (described in Section 2.2) is supplemented with
daily AOT values at 340 nm from the FORTH–CRETE AERONET station,
located about 50 km west of Finokalia station. The best fitting function to
these 8 AOT values was estimated on a per–day basis, and the AOT at the
118 model wavelengths was calculated using this function. For the estimation
of the aerosol effect on J(O1D) the model was run with and without aerosols,
while all other input parameters remain unchanged. The aerosol effect is
then given by

∆J(O1D) = J(O1D)− J(O1D)no−aerosol, (5.4)

where J(O1D) and J(O1D)no-aerosol are the surface O3 photolysis rates com-
puted with and without aerosols, respectively. The estimation of the total
column ozone effect on J(O1D) was based on sensitivity analysis.

5.3 Results

5.3.1 Validation of total column ozone

The MODIS Level 2 Total Ozone Product has been validated globally with
OMI/TOMS data and also with ground based Brewer Measurements during
a year long time period over Budapest, Hungary (Borbas et al., 2011). How-
ever, in order to further ensure the validity of the results, MODIS total ozone
is validated against ground based measurements conducted at the University
of Thessaloniki with a Brewer MKII spectrophotometer. Total ozone station
data from Thessaloniki were available on a high temporal resolution daily
and diurnal basis during the entire 11–year period studied. For each day,
station data were used to compute the mean total ozone values correspond-
ing to the Terra and Aqua overpass time intervals. These temporal mean
values were validated against spatial mean MODIS total ozone values from
a 50 km × 50 km area centered on the station coordinates. The validation
results for Terra and Aqua separately are shown in Figure 5.1. The deter-
mination coefficients show that the station and satellite data correlate well.
Nevertheless, a systematic bias of about 26 Dobson Units (DU) is detected in
the case of Aqua: satellite data tend to underestimate total ozone, compared
to the station measurements.

This systematic discrepancy between station and Aqua MODIS total
ozone data, along with the high importance of total ozone in the calculation
of J(O1D), discussed in Section 5.3.5, could lead to consequent systematic
errors in J(O1D) calculated using Aqua MODIS data. For these reasons, only
Terra MODIS data were used in the present study.
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Figure 5.1: Scatter plots of the total column ozone in Dobson Units (DU)
from MODIS Terra (a) and Aqua (b), against corresponding ground mea-
surements from Thessaloniki station, for the years 2000-2010. The red lines
are the linear regression fits, with the equations, determination coefficients
and number of points shown.
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5.3.2 Validation of J(O1D)

In order to achieve a meaningful validation of the model J(O1D) against Fi-
nokalia station measurements, a separate model run was performed, where
fλ was calculated taking into account only the downwelling direct and dif-
fuse radiation. These calculations match the hemispherical (2π) setup of the
station instrument. For the validation process, pairs of model and measured
J(O1D) with a time difference up to 5 minutes were used. The validation
results, regarding all–sky conditions, are shown in Figure 5.2. In this scatter
plot, the dotted line represents the 1:1 line and the solid line is the linear
regression fit, while the error bars represent the 15% accuracy of the sta-
tion measurements. The determination coefficient is high (0.87), while a
small tendency of model J(O1D) overestimation is observed, especially for
high J(O1D) values. Amongst different factors, differences can arise from
the resolution of the atmosphere sampled by the satellites and the ground
station sensor: while the satellite data cover a 50 km×50 km area, point mea-
surements are determined by atmospheric processes occurring in a smaller
area. Part of the scatter may also arise from clear/cloudy sky effects on the
solar radiation direct component over the 5 minute ground station sensor
integration time.

Taking into account the upwelling diffuse radiation, in addition to the
downwelling direct and diffuse, in the computation of fλ, the model derived
J(O1D) becomes higher compared to the station measurements, as expected.
According to these results, shown in Figure 5.3, the fraction of the J(O1D)
values that can be attributed to the upwelling diffuse radiation ranges be-
tween about 9% and 16%, with a mean value of 12.4%.

To further ensure the validity of the model UV–B radiation at the surface,
which is crucial for the reliability of the results, the calculation of J(O1D) was
repeated according to Equation (5.2), using the same model enhancement
factor in the UV–B and MODIS solar zenith angle, but replacing σλ and
Φλ with the corresponding values used by the Finokalia filter radiometer
software, for the conversion of measured radiation to J(O1D) measurements
(Brock and Watson, 1980; Daumont et al., 1992). The similarity of the
validation results using the two J(O1D) outputs and the good correlation
with J(O1D) measurements in both cases (R2 = 0.88 and slope = 0.78 in the
second case), imply that the model radiation output in the UV–B range is
reliable for the purposes of the present study.
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Figure 5.2: Scatter plot of the model instantaneous J(O1D) using MODIS
Terra data, against corresponding ground measurements from the Finokalia
station, for the years 2002-2006. The black line is the linear regression fit,
with the equation, determination coefficient and number of points shown.

5.3.3 Trends in J(O1D)

Considering monthly mean values of J(O1D), computed from daily local noon
photolysis rates for the period when station measurements are available
(2002–2006), no particular change is observed, as was reported by Gera-
sopoulos et al. (2012). In this study, possible changes using monthly mean
values are investigated, computed for the time interval characteristic of Terra
MODIS overpass times. Specifically, each daily value is computed as the av-
erage of the 5 minute measurements available during the ±30 minute period
centered on the satellite overpass time. These daily values are then used for
the computation of the corresponding monthly mean values. This approach
offers the possibility of a meaningful comparison between station measure-
ments and model results, while the latter are used to study the entire period
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Figure 5.3: Time series of the daily percent difference between model and
station J(O1D), when computed using the 4π and 2π model configurations.

when MODIS data are available.
Figure 5.4 shows the time series of the model monthly mean J(O1D),

based on the 2π configuration, computed using Terra MODIS and the cor-
responding monthly mean values from Finokalia measurements for the pe-
riod 2002–2006, when both model and station data are available. The
seasonal variation of J(O1D) is obvious, ranging between 5× 10−6 s-1 in win-
ter and 3 × 10−5 s-1 during summer, in agreement with Gerasopoulos et al.
(2012). In order to perform a robust analysis, the deseasonalised time series
were taken, normalized by the standard deviation, as explained in Matsoukas
et al. (2011). Fitting linear trends to the normalized time series, both the sta-
tion measurements and the model output showed no statistically significant
change at the 95% confidence level for this specific 5–year period. However,
when examining the entire 11–year period of the model J(O1D) output (2000–
2010), a statistically significant J(O1D) decreasing trend appears. Figure 5.5
shows the time series of the model J(O1D) monthly mean values, along with
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Figure 5.4: Times series of the model monthly mean J(O1D), based on the
2π configuration, computed using Terra MODIS data, and the corresponding
monthly mean values from Finokalia measurements for the period 2002–2006.
The vertical lines are used to distinguish successive years.

the corresponding deseasonalised values and the linear regression fit. The
trend appearing here corresponds to ∼13% reduction in J(O1D) during this
period, and will be discussed further in the next sections.

5.3.4 Aerosol effects on J(O1D)

Aerosol instantaneous effects

The aerosol effect on J(O1D), ∆J(O1D), is caused by the corresponding
changes in the radiative fluxes, included in the computation of fλ (Equa-
tion 5.3), which occur when aerosols are not included in the model. These
fluxes are predicted by the Delta-Eddington method to an accuracy of better
than 2.5% (Joseph et al., 1976). This uncertainty causes a corresponding

143



CHAPTER 5. AEROSOL EFFECT ON SURFACE OZONE
PHOTOLYSIS

Figure 5.5: Time series of the model J(O1D) monthly mean values along
with the corresponding deseasonalised values and the linear regression fit.
The vertical lines are used to distinguish successive years.

uncertainty of about 2% in the calculation of J(O1D).

In order to investigate the way aerosols affect fλ and consequently J(O1D),
the aerosol effect was examined separately on each component of fλ, namely
the direct downwelling radiation component, and the diffuse down and up-
welling components for a typical day, when ∆J(O1D) was of the order of -5%.
The results are shown in Figure 5.6.

Although the curves in Figure 5.6 are expected to vary on a day–by–day
basis, depending on the values of solar zenith angle and total ozone, the anal-
ysis of various cases during different days showed that Figure 5.6 represents
the typical aerosol effects on the radiation flux components and J(O1D). The
solid lines represent each output when aerosols are present, while the same
color dashed lines correspond to the same output when the model was run
without aerosols. The absence of aerosols causes an increase in the direct
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Figure 5.6: Aerosol effect on enhancement factor components for a typical
day (∆J(O1D) ≈ −5%), for the spectral region where J(O1D) is computed,
along with the spectral distribution of Jλ.

downwelling radiation reaching the surface, and a decrease in the diffuse
downwelling. The upwelling diffuse radiation is slightly increased. The over-
all effect of these changes is an increase in fλ in the absence of aerosols.
Figure 5.6 also shows the spectral distribution of J(O1D), Jλ. The peak of
Jλ near 0.305 µm is the result of the rapidly increasing O3 absorption cross
section with decreasing wavelength in the Hartley–Huggins bands, combined
with the decrease in fλ to almost zero below 0.3 µm. The increased fλ in-
creases the corresponding values of J(O1D), resulting in negative ∆J(O1D)
values.

The time series of the instantaneous ∆J(O1D), computed as described in
Section 5.2, is shown in Figure 5.7. The decrease in J(O1D) is highly variable
on a day to day basis, depending on the aerosol load. The median reduction
in J(O1D) due to aerosols, calculated from the entire period examined, is of
the order of 2.3%. The computation of ∆J(O1D) on a per–day basis offers
the possibility of studying the effects of Saharan dust events, which last 1–2
days and are common in the area, especially during spring and autumn. In
order to define dust events, threshold criteria on the AOT and Angstrom
exponent daily values provided by MODIS were used, while back–trajectory
analysis was used to verify the dust episodes detected. This procedure is
described in detail in Section 4.2.4. Detected ∆J(O1D) due to dust events
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Figure 5.7: Time series of the daily aerosol effect on the model J(O1D). The
cases of the effect when dust events were detected and the corresponding
median values are also shown. The vertical lines are used to distinguish
successive years.

are shown in Figure 5.7 with different symbols. Due to the large effect on
the DSR during these events, ∆J(O1D) exceeds -10% in many cases, with
a median value of -6.8%. Gerasopoulos et al. (2012), have also reported
aerosol effects on J(O1D) reaching up to -40% in cases of high AOT. Large
aerosol effects shown in Figure 5.7 but not identified as dust events were
also examined using back–trajectory analysis. Several of these cases were
attributed to forest fire smoke, transferred from the wider Balkan area (e.g.
the 28% decrease in J(O1D) detected in March 30th, 2003).

To further investigate the effect of the aerosol load on J(O1D), a sensi-
tivity analysis was performed: the model was run with the AOT varied by
±10%, and the resulting J(O1D) output was compared against the corre-
sponding results of the original model run. The analysis showed that the
±10% variation in AOT caused a corresponding ∓0.5 ± 0.5% change in
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Figure 5.8: Scatter plots of the daily aerosol effect on J(O1D) against model
AOT at 305 nm divided by µ0 for four characteristic months (January, April,
July and October). The red lines are the linear regression fits, with the
equations, determination coefficients and numbers of points shown.

J(O1D). Furthermore, the relationship between the model input AOT at
305 nm, where Jλ peaks, and the corresponding change on J(O1D), was di-
rectly examined.

Figure 5.8 shows the scatter plots of the AOT at 305 nm divided by the
corresponding µ0 in order to remove the seasonal effects, against ∆J(O1D) for
January, April, July and October, which are characteristic of the seasonal
variations. It is obvious from Figure 5.8 that larger optical path lengths
(AOT/µ0) induce larger aerosol effects. Figure 5.8 also shows that ∆J(O1D)
also depends on the solar zenith angle: as the solar zenith angle moves to-
wards the vertical (µ0 = 0.93 in July), the aerosol layer transmissivity goes
to 1 for low optical paths, as can be seen from fig. 1 of Joseph et al. (1976),
rendering ∆J(O1D) insignificant for AOT/µ0 of about 0.3. However, as µ0
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Figure 5.9: Time series of the monthly mean percent ∆J(O1D) from model
output. The linear regression fit is also shown, while the vertical lines repre-
sent successive years.

decreases (µ0 = 0.86, 0.69, 0.51 in April, October and January respectively),
transmissivity of the aerosol layer also decreases, and ∆J(O1D) becomes in-
significant at progressively lower values of AOT/µ0.

Aerosol monthly mean effects and trends

Model monthly mean values of ∆J(O1D) were computed from the daily val-
ues, for months with at least 5 daily values available, in order to ensure the
validity of the results. Figure 5.9 shows the time series of the model monthly
mean percent ∆J(O1D). High absolute ∆J(O1D) percent values in winter
months are caused by the reduced radiation reaching the surface during this
season. Although an overall decreasing trend is observed, no statistical sig-
nificance in the 95% confidence level was found. This result suggests that
the statistically significant decreasing trend in J(O1D) found in the case of
Terra cannot be attributed to aerosol effects. The seasonal percent variation
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Figure 5.10: Seasonal variation of the aerosol effect on J(O1D) for Terra
MODIS, computed from the period examined (2000-2010). The error bars
represent the standard deviations of the mean monthly values computed from
the Terra overpass time values.

of the aerosol effect on J(O1D) is shown in Figure 5.10. The higher aerosol
percent effect in December should be attributed to the reduced radiation
reaching the surface, as explained in the case of Figure 5.9. However, the
large effects, appearing in spring, late summer and autumn, are caused by
the large seasonal variation of the aerosol load in the region, due to increased
dust events, as was shown in previous studies (e.g. Fotiadi et al., 2006).

5.3.5 Total column ozone effects on J(O1D)

In order to further investigate the decreasing trend of J(O1D) (Section 5.3.3),
the same analysis was conducted for the total column ozone, available from
MODIS Level 2 Atmosphere Products over both Finokalia and Thessaloniki
stations, and from Thessaloniki station ground measurements.
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Total ozone monthly mean values over Finokalia station were computed
and analyzed in the same way the J(O1D) monthly mean values and trends
were studied. Figure 5.11 shows the time series of the total ozone monthly
mean values from Terra MODIS and the corresponding linear regression fit
applied. The analysis of the deseasonalised time series showed that there is a
statistically significant increasing trend: total ozone has increased by about
4.1% during the 11–year period examined. Figure 5.12 shows the time series
of the monthly mean total ozone over Thessaloniki station for the period
examined, from both Terra MODIS Level 2, and the corresponding station
data. The trend analysis performed on the deseasonalised total ozone values
is also shown. Both satellite and station data show a statistically significant
increasing trend in total ozone, which corresponds to 5.7% and 1.2% increase
for MODIS data and station measurements, respectively. A similar result
was found by Meleti et al. (2009), examining the 1990–2006 period and total
ozone calculated from measurements conducted from sunrise to sunset. The
difference between MODIS and station data increasing rates in Figure 5.12
should be attributed to the higher MODIS total ozone values in 2009 and
2010, as it is implied from Figure 5.12 and was confirmed from a validation
on a per–year basis.

In order to evaluate the total column ozone effect on J(O1D) over Fi-
nokalia station, a sensitivity test was performed. The analysis showed that a
10% increase in total column ozone has a mean effect of about −17± 1% in
J(O1D), while a corresponding reduction (-10%) causes an increase of 15±1%
in J(O1D) on a mean basis. This sensitivity of J(O1D) on total column ozone
shows that the statistically significant decreasing trend in J(O1D) over Fi-
nokalia can be attributed mainly to the corresponding increasing trend of
total ozone during the same period.

5.4 Summary and conclusions

The FORTH model, described in Chapter 3, was used in order to compute
the surface J(O1D) in Finokalia meteorological station and evaluate the ef-
fects of aerosols and total column ozone. Model input data of 50 km× 50 km
spatial resolution, came from the MODIS Level 2 Atmosphere Products (Sec-
tion 2.2). The study covered the 11-year period from 2000 to 2010. Satellite
total column ozone data were validated against Thessaloniki station ground
measurements, and the model computed J(O1D) was validated against cor-
responding Finokalia station in situ instantaneous measurements from the
period 2002-2006, showing very good correlation, with a small tendency of
model J(O1D) overestimation for high J(O1D) values.
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Figure 5.11: Time series of the total column ozone monthly mean values
from Terra MODIS Level 2 data over Finokalia station, along with the cor-
responding linear regression fit. The vertical lines are used to distinguish
successive years.

Linear regression applied to the deseasonalised monthly mean J(O1D)
values, computed from the instantaneous ones, showed a statistically signif-
icant decreasing trend in J(O1D) during the hours before local noon (Terra
overpass times). This trend has caused a 13% decrease in J(O1D) during the
period examined.

The aerosol effect on J(O1D) was studied on a daily, monthly and sea-
sonal basis. Aerosols cause a mean reduction in J(O1D) of ∼3% on an in-
stantaneous basis, which can exceed 10% during Saharan dust events. Linear
regression on monthly mean aerosol effect on J(O1D) showed no statistically
significant trend. High aerosol effects appear in spring and autumn, when the
AOT assumes higher values, caused by frequent dust events during these sea-
sons, while high winter percent effects are attributed to the reduced surface
radiation during this season.
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Figure 5.12: Timeseries of the monthly mean total ozone over Thessaloniki
station for the period 2000–2010, from Terra MODIS and the corresponding
station data. The trend analysis performed on the deseasonalised total ozone
values is also shown. The vertical lines are used to distinguish successive
years.

The total ozone trend analysis performed using Terra MODIS data is in
agreement with the corresponding Thessaloniki station data: a statistically
significant increasing trend appears during the hours before local noon, in
both Thessaloniki and Finokalia stations. This trend has caused an increase
of about 5% in total ozone during the period examined. The sensitivity
analysis performed, showed that on a mean basis, a ±10% variation in total
ozone causes a ∓15−−17% change in J(O1D), suggesting that the reduction
in J(O1D) detected during the morning hours can be attributed mainly to the
corresponding total column ozone increase detected using the same dataset.

Provided that the model input data and output are validated against
ground measurements, and depending on the availability of AOT at 340 nm
from an AERONET station, the same procedure could be used in the future
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at different sites of specific interest, for the calculation of J(O1D) and the
estimation of aerosol and total column ozone effects.

153



CHAPTER 5. AEROSOL EFFECT ON SURFACE OZONE
PHOTOLYSIS

154



Bibliography

Bais, A. F., Madronich, S., Crawford, J., Hall, S. R., Mayer, B., van Weele,
M., Lenoble, J., Calvert, J. G., Cantrell, C. A., Shetter, R. E., Hofzuma-
haus, A., Koepke, P., Monks, P. S., Frost, G., McKenzie, R., Krotkov,
N., Kylling, A., Swartz, W. H., Lloyd, S., Pfister, G., Martin, T. J.,
Roeth, E.-P., Griffioen, E., Ruggaber, A., Krol, M., Kraus, A., Edwards,
G. D., Mueller, M., Lefer, B. L., Johnston, P., Schwander, H., Flittner,
D., Gardiner, B. G., Barrick, J., and Schmitt, R.: International Photolysis
Frequency Measurement and Model Intercomparison (IPMMI): Spectral
actinic solar flux measurements and modeling, Journal of Geophysical Re-
search: Atmospheres, 108, doi:10.1029/2002JD002891, 2003.

Balis, D. S., Zerefos, C., Kourtidis, K., Bais, A. F., Hofzumahaus, A., Kraus,
A., Schmitt, R., Blumthaler, M., and Gobbi, G. P.: Measurements and
modeling of photolysis rates during the Photochemical Activity and Ultra-
violet Radiation (PAUR) II campaign, Journal of Geophysical Research,
107, doi:10.1029/2000JD000136, 2002.

Blackburn, T. E., Bairai, S. T., and Stedman, D. H.: Solar photolysis of ozone
to singlet D oxygen atoms, Journal of Geophysical Research: Atmospheres,
97, 10 109–10 117, doi:10.1029/92JD00504, 1992.

Borbas, E., Seemann, S. W., Kern, A., Moy, L., Li, J., Gumley, L., and Men-
zel, W. P.: MODIS Atmospheric Profile Retrieval Algorithm Theoretical
Basis Document, Collection 6, Version 7, 2011.

Brock, J. C. and Watson, R. T.: Laser flash photolysis of ozone: O(1D)
quantum yields in the fall–off region 297–325 nm, Chemical Physics, 46,
477–484, 1980.

Casasanta, G., di Sarra, A., Meloni, D., Monteleone, F., Pace, G., Piacentino,
S., and Sferlazzo, D. M.: Large aerosol effects on ozone photolysis in the
Mediterranean, Atmospheric Environment, 45, 3937–3943, doi:10.1016/j.
atmosenv.2011.04.065, 2011.

155



BIBLIOGRAPHY

Daumont, D., Brion, J., and Charbonnier, J.: Ozone UV spectroscopy I:
Absorption cross-sections at room temperature, Journal of Atmospheric
Chemistry, pp. 145–155, 1992.

Demirhan, D., Kahya, C., Topcu, S., and Incecik, S.: Total ozone variation
in south eastern Europe, International Journal of Remote Sensing, 26,
3479–3486, doi:10.1080/01431160500076558, 2005.

Denman, K. L., Brasseur, G., Chidthaisong, A., Ciais, P., Cox, P. M., Dickin-
son, R. E., Hauglustaine, D., Heinze, C., Holland, E., Jacob, D., Lohmann,
U., Ramachandran, S., da Silva Dias, P. L., Wofsy, S. C., and Zhang, X.:
Couplings Between Changes in the Climate System and Biogeochemistry,
in: Climate Change 2007: The Physical Science Basis. Contribution of
Working Group I to the Fourth Assessment Report of the Intergovernmen-
tal Panel on Climate Change, edited by Solomon, S., Qin, D., Manning,
M., Chen, Z., Marquis, M., Averyt, K. B., Tignor, M., and Miller, H. L.,
Cambridge University Press, Cambridge, United Kingdom and New York,
NY, USA, 2007.

Fotiadi, A., Hatzianastassiou, N., Drakakis, E., Matsoukas, C., Pavlakis,
K. G., Hatzidimitriou, D., Gerasopoulos, E., Mihalopoulos, N., and Var-
davas, I.: Aerosol physical and optical properties in the Eastern Mediter-
ranean Basin, Crete, from Aerosol Robotic Network data, Atmospheric
Chemistry and Physics, pp. 5399–5413, 2006.

Gerasopoulos, E., Kouvarakis, G., Vrekoussis, M., Donoussis, C., Mihalopou-
los, N., and Kanakidou, M.: Photochemical ozone production in the
Eastern Mediterranean, Atmospheric Environment, 40, 3057–3069, doi:
10.1016/j.atmosenv.2005.12.061, 2006.

Gerasopoulos, E., Kazadzis, S., Vrekoussis, M., Kouvarakis, G., Liakakou, E.,
Kouremeti, N., Giannadaki, D., Kanakidou, M., Bohn, B., and Mihalopou-
los, N.: Factors affecting O3 and NO2 photolysis frequencies measured in
the eastern Mediterranean during the five-year period 2002-2006, Journal
of Geophysical Research: Atmospheres, 117, doi:10.1029/2012JD017622,
2012.

Gueymard, C. A.: The sun’s total and spectral irradiance for solar energy
applications and solar radiation models, Solar Energy, 76, 423–453, doi:
10.1016/j.solener.2003.08.039, 2004.

Hofzumahaus, A., Brauers, B., Platt, U., and Callies, J.: Latitudinal varia-
tion of measured O3 photolysis frequencies J(O1D) and primary OH pro-

156



BIBLIOGRAPHY

duction rates over the Atlantic Ocean between 50◦ N and 30◦ S, Journal
of Atmospheric Chemistry, 15, 283–298, 1992.

Hudson, R. D., Frolov, A. D., Andrade, M. F., and Follette, M. B.: The Total
Ozone Field Separated into Meteorological Regimes . Part I : Defining the
Regimes, Journal of Atmospheric Sciences, 60, 1669–1677, 2003.

IPCC: Climate Change 2007 - The Physical Science Basis: Working Group
I Contribution to the Fourth Assessment Report of the IPCC, Cambridge
University Press, 2007.

Joseph, J. H., Wiscombe, W. J., and Weinman, J. A.: The Delta-Eddington
Approximation for Radiative Flux Transfer, Journal of Atmospheric Sci-
ences, 33, 2452–2459, 1976.

Kazadzis, S., Topaloglou, C., Bais, A. F., Blumthaler, M., Balis, D. S.,
Kazantzidis, A., and Schallhart, B.: Actinic flux and O1D photolysis fre-
quencies retrieved from spectral measurements of irradiance at Thessa-
loniki , Greece, Atmospheric Chemistry and Physics, 4, 2215–2226, doi:
10.5194/acp-4-2215-2004, 2004.

Kerr, J. B.: Understanding the factors that affect surface ultraviolet radia-
tion, Optical Engineering, 44, 041 002, doi:10.1117/1.1886817, 2005.

Li, G., Bei, N., Tie, X., and Molina, L. T.: Aerosol effects on the
photochemistry in Mexico City during MCMA–2006/MILAGRO cam-
paign, Atmospheric Chemistry and Physics, 11, 5169–5182, doi:10.5194/
acp-11-5169-2011, 2011.

Matsoukas, C., Benas, N., Hatzianastassiou, N., Pavlakis, K. G.,
Kanakidou, M., and Vardavas, I.: Potential evaporation trends over
land between 19832008: driven by radiative fluxes or vapour-pressure
deficit?, Atmospheric Chemistry and Physics, 11, 7601–7616, doi:10.5194/
acp-11-7601-2011, 2011.

Matsumi, Y., Comes, F. J., Hancock, G., Hofzumahaus, A., Hynes, A. J.,
Kawasaki, M., and Ravishankara, A. R.: Quantum yields for production
of O(1D) in the ultraviolet photolysis of ozone: Recommendation based
on evaluation of laboratory data, Journal of Geophysical Research: Atmo-
spheres, 107, doi:10.1029/2001JD000510, 2002.

Meleti, C., Bais, A. F., Kazadzis, S., Kouremeti, N., Garane, K., and Zerefos,
C.: Factors affecting solar ultraviolet irradiance measured since 1990 at

157



BIBLIOGRAPHY

Thessaloniki, Greece, International Journal of Remote Sensing, 30, 4167–
4179, doi:10.1080/01431160902822864, 2009.

Rohrer, F. and Berresheim, H.: Strong correlation between levels of tro-
pospheric hydroxyl radicals and solar ultraviolet radiation, Nature, 442,
184–187, doi:10.1038/nature04924, 2006.

Sander, S. P., Friedl, R. R., Ravishankara, A. R., Golden, D. M., Kolb,
C. E., Kurylo, M. J., Molina, M. J., Moortgat, G. K., Keller-Rudek, H.,
J.Finlayson-Pitts, B., Wine, P. H., Huie, R. E., and Orkin, V. L.: Chem-
ical Kinetics and Photochemical Data for Use in Atmospheric Studies,
Evaluation Number 15, NASA/JPL Publication, 2006.

Shetter, R. E., Cantrell, C. A., Lantz, K. O., Flocke, S. J., Orlando, J. J.,
Tyndall, G. S., Gilpin, T. M., Fischer, C. A., Madronich, S., Calvert, J. G.,
and Junkermann, W.: Actinometric and radiometric measurement and
modeling of the photolysis rate coefficient of ozone to O(1D) during Mauna
Loa Observatory Photochemistry Experiment 2, Journal of Geophysical
Research: Atmospheres, 101, 14 631–14 642, doi:10.1029/96JD00211, 1996.

Tie, X., Madronich, S., Walters, S., Edwards, D. P., Ginoux, P., Mahowald,
N., Zhang, R., Lou, C., and Brasseur, G.: Assessment of the global im-
pact of aerosols on tropospheric oxidants, Journal of Geophysical Research:
Atmospheres, 110, doi:10.1029/2004JD005359, 2005.

Vardavas, I. and Taylor, F.: Radiation and Climate: Atmospheric Energy
Budget from Satellite Remote Sensing, International Series of Monographs
on Physics, OUP Oxford, 2011.

Yang, H. and Levy II, H.: Sensitivity of photodissociation rate coefficients
and O3 photochemical tendencies to aerosols and clouds, Journal of Geo-
physical Research, 109, 1–12, doi:10.1029/2004JD005032, 2004.

158



Chapter 6

Aerosol Effect on Potential
Evaporation

6.1 Introduction

The hydrological cycle describes the processes that control the transporta-
tion of water from oceans and continents to the atmosphere, and its return,
mainly via precipitation and rivers, to the oceans. Climate warming is ex-
pected to significantly alter the hydrological cycle in different ways, which
depend on local and regional climate changes (e.g. Bengtsson, 2010). The
Mediterranean basin is one of the areas where numerous studies, including
past observations and future projections, suggest that these changes are ex-
pected to manifest themselves strongly, especially as decreased precipitation
rates, increased droughts and water deficits, and consequent desertification
(e.g. Trenberth et al., 2007; Meehl et al., 2007).

Evaporation from oceans and lakes is a crucial parameter of the hydro-
logical cycle, since it constitutes the main mechanism for the return of water
to the atmosphere. Moreover, evaporation from a lake is a primary factor
controlling the local water budget, and its changes become highly important,
especially when connected to human activities, such as water supply and irri-
gation. Hence, the evaluation of evaporation from a lake, its possible changes
and the corresponding assessment of the factors affecting it, are significant
in a wider context. Over small, shallow lakes, where heat storage consider-
ations can be ignored from the factors affecting the evaporation rates, the
Penman Potential Evaporation (PE) can be assumed to be the actual lake
evaporation (Penman, 1948).

In the present chapter, the PE and the corresponding aerosol effect are
evaluated over four lakes in Central Greece, which constitute the main water
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Figure 6.1: The broader area of Central Greece and the locations of the four
lakes studied. The area of Athens is also shown.

supply reservoirs for the city of Athens (Evinos, Mornos, Marathonas and
Yliki, Figure 6.1). PE is determined by two factors: the available energy
for evaporation, and the lake to atmosphere water vapour transfer. The
available energy relies on the net SW and LW fluxes at the surface of each
lake. Hence, the FORTH RTM (Chapter 3) is used for the SW budget
computations, supplemented by corresponding LW model output data. This
approach allows the computation of the aerosol effect on PE, through the
corresponding DRE. The study examines the PE and the aerosol effect on a
daily, monthly and seasonal basis, the corresponding trends and the factors
affecting them, using MODIS input data from the decade 2001–2010.

In the next section, the methodology for the calculation of the PE and the
aerosol effect, the surface and LW data which supplement the model output
and the assumptions made, are described in detail. The results, including the
model DSR validation against surface measurements, the seasonal variation
of PE, the aerosol daily effects, focusing on dust events, and the decadal
trends of PE, aerosols and operating factors, are presented in Section 6.3,
before the summary and conclusions.

6.2 Methodology and input data

6.2.1 Calculation of potential evaporation

The methodology for the calculation of PE, described in this section, has
also been described in detail in Vardavas (1987b).
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The net solar flux on a water surface is the dominant source of energy
which determines the evaporation rate on any given day. The water surface
net infrared emission reduces this heat input while wind flux above the surface
removes water vapor and so enhances the evaporation rate. In Penman’s
equation, the potential evaporation rate (mm day-1) for a free water surface,
with no heat advection or storage, is expressed as (Penman, 1948):

PE =

(
∆

∆ + γ

)
Es +

(
γ

∆ + γ

)
Ea (6.1)

where Es is the evaporation due to solar heating and Ea the contribution
due to the wind. In equation (6.1), γ is the psychrometric constant (mbar
K-1) given by Brutsaert (2010):

γ =
cppMd

LMv

(6.2)

where cp is the specific heat of air and equal to 0.24 cal g-1 K-1, p the surface
atmospheric pressure (mbar), Md and Mv are the mean molecular weights of
dry air and water vapour, respectively, so that Mv/Md = 0.622, and L the
latent heat of evaporation (cal g-1) given by:

L = 597.3− 0.553(T − T0) (6.3)

where T0 = 273.15 K. The parameter ∆ represents the slope of the saturation
vapour pressure es with respect to T and can be computed from:

∆ =
des
dT

, (6.4)

with the saturation vapour pressure at T given by:

ln es = a1 −
a2

T
+ a3 lnT, (6.5)

and thus

∆ =
( a2

T 2
+
a3

T

)
es(T ), (6.6)

where a1 = 58.1717, a2 = 6938.67 and a3 = −5.5189, respectively, for T > T0,
and a1 = 28.5938, a2 = 6309.64 and a3 = −0.65706, respectively, for T ≤ T0
(Vardavas and Carver, 1984). In Penman’s analysis, ∆ is evaluated at Ta,
the atmospheric temperature above the water surface.
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Calculation of Es

In equation (6.1), Es (mm day-1) is given by:

Es =
239Qn

Lρ
(6.7)

where ρ is the density of water (1 g cm-3), L is defined by equation (6.3) and
expressed in cal g-1, and Qn is the net all–wave flux (MJ m-2 day-1) above
the water surface, given by:

Qn = F
↓
sol − F

↑
ir. (6.8)

In the above equation, F
↓
sol and F

↑
ir represent the net downward flux and the

net upward terrestrial flux, at the water surface, respectively.

Calculation of Ea

According to Penman (1948), Ea is given by:

Ea = f(u)[es(Ta)− e(Ta)], (6.9)

where f(u) is the wind function and u is the mean wind speed, es(Ta) is the
saturation vapour pressure at the water surface, evaluated at the air temper-
ature Ta, and e(Ta) is the vapour pressure at some height above the water
surface. The wind function is either empirically determined or evaluated the-
oretically from similarity profile functions (Brutsaert, 2010), and for neutral
conditions is given by:

f(u) =

(
Mv

Md

)
aνk

2u

D
, (6.10)

with

D = RdTa ln

(
z2 − d0

z0ν

)
ln

(
z1 − d0

z0m

)
, (6.11)

where k is the Von Karman constant, taken equal to 0.42, aν is the ratio
of the eddy diffusivity for water vapour and the eddy viscosity, taken to be
1.13 (Pruitt et al., 1973). In equation (6.10), Mv/Md = 0.622, Rd is the gas
constant for dry air, z1 is the level of the wind speed measurement and z2

that for the water vapour pressure. For a smooth surface, such as a water
surface, d0 = 0 and the momentum roughness can be evaluated from:

z0m =
0.135ν

u∗
, (6.12)
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with the roughness length for water vapour given by:

z0ν =
0.624ν

u∗
. (6.13)

The friction velocity u∗ can be evaluated using the logarithmic wind profile
law for mean wind speed:

u =
u∗
k

ln

(
z2 − d0

z0m

)
, (6.14)

which from equation (6.12) reduces to:

u =
u∗
k

ln
( z2u∗

0.135ν

)
. (6.15)

Equation (6.15) can be solved for u∗ using Newton–Raphson iteration given
a wind speed measurement at height z2. In the above, ν is the kinematic
viscosity (m2 s-1) of air, which can be computed with reasonable accuracy
from:

ν = 2.964× 10−6T
3/2
a

p
, (6.16)

given the atmospheric pressure p(mbar) and Ta(K). If f(u) is expressed as
Cwu, then:

Cw =
3966

Ta ln
(
z2
z0ν

)
ln
(

z1
z0m

) , (6.17)

and so

Ea = Cwu(1− rH)es(Ta), (6.18)

where Ea is measured in mm day-1, u in m s-1, es(Ta) in mbar and rH is the
relative humidity expressed as a fraction.

Estimation of the aerosol effect on potential evaporation

The estimation of the aerosol effect on potential evaporation was based on the
same method used for the estimation of the aerosol DRE (Section 3.8) and
the aerosol effect on J(O1D) (Section 5.2). Specifically, PE was calculated
separately by including and omitting the aerosol layer from the SW model.
The aerosol effect on PE (∆PE) is defined as the difference of these two
outputs:

∆PE = PE− PEno−aerosol. (6.19)
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6.2.2 Satellite and surface input data

The pre–processing procedure for the FORTH model MODIS Level 2 input
data, described in Section 2.4.1, was repeated over each lake. The retrieved
AOT over land was used in the present study, instead of the corresponding
AOT product over ocean, due to the increased distance of the lakes from
coastal areas. For the asymmetry parameter, however, which is not retrieved
by MODIS over land, the size of the N×N km2 area used for the estima-
tion of each parameter over each lake, was increased from 50 km×50 km to
100 km×100 km, in order to include pixels over nearby seas, where the asym-
metry parameter values are available.

Aerosol single–scattering albedo data were acquired from the GADS cli-
matology database (Köpke et al., 1997). These data are available at 61 wave-
lengths, from which 38 fall into the 0.2 µm–10 µm region used by the model,
and 8 different levels of relative humidity. They were linearly interpolated
at the model wavelengths, while the model–computed relative humidity on a
daily basis was used for the corresponding interpolation from the 8 humidity
levels. Due to the availability of the GADS data only in winter and sum-
mer, these values were assigned to January and July, respectively, and the
remaining monthly values were calculated based on linear interpolation from
these two months.

Air temperature data, needed for the computation of PE, were calculated
from the MODIS temperature and pressure profile data, by interpolating or
extrapolating to the surface pressure level. Surface wind data, needed for the
PE air component evaluation, were obtained from ground–based stations at
three of the four lakes, as described in Section 6.2.4. Finally, net upwelling
LW radiation data at the surface, needed for the computation of Qn in Equa-
tion (6.8), and consequently Es, were obtained from corresponding runs of
the LW model (Section 6.2.5).

6.2.3 Lake surface reflectivity

The lake surface reflectivity was computed using the Fresnel reflection equa-
tion, omitting the correction for surface roughness, as described in Section
3.9. While n, the real part of the water refractive index, is assumed con-
stant and equal to 1.333 in equations (3.48) and (3.49), Hale and Querry
(1973) report a variation in n, especially in the NIR region (Figure 6.2). In
this chapter, where only water surfaces are considered, the reflectivity was
allowed to vary spectrally, depending on this spectral variation of n.

Figure 6.2 shows the spectral variation of n, according to Hale and Querry
(1973), and the corresponding values used as input to the model. For the
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Figure 6.2: Spectral variation of the refractive index of water (n), according
to data from Hale and Querry (1973) (black line). The vertical lines show
the limits of the model NIR bands, while red dots correspond to the model
input values of n in each wavelength and band.

derivation of the model input, linear interpolation was used in the 0.2–1 µm
region, while for the NIR bands, a mean value was estimated, based on the
data falling in each band. These values are also shown in Figure 6.2. In
order to evaluate possible differences when using the spectrally varying n,
instead of the constant value, the model was run with both methods over
Marathonas lake, using both Terra and Aqua MODIS input data. Figure
6.3 shows the percent difference in the net DSR, which is used as input for
the PE computation. The maximum difference values, equal to ±0.25%, are
observed during summer and winter, respectively. Although this difference
is insignificant, the spectrally varying method was used in this chapter.
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Figure 6.3: Time series of the percent difference in net DSR over Marathonas
lake, using spectrally varying and constant values of n.

6.2.4 Wind data

Surface wind speed and direction data are available in Marathonas, Mornos
and Yliki lakes, in 10–minutes and 1–hour averages, covering the periods
2002–2006 in Marathonas and 2002–2007 in Mornos and Yliki. Monthly
mean values were calculated from the 1–hour averages and used as input for
the computation of PE. Mean values on a monthly basis, calculated from the
entire period of wind data availability, were also used for the months in 2001
and 2007/2008–2010, when station data were not available. In the case of
Evinos lake, where no wind measurements exist, data from Mornos were used,
due to their proximity (Figure 6.1) and their similar terrain morphology.

Figure 6.4 shows the average polar distribution of wind speed and di-
rection in the three lakes, calculated in 10◦ intervals from the 10–minutes
average data. Higher values of wind speed are reported in Mornos lake,
and should probably be attributed to wind tunnel effects caused by the high
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Figure 6.4: Average polar distribution of wind speed and direction over the
lakes of Marathonas, Mornos and Yliki. Error bars represent the standard
deviations from the calculated mean values in each 10◦ interval.
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mountains and narrow valleys surrounding the lake. Differences in wind di-
rections among the three lakes should also be attributed to differences in the
morphology of the surrounding areas.

6.2.5 Net upwelling LW radiation at surface

The surface net upwelling LW radiation is included in the output parameters
of the LW RTM, which was developed from the radiative–convective model
of Vardavas and Carver (1984), for the computation of the terrestrial infrared
radiation. The model version used for the computation of the data presented
here, runs on a monthly basis and at 2.5◦ × 2.5◦ resolution. The vertical
resolution is 5 mbar, from the surface up to 50 mbar, to ensure that the
atmospheric layers are optically thin with respect to the Planck mean LW
opacity, while the spectral resolution comprises 28 LW bands. Model input
data came from the ISCCP–D2 and NCEP/NCAR data sets.

The atmospheric molecules considered by the LW model are H2O, CO2,
CH4, O3, and N2O. The sky is divided into clear and cloudy fractions, and
three non–overlapping layers of low, mid and high–level clouds are considered.
The model input data include cloud amounts, cloud scattering and absorption
optical depths, cloud–top pressure and temperature (for each cloud type),
cloud geometrical thickness and vertical temperature and specific humidity
profiles. The LW model is described in more detail in Matsoukas et al.
(2011), while a full presentation is given in Pavlakis et al. (2004). The model
downwelling longwave radiation (DLR) has also been validated against BSRN
station measurements for the entire globe (Pavlakis et al., 2004; Matsoukas
et al., 2005).

The LW model input data and runs cover the period 2000–2008. Based
on the geographical coordinates of the four lakes, two 2.5◦× 2.5◦ pixels were
identified, one covering Evinos and Mornos, and the other Marathonas and
Yliki. The corresponding monthly surface net upwelling LW radiation data
for these pixels were extracted, and used as input for the calculation of the
potential evaporation. For the years 2009 and 2010, monthly climatologies
from the 2000–2008 period were computed and used. The LW data were also
analysed for possible trends during 2000–2008. Figure 6.5 shows the seasonal
variation and the normalized anomaly time series of the surface net upwelling
LW radiation in Evinos and Mornos (Figure 6.5a), and Marathonas and Yliki
(Figure 6.5b). In both cases, the values range between ∼40 W m-2 in winter
and ∼70 W m-2. No statistically significant trend was found in either case.
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Figure 6.5: Time series of the surface net upwelling LW radiation in Evinos
and Mornos (a), and Marathonas and Yliki (b) lakes, with each pair of lakes
located within the same pixel used. The seasonal variation (upper panels)
and the normalised anomaly (lower panels) are shown. The linear regression
equations are also shown.
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6.3 Results

6.3.1 Model DSR validation against surface measure-
ments

The model–derived DSR was validated against corresponding surface mea-
surements near Marathonas, Mornos and Yliki lakes. These measurements
were available from pyranometers operated by the Athens Water Supply and
Sewerage Company (EYDAP SA), for the periods 2002–2006 in Marathonas
and 2002–2007 in Mornos and Yliki. Since the surface measurements were
acquired from stations near the lakes, for the validation of the output DSR
against ground–based measurements, the model was run using surface albedo
data from MODIS. For the validation of the daily (24–hour) mean DSR, the
average of measurements acquired every 10 minutes was compared against
the daily mean model output DSR, estimated using separately Terra and
Aqua MODIS input data.

Figures 6.6, 6.7 and 6.8, show the validation scatter plots over Marathonas,
Mornos and Yliki, separately for Terra (a) and Aqua (b) data, along with
the corresponding linear regression fits, determination coefficients and num-
bers of points used. The model daily mean DSR is in good agreement with
the corresponding surface measurements, with a determination coefficient
ranging between 0.8 and 0.9 in most of the cases, and slopes around 0.9.
Several cases of the sparse points appearing in the upper left areas especially
of the Aqua MODIS scatter plots, were further examined, and should be at-
tributed to atmospheric conditions during the satellite overpass time, which
failed to represent the daily mean conditions. Specifically, in these cases
MODIS detected partial cloud cover, while clear–sky conditions prevailed al-
most throughout the day, as was deduced from the temporal distribution of
the 10–min DSR measurements. These results explain the underestimation
of the model DSR compared to station measurements, during these specific
days.

Table 6.1: Determination coefficient (R2) and slope validation results over
Marathonas, Mornos and Yliki lakes, using averaged values of Terra and
Aqua model output DSR.

Lake R2 slope
Marathonas 0.85 0.94

Mornos 0.75 0.79
Yliki 0.91 0.96
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Figure 6.6: Scatter plots of the model daily mean DSR using Terra (a)
and Aqua (b) data, against corresponding ground measurements from
Marathonas, for the years 2002–2006. The red lines are the linear regres-
sion fits, with the equations, determination coefficients and number of points
also shown.
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Figure 6.7: Scatter plots of the model daily mean DSR using Terra (a) and
Aqua (b) data, against corresponding ground measurements from Mornos,
for the years 2002–2007. The red lines are the linear regression fits, with the
equations, determination coefficients and number of points also shown.

172



6.3. RESULTS

Figure 6.8: Scatter plots of the model daily mean DSR using Terra (a) and
Aqua (b) data, against corresponding ground measurements from Yliki, for
the years 2002–2007. The red lines are the linear regression fits, with the
equations, determination coefficients and number of points also shown.
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A validation was also performed using Terra and Aqua average model
output DSR values, and gave similar determination coefficient and slope
results, shown in Table 6.1. The model performance was also similar when
MODIS Terra and Aqua averaged input data were used. Since the aim of
the present study is the evaluation of daily mean values of the atmospheric
radiation budget and the corresponding PE, it appears reasonable to use
Terra and Aqua input, or the corresponding model output, average values,
as more representative of the daily mean. The above mentioned validation
tests, however, show that the slightly poorer performance of Aqua data in
representing the daily mean, cause a reduction in the representativeness of
the average input or output parameters, compared to Terra only data and
corresponding model output. In fact, the determination coefficient value
in the case of Mornos (R2 = 0.75, Table 6.1), should be attributed to the
poorer performance of the model output over this lake using Aqua MODIS
data (Figure 6.7b). Hence, the results reported in the following sections
were computed using Terra MODIS data, being the most representative of
the daily mean, among the available data sets.

6.3.2 Seasonal characteristics of potential evaporation

Figure 6.10 shows the seasonal variation of the PE (in mm day-1) and its
components (PEsol=(∆/(∆ + γ))Es and PEair=(γ/(∆ + γ))Ea, according
to Equation (6.1)), over the four lakes (left column), calculated from the
daily mean values during the period 2001–2010. The seasonal contribution
(in percent) of PEsol and PEair is also shown (right column). It is obvious
from Figure 6.10 that the solar component dominates throughout the year,
determining the variation of the total PE. Higher values of PE are observed
during summer (June and July), reaching over 8 mm day-1 in most cases.
During winter (December and January), when the available solar radiation
reaches its minimum values, PE is less then 2 mm day-1 in all cases. The
air component ranges between 0.4 and 1.7 mm day-1, having higher values
in July, in all four lakes. These summer maximum values of PEair result
as a combination of increased wind speed, reduced relative humidity and
increased saturation vapour pressure, due to the increased air temperature
(Equations (6.18) and (6.5), and Figure 6.9).

The contributions to PE range between ∼70%–90% and ∼10%–30% for
PEsol and PEair, respectively. While maximum contributions by PEair are
observed during winter, these should be attributed to the reduction of PEsol,
instead of an increase in PEair, as can be seen in the left column of Figure
6.10.

Based on the seasonal PE results, the total evaporation on an annual
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Figure 6.9: Seasonal variation of wind speed (a), relative humidity (b) and
air temperature (c), over the four lakes, computed from the daily values.
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Table 6.2: Total water (mm year-1) lost through potential evaporation on an
annual basis in Evinos, Mornos, Marathonas and Yliki.

Lake mm year-1

Evinos 1755.0
Mornos 1804.5

Marathonas 1619.5
Yliki 1704.4

Figure 6.10: Seasonal values of PE, PEsol and PEair over the four lakes (left
column), and the corresponding contributions of PEsol and PEair to the total
PE (right column).
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basis (mm year-1) was calculated, by multiplying the monthly values (in
mm day-1), by the corresponding days in month. The results, (Table 6.2)
show that Evinos and Mornos lose slightly more water due to evaporation
on an annual basis, compared to Marathonas and Yliki. This difference
should be attributed to the higher aerosol loads over Marathonas and Yliki,
compared to Evinos and Mornos, which decrease the total water lost through
evaporation as discussed in Section 6.3.5.

6.3.3 Aerosol daily effects on potential evaporation

The aerosol effect on PE, on a daily basis, during the period 2001–2010, is
shown in Figures 6.11 and 6.12, in mm day-1 and %, separately for each
lake. A seasonal variation is observed in all lakes, with ∆PE reaching peak
values of about -1.5 and -2.0 mm day-1 in summer, at Evinos/Mornos and
Marathonas/Yliki, respectively, with the lowest values occurring in winter.
These summer extremes of ∆PE should be attributed to corresponding max-
ima in AOT, while the difference between Evinos/Mornos and Marathonas/
Yliki is explained by the higher AOT values above the latter, due to their
proximity to urban and industrial areas. This difference in the aerosol loads
is also depicted in the mean ∆PE values, shown in Table 6.3, which is higher
in Marathonas and Yliki, compared to Evinos and Mornos. The seasonal
variation is not obvious in the time series showing ∆PE in percent (lower
panels in Figures 6.11 and 6.12), since along with the decrease in AOT dur-
ing winter, PE is also decreased, due to the seasonality of the SW radiation
reaching the surface of each lake.

An analysis on ∆PE caused by dust events was also performed over all
four lakes. The criteria for the identification of dust events were based on
thresholds on the MODIS AOT values at 0.55 µm and the corresponding val-
ues of the Angstrom exponent (Å) over land (0.47 µm–0.67 µm), as described
in Section 4.2.4. Applying these criteria and verifying the result through
back–trajectory analysis, about 40 cases of dust events were detected over
Evinos and Mornos, during the 10–year period examined, occurring mainly
in spring and secondarily in autumn, in agreement with the results reported
in Chapter 4. At Marathonas and Yliki, however, no dust event case was
detected. This contradictory result should also be attributed to the prox-
imity of these lakes to urban and industrial areas, as previously mentioned.
Specifically, while the AOT meets the criterion of increased values on a fre-
quent basis, the constantly polluted air, which is characterised by fine par-
ticles and high Å values, prevents Å from obtaining values lower than the
applied threshold, which would characterise coarse particles of a dust event.
This constant air pollution, which characterises the entire region between the
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Table 6.3: Mean values of the aerosol effect on potential evaporation at the
four lakes, during the period 2001–2010. Corresponding mean values during
dust events are also shown for Evinos and Mornos.

Aerosol Effect on Potential Evaporation
All Days Dust Events

Lake mm day-1 % mm day-1 %
Evinos -0.44 -6.73 -1.02 -15.83
Mornos -0.44 -6.82 -1.00 -17.30

Marathonas -0.61 -10.02 – –
Yliki -0.58 -9.25 – –

cities of Athens and Thessaloniki, was also reported by Athanassiou et al.
(2013), and was attributed to intense human activities in this area.

∆PE during dust events over Evinos and Mornos is shown separately in
Figure 6.11. While ∆PE does not exceed -7% over Evinos and Mornos on a
mean basis, aerosols cause a decrase of ∼16–17% in PE during dust events
(Table 6.3).

The aerosol effect on the PE rate on a daily basis, was also investigated
based on the correlation of the MODIS AOT at 0.555 µm with ∆PE over
each lake. Figure 6.13 shows the corresponding scatter plots for each lake,
which present a similar behaviour. As a general rule, an increase in AOT
by 0.1, causes a decrease in PE by about 3.5%–4%. Higher values of AOT
and corresponding PE decrease, especially at Marathonas and secondarily at
Yliki, compared to Evinos and Mornos, are also evident here.

6.3.4 Trends in potential evaporation and operating
factors

Table 6.4 shows the percent change during the period 2001–2010 in PE over
all four lakes, the solar and air components (PEs and PEa, respectively), and
the factors and parameters that affect these changes. The trend was com-
puted from the time series of the monthly mean values, using a threshold
of 10 values per month, in order for the corresponding mean value to be
used in the analysis as representative of the month. No statistically signifi-
cant change in the 95% confidence interval was observed in PE; the results
show that the four lakes can be grouped into two pairs (Evinos/Mornos and
Marathonas/Yliki), based on their geographical proximity (Figure 6.1). PE
has increased by ∼4–6% in Marathonas and Yliki, while it has decreased by
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Figure 6.11: Time series of the aerosol mean daily effect on potential evap-
oration at Evinos (a) and Mornos (b) lakes, during 2001–2010, in mm day-1

(upper panels) and percent (lower panels). Values during dust events are
also shown.
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Figure 6.12: Time series of the aerosol mean daily effect on potential evapo-
ration at Marathonas (a) and Yliki (b) lakes, during 2001–2010, in mm day-1

(upper panels) and percent (lower panels).
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Figure 6.13: Scatter plots of the MODIS AOT values at 0.555 µm against
corresponding ∆PE (%) over Evinos (a), Mornos (b), Marathonas (c) and
Yliki (d), on a mean daily basis, during 2001–2010. Equations of the linear
regressions (red lines) are also shown.

∼2–4% in Evinos and Mornos. The aerosol effect on PE has decreased sub-
stantially during this decade in all four lakes, ranging between -25.4% in Yliki
and -40.4% in Marathonas. This decrease is explained by the corresponding
substantial decrease in AOT, which is statistically significant in all cases. It
should be noted that since PEs dominates over PEa (Section 6.3.2), changes
in PE are driven primarily from corresponding changes in PEs. Hence, the
PE is decreasing in Evinos/Mornos and increasing in Marathonas/Yliki due
primarily to the corresponding changes in the net DSR (and consequently
DSR, according to Equations (6.7) and (6.8)).The decrease in PEa by ∼15%
over Marathonas and Yliki, which should be attributed to the statistically
significant increase in relative humidity (rH , Equation (6.18)), does not in-
fluence significantly the PE trend.
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Table 6.5: Mean differences in DSR (∆(DSR)) induced by variation (∆V) of
variable V (AOT and cloud fraction) at Marathonas lake.

V ∆V ∆(DSR)
AOT -10% +0.91±0.51%
AOT -30% +2.79±1.57%

Cloud fraction +10% -4.55±5.68%

While the decrease in AOT would be expected to increase the DSR, this
trend is observed only in Marathonas and Yliki. A similar trend analy-
sis on cloud fraction, showed that it remained practically unchanged over
Marathonas and Yliki, while it has increased by ∼12% over Mornos and
Evinos. These results imply different influences of aerosols and clouds over
the two pairs of lakes, which were verified by a sensitivity analysis. This
analysis was conducted over Marathonas lake, since the sensitivity results
are expected to be similar for all lakes. Table 6.5 shows that a 30% decrease
in AOT, which is of the order of the actual decrease observed over all four
lakes, will increase the DSR by 2.79±1.57%, with higher values observed
during summer months, which dominate the time series due to the applied
threshold of 10 values per month. Thus, the PE increase over Marathonas
and Yliki can be attributed to the decrease in AOT and the corresponding
aerosol effect. According to Table 6.5, however, an increase in cloud fraction
by 10% would reduce the DSR by almost 5%. These results imply that the
cloud fraction increase by about 12% over Evinos and Mornos masked the
DSR (and consequently PE) increase, arising from the reduction in AOT.

6.3.5 Aerosol effect on the water budget

Based on the monthly mean values of PE and ∆PE, and the maximum surface
area of each lake, available from EYDAP SA data (Table 6.6), the surplus of
available water in each lake, due to the presence of aerosols, was calculated
on a seasonal basis. Figure 6.14 shows the amount of water (in 103 m3) that
would be lost through PE, if aerosols were absent. This amount peaks during
summer over all lakes, when the aerosol effect is also maximum in absolute
values (Figures 6.11 and 6.12). The differences among the lakes are caused
by the corresponding differences in their surface areas, as shown in Table 6.6.
Mean annual values of water lost through PE and water surplus due to ∆PE,
shown in Table 6.6, were also calculated based on the seasonal values.

The time series of the total annual water surplus due to aerosols, calcu-
lated in each lake, is shown in Figure 6.15. Applying linear regression fits to
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Table 6.6: Maximum surface areas and catchment areas of the four lakes
(km2), water lost due to natural lake evaporation (PE) and water surplus
due to aerosols (∆PE), and catchment rainfall. All water amounts are given
in 106 m3.

Maximum Catchment Water lost Water Catchment

Lake surface area through surplus due rainfall

area PE to ∆PE

Evinos 3.60 352 6.3 0.4 429.1

Mornos 13.93 588 25.1 1.7 557.4

Marathonas 2.57 118 4.2 0.4 80.2

Yliki 27.74 2467 47.3 4.7 1598.6

Figure 6.14: Seasonal variation of the water surplus available in each lake,
due to the aerosol effect on PE.
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Figure 6.15: Inter–annual variation of the water surplus available in each
lake, due to the aerosol effect on PE. The corresponding trends are given in
Table 6.6

each lake time series, statistically significant decreasing trends of this water
surplus were found in all lakes. These % changes are also given in Figure
6.15, and should be attributed to the corresponding significant decreasing
trends of ∆PE, shown in Table 6.4.

Mean values of rainfall water, in mm year-1, were also available from
EYDAP SA over the four lakes. For the conversion in 106 m3, this water
amount was multiplied by the surface area of the entire catchment basin of
each lake (shown in Table 6.6), instead of the water surface only, as in the
case of the water surplus conversion. The computed values are also shown in
Table 6.6.

These results show that, although the lake water lost through evaporation
is increasing, due to the decreasing aerosol concentration over the lakes, this
amount remains small compared to the catchment rainfall, although there
will be also some reduction in catchment evaporation due to aerosols. The
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amount of the water surplus due to the presence of aerosols, however, becomes
important when compared with the annual water consumption. According to
data from EYDAP SA, the annual mean water consumption over the wider
area of Athens during the last years was about 200 Mm3. Hence, the annual
water surplus due to the presence of aerosols, would suffice to supply water
in the wider area of Athens for about 2 weeks, or about 3.5% of annual
consumption.

6.4 Summary and conclusions

The daily mean Penman potential evaporation rate was computed at lakes
Evinos, Mornos, Marathonas and Yliki, for the period 2001–2010. The lakes
are located in Central Greece and constitute the main water supply for the
city of Athens. The computation was based on the FORTH SW RTM, with
MODIS Level 2 aerosol and atmospheric parameters input data, supple-
mented by aerosol single–scattering albedo data from the GADS database,
FORTH LW RTM output fluxes and wind speed data from ground stations.
This approach allowed the assessment of the aerosol effect on potential evap-
oration on a daily and monthly basis, and the evaluation of corresponding
trends during the decade examined.

The model output DSR was validated against corresponding in situ mea-
surements at three of the four lakes, showing very good agreement. Exami-
nation of the seasonal characteristics of PE showed that it is primarily driven
by the radiation balance at the lake’s surface, following the corresponding
seasonal DSR curve, with maximum values during summer (∼8 mm day-1)
and minimum in winter.

The aerosol effect was found to reduce the PE rate by about 7%–10%
on a long–term mean basis, reaching 16%–17% during dust events. More in-
tense ∆PE was reported over Marathonas and Yliki, explained by the higher
aerosol loads in this region, due to the proximity to aerosol sources of human
origin.

Differences between the pairs Marathonas/Yliki and Evinos/Mornos were
also found in the decadal trends examined. While the AOT and the corre-
sponding ∆PE have significantly decreased from 2001 to 2010 over all lakes,
the PE increased, as expected, only over Marathonas and Yliki. Examination
of other parameters affecting the PE, combined with a sensitivity analysis,
showed that an increase in cloud cover by ∼12% over Evinos and Mornos
counterbalanced the expected increase in DSR due to the decreased AOT,
and led to a decrease in PE.

Comparisons showed that, although the amount of water lost through
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evaporation on an annual mean basis is small compared to the incoming
rainfall, the amount of water surplus due only to the presence of aerosols,
would suffice to cover the needs of the wider Athens area for about 2 weeks.

The results presented in this chapter highlight the ability of the FORTH
RTM, combined with local scale data, to evaluate processes and effects in-
fluenced by the atmospheric radiation budget. The assessment of the PE
is highly important both in the research of the water cycle, and for more
practical reasons, including water use and management.
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Appendix A

Validation of MERIS/AATSR
Synergy Algorithm AOT

1 A new synergy algorithm has been recently developed, to retrieve AOT
in high spatial resolution (1 km × 1 km), which may improve the study of
aerosols at local scale (North et al., 2009). The algorithm combines spectral
and angular information provided by the MERIS and the AATSR sensors,
respectively, offering improved characterization of aerosol properties. Here,
the MERIS/AATSR synergy algorithm AOT is validated by comparing the
retrieved AOT with the respective AOT values observed at AERONET sta-
tions globally, considering different land cover types. Spatial patterns and
differences between the MERIS/AATSR and the MODIS derived AOT are
also investigated. Results indicate that the MERIS/AATSR synergy algo-
rithm substantially improves the spatial resolution of the derived AOT and
it is capable of retrieving AOT for most land cover types, with a good corre-
lation relative to AERONET station measurements (R2 ranges between 0.60
and 0.90, depending on the land cover type).

A.1 The MERIS/AATSR synergy algorithm

for aerosol retrieval

MERIS and AATSR instruments were launched on board the Envisat satellite
on March 1st 2002. MERIS is a medium resolution imaging spectrometer,
operating in the solar reflective spectral range and possessing 15 spectral

1The results presented in Appendices A and B were based on research conducted
in collaboration with Dr. Nektarios Chrysoulakis at the Regional Analysis Division of
the Institute of Applied and Computational Mathematics, Foundation for Research and
Technology–Hellas.
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bands between 390 nm and 1040 nm. Three of these bands are dedicated to
the retrieval of aerosol properties. The instrument’s field of view around nadir
covers a swath width of 1150 km across–track. The Earth is imaged with a
spatial resolution of 300 m × 300 m (Full Resolution data), while Reduced
Resolution data pixel size covers an area of 1.2 km × 1.2 km (ESA, 2011).
Only Fine Resolution data are used in this study.

AATSR is a scanning radiometer with seven spectral bands in the visi-
ble, reflective infrared and thermal infrared regions. Special features of the
AATSR include its use of a conical scan to give a dual view of the Earth’s
surface, thus improving the capacity for atmospheric correction. The AATSR
swath covers approximately half of the MERIS swath (∼ 500 km), with pixel
sizes of 1 km× 1 km at the center of the nadir swath and 1.5 km× 1.5 km at
the center of the forward swath. For the AATSR Level 1 products, forward
pixels are resampled to 1.5 km2 resolution, in order to be the same size as
the nadir pixels (ESA, 2007).

The MERIS/AATSR synergistic algorithm for retrieval of aerosol prop-
erties has been described in detail by North et al. (2009). It consists of three
major procedures: in the first, the MERIS and AATSR data collocation is
performed, and a combined MERIS/AATSR Level 1b product is created, con-
taining all the data that will be used as input to the algorithm. These data
are resampled into the AATSR nadir view spatial resolution (1 km × 1 km)
and cover the area where both data sets are available. The center of this
area’s swath coincides with the centers of the MERIS and AATSR swaths,
while the width is equal to the AATSR swath width (∼ 500 km)). The sec-
ond step of the algorithm consists of a cloud screening procedure applied to
the collocated product, while in the third the atmospheric correction and
aerosol retrieval are performed. Specifically, a physical model of spectral
change with view angle was developed to separate the angular effects of the
surface into two components, a structural parameter that is dependent only
on the viewing and illumination geometry and a spectral parameter that is
dependent only on the wavelength. The angular reflectance of a wide va-
riety of natural land surfaces fits this model, whereas reflectance that is a
mixture of atmospheric and surface scattering does not fit it. As a result,
the model can be used to estimate the degree of atmospheric contamination
for a particular set of reflectance measurements and to find the atmospheric
parameters which allow retrieval of a realistic surface reflectance. An iter-
ative optimization procedure has been adopted based on the minimization
of an error metric which is a function of both the MERIS derived spectral
information and the AATSR derived angular information. Since the optimal
AOT for a specific wavelength and aerosol model are defined, the respective
Angstrom exponent (α) can be extracted. A two–stage optimization process
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is employed by the algorithm: 1) given a set of 21 satellite TOA radiances
(from the 4 solar reflective AATSR bands – nadir and forward – and the 13
MERIS non–absorbing bands) and an initial guess of the atmospheric profile
(which includes AOT at 550 nm and aerosol model), a corresponding set of
surface reflectances is estimated; 2) testing of this set against a constraint re-
sults in an error metric, a minimum value of which corresponds to a realistic
set of surface reflectances (and hence atmospheric profile). The procedure is
repeated using a refined atmospheric profile, until convergence to an optimal
solution is achieved. For the surface reflectance retrieval, an approximation
of a RTM based on LUTs is used. The output of the algorithm includes
AOT at 550 nm, α, aerosol model used and error estimates of AOT and α.
The algorithm is capable of retrieving AOT over land and ocean, in spatial
resolution reaching 1 km× 1 km.

A.2 Data and methodology

AOT data from AERONET stations around the globe were used, in order
to examine the synergy algorithm performance under different surface con-
ditions and aerosol sources. Global MERIS and AATSR data, provided by
the European Space Agency, were also used. The study period covers two
months (August–September 2011) and the global coverage of both satellite
and station data ensure the acquisition of a data set suitable for the validation
of the synergy algorithm AOT and the study of its spatial characteristics.
MODIS Level 2 Collection 051 AOT data were also validated against the
same stations and for the same period, allowing the comparison of the per-
formance between the two algorithms. Finally, MODIS Level 2 AOT images
were used, to compare the aerosol spatial patterns derived by the algorithm
with a similar product that has been tested and validated in the past and is
known to perform well (e.g. Levy et al., 2010; He et al., 2010; Misra et al.,
2008). The MERIS/AATSR synergy algorithm was implemented by using
the BEAM platform (Brockmann-Consult, 2011).

The MERIS/AATSR synergy algorithm is capable of retrieving aerosol
properties in various spatial resolutions. Outputs with three different spatial
resolutions were tested in the present study: 1 km×1 km, 1.5 km×1.5 km and
2 km × 2 km. For the validation of AOT against AERONET observations,
the following procedure was followed: a) in each algorithm derived AOT
map, the pixels corresponding to AERONET stations (validation points)
were identified; b) a N×N pixels subset of the AOT map, centered on each
validation point, was extracted; c) the mean AOT and standard deviation
were computed, representing the average value of AOT and its local spatial
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variability, respectively; d) three subset sizes were tested (N = 1, N = 3
and N = 5); e) all possible combinations of the subset sizes with the above
AOT spatial resolutions were performed and the test areas ranged between
1 km × 1 km and 10 km × 10 km; f) four AERONET-satellite observation
time difference intervals were considered: simultaneous AOT observations
and interpolated AERONET AOT observations from the time intervals of
20, 30 and 60 minutes centered on the satellite overpass time.

In each comparison, the AOT at 550 nm retrieved by the algorithm was
compared to the AERONET AOT measured at the same wavelength. For
several AERONET stations where measurements at this wavelength were
not available, AOT was estimated by interpolation from measurements at
500 and 675 nm.

To minimize the effect of outliers in each data set, a robust regression
analysis with bisquare weights was used, instead of the ordinary least square
method (Maronna et al., 2006): the bisquare weights line fitting technique
is a method which minimizes a weighted sum of squares, where the weight
given to each data point depends on how far the point is from the fitted line.
Points near the line get full weight, while points farther from the line acquire
reduced weight. Thus the effect of outliers in the data set is minimized,
compared to the ordinary least square fitting technique. In addition, only
points lying between two standard deviations from the mean difference were
considered, accounting for roughly 95% of each data set.

Table A.1: Land cover types considered and percentage of AERONET sta-
tions in each land cover type.

Land Cover Type AERONET stations (%)
Croplands 13

Broadleaved 5
Needleleaved 10

Mixed vegetation 10
Shrubland/Grassland/Sparse 16

Urban areas 34
Bare areas 5

Water bodies 7

To examine if the algorithm’s performance depends on the surface char-
acteristics, the AERONET stations were classified into 8 classes, according
to the land cover types of the respective areas. This categorization was based
on the MERIS derived GLOBCOVER product (2009), which provides global
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land cover information at 300 m × 300 m spatial resolution (Bicheron et al.,
2008). The 22 land cover types of GLOBCOVER were reclassified into 8
(Table A.1). A total of 123 AERONET stations were used and at least 5%
of them corresponded to each land cover type (Table A.1).

The validation of MODIS derived AOT was performed using the above
procedure, AERONET stations and time period, allowing the direct compar-
ison of the performance of two aerosol retrieval algorithms. In the case of
MODIS Level 2 AOT, the spatial resolution is 10 km × 10 km. The subset
sizes tested (N = 1, N = 3 and N = 5) correspond to areas of 10 km× 10 km,
30 km× 30 km and 50 km× 50 km, respectively.

A.3 Results

A.3.1 Validation of the MERIS/AATSR AOT against
measurements from AERONET stations

All tests showed that the algorithm’s performance was relatively poor over
mixed vegetation areas and water bodies. The overall performance of the
algorithm, disregarding these two land cover types, indicated that the best
correlation between the algorithm and the AERONET stations was achieved
comparing the 1.5 km×1.5 km pixel size with the simultaneous station values,
with a correlation coefficient R = 0.79. The slope of the regression fit (0.72)
reveals an AOT overestimation, compared to the station measurements, as
shown in Figure A.1. This overestimation is enhanced by a group of points
lying in the area where AERONET AOT is less than 0.1, while the synergy
algorithm AOT is greater than 0.2. These points were found to correspond
only to urban and sparse vegetation land cover types. A possible explanation
of this overestimation is that, as these two land cover types enhance multiple
scattering effects in the atmosphere, there is an increase in the atmospheric
scattering signal estimated by the decoupling process of the algorithm, caus-
ing an overestimation in the corresponding AOT. The dashed and dotted
lines in Figure A.1 represent the 1–1 line and the expected error lines of
MODIS AOT (±0.05±0.15×AOT, Levy et al., 2010), respectively. This er-
ror envelope appears to represent the synergy AOT results very well. While
the algorithm performance using this pixel size remained almost invariant
under different AERONET time intervals, the correlation coefficient using
6 km×6 km spatial resolution (3×3 pixels of 2 km×2 km size) was improved
as the time interval is increased. Starting from a value of 0.71 when com-
pared against instantaneous AERONET values, R reached 0.78 against the
1–hour mean AERONET value. This fact reveals that the mean AERONET
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AOT calculated based on wider time windows was more representative of
extended areas, as it was expected due to the motion of air masses.

Figure A.1: Scatter plot of AOT (550 nm) from MERIS/AATSR synergy
algorithm against corresponding AERONET station simultaneous values for
all land cover types. The red line is the linear regression fit, with the equation,
correlation coefficient, RMSE and number of points used shown at the upper
left corner. The dashed and dotted lines are the 1–1 line and the MODIS
AOT expected error lines, respectively.

Figure A.2 shows the scatter plots of the MERIS/AATSR synergy algo-
rithm derived AOT against the simultaneous AERONET AOT values, with
spatial resolutions that best fit station measurement data, for the six land
cover types examined. This spatial resolution corresponds to a 1.5 km ×
1.5 km pixel size for croplands (Figure A.2a) and needleleaved vegetation
(Figure A.2c); 1 km×1 km for broadleaved vegetation (Figure A.2b); 6 km×
6 km for sparse vegetation (Figure A.2d) and urban areas (Figure A.2e); and
10 km × 10 km for bare areas (Figure A.2f). The corresponding slopes, cor-
relation coefficients, RMSEs and number of points used are also given. It
is worth noting that in all cases, the MODIS AOT expected error (dotted
lines) represents very well the synergy AOT results.
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Figure A.2: Scatter plots of AOT (550 nm) from MERIS/AATSR synergy
algorithm against simultaneous AERONET observations for croplands (a);
broadleaved vegetation (b); needleleaved vegetation (c); sparse vegetation
(d); urban areas (e); and bare areas (f). The red lines are the linear regression
fits, with the equations, correlation coefficients, RMSEs and number of points
used in each case shown at the upper left corners. The dashed and dotted
lines are the 1–1 line and the MODIS AOT expected error lines, respectively.
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In the case of croplands, the correlation coefficient and the RMSE ob-
tained their maximum and minimum values, respectively, using the 1.5 km×
1.5 km pixel size, in all four time intervals tested. Comparing the maps of
1.5 km × 1.5 km pixels with the simultaneous AERONET values, the cor-
relation coefficient was found at 0.8, with an RMSE equal to 0.09, while
the slope of the fit (1.07) indicated a slight underestimation of the algorithm
AOT compared to the corresponding AERONET values (Figure A.2a). Mean
AOT values of a 5×5 pixel area (7.5 km×7.5 km) also performed well, when
compared to mean AERONET AOT values from 30 minutes time interval
(R = 0.74, RMSE = 0.09, slope = 0.99).

In broadleaved vegetation areas, the best algorithm performance was
achieved using the highest possible spatial resolution (one pixel of 1 km ×
1 km), in all time intervals tested. The correlation was higher compared to
the respective for croplands, with a value of 0.95, while the RMSE was re-
duced to 0.03 for all time intervals. The slope of the regression fit, which
ranged between 0.75 and 0.78, showed a tendency of AOT overestimation
(Figure A.2b). As in the case of croplands, wider areas (10 km × 10 km),
with mean AOT values from 5×5 pixels of 2 km×2 km size, performed good
for 30–minutes and 1–hour mean AERONET AOT (R = 0.94, RMSE = 0.04,
slope = 0.82 for both cases).

In needleleaved regions, the 1.5 km × 1.5 km pixel size performed better
than all other spatial resolutions, and was almost invariant under all time
intervals. While the correlation coefficient and RMSE were similar to those
found in croplands (0.8 and 0.07, respectively), the slope (0.95) indicated no
systematic tendency in the AOT retrieval over these areas (Figure A.2c).

The group of shrubland, grassland and sparse vegetation, along with the
one regarding urban environments, showed a different behavior compared to
the previously examined land cover types. In both cases, the best algorithm
performance was achieved using a 3 × 3 pixels mean AOT of 2 km × 2 km
size, corresponding to a 6 km × 6 km area, independently of time intervals.
In the case of sparse vegetation (Figure A.2d), the correlation was fair, with
a coefficient ranging between 0.70 and 0.77, a constant RMSE equal to 0.06
and a slope in the range of 0.80–0.87. In urban areas (Figure A.2e), although
the RMSE was the same and the correlation was better (R = 0.78), slopes
ranging between 0.72 and 0.76, indicating a systematic tendency of AOT
overestimation.

For bare areas (practically deserts in the present study) the lowest RMSE
(0.06) and best correlation coefficients (over 0.90) were found in 5× 5 pixels
mean AOT with 1 km×1 km pixel size (equal to 5 km×5 km area), with slopes
of the regression fits ranging between 0.75 and 0.81 (Figure A.2f). The slopes
were improved when mean AOT from 10 km× 10 km areas were considered,
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reaching values of 0.87 to 0.89. In these cases, the correlation coefficients
remained almost unchanged (0.88), while the RMSEs slightly increased to
0.08.

A.3.2 Validation of MODIS Level 2 AOT against mea-
surements from AERONET and comparison with
the MERIS/ AATSR derived AOT

In order to compare between the two aerosol products, since the spatial
resolution of the MODIS Level 2 AOT is 10 km×10 km, the MERIS/AATSR
product of the resolution of 10 km×10 km (by averaging AOT in a 5×5 pixel
area with pixel size 2 km × 2 km) was used. Furthermore, the performance
of different MODIS AOT product spatial scales (30 km× 30 km and 50 km×
50 km) against AERONET observations was also examined. Disregarding
land cover types, the overall performance of the two products was similar
and both found to overestimate AOT, especially for large values, as can be
seen from Figure A.3.The correlation coefficient was also fair for both data
sets (0.75 for MODIS and 0.76 for MERIS/AATSR).

Figure A.3: Scatter plots of AOT (550 nm) derived from MERIS/AATSR
synergy algorithm and from MODIS Level 2 Aerosol Product versus simul-
taneous AERONET observations for all land cover types. The solid lines
represent the linear regression fits, while the dashed and dotted lines are the
1–1 line and the MODIS AOT expected error lines, respectively.
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Figure A.4: As in Figure A.3, separately for each land cover type.
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In croplands, the MERIS/AATSR product performed better for low AOT
values as shown in Figure A.4a. In broadleaved vegetation, the MERIS/
AATSR product performed much better than the MODIS product, in terms
of slope and correlation coefficient (Figure A.4b). The performance of both
products was relatively poor in the cases of needleleaved and sparse vege-
tation (Figures A.4c and A.4d), while in urban areas both performed fair
(Figure A.4e). Important differences resulted over water bodies, where the
performance of the MERIS/AATSR product was poor (Figure A.4f). In bare
areas the MERIS/AATSR product performed well (Figure A.4g). MODIS
Level 2 Collection 051 AOT product was used in this study, therefore the
MODIS product over bare areas is not shown in Figure A.4g, because this
product is provided by the Deep Blue Algorithm (Hsu et al., 2004, 2006).

The MODIS product performed better when a subset of N× N pixels of
size 10 km× 10 km is compared against a mean AERONET AOT value of a
time interval t, where N = 5 and t = 1 hour, as was also indicated by Ichoku
et al. (2002). The present study confirmed this behavior of the MODIS
aerosol product: using this spatial scale and time interval, the correlation
coefficient was increased in most cases (croplands, broadleaved vegetation,
urban areas and water bodies), the RMSE remained almost invariant and
the slope was also increased, reducing the tendency for AOT overestimation.

A.3.3 Intercomparison of the spatial characteristics of
the MERIS/AATSR synergy and the MODIS
Level 2 AOT products

Two study areas were selected to compare the spatial characteristics of the
AOT derived by MERIS/AATSR synergy algorithm and by MODIS Level 2
aerosol product. The selection criteria were: the high variability of land cover
types; the sufficient spatial coverage from both products; and the minimum
observation time differences. According to these criteria, the broader area of
Cairo, Egypt, and a part of South Italy were selected. The land cover in both
areas was extracted from GLOBCOVER as it was described in Section A.2
(Figures A.5a and A.6a). South Italy is dominated primarily by croplands
and urban areas, as shown in Figure A.5a, while regions of mixed and sparse
vegetation are also present. In Figure A.6a, the city of Cairo is depicted in
orange, while two different land types dominate the area: croplands in the
Nile delta region and bare areas (desert) elsewhere.
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Figure A.5: Land cover of the area in Southern Italy (a); spatial distribution
of AOT (550 nm) for the same area, using MERIS/AATSR synergy algorithm
(b); and MODIS Level 2 Aerosol Product data (c).

Figures A.5b and A.5c show the spatial distribution of the AOT at 550 nm
in South Italy, derived from the MERIS/AATSR and MODIS, respectively.
In the case of the MERIS/AATSR synergy AOT, a smoothing filter (3 × 3
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pixel average) was applied to the data, while the initial spatial resolution
is 1.5 km × 1.5 km. The MODIS AOT spatial resolution (Figure A.5c) is
10 km × 10 km. The two images were acquired with 2 minutes time differ-
ence (August 23, 2011, 09:18 UTC for MERIS/AATSR and 09:20 UTC for
MODIS). Comparing the two maps, the differences in AOT spatial patterns
are obvious: details in the first case (MERIS/AATSR) are more evident,
while the spatial distribution of AOT suggests a possible connection with
land cover types (Figure A.5a): higher AOT values are observed over ur-
ban areas (north coastline) and croplands (south coastline). Back–trajectory
calculations, conducted using the HYSPLIT modeling system (Draxler and
Hess, 1998), verify that airborne particles in the area should be attributed to
local sources (Figure A.7a). Air masses transported from the Balkans in high
altitude (3000 m) are not expected to transfer high aerosol loads. The low
AOT values across the entire north coastline should probably be attributed
to water contamination effects, where the algorithm was shown to have poor
performance. In the case of MODIS (Figure A.5c), while the spatial variabil-
ity is presented, the covered area is lower due to algorithm limitations, and
the observed high AOT values cannot be directly assigned to local sources.

For Cairo, the two images (Figures A.6b and A.6c) were acquired with 23
minutes time difference (August 22, 2011, 08:17 UTC for MERIS/AATSR
and 08:40 UTC for MODIS). In the case of MERIS/AATSR AOT (Figure
A.6b), areas with high AOT values are located south of Cairo and over
specific regions in the Nile delta. Back–trajectory analysis showed no specific
transfer patterns (Figure A.7b): high aerosol loads were probably resulted by
the city air pollution and the intense agricultural activities in the Nile delta
area, while desert dust contribution in the total AOT should not be excluded.
Regions with high AOT values are also found in the desert and were probably
naturally generated (dust). Using the MODIS 10 km × 10 km AOT (Figure
A.6c), the high aerosol load over the city of Cairo is also obvious, but lower
values are observed in this case, due to the spatial averaging of the MODIS
received radiance at the level of 10 km× 10 km. Similar behavior is observed
in the area of Nile delta.

Both cases examined above show that using the higher resolution MERIS/
AATSR algorithm, more details on the spatial distribution and characteris-
tics of AOT become evident. Specifically, high aerosol loads are better corre-
lated with their possible sources (e.g. urban areas and cropland activities).
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Figure A.6: Land cover of the wider Cairo and Nile delta area (a); spatial dis-
tribution of AOT (550 nm) for the same area, using MERIS/AATSR synergy
algorithm (b); and MODIS Level 2 Aerosol Product data (c).
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Figure A.7: Back–trajectory analysis from the HYSPLIT model, at 24 hour
intervals, for air parcels terminating in South Italy (a) and Cairo and Nile
delta (b) regions.

A.4 Summary and conclusions

The MERIS/AATSR synergy algorithm for AOT retrieval was validated
against AERONET observations worldwide and compared against MODIS
Level 2 AOT data. AERONET observations over eight different land cover
types were used and the validation procedure was performed for each specific
land cover type, as well as for the whole dataset.

The MERIS/AATSR synergy algorithm was capable of retrieving AOT in
spatial resolutions reaching 1 km × 1 km. The comparison with AERONET
observations revealed good performance of the algorithm in most of the land
cover types. The best performance was achieved using 1.5 km× 1.5 km reso-
lution. Relatively poor performance was found in mixed vegetation areas and
water bodies, while the best correlations were achieved in broadleaved and
bare areas. The comparison with MODIS Level 2 AOT values (10 km×10 km)
indicated that the MERIS/AATSR product was more accurate than MODIS
product in croplands, broadleaved and urban areas.

The intercomparison of the two AOT products revealed the advantages
of the higher spatial resolution offered by the MERIS/AATSR synergy algo-
rithm, and the possible correlations of AOT with local surface sources. This
finding is important, since the synergy algorithm can be extended to the
SLST (Sea and Land Surface Temperature Radiometer) and OLCI (Ocean
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and Land Color Instrument) sensors, on board the Global Monitoring for
Environment and Security (GMES) forthcoming Sentinel–3 satellite mission
(Berger et al., 2012).

It is therefore expected that the AOT derived by the synergy algorithm
can be used in local scale studies, especially in urban areas, where the air
quality mapping is of great importance for urban planning and public health.
In this framework, the synergy algorithm may offer new possibilities in the
ongoing effort to derive PM2.5 concentrations in urban areas, using the satel-
lite derived AOT.
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Appendix B

Estimation of Urban PM10
Concentration, based on
MODIS and MERIS/AATSR
Data

Airborne PM of both fine (PM2.5) and coarse (PM10) particles is used as
an air quality indicator in urban areas. Examining the effects of PM on
human health, numerous studies have found associations of PM with in-
creased morbidity and mortality. High PM loads in urban areas, produced
by local sources (e.g. transportation and industry), have been correlated
with increased respiratory problems (e.g. Gent et al., 2009; Kappos et al.,
2004; Pope et al., 2002; Atkinson et al., 2001), cardiovascular diseases (e.g.
Franklin et al., 2006; Dominici et al., 2006) and decreased birth weights and
lengths (e.g. Ballester et al., 2010; Bell et al., 2007).

PM monitoring is based primarily on ground measurements. Although
station networks exist in large cities, point measurements do not provide
information on spatial characteristics and distributions of PM over urban
areas of interest. Temporal coverage of in situ PM measurements is also
highly variable, depending on instrument operation period and functionality.
These reasons have led to an ongoing effort for PM estimation using satellite
remote sensing techniques.

The AOT is the satellite derived parameter most commonly used as the
basis for PM estimation (e.g. Themistocleous et al., 2012). Several meth-
ods have been used to correlate the remotely sensed AOT with the surface
measured PM. These include linear relations (e.g. Yap and Hashim, 2013;
Retalis and Sifakis, 2010; Schaap et al., 2009; Kumar et al., 2007), statisti-
cal and chemical transport models (e.g. Kloog et al., 2012, 2011; Lee et al.,
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2012, 2011; van Donkelaar et al., 2011; van Donkelaar et al., 2006; van de
Kassteele et al., 2006), multiple regression analysis (Gupta and Christopher,
2009a) and neural networks (Gupta and Christopher, 2009b). The major
issue preventing a robust correlation between AOT and PM is that, while
AOT refers to aerosols distributed over the entire atmospheric column, PM
measurements regard suspending particles near the Earth’s surface. Several
studies have found that when information on the vertical profile of aerosols
was included (available from either lidar measurements, or from boundary
layer height estimations), the correlation between PM and AOT was signifi-
cantly improved (e.g. van Donkelaar et al., 2011; Rohen et al., 2011; Schaap
et al., 2009; Engel-Cox et al., 2006). Improvements have been also reported
based on the inclusion of meteorological parameters that affect aerosol prop-
erties, including surface temperature (e.g. Gupta and Christopher, 2009a)
and relative humidity (e.g. Koelemeijer et al., 2006).

Here, a multiple regression analysis technique is employed, for the esti-
mation of PM10 over the broader urban area of Athens, Greece, based on
satellite derived AOT and other related parameters, such as surface tem-
perature, relative humidity and K–Index. The K–Index (George, 1960), an
atmospheric static stability estimator, is used as a dichotomous estimator of
the corresponding aerosol vertical mixing height. All parameters are avail-
able from MODIS sensors on board NASA’s Terra and Aqua satellites, on a
daily basis and at 5 km×5 km spatial resolution (MODIS Level 2 Atmosphere
Products, Section 2.2), spanning the period from March 2000 and July 2002
for Terra and Aqua MODIS, respectively. AOT is also available from MODIS
Level 2 products at 10 km× 10 km spatial resolution (Section 2.2.1). For the
implementation of the multiple regression analysis, in situ measurements of
PM10 are used, available from a network of ground stations over the area
of Athens, on a mean daily basis during 2007–2010. The same technique is
tested for combined MERIS and AATSR observations, more specifically for
AOT derived by the MERIS/AATSR synergy algorithm for aerosol retrieval
(North et al., 2009 and Appendix A), at 1 km× 1 km spatial resolution and
resampled at 5 km × 5 km spatial resolution to match with MODIS Level 2
parameters.

B.1 Data and methodology

The urban area of Athens is a region with considerable air pollution problems,
as is characteristic of southern European cities, where air pollution effects
are more severe, compared to northern European cities (Katsouyanni, 2012).
The air pollution originates primarily from traffic and industry, while do-
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Table B.1: Geographical coordinates of Athens PM10 monitoring stations.

Station Latitude Longitude
Aghia Paraskevi 37◦59′42′′ 23◦49′10′′

Aristotelous 37◦59′16′′ 23◦43′39′′

Goudi 37◦59′04′′ 23◦46′04′′

Koropi 37◦54′04′′ 23◦52′44′′

Lykovrissi 38◦04′11′′ 23◦46′35′′

Maroussi 38◦01′51′′ 23◦47′14′′

Pireas 37◦56′36′′ 23◦38′51′′

Thrakomakedones 38◦08′37′′ 23◦45′29′′

Zografou 37◦58′11′′ 23◦47′13′′

mestic heating also becomes a major pollution factor during winter months.
Athenians have recently turned to more traditional ways of residential heat-
ing, such as fireplaces, due to the high cost of diesel. For this reason, a
significant increase of PM was observed in winter 2012 (Florou et al., 2013).

PM10 mass concentration (in µg m-3 is regularly monitored by the Greek
Air Quality Monitoring Network of the Hellenic Ministry for the Environ-
ment, Physical Planning and Public Networks, which maintains several air
quality monitoring stations in Greece. More information on this network can
be found in Retalis and Sifakis (2010). In this study, the daily mean PM10
data from nine monitoring stations, located in the center of Athens and in
suburban areas (Figure B.1), was used. The nine monitoring stations and
their geographical coordinates are shown in Table B.1.

Satellite data used for the implementation of the multiple regression
analysis include AOT, surface relative humidity (RH), surface temperature
(STMP) and K–Index. There were several reasons why the parameters were
included: surface temperature can enhance the photochemical reactions in
the atmosphere and hence production of PM particles (Gupta and Christo-
pher, 2009a), while relative humidity influences the hygroscopic growth of
particles and consequently the estimated AOT relative to ground level PM,
as the latter is measured at controlled RH (Paciorek et al., 2008; Liu et al.,
2005). K–Index is a parameter generally used as a measure of the vertical
temperature lapse rate and atmospheric static stability. The atmospheric
static stability can be estimated using MODIS derived K–index spatial dis-
tributions (Chrysoulakis et al., 2003). Thus, the MODIS–derived K–Index is
used in this study as an estimator of atmospheric static stability and therefore
as a proxy to the corresponding aerosol vertical mixing height.
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Figure B.1: The broader urban area of Athens and the geographical distri-
bution of the Greek Air Quality Monitoring Network PM10 stations used
(1: Aghia Paraskevi, 2: Aristotelous, 3: Goudi, 4: Koropi, 5: Lykovrissi, 6:
Maroussi, 7: Pireas, 8: Thrakomakedones, 9: Zografou).

AOT is available from Terra and Aqua satellites MODIS Level 2 Aerosol
Product on a daily basis and at spatial resolutions ranging between 10 km×
10 km (at nadir) and 20 km × 20 km (Section 2.2.1). The Terra and Aqua
Athens overpass times range between 8:20–10:00 and 10:40–12:20 UTC, re-
spectively. Mean values of Terra and Aqua MODIS AOT over the wider area
of Athens, covering the 4–year period 2007–2010, were resampled to a regu-
lar 10 km× 10 km grid. MODIS Level 2 Product also includes the K–Index,
and temperature and relative humidity profiles at 20 pressure levels, ranging
from 1000 hPa to 5 hPa, and at 5 km×5 km spatial resolution (Section 2.2.3).
To estimate RH and STMP near the surface, surface pressure data was used,
also available from MODIS and interpolated from the atmospheric profiles
accordingly. RH, STMP and K–Index were resampled to a 5 km× 5 km grid,
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whereby four pixels correspond to one 10 km × 10 km AOT pixel. Further-
more, the MERIS/AATSR synergy algorithm for aerosol retrieval (North
et al., 2009), implemented in BEAM software toolbox (Brockmann-Consult,
2011), was also used to derive AOT distributions for the same period at
1 km×1 km spatial resolution (Appendix A). MERIS and AATSR data over
Athens acquired simultaneously at a time interval ranging between 8:40–
9:00 UTC. To match with the MODIS–derived STMP, RH and K–Index,
mean values of the MERIS/AATSR synergy derived AOT were computed at
5 km× 5 km.

To implement the multiple regression analysis, a complete set of satellite
data and corresponding surface PM10 measurements were required. The
spatial resolution of satellite data was 10 km × 10 km (MODIS AOT) and
5 km × 5 km (rest parameters), whereas in situ PM10 measurements were
point values, thereby making comparisons complicated. To analyse satellite–
derived and in situ parameters on the same scale, the in–situ parameters were
spatially interpolated over the whole study area, using the kriging method
(Kitanidis, 1997). Regarding the PM10 data, available from all nine stations,
kriging statistical indicators ensured the ability of the method to correctly
simulate the spatial distribution of PM10 over the study area. Specifically,
each kriging output PM10 spatial distribution was checked in order to satisfy
the Q1 and Q2 statistical criteria, which correspond to the averages of the
orthonormal residuals and the squared orthonormal residuals, respectively
(Kitanidis, 1997): for days when Q1 and Q2 were not statistically significant
in the 95% confidence interval of their probability density functions, the
corresponding PM10 spatial distributions were rejected.

For the development of multiple regression equations, a subset of the final
data set, comprising both PM10 (response variable) and satellite–derived
parameters (predictor variables), was used, including only pixels coinciding
with ground stations. Testing and validation of the statistical models were
performed using the entire data set. The first approximation involved the
development of a linear regression model for PM10:

PM10 = b0 + b1AOT + b2RH + b3STMP + ε, (B.1)

where PM10 is the mass concentration in µg m-3 (pixel value after the spa-
tial interpolation), and AOT is estimated at 550 nm, separately from MODIS
and MERIS/AATSR. The b0–b3 are regression coefficients for each predictor
and ε is the error variable. Equation B.1 therefore assumes that PM10 mass
concentration is a combination of the linear effects of AOT, RH and STMP.
However, this linear parametric approach can be successful provided the as-
sumed model is appropriate, since the linear functional forms are presumed a
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priori for the regression surface. When the relationship between the response
and predictor variables is unknown or inexact, linear parametric regression
can yield erroneous or even misleading results. Therefore, a non–parametric
regression technique was used, which makes assumptions about the regres-
sion surface (Friedman and Stuetzle, 1981). As a result, the ACE algorithm,
developed by Breiman and Friedman (1985), was used to estimate optimal
transformations for both response and independent variables. The ACE re-
gression model has the general form:

θ(PM) = φ1(AOT) + φ2(RH) + φ3(STMP) + ε (B.2)

where θ is the function of the response variable and φ1–φ3 are functions
of the predictors. Thus, this model replaces the problem of estimating the
regression coefficients of the linear function by estimating the separate one–
dimensional functions.

Last, the K–Index was used as a dichotomous predictor of atmospheric
static stability, where, according to a K–Index threshold, the entire data set
was divided in two separated cases of static stability and instability. Since
threshold values of instability indices are not definite, but vary with geo-
graphical location, season and synoptic situation (Haklander and Van Delden,
2003), a range of K–Index values that could serve as thresholds for the case
of Athens were tested, and the selection of the K–Index threshold was based
on the maximization of the determination coefficient between the model–
derived PM10 and the corresponding station measurements. Values of K–
Index smaller than the defined threshold indicate higher atmospheric static
stability, and hence aerosol trapping near the surface. Values of K–Index
greater than this threshold imply atmospheric instability and therefore better
aerosol mixing. The results were validated based on the above categorization
based on K–Index.

B.2 Results and discussion

B.2.1 Multiple regression analysis using MODIS ob-
servations

Stepwise implementation of the linear multiple regression analysis using AOT,
STMP, RH and K–Index from MODIS, resulted in the coefficient of deter-
mination (R2) and the Root Mean Square Error (RMSE) values presented in
Table B.2. R2 values indicate that the AOT is the most important predictor
of PM10, explaining more than 50% of the corresponding variance, while
inclusion of RH contributes significantly to the improvement of both R2 and
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Table B.2: Determination coefficient (R2) and RMSE results after stepwise
implementation of MODIS–derived parameters.

MODIS Linear Regression
R2 RMSE (µg m-3)

AOT 0.53 10.2
AOT, RH 0.59 9.6
AOT, RH, STMP 0.61 9.4

Non–Linear Regression
AOT, RH, STMP 0.67 10.4
AOT, RH, STMP,
K–index≥297 K 0.71 11.1

RMSE. However, inclusion of the STMP in the linear relationship results in
minor improvements.

The linear relationship yielding the best correlation results is given by
the corresponding equation shown in Table B.3. By applying the non–linear
regression analysis, the correlation between predicted PM10 and in situ mea-
surements is improved (R2=0.67), while the RMSE is slightly increased. The
non–linear relationships yielding the best correlation results are also shown
in Table B.3. The improved correlation in this case indicates that PM10 is
better estimated using non–linear relationships with the predictor variables.
Since the input AOT over Athens has a mean value of 0.37± 0.21, φ1(AOT)
represents a small correction from the simple linear relationship. Figure 2a
shows the contribution of φ1(AOT) to the total PM10 concentration (black
line), along with the histogram of AOT values found over Athens during the
period examined. As shown in Figure B.2a, the contribution of AOT does
not exceed the value of 30 µg m-3 in the majority of the cases.

In Figure B.2b, the shape of φ2(RH) implies that for values of RH around
30%–35%, which correspond to the controlled conditions of RH during sta-
tion measurements (Liu et al., 2005), the resulting PM10 remains almost
unchanged when implementing φ2(RH) in the computation. However, for
larger and smaller RH values, the contribution of φ2(RH) increases signif-
icantly. As Gupta et al. (2006) report, a change in RH from 50% to 80%
causes a small increase in AOT values. However, there is no correspond-
ing increase in in–situ PM10, since station measurements take place under
controlled RH conditions. Thus, the resulting multiple regression algorithm
corrects the higher AOT estimation due to the increased RH by decreasing
the corresponding PM10 values. This behavior explains the contribution of
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Figure B.2: Contributions of AOT (a), RH (b) and STMP (c), in total PM10
(µg m-3) and corresponding histograms, showing their distribution during the
period examined.
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Table B.3: Multiple regression equations derived using MODIS AOT and
meteorological parameters.

MODIS regression equations
Linear

PM10 = 50.00 AOT − 0.58 RH − 0.37 STMP + 157.54
Non–Linear

PM10 = 17.2 φ1(AOT) + 18.5 φ2(RH) + 19.3 φ3(STMP)
φ1(AOT) = AOT2 + 1.2AOT + 1.99
φ2(RH) = −6× 10−7RH4 + 9× 10−5RH3 − 4× 10−3RH2 + 2× 10−2RH + 1
φ3(STMP) = 2× 10−5STMP4 − 3× 10−2STMP3 + 11.5STMP2

−2.3× 103STMP + 1.7× 105

φ2(RH) in the PM10 estimation, whereby RH values ranging between 50%
and 70% induce a reduction in PM10 concentration of about 5 µg m-3. For
similar reasons, low RH values are expected to have an increasing effect in
PM10 concentration, as shown in Figure B.2b.

Although the inclusion of STMP in a linear relationship with PM10
slightly improved the overall correlation, as mentioned above, the non–linear
relationship between PM10 and STMP is crucial for the performance of the
model: including only φ1(AOT) and φ2(RH) in the PM10 estimation, the co-
efficient of determination increases to 0.61, whereas this coefficient increases
to 0.67 if STMP is also included. The polynomial function of STMP, given in
Table B.3, implies a rapid increase in PM10 with the temperature increase,
especially for temperatures higher than 310 K, which occur only in summer.
This PM10 dependence on temperature should be attributed to the effects
of enhanced emission of particles from surface, and accelerated secondary
particle formation in the atmosphere, when the air temperature increases
(Gupta and Christopher, 2009a). However, as the histogram in Figure B.2c
indicates, the contribution of STMP to PM10 is minimal in the majority of
cases.

By implementing a K–Index threshold of 297 K, and using only values
greater than this threshold (representing higher static instability), the corre-
lation between station measurements and predicted PM10 is also improved,
while the RMSE is slightly increased (last row in Table B.2). This result
illustrates that better aerosol vertical mixing improves the correlation with
the PM10 measured at the surface, in general agreement with Gupta and
Christopher (2009a), who showed that an increased boundary layer height,
corresponding to increased aerosol vertical mixing, results in better corre-
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lations with in situ PM2.5 measurements. K–Index is related to the atmo-
spheric stability and therefore to the vertical mixing, since the height of the
boundary layer increases in unstable conditions; however due to the turbu-
lent movements that are permanent in the surface layer, the atmospheric
instability favors also the horizontal (within the 10 km × 10 km grid cell of
the MODIS–derived AOT spatial distribution) aerosol mixing. Therefore,
better correlation of satellite observations with in–situ PM10 measurements
are expected in case of unstable conditions, as shown in Table B.2 for high
K–Index values.

B.2.2 Multiple regression analysis using MERIS and
AATSR synergy derived AOT, supported by ob-
servations from MODIS

The same stepwise procedure, described in Section B.2.1, was used in the
case of MERIS/AATSR synergy derived AOT and MODIS–derived STMP,
RH and K–Index. Table B.4 shows the R2 and RMSE results of the stepwise
validation for linear and non–linear regression, while Table B.5 shows the
linear and non–linear relationships yielding the best correlation results.

Table B.4: Determination coefficient (R2) and RMSE results after stepwise
implementation of MERIS/AATSR AOT and MODIS–derived parameters.

MERIS/AATSR Linear Regression
R2 RMSE (µg m-3)

AOT 0.37 9.2
AOT, RH 0.45 8.2
AOT, RH, STMP 0.45 8.3

Non–Linear Regression
AOT, RH, STMP 0.62 8.2
AOT, RH, STMP,
K–index≥297 K 0.69 8.3

Although the stepwise validation results of Table B.4 show a poorer per-
formance of the MERIS/AATSR synergy AOT, compared to MODIS AOT,
which can be partially attributed to the time difference between the two satel-
lites, the overall behavior of the linear approach is similar: AOT is the most
important parameter in predicting PM10, with RH significantly improving
the correlation and STMP yielding no significant improvement. A major
difference arises when the K–Index threshold is implemented: the results are
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Table B.5: Multiple regression equations derived using MERIS/AATSR AOT
and MODIS meteorological parameters.

MERIS/AATSR regression equations
Linear

PM10 = 55.17 AOT − 0.36 RH − 0.14 STMP + 82.14
Non–Linear

PM10 = 10.1 θ1(AOT) + 10.5 θ2(RH) − 2.9 θ3(STMP)
θ1(AOT) = 45.3AOT3 − 21.0AOT2 + 3.6AOT + 39.4
θ2(RH) = −1.3× 10−6RH4 + 2.3× 10−4RH3 − 0.014RH2 + 0.3RH− 1.4
θ3(STMP) = −7.4× 10−5STMP3 + 0.065STMP2 − 19.1STMP + 1858

improved for K–Index values lower than the threshold, which correspond to
atmospheric static stability, thus trapping of aerosols near the surface. A pos-
sible explanation of this opposite effect can be attributed to the higher spatial
resolution of MERIS/AATSR AOT compared to MODIS AOT, which is the
only difference between the two data sets, since, as previously discussed, the
aerosol mixing in three–dimensional, low spatial resolution satellite–derived
columnar AOT (such as MODIS AOT) will better correlate with surface PM
under high aerosol mixing conditions, as has been also reported by Gupta
and Christopher (2009a). However, as the spatial resolution of the satellite
derived AOT product increases (MERIS/AATSR synergy derived AOT), the
diffusion of aerosols in all directions is expected to reduce the correlation be-
tween the satellite derived AOT and the in–situ measured PM10, as shown
in Table B.4.

B.2.3 Seasonal variation of MODIS–derived PM10 over
Athens

Using the non–linear equation for the evaluation of PM10 derived from
MODIS observations, daily maps of PM10 concentration over the broader
area of Athens were produced for the period 2007–2010, calculating also the
corresponding seasonal means. Figures B.3a, B.3b and B.3c feature the spa-
tial distribution of the mean PM10 concentration during spring, summer and
autumn, respectively. The coast line and the central municipality borders of
the Athens urban area are also illustrated as black lines. The lowest PM10
values were found for winter, however, due to the enhanced cloud cover over
Athens during winter, and the corresponding lack of MODIS derived AOT
data, the few PM10 values found for winter could not ensure the represen-
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tativeness of the corresponding seasonal mean value. For this reason, the
winter mean PM10 values are not shown in Figure B.3.

The main PM10 characteristics shown in Figure B.3 are the intra–annual
variation in its values, combined with an almost identical spatial distribu-
tion pattern in every season. The largest PM10 concentrations are found
during summer over the entire area, while they are reduced during spring
and autumn, obtaining even smaller values during winter (not shown here).
This seasonal variation should be attributed to the prevailing weather condi-
tions: increased insolation during summer favors the presence of PM10, the
concentration of which is mainly reduced by dry deposition, while increased
precipitation during the other seasons removes airborne particles (both wet
and dry deposition). Figure B.3 also shows that PM10 concentrations are
always higher in the central urban area of Athens, compared to the suburban
areas, especially the south coastal area. However, the highest concentrations
are found in the industrial areas of Elefsina and Thriasion located northwest.
PM10 concentrations in these areas are always higher than the respective
concentrations found at the city center.

B.3 Summary and conclusions

Multiple regression equations for the estimation of surface PM10 concen-
tration over the broader area of Athens, Greece, were developed, based on
satellite derived observations and in situ PM10 measurements.

Satellite parameters included AOT from MODIS and the MERIS/AATSR
synergy, as well as RH, STMP and K–Index from MODIS. Both linear and
non–linear equations were tested, showing that PM10 is better approximated
using non–linear relationships. Stepwise validation revealed the relative im-
portance of the parameters used, with AOT being the most important fac-
tor, followed by RH and STMP. Implementation of a K–Index threshold, as
a proxy to aerosol vertical mixing height, resulted in promising outcomes,
although the dependence on the spatial resolution should be further investi-
gated.

Results based on the MERIS/AATSR synergy AOT are also promis-
ing, especially in view of the forthcoming ESA’s Sentinel–3 satellite mis-
sion (Berger et al., 2012). The synergistic use of the Sea and Land Surface
Temperature Radiometer (SLSTR) and the Ocean and Land Color Instru-
ment (OLCI), on board Sentinel–3 satellite, is expected to provide improved
AOT, RH, STMP and K–Index (or similar parameter) values. Furthermore,
the Sentinel–3 series is expected to provide operational frequent observa-
tions, increasing its potential to support local scale studies related to urban
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Figure B.3: Spatial distribution of the seasonal mean PM10 concentration
(µg m-3) over the broader area of Athens, during spring (a), summer (b) and
autumn (c). The coast line and the central municipality borders are shown
in black lines. 223



APPENDIX B. ESTIMATION OF URBAN PM10 CONCENTRATION,
BASED ON MODIS AND MERIS/AATSR DATA

planning and public health.
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