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Air�quality�and�cloud�e�ects�on�surface�solar�radiation�over�urban�and�
rural�areas�in�Greece

Alexandri�G.��,�Georgoulias�A.K.�
�
��Balis�D.�

���DERUDWRU��RI��WPRVSKHULF�3K�VLFV��3K�VLFV��HSDUWPHQW���ULVWRW�H�8QL�HUVLW��RI�7KHVVD�RQL�L��7KHVVD�RQL�L��*UHHFH�

�FRUUHVSRQGLQ��D�WKRU�H�PDL���D�H�DQ�#D�WK��U�

Abstract:���In�this�work,�the�e�ects�of�aerosols,�clouds�and�tropospheric�NO
�
�RQ�V�UIDFH�VR�DU�UDGLDWLRQ��665��DUH�VW�G�

ied�over�urban�and�rural�areas�in�Greece�by�performing�simulations�with�the�Santa�Barbara�DISORT�Atmospheric�Ra�

GLDWL�H�7UDQVIHU��6%��57��PRGH��IRU�WKH�SHULRG������������*UR�QG�EDVHG�DQG�VDWH��LWH�REVHU�DWLRQV�DUH��VHG�DV�LQS�W��

More�speci�cally,�aerosol�optical�properties�are�taken�from�Moderate�Resolution�Imaging�Spectroradiometer�(MODIS)�

aboard� the�EOS�Aqua�satellite,� the�Cloud-Aerosol�Lidar�with�Orthogonal�Polarization� (CALIOP)�sensor�aboard� the�

Cloud-Aerosol�Lidar�and�Infrared�Path�nder�Satellite�Observation�(CALIPSO)�satellite�and�the�MACv2�climatology,�

cloud�optical�properties�are�taken�from�MODIS/Aqua,�O
�
�and�NO

�
�vertical�column�data�from�the�Ozone�Monitoring�

Instrument�(OMI)�aboard�the�EOS�Aura�satellite�and�surface�albedo�data�from�the�CLARA-A2�satellite�product.�The�cal�

culated�SSR�values�are�compared�against�satellite-based�observations�from�the�Satellite�Application�Facility�on�Climate�

Monitoring�(CM�SAF)�and�measurements�from�ground�stations.�In�order�to�assess�the�radiative�e�ect�of�each�parameter�

on�SSR,�simulations�with�and�without�the�presence�of�aerosols,�clouds�and�tropospheric�NO
�
�DUH�SHUIRUPHG�GLVF�VVLQ��

the�observed�di�erences�between�rural�and�urban�areas.

��,�����������
Surface�solar�radiation�(SSR)�a�ects�many�climatic�elements�including�the�evapotranspiration,�the�hydrological�cycle,�

WKH�SKRWRV�QWKHVLV�DQG�S�DQW�SURG�FWL�LW���WKH�DWPRVSKHULF�DQG�RFHDQLF�FLUF��DWLRQ��WKH���RED��HQHU���E�G�HW��HWF���H����

:L�G�HW�D���������0HUFDGR�HW�D����������7KH�LPSRUWDQFH�RI�VR�DU�UDGLDWLRQ��HG�WR�WKH�PRQLWRULQ��RI�665��H�H�V�VLQFH�WKH�

�rst�decades�of�the�20WK�century,�the��rst�station�being�established�in�1923�in�Sweden.�Today,�SSR�measurements�are�

available�via�global�ground-based�radiation�networks�(e.g.�GEBA,�BSRN).�Obviously,�these�networks�cannot�measure�

SSR�consistently�at�every�single�spot�on�Earth,�a�gap��lled�by�satellite�measurements�during�the�last�four�decades�(since�

WKH�HDU�������V���9DULR�V�VDWH��LWH�PLVVLRQV�S�D�HG�D��LWD��UR�H�LQ�LPSUR�LQ��R�U��QR��HG�H�RQ�WKH�(DUWK�HQHU���ED�DQFH��

Down�and�up-welling�solar�radiation�at�the�top�of�the�atmosphere�(TOA)�is�measured�directly�by�satellite�sensors�while�

the�surface�solar�radiation��uxes�are�estimated�indirectly�with�the�synergistic�use�of�radiative�transfer�models,�empirical�

models�or�machine�learning�techniques�with�satellite�and�ground-based�measurements�of�various�physical�parameters.�

Some�of�the�most�popular�SSR�satellite�products�(e.g.�CM�SAF)�are�derived�taking�into�account�aerosol�climatologies�

UDWKHU�WKDQ�PHDV�UHPHQWV�DQG�KHQFH�WKH��FDQQRW�FDSW�UH�DFF�UDWH���WKH�WHPSRUD���DULDEL�LW��LQG�FHG�E��LQWHUDQQ�D��RU�

DEU�SW�FKDQ�HV�LQ�DWPRVSKHULF�DHURVR���RDGLQ���7KLV�FR��G�EH�FU�FLD��IRU�UH�LRQV��L�H�WKH�(DVWHUQ�0HGLWHUUDQHDQ��KLFK�LV�

at�the�crossroads�of�di�erent�transport�pathways�that�bring�air�masses�from�Europe,�Africa�and�Asia�leading�to�signi�cant�

DHURVR���DULDEL�LW����H�LH�H�G�HW�D���������

665�LQ�WKH�DUHD�GHSHQGV�RQ�D�Q�PEHU�RI�SDUDPHWHUV��WKH�PRVW�LPSRUWDQW�EHLQ��F�R�GV��DHURVR�V��DQG��DWHU��DSRU����H��

DQGUL�HW�D����������7KLV�VW�G���DV�EDVHG�RQ�F�LPDWR�R�LFD��GDWD�VKR�LQ��WKDW�F�R�GV�DUH�UHVSRQVLE�H�IRU�D�GHFUHDVH�RI�WKH�

solar�radiation�of�~63�W/m��on�an�annual�basis,�with�aerosols�(~18�W/m�)�and�water�vapor�(~9�W/m���IR��R�LQ���665�

might�also�be�a�ected�by�ozone�(O
�
)�levels�and�some�trace�gases�(e.g.�nitrogen�dioxide�-�NO

�
��GHSHQGLQ��RQ�WKH�VHDVRQ�

and�the�local�human�activities.�Speci�cally,�for�the�e�ect�of�NO
�
�RQ�665�WR�R�U��QR��HG�H�WKHUH�DUH�RQ���D�FR�S�H�RI�

studies�which�suggest�that�this�gas�may�potentially�play�a�signi�cant�role�in�local�radiative�forcing�under�certain�condi�

WLRQV�DQG�R�HU�KHD�L���SR���WHG�DUHDV��6R�RPRQ�HW�D���������9DVL��R��HW�D����������

Here,�we�study�for�the��rst�time�the�radiative�e�ect�of�aerosols�and�tropospheric�NO
�
,�two�basic�air�quality�indexes,�and�

F�R�GV�WR�HWKHU��7KLV�UHVHDUFK�LV� LPS�HPHQWHG��LWKLQ�WKH�SURMHFW���RQ��WHUP��DULDEL�LW��RI�VR�DU�UDGLDWLRQ�LQ�*UHHFH��

e�ect�of�air�quality�and�clouds”�and�focuses�on�Greece�for�the�period�2005-2019.�Within�the�project,�a�system�that�incor�

SRUDWHV�VDWH��LWH�EDVHG�REVHU�DWLRQV��F�LPDWR�R�LFD��GDWD�DQG�D�UDGLDWL�H�WUDQVIHU�PRGH��KDV�EHHQ�GH�H�RSHG��7KH�V�VWHP�

allows�for�calculating�the�radiative�e�ect�of�aerosols,�clouds�and�tropospheric�NO
�
��,Q�WKLV�SDSHU���H�VKR��VH�HFWHG�UH�

V��WV�IRU�W�R�DUHDV�LQ�*UHHFH��7KHVVD�RQL�L��D�W�SLFD��FRDVWD��FLW��LQ�WKH�KHDUW�RI�(DVWHUQ�0HGLWHUUDQHDQ���UEDQ�DUHD��DQG�

a�rural�area�close�to�Herakleion,�Crete�(at�the�premises�of�Hellenic�Center�for�Marine�Re-search).������
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2�Data�and�Methodology

�����D�D
A�core�product�of�this�research�is�the�MODIS/Aqua�Collection�6.1�Level-2�aerosol�and�cloud�product�(MYDATML2).�

For�aerosols,�the�merged�“Dark�Target”�and�“Deep�Blue”�algorithm�aerosol�optical�depth�(AOD
���
��GDWDVHW�LV��VHG��KL�H�

for�clouds,�the�cloud� fraction�(CF),�cloud�optical� thickness�(COT),�cloud�e�ective� radius�(CER),�cloud� top�pressure�

(CTP),�cloud�phase�(CP;�liquid,�ice,�undetermined),�and�precipitable�water�(PW;�near-infrared�algorithm)�datasets�are�

used.�Apart�from�AOD
���
,�the�other�optical�properties�are�taken�from�the�MACv2�aerosol�climatology,�namely�single�

scattering�albedo�(SSA),�asymmetry�factor�(ASY)�and�AOD�at�eight�di�erent�wavelengths�(350,�450,�550,�650,�1000,�

�����������DQG������QP���7R�DFFR�QW�IRU�WKH��HUWLFD���DULDEL�LW��RI�DHURVR�V��LWK�WKH�DWPRVSKHUH��DHURVR��H�WLQFWLRQ�

coe�cient�pro�les�at�532�nm�from�the�CALIOP/CALIPSO�monthly�Level-3�product�are�used.�From�OMI/AURA�we�

take�O
�
�total�column�data�(Level-3,�OMTO3d)�as�well�as�tropospheric�and�stratospheric�NO

�
�data�(Level-2,�QA4-ECV).�

Broadband�surface�albedo�(SAL)�data�are�taken�from�the�CLARA-A2�satellite�product�which�is�based�on�measurements�

from�the�AVHRR�sensors�onboard�polar�orbiting�NOAA�and�METOP�satellites�while�surface�topography�is�from�the�

Global�Multi-resolution�Terrain�Elevation�Data�2010�(GMTED2010)�elevation�model.�Finally,�SSR�data�from�the�CM�

6�)�6�5�����VDWH��LWH�GDWDVHW�DQG��UR�QG�VWDWLRQV��HUH��VHG�IRU��D�LGDWLRQ�S�USRVHV�

���������������
)RU�WKH�VFRSH�RI�WKLV�UHVHDUFK�DQ��SGDWHG��HUVLRQ�RI�WKH�6%��57�UDGLDWL�H�WUDQVIHU�PRGH��KDV�EHHQ�GH�H�RSHG��KHUHDI�

ter�denoted�as�SBDART-NO2).�More�speci�cally,�NO
�
�DEVRUSWLRQ�FURVV�VHFWLRQV�IURP�%�UUR�V�HW�D����������KD�H�EHHQ�

incorporated�in�the�model�so�that�absorption�of�solar�radiation�by�NO
�
�at�the�231-794�nm�spectral�range�is�taken�into�ac�

count.�SBDART�has�been�used�in�aerosol�and�cloud�studies�in�the�past�and�hence�a�more�detailed�representation�of�NO
�
�

absorption�in�the�spectral�region�where�the�gas�primarily�absorbs�was�missing.�On�top�of�that,�we�have�also�modi�ed�the�

original�code�so�that�it�accepts�tropospheric�(0-10�km)�and�stratospheric�(10-100�km)�NO
�
�column�data.�The�NO

�
�FR��PQ�

input�data�modify�the�SBDART�prede�ned�pro�les�based�on�US�standard�atmosphere�pressure�data.

An� IDL�automated�programming� tool�was� developed� that�“feeds”� the�SBDART� radiative� transfer�model�with�vari�

R�V�PRQWK����ULGGHG�GDWDVHWV�DW�D��QLIRUP�VSDWLD��UHVR��WLRQ��KHUH������R��������R�a�������P��DQG�H�HF�WHV�WKH�PRGH���

assuming�a�monthly�mean�daily� solar� zenith�angle� (SZA)� and� daytime�duration� based� on�geometrical� calculations.�

SBDART-NO
�
�is�executed�3�times�per�month,�one�assuming�clear�skies,�one�assuming�skies�covered�by�liquid�clouds�

DQG�RQH�DVV�PLQ��V�LHV�FR�HUHG�E��LFH�F�R�GV��7R�DFFR�QW�IRU�WKH�UH�DWL�H�FRQWULE�WLRQ�RI�HDFK�RI�WKH�WKUHH�U�QV�WR�HDFK�

grid�cell’s�monthly�SSR�value�the�system�weights�with�the�liquid�and�ice�cloud�fraction�and�the�clear�sky�part�of�each�

�ULG�FH���

�V�PHQWLRQHG�DER�H�WKH�GDWD��VHG�KHUH��HUH��ULGGHG�DW�D�FRPPRQ������R��������R�VSDWLD��UHVR��WLRQ��7KLV��DV�VH�HFWHG�

as�a�good�compromise�between�the�pixel�resolution�of�the�di�erent�core�products�used�here,�namely�the�MODIS�aerosol�

dataset�(10�km�at�nadir),�the�cloud�datasets�(5�km�at�nadir)�and�the�OMI/AURA�NO
�
�data�(13�km�x�24�km�at�nadir).�A�

FRPPRQ��ULGGLQ��PHWKRGR�R����DV�IR��R�HG�IRU�WKRVH���SURG�FWV�RQ�D�GDL���EDVLV��(DFK�REVHU�DWLRQ��DV��HL�KWHG�E��

LWV�IUDFWLRQD��DUHD������LWKLQ�WKH��ULG�FH����KHQ�D�HUD�LQ��RQ�D�GDL���EDVLV��)LQD�����WKH�GDWD��HUH�D�HUD�HG�RQ�D�PRQWK���

EDVLV��)RU�D���WKH�RWKHU�SURG�FWV�D�EL�LQHDU�LQWHUSR�DWLRQ�KDV�EHHQ��VHG�DQG�F�LPDWR�R�LFD��PRQWK���PHDQV��HUH�FD�F��

�DWHG�

Our�system�is�used�here�for�the�grid�cells�covering�two�areas�in�Greece�an�urban�(Thessaloniki)�and�a�rural�one�(Her�

akleion).�Our�SSR�calculations�are�compared�against�satellite-based�observations�from�the�CM�SAF�and�pyranometric�

measurements� from�the�stations�located� in�the� two�areas.�The�radiative�e�ect�of�aerosols� (direct),�clouds�and�tropo�

spheric�NO
�
�(direct)�on�SSR�is�shown�along�with�the�radiative�e�ciency�of�aerosols�and�tropospheric�NO

�
��7KH�UDGLDWL�H�

e�ect�of�each�component�is�equal�to�the�di�erence�between�two�simulations,�one�with�and�one�without�this�component.������

3�Results
Our�SSR�monthly�data�were�compared�against�ground-based�pyranometric�observations�from�the�stations�of�Thessa�

loniki�and�Herakleion�for�the�period�2005-2013.�Overall,�there�is�a�good�agreement�between�our�SBDART�simulated�

data�and�the�ground�data�with�a�correlation�coe�cient�R�of�1�and�a�normalized�mean�bias�(NMB)�of�-12%�and�-8%,�

respectively.�We�performed�various�tests,�including�changes�in�the�aerosol�pro�le,�using�ground-based�ASY,�SSA�and�
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cQ�VWU�P�exponent�measurements�from�the�AERONET,�using�climatological�values�for�O
�
�DQG��DWHU��DSRU��HWF��7KH�

REVHU�HG��QGHUHVWLPDWLRQ�SHUVLVWHG���HDGLQ���V�WR�WKH�FRQF��VLRQ�WKDW�LW�FR��G�SRVVLE���EH�UH�DWHG�WR�WKH�F�R�G�UHWULH�D�V�

from�MODIS/Aqua�and�the�fact�that�these�data,�which�are�retrieved�at�noon,�are�assumed�to�be�representative�for�the�

�KR�H�GD���

Our�results�for�Thessaloniki�are�very�close�to�the�values�(bias�of�~10%)�given�for�the�same�station�in�the�electronic�sup�

S�HPHQW�RI�3DSDGLPDV�HW�D�����������KHUH�D�VLPL�DU�DSSURDFK��LWK�WKH�RQH��H��VH��DV�IR��R�HG��7KH�FRPSDULVRQ��LWK�

CM�SAF�SARAH-2�returns�similar�results�with�an�R�of�1�and�a�NMB�of�-13%�and�-9%,�respectively.

The�radiative�e�ect�of�aerosols�(ARE)�on�annual�basis�is�estimated�at�~-12�W/m��over�Thessaloniki�and�~-13�W/m��R�HU�

Herakleion�while�in�both�cases�the�radiative�e�ect�of�tropospheric�NO
�
�is�negligible,�0.11�and�0.05�W/m��UHVSHFWL�H����

The�radiative�e�ect�of�liquid�and�ice�clouds�is�estimated�at�~-39�and�~-24�W/m��R�HU�7KHVVD�RQL�L�DQG�a����DQG�a����

W/m��R�HU��HUD��HLRQ�LQ��LQH��LWK���H�DQGUL�HW�D�����������7KHVH�UHV��WV�DUH�VKR�Q�LQ�)L��UH����:H�VHH�WKDW�GHVSLWH�WKDW�

Herakleion�is�a�rural�station�ARE�is�comparable�to�that�over�Thessaloniki�as�it�accepts�pollution�from�the�North�and�the�

local�sources�but�most�importantly�it� is�heavily�a�ected�by�episodic�Sahara�dust�events.�ARE�values�calculated�here�

are�comparable�to�the�average�values�calculated�for�the�whole�Mediterranean�Basin�(-16.5�W/m���E��3DSDGLPDV�HW�D���

��������

The�radiative�e�ciency�of�aerosols�(ARe�)�and�tropospheric�NO
�
�(NO

�
Re�)�is�shown�in�Figure�3.�Over�Thessaloniki�

ARe��is�estimated�at�-92�W/m��per�unit�AOD�while�over�Herakleion�at�-62�W/m��per�unit�AOD.�The�corresponding�

values�for�NO
�
Re��are�-0.0049�W/m��and�-0.0879�W/m��SHU����������molecules/cm��

Fig.�1.�(�D��DWLRQ�RI�R�U�VLP��DWLRQV�D�DLQVW��UR�QG�EDVHG�PHDV�UHPHQWV�IRU�WKH�SHULRG�����������IRU�7KHVVD�RQL�L�
(upper�left�panel)�and�Herakleion�(upper�right�panel).�The�lower�panels�show�a�comparison�against�data�from�the�CM�
6�)�6�5�����VDWH��LWH�GDWDVHW���
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Fig.�2.�Radiative�e�ect�of�aerosols,�tropospheric�NO
�
,�and�liquid�and�ice�clouds�over�Thessaloniki�and�Herakleion�on�an�

DQQ�D��EDVLV�IRU�WKH�SHULRG������������

Fig.�3.�Radiative�e�ciency�of�aerosols�over�Thessaloniki�and�Herakleion�on�an�annual�basis�for�the�period�2005-2019�
(upper�panel).�The�same�for�tropospheric�NO

�
�LV�VKR�Q�LQ�WKH��R�HU�SDQH��

4�Conclusions
Here�we�show�for�the��rst�time�the�radiative�e�ect�of�aerosols�and�tropospheric�NO

�
,�two�basic�air�quality�indexes,�and�

F�R�GV�WR�HWKHU�R�HU�W�R�DUHDV�LQ�*UHHFH��7KHVVD�RQL�L���UEDQ��DQG��HUD��HLRQ��U�UD����)RU�WKH�VFRSH�RI�WKLV�UHVHDUFK�
a�system�based�on�a�modi�ed�version�of�the�well�known�SBDART�radiative�transfer�model�that�accounts�for�NO

�
�DE�

sorption�in�the�UV/VIS�was�developed.�Our�SSR�simulations�show�a�good�agreement�with�ground�and�satellite-based�
observations.�ARE�is�estimated�at�~-12�W/m��over�Thessaloniki�and�~-13�W/m��over�Herakleion�with�the�radiative�e�ect�
of�tropospheric�NO

�
�being�negligible.�The�radiative�e�ect�of�liquid�and�ice�clouds�is�estimated�at�~-39�and�~-24�W/m��
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over�Thessaloniki�and�~-36�and�~-17�W/m��over�Herakleion.�Over�Thessaloniki�and�Herakleion,�ARe��is�estimated�at�
-92�W/m��and�-62�W/m��per�unit�AOD,�respectively,�while�NO

�
Re��is�very�low.�Concluding,�it�is�shown�that�clouds�and�

aerosols�are�driving�the�radiative�balance�in�the�area�while�NO
�
�has�a�negligible�e�ect.
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