
�1�1

Remote�1Sens.�12018,�110,�1x;�1doi: �1FOR�1PEER�1REVIEW� 1 � 1 www.mdpi.com/journal/remotesensing �1

Article�1�í��

Atmospheric �1Trace�1Gas�1(No2�1And �1O3)�1Variability �1in �1�î��

South�1Korean�1Coastal�1Waters,�1and�1Implications �1for �1�ï��

Remote�1Sensing�1of �1Coastal�1Ocean�1Color �1Dynamics �1�ð��

Maria �1Tzortziou* �11,�12,�1Owen �1Parker�11,�1Brian �1Lamb�11,�1Jay�1R.�1Herman �13,�12,�1Lok �1Lamsal�14,�12,�1Ryan�1�ñ��
Stauffer �14,2,�1Nader �1Abuhassan�13,2�1�1�ò��

1�1Department �1of�1Earth�1and�1Atmospheric �1Sciences,�1The�1City �1College�1of�1New �1York,�1City �1University �1of�1New �1�ó��
York,�1New �1York,�1NY,�1USA�1�ô��
2�1NASA �1Goddard �1Space�1Flight �1Center,�1Greenbelt,�1Maryland, �1USA�1�õ��
3�1University �1of�1Maryland, �1Joint�1Center�1for �1Earth�1Systems�1Technology,�1Baltimore,�1Maryland, �1USA�1�í�ì��
4�1Goddard �1Earth�1Sciences�1Technology�1and�1Research,�1Universities �1Space�1Research�1Association,�1Columbia, �1�í�í��
Maryland, �1USA�1�í�î��
*�1Corresponding �1author �1(mtzortziou@ccny.cuny.edu;�1tel�1:�1212�1650�15769).�1�í�ï��

Abstract �1:�1Coastal�1environments �1are�1highly �1dynamic, �1characterized�1by�1short�,term,�1local�,scale�1�í�ð��
variability �1in�1atmospheric�1and�1ocean�1processes.�1Yet,�1high �,frequency�1measurements�1of�1atmospheric�1�í�ñ��
composition, �1and�1particularly �1nitrogen �1dioxide �1(NO 2)�1and�1ozone�1(O3)�1dynamics,�1are�1scarce�1over�1the�1�í�ò��
ocean�1introducing �1uncertainties�1in�1satellite�1retrievals�1of�1coastal�1ocean�1biogeochemistry�1and�1ecology.�1�í�ó��
Combining �1measurements�1from �1different �1platforms, �1the�1Korea�,US�1Ocean�1Color�1and�1Air �1Quality �1�í�ô��
field �1campaign�1provided �1a�1unique�1opportunity �1to�1capture,�1for �1the�1first �1time,�1the�1strong�1spatial�1�í�õ��
dynamics�1and�1diurnal �1variability �1in�1total �1column�1(TC)�1NO 2�1and�1O3�1over�1the�1coastal�1waters�1of�1South�1�î�ì��
Korea.�1Measurements�1were�1conducted�1using�1a�1shipboard�1Pandora�1Spectrometer�1Instrument �1�î�í��
specifically �1designed�1to�1collect�1accurate,�1high �,frequency�1observations�1from �1a�1research�1vessel,�1and�1�î�î��
were�1combined�1with �1ground �,based�1observations�1at�1coastal�1land�1sites,�1synoptic�1satellite�1imagery,�1and�1�î�ï��
air�,mass�1trajectory�1simulations �1to�1assess�1source�1contributions �1to�1atmospheric�1pollution �1over�1the�1�î�ð��
coastal�1ocean.�1TCO3�1showed�1only �1small�1(<�120%)�1variability �1that�1was�1driven �1primarily �1by�1larger�1scale�1�î�ñ��
meteorological�1processes�1captured�1successfully�1in�1the�1relatively �1coarse�1satellite�1imagery�1from �1Aura �,�î�ò��
OMI. �1On�1the�1contrary, �1TCNO2�1over�1the�1ocean�1varied �1by�1more�1than�1an�1order�1of�1magnitude �1(0.07�,0.92�1�î�ó��
DU),�1mostly �1affected�1by�1urban�1emissions�1and�1highly �1dynamic �1air�1mass�1transport �1pathways.�1Diurnal �1�î�ô��
patterns�1varied �1widely �1across�1the�1ocean�1domain, �1with �1TCNO2�1in�1the�1coastal�1area�1of�1Geoje�1and�1�î�õ��
offshore�1Seoul�1varying �1by�1more�1than�10.6�1DU�1and�10.4�1DU,�1respectively,�1over�1a�1period �1of�1less�1than�13�1�ï�ì��
hours.�1On�1a�1polar �1orbit, �1Aura �,OMI �1does�1not�1provide �1the�1capability �1to�1detect�1these�1short�,term�1�ï�í��
changes�1in�1TCNO2.�1If �1unaccounted�1in�1atmospheric�1correction�1retrievals�1of�1ocean�1color,�1the�1observed�1�ï�î��
variability �1in�1TCNO2�1would �1be�1misinterpreted �1as�1a�1change�1in�1ocean�1remote�1sensing�1reflectance,�1Rrs,�1�ï�ï��
by�1more�1than�180%�1and�140%�1at�1412�1and�1443�1nm,�1respectively,�1introducing �1a�1significant �1false�1variability �1�ï�ð��
in�1retrievals�1of�1coastal�1ocean�1ecological�1processes�1from �1space.�1�ï�ñ��

1.�1Introduction � 1 � 1�ï�ò��

At �1the�1interface�1between�1the�1land,�1oceans,�1and�1atmosphere,�1coastal�1regions�1are�1highly �1dynamic �1�ï�ó��
environments, �1characterized�1by�1strong�1variability �1for �1both�1water�1and�1air�1quality. �1Variability �1in�1�ï�ô��
atmospheric�1composition �1is�1associated�1with �1short�,term�1(e.g.,�1hourly) �1changes�1and�1periodic �1(e.g.,�1�ï�õ��
weekly) �1patterns�1in�1anthropogenic�1emissions,�1as�1well �1as�1complex�1meteorological�1processes�1that�1�ð�ì��
influence�1the�1circulation �1and�1accumulation �1of�1atmospheric�1pollutants �1at�1land�,water�1boundaries�1[1�,3].�1�ð�í��
Previous�1studies,�1using�1high �1spatial�1resolution �1meteorological�1and�1air�1quality �1simulations �1covering�1�ð�î��
the�1Chesapeake�1Bay�1and�1adjacent�1Atlantic �1Ocean�1coastline,�1demonstrated�1that�1air�1pollution �1from �1�ð�ï��
coastal�1urban�1areas�1often�1accumulates�1over�1adjacent�1coastal�1waters�1due�1to�1low �1dry �1deposition �1rates�1�ð�ð��
over�1the�1water�1and�1a�1shallow �1marine�1boundary �1layer�1that�1traps�1marine�1emissions�1[3�,4].�1Local�1scale�1�ð�ñ��
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Figure �15.�1Satellite�1retrievals�1of�1spatial�1variability �1in�1total �1column�1nitrogen �1dioxide �1(TCNO2)�1from �1Aura �1�ï�í�î��
OMI, �1during �1the�1KORUS�1OC�1campaign.�1The�1red�1circle�1indicates�1the�1location�1of�1the�1RV�1Onnuri .�1.�1�ï�í�ï��

���ï�í�ð��

Figure �16.�1TCO3�1variability �1over�1the�1South�1Korean�1coastal�1waters,�1as�1measured�1by�1the�1shipboard�1PSI�1�ï�í�ñ��
onboard�1RV�1Onnuri �1during �1the�1KORUS�1OC�1campaign�1(20�1May�1�,�12�1June,�12016)�1(blue�1open�1squares).�1�ï�í�ò��
Measurements�1during �118�,20�1May�1were�1collected�1at�1the�1coastal�1site�1of�1Geoje,�1more�1than�135�1km�1from �1the�1�ï�í�ó��
city �1of�1Busan.�1Satellite�1Aura �,OMI �1TCO3�1overpass�1data�1is�1also�1shown�1(red�1open�1circles).�1�ï�í�ô��
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�Ð.Conclusions � 1 � 1�ð�ô�ï��

Variability �1in�1atmospheric�1aerosols�1and�1absorbing�1trace�1gases�1remains�1one�1of�1the�1largest�1sources�1�ð�ô�ð��
of�1uncertainty �1for �1remote�1sensing�1of�1short�,term�1(e.g.,�1hourly �1to�1weekly) �1ocean�1processes,�1especially�1in�1�ð�ô�ñ��
coastal�1waters�1that�1are�1close�1to�1heavily �1polluted �1urban�1areas.�1A�1key�1objective�1of�1the�1Korea�,US�1Ocean�1�ð�ô�ò��
Color�1(KORUS�1OC)�1field �1campaign�1was�1to�1characterize�1atmospheric�1variability �1in�1the�1South�1Korean�1�ð�ô�ó��
coastal�1waters�1in�1the�1context�1of�1the�1underlying �1optically �1complex�1waters�1to�1better�1understand�1future �1�ð�ô�ô��
retrieval �1algorithm �1development �1needs�1for �1both�1polar �1orbiting �1and�1geostationary�1ocean�1color�1sensors�1�ð�ô�õ��
[25].�1�ð�õ�ì��

Our �1measurements�1from �1a�1shipboard �1Pandora�1Spectrometer�1Instrument �1(PSI),�1specifically �1�ð�õ�í��
designed�1for �1direct �,sun�1measurements�1from �1a�1moving �1platform, �1revealed�1for �1the�1first �1time�1the�1spatial�1�ð�õ�î��
and�1temporal �1dynamics�1that�1characterize�1total �1column�1(TC)�1O3�1and�1NO 2�1amounts�1over�1the�1coastal�1�ð�õ�ï��
waters�1of�1South�1Korea.�1In�1contrast�1to�1the�1relatively �1low �1(less�1than�120%)�1variability �1in�1column�1ozone,�1�ð�õ�ð��
TCNO2�1over�1the�1ocean�1varied �1by�1more�1than�1an�1order�1of�1magnitude �1reaching�1values�1as�1high �1as�10.92�1�ð�õ�ñ��
DU�1during �1the�1campaign.�1Temporal�1changes�1in�1TCO3�1mostly �1exhibited �1a�1quasi�1bi�,weekly �1oscillation �1�ð�õ�ò��
and�1spatial�1dynamics�1were�1driven �1primarily �1by�1larger�1scale�1meteorological�1processes�1and�1synoptic �1�ð�õ�ó��
weather�1fronts�1that�1were�1captured�1successfully�1in�1the�1relatively �1coarse�1satellite�1imagery�1from �1the�1Aura �1�ð�õ�ô��
Ozone�1Monitoring �1Instrument �1(OMI). �1Variability �1in�1TCNO2,�1in�1contrast,�1was�1mostly �1affected�1by�1local�1�ð�õ�õ��
anthropogenic�1emissions�1and�1highly �1dynamic �1air�1mass�1transport �1pathways.�1NO 2�1emissions�1over�1the�1�ñ�ì�ì��
land�1considerably�1affected�1TCNO2�1dynamics�1over�1the�1ocean�1but�1in�1complex�1ways,�1often�1resulting �1in�1�ñ�ì�í��
very�1different �1temporal �1patterns�1between�1coastal�1land�1sites�1and�1offshore�1coastal�1waters.�1Although �1�ñ�ì�î��
ground �,based�1measurements�1showed�1a�1clear�1weekly �1pattern�1in�1NO 2�1at�1coastal�1urban�1sites�1such�1as�1�ñ�ì�ï��
Seoul�1and�1Busan,�1with �1minima �1consistently�1observed�1on�1Sundays,�1this�1weekly �1cycle�1was�1not�1observed�1�ñ�ì�ð��
over�1the�1adjacent�1ocean.�1A�1combination �1of�1observations�1from �1high �,frequency�1ground �,based�1sensors,�1�ñ�ì�ñ��
synoptic�1satellite�1imagery,�1and�1air�,mass�1trajectory�1simulations �1explained�1the�1observed�1diurnal �1�ñ�ì�ò��
variability, �1which �1varied �1widely �1across�1the�1coastal�1ocean�1domain. �1A �1greater�1than�10.6�1DU�1change�1in�1�ñ�ì�ó��
TCNO2�1over�1a�1period �1of�1less�1than�13�1hours�1in�1the�1coastal�1area�1of�1Geoje�1was�1mostly �1due�1to�1constant�1�ñ�ì�ô��
transport �1of�1air�1masses�1through �1the�1city �1of�1Busan,�1resulting �1in�1remarkably �1good�1agreement�1in�1the�1NO 2�1�ñ�ì�õ��
diurnal �1variability �1observed�1at�1the�1two �1locations,�1despite�1their �1distance�1of�1more�1than�135�1km.�1In�1the�1�ñ�í�ì��
coastal�1waters�1offshore�1Seoul,�1transport �1of�1different �1air�1masses�1over�1the�1ocean�1caused�1TCNO2�1over�1the�1�ñ�í�í��
RV�1Onnuri �1to�1vary �1by�1almost�10.4�1DU�1within �1a�1period �1of�1less�1than�13�1hours�1while �1the�1ship�1held�1its�1�ñ�í�î��
position �1at�1more�1than�150�1km�1distance�1from �1the�1shoreline.�1Backward�1trajectory�1simulations �1initiated �1at�1�ñ�í�ï��
the�1time�1of�1maximum �1NO 2�1over�1the�1RV�1Onnuri ,�1indicated �1transport �1from �1the�1Seoul�1metropolitan �1area,�1�ñ�í�ð��
while �1a�1gradual �1decrease�1in�1NO 2�1over�1the�1ocean�12�1to�13�1hours�1later�1coincided�1with �1a�1gradual �1shift �1in�1air�1�ñ�í�ñ��
mass�1origin �1from �1a�1rural �1area�1south�1of�1Seoul�1characterized�1by�1considerably�1lower �1NO 2�1levels.�1With �1�ñ�í�ò��
coarse�1spatial�1resolution �1and�1an�1overpass�1at�1around �113:30�1local�1time,�1OMI �1does�1not�1provide �1the�1�ñ�í�ó��
capability �1to�1detect�1these�1small�,scale,�1short�,term�1changes�1in�1NO 2�1observed�1by�1high �,frequency�1�ñ�í�ô��
shipboard �1remote�,sensing�1sensors�1over�1these�1coastal�1waters.�1Observations�1from �1the�1higher �1spatial�1�ñ�í�õ��
resolution � 1 � 1(7�1x�17�1km)�1polar �1orbiting �1TROPOspheric�1Monitoring �1Instrument �1(TROPOMI)�1are�1�ñ�î�ì��
expected�1to�1provide �1more�1information �1on�1spatial�1variability �1at�1a�1global�1scale,�1but�1will �1still �1be�1limited �1�ñ�î�í��
to�1one�1measurement�1per�1day�1temporal �1resolution. �1Future�1geostationary�1missions,�1such�1as�1NASA ��s�1�ñ�î�î��
TEMPO�1(Tropospheric�1Emissions:�1Monitoring �1Pollution), �1the�1Korean�1GEMS�1(Geostationary�1�ñ�î�ï��
Environment �1Monitoring �1Spectrometer),�1and�1the�1European�1Sentinel�,4,�1will �1provide �1a�1unique�1satellite�1�ñ�î�ð��
capability �1to�1monitor �1the�1spatially �1and�1temporally �1varying �1TCNO2�1over�1coastal�1oceans.� 1 � 1�ñ�î�ñ��

If �1the�1observed�1variability �1in �1TCNO2�1is�1not�1properly �1accounted�1for �1in�1atmospheric�1correction�1�ñ�î�ò��
retrievals�1of�1coastal�1ocean�1color,�1it �1will �1result�1in �1a�1false�1spatial�1or�1temporal �1variability �1in�1ocean�1�ñ�î�ó��
biogeochemical�1properties�1and�1ecological�1processes.�1We�1found �1that�1uncertainties�1in�1TCNO2�1of�10.48�1�ñ�î�ô��
DU,�1similar �1to�1the�1difference�1between�1OMI �1and�1shipboard �1PSI�1retrievals�1in�1the�1coastal�1area�1of�1Geoje,�1�ñ�î�õ��
would �1result�1in�137%�1uncertainty �1in�1Rrs(412)�1and�1almost�1no�1change�1in�1Rrs(555),�1introducing �1significant �1�ñ�ï�ì��
uncertainty �1in�1the�1spectral�1shape�1of�1ocean�1remote�1sensing�1reflectance.�1Uncertainties�1in�1NO 2�1diurnal �1�ñ�ï�í��
variability �1over�1the�1ocean,�1on�1the�1order�1of�1the�1difference�1in�1TCNO2�1measurements�1between�1Seoul�1and�1�ñ�ï�î��
its�1offshore�1coastal�1waters�1on�1June�11�12016,�1would �1result�1in�1a�1false�1change�1in�1Rrs(412)�1and�1Rrs(443)�1by�1�ñ�ï�ï��
more�1than�180%�1and�140%,�1respectively,�1during �1the�1day.�1The�1resulting �1errors�1in�1Rrs�1subsequently�1�ñ�ï�ð��
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