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Abstract: Urbanization reflects how humaattivities affect natural climate system.
Accurately assessing the urban system by comparing it with the nearby rural regions helps
to identify the impacts of urbanizatiohhis work uses the renesatellite observed aerosol,

skin temperature, land cover, albedo, cloud fraction and water vapor measurements to
reveal how the city of Shanghai, one of the biggest, dense urban areas in East Asia, affects
land surface and atmosphere conditions. IntauditheNational Aeronautics and Space
Administration (NASA) ground observations fromAErosol RObotic NETwork
(AERONET) is also used to reveal diurnal, seasonal, and interannual variations of the
heavy aerosol load over Shanghai region. Furthermore,g8aareduces surface albedo,

total column water vapor, cloud fraction and increases land skin temperature than rural
region. Thesebservationgprovethat Shanghai significantly modifies local and regional
land surface physical properties as well as playgoocesses, which lead to the urban heat
island effect (UHI).
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1. Introduction

Numerous studies suggest that urbanizattbangesin surface energy budget-Bl. The land
surfaceenergy budgecan be described as|{4

(1 Tg+lWS @'t SH 1 LE 1 G = 0 (1)
whereU i s s ur fgasdewwart $udadeasuatid®. LW, is downward longwave radiatiofll
is surfaceemissivity.l i esSteveh Boltzmann constaifiin is the land surfacekin temperature.

SH, LE are thesensible and latent heat flux&s.is the ground heat flusxJrbanization by changing
atmosphere as well dand surface modifies all theterms in Equation(1): First, urban hashigh
aerosols load in tharbanatmosphere, which reducéise surface indation. Previous research [5
reported tlt the reduction of surface iration, secalled aereol direct effect [§ could be up to
20i 40Wm'? for a namally polluted sk for New York Cityand may beboutl00Wm'? for thedens
polluted city (Beijing) in summer In addition, certaintypes ofaerosas (cf. soot)absorb and emit
longwave radiation and thus change kWh Equation(1). Furthermore, the clouds microphysical
properties (cloud droplet sizeloud topalbedo,etc) are changediue to aerosél sdirect effect[7],
which may further affect cloud and even rainfall formation. Therefdoeidccover changethe LWy
termin Equation(1). Second, bsides the atmospherenditions, land surface parameter@re also
modified by urbanization.Jin et al. [8] showed thaturbanization changes surfackbedo, surface
emissivity as well as skiremperature. 8 a result, SH, LE and,Gvhich are function of land surface
temperatureare expected to be changed by urbanizatisdih.the above mentionead¢hanges are
considered as the&rban impact on climate system

Urban impactvarieswith the location,size, populatiordensity and traffic patterrof a city [J.
Therefore assessing udm physical properties from the most advahobservations is the first ptéo
understand urban impactBhis paper focuses on Shanghai, China, whicthesbiggest city in East
Asia, with over 20 million peopl e. ncBdstaanhtigehyangtzei s
River delta and covers areas over 7,000.Rniith the rapid economic growth in China, Shanghai has
rapidly developed over the past decades and the urban area of Shanghai has now expanded more th
5,000 knf. Figure 1 is the Landsateasurements revealing the dramatic spatial growth of Shanghai
from 1989 to 2005As a result of that, air pollution becomes one of important environmental issues in
Shanghailn addition,Shanghahassubtropical climate antherefore hasour seasons: witer, spring,
summer, and fall, with cold budry winters andwarm but humidsummes. Extreme heatn warm
summer is observed due to urban heat island effect (UHI).

By comparing the differences between the Shanghai city and the nearby rural areas, itisisquispe
light on the quantitative changes an urban system induced to this area. This paper analyzes land albec
changeatmosphere aerosol and water vapor changes over Shanghai and rural fdgdwational
Aeronautics and Space AdministratigNASA) Moderate Resolution Imaging Spectroradiometer
(MODIS) remote sensingbservationstogether with the AErosol RObotic NETW(AERONET)
ground observations are usiedidentify the spatial and temporfaatures of aerosol loadlbedo, skin
temperature, anda coverin Sharmghai and nearbyural regions
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Figure 1. The growth of urban regions over Shanghai, Chiapis based on Landsat TM
for year 1989, an(b) is for Year 2008 from Landsat ETM+. Rural is generally blue, water
is black, urban is gold. Dats using Neato-mid-infrared spectrum.

@

Besides aerosol, urbdreat island e#ct (UHI) is the nostsignificant land surface feature in urban
system. UHImeans that the surface temperature over urban is higher than ¢hatal regios [1].
Using satellite observed lan#lis temperature, Jiet al.[8] reported haturban surface temperatuse
higher than the surrounding rural regions for Beijing area. Inpiyer,UHI from satelliteretrieved
skin temperatureTiyi,) datais assessdfor Shangpai andits rural regionsAgain, a clear UHI signal is
observed for Shayhai.

Section 2 describes the data sets and variables analyzed. SectreseBt9 thenew results
followed bya discussion on the urban land and atmosphere interadtidarms ofthe change ithe
land surface energy budg&ection 4)

2. Data

Monthly observations of skin temperatyiiexir), albedo, and land cover data measuretM®DIS
Terra [912] from March 2000to December 208 are used to analyze theirohtology of skin
temperature and how it relates to surface properties. DetdiO@fIS skin temperature collection 5
process and validation can be foundvéan [9, or t he at(bttp:#nive.icegswcsiolezlu/
modis/LstUsrGuide/MODIS_LST_ products_Users_guidg.pdf). The MODIS data (Collection 5) is
at 0.08 latitude/longitude grid, oso-called Climate Model Grid (CMG) resolution in MODIS sdh
data isonly retrieved orclear days. The daytime and nighttimgijlvalues in MOD11C3 are averaged
from the dayitme and nighttime LST Jaes in the daily i, product (MOD11C1) in cleadays only.
The daytime Tin in MOD11C1 is around 10:38M local solar time and the nighttimeyf, is around
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10:30PM local solar time. The observation time may differ byn®@utes in low latitude egions or up
to several hours in high latitude regions. Local solar time is equal to Coordinated Universal Time
(UTC) + longtude (in degrees)/15.

Aerosoloptical thickness (AOTpbservations from MODI&ollection 5[6,13] are also useth this
paper to identify the aerosol load one atmospheric columin addition, water vapor and cloud
observations from MODIJ14,15 are also used to examine the connectiossvden surface
temperature and atmospheric conditiod©DIS atmosphere datre atl°by 1° resolution. Aerosol
measuremestare only available for clealay conditionsand are sampled into monthly data

AERONET data fronthe Taihu Site (3125NMpnN, 12012 N4nE) areanalyzel to showthe diurnal,
seasonal, and interannual vawais ofaerosol optical thicknes&\QT) in this region16]. Hourly data
of AOT with level 2.0 quality assurdd 7] available from 2005 to 200® showthe diurnal seasonal,
and interannuapatterrs of AOT. Taihu siteis close toShanghai.Since marsurface wind is from
Shanghai to Taihu (sdgeigure2 below) AOT of Taihu is largely transported from Shanglgecause
AERONET does not haveite over Shanghausing nearbyTaihusite observedAOT to represent
Shanghai is valid

Figure 2. Shanghai Land Covet.he land cover is defined by MODIS é5. Evergreen
Needleleaf Forest(2). Evergreen Broadleaf ForeqB3). Deciduous Needleleaf Forest,
(4). Deciduous Broadleaf Forest5). Mixed Forest,(6). Closed Shrubland(7). Open
Shrubland, (8). Woody Savannas(9). Savannas,10). Grassland,(11). Permanent
Wetland, (12). Cropland, (13). Urbanand Buikup, (14). Cropland/Natural Vegetation
Mosaic, (15). Snow and Ice(16). Barren or Sparsely Vegetated. In addition, O is water.
Both studies Shanghai region ahe selected region are outlined by rectangular boxes.
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Monthly reanalysis outputs from the European Centre for MedRamge Weather Forecasts
(ECMWF) reanalysis (ERAI0) are analyzed to reveal the regional wind circulation &t raB.
ERA-40 is anew reanalysis project conducted at ECMWEF to cover the period frord95id to 2001
including the earlier ECMWEF reanalysis ERA, 19791993. The reanalysis data this study uses is
monthly surface wind at 925mb 2.5° by 2.5° The data ar&eely available at
http://www.ecmwf.int/research/era/do/get/e@

3. Results
Land Cover

Land covercan be used to distinguish urban regions and rural rediagsre 2 clearly shows that
Shanghaiis a bigurban region the blue color,LC = 12) and the aected rural region, which is
outlined ina black rectangle box, is cropland (L€ 11). The selected rural region is 2°west of
Shanghai but at ¢hsame latitude. Selecting rural region at the same latitudeesstore that both
urban and rural has tlsame solar radiation inpdior clear daysin addition, é¢hough the urban region
of Shamhai s irregular, dboxedShanghai regiois analyzed to keep theraland urban counterparts
have the same size for comparisbarthermorethe big watebody (LC = 0) between Shanghai and
the selected rural region is Tajwhere AERONET has a grouhésel aerosol site

Urban systemas a subcomponentof the Earth climate system, is largely determinég the
atmosphere circulation. Therefore, dbtaina broal view of atmosphere circulation of these regions,
Figure 3 showsthe ERA-40 surfacewind at 925 mb in July 2002. Overall, Shanglweid its
surroundingareas are influenced by warm air from the southwest wind and cold air from the north
wind. More importantly,the wind at near surfaces from Shanghai to Taihu, and thereforiee t
aerosols over Shanghai aransported into TaihuThis is the base thalaihu AERONET observation
is usedo reveal the possiblemporalfeatures oShanghaurban aerossl(seefigureslatter).

Figure 3. ECMWF analysis monthly wind at 925 mb for July 2002.
ERA—=40 (u;v), 925 mb, monthly, 07/2002
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Skin Temperature

Tskin, Obtained from MODIS erra at 10:30 AMover Shanghaand rural areafor the dlys of2001
and 2004 Figure 4, other Julys in 20012008 are also analyzetut not shownherg shows that
Shanghais much warmer thathe rural regionsn Julys In addition, T«in variesacross the city of
Shanghai determined byspecific local underlying surfacetructure vegetdon coverage, and the
geographyconditions.For example evenfor an urban regionTg, differs from 300K to 312K. The
warmest part of Shanghai is the dense building regions, withupto 310K. This isdue to theurban
high heterogeneity. For comparisohetselected rural regions have ovefall, from 304 to 308 K,
which ismuch cooler than Shanghai regions and has much lggvdariationsacross thestudy area
Similar wam signal is evident forJuly 2004 Figure 4(b)) as well as forthe rest Julys during
2000 2008 Furthermorg interanrual variations of UHI arelso evidentlyshown inFigure 4, by
comparing July 200¢Figure4(a)) with July 204 Figure4(b)).

Figure 4. Monthly mean Ty» in July for (a) 2001 andb) 2004 with Shangha(right box)
and rural (left box). The dkindata isobtained from Terra MODIS at 10:30 AM.

(@) (b)

29N Lot s , . :
{1BF 118.5E 119E 119,50 120F 120.5F 121E 121.5E 122F

2oN = — = 3 T
118E 11858 119F 119.5F 120F 120.5F 121E 12158 122K

Monthly, areaaveraged dn (Figure 5(ai f)) shows that,ri generalShanghais warmerthanthe
rural regionexceptfor Junesin 2001 and 2003]January in 2002January and November in 2004, and
February in 2005Specifically, Shanghais hotter tharand ruralregion by about5°K in July, 2005.
Neverthelesstainfall and wind may be thprimary reasons fothe lowerShanghaiT s, for the few
morths when lower ki, were observed for Shanghai.
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Figure 5. Monthly averaged &in for Shanghai and rural areas (a) 2001, (b) 2002,
(c) 2003, (d) 2004, (e) 2005, and(f) 2006, where red solid line represents Shanghdi

bluesolid line represents rura
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Albedo

Albedo determines the amount of absorbed surface insoldguation1). Shanghaihas lower
surface albedo than the rural regions for Januapril, and July2004 Eigure 6(ai c)). This is
consistent with previous study that urban regions reda the abledo by replacing the
vegetatiorcovered natural surfaces with human consioast [B]. For comparison, albedo in
December, 2004Figure6(d)) is slightly higher in Shanghai than therural regionsFurther analyses
imply that the high winterlaedo in Shanghai may be a result of contamination of clandssnow
surface Urban albedo varies significantly during one year, determined by soil moisture, vegetation
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condition, building canyon effeagtc More importantly, even for Shanghtself, spatial variationson
albedoare evident.

Figure 6. Albedo in 2004 for(a) January,(b) April, (c) July, and(d) December with
Shanghai (right box) and rural (left box).
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Moreover, monthlyareaavaaged abedo shows that imost of the months during 20QBigure?),
Shangha albedo is lower than that of the rural region. The big reduction ®otuanuary, February
and April where Shanghai albedo 3% lower than the rural areleverthelesshoth Shanghai and
the ruralregion do not have adent seasonal variatioexcept for that in December Shanghai has
higher albelo as indicated irrigure 6(d), whenthe largest difference between Shanghai and rural
albedo is found in Decembwiith the magnitude of 0.0%gain, this hidy albedo in Shanghanay be
questionable due to the cloud contamination. Furthermore, fi®pring to early Fall
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(AprilT September) the albedo is relatively seapartly due to the growing stuirface vegetatiorNote
that MODIS albedo is wavelengthtegraed albedo, namely, stalled broadband albedo.

Figure 7. Monthly averaged albedo in 2004, where the solid line represents Shanghai and
the dashed line represents rural.
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Aerosol Optical Thickness (AOT)

Aerosols in sky would reduce surface insolation diiect effect Equationl). Monthly aerosol
optical hickness (AOT) from MODIS for Shanghandthe rural areaare shown inFigure 8. Both
maximum Shanghaand rural AOT ardound in June withabout1.40 and 1.15 respectivelywhile
ShanghalAOT has mininum in January andural AOT minimum occus in December Minimum
Shanghaiand rural AOT occurringluring wintermay suggest that AOT is affected by temperature
since certain chemical interactions may be function of air temperature. This is consistent with a
previous study byin et al.[5], which also presentednainimum AOT was found in December during
2000 2003 for Houston and New York Citin general, Sharwi AOT is muchlarger tharthe rural
AOT except forJanuary, May, September, and Novembercein those months Shanghai is slightly
lower than rural regions. High AOTs are mainly due to large aerosol souwregban, even though
various studiesuggestedhat urba and urban downwind regions hawere rainfall [1§ which may
wash out aerosals

The daily AOT observed from MODISerra 10:30 AMin July 2007for both Shanghaand the
rural regiongFigure9) shows that rost of instantaneousOT for Shanghaare greater that theiral
regions,which is consistent with results from the monthly ANote hat since MODIS aerosol
retrieval limit, AOT can only be measured for clear days, and thereiosea numbers of days iduly
has AOT observation§Nevertheless, such few observations clearly shewbruptchanges during a
short period of time. For ergple, July 20, 2007 has higkOT by 1.8 and July 22, 2007, this value is
dropped to 1, and by July 28, 2007, this value further drops to belo®uch.abrupthange of AOT
is due torainfall evens which wash out the aerosol particles from the atmospAe@rding to data
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from weather station# rains on20 to 24July, 2007in Shanghaandthen it rainsagain onJuly 28,
2007.

Figure 8. Monthly aerosol optical thicknes&QT) from MODIS in 2004, where thsolid
line represents Shanghemd the dashddhe representtherural regions
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Figure 9. Daily MODIS observed aerosol optical thickness (AOT) for July 2007, where
red solid line represents Shanghai and green solid line represents the rural regions.
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Due to the limits oMODIS AOT observations, ground instantaneous, continuous AOT observation
is used to identify the diurnal, seasonal, and iaterual variationsAerosol Optical Thickness (AOT)
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at Taihu statioirom AERONET (Figures10 and 1) is used in this study as am situdata setilong

with AOT obtainedfrom MODIS for ShanghalA yearaverageddiurnal AOT appeato be higher
during 1000 AM1 3:00 PM (Figure 10(ai d)), which may be relatetb the heavy traffic over nearb
urban regions (ShanghaBach year shows that dnal AOT appear to increasdter rush hours in the
morning In addition,AOT is expected to increase later in the night after rush hours in the evening but
with no operation of suphotometer during the night, there are no measurements taken.

Figure 10. Diurnal AOT obtained from AERONET for Taihu ifa) 2005, (b) 2006,
(c) 2007, and (d) 2008, where each black solid bar represents 95% confidence
interval( 1. 96 0) .
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Month to math AOT varation of Taihu sampled from thiastantaeous observatios during
2005 2008 under the cleasky (Figure 11) Similar to he results obtained from MODI|$igh AOT
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occus in the summer time, specifically, June tiwiabout 0.85 in magnitude. The monthly AOT has
gradually inceased from January to Jurandthen droped to below 0.6 after June. The sharp
reduction of AOT in July and August may be most related to the heavy rainfall season in Shanghai as &
result of Asian Monsoon. Note that although monthly AOT from AERONET seems to have a similar
trend 8 MODIS, magnitude of monthly AOT from AERONET in particular is much less than
MODIS. This might be due to the uncertainty in MODIS land aerosol retrieval (King, personal
communication 2009) . I n addition, laege AOE spsedda n d &
in this month because the standard deviation can indicate how much variations of one variable. The
reason for such large variations in AOdewls to be studied intlre.

Figure 11. Averaged monthly aerosol optical thickness (AOT) obtaiinech AERONET
from2005t02 008, where bl ack solid bar represents
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Cloud Fractionand Water Vapor

With more aerosols servings cloud condensation nuckend higher skin temperature leading to
stronger convection over Shdrag, whatwould cloud formation changePhe multiyear averaged
cloud fraction(CF, Figure 12) for both Shanghai anthe rural areas appedo be highly correlated
with the maximum CF in June and the minimum CF inr&aty. Nevetheless, differences in Ckie
still evident for Shanghai and the rural regions due to the local mechafiem<loudiest period
occurs in June as shown kigure 12, which may be related to Asian monsoon system movement in
this region Later, CF drops shgly in July and AugustThe minimum CF is found in February where
the amount of water vapor may be low during winkégverthegss, the largscale dynamics seems to



Remote Seng2011 3 95

be the dominate factor for CF over such a relatively small region, and therefore there is high
correlation in CF btweenShanghai and the rural regions.

Figure 12. Multi-year averaged (2002008) cloud fraction for Shanghai and rural
regions. Shanghai minus rural. Data is from monthly MODIS observations at 10:30 AM.
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Competing mechanisms for water vapor supply drisEhanghai and the selected rural region: On
one hand, Shanghai locates on the coa$tagific Ocearand thus has abundant water vapor supply.
On the other hand$Shanghai does not have enough soil moistareevaporation due to the large
fraction of waer-proof urbansurface.As the rural area has more vegetations compared to Shanghai,
the total amount of water vapor in rural is expected to be greater through evapdiaionultiyear
averagedotal columnwater vapor for Shanghai atiterural area (Figure13) showsthatwater vapor
for both areas appear to be approximately the same for the most of the year except the differences i
June, July, September, and November, with the largest differe@csb(cm) showing in JulyAnnual
WV variations follav the surface temperature variation. Namely, Witreasesas temperature
increases from January through Augasd therstarts to gradually decreaae temperature decreases
from August through Decemhdfurthermore, dring July and August, total amount water vapor in
the rural area are greater compared to Shanghaily due toevaporation through vegetatioDaily
the amount of water vapd@Figure 14) in July 2007 show that daily water vapor in the rural area is
greater compared to Shanghai.
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Figure 13. Muti-year averaged (2002008) water vapor for Shanghai and rural regions.
Data is from monthly MODIS observations at 10:30 AM.
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Figure 14. Daily water vapor for July 2007 for Shanghai and rural regions. Due to the
cloudy days, only a few days have ebstions.



