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10

11

12

13

14

15

16

17

18

19

20

Abstract

Observatiors of atmospheric conditions and processe<itiesare fundamental to
understanding thenteractions betweenthe urbansurfaceand weather/climatejmproving

the performance of urbamveather,air qualityand climatemodels andproviding key
information forcity end-users €.g.decisionmakess, stakeholdes, public)in this paper,
Shanghajurban integrated meteorological observatioetwork (SUIMONInd some

examples of intendedpplications areintroduced Itscharacteristicsnclude being:
multi-purpose €.g.forecast, research, servicehulti-function (hgh impact weathergity

climate special eneuserg, multi-scale €.g.macro/mesa, urban, neighborhood, street
canyon), multivariable €.g.thermal, dynamic, chemical, bimeteorological, ecological),

and multi-platform (e.g.radar, wind profilergroundbased, satellite based, 4situ

observatiort sampling) UnderlyingSUIMONS a data management system to facilitate
exchange of data and information. Broverallaim of the networkisto improve coordination
strategiesandinstruments to identify datagaps based on scieaanduserdriven

requirements and to intelligently combine observations from a variety of platforms by using
a data assimilation system that is tuned to produce the best estimate of the current state of
the urban atmosphere.

Key wordsurban observatios;, urban meteorologyurban boundaryayer, urban

environment Shanghai
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1 Introduction

The world[ populationexceeds? billion, with half liingin urban areaJN
2013)Qurrent projections sggestthat the global populatiorwill reach8 billion in 2025,
with nearly 5 billion liingin urban areas. Tikincrease has formednd will inevitably
produce hundreds of large cities>@million population) megacities¥ 10 million population)
and conurbations (or megaegions)most of whichare coastain developing countries
Urbanizationbrings not only peopléo citiesbut alsocapital,services, convenience and
benefits toeconomicproduction At the same time howevernatural hazards and huge
environmenal pressures, includingextreme weather €.g. urban flood, heat wave) and
environmentl episodes (e.g. haze, photochemical pollutioah psesignificant challenges
for the crisis and risk managemeoittheseareas the effects of which are often exacerbated
by the decrea®d resilience and increasl vulnerability associatedvith dense urban
populatiors andinfrastructure and intensiveconomicactivities pluslimate changélang
2008)

Observatioms of atmospheric conditions and processes in urban areas are
fundamental tounderstanding theinteractions betweenthe underlying surfacandthe
weather/climate,and improvinghe performanceof urbanweather, ar qualityand climate
models Suchobservations also provide key anfation for endusers €.g.decisionmakess,
stakeholdes, public)for a myriad of applicationsée, for examplghe range described by
Dabberdt, 2012).

Anumber of major field campaigns urban areasiave beerconducted in various

parts of the world for differentpurposes Table ). These include short term campaigns such
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as in the USAe.g. IRBAN 200@llwine et al.2002 Joint Uban 2003(Allwine et al.2004),
Pentagon Shie[@varner et al. 200yMadison Squar&arderfHanna et al. 200gand Europe
(e.g. BCOMPTE ros et ak04), CAPITOUYMasson et al.2008BUBBLRotach et al2005),
DAPPLErnold et al.2004 and REPARTErrison et al.201Q. Thesestudieshave had
many objectivesincluding a focus onearsurface turbulence characteristicgertical
structure of the entireurbanboundary layer(UBL), and air pollution.

In addition observatioml networkshave beerestablished tdocus onurban weather
research One notable example tee Helsinki Testbedoncerred with mesoscale weather
forecastngand dispersioninvolvingmodel development and verificatiomlemonstration of
integration of modern technologies with complete weather observation sysiems-user
product developmentand data distribution fothe public and researchommunity
(Dabberdt et al. 2003 oskinen etl.201]). Other examples include thdouston
Environmental Aerosol Thunderstorm Project(HE2M)ille et al. 2004 whichaimed to
determine the sources and causes for the enhanced ctouground lightning over Houston,
Texas, and the Tokyo Metropolitamed Convection Study (TOMAQCsignedo better
understand various messcaleprocesse®ver Tokyo Metropolitan Arédlaki et al.
2012.Most of the urban observation studiés date havebeen forshort-periods, for a
relatively limitedset of atmosphericand environmental conditionsather thanthe full
range that need to be understood fongoingurbanoperatiors.

In 1872Shanghaestablisheda multi-function observatoryXujiahui( Zikawei in
Shanghai dialgx, one ofa small group ofirbanstationswith long(>100 years) continuous

recordgGherzi, 1950 In 1958 weather stationsvere installedin the 10 rural countiesf the
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province of Shanghaextending thespatial dimensiorio about 30 km The firstdedicated
urban meteorological leservatiorsin China were established in thelowntown areaof
Shanghain the 1970s early 1980sThe>10 monitoring sites located over urban surfaces
were used toinvestigatea wide range ofirban effect§Zhou and Chow 1998)ch as the
warmer air temperaturesurban heat islandUH),humidity characteristicswet or dry

island, precipitation characteristicandthe spatial variabilityof air quality notably the
turbidity island(Zhou and Zhend 991).

Todayin Shanghaithere area series ohetworks of different instrumenttypes(e.g.
automatic weather stationAW3, weather radar Met-towers, wind profilers, lightning
mapping systerg) remote sensing systemshat providedense observatiosthrougha
network of networks referred to hereas SUIMONShanghai *Urban Integrated
MeteorologicalObservationNetwork). SUIMONcoversthe whole ofthe Shanghametroplex
and nearby seashorewhich includes major transportation facilitigsotably theShanghai
container port the largest in the worldand PudongInternational Airport Theobjectiveof
this paperis to introducethe characteristicsfunctions and current statef SUIMONand to
provideexamples of intended applicatioéd future plandor its developmentThis
multi-faceted network has theapabilityto cover all @plicationsidentified in Table 1while
alsoprovidingopportunitiesfor intensive campaignaith a rich spatial and temporal
database to provide contex8UIMON already provides important data to support the

economic activitiesvithin Shanghai anthe East China regioRorexamplethe A} & o [»

largest seaportYangshan se@rt, Fig 1) is located on the coast here at the end of a chain of

islands A large amount of traffi¢ravelsalong exposed roads to this destination. With a
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weather station located right at the containgort, forecasts for both shipping and road

traffic are supportedThis allows both efficient loading of cargo and safer travel on both land

and sea, under the wide range of meteorological conditions expergcénis region.

2. Themulti-function of Shanghaf «Urban IntegratedMeteorologicalObservationNetwork
(SUIMON)
2.1Features oSUIMON

The coastal city dbhanghaia direct-controlled municipalitythat isadministratively
equivalent to a provincaslocated at the middle o€hin [ €oastline(Fig. &), had a
population greater thar23 millionin 2010(Zou,2011), with more than 26 million
automobilesmore than 32000tall building$>30 mtall) andover 1200 «yscraper6100 m
tall) in201Table 2)(Shanghai Statistics Bureau, 20I3)e citygivenits subtropical
monsoonsetting, with water on two ofits three sides frequently experiences typhoons
severe rain, heat wawethunder and lightning, fog, storm surgasd other meteorological
hazards

In order tounderstand the interactions between the urban surface atiospheric
processesimprowe the performance of urbamveather,air qualityand climatemodels, and
to provide key information for city endisers €.g.decisionmakers, stakeholdergublic)
SUIMONhas beerestablished'see Box 1 for design feature3heinitial foci for SUIMON
relate tohigh impact weatherurban environmeral and micremeteorologcal conditions

specialneedsfor end-users along withdata acquisition, integrationrad assimilation

systemsOf particular interest areapidly changing atmospheric conditions associated with
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low pressure systemeg(g., severe convective weathemdmore stagnant periodé.g., fog
and haze).

TodayShanghaji«urban observatiosextend over an areé6340 kn3) that is roughly
120km by 120kn¢Fig 1). SUIMONa network of networkshas beerestablished from
different systens andinstrumentationdeployment types (Tabl&). The ultimate goal of
SUIMONSsto provide measurementsf all the processes that influenceéZ v P Zrepjenal

environmentand the city itselfincludingboth physical and chemical characteristidshe

boundary layer and the free atmosphere, so linkagas bebetter understood.

Mega cities and conurbations have vast infrastructure, for example transport networks,
transmission lines, drainage marks, and underground spaces (e.g. mdtres, parking
garages). These are all vulnerable to weatired canbenefit from focusedbservatiors
(Tang 2008(see Box 2)JUserdriven observations can provide the tailored, informatioch

products and sergies that decision makers can use effectivBlyx 2provides examples
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presented delivered bUIMON.

Some of the pressingjr quality related scientificquestionsthat are being addressed
drawing on SUIMORelate tothe temporal and spatial extent difie pollution plume from
the Shanghamegapolis how the photochemical processes functiamder very high aerosol
loadings the impact ofthe synoptic and local scale weather on pollutgraad the influence
of atmosphert compositionespecially 0zon€0s) and fine particls,on human health
agriculture, ecehydrology and othesysterns.

With the development of SUIMON, and public environmental awareoktfe data
andobservational capabilitghe range of enelisersisincreasing These nowncludeurban
manages concerned with air pollution control and regulatiamd thepublicwanting

information related toair quality There is interesi reattime conditionsandthe forecast

8
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for the next few hours to daystied to cncerns abouenvironmengl exposure and its health
effects. Other end users include those who needatd decisionmakingin an emergency

response to oclear,biologicalor chemical (NBQOkgleases.

2.2CbservationNetworkswithin SUIMON

The locatios of the statiors within the networksof SUIMONvere selected to provide
spatial coveragacrosshe Shanghai provingavhile alsoconsideringsiting requiremens of
the instruments used to undertake the observations. The finer detdiéxact locatios are
often constrained by logisticsuch asccess to sites or availability of land. As Shanghai is
also rapidly changinguotably in terms othe rapidincrease in tall buildings (Table 2), site
characteristicalsoare rapidly changing. This impacts bofie representativeness of
individual sensorsites and also end user needs, reflecting the increadsusity of gople
in certain areasThus network design is an-going consideration. This is also tied closely to
the quality assurance/quality control (Q@C) that is undertaken within the data
management system (DMS) which is centrabtdMION (section 2).

A hierarchy of surface level weather statidres been developedhat include the
WMO official first order statioiflocated at Baoshgrand nine weather stationssecond
order) across the provincaf Shanghai (Figa, Table B These 10 state-levelweather
stationsmeet standard WMQpecificatiors \WMO,1996 andare maintainedand
supervised bysMSoersonnel Eachmonitors meteorological elmmentsautomaticallyusing
an automaticweatherstation AWS. In addition,65 automatic rairgaugesand 206- AWS

stationsmonitor, at a minimum temperature,humidity, precipitation, wind speed and wind
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direction, sometimeswith additional variablege.g.air pressure visibility), distributed across
Shanghaat a range of different heights above ground levid¢leseare used tacharacterize
and validate thermodynamic and kinematic structures of various rseste features near
the surface Wind directionand wind speed, temperature, humidjtsainand pressurere
archivedat the central database everyrhinute. The overall density dfurface based
temperature sensors across the 6340.5%area is about 1 pe80kn. The surface based
raingauge networks igpproximatelyl per20 kn?.

A key characteristiof SUIMON is that the surface based network is complemented
with the capacity to observe the vertical characteristics of the atmosphers.dfovides a
4-dimensionddata set of the Shanghai area and the surrounding re(jidhlling agoal
proposed formany urban areas (Grimmond et al.2010, NRC 2010, PAt2zhe WMO
official first order station(BaoshanFig. Jupper airsoundinggprovidevertical data (1 s
temporal resolution) ofemperature, humidity wind speed and directievery 6 hOn the
east coast and west Shanghai there SteandDopplerWeather Surveillance Radar(WSR)
systens (Table 3). These aseipplementedoy a moveable radar {¥and dualtpolarization
Doppler weather radarfo help identifyse\ere weatherand estimat precipitationrates
Single and dual-Doppler wind field retrieval technologsare used to identify boundary
convergence ling(Liang 2007. The routine $and radars providéotal coverageof
Shanghamunicipalityand neighboring Jiangsu and Zhejiang provinads a temporal
resolution of6 min

The Ightningmappingsystemincluding three LS7000 sensors amre LS8000
sensofTable 3coverng the whole Shanghand neighboring areagprovides continuous

10
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monitoringof intra-(and inter) cloud andcloud-to-ground lightningdensity Water vapor
contentis observedwith a dense network oGP 8Vlet stationsthat consist of31receiving
stationswithin Shanghawith a spatial resolutiorof 10- 15 km Beyond theradio-sounding,
two microwave radiometes (Table 3, one operational and one movabl@onitor the profile
of temperature, humidity, water vapor densigndliquid water contento about10 km,
with avertical resolutiorof 200m from 250 mto 2km, and250mabovegTable 3)

Anetwork of 13 instrumented toadcastingmasts(Fig1), with wind sensorsat
10,30,50,70, and 100mbove ground levdlag), plustemperature and humidity sensors at
10and70mag| providevertical information close to the surfackyer boundarylayer)(Fig.
2a).Ground based remote sensing includesvidd profilergTable 3that provide detailed
information about boundaryayerwind fieldsand mixing layeheigh (Fig 2b). These
provide information from60 m to 3000m with gates of 661 or about 100 m resolution
which varywith model and operating mode (high or loagross the network

Local scaldidx measuremerd(Table 3jare conducted withinthe densely buikup area
of Xujiahui(Fig. 1). Within the footprint of the flux tower is tisete where routine weather
data have been collected for more thd40 yeas. The micrometeorological instrumentatipn
mountedat 80m, includeseddy covarianceneasurement (Aubinet eal. 2012) of turbulent
sensible and latenfwater vapo) heat pluscarbon dioxiddluxes Simultaneouslyhe four
components of net allvave radiationlong-wave and shoriwvave incoming and
}MSP}]VPIE G S )wilh slpwsrgsponsair temperatureand relative humidity
sensorsare measuredWith the flux measuremerg the surface energy balance and carbon
fluxesare beinginvestpated (Ao et al. 2014)lhese measurementwill be used toverify and

11
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modify urbanland surfacenodek used in weather anthe climate prediction modeWithin
Shanghai,adiationmeasurenentsare alsoundertakenin Baoshan (Table 3).

In addition to the physical characteristics of the atmosphere, observations related to
atmospheric compositiorfe.g.ozone (Os) and its precusors,aerosok)are measured at 10
siteqFigl) across the regiorAs gound-level Gzisformed as a result of complex
photochemical reactions of nitrogen oxides, lsan monoxide(CO) and variouslatile
organic compounds(VOCH)e concentration of>; and its precusorsare measuredhearly
10 m above the surface (Table. 3)OG concentratiors sampled for 24 lare analyzedwith a
lab-basedgas chromatography systecoupled with masselective detectio(Geng2008).
Other surface basenh situobservations includearticulate matter(PM,PM.5,PMio) and
black carbofBQ (Table 3.

The \ertical Osconcentrationprofile is observedoy Os-GPS soundirggto understand
the exchangdetweenthe upper and lowepartsof the boundarylayer Other
ground-based remotesensingncludeslidars (e.g. ceilometersnicro-pulse(MPL) anda sun
photometer Thesegorovide continuousreaktime measurements of the boundary layer
depth and coherent structures by sensing aerosol backscg@itdle 3)MPLdata, available
from 1 July 2008allow aerosol extinction coefficiestandboundarylayer heightio be
measured with verticalesolutionof 30mfrom 250 mto 20 km.Column aerosol dgcal
propertiesandsolar extinctionobservedwith an8 channelSun photometer during the
daytime(Table 3)are used to derivaerosoloptical depti{He 2012aThe light scattering
coefficient due to particless measured with mintegrating nephelomete

These data are complementedth those fromsatellite basedemote sensin(g.g.

12
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derived fromMODISFY¥3, Table 3}o studythe aerosol distioution acrossShanghai ané&ast
ChingHe 201D).Three satellite data receiving systenmovide dda from 8
polar-orbiting(NOAA 15/6/17/18, FY3A,FY3B,EOS/TERRA,EOS/ACQuAY geostationary
satellites(F¥2D,FY2E,FY2F,MTSAR). Thesatellite derived datare usedto monitor a wide
range of variable(e.g.cloudlocation and extentsurface temperaturefog, haze (Cuiand

Shi2010, 2012Cuiet al. 2014)

2.3 Dataacquisition integration and assimilatiom SUIMON

Critical to SUIMONM the integrated dta managemensystem (DMpthat has been
built and operated by th&hanghai Meteorological Service(SNFSy.3). This &quiresand
storesthe multi-scale, multisource meteorologicalbservationge.g. AWSyeatherradars,
wind profilers,met-tower observatios, Table Bwith their metadata(e.g.Table 4)All the
information collected at this stagetermed LevelO data.

The data undergo initigdrocessinge.g.decoding, extracting, format checkiyandare
loaded ino raw databases (MYSQL/SQL SEVER/File DatatmasesgteLevelldata. Thee
are storedin a seriesof different databass(e.g.surface observatios, vertical profiler,

atmospheric composition

The quality controlQC) suksystemincludes annformation feedback mechanism to
improve the completeness, validity and accuracy of the meteorological aemetadata
related to theregular instrument califations andformat are utilized to assess data quality
along withmonitoringtransmission, meteoroldgally based)Cand comprehensivenanual

QC.Qurrently, the QA/QUJs performedon the AWS wind profiler andmet-tower data
13
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streamsautomaticallyby using the approach dioth climaticandregional history extremes,
atime consistency chech logicalconsistencycheck between variableanda spatial
consistencycheck These metrics are used to generate QC fladch areincorporatedinto

secondary databasesith the Level2 data, while the raw databasere kept intact.

ThelLocal Analysis and Prediction Sysig@mRPXLiu et al. 201Pand ARP$Advanced
Regional Prediction Systgiata Analysis Systd&kDAS$ are usedvith, and within SUIMON
for integrateddata analysis and datassimilationusingfor example the sounding data, AWS,
radarreflectivity, wind profiler, GPS/Meto support nesoscale numerical weather
prediction modelfNWB. The mesescale models used inclugeeather andresearch
forecasting YWRHF versiorv3.0. Urbanfocusedobservations are used as inputtorevaluate
sub-modek for other models such as urban boundanyban canopyandair quality moded.
Different urbanland surfaceschemes such as SUEW&\ et al.2011), plusother options
with WRF (Chen et al. 2014nd available more generally (etgoseincluded in
Grimmoncet al.2011)will be evaluatedvith SUIMONThe dfferent modelsare keyto the
integration ofthe multi-resourcenature of the observatioral datawithin SUIMON.

For climatemodeling anested egional climate model develed bythe Chira National
Climate Cente(RegCMNQO) (Ding et al.2006js used and run operationglin the East
China regiorqreenareain Fig.linset). To date, he modelperformance evaluated using
SUIMON datdhasfocused ontemperature and precipitationGhen et al. 2008 onget al.
2008 Yanget al.2008). Currently,performanceof cWRF isalsobeing evaluated using

SUIMON dat#or the East China region

thttp://cwrf.umd.edu/|(last accessed 6 April 2014)
14
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Depending orthe requirements, personalized data sharing and services are established
for different departments and users. The weather forecasters, researchersjssrdand
others, receive their required data by means of FTP (file transfer protocol) agytication
programming interface), web services and data push through Intranet/Intgshetother
approachesGivenweather forecasters and researchers within Sté8entlyare the main
users of these observationtheir data isavailableviaintranet or internet. The specialized
end users in Shanghai (e.g. transportation sector)iyeit products (e.g. road weather
information) through internet or pointo-point connection Different users have different
permissions, related to the timelinssdata frequency and data type that they can access
under the regulation on sharing the meteorological observation data to maintain the data
securelylnternational collaborations are encouraged under treemework of bilateral

co-operation in meteorologial science and technology.

Continuous regular assessment reports are prepared to evaluate the equipment (e.g.
AWS Met-towers, weather radars) using indiceach adault time, data acquisition rate and
data errors rateetc. The data collected regulary describe the setting for each site are
extensive(Table 4)reflectingWWMO guidance(WMO,2004) and Muller et ak2013). These
data allow users to assess the characteristics of both individual sensors and the network in
terms of applicability for a patular use. The design of individual networks and across
networksis reviewed regularlyin addition, & demand from a broader range of sectors for
applications has developed, SUIMON as a whole is reviewed to identify how these requests
can best be meboth with the current configuration plus additional data needspersonnel

with specific skills to support the better use of the data streams.
15
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3 Application CasS&tudies

3.1 Heat island, sea breeze andnvective weather

Large cities armherentlyvulnerable to severe weather such as torrential rain, lightning
andwind gust. A typical example of the damage caused by torrential rain is inlandifigod
exacerbated byhe large area oimpervious surfaces (e.gsphalt concrete and closely
spaced lhildingsof cities Li et al.(2003) developed a fimeesh regional meteorological
model thathas been applied iBhanghai andeighboringareas to simulatesmallscale
weatherfeatures such as the land and sea breeze, land and lake breezddHisdfect in
this area and to study the characteristics and the formation mechanism of the surface shear
line in the regionThe results suggest thathé interaction between the sea breeze and the
lake breeze is the main factor for the formation and maintece of the surface shear line
which related to the shorterm convective weatheBased on thelense meteorological
observation network in SUIMQIhe distribution of occurrence of thgevereconvective
precipitation eventgdaily rainfall > 50mmgjerivedfrom the dense surface AWS monitoring
records (Fig. 4a) shows a high frequency over the urban area and the mouth of the Yangtze
river, that matches well with the spatial distribution of cletaground flash density (Fig.
4b). This may be due to the presanof the urban heat island and the sea breeze circulation
Forexample on 15 Augus2012(Fig.5) there was a short period of convective precipitation
which fell on the northwestern part of Shanghai areRrior to this there was bottan UHI(2
m air temperatures)and a sea breeze. These comldite create two areas ofonvergence
and areas of surface wind shear (Fig. 5).

SUIMONhas and isbeing, used to investigatéJHleffects on thermodynamic instability
UHIconvergencen association with intenfication and/or initiation of electrically active
thunderstorms in the metropolitan areand UHlenhancement of convective updraft
strength in relation to the frequency of lightninp characterize and evaluate
thermodynamic and kinematic structures diunderstorms, in the context of a better
knowledgeof the physical process of raiarmation maintenance, and evolutior-or
example, a large hagroducing supercell developed ahead of a severe squall line around

Shanghai 0 June2009. The supercell and its interaction and relations with the squall line

16
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over the urban environmentere analyzed using number ofSUIMON data sources
includingthe AWS network, Doppler radar daaadwind profiler datgDai et al. 2012Z)he

data analys reveadd that the storm intensified while passing through a surface
convergence zone indudgointly by theUHIand a sea breeze frontechniques such as
guantitative precipitation estimation(QPE) and quantitative precipitation forecasting (QPF)
have ben developed, improved and employed in operational applicattorassesthe

urban waterlogging risk under rainfall condition in ShandBau et al.2012)Knowledge

that the most vulnerable aremare in theurban center and mouth ahe YangtzeRver can

now be correlated with exposure (e.g. soeiconomic, construction, industrial activities) in

these areas to develop risk maps foprovingemergency preparedness.

3.2 Photochemicaand Urbanaerosolpollution
Cities areamajor sourceof air pollution emissions due to the burning of fossil fifef

heating and cooling, industrial processing, and transport of people and goods. Cities also
modify their ambient weather (especially winds, turbulence, radiation, mixing height and
temperature) in ways that often negatively affect the dispersion, tfamsation and
concentration of those pollutants. Air quality forecaand warningsare needed amultiple
scales of theegion, city, and streetinformation about theatmospheric circulatiomre
combined with thehigher temporal, vertical, and horizontspatial resolution data (e.g.
urban boundary layer structure and mixing layer heights, vertical profiles of winds,
turbulence, temperature inversiodjhecity, with its characteristic roughness height and
temperature evolution, has a strong impact on tsteucture ofthe urban boundaryayer
and hence on the pollutant dispersion ndhe surface.

Within SUIMONDO;s concentrationand photochemical precursors have been systemically

measured and their relations investigaté@eng et al. 208 Liang et al. 2009kor example,
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the ozone Aveekend effect (Tang et al. 200&ndthe impacts of theprecursorson ozone
formation (Geng et al. 2008have been revealed.

Groundbased remote sensing (e.g. sun photometer, MPL 4 Laddometer) have been
used to investigee urban aerosol and fog/haze eve(ttiang et al. 2010; He et al.
2012a,2012hThe observations have been used to evaluate the performandb®f
WRFChem modelThisis now used routinelgs a chemical weather forecdst the Yangtze
River Delta RegigZhou et al. 202). Furthermore SUMON isbeingused to improve the
chemical weather forecast lgyrovidingimproved data for aeaction scheme of
photo-oxidants and particle interaction$his has been taken further to investigakte
relation between aipollution and human healt{Cao et al. 2009;Huang et &009;,Chen et

al.2010.

3.3 End User applications supported by SUIMON

TheSUIMONlata are provided in close to rettime to weather forecasters. The

publically accesghle website http://www.soweather.com/index.htm]h providesweather

forecast/warningsplus more specializeforecass, such as foroad and health. With the aid
of a geographic information syster@k3 interfacethe publiccan access theeattime
met-records andorecassfor the area of thecity of interest to them New specialized
products are beinglevelopedin conjunctionwith end-users for examplg urban inundation
warnings,meteorological conditioriorecassto aid safe drivingenergy demand and related
loads on the electric gri@fable 5)

One impetus for enhancing the density of data collection near the city centre was the
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World Exposition (Expo) ltkin Shanghai during the summer of 20DQwring that timean
even denser natork of sensors (ared.2&m?) wasembedded in SUIMON. These provided
reaktime support br improved high risk weather prediction for the regja@own to detailed
knowledge across the Expo pdok heat exposurdTang efl. 2012)

New specialized forecasts are being developed for different sectors. For example, with
the building ofthe Shanghai Towg832m, one of theallest buildingin the world) and
other large construction projectshe ability to forecast winds anore than100m above the
surface becomes critical bofbr those involvedn construction and those working/living in
the vicinityFang et al. 2013)his has taken advantage ) IMONwvind profiler data and
the met ttowers more directlybut alsoother data feed$ave been used tenhancethe
data assimilation into the NWP model generally.

Given the high frequency of intense storms, the design of billboards that are permitted
in the cityhas become e area of focugiventhe damage caused whenténse gusts cause
them to become unattached. CombinifduentCFD modellingrang et al.2013with the
extensive wind data available across the ates resulted imew designs taeduce

damag€Fig.6)

4 Future considerationsn urban meteorologicabbservatiors in Shanghai

In the nextfive years, b meet emerging scieneand-user driven needand
requirements the Shanghai Meteorological Servi@\Jexpectsto enhancethe
multi-functions of Shanghai *Urban IntegratedMeteorologicalObservationNetwork
(SUIMON)Theemphass will beon the acquisitionof information associated with physical
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processe®f the urban boundary layer anthe effects of the underlying surfacéBox 3)It is
expected thatSUIMONwiIll continue to evolvédecause of new useequests and new
technologiesas it repeatedly has donaver the last 140 years. Many of the developments in
the near future are expected to involve better use of the combined datalfasekey
challenge is how to monitor the spaces between buildigigen the rapid increase in tall
buildings (Table 2h Shanghai and theany other rapidly growing cities of Asia and South
America Applicationsfrom response to fire$o managment ofenergy usdo nearsurface

air qualitywould benefit from improved uderstanding of this very large urban canopy layer
SUIMON, withmeasurements to endiser supporiprovides a prototype fomtegrated

Urban Weather, Environment and Climate Sersi@@rimmond and WMO Secretariat 2014)

Box 3 Future enhancements to SUIMON

X Mesoand micrescaleprocesse®ver urbansurfaceqsuch as cloud microphysics,
precipitation processes)

X Height (and structure) of the PBL arattical profiles of wind, temperature, water vapor
and atmospheric composition

x Field studies to validatsatellite observations and modeling simulations of urban
precipitation processes and to extend basic understanding of the processes involved

X Enhancing @sting observing systems tocus oncity-atmosphere interactions,
especiallyto monitor and track lanetover/landuse changes, atmospheric composition,
cloud microphysics, and precipitation processes

X Modeling systems that explicitly resolve midtiale €.g.urban canopy, street, building
procesgs aerosols and cloud microphysics, complex land sesfag enable a more
completeunderstanding of the feedbacks and interactions
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Tablel: Examples of comprehensive urban studies conducted since 2000, with the follapiEgia
included: Tttracer, D dispersion AQair quality,M t meteorology,PBLplanetaryboundary layer,
UERurban energy balanc& Pt convective processebjP-mesascale processes

Table 2: Height distribution of Shanglgduildings over eigtgtoreys in 2012nd 200Q(Shanghai
Statistics Bureau, 20)3

Table 3instrument types in SUIMON. Upper table provides codes used in the main table

Table 4: Metadata about the site and its surrounding are collected at each site. These data are kept in a
digital record (Excel spreadsheet)which allows for consistent and rapid retrieval of data for all sites
(automated and manual). The example shown, of 10 pages from the metadata file, is for the
Baoshan WMO first order station for Shanghai (in the suppleargmhaterial larger versions of
each of the pages are provided). On the left hand side are images of the individual pages. Top right
hand side provides a key number for the LHS whichgives an overview of what is covered in each
page shown.

Table 5BExamplesof urban weather/climate and environmental services in Shanghai

Fig.l:~Z vPZ ][ o} &]}v Ajsed JobseRmtion sites within th8hanghai urbaimtegrated
meteorologicalobservation networKSUIMON) in 2013. TH® counties that make up therpvince of
Shanghai andthe lahcoverderived from Landsat Thermal Mapper imagery (image dat#ag2010.

Fig.2:Information about wind direction and speed with height(a)instrumezhineteorologicaitowers at
five levels (Baoshsan tower shown) {bhd profilers. Spatial variations ontygpicalsimmerday
shown.Color indicates heigh?-6000 nj, barbs indicate wind speed. Shown on Google Earth base
image. See Fig. 1b for locations of both types of sites.

Figure3:Data management andath serviceof SUIMON

Hg.4:(a) Numberof severeconvectiveprecipitation events (1992008) andb) spatial distribution of
cloudto-ground flash densityiyr:-knm?)(20082012).

Fig.5:Slort-term convective precipitation associated with urban heat island and seab®rergence
lineson 15 August 201(@) accumulated rainfall distribution between 13:0@:00 measuredby AWS
and rain gaugdb) radar OHP(one hour total rainfall before 15:59 (§@ir temperaturedistribution
at 2 mmeasured by AV68 12:00 LSHNd (d)wind speed and directioat 10 mat 12:00 LST and the
two surface wind shear lines(red ones),blue lines indicate the surface convergence zone.

Fig.6 Typhoon Haikwin 7August2012@a) track and intensitywasmonitored forecasted andwarnings
deliveredto public. The storm caused damage in the area. (b) One type of damage that occurs
frequently is the collapse ofillboards. Example shown from lighway in ShanghaluringTyphoon
Haikui (c) he maximum windpeed n s?) duringlyphoon Haikui acroghe whole Shanghai area
ismonitored (L0 mheighi). (d) Detailed analysis is being undertaken on billboard design and siting to
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enhance public safety so the area is better prepared for future tyhphoons. Analysis has been
conducted using thé&luent CFD model to estimate the canopy wind distributiors?), (e) wind load

on billboard(N m?) and (f) to determinedifferent risk levet caused by the gusts on billboardlong

major roads
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Tablel: Examples of comprehensive urban studies cateldi since 2000, with the following aspects
included: Tttracer, D dispersion AQ-air quality,M t meteorology,PB-planetaryboundary layer,

UERurban energy balanc& Pt convective processebjP-mesascale processes

Name Where When —la g § @ % % Rekrence
(a) Short term campaigns

Urban 2000 |Salt Lake CifySA Oct 2000 Y Allwine et al2002

Joint Urban Oklahoma CityUSA Jul 2003 Y|Y Y|Y Allwine et al.2004

Pentagon Shiel\Washington DG USA 2004 Y|Y Warner et al2007

Madison SquarfManhattan, NYCUSA 2004, Y|Y Hanna et al2006

Garden 2005

ESCOMPTE |MarseillesBerre, France June tduly 2001 Y|Y Y|Y Cros et al.2003

BUBBLE Ba®l,Switzerland 1 year 20Q Y|Y Y'Y Rotach et al.2005

DAPPLE London, UK May2002toJuly | Y| Y| Y Arnoldet al.2004
2006

REPARTEE London,UK Oct 2006, Y|Y|Y Y Harrisonet al. 2012
Oct/Nov 2007

CAPITOUL Toulouse, France Feb2004toMar | Y| Y|Y Y'Y Masson et al. 200
2005

HEAT Houston, TexadJSA JutSep 2005 Y Y| Y| Orville et al. 2004

TOMACS Tokyo Metropolitan Area  |[Summers Y Y| Y| Makietal 2012

Japan 20112013
ClearfLo London, UK Jan t Dec 2012 Y Y|Y Y | Bohnenstengel e
al. 2014
(b) Long term (> 1 year continuous observations)
METROS Tokyo, Japan 20022005 Y Y|Y Takahashi et
al.2009

NYC Mesonet [New Yok City, USA 2003 to present Y|Y| Reynolds 2003

DCNet Washington DC,USA 2003topreent | Y|Y Hicks et al.2012

Helsinki Testbe{Helsinki, Finland Jan2005to Y Y Y | Y |Dabberdt et al. 200
present Koskinen et al.201

SUIMON Shanghai, China 2000 to present Y YIY|Y|Y This paper
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Table2: Height distribution of Shanghgibuildingsover eight storeysn 2012and 200Q(Shanghai

Statistics Bureau, 20)3

Type ofBuilding(stoey9

8-10

11-15

16-19

20-29

>30

Total

Number of Buildings

2012
2000

4,367
536

15,125
684

7,484
831

3,839
1,266

1,207
212

32,022
3,529

Gonstructionareg10°m?) 2012

2000

29.11
451

103.90
8.75

66.90
11.00

69.96
26.95

35.63
10.59

305.50
61.80
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Table 3Instrument typesn SUIMONUpper table provides codes used in the main table

*: Onsite personnel statéevel weather station

Feoz CO2 flux

MS: Mean separation

SR spatial resolution

@ Baoshan 31.40 °N, 121.45°E

Freq. Frequency data are archived

N: number of stations providing data

ST: soil temperature

@ Dongtan 31.52°N, 121.96°E

GRS: Ground based RS

NSMC: National Satellite Meteorological Cen

T: Temperature

@ Expgark 31.23°N, 121.5°E

GS: Geostationary Satellite

P: pressure

u, v, w: 3dimensional wind velocitieg

@ Pudong 31.22°N, 121.55°E

Ht: Height(s) sampled above the ground

PBL: planetary boundary layer

V: vertical

@ Qingpu 31.13°N,121.12°E

IBT: Instrmented broadcast tower

POS: Polaorbiting Satellite

VP: Vertical Profile

@ Xujiahui 31.19°N, 121.43°E

IT: instrument tower

Q*:net all wave radiation

VT: Virtual temperature

AEC: aerosol extinction coefficient

K9 outgoingor reflectedshort-wave
radiation

Qe latent heat flux

WD: Wind direction

AOD: aerosol optical depth

K;:incoming shorwaveor solarradiation

Qu: sensible heat flux

WS: wind speed

ASC: Aerosol scattering coefficient

K;:incomingdirect solaradiation

R: Resolution

WSR: Wather Surveillance Radar

AWS: Automatic weather station

KDP: Specific Differential Phase Shift

RH: relative humidity

ZDR: Differential Reflectivity

BC: Black Carbon

L 9long-wave outgoing radiation

RS: remote sensing

W A A o vPs§Z

CR: cover range

L ;:longwave incoming radiation

SO: surface observation

"WW ](( E vE] 0 WZ »

Type N Coverage Freq. Variables Model Manufacturer (Country)
SO 10 MSO25 km 1 min T, P, RH, WS, WD, Rain, Visibfity 4:MILOS00 VaisalgFinland)
6: ZQZCllJiangsu Radio Scientific Institute Li@hina)
SO 1 @ Baoshan 1 min <YU <XU,v FSS6, FS1, FD1, Jiangsu Radio Scientific Institute
(China)
SQ AWSH 200+ MSO5.6 km 1 min T, P, RH, WS, WD, Rain, Visitlitigve 4 or more variables |VaisalaMAWS301, MilLOS500(Finland)
SAWAL(B)Jiangsu Radio Scientific Institute (China
SO 65 MS 4.8 km(Plus AWS) 1 min Rain SRIIShanghai Institute of Meteorological SciefCkina)
VPABT 13 MS: 22 km 1 min WS, WD, ZQZ_TRJiangsu Radio Scientific Institute(China)
Ht: 107, 30, 50, 70100 m agl [TT, RH] HMP45DVaisala (Finland)
VP/IRS 3 VR: 60 m (low mode), 60 m & 102| 30 min Wind profiler: vertical and horizontal of WS, WD Vaisala LAP 3000 (Finland)
Wind (high mode) to 3000 m RAS®VT@ Qingpu
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7 VR: 60m 30 min Wind profiler:WS, WD TWP3 Beijing METSTAR Radar CO. Ltd.(China)
MS: 25 km(plus LAP 3000)
VRRSupper 1 @ Baoshan 6h Latitude, longitude,T,P,RHWS WD L band sounding systemdemposed of L band secondal
air sounding VR: pesecond windfinding radar; type GTS digital electronic radiosor
Action distance: max. 200km; min and ground check set.
Giiiu GFE(L:XNanJing DaQiao Machine CO., Ltd.(China)
WSR 2 » ®band Fixed, CR: 230/460 km, E 6 min Radarreflectivity, radial velocity, spectrum width WSR88D (USAj
east coast, W: western Shanghai CINRAD WS#8D (Chinay
1 » Wband, Mobile CR: 120 km | 6 min Dual polarization products §& Kop U pd DWSR001XSDP1M(USA)
GRS, 3 Locational accuracy: ~500 m 1s Cloudto-ground (CG) flashes and strokes surlexel cloud VaisaldS700@Finland)
Lightning CR: 200 km
mapping 1 Locational accuracy: ~500 m 1s Total cloud dischargesloudto-ground (CG) flashes and Vaisal& S8000 (Finland)
CR:200 km strokes
VPIRS 2 V: 10 km R:100/250 m 1 min | Verticalprofile of temperature, humidity, water vapor densit] TP/WVP Microwave radiometeB000,RadiometricfUSA)
1 operational, 1 movable liquid water content
GPS/Met 31 MS: 14 km 30 min Precipitable Water Vapor(PWV) 19 Trimble NetRs(USA)
(19+12) 12 Ashtech Z1.2 (USA)
IT/Flux 1 @ XujiahuiHt: 80 m (building + towg 10 Hz, Qny @ Feosu,v,w, TV IrgasonCampbell Scientifi@JSA)
height: 55 + 25 m) 30 min K;K9L;L9Q* CNR&Kipp and ZonefNetherlands)
T,RH HMP155AvaisalgFinland)
WS WD ZQZ_TRJiangsu Radio Scientific Institute (China)
S0O/03 10 |MSO25 km 1 min Ozone analyzer: O3 EC9810,Ecotech, Inau(stralia)
Ht OXujiahui 55m, others <15
SO/NOx 10 |MSO25 km 1 min NO/NO2/NOx analyzeNO,NO2,NOX EC9841B,Ecotech, Inkustralia)
Ht OXujiahui 35m, others <15 m
S0O/S02 2 Ht: Expoparkdm,Dongtarbm 1 min SO2 analyzer:S0O2 EC9850,Ecotech, Inaw(stralia)
SO/CO 3 Ht: Xujiahub5m,Pudond.4m, 1 min CO analyzer: CO EC9830,Ecotech, Inaw(stralia)
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SAVOCs 10 [Ht2m 1 tday VOCs concentrations Sample canister:
Campaigns otypical dayat 10 6 L silonite canistewith silonite coated valve,
stations 29-10622Entech Instruments Inc.(USA
Lab Analysist100 VOC preconcentrator Entech
Instruments Inc.(USA)
Agilent GC6890 gas chromatography coupled to Agilen
MSD5975 N masselective detection (length: 60 m,
diameter: 0.32 mm, film thickness: 1u@n)
SO/PM 3 Ht: Expopark,Pudong Dongtark10m| 1 min PMuo, PMbs, PM GRIMM180, GRIMM Technologies, Inc.(Germany)
SOJ/ASC 3 Ht: Expopark 4m,Pudond.4m, 1 min NephelometerASC M9003,Ecotechinc.(Australia)
Dongtarsm
SO/BC 2 Ht: Pudond.4m,Dongtarbm 2min Aethalometer: BC AE 31Magee Scientifi¢{SA
SWi6iU 661U ATiU @dd | light absorption by suspended aerosol particles
950 nm
GRFAOD 3 Ht: Expo park4m,Pudongl4m, 1 min AOD ANngstrom index CE318 Sun photomet&IMEL(France)
Dongtan5m
» 1020, 936, 870, 670, 500, 440, 3
340 nm
VPIO3 1 Baoshan typical O3concentrationprofile O3GPS soundirfghina)
VR:persecond day
VP/IGRS 3 2-fixed:Expo park,Baoshan; 16s Ceilometer:PBL height, Vertical distribution of aerosols, CL31/CL51 Vaisgkinland)
1-movable Cloud base, AEC
VR: 5r10 m from 90 m to 7 km
VP/IGRS 2 Expo park, Pudong 30s Vertical distribution of aerosols, PBL height Micro-pulse Lidar MR4UB-IDS SigmaSpace (USA)

VR:15,30,60,75m

From: 100mto 20 km
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PO®RS Overpas2 timesa day cloud, surface temperaturepil moisturefog, haze NOAA15/16/17/18 (USA)
»5 bands
S1km
POERS Overpas$:00-10:00,1300-14:00 AOD profile of T, humidity, NSMC F8A,FY3B (China)
K total radiance Sensor: VIRR, IRAS, MWTS, MWHS, MERSI, MWRI
Total ozone SBUS, SIM, ERM
PO®RS Overpass: 10:30 (T) 13:30 (A) ever] Qurface temperature, Cloud temperature, Water vapour, Oz NASA MODIS EOS TERRA and AQUA (USA)
days Emissivity, surface reflectance, albedo, vegetation indices,
» W ioX1d.4um (36 bands) cover type
SR: 2 bands @ 250 m, 5 @ 500 m
@1km
G3RS SR 1.25 km cloud, surface temperature, fog, haze NSMC F2D,F¥2E,FY2F(China)
» Wbénds(1 VIS,1 vapor,3 IR)
GS/RS SWIXAAR 1 @)(5ddnds) cloud, surface temperature,rain, fog,haze MTSAT2(Japan)

SR: VIS ban@1km, IREIR4 4 Bands

@4km
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Table 4Metadataabout the site and its surrounding acellected ateach site.These data are képn a digital record (Excel spreadsheet)which allows for consistent
and rapidretrieval of data for all sites (automated and manual). Tkenepleshown, of 10 pagesom the metadata filejs forthe BaoshanVMO first order
station for Shanghai (in the supplementary material larger versions of each of the pages are pr&@diad)left hand side are images of the individual
pages. Top right hand side providekeynumber for the LHS whichgivas overview of what is covered in egoéigeshown

C

Covers sheet,ocation:Provinces County station name type, Who and when

the survey undertake

Site name, location, history, major chang€sntact details

2a

Land cover by distance (5 rings) to the station and direction (8 sectors)

2b

Table of percentage covéthree dominate of 4 classesfor the 40 areas (5 *
8) around the site of the statigrClasses: farmlantuildings, wasteland,
water, construction, health facilities, islamdines, forest, prairie, mountains,
deset; Population densityGDP

tZ § ]+ Al+] o frém@eQehtre of the site (at 1.5 m above grourbiy
height (mof the terrain , vegetation and biding

Graph &60 ,photo (half shownpf data p3

Obstacles tallethan 1.5 m within 2 km of site

Panoramic photo of the site

Schematic plan viewf@ ground station site

Aerial photo of the site

1 2a 2b|3
5
7 8 9
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Table 5Examplesof urban weather/climate and environmental serviia Shanghai

Sectors Examples of urban weather/climate and  End Usergexamples)
environmental services

Water River catchment precipitation Water Authority Emergency
Urban inundation Response center, drainage
Coastal storm surges. company.

Urban Urban wind, heavy rainfaleatwave, Urban Planning Bureau, Urba

infrastructure lightning forecast Green Bureau, public.

Energy Wind and solar resource assessment Development and Reform
Wind power forecast for wind mill Commission,power
energy consumption estimation(electric, companies, wind power
gas) plants.

Health UV index Public Health Authority,
Pollen concentration Public

Environment

Heat/health warnings,

Weather/climatic based Disease
prediction(asthma, CO|?€Ihronic Obstructiv*
|Pu|monary Diseas}e

Air Quality Index(AQIl)forecast Environment Protection
Haze, @forecast Bureau,Hospitals,Schools,
NBC release Public
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Fig.1:~Z vPZ ][+ o} 3]}v Arjses pbseFitionsiteswithin the Shanghai urbaimtegratedmeteorolagical observation networSUIMON)n 2013 The
10counties that make up the province of Shangiaithe land cover derived from Landsat Thermislapper imageryitnage date25May2010.
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14
15
16
17
18
19
20

(@)

Fig.2:Information about wind direction and speed with height(a)instrumezhtneteorologicaitowers at five levels (Baoshsan tower shown)wi)d profilers
Fatial variations on gpicasummerday shownColorindicates height@6000 nm), barbs indicate wind spee8hown on Googlgarthbase imageSee Fig. 1b

for locations of both types of sites.

(b)
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Figure3:Datamanagement andlata serviceof SUIMON
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Fig.4:(a) Number of severeconvectiveprecipitation events (1992008) andb) spatial distribution otloudto-ground flash densit§ifyr!-knr?)(20082012).
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(a) (b)

(©) (d)
Fig.5:Short-term convective precipitation associated with urban heat island and seabreeze convergenom liitedugust 201(2) accumulatedrainfall distribution
between 13:0017:00 measuredby AWS andain gaugse(b) radar OHP¢ne hour total rainfalbefore 15:59LS)(c)ar temperaturedistribution at 2 nmeasured
by AWSn 12:00 LS®&Nd (d)wind speed and directiomt 10 mat 12:00 LS®&nd the twosurface wind shealineqred oneg,blue lines indicate the surface

convergence zone.
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Fig.6Typhoon Haikwin 7August201Za)track and intensitywvasnonitored, forecasted andvarnings deliveredo public The storm caused damage in the area. (b)
One type ofdamage that occurs frequently is the collapse ttbbards. Example showrfrom ahighway in ShanghaiuringTyphoonHaikui (c) he maximum
windspeed (n s?) duringTyphoon Haikuacrossthe whole Shanghai areasmonitored (L0 mheighi). (d) Detailed analysisbeing undertaken on billboard dign
and siting to enhance public safety so the area is better preparefiore tyhphoons. Analysisas been conductedsingthe FluentCFDmodel to estimate the
canopy wind distributiorfm s?), (¢)wind load onbillboard (N nm?) and (f) to determinedifferent risk leves caused by the gusts on billboardlong major roads
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