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Abstract:  Heat  waves  are  of  serious  health  concern  in  highly  populated  urban  areas  due  to  combined  heat  

stress  and  poor  air  quality  impacts.  In  this  study,  we  present  an  observation-based  study  of  the  heat-wave  

impacts  on  the  planetary-boundary-layer  (PBL)  and  air  quality  in  summer  2017  in  New Y ork  City  (NYC).  

Synergy  of  remote  sensing,  in-situ  observations  with  model  forecast  is  applied  to  quantify  and  characterize  

the  diurnal  variation  of  PBL  height  (PBLH),  ozone  (O3)  and  PM2.5  during  the  heat  wave  period  of  June  11-

13,  2017.  The  ground  O3  concentration  attains  a  maximum o f  110  ppb  largely  exceeding  the  U.S.  National  

Ambient  Air  Quality  Standard  (NAAQS)  while  the  organic  carbon  (OC)  and  sulfate  aerosols  show  a  

coincident  increase.  The  higher  O3  in  the  downwind  suburb  than  those  in  the  urban  area  are  likely  associated  

with  the  urban  pollution  transport  and  local  meteorological  condition.  We  observe  a  dramatic  and  consistent  

PBLH  growth  from 0 .5- to  2.5-km  at  11:00-13:00  local  time  from  the  turbulence-based  and  aerosol-based  

PBLH  estimate  by  co-located  ceilometer,  wind  lidar,  and  aerosol  lidar  measurement.  Regional  and  high  

residual  layers  of  aerosols  at  night  are  observed  from  the  NASA  space-borne  Cloud-Aerosol  Lidar  with  

Orthogonal  Polarization  (CALIOP)  and  Cloud  and  Aerosol  Transport  System  (CATS)  lidars.  Furthermore,  

we  evaluate  the  NOAA  National  Air  Quality  Forecasting  Capability  (NAQFC)  products  of  PBLH,  

temperature,  O3,  PM2.5  and  NOx  (NO2+NO)  with  the  observations.  Under  the  strong  convective  PBL  

condition,  all  the  products  above  show  good  agreement  between  the  NAQFC  predictions  and  observations.  

However,  in  the  early  morning  and  night,  the  model  shows  dramatic  discrepancies  with  an  underestimate  

of  temperature,  PBLH a nd  O3  but  an  overestimate  of  PM2.5  and  NOx.  Such  bias  may  be  associated  with  the  

improper  representations  of  vertical  mixing,  complex  chemical  processes  and  emissions  in  the  model.  
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1. Introduction 

Intensity,  frequency,  and  duration  of  heat  waves  are  expected  to  increase  as  a  consequence  of  climate  

change,  which  make  important  reprecuations  for  human  and  ecosystems  health  (Horton  et  al.  2016;  Meehl,  

2004;  Lau  et  al.,  2012;  Schnell  et  al.,  2017).  The  irregular  nature  of  heat  waves,  including  variations  

manifested  in  frequency,  magnitude,  duration  and  areal  extent  has  led  to  a  lack  of  consistency  in  their  

definition  (Meehl  and  Tebaldi  2004).  In  the  United  States  (US),  definitions  also  vary  by  region.  In  the  

northeast  US,  a  heat  wave  is  typically  defined  as  three  consecutive  days  where  the  temperature  reaches  or  

exceeds  90  °F  (32.2  °C)  (Robinson  et  al.,  2001);  this  study  follows  the  definition  above.  

Heat  waves  form  when  a  high-pressure  system  develops  and  remains  over  a  region  for  several  days,  

which  is  often  accompanied  with  large‐scale  subsidence  and  leads  to  clear  skies  and  weak  winds,  and  

substantially  suppresses  air  pollutant  dispersion.  During  the  heat-wave  period,  elevated  temperatures,  

strong  sunlight,  low  wind  speeds,  and  anthropogenic  emissions  allow h eat  and  poor  air  quality  to  stagnate  

in  a  given  location  for  an  extended  period  of  time  (Tressol  et  al.,  2007).  For  instance,  the  combination  of  

strong  sunlight  with  nitrogen  oxide  (NOx),  volatile  organic  compounds  (VOCs),  and  sulfur  dioxide  (SO2)  

emissions  from  motor  vehicles  and  industry  can  create  a  cocktail  of  unhealthy  pollutants,  in  particular  

resulting  in  the  O3  exceedance  of  NAAQS.  Schnell  and  Prather  (2017)  showed  the  concurrence  of  heat  

waves  and  air  pollution  in  the  eastern  United  States  and  Canada.  Hou  et  al.  (2016)  found  that  in  the  US  the  

probability  of  severe  ozone  pollution  when  there  are  heat  waves  could  be  up  to  seven  times  of  the  average  

probability.  Though  O3  concentration  usually  increases  with  temperature  in  summer,  Shen  et  al.  (2016)  

found  that  20  percent  of  measurement  sites  in  the  US  show O 3  suppression  at  extremely  high  temperatures  

beginning  in  the  mid-90s  Fahrenheit;  and  they  suggested  that  this  reduction  of  O3  level  was  caused  by  

meteorological  process.  Haman  et  al  (2014)  investigated  the  relationship  between  PBL  heights  with  ground  

O3  in  Houston,  and  found  that  night  and  early  morning  observed  and  modeled  PBL  heights  are  consistently  

lower  on  high-O3  days  than  on  low-O3  days.  In  addition,  on  hot  and  humid  days,  more  or  abundant  fine  

particulate  matter  (i.e.  PM2.5  particulate  matter  with  diameter  less  than  2.5  micrometers)  can  be  produced  
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54 through  photochemical  oxidation  reactions,  which  is  generally  referred  to  as  secondary  inorganic  species  

(e.g.  sulfate,  nitrate,  ammonium)  and  secondary  organic  aerosols  (SOAs).  However,  because  of  the  complex  

nature  of  organic  material  in  air,  much  is  still  to  be  learned  about  the  sources,  formation,  and  even  spatial  

and  temporal  distributions  of  the  SOAs  (Fine  et  al.,  2008).  In  addition,  increased  temperatures  and  solar  

radiation  favor  biogenic  emissions  of  isoprene  with  a  potential  for  enhanced  ozone  chemistry  in  the  PBL  

(Lee  et  al.,  2006).  Thus,  heat  waves  and  air  pollutions  are  synergistic  stressors  that  produce  

disproportionately  greater  adverse  health  impacts.  

On  the  other  hand,  heat  wave  can  aggravate  the  Urban  Heat  Island  (UHI)  effect  in  the  urban  area;  

and  the  greater  temperatures  of  the  UHI  lead  to  more  emissions  and  faster  pollutant  production  and  

overwhelm  the  effects  of  dilution  (EPA  2006).  The  observation  and  model  studies  indicate  strong  

interactions  between  heat  waves  and  UHI  in  NYC  area  (Li  et  al.,  2013;  Ramamurthy  et  al.,  2017,  Zhao  et  

al.,  2018).  The  UHI  intensity  was  nearly  twice  compared  to  the  decadal  average  and  thus  affecting  the  PBL  

thermal  structure  and  wind  fields  during  July  2016  (Ramamurthy  et  al.,  2017).  Gutiérrez  and  González  

(2015)  found  that  the  multilayer  Building  Energy  Parameterization  (BEP)  coupled  with  the  Building  Energy  

Model  (BEM)  in  the  urban-WRF  model  showed  dramatic  influences  on  the  profiles  of  temperature,  wind  

and  turbulent  kinetic  energy  (TKE)  in  the  urban  canopy  during  a  heat-wave  event.  Ortiz  et  al  (2018)  

assessed  the  impacts  of  an  urban  surface,  urban  canopy,  and  a  synoptic  heatwave  condition  on  the  UHI,  

potential  temperature  and  wind  vertical  profile  for  4–8  July  2010  heat  wave  in  NYC.  Their  results  indicate  

the  nonlinear  interactions  between  the  urban  surface  and  heat  wave  magnified  the  nighttime  UHI  by  up  to  

6  °C  in  the  urban  areas.  Zhang  (2011)  simulated  the  impact  of  upstream  urbanization  on  the  UHI  along  the  

Washington–Baltimore  Corridor,  and  indicated  that  without  the  upstream  urbanization,  the  UHI  effects  

over  Baltimore  would  be  1.25  °C  weaker  with  a  200-m  shallower  mixed  PBL  and  then  may  affect  surface  

O3  concentration.    

Due  to  the  need  to  forecast  such  extremely  hot  events  and  issue  warnings  to  vulnerable  populations  

in  urban  areas,  accurate  weather  forecast  and  air  quality  models  that  can  quantify  the  effects  of  these  events  

are  needed.  However,  complex  urban  emission  sources,  canopy  and  energy  use  make  the  modeling  difficult  
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80 in  hot  weather.  Zhang  et  al.  (2012)  indicated  that  the  parameterizations  for  urban  sublayer  process  and  

physiographic  data  are  challenging  but  critically  important  for  the  PM2.5  forecast  in  the  urban  areas  since  

they  effect  pollutant  turbulent  mixing,  dispersion  and  deposition.  Hu  et  al  (2013)  showed  that  the  

differences  among  the  WRF-PBL  schemes  are  predominantly  due  to  differences  in  vertical  mixing  strength  

and  entrainment  of  air  from  above  the  PBL.  Yegorova  et  al.  (2011)  showed  that  the  WRF/Chem  under-

predicted  O3  maxima  by  5–8  ppb  in  the  northeast  US,  but  over-predicted  maxima  by  up  to  16  ppb  where  

ozone  amounts  were  low  in  the  southeast.  Such  biases  were  closely  associated  with  the  complexity  of  

photochemical  processes,  uncertainties  in  O3  precursors  (e.g.,  NOx)  emissions,  vertical  mixing  and/or  O3  

titration  by  NO.  Zhao  et  al  (2019)  evaluated  the  ozone  product  of  WRF/Chem  model  during  a  heat-wave  

event  in  NYC  areas,  and  indicated  the  VOCs  influences  on  the  O3  production  in  NYC  area.  On  the  other  

hand,  Hogrefe  et  al  (2007)  show  that  total  PM2.5  mass  was  strongly  overestimated  in  the  NYC  metropolitan  

areas;  and  most  of  the  over-prediction  stems  from o rganic  aerosols  and  crustal  material.  Doraiswamy  et  al.  

(2010)  demonstrated  that  the  CMAQ  model  significantly  over-predicted  PM2.5  in  NYC  both  in  the  pre-

morning  and  post-sunset  hours.  Briefly,  mechanisms  for  near-surface  ozone  formation  and  depletion  are  

complex  in  urban  areas,  which  are  associated  with  vertical  and  horizontal  advection,  complex  emissions  of  

O3  precursors  (NOx,  VOCs,  CO)  and  chemical  processes,  dry  and  wet  deposition,  etc.  For  these  reasons,  

air  quality  forecast  over  urban  areas  under  heat-wave  conditions  is  challenging.   

New  York  City  (40.821ºN/73.95ºW)  is  at  the  heart  of  the  largest  urban  region  in  US  with    heavy  traffic  

due  to  dense  population  along  the  northeast  US.  It  is  vulnerable  to  heat  waves  due  to  high  electrical  energy  

consumption  for  cooling  and  air  quality  related  to  the  motor  vehicles  emissions.  The  combined  effects  of  

heat  wave  and  UHI  make  the  impact  on  air  quality  even  larger.  However,  there  are  few  studies  in  the  

literatures  that  quantify  heat-wave  impacts  on  both  the  air  quality  and  PBL  height  in  NYC  and  its  

surroundings.  In  addition,  the  mechanism  of  urban  pollution  transport  and  influences  on  the  adjacent  

downwind  coastal  areas  require  an  in  depth  analysis  of  the  surface  and  profiling  observations,  particularly  

the  vertical  distribution  and  structures  of  meteorological,  aerosol  and  ozone  (Miller,  2017).  Yet,  the  
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105 Community  Multiscale  Air  Quality  (CMAQ)  model  performance  for  air  quality  forecasts  during  the  

heatwave  days  in  the  NYC  areas  is  not  well  evaluated.  

The  goals  of  this  study  are  to  quantify  the  heat-wave  effects  on  the  PBLH  and  air  quality,  and  

evaluate  the  model  forecast  capability  using  synergistic  remote  sensing,  in-situ  and  satellite  measurement  

in  NYC  and  surrounding  areas.  We  present  the  observation-based  diurnal  variations  of  PBLH,  ground  PM2.5  

and  its  compositions  (OC,  elemental  carbon  (EC),  sulfate,  etc.),  O3  and  its  precursors  during  a  heat-wave  

event  in  June  2017.  In  particular,  co-located  ceilometer,  wind  lidar  and  aerosol  lidar  measurements  provide  

high  spatial-temporal  distribution  of  aerosols,  PBL  and  residual-layer  heights,  turbulence  intensity  and  

cloud  formation.  Regional  nocturnal  PBLH  is  derived  from  the  NASA  satellite-borne  lidars  (CALISPO  and  

CATS)  around  the  NYC  coastal  areas.  The  temporal  and  spatial  variability  of  PM2.5,  O3  and  NOx  is  

investigated  at  the  urban  and  suburb  sites.  Finally,  we  utilize  the  observation  data  to  evaluate  the  NOAA  

NAQFC  model  forecast  of  air  quality.  The  paper  is  organized  as  follows.  Section  2  gives  the  observation  

methodology  and  data;  Section  3  shows  the  results  and  discussions,  and  Section  4  gives  the  conclusion.   

2. Observation  Methodology a nd  Data 

2.1 G round-based  observation  

A  suite  of  ground-based  remote  sensing  instruments  is  deployed  on  a  building  rooftop  at  CCNY.  The  

instruments  include  a  ceilometer,  a  3-wavelength  elastic-Raman  lidar,  an  AERONET  Cimel  sun/sky  

radiometer,  and  a  coherent  Doppler  wind  lidar.  Meanwhile,  a  standard  surface  air  quality  monitoring  station  

is  operated  on  the  CCNY  campus  by  the  New  York  State  Department  of  Environment  Conservation  

(NYSDEC)  and  makes  hourly  PM2.5,  O3  and  CO  measurements.  There  is  another  AERONET  site  (LISCO  

40.955º  N,  73.3419º  W)  in  the  northeast  of  CCNY-site  (54  km  away)  and  a  national  weather  service  station  

at  Upton  New  York  (OKX,  40.87º  N,  72.86º  W)  with  routine  radiosonde  launch  for  meteorological  profiling  

observation.  Figure  1  gives  the  locations  of  some  ground  stations  used  in  this  study.  

    According  to  Stull  (1988),  a  convective  boundary  layer  (CBL)  that  occurs  during  the  daytime  is  usually  

referred  to  as  a  mixing  layer.  At  the  sunset,  the  surface  cooling  creates  a  stable  (nocturnal)  boundary  layer,  
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130 above  which  is  a  residual  layer,  leftover  from  the  daytime  mixed  layer.  The  ceilometer  (Vaisala  CL-51)  

measures  laser  backscatter  at  a  wavelength  of  910  nm  with  a  range  resolution  of  10  m  (Gan  et  al.,  2011).  It  

makes  fully  automatic  24-hr/7-day  observations  in  all-weather  conditions.  It  provides  attenuated  

backscatter  coefficient  profile  that  can  be  used  to  determine  PBLH a nd  residual  layer  height,  which  allows  

monitoring  of  the  PBL  process  and  evolution  for  air  pollution  studies.  Its  co-axial  configuration  of  

transmitter  and  receiver  makes  it  possible  to  measure  at  the  near  surface  close  to  30-m  above  the  ground  

level  (AGL)  that  can  be  used  to  estimate  low-level  PBLH  at  night  and  early  morning.  This  is  important  to  

evaluate  the  modeling  PBLH  for  the  air  quality  applications,  especially  during  nighttime  or  over  water  

surface  (like  lakes  or  ocean).  To  reduce  the  inherent  noise  limitation,  the  raw  data  are  smoothed  with  a  

time-range  window  of  3-min  and  300-m.  The  PBLH  can  be  detected  from  the  ceilometer  and  lidar  based  

on  vertical  gradient  variation  of  aerosol  backscatter.  Several  methods  or  techniques  have  been  suggested,  

including  the  first  derivative,  maximum  variance,  curve-fitting  threshold  and  wavelet  transform  methods  

(Menut  et  al.,  1999;  Cohn  et  al.,  2000;  Brooks,  2003;  Haeffelin  et  al.,  2012).  The  results  generally  show  

good  consistency  among  these  methods  except  the  scenario  with  weak  signal-to-noise  ratio,  aloft  and  

residual  aerosol  layer  (Wiegner  et  al,  2006,  Haeffelin  et  al.,  2012).  In  this  study,  a  wavelet  analysis  

technique  is  used  to  locate  the  absolute  maximum  negative  gradient  of  attenuated  backscatter  profile  that  is  

defined  as  the  PBLH  (Gan  et  al.,  2011).  A  quality  control  of  the  PBLH  value  is  performed  which  includes  

cloud  screening,  temporal  continuity,  and  screening  of  an  aloft  or  residual  layer  in  the  night  and  mid-

morning.  In  addition,  the  residual-layer-height  is  estimated  from  the  second  sharp  gradient  of  aerosol  profile  

in  the  early  morning  and  night.   

The  CCNY-lidar  transmits  three  wavelengths  (1064-,  532- and  355-nm)  with  a  flash  lamp-pumped  

Nd:  YAG  laser  at  a  repetition  rate  of  30  Hz  (Spectra-physics  Quanta-Ray  PRO-320)  (Wu  et  al.,  2009).  A  

receiver  telescope  (Ø50-cm)  collects  three  elastic  scattering  and  two  Raman-scattering  returns  by  nitrogen  

and  water  vapor  molecules  excited  by  355-nm  laser  output.  The  signals  are  acquired  and  recorded  with  1-

min  average  and  3.75  m  range  resolution.  The  full  return  signals  are  detected  starting  at  the  initial  altitude  

0.5  km.  It  is  generally  operated  in  the  daytime  on  weekdays  with  an  observer  due  to  the  eye-safety  concerns.  
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156 The  multi-wavelength  configuration  can  be  used  to  obtain  color-ratio  or  Angstrom  exponent  (AE)  that  help  

discriminate  fine  mode  (smoke  and  industrial  aerosol)  from  the  coarse  mode  particles  (dust  and  cloud).  The  

strong  signal-to-noise  ratios  (SNR)  permit  us  to  measure  aloft  aerosol  plumes  and  retrieve  aerosol  extinction  

and  backscatter  profiles  in  the  troposphere.  The  PBLH  is  estimated  from  the  lidar  returns  at  1064-nm w ith  

a  wavelet  transform m ethod  because  they  are  more  sensitive  to  the  aerosol  structures  than  those  at  355-nm  

and  532-nm  due  to  weaker  molecular  backscattering  (Gan  et  al.,  2011).  By  combining  the  lidar  and  

ceilometer  returns,  the  retrieval  of  aerosol  backscatter  can  be  extended  to  the  near  surface.  Thus,  one  can  

obtain  boundary  layer  information  as  well  as  residual-layer  height,  aerosol-cloud  discrimination,  and  optical  

properties  of  aerosols  and  clouds  from  the  CCNY-lidar  measurement  (Wu  et  al.,  2009,  2018).  In  addition,  

two  CIMEL  sunphotometers  (part  of  the  NASA  AERONET)  at  CCNY  and  LISCO p rovide  column  aerosol  

optical  depth  (AOD),  Angstrom  exponent  (AE),  and  microphysical  parameters  (volume  size  distribution  

and  refractive  index  and  single-scattering  albedo)  (Holben  et  al.,  1998).   

A  coherent  Doppler  lidar  (Leosphere  Windcube  200S)  has  been  installed  to  measure  wind  profiles  

at  CCNY  campus  since  spring  2017.  It  provides  24-hr/7-day  wind  measurements  in  the  PBL  under  all  

weather  conditions.  The  lidar  has  a  range-gate  spacing  of  25-50  m  and  time  resolution  of  1  second.  The  

intensity  of  the  turbulence  can  be  characterized  by  the  variance  of  the  vertical  velocity  w  over  an  interval  

of  a  few  minutes  (Hogan  et  al.,  2009;  Tucker  et  al.,  2009).  The  turbulence-based  PBLH  can  be  calculated  

from  the  variance  of  vertical  velocity  with  a  threshold  method  (e.g.  0.15  m/s2  in  this  study)  (Schween  et  al.,  

2014).  Thus,  the  co-located  wind  lidar,  ceilometer  and  CCNY-lidar  provide  a  unique  opportunity  to  evaluate  

the  PBLH  result  from  the  turbulence- and  aerosol-based  methods.   

New  York  State  Department  of  Environment  Conservation  (NYSDEC)  operates  O3,  NOx,  PM2.5  

and  PM2.5  speciation  (OC,  EC,  sulfate  (SO 2-
4 ),  nitrate  (NO -

3 ),  ammonium  (NH +
4 ),  and  metal  ions,  etc.)  

samplers  at  the  urban,  suburban  and  rural  sites  (Rattigan  et  al.,  2010,  2016).  The  locations  of  ground  stations  

are  shown  in  Fig.1.  Co-located  at  CCNY  campus,  the  PM2.5,  O3  and  CO  are  reported  hourly.  Queens  College  

(QC,  40.736º  N/73.822º  W  in  the  borough  of  Queens)  and  IS-52  (located  in  borough  of  Bronx)  are  two  

Chemical  Speciation  Network  (CSN)  trends  sites  in  New  York  State,  there  is  an  extensive  set  of  ambient  
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182 monitoring  equipment  for  gaseous  and  aerosol  sampling  (e.g.  O3,  NO2,  NO,  SO2,  CO,  PM2.5  and  its  

speciation).  In  addition,  the  sites  at  Riverhead,  Babylon  and  Suffolk  located  in  the  eastern  NYC  may  

represent  the  downwind  area  of  NYC  with  the  prevailing  western  and  southwest  winds,  where  the  hourly  

O3  is  observed.  The  site  of  Division  Street  (DivStr)  is  located  in  southern  Manhattan,  NYC.  Two  rural  sites  

at  Pinnacle  State  Park  (42.09°N,-77.21°W,  ~500  m  ASL)  and  Whiteface  Mountain  (44.39°N,  -73.86°W,  

~1500m  ASL)  located  in  the  northwest/north  of  NYC  represent  the  rural  or  background  sites  since  they  are  

far  from  the  city  and  with  little  local  emissions  (Rattigan  et  al.,  2016).  Further  details  about  these  sites  can  

be  found  at  the  website  (http://www.dec.ny.gov/chemical/8406.html).   

Hourly  OC,  EC  and  sulfate  of  PM2.5  are  measured  using  a  Sunset  OC/EC  field  analyzer  (Sunset  

Lab,  Inc.)  and  sulfate  particulate  analyzer  (SPA,  Thermo  Electron  Company,  model  5020),  respectively  

(Rattigan  et  al.,  2010).  The  minimum  detection  limit  on  the  hourly  OC  and  EC  data  is  approximately  0.40  

g/m3  μ (Bauer  et  al.,  2009;  Rattigan  et  al.,  2010).  Organic  matter  (OM)  in  the  PM2.5  can  be  estimated  from  

the  OC  by  multiplying  a  factor  of  1.6  (Bae  et  al.,  2006;  Rattigan  et  al.,  2016).  Meanwhile,  a  two-wavelength  

aethalometer  (Magee  Scientific  model  AE-21,  880  nm  and  370  nm)  measures  BC  at  the  urban  (IS-52)  and  

rural  (Pinnacle  and  Whiteface  Mt.)  sites  (Rattigan  et  al.,  2013).  The  BC  measured  at  the  two  wavelengths,  

BCUV370  and  BC880,  can  help  distinguish  the  BC  sources  (e.g.  vehicles  vs.  biomass  burning)  because  of  

their  differences  from  the  organic  absorption  (BCUV370  >  BC880)  (Wang  et  al.,  2012).  In  addition,  the  

24-hr  integrated  filter  sampling  measurements  are  carried  once-every-3-day  (1-in-3  day)  following  the  

planned  schedule  in  the  EPA  Chemical  Speciation  Network  (CSN)  and  Interagency  Monitoring  of  Protected  

Visual  Environments  (IMPROVE).  OC  is  generally  emitted  from  combustion  activities  or  produced  from  

secondary  processes  such  as  gas-to-particle  formation.  EC,  also  known  as  light  absorbing  carbon  or  black  

carbon  (BC),  is  emitted  directly  from c ombustion  sources.   

2.2 S atellite  products  

The  NOAA  Hazard  Mapping  System  (HMS)  was  developed  in  2001  by  the  National  Environmental  

Satellite  and  Data  Information  Service  (NESDIS)  as  an  interactive  tool  to  identify  fires  and  smoke  
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207 emissions  over  North  America  in  an  operational  environment  (Ruminski  et  al.,  2016).  The  system  utilizes  

two  geostationary  and  five  polar  orbiting  environmental  satellites  

(https://www.ospo.noaa.gov/Products/land/hms.html).  The  result  is  a  quality-controlled  display  of  the  

locations  of  fires  and  significant  smoke  plumes.  HMS  has  a  number  of  detection  limitations  such  as  clouds  

hindering  detections,  no  vertical  structure  information  and  no  quantitative  amount  or  density  of  smokes  and  

is  only  available  during  daylight.  In  addition,  the  NOAA- HYbrid  Single  Particle  Lagrangian  Integrated  

Trajectory  (HYSPLIT)  model  is  used  to  compute  air  parcel  trajectories  and  model  the  dispersion  and  the  

route  of  airborne  particles  (Draxler  et  al.,  1997)  and  can  be  used  either  in  a  back-trajectory  mode  to  analyze  

sources  or  in  forecast  mode.  

CALIOP  instrument  on  board  the  CALIPSO  satellite  platform  is  a  space-borne  polarization-

sensitive  two-wavelength  (532- and  1064-nm)  lidar  (Vaughan,  et  al.,  2009).  It  observes  global  aerosol/cloud  

vertical  distribution  and  provides  aerosol  type  classification  and  optical  properties  products.  CALIPSO h as  

a  narrow l aser  footprint  (~70  m)  at  the  earth's  surface  and  a  16-day  revisit  cycle.  The  laser  pulse  repetition  

frequency  of  20.16  Hz  produces  profile  every  335  m  along  the  ground.  In  this  study,  the  latest  release  

product  (Version  4.10,  Level-1  attenuated  backscatters,  linear  volume  depolarization  ratio  and  Level-2  

aerosol  extinction  and  aerosol  type  classification)  are  used.  In  addition,  the  NASA’s  CATS  is  a  lidar  remote  

sensing  instrument  that  provides  range-resolved  profile  measurements  of  atmospheric  aerosols  and  clouds  

from  the  International  Space  Station  (ISS)  from  Feb.  2015  to  Oct.  2017  (Yorks,  et  al.,  2016).  At  present,  

the  released  CALIPSO  and  CATS  aerosol  products  include  (i)  Level-1  attenuated  backscatter  coefficient  

profiles  or  calibrated  range-corrected  lidar  returns;  (ii)  Level-2  aerosol  and  cloud  layer  product,  vertical-

feature-mask  (VFM)  including  cloud-aerosol  discrimination  (CAD)  and  aerosol-type  classification,  

extinction  and  backscatter  coefficient  profiles;  (iii)  Level-3  aerosol  globally  gridded  monthly  profile  

product.  In  this  study,  we  calculate  the  regional  PBLH  along  the  satellite  track  with  the  Level-1  attenuated  

backscatter  profile  using  a  wavelet  transform  analysis.  Finally,  the  routine  radiosonde  measurements  at  

OKX  near  NYC  are  also  used  to  show  PBLH  and  structure;  the  vertical  profiles  include  temperature,  virtual  
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232 potential  temperature,  water  vapor  mixing  ratio,  wind  velocity  and  direction  at  00:00  and  12:00  UTC  (local  

summer  time  8:00  am  and  8:00  pm).  

2.3 N AQFC  (the  NOAA  National Air  Quality F orecasting C apability)  model  

NAQFC  consists  of  the  NOAA-NCEP  regional  operational  weather  forecasting  model  (NAM-North  

America  Model)  and  EPA-CMAQ m odel  (Lee  et  al.,  2016;  Huang  et  al.,  2017).  It  is  designed  to  provide  2-

day  model  forecasts  of  O3  and  PM2.5  twice  per  day  at  the  06  and  12  UTC  cycles.  For  this  study,  products  

with  spatial  resolution  of  12  km  at  the  06  UTC  cycle  are  used.   The  NAQFC  program  performs  incremental  

tests  and  evaluations  against  the  U.S.  EPA  AIRNow  surface  monitoring  network.  

A  modified  version  of  the  U.  S.  EPA C MAQ  model  (version  4.6)  dubbed  CMAQ  v4.6.5  (Foley  et  

al.,  2010),  is  run  with  12  km  horizontal  grid  spacing  with  a  Lambert  Conformal  Conic  (LCC)  map  projection  

for  the  product  used  in  this  study.  The  offline  coupling  between  NWS/NCEP  NAM  meteorological  model  

and  CMAQ  is  achieved  by  two  pre-processors.  In  addition  to  the  coupled  NMMB-CMAQ  system,  there  are  

other  components  such  as  the  emission  module  and  the  chemical  lateral  boundary  condition  builder  as  well  

as  the  products  generating  post-processing  components.  Emission  inventories  are  processed  by  sectors,  but  

the  fire  sectors  do  not  include  prescribed  burns  and  wildfires  from  the  National  Emission  Inventory  (NEI).  

The  U.S.  EPA-NEI  2011  version-1  is  being  incorporated  into  Premaq’s  emission  projection  schemes.  The  

2006  Environment  Canada  National  Inventory  sources  were  used  for  Canada,  and  the  2012  Mexico  NEI  

non-road  sources  were  used  for  Mexico.  The  emissions  from  wildfires,  prescribed  agricultural  burns,  and  

land  clearing  fires  were  computed  using  the  dynamic  fire  emission  modeling  U.S.  Forest  Service  BlueSky  

smoke  emission  package  (O’Neill  et  al.,  2009)  and  the  NOAA-HMS  for  fire  locations  and  strength.  

The  NAQFC  CMAQv4.6.5  follows  largely  the  U.S.  EPA  Aero4  module  and  the  related  emission  

and  removal  processes  found  in  the  U.S.  EPA-CMAQ  version  4.6.  Gas  to  particle  conversion,  

heterogeneous  reactions,  depositional  growth,  and  coagulation  are  included  (Kelly  et  al.,  2009).  The  Aero4  

module  simulates  particle  formation,  condensational  and  coagulation  growth  or  evaporative  dissipation  of  

existing  particles  due  to  ambient  chemical,  temperature  and  humidity  conditions.  The  Mellor  Yamada  Janjic  
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257 (MYJ)  PBL  scheme  (Janjie  et  al.,  2001)  is  used  in  this  version  of  NAM.  The  detailed  configuration  for  

NAM-CMAQ s ystem c an  be  found  in  Lee  et  al.  (2016).  

3. Results  and  Discussions 

3.1  O3  exceedance  and  PM2.5  increment  

The  temporal  variations  of  near-surface  air  temperature  and  wind  in  NYC  are  given  in  Fig.2.  The  data  at  

the  Central  Park  site  (40.778°  N,  73.969°  W),  a  NWS/NOAA w eather  station,  are  also  given.  First,  a  heat-

wave  event  is  indicated  on  June  11-13  when  the  maximum  temperature  is  higher  than  32.2  °C.  At  noon,  the  

temperature  was  highest  (37.5  °C)  at  IS-52  (located  in  Bronx)  but  close  for  other  sites.  Secondly,  large  

differences  of  temperature  of  ~8  °C  at  the  urban  and  suburb  site  (IS52  vs.  White  Plains-WP)  at  night  

indicated  the  significant  effect  of  the  urban  heat  island.  The  prevailing  western  and  southwest  winds  with  

horizontal  velocity  less  than  7  m/s  in  Fig.2  (b)  were  observed  on  June  11-13;  this  indicates  that  Long  Island  

and  Long  Island  Sound  (LIS)  are  in  the  NYC  downwind  area.  The  heat-wave  event  ended  with  a  decrease  

temperature  and  some  scattered  shower  in  the  morning  of  June  14  (shown  by  the  ceilometer  data  later).   

The  daily  O3  air  quality  index  (AQI)  map  on  June  12  is  given  in  Fig.3.  The  regional  unhealthy  air  

(color  in  orange  and  red)  is  illustrated  in  NYC  area.  The  tropospheric  column  NO2  product  on  June  12  from  

the  Ozone  Monitoring  Instrument  (OMI)  observations  on  the  NASA  AURA  satellite,  indicate  a  high  or  

“hot”  NO2  area  in  NYC  (not  shown  here).  The  temporal  variation  of  O3  concentration  in  NYC  area  is  given  

in  Fig.4.  The  8-hr  average  of  O3  mixing-ratio  attains  89  ppb  and  exceeds  the  NAAQS  (70-ppb)  while  the  

ground  PM2.5  showed  an  increasing  trend  from 1 0  to  25- μg/m3  in  Fig.6.  Importantly,  O3  concentrations  in  

the  NYC  downwind  suburb  (e.g.  Suffolk,  Babylon  and  Riverhead)  are  much  higher  than  those  in  the  urban  

area  (e.g.  CCNY,  NYBG  and  IS52).  For  instance,  the  peak  value  of  O3  mixing  ratio  reached  110  ppb  at  

Riverhead  and  Babylon  but  70~80  ppb  at  CCNY  and  QC  on  June  12  and  13,  which  might  be  associated  

with  the  combined  effects  of  urban  pollution  transport,  favorable  local  meteorological  and  chemical  process  

in  the  coastal  environment  (Miller,  2017).  As  shown  in  Fig.2  (b),  during  June  10~13,  the  prevailing  western  

and  southwest  winds  (velocity  at  2~7  m/s)  in  the  NYC  area  result  in  the  transport  of  urban  air  pollution  to  
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282 the  coastal  area.  Further  analysis  with  comprehensive  observation  at  the  urban-coastal  area  and  high  spatial-

resolution  weather/air  quality  model  are  highly  needed.  

The  temporal  variability  of  the  PM2.5  and  its  compositions  (OC,  EC  and  sulfate  SO 2-
4 )  is  shown  in  

Fig.5.  First,  the  total  PM2.5  measured  at  multiple  sites  indicated  a  consistent  increase  trend  on  the  heat-wave  

days.  A  consistent  enhancement  of  OC  and  sulfate  can  be  seen  at  QC  site.  For  instance,  the  OC  increased  

from  2  μg/m3  on  June  9  to  6.8  μg/m3  on  June  12-13  while  the  sulfate  increased  from  0.4  μg/m3  on  June  8-9  

to  3.0  /m3 μg  on  June  13.  These  increments  were  likely  due  to  the  secondary  formation  of  aerosols  through  

the  chemical  reactions.  On  the  other  hand,  the  EC  generally  shows  high  value  at  the  traffic  rush  hours  at  

6:00  am  ~  7:00  am  EDT  or  local  time  in  the  morning,  attributed  to  the  primary  emissions  from  the  vehicles.  

There  were  some  scattered  rainfall  on  June  14  and  16  (not  shown  here)  that  resulted  in  wet  scavenging  of  

ground  PM2.5.  Figure  6  gives  the  main  speciation  of  PM2.5  from  the  1-in-3  day  24-hr  integrated-filter  

observations  in  the  NYC  area.  A  coincident  high-level  of  OM  and  sulfate  occurred  on  the  heat-wave  day  

of  June  12  at  all  three-site;  and  the  OM  concentration  is  dominant  in  the  total  PM2.5.  On  June  12,  the  

fractional  contribution  to  the  total  PM2.5  was  in  range  of  51%~58%  from  the  OM  and  12%~14%  from  

sulfate  at  the  three  sites.  The  results  agree  well  with  the  hourly  observations  in  Fig.5.   

Based  on  the  available  data  measured  at  the  NYSDEC  stations,  we  compare  the  spatial  difference  

of  sulfate,  BC  and  SO2  in  the  urban  (QC  or  IS52-site),  suburban  (Suffolk)  and  rural  area  (WF-Whiteface,  

and  Pinnacle).  The  results  are  shown  in  Fig.7.  At  first,  the  sulfate  at  both  QC  and  Whiteface  sites  showed  

significant  enhancement  on  the  heat-wave  days  of  June  11-13  in  Fig.7a,  but  the  sulfate  at  QC  site  (~3  3μg/m )  

was  larger  than  those  at  the  Whiteface  site  (~2  m3μg/ )  on  June  13,  attributed  to  more  urban  emissions  and  

chemical  formation.  Before  and  after  the  heat-wave  day  on  June  9  and  June  15-17,  respectively,  the  sulfate  

was  at  the  similar  level  at  both  sites.  Secondly,  the  SO2  at  the  urban  site  (QC)  in  Fig.7  (b)  was  much  higher  

than  that  at  the  suburban  site  (Suffolk)  on  June  12-13,  both  were  far  below  the  NAAQS  for  SO2  (1-hr  75  

ppb).  Thirdly,  the  BC  in  Fig.7(c)  showed  much  larger  values  at  the  urban  site  than  those  at  both  rural  sites,  

with  a  maximum  of  2.3  g/m3  μ at  the  urban-site  but  ~0.6  3 μg/m  at  the  rural  sites  on  June  13.  A  high  

correlation  (R2>0.96)  between  the  BCUV370  and  BC880  along  with  a  linear  slope  of  1.01  at  the  urban  site  
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308 indicates  that  the  BC  sources  are  mainly  from  the  vehicles  (Rattigan  et  al.,  2013).  Meanwhile,  the  NO2  and  

NO  showed  higher  values  at  the  traffic  rush  hours  at  the  QC  and  IS-52  sites,  which  corresponds  to  the  major  

vehicles  emissions  in  the  morning.  We  note  that  the  QC-site  is  closer  to  the  highway  (e.g.  Long  Island  

Express  way  or  I-495).  The  results  above  indicate  the  incremental  emissions  on  the  heat-wave  days  and  in  

the  urban  area.  

3.2  Diurnal  variation  of  PBLH   

The  temporal  variation  of  PBL-height  (PBLH)  is  estimated  from  the  ceilometer,  wind  lidar,  and  CCNY-

aerosol  lidar,  respectively.  Figure  8  gives  the  attenuated  backscatter,  PBLH,  residual-layer-height,  and  

cloud-base  from  a  ceilometer  observation  during  June  10-14.  The  PBLH  shows  a  strong  diurnal  variation  

of  0.2  to  2.5  km  from t he  early  morning  to  noon.  Significant  growth  of  PBLH  from  0.5  km  to  2.0  km  was  

observed  from  11:00  to  13:00  on  June  12  and  13,  remaining  at  high-levels  through  the  afternoon  until  20:00,  

followed  with  a  high  residual  layer  at  night.  The  maximum  PBLH  was  higher  on  the  heat-wave  days  from  

June  11  to  June  13.  Some  cumulus  clouds  were  formed  on  the  PBL-top  at  noon  and  afternoon  of  June  12  

and  13;  and  the  scattered  showers  were  observed  in  the  early  morning  of  June  14,  indicating  the  end  of  heat  

waves.   

The  vertical  wind  velocity  and  its  variation  measured  by  the  co-located  wind  Doppler  lidar  are  

shown  in  Fig.9.  The  convective  PBL  is  indicated  by  large  variance  of  vertical  velocity  at  12:00-19:00.  The  

PBLH  is  then  derived  and  shows  a  good  agreement  with  the  ceilometer  results  as  shown  in  Fig.  10.  In  

addition,  other  aloft-layer  convection  in  the  early  hours  of  June  13  is  observed.  There  are  no  data  available  

below  0.4  km  altitude  limited  by  our  initial  configuration  of  lidar  software.  Figure  10  shows  the  PBLH  and  

time-height  distribution  of  aerosols  from  the  CCNY-lidar  observation.  The  PBLH  generally  agrees  with  the  

ceilometer  product,  in  particular  for  the  rapid  growth  at  11:00-13:00  on  June  12.  A  strong  linear  correlation  

(R=0.94)  between  the  CCNY-lidar  and  ceilometer  result  is  indicated.  Again,  few  cumulus  clouds  on  the  top  

of  PBL  are  observed,  which  might  be  triggered  by  the  upward  motion.  The  clouds  can  shield  the  lowest  

layers  of  the  troposphere  from  UV  radiation  that  drives  photochemical  smog  (Dickerson  et  al.  1982).  Figure  
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333 11  gives  the  corresponding  temporal  variations  of  PBLH,  ground  O3  and  PM2.5  at  CCNY-site.  In  the  

morning  and  late  evening,  both  the  PBLH  and  O3  are  low  while  the  ground  PM2.5  are  high.  On  the  contrary,  

at  noon  and  afternoon,  the  PBLH  and  O3  become  higher  while  the  ground  PM2.5  become  relatively  lower.  

Generally,  higher  PBLH  indicates  larger  air  volume  for  the  pollutant  dilution  and  thus  results  in  less  

pollutants  at  noon  on  the  ground  such  as  the  PM2.5,  but  strong  chemical  process  at  noon  also  produces  

more  O3  in  the  PBL  and  ground  level.   

To  demonstrate  how  well  the  ceilometer-measured  backscatters  represent  the  ground  PM2.5  in  NYC,  

we  calculate  their  correlation  during  this  heat-wave  event.  Figure  12  gives  their  correlations  at  the  near  

range.   A  good  correlation  at  near  surface  (R=0.89)  is  indicated,  and  such  high  correlation  may  occur  up  to  

200-m  attitude  where  the  correlation  coefficient  R  is  around  0.8.  This  means  that  the  ceilometer-measured  

near-range  backscatter  may  be  a  good  proxy  of  ground  PM2.5  loading  on  the  heat-wave  days.  

Using  the  CCNY  multiple-wavelength  lidar,  the  aerosol  backscatter  and  Angstrom  exponents  on  

June  12  are  derived  and  shown  in  Fig.13.  At  the  PBL-top,  high  aerosol  backscatters  occur  which  might  

indicate  the  hydration  of  aerosols.  In  the  PBL,  the  Angstrom  exponents  increase  from  morning  to  the  

afternoon,  which  probably  indicates  fine-mode  particle  formation.  In  addition,  the  total  aerosol  optical  

depth  (AOD)  and  Angstrom  exponent  (AE)  measured  by  the  CIMEL-sunphotometer  indicatea  coincident  

increase  that  is  suggestive  of  increase  in  fine-mode  aerosols;  and  this  is  consistent  with  the  increase  in  OC  

and  sulfate  aerosols  shown  earlier  as  well  as  the  CCNY-lidar  retrievals.  

The  radiosonde-measured  profiles  of  the  meteorological  parameters  are  analyzed  on  June  12-13  in  

NYC  area  (OKX  site).  The  results  are  given  in  Fig.14.  The  temperature  and  potential  temperature  profiles  

clearly  indicate  the  PBLH  at  around  2.0-2.3  km  on  June  12,  which  is  consistent  with  the  ceilometer  and  

lidar  results.  Secondly,  the  temperature  inversion  occurs  at  near  surface  at  8:00  pm  EDT.  By  comparing  the  

vertical  profiles  of  H2O  mixing  ratio  to  the  ceilometer-attenuated  backscatter,  we  can  see  their  similar  shape  

of  vertical  distribution  in  the  PBL.  Both  show a   sharp  decrease  at  the  PBL-top.   

Finally,  in  order  to  observe  regional  spatial  distribution  of  aerosols  and  PBLH,  the  NASA  

spaceborne  lidars  (CALIOP  and  CATS)  data  in  NYC  area  are  shown  in  Fig.15.  The  CALIPSO  overpass  
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359 time  was  7:18  UTC  (3:18  EDT)  on  June  12  while  the  CATS  overpass  time  was  1:00  UTC  on  June  12  (21:00  

on  June  11  EDT).  The  attenuated  backscatter  profiles  along  the  latitude  are  plotted  for  the  CALIPSO  at  

532-nm  and  CATS  1064-nm,  depending  on  the  good  SNR,  respectively.  The  high  aerosol  layers  in  the  

northeast  US  can  be  seen  on  both  the  images.  The  maximum  gradient  variation  of  aerosol  backscatter  

profiles  along  the  track  are  calculated,  which  represent  the  height  of  nocturnal  residual  layer.  The  results  

are  consistent  with  the  ceilometer  observations  in  NYC.  Even  in  the  coastal  NYC  and  adjacent  Atlantic  

Ocean,  the  CATS  data  still  show  high  aerosol  residual  layer  according  to  the  Level-2  aerosol  extinction  

coefficients  (not  shown  here).   

3.3  Comparison  to  the  NAQFC  numerical  products  

With  the  profiling  and  ground  in-situ  data,  the  NAM-CMAQ  numerical  products  of  temperature,  PBLH,  

O3  and  PM2.5  are  evaluated  in  NYC  area.   Firstly,  we  compare  the  results  at  CCNY s ite  in  Fig.16.  Both  the  

model  and  observation  results  show  consistent  diurnal  variation  trend  for  the  temperature,  PBLH  and  O3  

except  for  PM2.5.  Under  the  convective  PBL  conditions  at  noon  and  afternoon,  the  model  products  

(temperature,  O3  and  PM2.5)  show  good  agreement  with  near  surface  observations  on  June  12  - 13.  However,  

in  the  morning  and  at  night,  the  model  products  indicate  an  underestimate  of  temperature,  PBLH  and  O3,  

but  a  dramatic  overestimate  of  PM2.5  in  comparison  to  the  observations.  To  explore  the  vertical  distribution  

of  O3  and  PM2.5,  we  further  plot  the  model  data  in  the  lowest  5-layer  near  the  ground  (i.e.  0,  40,  80,  120  and  

160  m  altitude).  The  O3  concentrations  increase  with  the  altitude  whereas  the  PM2.5  decrease  with  the  

altitude  in  the  early  morning  and  night,  but  they  vary  little  at  noon  and  afternoon.  Their  variations  with  the  

altitudes  are  likely  related  to  weak  vertical  mixing  and  their  emissions  or  formation  differences.   

We  made  another  comparison  at  QC-site  where  the  NO2  and  NO  are  measured  (not  shown  here).  

For  the  NO2  and  NO,  the  model  products  show  an  overestimate  in  the  morning  and  night,  but  good  

agreement  at  noon  and  afternoon.  Again,  the  ground  temperature  is  under-predicted  by  3~5°C  in  the  

morning  and  night.  The  bias  behaviors  of  modeling  O3  and  PM2.5  from  the  observation  are  similar  with  the  

comparisons  in  Fig.16.  Overall,  the  model  shows  good  performance  for  the  PBLH,  PM2.5  and  O3  at  noon  
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384 and  afternoon  when  the  PBL  is  strongly  convective.  The  large  biases  are  seen  in  the  early  morning  and  

night,  which  are  probably  associated  with  weak  mixing  process  and  lower  PBLH.      

3.4 D iscussions   

From  the  ceilometer  and  lidar  observations,  we  can  see  good  consistency  between  the  aerosol  gradient- 

based  and  turbulence-based  convective  PBLH;  in  the  late  afternoon  after  19:00  EDT,  their  discrepancy  

becomes  large  because  of  weaker  vertical  convection  and  residual  aerosol  layers.  Unfortunately,  the  wind  

lidar  collected  the  data  with  the  lowest  range  at  400-m,  thus,  lower  turbulence-based  PBLH  at  night  and  

early  morning  could  not  be  obtained.  In  addition,  both  the  ceilometer  and  CCNY-lidar  observed  the  

formation  of  cumulus  clouds  on  the  PBL-top  at  noon  and  afternoon.  The  clouds  can  shield  the  lowest  layers  

of  the  troposphere  from  UV  radiation  that  drives  photochemical  smog  for  the  secondary  formation  of  O3  

and  aerosols  (Dickerson  et  al.  1982),  which  may  partially  result  in  the  spatial  difference  of  O3  production  

in  NYC  area.  Cumulus  clouds  also  vent  the  PBL,  moving  pollutants  into  the  free  troposphere  where  

residence  times  are  longer  and  impacts  are  larger  (Loughner  et  al.  2011).  Moreover,  sulfuric  acid  is  

produced  rapidly  by  reaction  between  sulfur  dioxide  (SO2)  and  hydrogen  peroxide  (H2O2)  in  cloud  droplets;  

this  pathway  is  the  major  source  of  sulfate  that  contribute  to  total  PM2.5  (Zhang  et  al.,  2011).  In  addition,  a  

deep  PBL  is  observed  during  the  heat-wave  periods  on  June  11-13,  which  means  that  air  pollutants  might  

be  mixed  into  a  greater  volume,  and  the  ground-level  concentrations  are  reduced  by  dilution.  This  occurs  

for  the  ground  PM2.5  but  not  for  the  O3  as  shown  by  this  study,  probably  due  to  dominant  chemical  formation  

for  the  O3  at  noon  and  afternoon.  

A  consistent  increase  of  OC  and  sulfate  of  aerosols  are  clearly  observed  during  the  heat-wave  days,  

even  at  noon  and  with  a  growing  PBLH,  which  indicates  strong  chemical  formation  of  secondary  aerosols.  

We  analyzed  the  ratio  of  OC-to-EC  during  the  heat-wave  periods.  At  QC-site,  the  hourly  OC/EC  ratios  are  

significantly  higher  (peak  value  at  13~15  at  noon)  on  June  11-13  than  those  (peak  value  at  6.5~9)  on  other  

days  (none  heatwave  days).  They  are  also  larger  than  the  previous  monthly  average  values  given  by  Rattigan  

(2010).  The  OC/EC  ratios  show  a  minimum  at  ~4  at  nights  of  June  12  and  13,  but  at  ~1.7  at  night  of  June  
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409 9  before  the  heatwave.  Overall,  the  large  OC/EC  ratios  on  heatwave  days  clearly  indicate  strong  formation  

of  secondary  organic  aerosols  (SOA);  and  they  can  largely  contribute  to  the  total  PM2.5.  In  addition,  the  

ratios  of  OC-to-sulfate  become  slightly  lower  on  the  heatwave  days  of  June  12-13.   

In  addition,  the  O3  in  the  downwind  area  of  NYC  (e.g.  Riverhead,  Babylon  and  Suffolk  in  Long  

Island)  showed  much  higher  concentrations  (~110  ppb)  than  those  (~70-80  ppb)  in  the  urban  sites  (e.g.  

CCNY  and  QC)  for  this  heat-wave  event  when  the  prevailing  winds  are  westerly  in  NYC.  The  higher  O3  in  

the  Long  Island  is  probably  associated  with  the  urban  pollution  transport  and  local  meteorological  

conditions  (Goldberg  et  al.,  2014,  Miller,  2017;  Zhao  et  al.,  2019).  Comprehensive  surface  and  range-

resolved  observations  of  O3,  its  precursors  and  meteorological  parameters  are  needed  to  understand  the  

mechanisms  of  high-level  ground  O3  in th e  urban a nd c oastal environment (Miller,  2017).  

Under  the  convective  PBL  period  (12:00-19:00  EDT),  the  NAM-CMAQ  model  shows  good  

agreement  with  the  observations  for  the  near-surface  O3,  PM2.5,  NOx,  temperature,  as  well  as  PBLH.  

However,  in  the  early  morning  and  night,  the  model  underestimates  observed  PBLH,  and  near-surface  

temperature  and  O3,  but  an  overestimates  PM2.5and  NOx.  The  model  predicted  temperatures  are  colder  by  

3~5  °C  and  PBLH  lower  compared  to  the  observations  in  NYC,  indicating  weaker  vertical  mixing  (Gerbig  

et  al,  2008).  As  demonstrated  by  Gutiérrez  et  al.  (2015)  and  Ortiz  et  al  (2018),  the  urban  heat-related  BEM  

and  BEP  can  affect  the  thermal  structure,  wind  and  enhance  the  vertical  mixing  in  the  urban  boundary  layer.  

Zhang  (2011)  indicate  that  without  the  upstream  urbanization  along  the  Washington–Baltimore  Corridor,  

the  UHI  effects  over  Baltimore  would  be  reduced  by  25%  with  a  shallower  mixed  PBL.  Zhang  (1999)  

demonstrated  that  the  vertical  mixing  process  contributed  significantly  to  the  ozone  buildup  at  ground  level  

in  the  morning  in  NYC  due  to  aloft  high-O3.Therefore,  an  urban-WRF  coupled  or  driven  air  quality  model  

is  highly  expected  to  improve  air  quality  forecast  in  NYC  area.  Importantly,  the  range-resolved  profiling  

observations  of  O3,  aerosols  and  meteorological  parameters  are  critical  to  evaluate  the  model  performance.  

4. Conclusion 
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433 This  paper  presents  a  synergistic  assessment  of  heat-wave  impacts  on  the  urban  air  quality  and  PBLH  in  

June  2017  in  New  York  City.  We  demonstrate  a  strong  urban-heat-island  signal  with  the  temperature  

difference  of  ~8  °C  at  night  in  NYC  area.  Strong  diurnal  variation  of  PBLH  is  observed  from  the  co-located  

a  ceilometer,  wind  and  aerosol  lidars,  showing  a  consistent  and  dramatic  growth  of  PBLH  at  11:00-13:00  

and  followed  by  a  high  and  stable  PBLH  at  2.0-2.5  km  at  noon  and  afternoon.  The  regional-scale  high  

residual-layers  of  aerosols  are  observed  in  the  NYC  vicinity  from  the  space-borne  lidars.  

During  the  heat-wave  periods,  the  ground  O3  mixing  ratios  exceed  the  NAAQS  with  a  maximum  

of  110  ppb  in  the  areas  downwind  of  NYC  whereas  the  ground  PM2.5  concentrations  are  enhanced  from  5  

µg/m3  to  25  µg/m3 .  A  coincident  increase  of  the  OC  and  sulfate  aerosols  indicates  strong  secondary  

formation  of  aerosols,  with  a  dominant  contribution  of  OM  (52~58%)  to  the  total  PM2.5.  The  combined  

effects  of  urban  pollutant  transport  and  local  meteorology  may  be  responsible  for  the  high  level  of  O3  in  the  

downwind  suburb  area.  Different  diurnal  variations  of  ground  O3  and  PM2.5  are  observed,  which  may  be  

associated  with  the  effects  of  PBLH e volution  and  their  different  formation  and  emissions  processes.  

The  comparisons  between  the  NOAA-NAQFC  model  products  (T,  PBLH,  O3,  PM2.5  and  NOx)  and  

the  observations  clearly  show  good  consistency  under  the  convective  PBL  periods  at  noon  and  afternoon.  

Yet,  in  the  early  morning  and  night,  the  model  products  show  an  underestimate  for  temperature,  PBLH  and  

O3,  but  an  overestimate  of  PM2.5  and  NOx.  Such  discrepancies  are  probably  associated  with  the  weak  

vertical  mixing  or  PBL-height  underestimate  and  anthropogenic  emissions  in  the  model.   
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90  

585  

586       

587 Fig. 1. Ground observation sites in NYC used in this study. (FKW: Fresh Kills West; QC: Queens College; 

588 WP: White Plains) 

589  

5

591 Fig. 2. (a) Air temperature, (b) wind direction and (c) speed measured at the ground sites during June 8-

592 16, 2017. QC-Queens College, WP-White Plains, CtrPk-Central Park, NYBG-NY Botanical Garden. 
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598 
599 

600 Fig.3.  Ozone- air  quality  index  (AQI)  in  NYC  and  surrounding  area  on  June  12,  2017.  

(https://www.airnow.gov)  601 
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(a) 

(b) 

 

604                           

605 Fig.4. Hourly O3 concentration at the ground stations in NYC area during June 10-14, 2017. 

606            

607 

608 Fig.5 (a)-(b) Hourly PM2.5, OC, EC and sulfate at QC and IS-52 sites during June 8-16, 2017. 
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609 

(a) (b) 

610 Fig.6. (a)-(b) Daily (24-h) integrated-filter measured PM2.5 species at QC and IS-52 in June 2017 

611 

26 



(a) (b) 

    

(c) (d) 

   

612 

613 

614 Fig.7. (a) Sulfate, (b) SO2, (c) BC and (d) NO2 and NO measured at the ground stations in NYC 

surrounding area. (QC-Queens College, WF-Whiteface Mountain, Sufk-Suffolk) 615 

616   
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617 
618 Fig. 8. PBL-height (symbol ‘+’), residual-layer (‘Δ’) and cloud-base (‘o’) observed from the Ceilometer 
619 at CCNY during June 10-14, 2017. 
620 

621 
622 Fig.9. Vertical wind velocity and variance observed by the coherent Doppler wind lidar at CCNY 
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(a) 
(b) 

  

(d)(c) 

 

623 

624 

625 Fig.10. (a)-(b) PBLH (symbol ‘o’) and aerosol attenuated backscatter from the CCNY-lidar, (c)-(d) PBLH 
comparison among the ceilometer and lidars on June 12 and 13, 2017. (Ceilo.: ceilometer) 626 

627  
628 Fig.11. Co-located measurement of PBLH, ground O3 and PM2.5 at CCNY site on June 11-13, 2017 
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629 

630 

(a) (b) 

631 Fig.12 Correlation coefficient between ground PM2.5 and ceilometer-attenuated backscatter coefficients 
632 during June 10-13 at CCNY. (a) at range of 50-m, (b) at different ranges. 
633 

634 

(a) (b) 

635 Fig.13. (a) CCNY-lidar derived aerosol backscatter and (b) Angstrom exponent on June 12, 2017. 
636 
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(g) (h) 

 

637 

638 

639 

640 

641 Fig.14. Radiosonde-measured profiles of temperature, potential temperature, water vapor, and ceilometer-
measured attenuated backscatter at 8:00 am and 8:00 pm EDT in NYC area on June 12-13, 2017. 642 
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643  

(b) 
(a) 

644  

645 

646 

647 

Fig.15. (a)-(b) Ground orbits, attenuated backscatter profile and PBLH (symbol ‘o’) from the NASA 

spaceborne lidar, CALIPSO and CATS, in the northeast US on June 12, 2017, respectively. 
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(a) 

648 

(b) 

649 

(c) 

650 

(d) 

651 
652 Fig.16 (a)-(d) Comparison of ground air temperature, PBLH, O3 and PM2.5 between the NAM-CMAQ 
653 model and observation during June 10-14, 2017 at CCNY-site. (Layer i=1~5 represents 0, 40, 80, 120 and 
654 160 m altitude AGL. For the PBLH, mod1-mod2: different PBLH schemes.) 
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