
Chapter 5

Regional and Global Pollution Transport
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Quiz

1. Based on the collision theory, why does the reaction rate constant 
of bimolecular reactions tend to increase with T?

2. Can we consider NO2 and ozone to be in the same chemical family 
(i.e., Ox)?

3. Potential human influences on recent tropospheric OH trends
4. How would NOx emissions affect the lifetime of OH?
5. Impacts of NOx on ozone at different cases: troposphere, 

boundary layer, urban, rural
6. Ozone production is normally VOC-limited in urban areas and NOx-

limited in surrounding rural areas. To control urban ozone pollution, 
should we control NOx or VOC emissions?

7. How would changes in NOx affect the formation of nitrate and 
sulfate?

8. ²Ƙȅ ŘƛŘ /ƘƛƴŀΩǎ ta2.5, but not ozone, pollution decline with 
emission control over the past decade?

9. How can ozone and PM pollution affect each other?
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Globalizing Air Pollution

3
Lin et al., under review



Budget of Air Pollutants
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Haze: Transported or Locally Formed ?
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https://v.qq.com/x/page/f03620mzezq.html



Globalizing Air Pollution:  Atmospheric Transport
Simulated by GEOS-ChemChemical Transport Model

Yan et al., 2014 ACP; 2016 ACP
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üBoth local sources and transport of pollution are obvious
üThe extent of transport depends on emissions, chemistry, etc.
üChina is both a sourceand a receptorregion

Ozone in Mid-Trop. in Jan 2009
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Sources of Air Pollution

ÅLocal emissions and/or production

ÅInter-regional transport and transformation

ÅGlobal transport and transformation

ÅStratosphere-troposphere exchange

×Natural versus anthropogenic sources

üTransport and transformation of air pollutants 
along the pathway

üLifetime of pollutants is a key factor
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Spatiotemporal Scale of Atmospheric Motion (Transport)
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Local-Regional-Global Pollution Interconnection
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Characteristic Distance of Transport

üPrimary Pollutant:

D = U x ̱ = Wind Speed x Lifetime

üSecondary Pollutant:

D = U x ̱* ,  where ̱ s < ̱ * < ̱ p + ̱ s
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*̱: Characteristic time

p̱:  Lifetime of primary pollutants in conversion to 
secondary pollutants

s̱:  Lifetime of secondary pollutants

e.g., Emission Ҧ ώSO2ϐ Ҧ ώSO4] Ҧ deposition
wŜŎŀƭƭΥ bh ŜƳƛǎǎƛƻƴ Ҧ ώbhϐ Ҧ [NOx] Ҧ ώNOz] ? 



Kinematics: Different Types of Flow Motions
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Wallace and Hobbs, 2006
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Kinematics: Deformation
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Wallace and Hobbs, 2006

How a grid of air parcel is deformed by the 
flow as the tagged particles move 
downstream with time:

V Those in the upper right corner of the 
grid moving eastward.

V Those in the lower left corner moving 
southward and then eastward around 
the closed circulation. 



Kinematics: Streamline versus Trajectory
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Wallace and Hobbs, 2006

https://en.wikipedia.org/wiki/File:Streaklines_a
nd_pathlines_animation.gif

Pathline: 
StreamlineЕ Ѓ Є
StreaklineЕ

Initial streamlines: solid lines
Later streamlines: dashed lines

Phase speed of wave: c
Speed of background flow: U

AB: c > U
AC: c = U
AD: c < U



Real and Pseudo Forces in the Atmosphere
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Friction force

Gravity (Gravitation + Centrifugal)

Pressure gradient force

Coriolis force

=̱ Shear Stress;  CD = Drag coefficient

Wallace and Hobbs, 2006

Centrifugal force and Coriolis force are pseudo forces
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Horizontal Winds
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Wallace and Hobbs, 2006

In hydrostatic balance: 
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Rotational Wind (small-scale)
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For small-scale motions, Coriolisforce can be neglected

The rotation could by cyclonic or anticyclonic
VRT > 0 for cyclonic
VRT < 0 for anticyclonic

For a typical midlatitude tornado, RT = 300 m, Vr = 30 m s-1

ü The magnitude of Coriolis force ~ 10-3 m s-2

ü The magnitude of centripetal force ~ 3 m s-2



Geostrophic Wind (large-scale, without friction)
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10-4 m s-2 in magnitude, about 10% of Coriolis force

Assume

Pressure gradient force is in balance 
with Coriolis force, w/o friction

Wallace and Hobbs, 2006
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Effect of Friction by Earth Surface
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Wallace and Hobbs, 2006
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P= Pressure gradient force
C= Coriolis force
Fs = Friction force
Vs = Wind
Vg = geostrophic wind



Gradient Wind (large-scale, without friction)
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Subgeostrophic Supergeostrophic

Wallace and Hobbs, 2006

RT > 0 for cyclonic
RT < 0 for anticyclonic
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Thermal Wind (large-scale, without friction)
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Hydrostatic

Wallace and Hobbs, 2006
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Vg increase w/ height

Vg decrease w/ height

Equivalent Barotropic Baroclinic: thermal advection

Cold adv.

Warm adv.

V L & H: Low & high geopotential heights
V Blue and orange colors: Cooler and warmer air



Primitive Equations for Large-scale Motions
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Horizontal equation of motion

Thermodynamic energy equation

Continuity equation

Bottom boundary condition

Five unknowns

ὐand╕need to be parameterizedWallace and Hobbs, 2006

Meteorological and climate models are based on these equations
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Primitive Equations and General Circulation
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Baroclinic instability and waves

Wallace and Hobbs, 2006



Atmospheric Circulation
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Source: https://svs.gsfc.nasa.gov/4148



Characteristic Time Scales of Horizontal Transport
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Jacob, 1999

U ~ 10 m s-1

V ~    1 m s-1



Vertical Transport Processes
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Molecular Diffusion 9ƛƴǎǘŜƛƴΩǎ ŜǉǳŀǘƛƻƴΤ CƛŎƪΩǎ [ŀǿ

Large-scale vertical motion: w ~ 1 cm s-1

D0 = 0.2 cm2 s-1

ÅTime from surface to tropopause (10 km) ~ 11 days

ÅAt surface w/ D0, it takes about 1 month to move 100 m !
ÅOnly important above 100 km (0.01 hPa)

Jacob, 1999

F = diffusion flux
na = number density of air
C  = mixing ratio
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Vertical Transport Processes
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ÁStatic Instability (̒ , ̒ e distribution)
ÁMechanical Instability (wind shear)

üBoundary layer mixing:   w ~ 1 m s-1

üConvection (dry & moist):  w ~ 1 m s-1

KZ = 2 x 105 cm2 s-1 Trop. Mean
102ς105 cm2 s-1 if stable
104ς106 cm2 s-1 if neutral
105ς107 cm2 s-1 if unstable

Turbulence Ὂ ὲὑ
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Static Instability
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Stable:      ɱ< ɱd (i.e., ̒ increases with height)
Neutral:    ɱ= ɱd (i.e., ̒ increases with height)
Unstable: ɱ> ɱd (i.e., ̒ increases with height)
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Neutral:    ɱ= ɱs
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Mixing in the Lower Troposphere
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Jacob, 1999
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Mechanical Instability
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Causes:
ü Friction (e.g., by Earth surface)
ü Barrier (e.g., by buildings, mountains)
ü Wind shear (i.e., KelvinςHelmholtz instability)



Characteristic Time Scales of Vertical Transport

30Modified from Jacob (1999)

Estimate based on KZ

Rough estimate
bƻ άŦŀǎǘέ ǇǊƻŎŜǎǎŜǎ

KZ = 2 x 105 cm2 s-1 Trop. Mean
102ς105 cm2 s-1 if stable
104ς106 cm2 s-1 if neutral
105ς107 cm2 s-1 if unstable

hours

days
days



Stratosphere-Troposphere Exchange

31
Seinfeld and Pandis, 2006



Regional Transport and Transformation Affecting Beijing

32An  et al., ACP 2007



Regional Transport and Transformation Affecting Beijing
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PM2.5                              Ozone

Total

Transported

Total  ςTransported
[Local + nonlinearity]

An  et al., ACP 2007



Atmospheric PM2.5 Transport Affects Beijing
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Outside
(28-36%)

TransportationCoal

Fugitive
Dust

Industry

Other

{ƻǳǊŎŜǎ ƻŦ .ŜƛƧƛƴƎΩǎ ta2.5
( ֪ Ḧ Ї2014)

Е
ü Е26%-42%
üҲ Ѓ115-150 ˃ g/m3ЄЕ34%-50%
ü ЃЙ150 g˃/m3 ЄЕ55%-75%

Outside
(26-42%)

Transportation

Fugitive
Dust

Industry

Other

Living

{ƻǳǊŎŜǎ ƻŦ .ŜƛƧƛƴƎΩǎ ta2.5
( ֪ Ḧ Ї2018)



LƴŎǊŜŀǎƛƴƎ wƻƭŜ ƻŦ !ǘƳƻǎǇƘŜǊƛŎ ¢ǊŀƴǎǇƻǊǘ ǘƻ .ŜƛƧƛƴƎΩǎ ta2.5
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{ƻǳǊŎŜǎ ƻŦ .ŜƛƧƛƴƎΩǎ ta2.5 ( ֪ Ї2021)

V32 4% in 2014 ( )
V34 8% in 2018 ( )
V42 16% in 2021 ( )



Severe Regional PM Pollution Transport to Beijing

36

Back-ǘǊŀƧŜŎǘƻǊȅ ŀƴŀƭȅǎƛǎ ƻŦ .WΩǎ ta ƻƴ нлмпκмлκмл



Severe Regional PM Pollution Transport to Beijing
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https://www.sohu.com/a/820625924_204474

Transport-ŘǊƛǾŜƴ ƎǊƻǿǘƘ ƻŦ .WΩǎ ta ƻƴ нлнпκмлκнс

10ῴ24ῄ13Ὴ-26ῄ14Ὴιתᶟҽ Ꞌ
77%ιԎѧѠᴇ 35%ι ᴇ 18%ι
Ѡᴇ ᴉὯѮṀ



Key Roles of Local Production and Atmospheric Transport for 
Ozone Pollution over Central China
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Contributors:
V Local emis
V Cross-city
V Asian BG
V Global BG

Yan YY et al., 2021, AE

WH HSEZXG HG

AnthroNOx emis(g/m2)

Obs

Mod

Wuhan

Xiaogan

Huangshi

Huanggang

9ΩȊƘƻǳ

MDA8 ozone in May-June 2018



Two-way Transport of PM2.5 Between NCP and YRD
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Huang et al., 2020, Nature Geoscience



Large Impact of Transport to Summer Ozone over NCP + FW

40

Relative to uniform20% emiscut

% contribution of transport 
to total JJA MDA8 O3 (%)

ɲO3 by 20% emiscut 
in China

ɲO3 by 20% emiscut 
in NCP+FW

Chen et al., ERL, 2025



PM Transport Between Asian Countries
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Li et al., 2014, AE

In 2010

Anthro PM10 produced 
in China contributes 10-
30% of anthro PM10 
over Japan and Korea

NAQPMS + tagging



Ozone Transport into and within East Asia
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China N + S Korea Japan

Ocean Inflow Total

Color: ppbv;  Contour: Ѐ

Li et al., 2016, AR
2010 mean



Transboundary Sources of Ozone over Tibetan Plateau
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Xu et al., under review

Ozone sources in each season based on WPSCF



Transport into Asian Tropical UTLS
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