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Computational modeling
(a)

Global average surface temperature change
T T

. . . 6.0 Mean over
A conceptual and quantitative mathematical —. 2081-2100
model of the atmosphere can allow us to sof = i
- 39
» link source emissions, atmospheric

RCPES

composition, and impacts

> test hypotheses regarding magnitude of = 8 B g
contributing processes to observations 20 . . g
.. . 1950 2000 2050 2100
> evaluate emission control strategies
> predict future air quality and climate (b}, , Northern Hemisphere September sea ice extent

scenarios based on projected changes in 8

emissions (adaptation)
ACr. G, Cp)
A(Ey E,. ... E)

Some categorization of models:
> statistical/mechanistic

RCPES |

> stochastic/deterministic aal . ]

We will discuss mechanistic, deterministic - [ — 9 N
models. 5 8o 1 =-

I Bum

= -

10
78 2E®
“All models are wrong, but some are useful.” @ g
- George P. Box 76 ) A &
1950 2000 2050 2100
Year IPCC, 2013
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Example applications

The Costs, Air Quality, and Human Peak ozone Daily average PM
Health Effects of Meeting Peak T ]
Electricity Demand with Installed
Backup Generators

ELISABETH A. GILMORE,*

LESTER B. LAVE, AND PETER J. ADAMS
Engineering and Public Policy, Chemical Engineering, Civil

Engineering and Tepper Business School, Carnegie Mellon
University, Pittsburgh, Pennsylvania 15213

A2 8 B ®
H

VOL. 40, NO. 22, 2006 / ENVIRONMENTAL SCIENCE & TECHNOLOGY

TR &N E

) Aug. 24-hr ozone diff. (ppbv) EES minus gas

Effects of Ethanol (E85) versus 3
Gasoline Vehicles on Cancer and 8 *~
Mortality in the United States “
MARK Z. JACOBSON* !

Dej of Civil and Envi ineeri o4 335
Stanford University, Stanford, California 94305-4020

Environ. Sci. Technol. 2007, 41, 4150—4157 -1 13

-118 -116
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Time and spatial scales

5
s
. wien
Spatial scales
> micro (~1km) > molecular ‘ i i i
10° 10' 107 10 10 10°
» meso (~50km) > turbulent eddies . e atow
> synoptic > plume i, .
~, km H
(~300km) > cloud
[ | | . T T T T T T
global > urban airshed A R
» regional adapted from Seinfeld and Pandis, 2006
» global
Time scales (by process)
> electron transfer » deposition
P 423 T swaged stk pon
> molecular » diffusion Jacob, 1999
vibrations > advection
> emission . @
emissio > convection “ T “
> reaction e 11
7
» condensation/
evaporation Y @
(phase-
partitioning)

column (1-0) 20
FIGURE 253 Schematicdeiction o 1) b el s dimensional), () s coma el
r©n o @ Pk

Seinfeld and Pandis, 2006
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Model formulation

Frame of reference Chemistry-meteorology
> fixed (Eulerian) > assimilated meteorology
» moving (Lagrangian) » coupled climate-chemistry/

meteorology-chemistry

Potential vorticity Ozone O,

Chiorine nitrate CIONO,

P S— -
= In

——-dJ o

ra—.

@ © —— = = 2 _—
FIGURE 25.2 Schematic depiction of (a) a Lagrangian model and (b) a Eulerian model. k SeTRs s XA A sy ot B e e 2w

. . source: NCAR
Seinfeld and Pandis, 2006
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General circulation models (GCMs) Goddard Institute for Space Studies

» Large-scale motions of fluid Models | and II:
TapLE |, Fundamental equations.

» Radiative transfer

Conservation of momentum: 4V R ~
(Newton's second law of g = 2@ XV —»7'Vp
motion)

+g+F T

Conservation of mass: dp
(continuity equation) @ =V¥V+C-D (T2)

Conservation of energy: dr do™'
(first law of ;'-DTOQ T3
thermodynamics)

Ideal gas law: P = pRT (T4)

(approximate equation of
state)

Notation

wluci!y‘ relative to rotating earth
time
total time derivative [= % + v-v]

planet’s angular rotation vector
atmospheric density

apparent gravity [=true gravity — @ x (& x r)]
position relative 1o planet’s center

force per unit mass

rate of creation of (gaseous) atmosphere
rate of destruction of atmosphere
internal energy per unit mass [=¢, 7]
heating rate per unit mass

gas content

specific heat at constant volume.

source: NOAA
Chemical transport models (CTMs)
Detailed continuity equations for chemical
species
ac;

E*FV'(UC,’) = Ri(c1 ,Coy ., Cn)+E,'—S,' Hansen et al., 1983

s EQNDAMIMET L Aja™ <
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x x
FIGURE 25,6 Coordinate transformation for uneven terrain: (a) two-dimensional terrain in x — =
space; (b) same as () but with contours of constant { superimposed: (c) same as (a) but with
contours of constant 2" di sional terrain in x — { i (the
termain is indicated by the shaded region).

Seinfeld and Pandis, 2006

Pressure (inches)
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http://www.physicalgeography.net

Terrain effects and boundary layer
height

Given z = absolute height, h = terrain
height, H,, = mixing height, we can define a
new vertical coordinate:

Z =z—h(xy)
Or a terrain-following coordinate
transformation:
z — h(x,
¢ (x.y)

= Hp(x.y.0) — h(x.y)

Pressure-based coordinate system
Given p = pressure at a given height z, p,
= surface pressure, p; = pressure at top of
modeling domain (e.g., 0.1 atm for the
troposphere)

P— Pt

o =
(p) Ps — Pt

7139



Nesting, adaptive gridding

We can resolve atmospheric processes at various scales with creating meshing as long as
emissions and other required information (e.g., meteorological variables) are available at the same
resolution. Coarser models can provide boundary values or initial conditions for the more finely

resolved model, etc.

Fig. 1. Horizontal resolution of the TMS5 version that zooms
in over Europe. Globally (blue), the resolution is 6°x4°
(longitude xlatitude). Over Europe, the resolution is refined in two
steps via 3°x2° (green) to 1°x1° (black). The two yellow dots
denote the geographical locations of the Mace Head (Ireland) and
Omsk (Russia) sampling stations (see Sect. 3.2).

Krol et al., 2005

Figure 3. Adapted grid during a biomass burning plume simulation with AG-CMAQ.

Garcia-Menendez and Odman, 2011
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Processes

The concentration of species i is a function
of space and time: ¢; = ¢;(r. t).

ac¢; 'Bc,} [ac,} {ac,}
—_— | == + [ + |
ot L ot advection ot dispersion Ot |9gas-phase

chemistry
3] g 15
L ot emission ot ‘g’:ggsri);ion ot aerosol
[Bc;
+ _E aqueous-phase

chemistry

Mass vs. number conservation for
aerosols:

» mass is important for PM, 5 and PM,,
regulation, light scattering, and mass
budget considerations.

> number is important for simulating

new particle formation and
aerosol-cloud interactions.

Anthropogens

nic
Emissions

Natwral
Emissions Sources Id

Advected
Species

| Turbulence
Inversion
i Radiation
Wind

11
Cloud
[rempene ] [cone]

FIGURE 25.1  Elements of a mathematical atmospheric chemical transport model.

Precipitation
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Operator splitting

Let ¢(t) = c(r, t). We can define an operator X = X(At) and its corresponding

incremental operator AX:

Xc(t) = [e(t + Ab)]y =c()+ /,HN { }

AXc(t) =

Let X represent various
processes:

Advection

Diffusion

Cloud

Gas-phase chemistry
Aerosol

W T OO0 >

Source/sink

f At
e(t+ 80— o(tly = [ : (2] ar

orT

Operators can be applied in sequence or in parallel.

Sequential operation:

c(t+ At)=(SoPoGoCoDoA)c(t)

where o denotes operator composition: f(g(x)) = (f o g)(x).

Parallel operation:

c(t + At) = c(t) + (AS + AP + AG + AC + AD + AA) c(t)
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Example: advection equation

Operator splitting is also used to decouple the processes in space. Reverting back to
representation of concentration as ¢ = ¢(r, t), consider the advection equation:

oc
—4+u-Vc=0
ot +
In Cartesion coordinates,
oc oc oc oc
—_—=—yy— - V— —Ww—
ot ox oy ox

Applying the operators in parallel,
ot + At) = o(t) + (AAX + 04+ AAZ) c(t)

we can solve three one-dimensional equations instead of one three-dimensional
equation:

[80] oc {ac} oc [80} oc
—| =-Uu—=, || =-Vv—, and || =-w_—
ot |« ox ot], ot], oz
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Discretization. Discretizing the domain
and defining the concentrations over this
new domain,

Gk = (X1, ¥ 2k 1)
c,"f,l = ¢(X;, ¥}, 2, t, + Al)

Representation by finite difference. We
can approximate with the simplest of
(backward) finite difference approximations
as

n+1 n n n n
Cijk —Cijk _  UYijkCijk — Ui=1,), KCit1jk

At o Ax

n+1 n n n n n
Cijk —Cijk _  VijkCijk = Vij-1.kCij-1.k
At Ay
n+1 n n n n
Cijk — Cljk _  WijkClik — Wijk—1Chjk—1
At Az

Integration (by Euler's method). We get
the solution with respect to advection as

n n n n
Ui—1jkCi-1jk — Ui jkCijk

n4-1
¢, =cl At
ij.k ij.k Ax
n n n n
Vij—1.kCij—1,k — VijkCijk
+ At
Ay
n n n n
w:' C:: — W, C:
ijk—1%ij k=1 ij.k%ijk
J J J J At
Az
i-1 i i+1
# . -v” .
f
j :PL£~4> . ——»:wo by
A
|uw4
1 . . .
* —>
Ax
Figure 5-2 Spatial discretization of the continuity eq (nnlymu dimensions
are shown). Dots indicate gric il at which the

and lines indicate gridbox boundaries at which the transport Iluus are calculated.

Jacob, 1999
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Example: Gas-phase chemical reaction and
gas/particle partitioning

Emission NH,

Production HNO,

y GAS PHASE ¢ AEROSOL PHASE

Condensation
NH,3 + HNO4

Evaporation

Deposition NH
A 4 A 4

Deposition HNO, Deposition NH,NO,

Adapted from Pandis and Seinfeld, 1990; Vayenas et al., 2005
Single box model including partitioning, deposition, emission, and reaction:

dCNH3 dCNH3 ViNH
= — — O + Enn
dt dt H 3 3
cond/evap

dCuno, dCuno, VHNo
3 3 _ 3 ¢ +R
at dt H HNO3 g,HNO3
cond/evap

dc; dc; v
NH4NO3 _ NH4NO3 _ NH4NO3
dt dt
cond/evap

G
H NH4NO4
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Sequential application of operator splitting:

Cnwg (T + AL = [SNHS(AI) © Pun,no, (A1) © ENH3(AT)] CNH, (1)
Chno, (t+ At) = [SHNOS(At) © Pun,No, (At) 0 RHNOS(At)] Chno, (1)

CNH,No, (T + Al) = [SNH4N03(At) ° PNH4NO3(At)] CNH, N, ()

Illustration:

At~

n
CNH,

al B
CNH, = ONH, T Enn, At

l

n n
CHNO, CNH,NO;
n1 n nl n
CHNO, = CHNO, + Rg hno, At CNH,NO; = CNH,NO,

! l

n2 1 1
(CNH3 CHN03 CNH4NO3) P (CﬁH CGNO3 CNH NO)

v

14
ntl _ n2  UNH; n2
NHy = ONH, T T — o, At

n+1
CNH,

v y

) VHNO; n2 +1 2 VNH,NO. 2
CHNO3 = dfino, — H * o, At CNHNO; = CNH,NO; — —H > o, no, At
n+1 n+1
CHNO, CNH4NO;
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Modularity of operator splitting

Decoupled treatment of many processes permits many advantages.
» Programatically, we can replace the underlying mechanism or its implementation

in this subroutine/module without affecting how the other processes are simulated.

» The most appropriate solver can be used for each module (i.e., for gas-phase
kinetics, condensation/evaporation, etc.).

» However, concentrations must not change too rapidly at each time step to
minimize approximation error.
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Linear vs. nonlinear operations

Let us consider whether a function is linear or nonlinear.
Properties of linear functions:

fix+y) =109+ 1(y)
f(ax) = af(x)

Function applied to average of inputs corresponds to average of outputs:

— Zf (x)="f < Zx) or, more concisely, (f(x)) = f({x))

Example. Does 2f(x) = f(2x)?

Linear function: Non-linear function:
f(x) = x f(x) = x
2f(x) = 2x = f(2x) 2f(x) # 4x% = f(2x)
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Examples of linear and nonlinear operations

Gaussian plume model (solution to continuous release)

2 2 2
c(x,y, z)= Lexp —y—z exp —q + exp —(z+2h)
27l'U0'y0'z 20'y 20’2 20'2

If the source strength q is doubled, then concentration c(x, y, z) is also doubled.

O, formation from reaction of VOCs and NO,

ate (ppb hr")
8

0 production

3 4 5 6 7 8 9 10
NOX (ppb)
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Can we expect homogeneous concentrations within a

grid cell?

Grid cells can range from ~4km to several hundreds of km.

Residence time

100 yr

10 yr

1yr

1 day

Micro- Urban or  Regional or Synoptic or
| scale | local scale Imesoscalelglobal scaleI
| | | T |

Long’-lwed *CFC's
species Ny
“CH,
“CH,CCl,
CHZBr
Moderately long- -Co
lived species *Aerosols
+Trop Oy
“H,0
-S0,
*H,0,
-NO;
-DMS
“C3H,
CeHy °
(‘Short-lived
species
*CH,0,
*HO,
*NO,
\:OH

1 10 102 10° 104 10° 108 107

Spatial scale of variability (m)

<—— Inter-hemispheric
mixing time

<—— Intra-hemispheric
mixing time

~<—— Boundary layer
mixing time
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Implications for spatial averaging

Example: ozone formation in Houston.

st (a) st (b)
s m | 0
“ 5
£ £ 0
p e .
4-km] | -km] [
e gTae e twEvawesisas (Wl
© (@)
* | 20
H H v
H H o
ahm| | 1-kem|
= R SIS R AR SRS 6 pop
Figure 2. Figure 3.
et

are not dsplayed proportonsl fo heght. he locaion of he (0., peak when ot using the hypothetical rleases (x).

Henderson et al., 2012

Note that in addition to dilution, errors can arise if there are sharp concentration
gradients within a grid cell (affects mixing of precursors).
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Cloud processes

Shortwave Iradiance
Longwave irradiance

Stratiform Convective lnferacﬁonsv T Ice Nucleation -

Ice Formation &
Precipitation Initiation

Clear-sky Reflectance

15 km

Scavenging

Y

Mesoscale Downdraughts Scavenging by
Droplet Coalesence

Convective Initiation

Aerosol Activation

50— 100 km

Figure 7.16 | Schematic depicting the myriad aerosol-cloud—precipitation related processes occurring within a typical GCM grid box. The schematic conveys the importance of
considering aerosol—cloud—precipitation processes as part of an interactive system ing a large rang poral scales. Cloud types include low-level stratocumu-
lus and cumulus where research focuses on aerosol activation, mixing between coudy and environmental air drup\et coalescence and scavenging which results in cloud processing
of aeresol particles, and new particle production near clouds; cirrus clouds where a key issue is ice nudleation through hamogeneous and heterogeneous freezing: and deep convec-
tive clouds where some of the key questians relate to aerosol influences on liguid, ice, and liquid—ice pathways for predpitation formation, cold pool formation and scavenging.
These processes influence the shortwave and longwave doud radiative effect and hence dlimate. Primary processes that affect aeresol-cloud interactions are labelled in blue while

secondary processes that result from nd influence aerosol—cloud interactions are in grey.

IPCC, 2013
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Parameterizing sub-grid scale processes

Typical length scale for a cloud is a few Typical grid size resolution for GCM is
hundred meters. ~100 km.

http://seas.harvard.edu

Require cloud parameterizations for:
» Formation
» Precipitation
> Moisture convection
» Radiative properties
» Aqueous-phase processing

nd prcipion.

Wallace and Hobbs, 2006

u]
)
I
n
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Cloud-resolving model with

CAMS with modal aerosols : .
two-moment microphysics

Large-scale forcing ] | CRM
aerosol
AL b

Cloud heating, drying

cloud/precipitation
statistics

cloud
processing
of aerosols

Explicit Clouds and Parameterized Pollutants

Fig. 1. Configuration of the second generation of the Superparameterized Community Atmosphere
Model (SP-CAM).Version 5 of CAM (CAM3, left) simulates the coarse-grid winds and the aero-
sols used for the radiative heating and two-moment (number and mass) cloud microphysics

that drive the cloud-resolving model (CRM).The CRM produces the heating and cloud dynamics
that feed back to CAM5 and provides cloud updrafts, cloud liquid water, and precipitation that
influence the aerosol through the Explicit Clouds and Parameterized Pollutants (ECPP) module.
The ECPP accomplishes this by using cloud information gleaned from the CRM to determine
cloud effects on the aerosol. Cloud updrafts are in blue, downdrafts are in orange, and the green
area has no vertical motion. Based on Gustafson et al. /2008, Figure 1].

Randall, 2013
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Bounding predictions

Common approaches to evaluating prediction
uncertainty:

> ensemble modellng approach (dlfferent Cumulative total anthropogenic CO; emissions from 1870 (GtCO,)
1000 2000 3000 4000 5000 6000 7000 8000
chemistry/physics/emission models)

> perturbation of model parameters for a fixed

.
mechanism (also for evaluating sensitivity)
Evaluation with available measurements is 3
critical.
2

> If our predictions are accurate: are we
making making correct predictions for the
wrong reasons (by luck)?

Temperature anomaly relative to 1861-1880 (°C)

> If our predictions are biased: as long as . — R = Ty Coiae
predictions of relative responses to s F I = P oo
prOpOSed Stralegles is approx|mate|y Cumulative total anthropogenic CO, emissions from 1870 (GIC)
correct, it is sufficient? e v e
) L e s e o . 250 s el 20 289 Mo v O R 160 2010 gt s
Interpreting prediction errors: e e e e e
o ) " o Bk oty e o -t vt o o C, et 4 Tt ot C5 Sty ot oy o e
> missing or incorrectly specified emissions? o s Ko A PR el A

TSTFES, Figure 1)

» missing or incorrectly specified IPCC, 2013
mechanisms/processes?

> resolution problem?
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Atmospheric predictability and chaos

» Predictions of atmospheric motions are highly
sensitive to initial conditions: unreliable beyond
a few weeks =- uncertain weather forecasts
(exact state at a future time)

> Climate predictions rely on averaging
stochastic fluctuations over time, and try to
make statistical statements about a future
state.

Fig. 1.6 The history of the state of the model used
by Lorenz can be represented as a trajectory in a three-
dimensional space defined by the amplitudes of the model's
three dependent variables. Regime-like behavior is clearly
apparent in this rendition. Oscillations around the two dif-
ferent “climate attractors” correspond to the two, distinctly
different sets of spirals, which lie in two different planes in
the three-dimensional phase space. Transitions between the
two regimes occur relatively infrequently. [Permission to use
figure from Nature, 406, p. 949 (2000). © Copyright 2000
Nature Publishing Group. Courtesy of Paul Bourke.]

Wallace and Hobbs, 2006
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Measurement-model comparison

(a)
H
3 e b
H
/
y
- . )
. ¥ we -
watsisanss
s .
(6) ’
1. The paired peak prediction accuracy
2. The unpaired peak prediction accuracy
3. The mean normalized bias (MNB) defined by H
$
PRED; ; — 0BSi; %
MNB = .):.‘ /2 055, (25.133) H Y
4. The mean bias (MB) defined by 3
MB ZZPRED., - 0BS,; (25.134) i
am oy
5. The mean absolute normalized gross error (MANGE) defined by
o

1 |PRED, ; — OBS;
MANGE = ,‘,,.Z”Z o (25.135)

6. The mean error (ME) d:ﬁnedby

Z Z |PRED;; — OBS; ;| (25.136)
-~y it

Hass et al., 1993
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Modeling the Earth System

CLIMATE MODEL G renfouse

gases abort

General climate models (GCM) vs.
earth system models (ESM)

» ESMs include interactions among
atmosphere, biosphere, land surface,
ocean, and sea ice

» includes additional feedbacks (e.g.,
changes in vegetation induces reflectivity,
moisture exchange)

> must consider tradeoffs among spatial
resolution, simulation period, and
complexity (number of
mechanisms/feedbacks)

Flato, 2011

An Earth System Model (ESM) closes the
carbon cycle

‘Atmospheric circulation and radiation

. 1
Climate Model P
h and hydrology

Earth System ‘Atmospheric circulation and radiation
Model
I
- it
and hydrology

soccom.princeton.edu

OVERTURNING

EARTH SYSTEM MODEL

OVERTURNING

Heavens, N. G., Nature Education Knowledge, 2013
o = = = <




Evaluation of climate-relevant variables

> many variables: e.g., surface temperature, precipitation, radiative properties, circulation

patterns, sea ice extent, carbon flux, heat flux
> many properties: e.g., trends, variability, significant changes, extreme events

(2) Observed and CMIPS simulated global mean surface air temperature
15

Temperature Anomaly (C)

(b) Observed and EMICs simulated global mean surface air temperature
15

Krakatoa
‘Sarta Mara
Aguing
Ei Ghichon
Pinatubo

Temperature Anomaly ('C)

18%0 1920 1950 1980 2010
Year
Fgure 98 s o b
o e it st T e ped J o gy e ey s
Ceneinatc

Reacr 2, (ST, Harsen e
a0 et s,
o e I afr e, 2012821

o 1961155, coch vl

okl 05, 99 o

e o By . T E g
b 41

CMIP5: Coupled Model Intercomparison Project Phase 5
EMICs: Earth system Models of Intermediate Complexity

Zonal st.dev. (‘C)

Power Speciral Densily (C* yr')

(a) zonal-mean

. =
s 60S 308 o 30N

60N

iod (Vears)

10

o
(c) Power spectra of last millennium surface temperature

107
2w =
| o dosadd
T 0 F
i CwpsPaes = o )
o " o ————PSLOMSALR
§ 10" ctors. o
H B e sz
107
10" 107 107
Period (Years)
p— e
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ke ey

o) 150y r 0

oy
IPCC, 2013
27/39



“The Greenhouse Gamble”

How much would you pay to switch wheels?

MIT Global Change
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Model for instantaneous mixing

Considering mixing layer height H(t), the
Lagrangian (and Eulerian) formulation for a

box model is
dc; _ g e
= _ emission
dt  H(t)
« | Ho + R, reaction
e Vgi .
— —C; dry deposition
H(h)© y aep
a
- c’ —c; dH aH
Ay ! I —u (=) entrainment
.~ H(t) at ( at )
FIGURE 25.4 Box model framework. 0
Seinfeld and Pandis (2006) (—i— C'_C’> advection
Tr

where ¢ = ¢,(t =0), ¢? = cA(t), U =
Heaviside unit step function.
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Modeling plume dispersion

wdt{

Figure 420 Instantaneous smokestack plume

Figure 4-21 Time series of C and w measured at a fixed point M. T and ware the
time-averaged value:

Jacob (1999)

dary
| averoge bour
e arage boundary

Instantaneous boundary

Ixis of plume

Relative Concentration

FIGURE 18.2  Plume boundaries and concentration distributions of a plume at different averaging
times.

Seinfeld and Pandis (2006)

z near-Gaussian
WIND profile

Figure 4-23 Time-averaged smokestack plume

Jacob (1999)
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Gaussian plume model from advection-diffusion

equations
Let ¢ = ¢ and u = u. Consider dispersion equation for u = (u,, 0,0), g = q(0, 0, h, 0),
total reflection at z = 0, extending over the domain 0 < z < co. §(-) is the Dirac delta
function. S is the source strength in mass concentration per unit time; q is the source

strength in mass per unit time.

Instantaneous release:

2 2
oc oc KE-;-KGC

9 0 _ 8¢ e
ot Xox X 6X2 vy 6y2

+-K}ZE;;§

c(x,y,z,0)= Sit)

c(x,y,z,t)=0 X, Y,z — too
ac
KZZ& =0 z=0

q = S6(x)8(y)d(z — h)

Assume constant diffusivities. Let

0)2( = 2K, t, 05 =2K,t,

vy

Continuous source:

oc ac dc o°c oc
ot Hiax g Pt
+S(x,y.z.t)
c(x,y,z,00=0
c(x,y,z,t)=0 X, ¥,z — £o0
oc
KZZa— =0 z=0
q = S5(x)o(y)é(z — h)

7//ucxyztdydz

and Uf = 2K,,t
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Gaussian plume model
Total reflection at surface

Gaussian puff model (solution to instantaneous release):

2 2
c(x,y .z, t)= q exp <— (x Lzlt) _Y )
UZ

3/2 5 2
(2m) / 040, 20, 20,

—hy? h)?
« loxp [~ 2) o _@
20, 20,
Gaussian plume model (solution to continuous release):

2 2 »
oy 2) = gl ep ’Lz exp *% + exp *(z+2h)
2muo,o, 207 202 202

We often use a reference height of h = hg + Ah to account for plume rise (Ah) on top
of the stack (h).
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Conceptualizing total reflection

|

Location of interest
Real
source
\ 3 z = #)
T \\ z )
2

at the surface of the earth

FIGURE &-3 Use of an imaginary source (o describe mathematically gaseous reflection

Wark et al. (1998)



Estimating dispersion parameters for continuous
release

Dispersion parameters o, and o, can be estimated from theoretical considerations, but
may require environmental variables which are not readily available. Widely used
parameterizations are based on atmospheric stability classes. Commonly used
parameterizations were developed with 10 minute sampling times, but are often
assumed to represent one-hour averages.

: : Hi
100000 =gkt =753
T T Jr a0 7
1 L :
t ” - 1] B | ARG v
L1 ! 7
10000 |-—y | ===z i ! 1000 ﬂ" - ’r =z
===_£‘1Ii §a Fainaia ===
= 5 it
=a=ait fif R&ds - - Exi
] /t 2 ‘I I ‘/ T
— Z “lo i A, L J
o AT e e AL
e g.' voo bt} EE
3 ] 7 ¢ 7 it
5 I 529 4 -
A 7 D i
100 At e ERE ? A %
= Z=Eas o
i g o =l
» L
L ’)‘ ° —
%24 = i =
5 p—
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Rural parameterization

TABLE 4-2 P1'| eters Use
Ca |MP1HH fford g,

Pasquil Stabiity
Category X (km) a b

Parameterization for rural values
(“Pasquil-Gifford” curves) for downwind
distance x (solid lines in Figures 4-6

and 4-7):
0, = 465.11628 - x - tan(TH) T wa
TH = 0.01745[c — dIn(x)] -
o,=a-x° :

Note that x is in km and os are in m.

TABLE 4-1 Parameters Used to
Calculate Pasquill-Gifford g,

Pasquill Stability
Category ¢ d

Wark et al. (1998)
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Urban parameterization

Parameterization for urban values (“McElroy-Pooler” curves) for downwind distance x
(dashed lines in Figures 4-6 and 4-7):

TABLE 4-3 Briggs Formulas Used to
Calculate McElroy-Poo

Pasquill Stability
Category a, (meters)*®

TABLE &-4 Briggs Formulas Used to
Calculate McEiroy-Pooler o,

Pasquill Stability
Category a, [meters)*®

Wark et al. (1998)

36/39



Stability classification

TABLE 3-1 Key to Stability Classes®

Day Night
Incoming Solar Radation Cloud Cover TABLE 3-2 Companison of Different Stability Techniques
Ko e = Mosty Pasquil__dTie C/100m) o o
e Strong  Moderate  Siight Orerast A A 5-19 ans ur
or250%  orsg B >-19buts-1.7  2175but <225 210 but <12
Clouds € >=1.7buts-15 2125but <175 2 78bu <10
D >-15but<-05 2 75but <125 2 SObut< 78
<2 A A-B B - - E >-05buts 15 2 58but< 75 2 24but< 50
2-3 A-B B c E F F > 15buts 40 2 2lbut< 38 <24
3-5 B B-C c D E
5-6 c -0 D D 0 g bl < -
>6 C D [} D D “Proposed revision to Reguiatory Guide | 25 Nuciear Regulatory Commission, Sept. 1980,

“The neutral class. D. should be 3ssumed for OVerCast Congitions during 4ay of night
Source D 59;;'1!' Workbook of Atmaspheric Dispersson Estimates. Washnglon
DC HEW. |

Wark et al. (1998)
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Dispersion parameters for instantaneous release

Instantaneous release model requires use of dispersion parameters that are
representative over shorter averaging times. Typically, o, ~ o, is assumed.

TABLE 4.7 Instantaneous Values for o, and
o, in meters [11]

Parameter  Stability Condition Equation*
o, Unstable o, = 0.14 (x)°*?
Neutral o, = 0.06 (x)°
Very Stable 6, = 0.02 (x°%°
g, Unstable g, = 0,53 (x°7®
Neutral g, = 0.15 (x)°7°
Very Stable o, = 0.05 (x)°¢

*x Is the distance downwind in meters.

Wark et al. (1998)
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Further reading

Jacob, D. Introduction to Atmospheric Chemistry. Princeton University Press, 1999.

Jacobson, M. Z. Fundamentals of Atmospheric Modeling. 2nd ed. Cambridge
University Press, 2005.

Seinfeld, J. H. & Pandis, S. N. Atmospheric Chemistry and Physics: From Air Pollution
to Climate Change. John Wiley & Sons, 2006.

Sportisse, B. Fundamentals in Air Pollution: From Processes to Modelling. Springer,
2010.

Wallace, J. M., and Hobbs, P. V. Atmospheric Science: An Introductory Survey.
Academic Press, 2006.
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