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PREFACE

After the model described in Part 1 of this report was formulated, a
draft of an instruction manual was rather hastily prepared to guide computer
programmers in the task of transforming the theory into an operational model.
The present report, Part 2, evolved from that manual. The purpose of this
document goes beyond that of an instruction manual, however. The broader
objective is to provide in conjunction with Part 1 of detailed description of

what we regard as EPA's first-generation regional oxidant model.

In attempting Fo use science as a tool for treating the types of applied
problems that are of concern to the EPA, one is not allowed the Tuxury of
simplifying assumptions that reduce problems to forms that possess concise
elegant solutions. Instead, one must face the harsh realities of the physical
world and search for approximate descriptions of phenomena that strike an
acceptable ccmpromise between scientific rigor and practicability. Just what
constitutes an "acceptable" compromise in this case is a subjective judgement
that each person must make for himself. In my view, several of the techniques
presented in this report represent compromises that are not wholly acceptable,
but they must suffice for now because time constraints dictate that we move on
to the task of model testing. Hopefully, the flexibility that we have built
into the basic framework of the model will foster efforts by others to expand
and improve upon the work we have done; and a second generation mode] will

emerge significantly better than the model presented here.

R.G. Lamb
November 1983



ABSTRACT

Detailed specifications are given for a network of data
processors and submodels that can generate the parameter fields
required by the regional oxidant model formulated in Part 1 of
this report. Operations performed by the processor network in-
clude simulation of the motion and depth of the nighttime rad-
iation inversion layer; simulation of the depth of the convec-
tive mixed and cloud layers; estimation of the synoptic-scale
vertical motion fields; generation of ensembles of layer-aver-
aged horizontal winds; calculation of vertical turbulence fluxes,
pollutant deposition velocities, parameters for a subgrid-scale
concentration fluctuation parameterization scheme; and many
other functions. This network of processors and submodels, in
combination with the core model developed in Part 1, represent

the EPA's first-generation regional oxidant model.
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SECTION 1

INTRODUCTION

GENERAL DISCUSSION

In Part 1 of this repert, (Lamb 1983d) we developed a theoretical basis
for a regional-scale model of phctochemical air pollutants. Realizing that
the operational model would be very complicated and would require considerable
time and effort to develop, we proposed that, rather than integrate all of the
various components of the model into a single unit, we construct it by
partitioning the mathematical descriptions of small groups of individual
physical and chemical processes into discrete modules interconnected by fixed
communication channels. Such modular design would facilitate troubleshooting
operations, provide a natural division of labor for the tasks required to
implement the model, and permit continual incorporation of state-of-the-art
techniques without the need to overhaul the model code each time a new

technique was introduced.

The overall structure of the proposed model system is illustrated in
Figure 1-1. The box labeled CORE represents the computer language analogue of
the differential equations that describe all the governing processes
considered in the model development in Part 1. (These equations are listed at
the end of this section.) The CORE module is expressed in a very primitjve

mathematical form in the sense that its inputs are matrices and vectors whose
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elements are composites of meteoroiogical parameters, chemical rate constants,
etc. For example, the 1ink between CORE and the output of the module labeled
CHEM, which contains the analogue of the chemical kinetics scheme, consists of
two vectors P and Q, each of length N, where N is the total number of chemical
species simulated. The n-th element of P is the net rate of production of
species n due to source emissions and chemical reactions among all other
species, and the n-th element of Q is the net rate of destruction of species n
due to its chemical interaction with all other species. Thus, any chemical
kinetics mechanism can be incorporated into the model as long as it is
expressed in a form that is compatible with the vector interfaces that 1ink

CORE with the chemistry module CHEM.

The remainder of the inputs required by CORE are prepared by the module
designated BMC (b-matrix compiler) in Figure 1-1,The BMC performs essentially
the same task that language compilers perform in computers. It translates the
parameter fields in the model input file (MIF) into the matrix and vector
elements that are required to operate the algorithms in CORE. These
parameters include layer thicknesses, horizontal winds 1in each Tlayer,

interfacial volume fluxes, and deposition velocities.

The variables in the model input file (MIF) are supplied in turn by a
series of interconnected processors, labeled P7, P8, etc. in Figure 1-1,
several of which are rather compiex models in themselves. These processors
generate the wind fields, the interfacial surfaces that separate the layers,
turbulence parameters, source emissions, and many other variables. Their

inputs consist of information generated by other processors in the network



and partially processed raw data that are transferred through the processor

input file (PIF).

The purpose of this report is to provide detailed specifications of the
processor network illustrated in Figure 1-1. This network will consist of
both permanent and interchangeable components. The permanent components are
the CORE, the BMC, the MIF and PIF, the communication channels that 1ink the
processors and the PIF and MIF, and the interfaces between the processors and
the communication channels. All processors, i.e., Pl, P2, etc. and CHEM are
interchangeable components of the network. Any or all of the interchangeable
elements can be replaced by other modules as long as the replacements are
compatible with the communication channel interfaces. By "interface" we mean
the set of input and output variables assigned to each processor. We can
think of each processor as being analogous to an electronic device that plugs
into a multireceptacle socket (the interface). Each receptacle that provides
an input to the processor is connected to a fixed signal source, and each
receptacle that receives an output from the processor acts as a signal source
on the network of communication lines. Considering the interchangeability of
the processors and chemistry module CHEM, one should view the processor
designs that we develop in this report as "first generation" versions that may

be replaced in the course of future tests and refinements of the model.

Neither the chemistry module nor the results of any test simulations are
discussed in this report. These topics will be discussed in later parts of
this series of reports. In the following sections we present designs of each

processor in the network including the BMC. Theoretical descriptions of the



mathematics contained within the module CORE were given in Section 9 of Part
1. We will not elaborate further on this part of the model system in this
report other than to describe in more detail the numerical scheme that we
apply to the transport and diffusion portion of the model equations. These

details are given in Appendix A of Section 6 which describes Processor P7.

Figure 1-2 shows the region in the Northeastern United States to which
the regional model will be applied. Each point in the figure represents the
center of a grid cell in which values of all pollutant species concentrations

are computed by the model.

SUMMARY OF PROCESSOR FUNCTIONS
The functions performed by each processor in the model network,

illustrated earlier in Figure 1-1 are summarized below.

Processor Pl

Prepares upper air data for use by other processors in the network.

Processor P2

Uses surface air monitoring data to estimate initial, Tateral and upper

boundary conditions on pollutant species concentrations.



Each dot represents

Modeling region in the NEROS study.
a grid cell.

Figure 1-2.



Processor P3

Prepares surface meteorological data for use in other processors.

Processor P4

Estimates surface roughness, Obukhov length, surface heat flux, and

friction ve]ocity.

Processor P7

Simulates the depth and motion of the nighttime surface inversion layer
and the depth of the daytime shear Tlayer and provides smoothed terrain

elevations.

Processor P8

Computes depths of the convective mixed layer and cloud layer, cloud and
turbulent entrainment velocities at the mixed layer top, synoptic-scale mean
vertical motion on the top surfaces of model Layers 2 and 3, and layer

averaged horizontal wind divergences.

Processor P9

Calculates factors for correcting the chemical rate constants for

temperature, density, and sunlight variations.



Processor P10

Transforms the source emissions inventory into source strength functions,
and estimates the plume volume fraction parameter required in the subgrid

scale chemistry parameterization.

Processor P11l

Computes ensembles of volume averaged horizontal winds for each model

layer (except the nighttime surface inversion layer which is treated in P7).

Processor P12

Calculates layer interface turbulent volume fluxes; horizontal eddy

diffusivities; and cumulus cloud flux partition parameter.

Processor 15

Computes pollutant species deposition velocities.

BMC
Compiles processor network outputs for input into the model core

algorithms.



SUMMARY OF MODEL. EQUATIONS

The equations upon which the regional-scale mode is based were derived in
Part 1 of this study. The basic ferms of the governing equations in each of

the model's four layers are summarized below.

Layer 1
<> adnV <> <>
ol | o -1
=T + <c>y 5 + My, <u>, 5% + pd) <>, ._é_ti)—l
agnV dnV
+ u.<u'ec'> + . <v'e'>
p}\ 1 |J¢ 1 q)
d<u'e'> v'e!>y
YT Y Hy Tae
+ A [+ F ;- Fq 1]=<Rq +<S
vy 0,1 1,1 1 1
where
_ 1
My = 3 ¢coso

|
T

a = earth radius at MSL (in meters)
A = longitude
¢ = latitude

A = a2 (AGAN) cosd

L
b
e
!

latitude, longitude grid cell dimensions

[}
constants (Ad = % AN = %°)



A+AN/2 O+AG/2
Vl(A,¢,t) = azcos¢ S jl MAX {0, [zl(A',¢',t)
A-AA/2 $-0d/2

- MAX [Z2.(A",0"), z (A',0',t)T13de dN!
<u‘c'>l
subgrid scale fluxes of c (see Part 1, Section 7) '
ylet>
1
<R>1 = all chemical, rainout and washout processes.

<S>1 = all emissions of ¢ in Layer 1 (includes stacks and surface
sources above nighttime radiation inversion.

<u>,, <v>, = layer averaged horizontal wind components
1 1 . Syt .
(u = east-west component, positive eastward),

(v = north-south component, positive northward).

Fl,l = (1—0T1) [(<c>1 - <c>2)w1m + <c>1 wl]

B = deposition velocity of species ¢

ch(A,¢,t) = fraction of surface H1 penetrated by terrain

Yo w. 2z Wo- W

wlzi__g__c+zl[1+erf (-m__"Dly,

T1 20

wl

U\fl ;lzR -R EBJ \]

W, =-_-Z exp (-~ —1 )+ [1-erf( )
m T P )T /2o
Wy Lt

Wp1 T

W {:aDl - 21, neutral and unstable conditions;

- ﬁl, { = given inversion layer depth growth rate), stable

10



Wpp = Mean vertical velocity on H1 (terrain induced component

excluded)
cwl = rms vertical turbulence on H1 ( = 0 in stable cases)
W, = threshold of cumulus "root" updraft velocity on H1
2, = 3z, /3t

¥, 0, Qc (see Layer 2 equations)

X

-+2
erf(x) =2 S‘ e t dt
n

0

%,1 = (oTo B °T1) ﬁ<c>1 * (- 0To)Fo

fraction of surface Ho in given grid cell penetrated by

c
To terrain

Ozone:

F0(03) = <03>1 WA - 03w+A+(1 -E)(1 - a)

0, if §N0>v§03

- (1-a .
03v°C - gNOV , otherwise

By * Vv
03

Nitric Oxide:

Fo(NO) = <NO>. w_A_ = NO w,A (1 - £)(1 - a)

1

§N0 +wg(NO - 0,) , if §N0>v§03
1+ BNO/\)

~(1-a) -

vCNO , otherwise
1+ BNO/v

11



Nitrogen Dioxide:

Fo(NO,) = <NO> 1w A_ = NO, WA, (1 - £)(1 - a)

v{(NO, + 0,) + §N02 it gNO > V0,
Lt Bro,/
-(1-a)

vENO, + Sn + 3
2 NO NOZ , otherwise

1L +B v
N02/
all other species, ¥.

Fo(x) = 9w A = A (1 - £)(1 - o) = (1= a)(wx +5)Q + B /v)

Yo &2 - W
(y: C -
w+A+(I:cTo) T-o,

c - fe/Aé]

See Layer 0 equations for specification of 03, NO, NOZ’ X> W, A, etc.

Layer 2
5% <C>, + <C>y Q%%MZ +p, <, a;i + o, <y, 2§§2L
(P 32nV2 | aZnV _2 Pl
+ pA<U C >2 N + p¢<V C >o aq) + “A By <U'C >q

a } { -
p¢ 56 <v'c'>y + e; [ + Fl,Z FZ,Z]

+

A+AM/2 O+Ad/2
Vo(A,0,t) = a’coso S {zy(A',0",t) - MAX [2;:(A",0"),
A=AN/2 T 9=A9/2
ze(A',0',t)]3do dA!

12



<U'Cl>2

subgrid scale fluxes of ¢ (see Part 1, Section 7)
<v'c'>,
<R>, = all chemical, rainout and washout processes in Layer 2
<S>, = source emissions in Layer 2 (if any)

<u>,, <v>, = Layer 2 averaged winds.

E _ GC(QZ - ;C) - 322 fe _
2,2 = T=g_ (Cc ™ @) * <@y 5 " g [ (17 0@y~ o c * <exp)

F = - - - -
1,2 ole<C>2 + (1 o-Tl)[<c>1w1 + (<c>1 <c>2)wlm + (<c>2 <c>1)w01]

W Wi, see Layer 1; QDl’ see Part 1, Eq. 4-44c)

Q
]

fractional area coverage of cumulus clouds

c

Qc = mean upward velocity in cumulus clouds

fe

- turbulent entrainment rate of inversion air into mixed layer

Qz = mean vertical velocity (mean of both terrain induced component Wro
and divergent component tz)

9z, |

3t % T local time rate of change of mixed layer top

CC =(1- ¢)<C>2

Y = fraction of cloud air from surface layer

0<y<cland ¥ <wA (L~ op )/ (Vo)

13



- fe/a6

fa)
£
o R
] [}
Q| €1
o

C

c, c', &, w, A, = See Layer 0 equations

Layer 3
A<e> anV <> <>
g3 gxnxg g3 g3
1 [} aznv 1 1 aﬂnv
+“A<UC>3——33}\ +“¢<vc>3———38¢

d<u'c'> av'c!> A - - .
S T AL R RUML €
AAN/2  4+AQ/2

V3(A)¢»t) = 32COS¢ S EZS(Alanst) - Zz(}\l,(bl,t)]d(b'dA'
A-AA/2 7 §-A0/2

zo(A,0,t) = mixed layer top
z3(A,0,t) = model top

<u'c'>s,
subgrid scale flux of ¢ (see Part 1, Section 8)
<vic'>,

<R>3 = all chemical (wet and dry) rainout and washout processes

<u>3, <v>g = layer averaged winds

1- .

a-
p 2

F [ c

2,3~ %
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<c>5 323 | if dHy/dt < 0 ;

at
F =
3,3
o 924 .
(c, - <c>3) dH3/dt <O, otherwise
¢, = concentration of species ¢ above z,
aﬁg/dt = given volume flux through model top surface
ce = (1= ¥)<o>g + ylEc' + (1 - £)e]
where c' and c are defined with the Layer 0 variables.
Layer 0
<03>0 =(1-20) 03 + §03'
03 - w_A_<03>;
waia, +(1- C)BO
3
0, if Sy > vE0,
Oé =
Ogv - §N0/§ , otherwise
By *+ Vv
03
<NO>p = (1 - &) NO + ENO!
w_A_<NO>,
NO =

WA+ 1 - C)BNO

15



§N0/§ + v(NO - 05) , if §N0 >VE0,

NO' = Po *
—No , otherwise
BNO + Vv
<N02>0 =(1-0 NO2 + §N0’2
W_A. <NO >1
NO, = -2
2 wA, +(1- Q)BNoé
NO,v + O4v + §N02/§ . :
if >Vg
B + v ’ NO 3
NO2
f —
N02 =
NO,v + (Byn + Sun )/E
2 NO NOZ , otherwise
BN02+ v

Species x other than 03, NO, and N02:
x>0 = (1-0x + &X'

W_A_<X>1
L N ¢ A OB,

v+§/
IR
B + v
X
Parameters:

Z,
A, =451 - erf (—)]
J2o

o

16



+
g 2
w
=<z - = exp (- —5)
J2n 20,
0
; :,
t 5 {1- erf( )]
Zow
0
W, = wW_ - io
v = y* (plume entrainment velocity)
g:-v_g_
WA,
¢ = plume volume fraction
g, = rms vertical turbulent velocity on Ho
0

17



SECTION 2
PROCESSOR P1

GENERAL DISCUSSION

This Processor performs a number of standard operations on the raw rawin
data to put them into the forms required by the higher level processors in the
network. It operates on the rawin data only. We assume that the "raw"

rawin record at the m-th station consists of a sequence of I "vectors"

[SPD,DIR,T,TD,p]im, i=l,... I (1-1)

where the i-th vector represents the wind speed (m/sec), direction (degrees),
temperature (°C), and dew point depression (°C) at pressure level p
(millibars) at a given station m. The number of observation levels Im in each
record can vary from station to station and from hour to hour. The steps

necessary to convert the raw data into the desired forms follow.

Step 1

Convert the speed and direction (SPD,DIR)im into cartesian components

(u,v) at each level i and at each station m by

18



im
where

eim

These values

PIF.

Step 2

- (SPDim)-cos eim (1-2b)

(DIRim)°(2n/360). (1-3)

must be processed further (in step 10) before recording in the

Convert the temperature and dew point depression TD into the water vapor

mixing ratio

station m by

q (mass of water per total mass of air) ét each level i and

0.622e,
im
q, =T —_— (1'4)
m Pim %im
where
L 1 _1
.= e exp[z (F -3 )] (1-5)
im 0 R To TDiT 1
R = 0.461 joule g: °oK”
L = 2500 joule g (latent heat of vaporization)
e, = 40 mb (saturation vapor pressure at To)
T0 = 29 + 273 = 302°K (reference temperature)
TDim = Tim - TD1.m + 273 (dew point temperature at level i, station m)
Pipg = Pressure (mb) at level i, station m.

The mixing ratio Ui and dew point TDim are outputs of this stage and

require further processing in Step 6.

19



Step 3

Compute the relative humidity RHim for each level i and station m by

Pimn ®sm
RH:m = Qi 0.62%¢ (1-6)

where e n is found from (1-5) by replacing the dew point TDim with the

temperature Tim‘

Step 4

Convert the pressure Pim at the levels 1'=1,2,...Im of the upper air
observation at station m to altitudes Zim (AGL) by first converting the

temperature measurements Tim to virtual temperatures

Tvim = (Tim + 273)°(1+0‘61qim)' (1-7a)

Then
_ Ry P(i-1ym -
Zim = g -E [%(ijm * Tv(j-l)m)]}n P (1-7b)
=1 im

where

pjm = pressure at level j (j=0 represents ground level) at station m;

zjm = e]evation_gAGL) of observation level j at station m;

g = 9.8 m sec (gravity);

Ry = 287 m? sec. °K (gas constant for dry air)

ijm = virtual temperature (°K) at level j, station m.

20



Step 5

Let im be the known elevation (MSL in meters) of the m-th rawin station,
and let Pom and TVom be the station pressure and virtual temperature. Using

(1-7) we now calculate the sea-level pressure at station m:

Poim sea~level pressure at station m (in millibars)

= Pop®*P [0 (1-8)

z, g
d vom

and we calculate the geopotential height ¢ _ (m2/sec?) of the 1000 mb surface:
— Pom
¢om =gz + RdTvom]n TO00 - (1-9)

Using the ®om value from the previous observation time, say, t-At, compute
Som = [¢Om(t) - ¢0m(t-At)]/At (1-9a)

Record ¢om and ¢om in the PIF.

Step 6

At this stage the virtual temperature, relative humidity, dew point and
mixing ratio are known at each elevation z, in the sounding (from step 3).
These data should now be interpolated to give semi-continuous soundings, e.g.,
Tm(z) and qm(z) of virtual temperature and mixing ratio at each rawin station

m. That is, we convert

(Tpim Zim) = Tpm(2) (1-10a)
(Tyime Zim) = Tum(2)s (1-10a")
(500 Z5) = 9,(2) (1-10b)
(RH; s Z4p) = RH(2) (1-10c)

21



where

=12, *+nhz , n=0,... m (1-10d)
Az=50 meters, and
5000-2m
n =~ - (1-10e)

The third-order interpolation scheme described in Processor P8 (see Egs. 8-56,
8-60, ...69, and 8-70) should be used in performing the transformations
indicated by Eqs. (1-10). Record the Tm, Gy TDm’ and RHm values for each of
the z given by (1-10d) in the PIF.

Step 7

The pressure-height pairs (p.

im? Zim) should be transformed into a semi-

continuous sounding as in Step 6 above. In this task the sequence begins with
the sea-level pressure, followed by the station pressure, and the observation

levels aloft, i.e.,

(Po1p 00 Py Z) » (Pygys Z1)- "(pImm’ZImm) = pp(2), (1-11a)

where

z=npAz, n=0,1,...100; (1-11b)

and Az=50 meters. In performing the interpolation (1-1la), an exponential

formula should be employed based on the hydrostatic condition

Ap _ _ -
z‘g‘° RS%; (1-12)
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Record the p, values at each z given by (1-11b) in the PIF.

Step 8

Using the pm(z) profile obtained in Step 7, determine the geopotential
-2
(m2sec ) of the 850, 700, and 500 millibar surfaces at each station m. For

example,

®(850)m = 9Zgs50 (1-13)
where g is gravity and Zgcg is the elevation (MSL) that satisfies
P (2850) = 850 mb. (1-14)

By the same process compute ¢(700)m and ¢(500)m'

Step 9

Using the virtual temperature profile Tvm(z) from step 6, Eq. 1-10a
above, and the pressure profile pm(z) from Step 7, Eq. 1-11, compute the

potential temperature profile em(z) for each level z defined by (1-10d):

1000 ,0.286 (1-15)

0,(2) =Ty (Z)(E;ZZ)

where Pm is in millibars, as above, and ﬂn is in degrees Kelvin. Now compute

the air density at each of the same levels z using

- pm(Z) .102 (1-16)
Pa(2) = 75 —17)

d' vm
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-2 .1 -3
where p_ is in millibars and R =287 mésec °K , T is in °K, and p=kg m .

vm
From 6 and p compute the profile osm(z) of static stability from

_ ‘l:em(zmz)-em(z-Az)]-10'2
“sn(?) = 5 TD8, D, (AP T80T

(1-17)

-3 -2
With p in millibars and p in kg m , g has units of m*sec?kg . Record the

profiles em(z),pm(z) and osm(z) in the PIF for each rawin station m.

Step 10

Interpolate the wind components u.

im and Vim of Eq. (1-2) above to obtain

the profile

Ui 2 ﬁ(ﬁm,z) (1-18a)

Vip 2 V(Em,z) (1-18b)

where z takes the values given by (10d).

Stage INT

The raw rawin data are generally available only at 12-hour intervals,
but the output variables produced by this processor, P1l, are required each
hour by processors further along in the network. Therefore, an interpoiation
of all output variables must be performed to provide values at hourly intervals.
The specific interpolation formula that is used for this purpose is left to the

discretion of the user.
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Table 1-1 summarizes the inputs and outputs of each step of Processor Pl

and Figure 1-3 illustrates the processor and its data interfaces.
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Table 1-1 Summary of input and output variables

of each step of Processor Pl.

Input Output
Variable Description Source Step Variable Description
-1

SPDim wind speed (ms ) at RAW 1 (tk) east-west wind
level i at rawin component at level
station m. i, station m, hour tk'

DIRim Wind direction RAW Vim(tk) north-south wind
(compass degrees) at component at level
level i at rawin i, station m, hour tk.
station m

Pim pressure (mb) at RAW 2 qim(tk) mixing ratio
level 1, station m. (dimensionless) at

level 1, station m,
hour tk.

TDim dew point depression  RAW D1m(tk) dew point temperature
(°C) at level 1, at Tevel i, station m,
station m. hour tk.

Tim temperature (°C) at RAW
level i, station m.

pP; see above RAW 3 RH (tk) relative humidity

m at level i, station m,
hour tk.

T. see above RAW

im
Ui see above Step 2
T, see above RAW 4 (t,) virtual temperature
im Tvint (°C) at Tevel i,
station m, hour tk.
Qi see above Step 2
P see abgve RAW elevation (AGL) of
m z, (tk) level i at station m,

hour tk.
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Table 1-1 Summary of input and output variable

of each step of Processor Pl. (Continued)
Input Qutput
Variable Description Source Step Variable Description
2m elevation (meters, RAW 5 ¢om(tk) geopotential (m2s~2)
msl) of rawin of 1000 mb surface
station m at station m, hour tk.
Pom station pressure RAW éom(tk) time rate of change
(mb) at station m. (m?s-3) of geo-
. potential of 1000 mb
TVom virtual temperature Step 4 surface at station m.
(°C) at station m.
Tyim see above Step 4 6 Tvm(z,tk) Temperature, mixing
ratio, relative humidity,
Qi see above Step 2 qm(z,tk) and dew point profiles
at station m resolved
RH1.m see above Step 3 RHm(z,tk) to Az=50m as prescribed
by Egs.
Zin see above Step 4 TDm(z,tk) (1-10d,e) at hour tk‘
TDim see above Step 2
Pim see above RAW 7 pm(z,tk) pressure (mb) at
elevation z{ms1) above
Zin see above Step 4 station m, resolved to
Az=50m as prescribed
by Egs. (1-10d,e) at
hour tk'
pm(z) pressure at elevation Step 7 8 ¢(850)m geopotential (m2sec2)
z(MSL) over station m. ¢(700)m of the 850, 700, and
¢(500)m 500mb surfaces at
station m.
pm(z) see above Step 7 9 em(z) potential temperature
(°K) at elevation z
Tvm(z) see above Step 6 over station m, resolved
to Az=50m as prescribed
by Egs. (1-10d,e).
pm(z,tk) air density (kgm‘a) at
elevation z (resolved
as above) over station m,
hour tk‘
csm(z,tk) static stability

27
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Table 1-1. Summary of input and output variables
of each step of Processor Pl. (Concluded).

Input Qutput
Variable Description Source Step Variable Description
Usm see above Step 1 10 G(5m,z,tk) east-west and north-
‘ . _ south winq
Vim see above Step 1 v(gm,z,tk) at elevation z (as
[also given by Egs. 1-10d,e
am,vm] at location %n of
station m, at hour
tko
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SECTION 3
PROCESSOR P2

GENERAL DISCUSSION

This processor determines initial, upper and lateral boundary conditions
on all of the pollutant species simulated by the regional model. Presently,
it is impossible to estimate -these conditions with an.accuracy anywhere
near that of available emissions estimates, because: (1) the pollutant
monitoring data from which the initial and boundary conditions must be derived
are few and nonuniformly distributed, (2) no measurements are routinely
available aloft, and (3) most of the intermediate pollutant species that must
be treated to simulate the chemistry properly are not measured at all. In
addition, the model requires conditions on the cell averaged concentrations

but only point measurements are made at the monitoring sites.

The problems caused by the paucity of data can be mitigated by
initializing the model on a "clean" day, such as a day immediately following
the passage of a cold front, and by choosing a model domain that is large
enough that the quantities of pollutants emitted by sources just outside the
model boundaries are small compared to those generated within the simulation
area itself. In such a case, we can use "clean atmosphere" conditions for the
initial, upper and lateral boundary values of each species. Table 2-1 lists
these values for each of the 23 pollutants modeled by the Demerjian-Schere
(1979) kinetics scheme that we have been using during the development phase of

the regional model.

30



Table 2-1. Pollutant species concentrations (ppm) taken to be
representative of "clean" atmospheric conditions*.

-1
(Notation: 1.000-01 =10 .)

NO
HC2
HNO2
H202
HO2
R20

4.4399-04 NO2 1.404-03 co 1.010-01 HC1 1.084-03
3.390-03 HC3 7.679-03 HC4 6.911-04 03 3.522-02
3.473-05 HNO3  7.215-04 PAN 3.808-04 RNO3  1.004-06
8.784-05 0 1.284-10 NO3 5.434-07 HO 3.734-07
2.078-05 HO4N  7.583-06 RO 5.848-08 RO2 5.578-05
2.452-09 R102  1.550-05 R202  5.319-06

*Values reported here were obtained by initializing the Demerjian-Schere
(1979) 23~species kinetics mechanism with the following species concentra-
tions and allowing reactions for 90 minutes in full sun conditions:

NO = .00lppm, NO, = .002ppm, total non-methane hydrocarbon = .05ppm,
C0 = .1lppm, O3 = .02ppm, all other species = Oppm.

Hydrocarbor classes are as follows:

HC1 = olefin, HC2 = paraffin, HC3 = aldehydes, HC4 = aromatics. Initial
values of each of these lumped species were obtained from the total
nonmethane hydrocarbon concentration using the speciation method
suggested by Demerjian (1983).
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The problems caused by the wunavailability of volume-averaged
concentration data cannot be eliminated because there is no unique
relationship between the concentration values measured at one or several
discrete points within a given volume of space and the concentration averaged
over that volume. This 1is the so-called subgrid-scale closure problem
encountered in all modeling studies in which it is impossible to choose a grid
size small enough to resolve the smallest spatial variations in the simulated
variables. In Part 1, Section 5, we developed a crude subgrid-scale closure
scheme for use in treating the pollution chemistry. Proceeding along lines
similar to those described there we could formulate an approximate way of
extracting volume-averaged concentration estimates from point measurements.
However, we will not attempt this here because the improvement in accuracy
gained in the initial concentration fields would probably not be significant
enough to warrant the development and implementation efforts. Perhaps future

modeling studies can investigate this problem in detail if the need is great.

In the remainder of this section we outline a procedure for obtaining
rough estimates of initial and boundary conditions on pollutant concentrations
in sijtuations where the "clean atmosphere" assumption does not apply. An
important point to note in the preparation of initial and boundary conditions
is that, due to inaccuracies and uncertainties in the methods used, the set of
concentrations obtained for any given grid cell or boundary point will
generally not be consistent with chemical equilibrium conditions. For
example, if one deduces concentration values for O3, NO, NO, and olefin from
the monitoring data and assigns "nominal"” or zero values to all the other
species included in the chemical kinetics scheme, one would find upon

initializing the model with these values that a period of rapid chemical
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transformations immediately ensues. These rapid changes indicate that the
concentration conditions selected for the initial state do not represent a
state near equilibrium. These spurious reactions are an artifact of the
chosen set of concentrations and are not representative of the chemical
activity that occurs just after the initial moment. This is analogous to the
initialization problem in meteorological models where failure to prescribe an
initial state that is in geostrophic balance results in the generation of

spurious gravity waves.

The transient concentration variations excited by errors in the initial
state diminish the accuracy of the model's predictions within some finite
period following the initial instant t,- They also exact a significant
penalty in computer time. Because when the chemical state is far from
equilibrium, the mathematical algorithm in the model that handles the chemical
rate equation must utilize many small time steps to track the approach of the
state of the system to equilibrium. Since this operation must be performed
initially at every grid point in the model and at all boundary points at all
times where the boundary condition specification is inexact, a considerable
portion of the computation time required by the model can be wasted on this
fictitious phenomenon. The remedy is to use the initial concentrations
deduced from the monitoring data as the initial state in a batch reactor
model; to run that model for a time long enough for the chemical state to
settle down to a point where changes are occurring relatively slowly (say,
time scales ~10 min); and then to use the concentrations of each species given
by the batch reactor model at that point as the initial conditions in the
regional model. The same procedure should be used to obtain the upper and

lateral boundary conditions.
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Stage LBC: Estimating lateral boundary conditions from monitoring data

(1)

(2)

(3)

(4)

Collect hourly surface monitoring data for each species xi(ppm) i =
1,...IMAX from all stations within 20 km either side of each of the
regional model's four lateral boundaries. Each station within this 40 km
wide boundary zone is treated as though it lies on the model boundary at
the point closest to the station location.
Use a cubic spline or other acceptable interpolation formula to estimate
concentrations ii (AB, 0> t)(ppm) at each grid point (AB, ¢B) on the
boundary. Here (A,¢) denotes the longitude and latitude of a cell center
on the boundary of the regional model domain.
Using the functions ¥ 3 obtained in step 2, estimate layer averaged
concentrations along the boundaries as follows:

xi(Ags ogs £)> =B X; (Mg, 6, ), ?z}:?:?IMAX (2-1)
where the Bn are empirical constants to be estimated from the NERQS field
experiment data. |
For each hour tm, each boundary point (AB, ¢B), and each layer n perform
the batch reactor equilibration process, described in the introduction to
this section, to the set of concentrations <xi(AB, ¢B’ t)>n, i=1,...IMAX
given by (2-1). Record the resulits in the ICBC portion of the model

input file MIF (units = ppm for each species).

STAGE IC: Estimating initial conditions from monitoring data

ey

Collect surface monitoring data for all pollutant species at all stations

within the regional model domain at the initial hour t0 (=1200 EST) of
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(2)

(3)

(4)

the period to be simulated. Noon is chosen as the initialization hour
because, at this time, pollutants are usually distributed nearly
uniformly in the mixed layer and initial values for Layers 1 and 2 can be
equated with minimum error.

In places where more than one monitoring station lies within a grid cell,
compute a weighted average of the reported values taking into account the
proximity of each station to sources and the distribution of land use
types within that cell. For example, if one monitoring site is in a
rural area and 70% of that cell is in rural land use, the rural station
would be given a weight of 0.7 in computing the cell average
concentration.

Fit a two-dimensional function to the finite set of cell averaged
concentrations obtained in step 2 and from this function derive values of
the concentration of each measured pollutant species at all grid cells in
the model region.

Subject each set of concentrations i=1,...IMAX obtained in step 3 to the
batch reactor equilibration process. Call the results of this operation
xi(A, o, to) where (A, ¢) ranges over all grid points in the model
region. Now record the following initial layer averaged concentrations

(ppm) in the ICBC portion of MIF:

<X1‘(A, ¢’ t°)>1 = Xi(ky ¢) to) (2-2)
XA, 0, 122 = x;(A, 0, ) : (2-3)
<Xi()\) ¢) to)>3 = giXi(}\) ¢, to) (2-4)

where gi is an empirical constant to be derived from the NEROS field

experiment data.
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Stage UBC: Upper boundary conditions

(1) In the first generation model we will use the "clean" atmosphere species
concentrations listed in Table 2-1 for the upper boundary conditions x
for all cells and all hours. Record these in the ICBC portion of
MIF(units = ppm for all species), i.e.

(A, 0, t) =¥ . i=1,...IMAX; (2-5)
Xo . i CLEAN, i Al e, 1)
Table 2-2 summarizes the inputs and outputs of Processor P2, and Figure 2-1

illustrates the processor and its interfaces with the processor network.
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Table 2-2 Summary of input and output variables of each

stage of Processor P2.

Input OQutput
Variable Description Source Stage Variable

Description

X:.(t ) concentration (ppm) RAW LBC <X:(Ag, Op, t >
TkEm™ Cf i-th pollutant 18 BT mTn
at hour t_measured
at surfacl monitoring
station k=1,...K.

average concen-
tration (ppm) of
i-th pollutant
in layer n=1,2,3
at boundary cell
(AB, ¢B) at hour
t .

m

xik(tm) see Stage LBC input. RAW IC <xi(A, ¢,to)>n

average concentration
(ppm) of i-th pollut-
ant in layer n=1,2,3
in grid cell (A,0) at
the initial instant

to.

Xi(tm) see Stage LBC input. RAW UBC xm,i(k, o, tm)

37

concentration (ppm)
of i-th pollutant
at top surface of
model over grid
cell (A,$) at hour

tm'
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SECTION 4
PROCESSOR P3

GENERAL DISCUSSION

This processor performs standard operations on the surface meteorological
data to put them into forms required by the higher level processors in the
network. The surface and rawin data are treated in separate processors to
facilitate future alterations in the data analyses and to permit easier
incorporation of additional data.

We assume that at given time intervals (not necessarily hourly intervals)

the surface observations consist of the set

[$PD,DIR,T,TD,p]_

where n denotes the surface station, whose location is x ; and the other
-1

variables represent wind speed (ms ), direction (compass degrees),

temperature (°C), dew point depression (°C) and station (not sea-level)

pressure (mb).

Step 1

Convert the wind speed and direction into north-south and east-west

components as follows:

>
i

ﬂ(;n) = - SPDn-sin 6, (3-1a)
0(5n) = - SPDn-cos 6, (3-1b)

<>
]
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where
en = DIRn~(2n/360).

The components (an,vn) are outputs of this processor for each time interval.

Step 2

Convert the temperature and dew point depression to mixing ratio, dew

point temperature, relative humidity and virtual temperature as follows:

0.622en
q. = — (=mixing ratio) (3-2a)
n Pn"%n
where
L ,1_1 .
e =eexplg (-7 )] (3-2a")
n 0 R To TDnl 1
R = 0.461 joule g °K
-1
L = 2500 joule g
e, = 40mb (saturation vapor pressure at temperature To)
- ]
T0 = 302 °K
P, = station pressure (mb)
and
TDn = Tn - TDn + 273 (=dew point temperature) (3-2b)
RH, = Eﬂ:ﬁéﬂ (=relative humidity) | (3-2¢)
n~ % 0.622e Y

where e is obtained from (3-2a”) by replacing the dew point temperature TDn

in the formula with the dry bulb temperature Tn (expressed in °K);

Tyn = Ty (1 +0.61q) (svirtual temperature) (3-2d)
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. .o
where Tn (and hence Tvn) is in °K.

The mixing ratio a, (dimensionless) and the relative humidity RHn
(dimensionless) can be recorded in PIF (they are outputs of this processor).
Before recording the dew point and virtual temperature in PIF, they should be

converted to degrees Celsius as follows:

TDn (°c) = TDn(°K)-273
Tvn(°c) = Tvn(°K)-273

where TDn (°K) is from Eq. 3-2b and Tvn (°K) is from (3-2d).

Step 3

Let 2n be the elevation (meters, MSL) of surface station n. Compute the

geopotential of the 1000 mb surface

®on = 924 * RyTun 11 1000 (3-3)
1

-2 -1
where TVn is from (3-2d) above (in °K) and Ry = 287 m®s °K . Using the
value of ¢on from the previous time interval, estimate the time rate of change

of ¢on by
. -1
¢, = [«bon(t) - d>on(t-At)]At (3-4)

Compute the sea-level pressure Pg1 at each station site 5n,n=1,2,...N as

follows.
[———gin ] (3-5)
P = p.exp -
sl,n n RdTVn
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where Ph is the station pressure (mb) and all other variables have the same
definitions as above. If the surface temperature TVn undergoes large
variations between day and night, a 12-hour moving averaged temperature must
be used in (3-5) to avoid fictitious variations in the estimated sealevel

pressure.

Step 4

Compute the surface potential temperature and air density at each station

8, = Tn (1%99)0‘286 (=potential temperature) (3-6)
© Fn
Py -2 , -3) (3-7)
P, = RET'; <10 (=density, kg m
v

where Tvn is from Eq. 3-2d and is in degrees Kelvin (°K), Py is the station

pressure in millibars and

2 -1
Ry = 287 m2sec  °K

-3
Record en(°K) and Pn (kgm ) in PIF.

Stage INT

Values of each of the parameters produced by this processor are required
at hourly intervals by higher level processors in the network. However, most
of the 1inputs to this processor, P3, may only be available at 3-hour
intervals. Thus, it is necessary to interpolate each of the parameter values

produced in this processor by some means adequate to produce reasonable
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estimates of parameter values each hour. Stage INT is intended to perform
this task. We leave the detailed specification of the interpolation algorithm

to the discretion of the user.

The inputs and outputs of each step of Processor P3 are summarized in

Table 3-1 and illustrated schematically in Figure 3-1.
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Table 3-1 Summary of input and output parameters

of each step of Processor P3.

Input Output
Variable Description Source Step Variable Description
SPDn surface wind speed RAW 1 Gn(tm) east-west surface wind
(m/s) at station n component at station n,
hour t_.
m
DIRn surface wind direction RAW Qn(tm) north-south surface win
. (compass degrees) at component at station n,
station n. hour tm.
Tn surface temperature RAW 2 qn(tm) surface mixing ratio
(°C) at station n (dimensionliess) at
station n, hour tm.
TD surface dew point RAW RHn(tm) surface relative humidi-
depression (°C) (dimensionless) at
at station n. station n, hour tm.
Pn station pressure RAW TDn(tm) surface dew point (°C)
(mb) at station n. at station n, hour tm.
Tvn(tm) surface virtual
temperature (°C) at
station n, hour tm'
2 elevation (meters MSL)  RAW 3 ¢ (t,) geopotential (m2s5~2) of
of surface station n. 1000mb surface at locat-
%, of station n, hour t,
T virtual temperature Step 2
vn o)
(°K).
p station pressure RAW éon(tm) time rate of change
n (mb) (m?s-3) of geopotential
of 1000mb surface at
station n location,
X at hour tm‘
Pe1 n(tm) sea-level pressure
’ (mb) at station n,
hour t_.
m
) see above RAW 4 en(tm) surface potential
n temperature (°K) at
T see above Step 2 station n, hour t_.
vn m
pn(tm) surface air density
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SECTION 5
PROCESSOR P4

GENERAL DISCUSSION

This processor estimates the surface roughness z,, the Obukhov length L,
the surface heat flux Q, and the friction velocity uyx in each cell of the
NEROS grid. The last three parameters are treated in a single processor,
rather than distributed among several, because they are interrelated variables
and the value estimated for one can be altered by a change in the method used
to estimate another. The method we use in this first generation processor
network to estimate Q is based on the scheme proposed by Golder (1972). More
refined methods have recently been reported, e.g., Holtslag and van Ulden
(1983), and these should be considered in the development of the second
generation model.

We should also point out that the estimates of the friction velocity u,
that we outline here are derived from the raw surface wind observations, i.e.,
(G,v), rather than from the flow fields that are finally used in the model,
i.e., the output (<u>;, <v>;) of Pli. To utilize data from the latter source
would result in complex interconnections of Pll with other processors that
require L, Q and uy, values. The difficulty of operating such a system cannot
be justified considering that the method of estimating u, is itself quite
crude, and that the flow fields that P1ll generates are constrained locally in
space-time by the observed winds. That is, the observed surface winds that we
will use here to estimate u, are explicitly incorporated into the flow fields

generated by P11.
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Each of the steps below must be performed for each cell in the NEROS
grid.

Step 1

Determine the wind speed and exposure classes Cw and Ce for use in
estimating the Obukhov 1length L. First, using the locations %q of the N
surface meteorological stations (n=1,2,...N) and the observed winds (ﬁn,Vn) at
each station and at each hour tm, estimate the wind speed u 1in the given
grid cell at hour tm by performing a weighted average of the observations
(an,vn) at the nearest sites X The r2 weighting formula (given by Egq.
11-88) may be used. The wind speed class for this grid cell is now defined to

be

¢, = ’—%—' if05|g|_<_8ms'1; (4-1)

4, otherwise

Next, using the fraction 9ot (5,tm) of local sky coverage by all cloud types
and the local land use distribution T(x,j), where x refers to points on the
NEROS grid and j=1,...10 refers to the 10 land use types (see P15), compute

the exposure class Ce:

3, oot < 0.2
2, 0.2<0c7¢ 0.7
1, 0.7 < OCT < 1.0 (4-2)
Ce = 0, Ocr = 1.0
-1, 07205
nighttime hours only
-2, aer < 0.5
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In order to account for the nighttime heat fluxes from cities, we will limit
the minimum value of Ce to 1 for those cells with "urban" land usage (j=1)

greater than 30%, i.e.,
if T(x,1) > 0.30, Ce(g) > 1. (4-3a)

Similarly, to account approximately for the effects of large bodies of water

on the surface heat flux, we assume

-1, daylight hours
if T(x,7)>0.6, Ce(5) = (4-3b)
0, night.

Now compute the Obukhov length L in the cell at x at hour tm by

-(by - bz‘ S\ + bBSZ)]-l

_ 3y . -
L = [ (a1$ + aZS ) z, (4-4)
where

a; = 0.004349,

a, = 0.003724,

b1 = 0.5034,

b2 = (.2310,

b3 = 0.0325.

The stability function, S (a digital version of the Pasquill stability category),

is expressed as

=53 - ¢, +|c ) - sian(c)
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where

1, if Ce > 0;
Sign(Ce) = 0, if Ce = 0;
-1, if o <0,
Step 2
Estimate the effective surface roughness Z, in each cell of the NEROS
grid using the following expression
10 10
z,(x) = £ T(x,mz (n)/2 T(x,n) (4-5)
n=1 n=1

where T(x,n) is the fraction of the NEROS cell centered at x that is in Tand

use category n, with n (=1,2,,...10) referring to the following use types:

1. Urban Land 6. Mixed Forest Land (including Forested Wetland)
2. Agricultural Land 7. Water

3. Rangeland 8. Land Falling Outside the Study Area

4. Deciduous Forest Land 9. Non-Forested Wetland

5. Coniferous Forest Land 10. Mixed Agricultural Land and Rangeland

In Eq. 4-5 the surface roughness zo(n) associated with each land use type are
the following (based on the values suggested by Sheih et al., 1979 with

modifications as noted below):

z, (1) = 0.7 m(*l)

(2) =0.2
(3) = 0.1
(4) = 1.0
(5) = 1.0
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Notes:

*1.

*2.

*3.

x4,

) = 0.7 "2

(7) = 0.05
8) = 0.008"3)
(9) = 0.3

(10) = 0.15¢%)

Sheih, et al. (1979) recommended a value of zo=1m for "metropolitan
city." In our case the "urban" category includes all "built-up"
lands, including residential, industrial, commercial, and other
areas characterized by building heights much lower than those
characterized as metropolitan. Our choice of 0.7 m for urban areas

is an estimated mean value.

The value for Category 6 represents a rough average between the
values suggested.

by Shieh, et al. for marshland and ungrazed forests.
None of the cells in the NEROS grid fall in this category, i.é.,
T(x,8)=0 everywhere, and hence the value assigned to 20(8) is

immaterial.

Category 10 is a rough average of cropland and rangeland values.

The values of z, computed from Eq. (4-5) for each NERUS cell should be

recorded in the PIF.
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Step 3

Compute the Tocal friction velocity ux(Xx, tm) using

4]

6(z,L,2,) (4-6)

x

Ug =

where k = 0.4 is the von Karman constant; z is the elevation of the surface

wind observations above ground--use
z=10m; (4-7)

and G is the similarity function

Z"’Z0

G =1n 5 ifl/L=20 (4-8a)
0
z+zo1

G=1n 7 + MIN(S.Z%,S.Z) , if z <6Land L >0 (4-8b)
0 |

4 (61 (Ey D)
2(tan ~ & - tan §0) + In ETE—TSTE"_TS fL<O. (4-8c)

[op]
H

The Obukhov length L is from (4-4), Z4 is the local surface roughness from

(4-5), and

Z+Z

= (1- 15—L—)

2y %
E‘O = (1'15—[)
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Step 4
Estimate the effective surface kinematic heat flux in each grid cell at

hour tmi

where TV is the surface virtual temperature (°K) in the given cell obtained by
weighting the nearest observations Tvn of virtual temperature (provided by P3)

2

as in Step 1 above; and g = 9.8 ms ° is the acceleration due to gravity.

(Note that the TVn data from P3 are in degrees Celsius.)
Table 4-1 summarizes the input and output variables in each of the three

steps that comprise this processor, and Figure 4-1 illustrates the processor

and its data interfaces.

52



Table 4-1 Summary of input and output parameters
in each step of Processor P4.

Input Output

Variable Description Source Step Variable Description

ﬁn(tm) east-west surface -1 P3 1 L(5,tm) Obukhov length (meters)
wind component (ms ~) in NEROS cell centered at

at surface weather %, at hour t .
station n, hour tm.
|y (5,tm)| wind speed (m/sec) in NER(

Gn(tm) north-south surface P3 cell centered at x, at ho

wind component at t_ (for use in this Proce
station n, hour tm. sOr only).

location of surface PIF

~n weather station n

T(x,3) land use fraction PIF
of category j in
NEROS cell centered
at x.

GCT(5,tm) fractional sky PIF
coverage, total of
all cloud types over
cell centered at x
at hour t_.

m

T(x,3) see above PIF 2 20(5) effective surface
roughness (m) of
NEROS cell centered
at x.

lu (5,tm)|wind speed Step1 3 ux(x,t ) friction velocity
(m/s) in NEROS
cell centered at
X, at hour t_.
~ m

L(é,tm) Obukhov length (m) Step 1

z,(x) surface roughness Step 2
(m)

Tvn(é,tm) surface virtual P3 4 Q(g,tm) surfacglheat flux
temperature (°C) (m °Ks ~) in NEROS
at surface weather cell at x, at hour
station n, hour tm. tm'
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Table 4-1 Summary of input and outpul parameters
in each step of Processor P4. (Concluded)

Input Output
Variable Description Source Step Variable Description
u*(5,tm) friction velocity Step 3

(m/s) in cell at
X at hour t_.

L(5,tm) Obukhov length Step 1

(m) in cell at x
at hour tm'
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SECTION 6
PROCESSOR P7

?gTION OF A VISCOUS, HYDROSTATIC FLUID OF CONSTANT DENSITY OVER IRREGULAR
RRAIN.

We are concerned here with nighttime flow regimes, where winds in the
coid air adjacent to the ground, i.e., the radiation inversion layer, are

influenced by buoyancy, terrain, warm cities, geostrophic forcing and

friction.

We will treat the cold, radiation inversion layer as one of constant

density o whose upper surface is described by

Hyg(Xsy,2,t) = 2, (x,y,t) - z2=10 (7-1)

The subscript "vs" designates that this is also the "virtual surface" of the
atmosphere above. We adopt this point of view later in formulating processor
P11 which describes the flow field above the inversion layer at night. Figure
7-1 1illustrates Hvs and other terms that we shall use in the following

analyses.

Terrain elevation (MSL) is represented by zt(x,y) and z is the vertical
coordinate whose origin is at sealevel. In keeping with the level of
simplicity adopted in formulating the regional diffusion model, we shall treat
the cold air layer as a two-dimensional fluid. That is, the horizontal

velocity in the cold 1layer u=(u,v) is assumed to be invariant with
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respect to z. Keep in mind that during nighttime hours the cold, inversion
layer considered here is by definition Layer 1 of the regional model. The
flow speed in the atmosphere above the cold layer will be represented by
gm=(Um,Vm) (see P11); and the density in the layer above the inversion will be
represented by P where Pp<Po-

SEA
LEVEL * *

Figure 7-1. Illustration of the variables used in the flow model.

The x-component of the horizontal acceleration of a (2-D) fluid parcel in

the cold layer is

U

d u
h™ _ ou ou _ 1 -
S5t T Ux ey m Lhxp T Fue T P! (7-2)

where m is the mass of the parcel in question and FX F

p* Fxe and FXf represent

the x-components of the pressure, Coriolis and friction forces, respectively,

exerted on the parcel. Consider first the form of pressure force.
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The pressure force

We consider the pressure forces acting on the fluid parcel shown in
Figure 7-2. Since we assume the flow speed to be uniform in Z, we take the
parcel to be a vertical column of fluid extending from z, to the top surface

zZ,4 of the cold layer and having horizontal dimensions (Ax,Ay).

Since the cold fluid and the air above are assumed to be in hydrostatic

balance, within the cold layer we have

dp/az = P9 (7-3)

Figure 7-2. Air parcel considered in the force balance analysis.
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And since Py is assumed to be constant, at any level z within the parcel the

pressure is
P=Pys ™ pog(zvs 2 (7-4)

where Pys is the pressure at the top of the parcel, that is on Hvs‘

The total force on the left face of the parcel due to the hydrostatic

pressure is

ZVS

fXL = AyX pdz.

Zy

Substituting (7-4) into this expression and making use of the definition

h(x,y,t) =z (X,y,t) - zt(x,y) (7-5)

we get

fXL = PvShAy + pogthy/Z. (7-6)

Keeping in mind that the pressure force is exerted inward on all faces, the
force on the right face of the parcel is

Pys

9z

f

WR =~ (byg * —2 Az, )(htah)ay - pogay(heah)?/2 7-7)
The force exerted by the ground on the parcel is directed normal to the

lower face which is inclined at an angle ©, with the horizontal plane and it

t
has a magnitude equal to the total fluid pressure force exerted by the fluid

on the ground, i.e.,
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fxt = -ft sin 6t

= - (pogh + pvs)(Ax2 + Aztz)% Ay sin 9, (7-8)

= - (p,gh + PyglAY Az,

In a similar manner we find that the force on the top face of the parcel is
fxvs = pvsAyAsz' (7-9)

On combining (7-6) - (7-9) and noting that apvs/az = -ppd we obtain the total

x-component of the pressure force on the parcel:

-
"

ful * Tyn * Tt * oy

Xp XL XR xt
Ay(AzVS - Az, - Ah)pvs + pmghAyszS (7-10)

S

- p ahay(ah + Az, )

We can obtain Ah from (7-5) whereupon we can reduce (7-10) to the final form
(for small Ax,Ay)
azvs

Fxp = - (Ap)gh 5 XY (7-11)

where

bp = py"Py (7-12)

Now the mass m of the fluid parcel is simply

m = p ghAxiy,
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hence

9z
1 = -4 vs -
n Fxp o, 9 Bx (7-13a)
By analogy the y-component of the pressure induced acceleration is
9z
1 R LYs) vs
=F =- —__— . 7-13b
miyp " py 970y (77136)

Later (see Egqs. 7-34 and 7-35) we will add force components resulting from

synoptic scale pressure gradients.

The friction force

The friction force on the fluid parcel is the result of momentum fluxes
across the parcel's boundaries. These fluxes are caused by molecular
diffusion and by sub-parcel scale velocity fluctuations, or turbulence. For
example, at the earth's surface the velocity must be zero, and thus momentum
is drained from the fluid in much the same way as heat is removed from a fluid
at a cold, constant temperature surface. In the case of our flow where there
is no heat transfer int6 the fluid, the no-slip ground surface acts to
transform the bulk kinetic energy of the moving fluid into internal heat
energy. The fluid can also be accelerated by influxes of momentum from the

atmosphere above.

Referring to Figure 7-3 we note that the viscous force on the left face

of the parcel is

fyL = dyht . (7-14)
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where Tyx is the net flux of x-momentum in the x-direction across the left

face of the parcel. The force on the right-hand face is

BTyx 9z,
fXR = - (txx * 3% Ax)(h + 5% AX)AY (7-15)
s

et Y Ax
h+2;$iéw Tifi

) |

OTyx
= Tt X

Figure 7-3. Friction forces on a fluid parcel of horizontal
dimensions (Ax,Ay) bounded by Z,e and zy.

Continuing this analysis for each of the other faces and assuming that the

slopes of zZy and z,, are small enough that the areas of the bottom and top
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faces of the parcel are approximately AxAy, we get

ot 9z T 9z
. XX VS xx ““vs
Fxf = - by (ax hax + 5% Y™ T 5% 5x

oz ot 9z

9T
"o Gy v gt Ty ¢ g it ) (-16)

t

+
(IZX

_ _VS
IZX)AxAy

In the 1imit as Ax and Ay become very small, the mass m of the parcel is

m = pohAxAy (7-17)
and hence
art at
1 R § XX yx .1, vs _ _t
m Fxf Po [ 3x T dy TR (sz tzx)
(7-18)

For the lateral stress components Tox and tyx we will adopt the gradient

transfer forms

1 - _ du -
Egtxx = - Kex 3x (7-19)

1 - - ou . 3v -
E;tyx - ny(ay * ax) (7-20)

where KXX and ny are elements of the eddy vicosity tensor, to be defined
later. We will treat the stress tii on the upper surface of the fluid as a

prescribed variable. The surface stress t;x will be given later.
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By analogy with (7-18) we have

9t 9T
e .31y Ty, 1 vs_ .t
m Fyf o [ X * Ay * h (tzy rzy)

(7-21)
.1 1 azvs .t 1 9z, ¢ ]
xy h 3x yy h 3y
with
1 - - au , ov -
Po Ty ny (ay * ax)‘ (7-22)
1, . & ;
5, vy T My oy (7-23)
The stress t;; is considered to be a prescribed variable; t;y and tgx are given
by
t 2
T, = = Pylxcos © (7-25a)
tzy = - pouisin ] (7-25b)

where uy, 1is the friction velocity which we shall express in the form,

following Melgarejo and Deardorff (1974),
1
ux = Cy(u? + VA% (7-26)

where CD is the surface drag coefficient and © is the wind direction,

o=tan l ¥ (7-27)
From (7-25) - (7-27) we obtain
1.t __ 2,2 2\% -
5; T = CD (u¢ + v9)™u (7-28a)
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1._t 2,2 2.3
- = - + 2. 7-28b
5y tzy CD (u v©) ( )

According to Melgarejo and Deardorff,
¢5 = k¥ [(InGzD - b)? + %771 (7-29)
0

where Z, is the local surface roughness, and a and b are functions of h/L,

where L is the Obukhov length. (Approximate forms for a and b are given later,

7-89.)

The Coriolis force

The Coriolis force is given simply by

+fv (7-30)

=
“1
i

XC

-fu (7-31)

I
T
i

yC

where f is the Coriolis parameter (=2Q sin ¢, where ¢ = latitude and Q = earth

angular speed of rotation = 211/24 hr 1y,

The momentum equations

On combining (7-2), (7-12), (7-18) - (7-20), (7-28a) and (7-30) we obtain

the equation governing the u component of the flow speed:
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9z 2 2
au au u _ gég Vs a_u "u
57 Y Uso + vao = +fv+K —+K —
) 9x 9y P, OX XX o yX ay'é
oK K oK K., 9z
XX XX u VX yX “"vs, U _
! 5 T h 9 ] 5x T [ dy TR dy ] 3y (7-32)
Cn2 /2 8K
_ D 2 2

. 2
'l °yx dv %
h (Wv) u+f dy 3x * ny axz

Vs
+ E¥5 92,5 5 - Tzx

h "8y 3x FE; :

For convenience we will express the shear stress at zZ,¢ in the form

1l _vs _ _vs - -
E; Tx = Oy Uy - W) (7-33)
where (%f is a vertical exchange velocity scale at z = 2,6 and UM is the

x-component of the "observed" flow in the layer above Z,¢ (see processor P11,
Stage WV).

Substituting (7-33) into (7-32) we obtain after rearranging terms

U [y - M - fx anS] .,y - EEX! - EXE Ei!é] 9y
at 3X h 3x X oy h 3y dy
2 2 2 '
- KxX a_! - KVX .a_.."z.! + _}-ﬁ [cD (UZ + VZ)% + g ]U _
X <7 9y
(7-34)
9z Vs oK 4
-q (A8y Vs 1 X 3V a_v
(-9 (po) A h %W UM 3y 9Ix ny axay
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Likewise we have

oK K., 9z oK K 9z
v - XY _ XY _VSy 9V - LYY oYY VS,V
st * [v - 5% Rooox dax T IV ay h By 1 3y
2 2 2 ']
v v . 1 2 2%
- K, ~—s-K =—s+=[Ch (U +tVv)*+0 Jv= (7-35)
XY gx2 YWY gy2 D W
'E 9K 2
- Dp VS _ 1 Xy 3u o u
[-g (po) 3y fu + h @ VM ¥ Bx ay * ny Ixay

ng 92,5 34 .1 g1

R 3x 3y 50 e

In Eqs. (7-34) and (7-35) the last terms on the right-hand side represent the
accelerations caused by synoptic scale pressure gradients in the boundary

layer, and Pe is the sea-level pressure.

Next we derive an equation for the virtual surface elevation Z,¢ (x,y,t).

The fluid depth equation

Let Q be a point on the virtual surface (cf 7-1)
H (%sy,2,t) =z (X,y,t) - 2=0 (7-36)

and let its coordinates at time to be (xo, Yor 2 ). If the surface is moving

o]

with a velocity Yys = (u wvs) at the point Q, then at the later time

vs' Yvs’
to + At Q will have the coordinates

(X, ¥75 29) = (X, *u A,y + v At, z + W, At). (7-37)
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Since by definition Q lies on the surface Hvs at all times we must have

Hvs(éo’to) = sz(xo’yo’to) B Zo =0 (7-38)

HVS(51,t0+At) = zvs(xl,yl,to+At) "z) = 0 (7-39)
If At is sufficiently small we can write

aZVS

2, (XY t*at) =z (XY Ht) 5 (X - X)) (7-40)

oz 9z
= (y17y) *
3y at

+ VS

At

where all derivatives are evaluated at (Xo’ Yor t ). Substituting (7-40) into

0
(7-39), subtracting (7-28) from (7-39), and making use of (7-37) we get

AHVS azVS + anS + anS

At - 3x Yvs T By Vvs T BT T Wys T 0 (7-41)

and upon taking the limit At+0 we obtain

dH oH
vs _ Vs ) = -
at =5t " Ayt =0 (7-42)

The unit, outward normal vector to the surface HVS at Q is

-1
n = ,=—— VH (7-43)
~ lgHvsl Vs

where V is applied at Q. Let As denote the area of the projection on Hvs of a
horizontal rectangle (Ax,Ay) centered at the coordinates (xo,yo) of Q (see
Figure 7-4). It is evident from the figure that for sufficientiy small Ax and

Ay, the area As is
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9z 2 1 9z 2 1
as = Ayl + 177 [(—52) + 1T% (7-44)

n
~

Hys = 2ylx, v, t) -2=0

A

y \
i
\ [ (xﬂr VO)
.\A —__________’ X

V\\\*.\_-‘———~—‘“"_-_—Ax‘—-————’__,-’

Figure 7-4. Projection of the horizontal rectangle (Ax,Ay)
onto the surface HVS centered at point Q.

If the slope of zZ,. is small, say

4 9z
|50 b 1530 | << (7-45)

then (7-44) can be approximated by

az. 2 9z, 2
As ~ AxAy [(—5§§ + (-5§§) + 177 , if 7-45 holds. (7-46)

Let Ve be the velocity of the fluid at the point Q on Hvs' Then the

normal downward component of the fluid velocity relative to HVs at point Q is

=T Ny 0
. (7-47)
I ;;—_[[xvs°szs T Xyl

s



Making use of (7-42) we can write (7-47) in the equivalent form

where

(7-48)

(7-49)

The total downward volume flux of fluid crossing As is5 vAs. Using

(7-46), (7-48) and

9z, 2 2
Iyl = () + (5D +1

we have

dH
vAs = AxAy —a%é

(7-50)

(7-51)

Thus, the net downward flux or fluid per unit horizontal area is

- Hys
Ovs dt
or
9z,¢ +y oz, + ”azvs - W=
ot X Ty Mys

where (u, v, w) is the fluid velocity on Hvs‘

An expression for Nys

can be derived from

(7-52)

(7-53)

the first law of

thermodynamics. Assuming that all sources and sinks of heat are on the

boundaries of the fluid, e.g., radiative cooling on Hvs and heat transfer to

the terrain surface Ht’ we can write the first law in the form
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BB, 8+ &8+ 28= (7-54)

e=T() P (7-35)

where P is a reference pressure (usually 1000 mb) and p is local pressure.
Following the procedure described in Part 1, Section 2 for obtaining layer

averaged variables, we get from (7-54)

t
aH
9 <8> 3h <> 9<6> 1 t
3t @ * Rt Ut Vay +'ﬁ[e_dt
Vs (7-56)
__t dﬁvs Vs
- <@ vVH - 6= +t <> yWH o | =0

t Vs
where () denotes averaging over the terrain surface He s () denotes averaging

over the virtual surface Hvs’

h(x,y,t) =z, (x,y,t) - z,(x,y) (7-57)
and
lanS
@ =} 3 odzda (7-58)
Azt

and A is the area of a grid cell in the model.

Look at the first term in brackets in (7-56). 1In analogy with (7-52) we

have
-EE = nt (7‘59)
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where Ny is the downward fluid volume flux at the ground. Thus,
t

H

f
o

- T (7-60)

ct

where w’e'o is the kinematic heat flux at the ground.

Consider now the second term in brackets in (7-56). Since azt/at =0

t
and since'ﬁl = 0 (there is no net flux of air through the terrain), we have

Ry
T !'VHt = 0. ‘ (7-61)

The third term in brackets in (7-56) can be written with the aid of
(7-52) as

Vs
dH Vs
vs -——.—-— -
=0 Vs (7-62)

o

and the fourth term becomes, using (7-52) and (7-53),

VS azvs
© y-WH, o =< [n, - =5 (7-63)

where Nys and z,  are taken to be averages over an area A of a grid cell

surrounding any given point.

Substituting (7-60) - (7-63) into (7-56) and collecting terms we get

dy 1 vs
-y QT - = -
@ +p[-wer -8, +<®n ]1=0 (7-64)
where
d
H_ 3 9 3. (7-65)
at =5t " Yx T Vay
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Following Zeman (1979) we shall assume that within the cold fluid, i.e.,
the nighttime stable boundary layer, the potential temperature has a linear

variation with height, namely

-z,
8 =86, - (8, - 6,)(1 -~ ——) (7-66)

where eh is the value of © at the elevation h above ground and eo is the
potential temperature at the surface. At elevation h the turbulent heat and
momentum fluxes are negligibly small; so if we take this to be the elevation

of the virtual surface z, then the kinematic heat flux on Hvs is simply that

s)
due to the motion of the surface itself. In this case we have

Vs

i mscp—p—

envs = ehnvs’ if Nys > 0 (7-67)

Also, on integrating (7-66) in the manner of (7-58) we get

<> =% (eh + eo) (7-68)
and hence
d d d
H _ H H -
‘RO =EFRO T O (7-69)

Substituting (7-67) and (7-68) into (7-64) we obtain

d 2w'O!
2h H 0
n. =20 Hep - 0 (7-70)
Vs eh 60 d eh 90
Making use of (7-69) in this equation we obtain
—— 4 - -
Nys = B\he h) (7-71)
where
g=- 1 M 6, +0) (7-72a)
eh-eo dt ‘“"h 0 N
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2w'e"

h=‘—-———"9—

¢ gﬂ (eh+ eo)
dt

(7-72b)

It is instructive to compare (7-71) - (7-72) with models of the stable
boundary layer developed by others. Earlier efforts have considered only
homogeneous surfaces with no mean vertical motion (w=0). In this case (7-71)

reduces to (see 7-53 and 7-57)

oh _ - _
at - Blhg = ). (7-73)
and dH/dt + 9/3t. Nieuwstadt and Tennekes (1981) (NT) recently proposed

3h

5t - B'(hg=h) (7-74)
where
96
4/3 0
B' = = ot —— (7-75a)
6h 60 ot
2

| = :
he =g, fG sina cosa

L (7-75b)
Tl ﬁ9. l

where f is the Coriolis parameter, G is the geostrophic wind speed, a is the
angle between the geostrophic and the surface winds, and Cy is a constant
whose value is estimated by Nieuwstadt and Tennekes to be about 0.15. Good
agreement was found between the predictions of this model and observations of

the boundary layer depth h.

On comparing (7-71) - (7-72) with the NT model (7-74) - (7-75) we find

that except for the constant 4/3 in B', the two models are the same, provided

74



that the surface heat flux satisfies

2 .
—1=r, . 0.15 fG"sina cosa -
w8, | = > o/T . (7-76)

To determine whether this is a plausible relationship, we note first that

for large values of h/L, where L is the Obukhov length

3
Le- YT (7-77)

wWTET
gk Wra;

Brost and Wyngaard (1978) found

G2

t

sinacosa = u2 ({})2 (-2%) (7-78)

where k = 0.4 in the von Karman constant. Substituting (7-77) and (7-78) into
(7-76) we find that (7-76) implies

h = 0.8 (dxky% (7-79)

But this is just the formula that Zilitinkevich (1972) derived for h from
similarity theory [in particular h = c5(9§£)%]; and thus we conctude that

(7-76) is a plausible expression, at least for large h/L.

Having an expression now for Nys? let us return to (7-53) and consider
the vertical velocity w. Since the cold layer is shallow we can approximate

the continuity equation by

au AV , 9w _ -
5t 5y t57 = 0. (7-80)
Integrating from zZy to Z, and using the assumption that u and v are invariant

with respect to z, we get
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AU |, 9V4 _ _ -
h[-a-)z + 59] = wt wvs. (7 81)

Since there is no flux F of fluid through the ground, we see from (7-61)

that
azt 8zt 9z '
5t *Ux TVay M= (7-82)

Solving (7-82) for Wy and using the result in (7-81) we obtain

oz 9z

= ot o prlu v -
Wvs T U5 T Vv hizx * ay] (7-83)

where h is given by (7-57). Substituting (7-83) into (7-53) we obtain finally

gh . dh . Bh , ,Bu BV, _ (7-84a)

5t * Y5x * Vay * Nlsx * 5y = s .
where

h = Z,c " I (7-84b)

This is the model equation that we shall use to obtain Z,.-

Simplified model equations

Going back to the momentum equations (7-34) and (7-35) and recalling that

Z,s is the elevation where vertical heat and momentum fluxes due to turbulence

are negligible, we assume that

VS -
o, = 0. (7-85)

Let us aiso assume in this "first generation" model that the lateral eddy
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viscosity tensor K is also zero. With these assumptions (7-34) and (7-35)

reduce to
2L BB (= g 20 T
- 5% a:i] + fv (7-86)
- 5%.?;% - fu (7-87)

where Py is the sea-level pressure and h and z, are given by (7-84), which

we rewrite here for completeness:

oh dh , 3h ou , 9Vq _ -
3 + Us;(' +V§—y- h[é‘)—( + 5'9- = nVS (7-88a)
h = ZVS - Zg. (7-88b)

The set of equations (7-86) - (7-88) is a closed system that we can solve for
u, v, and h given CD, Ap, Por Psy1r 27 and Nys: Earlier we described how Nys
is related to the surface heat flux WT§; and the temperature distribution ©
within the cold layer (see 7-71 and 7-72); and we presented formulas that one
might use to derive these variables (see 7-66 and 7-76). Below we summarize
the expressions that we propose to use for these and the other parameters

listed above in the first generation version of processor P7.
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(1)

(2)

(3)

(4)

(5)

Nys = Eq. 7-71,72 with eh and eo from surface and upper air mete-
orological data (Processors Pl and P3);'WT§; = Q = kinematic
heat flux at the ground (from Processor P4);

zT(x,y) = 30 x 45 min (lat-lon) smoothed terrain heights (meters,
MSL, from P7)

¢y = kilInGzD) -b1% + 2%y (7-89a)
0

where k = 0.4 is the von Karman constant; h is the Tocal

solution of Eq. (7-88); z, is the surface roughness (m), from

P4;

5, if L>0,
a -
-1, otherwise; (7-89b)
-5, if >0,
4, otherwise;

and L is the Obukhov length (from P4). Note that L, z_, h, and

o’
hence a, b, and CD are defined for each grid point in the model
domain. (Eq. 83 1is based on values given by Melgarejo and

Deardorff, 1974.)

6 -8
bp B8 . h o (7-90a)
Py " <e> eh+ eo -
where eh and eo are from Processors Pl and P3;
p
po = R_S]. (7‘90b)

v
where Ps1 is the sea-level pressure (from P3); TV is the virtual
temperature (from P3); and R is the gas constant.
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(6) g and f are gravity (9.8 m sec‘z) and the Coriolis parameter (=
20sing), respectively. Here Q = 2rn/(24-60-60) sec:-1 and ¢ is the
local latitude in radians.

Later we outline the stages of calculations that are needed to compute the
parameters listed above and the additional quantities, not used in the flow
simulation, that P7 must provide to the model and to other processors in the

network.

Solution of the u, v, and Z,. equations

Each of the Egs. (7-86) - (7-88), which govern u, v and Z,q

respectively, has the form

ar , or , \ar _ -
_€+ua+v%+br—s (7-91)

where U and V are functions of I'. We will approach the task of solving (7-91)
numerically using the technique developed in Section 9 of Part 1. That is, we
assume that within each small time interval At, the coefficients U and V in
(7-91) can be treated as independent variables whose values are determined
using the value of ' at the beginning of the interval, t, say. In this case

the solution of (7-91) can be expressed in the closed form

- i 1 |
T(x,t,*At) -‘fp(x,t°+At[5,to)r(5,t0)d5

(7-92)
t ot
+ j. P(X,t *At X3t )S(x;t! )dt dx!

o]
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where p is the Green's function of (7-91). In the present instance it has the

form
P(x,y,tIxiyit ) = 8[x-(x'+x)18y-(y'+7)1e Pt Eo) (7-93)
where 6[x] is the delta function and
t
X = i(tlx',y',to) =j.U£x' + x(t'), y' + y(t'),t'1dt’ (7-94a)
t
t
y = y(tlx',y' ) =jVEx' +x(t), y' o+ y(t),t'1dtt. (7-94b)
%

The assumptions that U and V are approximately constant during the time
step At should be valid provided that At is small enough to satisfy

, dlul
]T] 35t At <<1. (7-95)

~

From Eqs. 7-86 and 7-87 we find that this condition will be met in general if

1}

max {-l-!éE Q_EQE} <«<1 (7-96)
L, UL

where g' = ¢ Ap/po; and U, H, and L are the characteristic speed, depth and

length of fluctuations in the flow field. In the stable boundary layers that

25ec™2, U ~ 5m secl;

we plan to model, g'H is typically of the order of 50 m
and thus for disturbances with a horizontal scale of 50'103m, which is near
the resolution of the regional model, we can use time steps as large as 300
sec and satisfy (7-96). We should add, however, that in regions where the

local Froude number
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exceeds unity, flow discontinuities such as hydraulic jumps will occur, and
these will cause considerable problems in the numerical model. We do not
expect the nighttime flows that we will simulate to\ become supercritical
often. When it happens, it will occur in isolated portions of the model
region and we will be able to anticipate it by monitoring the temporal
behavior of the flow. In those grid cells where we predict that the flow is
about to become supercritical, we propose to prevent it by applying enhanced

eddy viscosity.

A detailed description of the numerical scheme used to solve the flow
model equations, specifically equations reducible to the form (7-91), is given
in Appendix A of this section. The scheme described there is the same one
that is used to solve the transport and diffusion component of the regional
pollution model equations. The scheme is an explicit, 5th order space, 1st
order time algorithm that permits the model domain to be treated in piece wise
fashion. This is a particularly valuable feature in models such as ours that

are too large to load entirely into the computer memory.

One of the principal problems associated with the numerical solution of
equations like (7-86) - (7-88) 1is the treatment of the Tlateral boundary
conditions. Since no generally valid method exists for specifying the
boundary values required by the difference equations, a common practice in
mesoscale flow models is to place the boundaries far from the edges of the
spatial domain of interest. Another approach is to imbed the flow model

within another one of coarser resolution which provides boundary values.
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Neither of these methods of circumventing the boundary problem can be used in
our studies because the additional computer storage and time that they would
require would make the overall simulation effort impractical. Consequently,
we have formulated an approximation of the boundary conditions, described in
Appendix B of this section, that is sufficient for treating the 1limited

periods of concern to us in modeling the nighttime boundary layer flow.

Below we outline the various stages of computation that are necessary

within processor P7.

Stage 7T
The "raw" topography data available in the PIF will be denoted here by

2t(A,¢). These represent terrain elevations averaged over 5 min x 5 min
latitude ~ longitude sectors. The regional model and the flow model developed
in this section require the elevation zt(k,¢) averaged over 30 min x 45 min

latitude - longitude sectors.

Let zt(I,J) denote the value of the 30 x 45 min smoothed terrain at grid
point (I,J) (column I, row J) of the NERQOS region. Then
z,(1,9) =2, 2,(1,§) (7-97)
i,jeD(I,d)
where the summation is over the 54, 5 min x 5 min cells surrounding grid point
(I,J) (see figure 7-5). Note that the 54 cell smoothing area used in the
definition of zt(I,J) overlaps the smoothing areas associated with the 8 NEROS

grid points nearest the point (I,J).
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The input and output requirements of Stage ZT are summarized in Table 7-1

later in this section.

D FanY Faul
4 N/ A\ "4
(1+1, J+1)
oY Fant I
A\ "4 N A" "4
(1,J) (1+1,J)
4D o Far¥
@ \> 74 A~

Figure 75 . Illustration of the 54 5 min x 5 min cells
that are used in the calculation of zt(I,J).

Stage DELRO
The parameter Apl is used in this and other processors as an indicator of
the presence of an inversion layer at the ground. This parameter will be a
scalar and a function of time only in the first generation model. We define
1, if surface inversion is present

Ap,(t ) = over most of the model region -
L' at time tos (7-38)

0, otherwise.

Under this definition the magnitude of Ap1 is an indicator of the density of
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air in Layer 1 relative to that in Layer 2. In the first generation model we

will compute Apl(tn) using the following procedure.

(1) Define
*1, if ap,(t ) = 0 and Q(t,) < 0;
6p1(tn) ={-1, if Apl(tn) =1 and iDEF(tn) <0; (7-99)

0, otherwise
where
Uty = 20(1.5.t,)

is the surface kinematic heat flux (°Kmsec‘1) summed over all grid points (i,j)

of the model domain, and TDEF is the mean "temperature deficit" of the cold layer
which we approximate by

m
TOEF(t ) = azzh?. (i,j,t) - 555 q(i,j,n)At. (7-100)
n iJ max m ijn=0

In this expression hma js the depth of the cold layer at the time the surface

X
heat flux reverses, i.e.,

h(i,,t,), if QL5080 > 0
1,] = i,] . (7~
hpaxCisdsty) and Q("J’tm—l) < 0; (7-101)
0, otherwise

The value assigned to hmax before the surface heat flux reversal, in this case
0, is immaterial since the value is never used. In (7-100), the variable q is

given by

Q(i,3,ty), 1F QG J,t) 2 03

0, otherwise

a(i,j,ty) = { (7-102)
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The constant « that appears in (7-100) is a temperature gradient that we

define in Stage ETA.

(2) With 6p1(tn) determined by (7-99) a functional form for Apl(tn) that

is consistent with (7-98) is the following:

Apl(tn) = Apl(tn-l) + Gpl(tn) (7'1033)
with initial value

Apl(to) =0 (7-103b)

and

t, = 1200 EST. (7-103c)

Under definition (7-103) we assume in effect that an inversion layer forms
over the entire model domain at the hour the average surface heat flux over

the whole domain becomes negative; and it disappears everywhere at the hour tn

that TDEF, defined by (7-100), first becomes negative. This is clearly a
crude approximation in a model such as ours which spans 15° of longitude, but
to relax it would require an escalation in the complexity of the flow field
description that would put the overall modeling effort beyond the scope of the

"first generation" effort.

In summary, stage DELRO computes the single scalar variable Apl(tn)’
n=0,...N wusing Egs. (7-99) - (7-103). This variable is used throughout
processor P7 as an indication of when specific functions are to be performed,
and it is an output of P7 that guides the use of the fields generated here in
other processors in the model network. A list of all the input and outputs of

this stage is given later in Table 7-1.
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Stage ETA
This stage operates only during those time steps tn when Apl(tn)=1 and it

operates 1in unison with Stage FLOMOD, described below, whichl solves the
equation set (7-86) - (7-88). In this stage we compute Nys> using Egs. (7-71)
and (7-72), and Ap/po, using (7-90a). Both of these calculations require
values of the temperature eh at the top of the cold layer. Rather than
attempt to estimate these from upper air data, which would be a difficult task
given the shallow depth of the cold layer and the limited frequency of the
upper air measurements, we propose instead to estimate eh from the observed

ground-level temperatures eo assuming a constant temperature lapse

20 _ -

S -a (7-104)
in the cold layer. The observations reported by Godowitch and Ching (1980) of
the nighttime surface inversion in rural areas around St. Louis indicate that

a typical value is
a = 1.2 °C/100m. (7-105)

Using (7-104) we have

e, = eo + ah (7-106)

h
with a given by (7-105); and hence from (7-90a)

_ ah ~ oh
do/p, = 26 vah 26,

(7-107)

We will estimate the surface temperature 6, at each grid point (I,J) using the
virtual temperature observations Tvn’ n=1,...N made at the N surface weather
stations. We assume here that the Tvn(°C) are available from Processor P3 for

each hour. In this case eo(I,J,tm) is computed as follows:
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N

3 -2
< T (t )+273]
_ n—lrn L vh''m -
eo(I,J,tm) = T— (7-108)
2 r
=l "
where
r. = [(Iaxex )2+(day-y )12 (7-109)

is the distance between grid cell (I,J) and the sfte (xn,yn) of surface
station n. Equation (7-108) should be evaluated at each time step t, that
Apl(tm)=1-

The inversion layer growth rate parameter n,g Can now be computed from
(7-71) and (7-72) for each grid cell and time step. Since the physical
assumptions on which the governing equations (7-86) - (7-88) are based do not
hold in situations where the fluid is being heated from below, we must limit
the minimum value of Nys to zero. The net effect of this is to assume that
over warm cities at night, the surface heat flux is never positive. Thus, we

have
nVS(I,J,tm) = max {0, B[he - h(I,J,tm)]} (7-110)
where

1 30,  sn

B =- Gh(T,3,6) [25¢ + ag5z)

(7-111a)
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and

20(1,4,t,)
hy = —s3 _ (7-111b)

0 3h
(25¢ + ag3)

In these expressions we can use the approximations

20 e (I,J,t)-6 (1,J,t )

0 0 m’ "o " m-1
3t - At (7-112)

h(I,J,t ) - h(I,J,t_.)

ah ’m U ' m-1
5t = At (7-113)

where eo is given by (7-108) and h is the solution of Eq. 7-88 provided by
Stage FLOMOD.

Note in (7-111b) that we use estimates of the surface heat flux Q in each
cell rather than the expression (7-76) discussed earlier in the estimate of
he' The 1latter is based on the assumption of homogeneous, flat terrain and
homogeneous heat flux and hence estimates of Tiqi: derived from it using

observations of the ageostrophic wind angle a acquired from wind observations

would probably be erroneous.

In summary, Stage ETA provides values of Ap/p0 (using (7-107)) at each
grid point and time step that Apl = 1; values of Nys at the same locations and
times using (7-110); and the surface temperature eo at all hours. A list of

the input and output parameters of this Stage is provided in Table 7-1.
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Stage PCD

This stage computes the pressure and drag coefficient terms that are
required in the momentum equations (7-86) and (7-87). Therefore, this stage

operates only at times tm when Apl(tm) = 1.

We assume that the sea-level pressure data Ps1 n measured at each of the
n=1,2,...N surface weather stations is available for each hour tm that PCD
operates. At each of these hours sea-level pressure values should be

interpolated at each grid point in the model domain using the following

formula:
N -1
nil ps],n(tm) ™n
PS](I,J,tm) = " (7-114)
2 r;l
n=1
where
1
ro= [ax - x )% + Ay - y )27 (7-115)

and N is the number of surface stations at which sea-level pressure values are
available. Using the same interpolation formula, derive estimates of the

surface air density at each grid point at hour tm:

N

2 prCtpry]

- =
pO(I’J,tm) - N -1
Zr
n=1"

(7-116)

where r is given by (7-115) and Pn is the density at surface station n {from

P3).
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At each grid point we require values of the functions

ap
- 1 7s _
Px =5 x (7-117a)
op
= _1 S] -
2 5 (7-117b)

We will approximate the spatial derivatives that appear in {7-117) using the
fourth-order finite difference scheme discussed in the appendix to Section 8.

With those expressions we get

-1
Py (1,3,t)) = Alp,(1,3,t)7 H{2/30p , (1+1,d,t )

ps](I-l,J,tm)] - 1/12[ps1(1+2’J’tm) (7-118)

pe1(1-2,d,t )11 (ax) ™t

PCT,3,t,) = Al (13,801 H2/30p (1,341, 8 )
ps](I,J-l,tm)] - 1/12[ps](I,J+2,tm) (7-119)

pey(1d-2,t )13 ay)

where Ax and Ay are the x and y separation distances (m) of the grid points

nearest (I,J); and A = 100 is the conversion factor required to transform the

-l
1S€!C ".

sea-level pressure values from units of millibars to kg m (Note that

3

Py has units of kg m ° and Ax and Ay have units of meters.) The gridded

functions Px and P_ are outputs of Stage PCD each hour that Apy = 1; and the

y
sea-level pressure Ps given by (7-114) is an output for all hours.

The computation of the drag coefficient value CD in each grid cell and

hour requires a straightforward implementation of Eq. (7-89). We have
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_ h(Isttm) 2 2 _;2
CD (I,J,tm) =k{[1In (—?(-)-(I—’J-T)"b] +3%} (7-120)

where k=0.4; z, is the surface roughness (m) of cell (I,J); h is the depth (m)

of the surface inversion layer in (I,J) at tm (from Stage FLOMOD); and

{5, if L(I,J,t ) > 0;
a= m

-1, otherwise

{—5, if L(I,J,t ) > 0;
b = m

4; otherwise.

Here L is the Obukhov Tlength (m) in cell (I,J) at hour tm (from P4). The
coefficient CD(I,J,tm) is the third and final output of Stage PCD. (Refer to

Table 7-1 for a summary of the inputs and outputs of this Stage.)

Stage IBC

This stage computes boundary and initial values of u, v, and h for use in
solving the system of equations (7-86) - (7-88). For this purpose we assume
that initially and along the boundaries of the simulation region the velocity
field is in equilibrium with the friction, pressure and Coriolis forces. That

is, we assume (cf 7-86, 87)

sZCScose

= = -PX + fs (sind) (7-121)
szcgsin e

5 = -Py - fs (cos®@) (7-122)
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where s = (u2 + VZ)% is the flow speed and O is its direction. Cross-

multiplying (7-121) by (7-122) we get

PX sin® - Py cosd = fs (7-123)

and on squaring (7-121) and (7-122), adding the results and .making use of
(7-123) we obtain

4. 4
3 CD

2.2 _ 2 2\ _ -
——;E— + s (PX + Py ) =0. (7-124)
Since all parameters except s in (7-124) are known, we can solve this equation

for the flow speed s at each grid point and then substitute the results into

(7-123) to obtain the corresponding flow directions 6.

Next,we define the time tKO:

tKO = time during a given 24-hour period when
Apq changes from 0 to 1. (7-125)

This marks the initial instant at which the equations (7-86) - (7-88) apply,
and it is the function of Stage IBC to provide the necessary values of u, v,

and h at this time. Thus,

if tm = tKO’ Stage IBC computes initial values as follows:

h(i,j,tKo) = ho = 30m, (7-126)
Wi, d,tg) = $CH,3,tg)eosB(i, 3, tyg) (7-127)
V(i’j’tKO) = S(i,j»tKo)ﬁine(i;j,tKo) (7'128)
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where s(i,j,tKO) is the solution of (7-124) at grid point (i,j) based on
values of Px’ Py‘ CD and h (from 7-126) at that point; and G(i,j,tKO) is the
corresponding solution of Eq. (7-123).

if tm > tKO and Apl(tm) = 1, Stage IBC computes

boundary values of u, v, and h as follows:

Hge(1,d,ty) = ny (3,3,t,) (7-129)
Ugelisdoty) = 5f [u(i,3,t,) = u(i,i,t, )] (7-130)
Vae(iduty) = 5 v(i,5,t0) - v(iLg,t )1, (7-131)

In these equations (i,j) are boundary points only. Also, n is given by

Vs
Stage ETA and u and v are computed on the boundaries using the same method
employed to obtain the initial conditions, (7-127) and (7-128) above. We
should point out that in our treatment of the boundary conditions (see
Appendix B to this chapter), we give the values of u, v, and h at inflow
boundary points in terms of their initial values, i.e., h(i,j,tKO) etc., and

we require that the subsequent time derivatives of these variables be

specified, namely

ﬂ, U, and V.

Stage IBC provides the boundary conditions (7-129) - (7-131) at each time
step tm that bpy = 1. The input and output parameters for this stage are

summarized in Table 7-1.

93



Stage H1HO
This stage performs the final operations in the calculation of the
elevation zq, of the top surface of Layer 1 of the regional model; and it
converts this and other surface elevations into pressure coordinates. The
specific operations are defined below.
h(i,j,t ), if apy(t ) = 1;
o m 1 (7-132)
h1(1,\]9tm) -
max{100, min{500, L(i,j,tm) 11,

if Apl(tm) = 0.

Here h is the solution of (7-88), as provided by stage FLOMOD, and L is the
Obukhov length, used earlier. The value assigned h1 by Eq. (7-132) when Apl =
0 1is constrained to prevent the Layer 1 depth from approaching zero
thickness =~ which could happen in extremely unstable conditions when L -
0 -- and also to prevent Layer 1 from becoming as deep as the mixed layer --
which would force the thickness of Layer 2 to zero. Although these
constraints are not necessary in principie, they are applied to prevent
numerical problems in the code which might arise as cell thicknesses approach

arbitrarily small values.

The virtual surface elevation Z,¢ is computed as follows:

2p(1,3) + hy(i,d,t), i dpy (8) = 15
ZT(i,j), if Apq (tm) = 0.

zvs(i,j,tm) = §. (7-133)

Since ZT is given in meters above sea-level, the values of 2 and Z,¢ obtained

from (7-132) and (7-133) are also in units of m (MSL).
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Several other processors require the surface elevations in pressure

coordinates. These are computed as follows:

. . . . Zl(iaj:tm)g .
p (.3, = ps1(1,J,tm)exp£-————j—j———-] (7-134)
RdT(1’J,tm)
where g = 9.8m sec'z, Ry = 287m2 sec 2 o1, 2y =27 + hy, and
T(i,5,t,) = 4026, (3,3,t,) + 0.00652,(i,i)] . (7-135)

1

In this expression 0.0065 °K m — is the temperature lapse rate of the Standard

Atmosphere which, for altitude calculation purposes, we assume holds between

ground elevation and sea-level.
Similarly

pvs(i,j,tm) = Eq. (7-134) with z replaced by Zs (7-136)

Finally, in accordance with the analyses presented in Appendix B of Part

1 of this report, we shall prescribe the depth h0 of Layer 0 to be

ho(i3,t,) = hy(d,5,t,)/10. (7-137)
The inputs and outputs of Stage H1HO are summarized in Table 7-1.

Stage SIG

This stage estimates the fractions o1 and 910 of surfaces zl(x,y,tm) and

[zT(x,y) + ho(x,y,tm)] that are penetrated by terrain.

Referring to Fig. 7-5 which illustrates the process of computing Z7 in

Stage ZT, we define
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- L T,
or(1,J,t ) = AGi,i,t) 7-138)
T1 m) = 5T i’jsmfd)m (

where A is defined as

.. Lif 2,(1,§) 2 z;(1,d,tp); (7-139)
A, 5,ty) =

0, otherwise
and the summation in (7-138) is over all 54 of the 5 min x 5 min subcells
contained within the 3 x 3 grid cell area in which 7 (I,Jd) is defined.

For simplicity in this first generation model we will assume

where o1y is given by (7-138). The inputs and outputs of Stage SIG are

summarized in Table. 7-1.

Stage FLOMOD

This stage solves the system of equations (7-86) - (7-88) using the
numerical method discussed earlier, beginning on page 79. A detailed
description of the numerical procedures used to solve the equations is given
in the appendices to this chapter; and the input and output parameters of this

stage are summarized in Table 7-1.

A schematic view of the interrelationships among the various stages that

comprise Processor P7 is given in Figure 7-6, page 130.
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Table 7-1. Summary of the input and output requirements
of each stage of Processor P7.

Input Qutput

Variable Description Source Stage Variable Description

Q(i,j,tn) surface kinematic_l) P4 DELRO Apl(tm) surface inversion
heat flux (°K m s indicator: = 1 if
at grid cell (i,j) an inversion is
at hour tn present over the

entire model domain
at hour tm; =0
otherwise.
h(i,j,tn) depth of cold layer Stage
(m) at grid point FLOMOD
(i,3) at hour tn

it(A,¢) 5 min x 5 min RAW 2T zt(i,j) 30 min x 45 min
smoothed terrain smoothed terrain
elevation (m MSL) centered at NEROS
centered at longitude grid cell (i,]).

A, latitude o.

Tvn(tm) virtual temperature P3 ETA Ap/po(i,j,tn) buoyancy parameter at
(°C) at surface (operates grid point (i,j) at
weather station only when time tn
n=1,... N at hour Apl=1)
tm'

h (i,j,tn) depth of cold layer Stage nvs(i,j,tn) cold layer growth
(m) at grid point FLOMOD rate (m s~1) at grid
(i,3) at hour tn point (i,j) at time

tn.
e (i,j,t.) Surface temperature,
0 n QK.

Q(i,j,tm) surface hgit flux - P4
(°K m sec )

Pe n(tm) sea-level pressure P3 PCD PX(E,J,tm) horizontal pressure

’ (mb) at surface force term in Eq.
station n, hour tm (7-86) (see 7-118)
pn(tm) surface air density P3 Py(I,J,tm) horizontal pressure

(kg m3) at surface
station n, hour m.
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Table 7-1. (Continued)

Input Qutput
Variable Description Source  Stage Variable Description
h(I,J,tm) depth (meter) of Stage PCD CD(I,J,tm) drag coefficient
cold surface layer FLOMOD (cont.) (dimensionless)
in cell (I,J) at in cell (1I,J) at
hour m. hour m.
zo(I,J) surface roughness P4 ps1(i,j,tm) sea-level pressure i
(m) in cell (1,J) cell (i,j) at hour t
L(I,J,tm) Obukhov 1ength (m) P4
in cell (I,J) at
hour m.
Px(i,j,tm) horizontal pressure Stage IBC h(i,j,tKO) initial depth (m)
force term (see 7-118) PCD of the cold layer in
cell (i,j)
P (i,j,tm) horizontal pressure Stage u(i,j,tKO) initial east-west_1
Y force term (see 7-119) PCD flow speed (m sec ™)
component in cell
(i,J)
CD(i,j,tm) drag coefficient Stage v(i,j,tKo) initial north-south
PCD flow speed component
in cell (i,7)
n,e(1,d,t,) cold layer growth Stage HBC(i,j,tm) time derivative (m/s
rate (m/sec) ETA of cold layer depth
at boundary cell
(i,j) at time tm
UBC(i,j,t Y time derivative of
m the east-west flow
component on the
boundary at time tm
VBC(i,j,tm) time derivative of
the north-south flow
component at boundar
po1nt_2(1,3) (units:
m sec
zT(i,j) elevation (m, MSL) Stage H1HO hl(i,j,tm) thicknes§ (m) of o
of smoothed terrain T Layer 1 in cell (i,].

in grid cell (i,])
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Table 7-1. (Continued)

Input Qutput
Variable Description Source  Stage Variable Description
h(i,j,tm) depth (m) of cold Stage  H1HO zvs(i,j,tm) elevation (m, MSL)
surface layer FLOMOD (cont.) of virtual surface
in cell (i,j), hour
t
L(i,j,t;)  Obukhov length (m) P4 m
ps](i,j,tm) sea-level pressure Stage pl(i,j,tm) elevation of surface
(mb) in cell (i,j) PCD z, in pressure (mb)
at hour tm c%ordinates.
eo(i,j,tm) surface temperature Stage pvs(i,j,tm) elevation of the
(°K) in cell (i,j), ETA virtual surface Z,¢
hour tm in pressure (mb)
coordinates
Apl(tm) indicator of Stage ho(i,j,tm) depth (m) of Layer
presence of cold DELRO 0 in cell (i,j) at
surface layer hour tm.
z,(1,3) smoothed terrain Stage SIG or;(i,3,t,)  fraction (0<oqy<1)

elevations (m, MSL) T of surface z, Penetrat
by terrain }n cell

(i,j) at hour tm

it(i,j) 5 min x 5 min averaged RAW oTo(i,j,tm) fraction (0<o 051)
terrain elevation of top surfacl of
(m, MSL) of cell (i,j) Layer 0 that is
penetrated by terrain.
zl(i,j,tm) elevation (m, MSL) Stage
of top surface of H1HO
Layer 1.
zt(i,j) smoothed terrain Stage FLOMOD h(i,j,tm) depth of cold layer
elevation YAl at time t_ in cell
(i,3)
Px(i,j,tm) see stage PCD Stage <u(1',j,tm)>vL cell averaged east-
output PCD west flow speed
component (m/sec)
at time t_ in the
P (i,j,tm) see stage PCD Stage cold Tayel
y output PCD

99



Table 7.1. (Concluded)

Input Output
Variable Description Source Stage Variable Description
C (i,j,t ) drag coefficient Stage <v(i,j,t )> same as <u>
D m PCD m= vl except nortKLsou
component
Ap/po(i,j,tm)buoyancy parameter Stage
ETA
nvs(i,j,tm) cold layer growth Stage
rate ETA
Apl(tm) indicator of presence Stage
of cold surface layer DELRO
h(i,3,tq) |
u(i,j,tKO) initial values of Stage
v(i,j,tKO) h, u, and v IBC
ﬁBc(iijitm) time rate of _; Stage
change (m sec ™) IBC
of cold layer
depth at boundary
point (ij') at
time tm
GBC(iijitm) acceleration (m sec 2)  Stage
of east-west flow IBC
component at boundary
point (i}j') at time
tm.
Von(i'jit ) same as U,. except Stage
BC m north-sou%ﬁ flow I8C

component.
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Appendix A to Section 7.

Here we describe a numerical procedure for deriving solutions of

differential equations of the form

2 2
3r+u§£+v?£+br=xa—xl;+;<g-§§+s (7-A1)

at ax 'y 3

where all coefficients are functions of time and all except K and b are
functions of (x,y,t). We poiﬁted out in Eq. 7-92 that the solution of (7-Al)

can be expressed in the form

- 1 } L}
r(x,t;) —Jp(z,tl | %t (x5t )dx

(7-A2)
Y
+M’ p(x,tIx1t")S(xit )dt' dx'
tO
where
t
_—y i ay)2 —y )2
POx,t]x' b)) = iy exp [-5570)° L Qoyoy) -j b(t")dt"] (7-A3)
tl
t
x = x(t]xlyit") =JU(x'+§<t"),y'+§(t"),t")dt" (7-A4)
tl
t
y = y(t|xlyit') = rV(x’+>’<<t"),y'+9<t"),t")dt" (7-A5)
tl
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and

o? = 2K(t-t'). (7-A6)

In both our flow model and in the regional model we are interested in the

values of the dependent variable I' only at the grid points

x = (1Ax,Jday) , I,J=1...IMAX,JMAX;

and only at the discrete time intervals tn=nAt, n=1,... . Furthermore, in the
situations of concern to us the spatial variations in S are of a scale much
larger than UMAXAt or VMAXAt and the temporal variations are generally
slower than the time step At. Under these conditions we can express (7-A2) in

the approximate form

r'I‘j1 =JP(IM,JAy,tn+1| X3t OF(xit )dy' (7-A7)
where
n _ -
ri; = rlax,day,t ) (7-A8)
and
FQxit ) = T(xit,) + S(xit JAt. (7-A9)

Eq. 7-A7 expresses the value of I' at grid point (I,J) at the future time tn+1
in terms of its known values at the present time tn. Since the kernel p has
the form (7-A3), we can evaluate (7-A7) analytically if we express F(é',tn) in

polynomial form (or in a Fourier series).

To do this we note first that the kernel p in (7-A7) has a maximum value

at the point

XI = X* = JAX-X } (7'A10)

JAy-§

<
I

<
*
it
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and it decreases to zero rather rapidly away from this point. In fact, if
K=0, p has the delta function form given earlier by (7-93). Thus, the
polynomial that we use to represent F in (7-A7) should have maximum accuracy
in the vicinity of the point x' = (x*,y*), which we can find by solving the
transcendental equations (7-A10). In the simple case where the spatial
variations in U and V are much larger than Ax and Ay and the temporal changes
in U and V are slow compared to At, (7-Al0) yields the approximate solutions

(cf 7-94)

*
X (7-A11)

IAX - U(IAx,JAy,tn+l)At.}

X -
y JAy V(IAx,JAy,tn+1)At

The points (x*,y*) and (IAx,JAy) are illustrated in Figure 7-Al.
Using computer programming notaticn (to facilitate comparisons of the
theory presented here with the actual computer code), we define

IST = [IFIX(x*/ax) + 0.5]Ax (7-A12)
JST = [IFIX(y*/ay) + 0.5]ay (7-A13)

As illustrated in Figure 7-Al, (IST,JST) is the grid cell center closest to
(x*,y*) (taking the grid points (I,J) to lie at the corners of each grid
cell). In preparation for the expansion of F(5‘,tn) in polynomial form, we

define the new coordinates

_ x'=IST -
= (—AX—]Z_) (7 A14)

_yt-JST i
£ = %3;755 (7-A15)

Note that the origin of the (n,&) system is the cell center (IST,JST). We can
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now express F(é',tn) by the biquintic (5th order) Lagrange polynomial

6 . 6 .

6, ¢ T (-a,),T; (£-by)
FOsit,) = ;;i ;;i (FY; 5 “ ak)‘gl LN (7-A16)
IS AR R
/ Back trajectory starting
from (I,J) at time t_,,,
O 60 6 0|0 O \%mtn;g back in time
ot..
O 0 0 O o) i
O 60 O &/ 0O O GRID PQINT (I,J)
O 0 OLO O O &y
o © @~m'.\-(IST,JST)
O 0 0O 0 O 0O

Figure 7-Al. 1I1lustration of the points used in the numerical
solution of Eq. 7-Al. Circled grid points are those
from which values of ' and S are taken to derive a
biquintic expansion of F(;‘,tn) about the point
(IST,JST) (see Eg. 7-A9).

where
a; = b1 = -5
ag = b3 = -1 (7-A17)
3 = b4 =1
35—b5‘3
a = be = 5
F?j = F(iax/2+IST, jay/2+JST ¢ ) (7-A18)
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and

6
TT () = product over all k except k=i,
=1
6.
[T° () = product over all 1 except 1=j.
1=1

Note that (ai’bj)’ i,j=1...6 are the coordinates in (n,£) space of the grid
points at which the F?j are evaluated. These are the circled grid points
shown in Figure 7-Al.

To simplify (7-A16) let

6,
X; =g]l (n-a,) (7-A19)
6,
Y. =T1 (€-b)) (7-A20)
J =1
6,
L. =kr=11 (a;-a)) (7-A21)
3 7-A22
Mj -]I__Il (bj-bl). ( )

The last two parameters can be evaluated directly using (7-Al7). We get

L1 = M1 = -3840
L2 = M2 = 768
L3 = M3 = - 384 (7-A23)
L4 = M4 = 384
L5 = M5 = - 768
L6 = M6 = 3840
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Now (7-A16) can be written

6 6
n X.Y;
Fix',t) =2 2 Fosppd (7-A24)

i=1 j=1 " N

Now look at the expansion of Xi:

Xp = nS - 5n% - 1003 + 5002 + 9n - 45 (7-A25)
X, = 0% = 3n% - 2603 + 7802 + 25n - 75 (7-A26)
Xg = n° + 5n% - 10n® - 5002 + 9n + 45, (7-A27)

Thus, we can express the Xi in the alternate form
5
- o -
X; -2;, a; (7-A28)

where the coefficients a,, are the known values given in (7-A25 - A27).

Similarly

5

2 a Bgﬁ. (7-A29)

Y. = .

Substituting (7-A28) and (7-A29) into (7-A24) and we obtain

5 5
F(x',t,) =20 530 ARane” (7-A30)
a: _—
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where

n na. a.
Ao = 2z Fo e df (7-A31)
i=1 j=1 '3 LM,

We now have the polynomial expansion of F(5"tn) that we need to evaluate
(7-A7), but first we must change the integration variables in (7-A7) from x' to

(n,£). We get

®

n+l
- AX A | 1 -b*At -
Iy = (2—)(5-‘1)Sg¢x (X3t 15t )0 (DYt gt e (7-A32)
-

F(n,&,t,)dndg

where

-x'-x)2
0, = = exp [- XX 705 (7-A33)

210

¢y = ]E%E exp [- iﬂégifllllf ] (7-A34)
(see Eq. 7-A3); and b* = b(x*,y*,tn)‘
Let
e, = x* - IST (7-A35)
€, = y* - JST. (7-A36)

Then, representing x' in (7-A33) in terms of n we obtain (from 7-Al4 and

7-A10)
2 (n+e,)?
o = exp [~ —pz— 1] (7-A37)
J2nGAx

107



where

e, /(8x/2) (7-A38)
o/ (Ax/2) (7-A39)

™>
x
i

Qr
{]

An expression similar to (7-A37) describes ¢y.

Substituting (7-A30), (7-A37) and the analogous expression for ¢y into
(7-A32) we obtain

5 5
n+l n X
o =2 2 A e DAt, -
1) 4=0 g=0 P © O (7-A40)
where
v ]
A 1 g Uoxp [ (" < )§ d (7-A41)
= nexp [~ —=r=— 1 dn -
¢ e o

1 d§ (7-A42)

These last two integrals can be evaluated analytically and we get

Ao =1
Al = EX
Ag = Ei + G2
(7-A43)

Ag = Ei + 32:X62

= 24 242 4
Ag 4+ 6€§0 + 3§

= 25 ~352 Ad
Ag €% +10ex0 + 15€X0
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Similar expressijons give Vg g=1,...6, except éx is replaced by éy'
In summary, the value of the dependent variable r governed by (7-Al) is

obtained at time 1level n+l at grid point (I,d) from (7-A40) where AEB is

derived from (7-A31) using known values of T at time level n; and where the A

and v parameters are given by (7-A43).
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Appendix B to Section 7

Here we describe the scheme we have developed to provide the boundary
values that the numerical analogues of the differential equations (7-86) -

(7-88) require but which the differential equations themselves do not need.

The essence of our method is that we divide the u, v, and h fields into a
base state and a perturbation component, and then in the governing equations
we set all sources of the perturbation fields to zero outside the region in
which the prognostic equations are applied. In addition we assume that
perturbations do not exist outside inflow points of the modeling domain. At
outflow points, we extrapolate interior values to estimate u, v, and h outside
the boundary, but these estimates are only included in the advection and

diffusion terms of the equation and are excluded from the forcing terms.

Rewriting the governing equations (7-86, 87, and 88) for future reference

and manipulation, we have

u . du ., AU . Uy ;o 2\
5t * Usx * gy R Cp (W)
(7-B1)
oz 2 2
_~1¢9h ty _ 94U d4u
O tax) TP TV gt Kayz
W . OV . BV LV oageo ok
3t * Ux *Vay TR Cplutvd)
(7-B2)

az 2 2
-t (0 ty - - ey 3%y
Iy *ay) Pyt ige Tl
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ah 3h ah vy _ 92h 32p -
SEtUSR T Ve thGR Y SO =nrKED v KD (7-83)
where
= l QE = l QE I = A 7-B4
Px T Bx Py Ty v ¢ gﬁﬁ (7-88)
Let
U= a + y' (7-B5a)
v = \_/ + y! (7-B5b)
h=h+h' (7-B5¢)

where barred variables refer to the base state and primed variables denote
fluctuations from this state. Our aim is to absorb the effects of the given

large scale forcing terms PX and P as well as initial and boundary conditions

y
in the base state variables (u, v, h), and to let (u', v', h') represent the
perturbations from this state that arise as a result of forcing by the terrain
z, and cooling n within the simulated domain. Substituting (7-B5a) into
(7-B1) we get

qu ,du'  -3u, cou' | 3u, .3u
3t "ot T YUax TUx tUsx T Usx
-3u , -du' . . ,du _ _,3u’ (7-B6)
+ Vay + Vay + v 3y + v ay
E 2,21% = ah' __E
* g Chlut+v2)® = g ( *3x t 5 )

cg(62+92)* = -p + £y (7-B7a)

oy I ¥ i}
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V c2(caenzy -
= C2(u2+y2)% = -p_ - fu.
- Gy = -7,
and assume
Q: = Q: < 0 ~ aza + 32;]
at ~ 5t axZ  9y<?

Subtract (7-B7a) from (7-B6) and use (7-B8):

au', =, 130U’ =iy F U oo ol U o ma mank
5¢ * (utu )ax + (v+v )ay R CD(u +v2) - CD(u +v4)
- - - 9z
QU _ _ eclu = duy b Tt
T uSx (ugg * v ay) 9'Gx * 5%

‘ -
-glgg - vl(gﬁ ‘f)
92y 92y!
" K Ty ]
From (7-B2) and (7-B5b) we have
av , av', -av _ -av' . dv _ 3V
5t "5t T YWx T U%x T Uax T Yax
SV L SBV' BV OV Y oo oyl o
+ vay vay ' By v 3y * CD(u +v<)

Tty . et L e 32v
5—y—+5§ +8y Py fu fu +K[5—§2‘

92y . azy' | 3%y’
* dy* ¢t dy*
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Using (7-B7b) and (7-B8) we can reduce (7-B10) to

t - M - o - -
g% + (U+U')g¥ + (V+V')g§ * R £ C% (UZ+V2)!i % CZD(UZ"’VZ)15
32.
rvBe - @B g @ o
adht Qv 2y | 3%v!
g5y " U Gx* ) +Kizgz + 5y% ]
Now combine (7-B5c) and (7-B3):
gh _ ah' _ -3h _ -3h' . ,dh , ,3h’
st tat tUxtUx TUsxtUsx
oh, ceh' . 8k, 9h' L oou L 9V,
tvgytVay tVigy tvigy thGtsy)
=.3u' _ av' oV av'y _
*th(zx * 5y 3y ) + R (ax ay) h' (ax dy ) =
= 92h _ 92h . 9%h' , 92h'
ntn + Kh[ax‘ 5y? taz t S5y2
where
- _ 1
n=x S‘ndz
A

and A is the model domain. We define

09'09
ct
1}
31
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Subtracting this equation from (7-B12) we have

at *+ (utu )3x * (v )ay *+h [ax * X * oy * ay ]

-3h . -3h +9h dhy _ = 0u , v )
Luss ng] u'sx V'ay] hz; + 5;] (7-B15)

where we have assumed

Q
N
>t

(7-816)

Q
d
+
Q
<
o

Now we write the basic equations (7-B9), (7-B1l) and (7-B15) in the following forms:

1 - ! - 1 - - 2,1 qzul
g% + (u+u')%§ + (v+v-)g§ +Uut(B B =+ S, ¢Sy K<§;§ + %y’ Yy (7-B17)
V' L mL V' L pm NV s Riy = 4 © a2v', 9%V -
ST + (u+u')5; + (V+Vl)5§ + V'(BV+BV) =+, + S& + K(5§7 + 577 ) (7-818)
) - ' - 1 - - 32 1 azhl _
g% + (u+u')§£ + (v+v')§£ +h'(Br Bp) =+ Sy + Sp ¢ Kh(5§2 * oy2 (7-819)
where
B, = ou/ax (7-820)
B, =av/ay ‘ (7-821)
B, = du/ax + 3v/dy (7-B22)
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2 AN
D [heuze)? - L@y, i # 0;
h

By =
cz _ 1
Eg(u2+v2)1, otherwise
2 L -
D Yuzn2)® - L @i, if v # 0
h
By =
c2
E-Q(u"-’wz);i , otherwise.
- du' v!
By = 5x dy
- - - - 9z
o R, R, g2,
Sy = [usg + Vay T 9 Gx * 53¢ )]
- y iy v 9z
= - nov 'Q! ! éﬂ __E
S [ug * vay * 9" Gy * 3y )
= lugg tvgy GG+ 5y) 0]
50 = [9'5x * V' Gy - D]
- _rm9h av
Sy = [9'59 tulGgp + )l
[ - 12_5_ '.B_E " ?_1_{' Q/_'
Sp= - lutgg syt gy )]

(7-B23)

(7-B24)

(7-B25)

(7-B26)

(7-B27)

(7-828)

(7-B29)

(7-B30)

(7-831)

and h satisfies (7-B14); u and v satisfy (7-B7a, B7b) and (7-B8); and u, v and

h are defined by (7-B5).
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We require only first-order derivatives in evaluation of the B's and S's.

We use the notation

Q2

= = 239
5L9r,9) = 5% Ay(gI,J) 5 \
x=IAX Y x=1ax
y=Jay y=Jay

We define several different Ax and Ay operators, each of different orders of

accuracy.

68 {9y ) = 185(apyy 5= 91-g g) - g4y 5~ 913 0) (7-B32)
+ (G143.9 " 91-3,9)1/(606)

4Ax(gI’J) = [8(91_,.1"1 - gI_l’J) = (QI+2,J - QI_z,J)]/(IZGX) (7'B33)
ZAX(gI,J)= (gI+1,J = gI‘l,J)/(Zéx) (7-B34)

sby 9y 5) = I450gy 541 = 91,9-1) 909y g4z ™ 91,542 (7-835)

+ (gI,J+3 - gI,J'3)]/(606y)
b, (9y ) = [8(ar 547 = 97 g-1) = €91 gep ~ 95 g-273/(1258)) (7-B36)

2Ay(gI,J) = (QI’J+1 - gI’J_l)/(Zﬁy) (7'837)

where 6x and Gy are the grid mesh dimensions.

The following operators are used to compute first derivatives on

boundaries:
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wix(9r g) = (71719 5 + 169qp,; 5+ 105Gp,, 5 = 160gp,, ;
+ 65gI+4,J - 9QI+5,J + gI+6’J]/(1206X) (7-B38)

s3(ay g) = [-171gy 5 + 189y 5,1 + 105g; 5, = 1609y 5,3
+ 65gI’J+4 - ggI,J+5 + gI,J+6]/(1206y) (7-839)

(91 9) = [171g; ; - 1697y ;- 105g;_, 5 + 160g; 3

- 65g1‘4,J + ggI-s,J - gI-G,J]/(1206X) (7-840)

Ny(9r g) = [171g; 5 - 169y 5.5 - 105gp 5., + 160g; 5 3
657 jog * 997 g5 = O g-61/(1205) (7-841)

The operators defined above are used to compute the variables éu’ Bv’ . Sy
defined by Egs. (7-B20) - (7-B31) in the sequence illustrated by the flow
chart in Figure 7B-1. Following are descriptions of the operations indicated

in the flow chart.

Although the model domain is a grid of 60 x 42 cells, we use an array of
66 x 48 cells in solving the governing equations (7B-1, 2 and 3) in FLOMOD.
The extra cells comprise a "frame" 3 cells wide around the 60 x 42 modeling
domain. Values of all parameters within this frame of cells are specified
whereas those within the modeling domain are predicted using the governing
equations. Specification of the BAR variables B‘J, Bv’ Bh’ Su, Sv and Sh
within the frame is straightforward since the variables u, v, h, etc. on which
they depend are given at all points in the 66 x 48 cell region. Specification

3 { { t i i i 4 s s T

of the PRIME variables Bu’ Bv’ Bh’ Su’ Sv’ and Sh within the frame region is

guided by the desire to avoid the spurious generation of disturbances just

outside the modeling region that can subsequently enter the area of interest.
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The prime variables u', v', and h' represent perturbations from the "base"
state represented by (u, v, h). We assume that all sources of perturbation
energy, such as terrain Z4, cooling n', etc. are within the 60 x 42 model
region. Therefore, we assign zero value to all prime variables outside this
region, namely in the boundary frame area. This is a key feature of our
boundary scheme. Finally, specification of u', v', and h' in the frame zone
must be done arbitrarily. The prognostic equations (7-Bl, B2, B3) cannot be
applied in the frame region because that would require values of all
parameters outside the 66 x 48 domain. A common method of estimating the
values of the dependent variables outside the modeling area is to extrapolate
values from the interior of the simulation area. We have found that even
crude extrapolation techniques give acceptable results when used with the
advection-diffusion equation. But the same methods generally fail when
utilized with systems of equations T1ike (7-Bl, etc.) because the errors in the
extrapolated values outside the simulation region give rise to disturbances
that spoil the accuracy of the solutions obtained within the model region. We
attempt to alleviate this problem by setting all source terms that involve the
dependent variables equal to zero outside the model domain (the 60 x 42
region) but we extrapolate values of these variables for use in the advection
and diffusion terms of the equation. In particular, if a given point on the
edge of the 60 x 42 region is a point of inflow, then we assume u' = v' = h' =

0 at all 3 cells of the frame zone adjacent to this point. For example,

u'(1,d) = u'(2,J) =u'(3,d) =0 -
vi(1,3) = v'(2,d) = v'(3,]) = 0:} if [u(4,d) +u'(4,0)1> 0
h'(1,d) = h'(2,J) = h'(3,d) =0

At points of outflow, we use the following extrapolation, illustrated for the

case of point (4,J):
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READ FIXED
FIELDS
z¢, f,

'

INITIALIZE
u'=v'=h'=0

_ _READ _
.v.h,CD.g.n.n

=3

|

COMPUTE
BAR VARIABLES
Bv. Bu. Bh
Su. Sv. Sh

J

COMPUTE
PRIME VARIABLES
B'u. B'v. B'h.
S$'u. S'v. S'h.

l

CALL SOLVER
COMPUTE NEW
u, v, h'

STOP
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u'(1,3) = u'(2,3) = u'(3,9) = §,
VI(L,9) = vI(2,9) = vi(3,0) = E, B if [u(4,0) + u'(4,0)I< 0
hl(lyd) = hl(29"]) = hl(B)J) = gh

where

£, = - 2u'(5,d) + (1/2)u'(6,3) + (5/2)u'(4,J)

etc.

Calculation of the BAR variables.

Figure 7B-2 shows the grid on which the BAR variables Bu’ S , etc. are to

u
be evaluated and the derivative operators that are to be employed at each

point.

From (7-B20) - (7-B22)

By(1,9) = 8,(uy (7-B42)
By(1,9) = (vy ) (7-B43)
B, (1,9) = B,(1,9) * B (1,9) (7-B44)

and from (7-B26) - (7-828)
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Su(1,9) = up A (up g) + vy g8 (uy )

*g'p glalhy

Sy(Ld) = up g A (v g)+

MER S IEVL

Sp(1,d) = Uy g

*+ hp gla, (uy

Ax(hI,J) *

3

In evaluating the six expressions

selected as follows (see Fig. 7B-

P
B

Ax(gI,J) = 28,
d,

6d,

SAy !

NAy i

Ay(EI,J) = 28y
. 4Ay ,

sAy ’

where 2Ax’ 2Ay’ etc. are defined

2):

if
if
if
it
if

if
if
if
if
if

by

MR,
V1,0 &0 9

MESS RN
Vi, A )

+ A (v P10

above, the operators Ax and Ay

I=1;

1=66;

I=2 or I=65;
I=3 or I=64;
[=4-63.

J=1;

J=48;

J=2 or J=47
J=3 or J=46
=4-45
(7-B32) - (7-B41).
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Figure 7B-2. Grid network on which éu’ év’ éh’ §u’ §v’ and §h

are computed. Different spatial derivative operators
Ax and Ay are required in these calculations as indicated.

Calculation of the PRIME variables

The PRIME variables BL, B&,...SE are defined on the same 66 x 48 grid
system as the BAR variables but the calculation procedure is different. As we
noted earlier all PRIME variables are set to zero outside the 60 x 42 cell

simulation area. Thus, we assume '
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BICI,I) = BI(I,J) = BL(1,) = SI(1,d) = $i(1,d) = §/(1,d) =0,  (7-B50)
if I =1,2,3,64,65, or 66; or J=1,2,3,46,47, or 48.

At all other grid points, namely I=4-63, J=4-45 compute the PRIME variables as

follows:
o
0 , if u 1,0° 0;
B, (1,d) = (7-851)
81,0 V1.3 T I
it e G SN IS SN V-l O S I SRV E
Y1, 1,3 h
1,J
s ]
if UI,J #0
where -
-— 1
U, T Y10 Y YU1Lg
0, if Vi,J=0;
B,(I,d) = (7-B52)
1y V1, y v ;
S SO 9 = (uf 5+ v,
V1,0 N1 h1,J
where
VIaT VIt Vg
Br(L,d) = Ax(“i,J) + Ay("i,ﬁ (7-853)
Sy(Ld) = g1 5 A (hy )+ ug 48, (vI PDREES (7-855)
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SE(I,J) = ui,JAx(hI,J) + Vi,JAy(hI,J) + hI,JBﬁ(I,J) (7-B56)

In equations (7-B53,..,7-B56) the derivative operators AX and Ay should be

selected as follows when they operate on PRIME variables:

wa if 1=4;
EAx if 1=63;
Ax(gi,J) = 28, if I=5 or I=62; (7-B57)
LW if I=6 or I=61;
6dy if I=7-60.
SAy if J=4;
NAy if J=45;
i -— . 3 — —_ . -
Ay(gI’J) = sz if J=5 or J=44; (7-B58)

4Ay if J=6 or J=43;
6l if J=7-42.

In Egs. (7-B53,..,7-B56) use 6By and ¢A, in all applications to the BAR

variables u, v, and h. In this regardyit; should be repeated that Egs.
(7-851,..,7-B56) are applied only to columns I=4-63 and to rows J=4-45, and at
these points the 6-th order operators can be applied to BAR variables (see
7-B48 and 7-B49). At all other points the PRIME variables are set to zero

(see 7-B50).

Calculation of the dependent variables u', v', and h'.

The three dependent variables are computed at each time step using the
prognostic equations (7-B17,..,7-B19) within the 60 x 42 cel! modeling region
bounded by columns I=4 and 63 and by rows J=4 and 45. These calculations are

done in the following steps.
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First we define the function
A(IJ) = SOLVER(I,J,IST,JST,EGXG,K) (7-B59)

which represents the biquintic algorithm described in Appendix 7A that is used
to solve the differential equations numerically. In Eq. (7-B59), IST and JST are
given functions of I,J,u' and v' (see 7-Al12, Al3); £6x6 js an array of 36
variables at grid points surrounding (IST,JST) which we specify below (see
also Fig. 7-Al); and K is the diffusivity. The function SOLVER can be used to
predict‘the next values of u', v', and h' at each of the 60 x 42 points

defined above. Consider each of the 3 variables in turn.

1. u'(I,J,N+1) in 60 x 42 model domain.

Step 1.
B*(1,J) = SOLVER(I,J,IST,JST,ngs,O)
where
Sx6 = By * ﬁ&
Step 2.
C*X(I,J) = SOLVER(I,J,IST,JST,gsxs,K)
where
Eeg = U'(N) + At(§u +5)
Step 3.

u'(I,J,N+1) = C*(I,Jd)*exp(-B*(I,J))

2. v'(I,J,N+1) in 60 x 42 model domain.
Same steps as in u' calculation except replace Bu’ Bb, u'(N), §u and

1 n 1 1 c 1 .
Su by Bv’ ﬁv, vi(N), SV and Sv, respectively.
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3. h'(I,J,N+1) in 60 x 42 model domain.

Same steps as u', except replace Bu, By, u'(N), §u’ and S! by Bh’
Brs h'(N), §h and S{, respectively. Replace K by K.. In order to
avoid the problems that zero or negative fluid depth predictions

would cause, perform the following operation after each time step:
IF((h'(N+1) + R(N+1)).LT.1.0) h' (N+1) = 1.0-h(N+1)

As we noted earlier, values of the dependent variables in the boundary
frame region are assigned zero values at all inflow points and are predicted
by simple extrapolation of the interior values at points of outflow. Consider

first the western boundary zone.

4. u'(N+1), v'(N+1) and h'(N+1) in western boundary zone I=1-3, J=4-45.
If (u(4,J,N) + u'(4,J,N)) > 0, then
u'(1,J,N+1) = u'(2,J,N+1) = u'(3,J,N+1) = 0

Same holds for v' and h'.

If (u(4,J,N) + u'(4,J,N)) <0), then
u'(1,J,N+1) = u'(2,d,N+1) = u'(3,J,N+1)
= -2u'(5,J,N) + (1/2)u'(6,J,N) + (5/2)u'(4,J,N)

Similar expressions are used for v' and h'.

5. u'(N+1), v'(N+1) and h'(N+1l) in the eastern boundary zone I=64-66,
J = 4-45,
If (u(63,J,N) + u'(63,J,N)) < 0, then

u'(64,J,N+1) = u'(65,J,N+1) = u'(66,J,N+1) = 0
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Same holds for v' and h'.
If (u(63,J,N) + u'(63,J,N)) < 0, then
u'(66,J,N+1) = u'(65,J,N+1) = u'(64,J,N+1)
= (1/2)u'(61,J,N) - 2u'(62,J,N) + (5/2)u'(63,J,N)
Similar expressions hold for v' and h'.

u' (N+1), v'(N+1) and h'(N+1) in the southern zone I=4-63, J=1-3.
If(v(I,4,N) + v'(1,4,N))> 0, then

u'(I,1,N+1) = u'(1,2,N+1) = u'(I,3,N+1) = 0.
Same holds for v' and h'.
If (v(1,4,N) + v'(I,4,N)) < 0, then
u'(I,1,N+1) = u'(I,2,N+1) = u'(I,3,N+1) =
-2u'(I,5,N) + (1/2)u'(1,6,N) + (5/2)u'(I,4,N).
Similar expressions hold for v' and h'.

u'(N+1), v'(N+1) and h'(N+1) in the northern boundary zone
1 =4-63, J = 46-48,

If (v(I1,45,N) + v'(1,45,N)) < O, then
u'(I,46,N+1) = u'(1,47,N+1) = u'(I,48,N+1) = 0

Same holds for v' and h'.
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If (v(I,45,N) + v'(I,45,N)) > 0, then
u'(I,48,N+1) = u'(1,47,N+1) = u'(I,46,N+1) =
(1/2)u'(1,43,N) - 2u'(I,44,N) + (5/2)u'(1,45,N)

Similar expressions hold for v' and h'.

The specifications of u', v' and h' given in steps 4-7 above give the
dependent variables at time step N+1 at all boundary zone areas except the 4
corner zones. The southwest corner zone is illustrated in Figure 7B-3. In
each of the four corner zones we will assign the dependent variables the
average of the values computed on the edges of these zones, as illustrated in

the Figure. For example, referring to Figure 7B-3 and keeping in mind that
u'(4,1,N) = u'(4,2,N) = u'(4,3,N),

and similarly for v' and h'; and that
u'(1,4,N) = u'(2,4,N) = u'(3,4,N),

and similary for v' and h', we assume in the southwest corner zone that

u'(I,J,N+1) = 1/2[u'(4,1,N+1) + u'(1,4,N+1)]
1=1,2,3 and J=1,2,3.

and similarly for v' and h'. We use a similar method to compute the dependent

variables in the northwest, northeast, and southeast corner zones.
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Figure 7B-3. Illustration of the southwest corner zone and the
west and south boundary zones of the model domain.
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SECTION 7
PROCESSOR P8

INTRODUCTION

This processor determines the top surfaces H, and Hs of layers 2 and 3 of
the regional model, it computes mean vertical velocities on these surfaces,
and it estimates convective cloud updraft speeds and other parameters required
in the specification of pollutant fluxes across surfaces Hy and Hz. A1l of
these quantities play important roles in the regional model, but unfortunately
none of them is directly measurable. In this section we outline a procedure
for deriving estimates of these parameters that are consistent both with

observational data and physical principles.

DERIVATION OF BASIC EQUATIONS

Recall from Part 1 that
Ho(x,y,z,t) = za(x,y,t) - z (8-1)

where z, is nominally the elevation of the top of the mixed layer. During
clear daylight hours, z, is the highest elevation that nonbuoyant pollutants
can reach. When convective clouds are present, we take z; to be the elevation
of cloud bases, specifically, the so-called lifting condensation level (LCL).
In this case pollutants entering the updrafts that feed individual cumulus
clouds can rise above elevation z, and proceed as far as the elevation of the

cloud tops, which we define to be the elevation z3 of the top of Layer 3.
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When convective clouds are absent, z3 is defined to be z; + hs, where hg is
some constant depth of order 100 meters. Figure 8-1 illustrates the surfaces
H, and Hs in a regional domain in the typical condition where cumulus clouds

are present over only a portion of the modeling region.

We showed in Part 1, Eq. (4-20) that z, satisfies the differential

equation
3z P, Wo=0cWe
;-2- . = -
3 Tl = T e (8-2)

Here w, is the entrainment velocity (represented in Part 1 by f8/A8); we is
the cell averaged vertical air speed at elevation z;; We is the effective,
cell averaged cumulus updraft velocity at cloud base (i.e., at zs); Yoy is the
horizontal wind velocity at elevation z,; and 0. is the fractional area

covered by convective (cumulus) clouds. The last parameter is measurable from

m

Figure 8-1. Illustration of surfaces Hp and Hy during situations in which
convective clouds cover only a portion of the modeling region.
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satel1ite photographs and it 1is the only variable in (8-2) that can be
estimated reliably. We will assume that cc(x,y,t) is an input to this

processor.

A1l the other variables in (8-2) must be inferred through comparisons of
this equation with certain measured data and other physical principles. This

is the task we undertake in this section.

An auxiliary relationship that will aid in the estimation of We is the

water vapor mass conservation equation. Using Eq. 2-29 of Part 1 we can

express the layer averaged water vapor mixing ratio q in the form

3lnV,

5
5t YiHYH

5T Wyt <

A
<g>. + = [F. . - F.
P * 9.0 j

L =0 @

where <q>j is the cell averaged mixing ratio in layer j, A is the horizontal

area of a cell, Vj is the volume of a cell lying in layer j and F, , is the

j, K
flux of material across surface Hj to or from layer k. To arrive atJ(8-3), we
dropped the horizontal flux terms in (2-29) of Part 1 that represent the
effects of subgrid scale variations in the horizontal wind Y- Our interest
is in <g>3; during periods when cumulus clouds are present (i.e., 0. #0). If

we assume that the advection term in (8-3) is negligible in these conditions

compared to the other terms, we obtain with the aid of Eqs. (4-3) and (4-21b)

of Part 1
K] <Q>3 3y -3 1 Wo=We
at <q>3 * 23'22[23 22] * 23~ Zo [G ( 1-0 *
wo)(q -<q>3) + <@>azz - (q, - <g>3) Hj (8-4)
‘<q>323] = 0
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9z,/3t, 13 = 9z5/9t and

where o

*

Ha

z3 + Y3y YyZs = W3- (8-5)

Also, 9 represents the mixing ratio in cumulus clouds and q, is the mixing
ratio just above the elevation of cloud tops, i.e., just above z5. If we
assume that the horizontal advection term in (8-5) 1is negligible, we can

reduce (8-4) to

___a_ 1 W2 ~We -
5t ‘¥s * 7;°7, o 10, + We)(a.7<@s)
(8-6)
- (g, -<e>3)X23-w3)] = 0,
and after multiplying by (z3-z3) and rearranging terms we obtain
qCGC aM I qccc
—_— =_3 -
Io, We = 5p + e + (1mo w 1[<q>5 + 1257]
(8-7)
-q,z3 + wa(q, - <g>3)
where
23(5)t)
M3(5,t) = Q(ﬁ,z,t)dz (8'8)
ZZ(ért)
and
M
= a -
Q>3 Za 27 (8-9)

At each of the sites x of rawin stations we have available measurements

of q(z), ¥2H(Z) and ©(z) at each observation time. We also know 0. and z3

(where 0. # 0) everywﬁere from satellite data. Using all this information we

can derive estimates of all the parameters in (8-7) except W, and w_, and

e)
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thereby we can derive a relationship that w_ and o must satisfy at each

c
rawin site X This relationship can subsequently be employed in conjunction
with (8-2) to obtain estimates of z,, W, and Wq throughout the modeling

domain.

In order to use the rawin data and Eq. 8-7 in this way, it is convenient
to integrate (8-~7) between each set of measurement times. Let ty and t,
denote two successive times when rawin observations are gathered at a given
station. Ordinarily, t; and t, will be 12 hours apart, but shorter intervals

are possible. Integrating (8-7) we get

t;

q.o
J. [Téai We " we(l-oc)<q>3 - weqcoc]dt = Mg(t;) - M3(tp)
to
(8-10)
“ %% .
+ [wa(<q>s + 7557 ) - Q.23 *+ W3(q,"<g>3)]dt
c

to

where all variables are evaluated at a given rawin site x . We assume that
only We and w, are unknowns in this equation. For all other parameters we can

use the following expressions.

First, we adopt the approximation

qc = q(zp). (8-11)
Then

a.(t)  q(z2,t0) *+ q.(t-to) (8-12)
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where

. -1

q. = [a(z2,t1) - a(z2,t0)1(t1-t0) (8-13)
and

a(z2,t0) = a(¥,,2=22(t0), to).

Next, we approximate zo and z3 by

22(t) = F(a(y,,z,t,), 0(x,,2,t.)) n=0,1 (8-14)

m’

where F is a function that is defined later; and

Zz(tn) + 100 meters, if oc(5m,tn)=0;

Zg(tn = ) n=0,1 (8-15)
from satellite data, otherwise

. -1

z3(t) = [za(t1) - z3(to)] (t1-to) . (8-16)

Since (8-4) bears the implicit assumption that i > 0, which we adopted
in anticipation of application to situations where convective clouds are
present and growing, we must ensure that the value of z3 given by (8-16)

satisfies

This constraint is most 1likely to be violated when g. = 0 either at

observation time tg or at ty;, but not both.

In this instance we can adjust the estimate of zo at the hour that o. = 0
to achieve z3 > 0. Adjusting zz is consistent with the position adopted later
that only a range of zo values can be estimated with confidence from the

measured data at any rawin site and time.
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We approximate the temporal variations in q_ by

G = a(z3), (8-18)
and from this we assume in analogy with the form we adopted for qe» i.e., Eq.
8-12,

4 (t) = a(z3,t0) + q,(t-to) (8-19a)
where

. -1

9, = [a(z3,t1) - a(za,t0)] (ti-te) . (8-19b)
From (8-8) we get

| 23(%,t1) |
Ma(Xpot1) = | alxp,z,t1)dz (8-20)
12(,)5m9t1)
and
23(5m9t0)
Ma(x o) = | a(x.2,to)dz (8-21)
22(5m3t0)
Similarly,

<q(t)>s = <q(te)>s + <@ 3(t-to) (8-22)
where

<@g = [<a(ty)>s - <a(te)>3]/(t1-to) (8-23)
and

1y () = 8-24
<Q(tn)>3 = z?(tnj_zz(tnj , n=0,1 ( )

The vertical air speeds w, and ws that enter into (8-10) will be

approximated by
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wo (X t) = wlx ,z2(t),t) , to <t <ty (8-25)
wa(xo,t) = wix ,za(t),t)  , to <t <ty (8-26)

where w(x,z,t) is the vertical air speed at site x, elevation z(MSL) at hour
t. There are various methods of determining w from the set of rawin data but
we will not consider any of them here. We will simply assume that some means
of estimating w exists and we will leave it to the model user to choose a
feasible scheme. [In implementating the present regional model, we used the
method developed by Bullock (1983)]. The elevations zo(t) and z3(t) at which
w(t) is evaluated in (8-25) and (8-26) are taken to be

22(t) = z2(x,,t0) + z5(t-to) toct<ty (8-27)

where

22 = [22(%,t1) =220, t0)1/(t1-t0);

z3(t) = za(x_,to) + 2a(t-to) (8-28)

~m’

with z3 given by (8-16).

Now that we have formulated approximate expressions for each of the
parameters in (8-10) except W, and Wy, We can define a constant Qc: which

satisfies

t1 11

- 9. _ . < dt
We I:EE dt = [<g>3 Gc(qc q>3)]we
1o to

(8-29)
+ A(,),(,m; tO)tl)
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¢~ "c\Ap
t1
Alxpito,ts) = Ma(ty) - Ma(to) + S'[W2(<q>3 (8-30)
to

q.0 .
+ Igﬁi) - q,z3 * wa(q,~<g>3)]dt.

The parameter w_. is the effective cumulus cloud updraft speed We characteris-

c
tic of the air mass in the vicinity of the rawin site b during the interval

to < t < ty between observations. In other words, in the vicinity of Xy we

assume

Wo(X,t) = wo(x0; to,ts) to <t < ty, and
¢ ¢ - - (8-31)
| X%, | <

where Q(: satisfies (8-29). Note that (8-29) relates Q:: to the unknown

entrainment speed w_, which we consider next.

e’
Continuing our examination of the region around % let us look at the
air parcel trajectory that ends at X, at time t;. Figure 8-2 depicts it

beginning from its position at time ts. Writing Eq. (8-2) in the form

dz W

g
il S I’gc T We (8-32)

o

and intagrating it from ty to t; along the trajectory ending at x_ at time t;

m
we get
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ty ts
o

w
22(5m!t1) - Z2(,),_(,|-;‘st0) =§T_—§ dt (§wc I% dt
C

c

to to
(8-33)

Ty

+ C} wedt

to

where gﬁ indicates that all parameters in the integrand are evaluated at
space-time points along the trajectory between 5& and X (see Figure 8-2).
Since X0 is the site of a rawin station and t{ is an observation time, we can
get 22(5m,t1), or more precisely a range of values in which we expect zp to
lie, from (8-14). But 5& is generally not the location of meteorological
measurements so zz(ga,to) can only be estimated from interpolation procedures.
Let us suppose that through a combination of measurements and interpolation we

are able to say with confidence that

22(%p,t1) - za(Xp,to) = Aza(x,5t1,t0) ¢

Xn
(8-34)
622 (%y3t1,t0)

where Az, and 6z, are known, partly from (8-14). We can now write (8-33) in

the form
W - Oc
Azy £ 8Z3 = I:%—dt "W = dt + wedt. (8-35)

The cloud cover fraction oc(5,t) is known everywhere and we assume that wg is
also available at all points and hours. Thus, (8-35) contains only 2

unknowns: We and Wo-
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Figure 8-2. Illustration of the air parcel trajectory
that arrives at point x_ at hour t;. Point

x! denotes the parcel's location at time
m
to < t4.

Following a number of previous investigators (see, for example, the
review by Artoz and Andre, 198C) we shall assume that the kinematic heat flux

at z, is proportional to that at the ground, namely

WTET')Zzzz = aQ (8-36)

where Q 1is the known surface heat flux and a is a constant. Recall that

Wo )z=22
Ye T TTIO (837

where A8 is the effective jump in potential temperature across the elevation

Zo. By comparing simple mixed-layer growth rate formulas with measurements,
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Artoz and Andre (1980) found that a simple, reasonably accurate expression is

we ¥ LR (8-38)

where y = d8/dz evaluated at z=z3+¢ and h=22-zt, where zy is the local terrain

elevation. Eq. (8-38) suggests that within the vicinity of rawin station Xn

we can approximate W, by

we(,)\(,,t) = G(Xm;to )tl)Q(,),(,)t) ’ tO _<_ t _<_ tl; (8-39)

i

- <
X%y <6

where G is an unkndwq function that we suspect from (8-38) is of the order

-1
6xpito,t)” ~ [go O(xy 2=22%e, 1) (22, 1) -
(8-40)
z,(%,)]
where 1T is some instant in the interval ty to t;.
Substituting (8-39) into (8-35) we obtain
t t tq
W - o,
Az t 625 = 0, dt - We I:EE dt + G Qdt, (8-41)
to to to

where the integrals are all along the trajectory shown in Fig. 8-2. Making

use of (8-39) in (8-29) and substituting the result into (8-41) we get

142



ty

t 6z = C§——1— dt - [G J‘[<q>3 *+ 0.(q.7<q>3) ]
to
(8-42)
t
Q% t)dt + A] + G<§ Qdt
t
where
t
q.0
1= dt
qc = EQ_C._' (8-43)
t1 -
—< 4t
~a,
to
t1
We repeat that in our gotationg {dt denotes integration of { evaluated at the
1 t 0
fixed point %0 whi]eé?tht denotes integration of {(x,t) along the space-time
0

coordinates illustrated in Figure 8-2.

In expression (8-42), G is the only unknown parameter. For each number

AZ, in the interval indicated on the left-hand side of (8-42), i

.e.,

Az, - 62, £ AZ, < Az, + 06z, (8-44)

there corresponds a G given by

4 t _
G = [AZp - ——2— dt + wA]{C§ Qdt - é—g [<g>3 + o (q. - <g>3)]
fe to €t

(8-45)
qu,t)dt}'1

143



Let us assume that the set of G associated through (8-45) with the set of AZ,
defined by (8-44) lies on the interval

G <G <G (8-46)

min - © - “max

Only positive values of G are physically meaningful because both Wy and Q are
positive during convective conditions. Therefore, if the interval defined by
(8-46) contains only negative values, one or more of the parameters entered in
(8-45) have erroneous values. When this situation arises in practice, we
propose to alter the values of the various terms in (8-45) until the resulting
G interval at least contains positive values. At the most we would want the
largest positive values of G to be consistent with (8-40). Alterations of the
parameters in (8-45) should proceed according to a fixed rule in which the
parameter suspected of being the most inaccurate is altered first, and
succeeding terms in the hierarchy are modified only after adjustments to the
least accurate terms have failed to produce the desired values of G. The
alterations made in the value of any one parameter should be confined to the
smallest interval in which one could reasonably assume that the correct value
lies. Regarding the order in which the parameters in (8-45) should be

altered, we propose the following hierarchy based solely on intuition:
qC’ ac» <¢>3, Q) w2, AZZ) UC. (8‘47)

Suppose that through a process like that described above we have managed
to extract from (8-45) an interval of G that contains some positive values.

Our interest is only in the positive values, i.e., the G in the interval

max[0,G : ] < G <G (8-48)

min max
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To each G in this interval there corresponds a QC through relationship

(8-29), namely

t1

- e t1
e = L8 17 1 (A + Gg [<py + o, (9, = <33)]
to to
(8-49)
Qg t)dt}
Let the interval defined by (8-48) and (8-49) be represented by
We = OW. W < Wt oW, (8-50)

Like G, Qc is intrinsically a positive quantity. Therefore, if (8-50) does
not lie at least partially on the positive, real axis, we must perform
alterations on parameter values in (8-49) until the interval (8-50) contains
some positive values. The procedure should be similar to that used to obtain
positive G values, except in the case of Q(: we should alter only those
parameters in (8-49) that do not appear in the expression for G. Otherwise,
we would cause changes in the G values as well. Thus, the suggested hierarchy
of parameters that should be modified, if necessary, to achieve positive Qc

values is the following:
qms M3y W3, Z3. (8'51)

At the conclusion of this operation we obtain a positive set of Qc values
and a positive set of G values, both of which apply only to the time interval
to < t < ty; and within the vicinity of rawin station m. The next step is to
apply the same procedures to the rawin observations made at station m+l at

hours to and t; to obtain the corresponding sets of Qc and G values for that
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site. Once values have been obtained for all rawin stations for the interval
to < t < ty, we can interpolate values for Qc and G at all grid points in the
model domain. With these fields and the known wind fields M2H(5st), wa(x,t),

and the cloud cover distribution o_., we can solve (8-2) for z; at each grid

C)
point and each hour t in the interval to < t < t;. By repeating the entire
process for the next observation interval t; < t < t,, we can obtain z; and

all the other necessary fields during this period.

Before outlining the specific sequence of steps necessary to implement
the procedure described above, let us comment briefly on the philosophy of
this approach. Many prognostic models have been developed in recent years for
predicting the mixed-layer depth z, given the surface heat flux Q, the mean
vertical velocity wy and other physical quantities. These models are not well

suited to our needs for several reasons.

First, nearly all these models are one-dimensional and therefore they do
not take into account advection and horizontal variations in zg, wg, Q and the

other governing fields.

Second, our interest in regional modeling is with historical situations
where available observations exist from which z, can be inferred, at least
approximately, not only at the initial moment to, of the simulation period but
also at discrete intervals throughout it. In general, the z, predictions of a
model injtialized at to will become increasingly inconsistent with later
observations due to deficiencies in the model and errors in the input data.
Our position is that the values of zp inferred from meteorological observa-

tions made during the simulation period are more credible than the predictions
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made by a model. Therefore, in our approach the physical principles on which
models are based are employed in the role of interpolating and extrapolating
the discrete observations. This is the essence of the roles performed by Egs.

(8-2), (8-45) and (8-49) in our scheme above.

At this time, the proposed procedure has not been tested. Therefore, it
should be viewed as the starting point in the development of a scheme capable

of providing the various required parameter fields.

In the remainder of this section we present the detailed steps needed to

produce an operational processor.

Stage 10

As noted in the introduction, when cumulus clouds are not present during
daylight hours, z, is the highest elevation that dry thermals produced by
surface heating can reach; however, once cumulus clouds form, z, is defined to
be the 1ifting condensation level. In either case, z, can be inferred, at
least approximately, from radiosonde data and we expressed this in the form
(8-14) of a function F that relates z, to the potential temperature and mixing
ratio vertical profiles. Our first task here is to develop an explicit form
for F.

Our approach stems from the realization that turbulence acts to destroy

spatial variations in scalar quantities. According to the empirical K-theory
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description of turbulent mixing, the rate at which spatial fluctuations are
eliminated is inversely proportional to the square of the size A of the
fluctuation. This is evident from the Fourier transform of the classical
diffusion equation

9 2

2 = k<, (8-52)

2
9z

From this equation one finds that the Fourier amplitude A of spatial variation

in the scalar c of wave number k = 2n/A decays in time at the rate

g% = -KKk2A. (8-53)

Sources of c can generate small scale variations but turbulence always

destroys them.

These observations suggest that if second and higher order derivatives of
a conservative, scalar quantity remain large for an extended period of time at
points in the fluid that are far from sources, the intensity of turbulent
mixing at these points, as manifested in the diffusivity K in Egs. (8-52) and
(8-53), must be very small. Otherwise, the smali-scale variations that cause

large values of these derivatives would be eradicated.

Thus, our basic premise is that in cloud free conditions we can estimate
the elevation at which the vertical diffusivity becomes vanishingly small by
examining the vertical profiles of the second, and perhaps higher, order
derivatives of the mixing ratio and potential temperature, both of which are
(approximately) conservative quantities that can be derived from the

radiosonde measurements.
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Consider for example the classical profiles of mixing ratio q and
potential temperature 8 in dry, convective conditions illustrated in Figure
8-3a. In Figure 8-3b we show the corresponding profiles of d2q/dz2 and
d20/dz2. In this idealized example, the product of these derivatives has a

large negative value at the top of the mixed layer, i.e.,

(939)(939) << 0 at z = z». (8-54)
dz? dz2

We can estimate the derivatives of a given parameter { measured at

discrete points in space by representing the parameter values measured in the

vicinity of the point of interest by a polynomial. Suppose that we want an

estimate of d2{/dz% at the point z=z" but that { is known only at discrete

points zy, zg, ... z that are not necessarily equally spaced. Let us denote

the { values at these points by
Ci = C(ém’ Zi,to) , 1=1,2,...1 (8-55)

where we assume that { is a parameter measured at rawin station m at time to.
We can estimate the second derivative of { as well as other properties of
interest at the desired elevation z" by expanding { in a polynomial about z".

Thus, let

§(z) = ag + ajn + azn? + axn® (8-56)

where

n=z-z". (8-57)
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Figure 8-3. (a) Idealized profiles of mixing ratio

q and potential temperature © in dry,
convective conditions.

(b) Second derivatives of the profiles
illustrated in panel a.

We can obtain the four constants ag,

and their corresponding measurement
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Z..

1

The
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representation is obtained by using the four successive measurements of {,
shown in Figure 8-4, that straddle the point z". Two of these are from
elevations below z" and two are from higher elevations. For convenience, let
us denote these four points by z,, z,, z3 and z4, as indicated in the Figure;
and let the associated { measurements be designated {; ... {4. In this

notation we have from (8-56)

) & 7] 2] &
0 ? *——o— ] .- .- ——— 2
24 2 4 73 24

Figure 8-4. Illustration of the points (dots) at which
measurements of { are available; and the point
z" at which a measure of d2{/dz? is desired.
Values of { measured at the points z., i=1,...4
centered at z" are used to approxima{e €(z) in
a polynomial about z".

§1 = ag + ajn; + aznf + asnd
. (8-58)
fq4 = ap + agng + azf]i + azni
where
= -l -
n; = z;-z" (8-59)

Solving the system of equations (8-58) for the a's is straightforward and we

obtain
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B,A;5 - B,A
= B1A12 = BaAjg -
82 = A,1A12-A11Aze (8-60)

a, = B-L-A—?zlﬂu (8-61)
ag = &azfa)=ai(ny70p) - az(nf-nd ) (8-62)
(ni-n3

3o = {1-aini-aznf-asn} : (8-63)
Ai1 = (n3~n2)(n3-nd) - (nz-nz)(ni-n3) (8-64)
A1z = (n27n3)(n3-n}) - (na-nq4)(n3-n3) (8-65)
A1 = (ni-n$)(n3-n}) - (n3-n¥)(n}-nd) (8-66)
Az2 = (ng-n§)(n3-n?) - (n§-n%)(nd-n3) (8-67)
By = (£1-C2)(n3-nd) - (L2-La)(ni-n2) (8-68)
By = (£2-C3)(nd-n}) - (La-C4)(n3-nd) (8-63)
The coefficients ag, ... ag provide the following useful properties of {:
E(z=2") = a (8-70)

2% L=Z" = a, (8-71)
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2
3¢ | = 2a, (8-72)

9z2 7=7"

2%

o | e (8-73)

L=z"

2"+8z

X {(z)dz = 2(62)ap + %(62)3612 (8-74)

z"-62

Now that we have formulated a method of estimating the derivatives of

parameters measured at discrete points, we can proceed to estimate zs.

Let
- 2%q .
q (8-75)
27 822
_ 9% -
ezz 2 . (8-76)

The steps for Stage ZQ are as follows:
(1) Applying the procedure outlined abcve for estimating derivatives.
[specifically (8-60) - (8-69) and (8-72)] to the mixing ratio and
potential temperature soundings qm(z,to) and em(z,to), raspectively,

compute

922 (o t0) } k=1, ... 60

ezz(ém’zk’tO)

at rawin station m (=1 on the first pass through this stage) at hour ty, where
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z, = Zt(ém) + 25m + kAz (8-77)
50 m.

i

and Az

(2) Next form the products

Pk = qzz(zk)'ezz(zk) , k=1, ... 60 (8-78)

and from this find

P = mix(-Pk). (8-79)

This value of P pertains to the site X of rawin station m and to hour tq of

the sounding.
(3) Next we estimate z, to be (units of m MSL).

2(Xpto) = Flalx,,te), 6(X,,t0))

~m’
(8-80)
- b3
=z, (x,) + 25 + 50k
where k* is the smallest integer for which

(4) We also need for use in Eq. 8-34 an estimate of the range 16z, of
elevations in which the actual elevation z, of the mixad layer top

is likely to lie.
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(5)

We anticipate that a measure of 6z is the width of the interval
centered at Z=Z % in which Pk has a magnitude of, say, 60% of its
peak value . Examination of the third order derivatives of g and ©
might also provide a useable measure of 6z;. At this time, no
information is available on which to base a quantitative rule for
estimating the range of z, values. Therefore, we will assume for

now that
8z, = 100m (interim assumption) (8-82)

and after we have gained experience with actual soundings, we will

attempt to formulate an empirical rule for estimating 8z;.

Compute the 1ifting condensation level (LCL) at each surface weather
station n=1,...N at the hour t; of the upper air observations used
above in step 3 to estimate z5. The elevation of the LCL is found

first in pressure coordinates as follows.

Let a, and en be the mixing ratio (dimensionless) and potential

temperature (°K), respectively, at surface weather station n.

These data are available from Processor P3. If a parcel of air
originally at ground level in the vicinity of the station is lifted
without mixing with ambient air, both the mixing ratio and potential
temperature will be conserved. Thus, at any altitude p(mb) the

vapor pressure in the air parcel will be

e = m (8‘838)

(cf Eg. 3-2a), and its temperature will be

155



(1000)-0.286

T= o, D

(8-83b)

(cf Eq. 3-6). The elevation PLeL of the 1ifting condensation level
is defined as the altitude where the parcel's vapor pressure e is
the saturation vapor pressure e.. The latter is a function of
temperature alone, namely

e, = eoexp[-ﬁ-(%o- D) (8-83c)

1

where e, = 40mb , To = 302°K,L = 2500 joule g —, and R=0.461 joule

g'1°K-1. Hence, p\ ¢ is the solution of the equation
o = e explg (525 - 3)] (8-83d)
0.622 + q, 0 PLRMI02 T

where T is given by(8-83b). Eqg. (8-83d) can be solved approximately
by substituting successively smaller values of p into the equation,
beginning with the surface pressure; and considering the solution
PioL to be the pressure at which the left side of (8-83d) first

exceeds the right side.

Using the pressure-height functions pm(z,to) available from

processor Pl, convert PLcL into elevation Z oL (m MSL) as follows

ZLCL(Z(,natO) = z* (8-84)
where z* is the elevation for which

P(,{Sn,z*,to) = pLCL(')‘Sn’tO)° (8"85)
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(6)

The function on the left side of (8-85) can be obtained by applying
an 1inverse r weighting interpolation to the set of pm(z,to)
profiles, namely

M
1 21(15,,- Xply Pl 2, t,)

T

P(X,52:t0) = (8-86)

|

At the end of this step we have values of zLCL(to) at all N surface
weather stations. The M rawin stations whose soundings we are using

to determine z; are a subset of the N surface stations.

At this step we must decide whether z, is to be the elevation given
by (8-80) or the elevation Z 0L given by (8-84). As we noted
earlier, the decision rests solely on whether Oc(ém,to) is greater

than or equal to zero. In particular

ZIZ(,),(,m!tO) if GC(')‘('m’tO) = 0;
2a(X;,t0) = (8-87)

ZLCL(5m’t°) (Eq. 8-84), otherwise.

where

zé(5m,t0) = value given by Eq. 8-80. (8-88)

There are two situations here that signal the presence of an error

in our estimates of z3 and/or Z el The first is

0 (xgrt0) = 0 and 2,0y (xyrto) <[z (e, t0) = 622 ; (8-89)
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(7)

(8)

and the second is

0, (Xgrto) # 0 and 2, (¢ t0) >[23(x,,t0) + 074 - (8-90)

The first condition indicates that clouds are not forming even
though our estimates of Z0L and the mixed layer depth indicate
that they should; and (8-90) implies the opposite, namely, that
clouds are forming even though our estimates indicate that they
should not. If either (8-89) or (8-90) is true at site x  at hour to
this shouid be recorded for output from Stage ZQ. Frequent
occurrences of these conditions would indicate some systematic error

in the calculation procedures.

Next we compute z3. As we noted earlier (see Eq. 8-15)

22(%yp to) + 100, if o (x.,t0) = 05
za(x,,to) = (8-91)

ZTCU(5m’t°) , otherwise

where Z1eu is the average elevation (m MSL) of the tops of cumulus

clouds, an input to P8 derived from satellite data.

From (8-11) and (8-70)

qC(')‘('m’tO) = q(,%m:ZZatO) = aO’q(ZZ:tO) (8-92)
where a, q is the coefficient a, of the expansion of g about the
point z"=z,. This coefficient 1is found from the mixing ratio

sounding and Egs. (8-60) - (8-69).
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(9)

(10)

(11)

(12)

From (8-18) and (8-70)

%Xy to) = a(¥%y.23,t0) = 3y ((23,%0) (8-93)

where a, q is obtained as in step (8-8) except the expansion is

b

about the elevation z''=z5.

From (8-8) and (8-74) we have

ks 3
Mol to) = 2, [0 3 o(zto) + 12 (82) 3, (7,t)]  (8-94)

where kp is the altitude interval given by (8-77) that is nearest

22(5mst0)3 i'e'9

lzg(5m,t0) - (zy(x,) *+ 25 + keAz)| = minimum (8-95)
and similarly ks is the integer that minimizes
| z3(x;,t0) = (2, (%) *+ 25 + KsAz)| = minimum; (8-96)

and Az= 50m as in (8-77). The coefficients a, q and a, q in (8-94)

are derived from the q sounding data using formulas (8-60) - (8-69).

From (8-9)
- M ,t
<q(¥yrto)>s = 3 Xt (8-97) .
23(Xpsto) - z2(Xy, o)
Repeat steps 1-8 at rawin station m for the next observation hour t;

to obtain 22(5mat1)) 23(5m,t1)) qc(ﬁm)tl)) qm(5m>tl))

Mg(%m,tl) and <q(5m,t1)>3. (In general, t; = to + At _, where Atm is

m’
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(13)

(14)

the 1interval between observations at station m; so we should
actually write tin rather than t; to designate the second
observation time. However, this distinction is not important
because in the analyses that follow, we treat the observations on a
station-by-station basis and 1interpolate hourly values of the

desired quantities at each site.)

Construct linear functions of Gy Gy and <g>3 for use in integrating

these values with respect to time from to, to t;. That is

A (Xget) = 9. (%5 t0) + a.(t-to)
(X ot) = G (%, t0) + g (t-to) to<t<ty (8-98)

<q(xg-t)>s = <ax,.to)>s + <@ 3(t-to)
where

4 = .06t = 6. (%t Wtamto) ™ (8-99)
with similar expressions for q_ and <@>3 [see (8-19b) and (8-23)].

Repeat steps 1-10 above for each of the M rawin stations, and then
repeat all steps for each observation interval in the period for
which the regional model is to be operated. The observation
interval is usually not the same at each upper air station. Figure
8-5 illustrates a hypothetical situation in which the model
simulation period is of length T beginning at hour ty and the

stations make soundings at a variety of intervals.
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Station m

Yom m t2m
Station 3 : ' !
tos tis tos
Station 2 ! : '
to2 tiz te2
Station 1 ! ' ! : '
to1 t1a te1 ts1 ta1
| « Model Simulation Period N Lt
to t0+ T.
Figure 8-5. Illustration of possible relationships among
the intervals at which upper air soundings are
made at a set of rawin stations.
At the end of the operations in Stage ZQ there should be values of
2y, 629, 23, Ger Gr <@3 and Mg for each station m=1,...M and for
each observation interval in the model simulation period T.
illustrated in Figure 8-5.
Stage PATH

In Stage 1Q we derived estimates of the parameters required to evaluate
the fixed point time integrals that enter in Egs. (8-45) and (8-49). In this
stage we estimate the trajectories necessary to evaluate the path integrals §

that enter into these equations.
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We are still considering the time interval to < t < t; and we require the
backward trajectories that begin at each of the rawin stations at hour t; and

;,)S,m’tl)

during the interval to < t < t; of the air parcel that arrives at station X0

go back in time to to. That is, we need to know the location x(t

at hour t;. By definition

x(taxn,t) = %, (8-100)
and by previous declaration (see Figure 8-2)

X(tosxy,t1) = % (to,t1). (8-101)

We will compute the trajectories using the horizontal velocities Yoy
measured in the vicinity of z,. These velocities control the rate of
advection of the mixed layer height (see Eq. 8-2); but the effective path
along which the surface heat flux Q is determined is more likely fixed by the
vertically averaged horizontal flow beneath z;. In actuality the temperature
of a vertical column of air of depth 22724 at %n at time t, is affected by the
surface heat flux in a plume-shaped area whose width g, increases from zero at

y
%y at t=ty to a value of the order

Uy(5é) ~ (ti-tg)Av (8-102)

at the upstream starting point of the trajectory that ends at %n at t;. 1In
(8-102) Av is the magnitude of the vertically integrated horizontal wind shear
in the mixed layer. Since we are representing the heating rate of the column
as an unknown function G multiplied by the surface heat flux variations along
the trajectory between 5& and x ., we can assume that the difference in the
integrated heat flux along the trajectery extracted from the winds Ny at the
level z, and that along the "correct" trajectory is absorbed in the function
G.
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To compute the trajectory 5$ to Xq Ye will assume that there exists a
routine, or stage, which we will call WV, which returns an estimate of the
vertical wind speed w and the horizontal wind vector Yy at any given
space-time point (x,z,t) in the NEROS domain. Thus, when we write w(x,z,t) or
XH(5,z,t) it will be understood that these values are available from the
routine WV which we will not specify here. (In the first generation model we
will employ the scheme developed by Bullock (1983) in the role of stage WV.)
For later reference let us signify this in equation form:
w(x,z,t) }
from Stage WV (8-103)
XH(l’Z,t)
The trajectories can now be generated using the following recursive
formula:
5(t1'(1+1)At;5m,t1) = x(ty-Iat;x . ty)

(8-104)

-AtXH(ﬁ(t1-IAt;x

~m,t1),22,t1'IAt)

where At is a time step of order 30 minutes. Execution of (8-104) is the

first step in the operation of Stage PATH, i.e.,

(1) Solve (8-104) for the trajectories 5(t;5m,t1), to <t < t; at each

of the M upper air stations.

In the next steps we use these trajectories to evaluate the path

integrals in (8-45) and (8-49).
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(2) Determine the variations in wsp, Ocs and Q along each of the M

trajectories generated in step 1 for the period to < t < t; and

express the results in the following functional forms:

a8 = wlx(tsx ,t1), Z,.,t)

,~m) 2m)
ocm(t) = 0 (x(t5x,t1),t)

Qm(t) = Q(%(t;émstl)st)
where
[22(~m)t0)+22(5m)t1)]-

(3) Now compute the following path integrals:

151
% w 4t = tz (t1 jat)
. I%cc (tl) =4 l-ocm(t1 JAL)
0

U (tl JAt)
= e I (ty) = Atz o (6 JAT)

ty
§ Qdt = IQ (t1) = AtZQ (ti-jat)

J—
to

where

J = (ty-tg)/At

(8-105)
(8-106)

(8-107)

(8-108)

(8-109)

(8-110)

(8-111)

(8-112)

(4) Repeat the three steps above for each of the M rawin stations and
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for each of the observation intervals within the model simulation
period (see Figure 8-5). At the end of Stage PATH, there should be

values of the path integrals I, 1 and IQ (Egs. 8-109 - 8-111) for

o]
each rawin station for each observation interval in the simulation

period T.

Stage WEWC
Here we attempt to solve (8-45) for the function G(ém;tl,to), which will

provide the entrainment velocity field We(ﬁ,t) through (8-39); and equation

(8-49) for Qc(gm;tl,to) which will provide the cumulus updraft speed Qc(ﬁ,t).

(1) Using the estimates (8-98) of the temporal variations in Qe and
<g>3 at each upper air site %n in the period to < t < t;, and the

surface heat flux Q(5m,t) in this period, compute the following

integral:
J
I(xpitisto) = AL[<a(x,,t1-iAt)s + 0 (X, ti-At)-

(a.(x

X £173AE)<00%y, £1m30E0>0) 10(g, tamiA)  (87113)

(2) Compute the parameter (see 8-43):

o -1 d A (X, tmjat)o (%, - jAt)
Q. (epitiste) = [T p(t:)1 At == <0

j=0 1—0c(5m,t1-jAt)

(8-114)

where,zcm(tl) is from Stage PATH, Eq. 8-110.
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In Eq. 8-45, AZ, is a measure of the change in z, between the starting
point 5& and the end point % of the trajectory that arrives at %q at time t;.
As we noted earlier, we have an estimate of z, at %p at ti but no measurement

' at to.

of zp at x

Let us assume that t, is the initial instant of the time period in which
data for the regional model are required and that to, is also an hour at which
rawin data are routinely collected. At this initial moment we must use some
objective analysis method to determine z; in the mode] domain. Subsequently,
we can use the prognostic equation 8-2 to obtain z,. Thus, to estimate z, at
5& at time ty, we first estimate z; at each of the m rawin stations using
(8-87) (Stage ZQ), and we estimate the likely error bounds tﬁzz(gm,to) on this
estimate at each %0 (see step 4 of Stage ZQ). Next, we apply the r-l
interpolation formula to obtain 22(5é,t0). To do this we must take into
account the possibility that cumulus clouds are present between rawin
stations. In this instance the z, estimates obtained at the station sites %n
will not represent the 1ifting condensation level, which is the altitude of z5
wherever Gc(é,to) # 0. Thus, we assign 22(5$,t0) values according to the

following rule:

M -1

iillﬁiml Z2(%; o) . |

M 3 » 1T 0 (g, t0) = 05 (8-115a)

Ztr.

.'._.1‘ 'Hl]l

22(,)‘(,‘;])1.'0) =

N
21

jillxjml Z %45 %0)

N , otherwise (8-115b)
-1

Zir.

j:l ~Jm‘

166



where

] 2 1 2 !ﬁ
Lom = [Oxmxp) + (ymyg) 17 (8-116)

ZcL is given by (8-84), Z2(5i’t0) is given by (8-87) and the summations in
(8-115a) are over all M rawin stations while in (8-115b) they are over all N

surface weather stations.

We apply the same lr\'linterpolation formula to estimate 6z, at 5&. At
all times t = t;, tp, etc. after ty, we will have estimates of zp(x,t) from
the prognostic equation 8-2 (output of Stage W, described below). In this
case zz(xa,t) must be assumed to be exact (i.e., 622(x$,t)=0). Errors are
allowed only at the end points of the time intervals that we treat. For
example, in t; < t < tp, we assume 6z5(t;)=0 but we allow finite values of

6zo(ty) at each rawin station.
Thus, step 3 of this stage (WEWC) is as follows:

(3) a. If ty is the initial instant of the regional model simulation
period, determine 22(5m,t0),m=1,...M from (8-87) (Stage ZQ) and
22(5ﬁ,t0) from (8-115). Then estimate 622(5m,t0),m=1,...M (see
step 4, Stage ZQ) and subsequently 622(5&,t0) using these
values and (8-115).

b. If to is not the initial instant of the model simulation, then
zo(x,to) is available at all grid points x from Stage Z2,

descrited below; and 622(5$,t0) = 0 everywhere.

€)) We can now estimate the range of values (8-44) in which the

parameter AZ, that enters in (8-45) lies. Recall from (8-34)
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that AZ, is the difference in the z; values measured at (56,t0)

and (5m’t1)' We find after some thought that

AZZ(ém’tl)min = (22030 t1) - 8z2(%,,t1)] - [z2(xp:t0)
+ 625(%},to)] (8-117)
AZy(Xpst1dpay = [22(¥yeta) + 6220%,,t1)] = [Z2(xp,t0)
- 625(%,t0)] (8-118)
(5) We now solve (8-45) for the minimum and maximum values of G

(see 8-46) in the vicinity of x during the interval to <t <

t.
) A -1
(822 (s )i ™ Tym(te) * §llTgu(t0)1"
i To(t) or g (x,) =0 and Io, # 0;
- A - -
G(Xpst1)pip = [AZZ(ém’tl)min Im(ta)+ Gg[TQm(t1) (8-119)
-1
I(%p5t1,t0)/a (pite o)1, if
Tomt1) and q (%) and Tom # 0;
0, if IQm(tl) 5 0.
G(ﬁm’tl)max = (8-119) with A22(5m’t1)min replaced by A22(5m’t1)max' (8-120)

In Eq. (8-119), AZ,( ) is from (8-117), AZx( ) is from

min max
(8-118), Iwm(tl) is from (8-109), IQm(tl) is from (8-111),
I p(t1) is from (8-110), I( ) is from (8-113), ’ac( ) is from

(8-114), and A is given by {(8-30).
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(6) Next we must check whether the upper bound Gmax on G is
positive. If it is not, we must return to Stage ZQ and alter
the value of qc and, if necessary, the other parameters listed

in (8-47) until the resulting integrals I, q., etc. in (8-120)

c
yield a value for Gmax that is positive, and preferably of an
order of magnitude consistent with (8-40). The procedure for
altering the variables in (8-47) must be developed through
experimentation (refer again to the paragraphs preceding
(8-47)) and therefore we will not attempt to define it here.

Thus, if G(5m,t1) > 0, go to step 7; otherwise return to

max
Stage ZQ and begin modification of Oes etc. as described above.

(7) We can arrive at this step only after the previous analyses
have produced a range of G values that lies at least partially

on the positive, real axis. We assume, therefore, that

Go < G(ém,tl) < G(ém’tl)max (8-121)
where
Go = max[O’G(ém’tl)min]’ (8-122)

We now compute limiting values for the cloud updraft velocity

parameter w.-

[ACK, E1) + G01(5m2t1,to)][ac(ém;t1,to)‘

I (t)1-Y ..~ 1 . -
X om , 1f q_ and ‘- # 0] (8-123)

~m’t1)

min

0, if 9 (¥ 5t1,t0) or T (t) =0
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(8)

where

J -
tl) - MS(,)S,m,tO) + Atz{ W(ém,zzzm,

AQx,t1) = Ma(x
i=0

~m’

ti-Jjat)l<q(x,,ti-jat)>s +

qc(5m’tl'jAt)"ch’tl-jAt)] - q.(x ,t;~jAt)-
T (g £1-3AD) ot 1

@m0 b)) & (e 3t -jat)-

[qw(,)\(,m,tl-jAt) = <q(,),(,m,t1-jAt)>3] } (8'124)

In this expression Mz is from (8-94); z3 is from (8-91); <g>3,
Ges and q, are from (8-98); w(x,z,t) is the vertical velocity
function solution or stage WV defined earlier just before
(8-103); and z, is defined by (8-108) with a similar
definition for zgm'

w (x ,t;) . = Eq. (8-123) with G, replaced by
c*~m max (8‘125)
G(')S'm’tl)max
If W Qtidpa, < 0 and To(t)) and Q.(x;5t1,t0)>0,

then return to Stage ZQ and alter q_ and, if necessary, the
other parameters in list (8-51) until Eq. (8-125) yields a

positive vaiue for Qc(ggm,tl) The alteration process is

max’
similar to that discussed earlier 1in connection with the

calculation of G (see the paragraph preceding (2-51) and step 6
()

that lies at Teast partially on the positive real axis, proceed

W, < W

W . <
above. When a range wc( )m1n < W, x has been found

C ma

to step 9.
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(9)

At this point a range of values of G(5m,t1) has been
established (in step 7, Eqs. 8-121 and 8-122); and a range of
Qc(xm,tl) has been computed in steps 7 and 8, namely

W (

(x

Xm0 t1) pax (8-126)

min < WeEpte) S W

where the upper bound is positive. We now select from these

ranges the following values for site Xn for the interval t; to

t1:

G(5m,t1) = value in the range (8-121) that
satisfies (8-40) closest; (8-127)

wc(5m,t1) = solution of (8-49) with G
given by (8-127) and all (8-128)
other parameters with values
determined in step 8.

We assume that these values are constant at % during the

entire interval to < t < ty, specifically, we assume

G(x ,t) = G(x ,t1)
m - } to <t <ty (8-129)

W (X, t) = wo(xp,ta)

These values should be recorded for each hour in the interval
to to t; for site Xn- Note that t;, which is the hour of the
rawin observation following that at to, is not necessarily the
same hour for all rawin stations. (See Figure 8-5). This does
not pose a problem because we apply (8-129) to each station

separately to obtain hourly estimates of G and Qc'
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(10) Repeat step 9 for each interval in the model simulation period.
This will produce hourly values of G and W, at rawin station m

throughout the simulation period ty to to + T.

(11) Repeat steps 1-10 for each rawin station m=1,...M. At the
conclusion of Stage WEWC, there will be houriy values of G and

w. at every rawin station throughout the simulation period.

Stage W2

We now begin to assemble the information gathered in the previous stages
to solve the prognostic equation (8-2) for z, over the model space-time

domain. First, we construct the entrainment velocity field.

(1) Starting at the initial instant tgy of the simulation period, collect
the G values at this hour generated in Stage WEWC at each of the M

rawin stations and interpolate them onto the NERQS grid using the

r weight:
-1
mzl‘z(,-éml G(,),(,matO)
G(X,to) = M : (8-130)
X%l
=1

where x ranges over all grid points.
(2) Convert the G field intc the Wo field as follows (see 8-39):

Wo(%.to) = 6(x,to)Qlx,to) (=F6/20) (8-131)
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(3)

(4)

where Q is the surface heat flux in the grid cell centered at x at
time t,. Note that we(g,t) (designated f&/AB in Part 1), to < t <
to + T is an output of this processor, P8, for each grid point in

the regional model domain.

We construct the initial z, field at each grid point using the
interpolation scheme (8-115) employed earlier in Stage PATH.
Specifically,

Eq. 8-115a, if cc(5,to) = 0;
za(x,t0) = (8-132)

Eq. 8-115b, otherwise

where x ranges over all grid points in the model region.

Interpolation of the cloud updraft velocities Qc estimated at the
rawin stations in Stage WEWC requires caution because it may often
happen that cumulus clouds are present in isolated areas that do not
contain an upper air station, or are present at station locations
between observation times. To handle these situations we propose to
compile a semi-empirical relationship between Q(: and cloud depth
using all Qc’ z, and Zrey estimated in the earlier analyses during
the simulation period T. This function can be based on field data.
For now compute the average of the Qc values obtained in Stage WEWC
for various values of the cloud thickness hy = Zroy T Z2» SAY values

of hy at intervals of 200m; and call the resulting functionw(hs).

Then we assume

\-t-lc(%,to) = (1‘0(5) )W(ZTcu(,&stO)-Zz(,)s’tO)) (8-133)

+ v pear (%5 to)
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(5)

where

w(hg) = Qc for clouds of depth hs (an empirical (8-134)
function);
a(x) = distance weighting function

(8-135)

expl-| x-x_|/SIG]

X, is the rawin site closest to x where Qc # 0; SIG is a distance

m
constant, e. ¢., 50km; and

QCLOCAL(5’t°) = Qc(5m’t0)' (8-136)

Formula (8-133) is an heuristic expression that assigns Qc a value
that is determined partly by any QC estimates that have been derived
for that Tlocation in the earlier stages and partly by the assumed

empirical relationship between cloud depth and updraft velocity.

Note that Qc(5,t), with x ranging over all grid points and t over
all hours in the simulation period T, 1is an output of this

processor, P8.

For the advection velocity field Vo required in Eq. (8-2) at time

to, we will use

22(5,t0)
-1
Voy(X,to) = [Z2(X,te)-2, (X)] | ¥y(%,z,t0)dz (8-137)

z,(x)

where v(x,z,t) is the horizontal wind at level z from the routine WV

described earlier. The horizontal velocities that WV provides
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(6)

(7)

should be those that are used to compute the vertical velocity
w(x,z,t) and they should be interpolated from the wind observation
stations to each grid point X using an interpolation scheme that
maintains a consistent relationship between w(x,z,t) and the

horizontal winds XH(5,zit) at elevations z_ < z'< z.

t

The vertical air speed at each grid point x at the initial moment t,

is obtained from the function routine WV as before, namely
wa(X,to) = w(x,z2(%,t0),t0) (8-138)
where the function on the right side is a part of routine WV.

We now solve (8-2) for z,(x,to*At) using the difference scheme

described in Appendix A to Processor P7. With this scheme we have

Za(X,to+AL) = Xp(é,to*‘At’,{(,;to)[lz(,%ito) +

At S(x;t0)Jdx’

(8-139)

where

S(xito) = [wa(Xito)-a (Xitodw (X3te)]

(1-0.(%5t0)) + w (%:t0)

(8-140)

where oc(ﬁ,to) is the known fractional coverage of cumulus clouds at
time to in the grid cell centered at x;wp is from (8-138); Qc is

from (8-133); We is from (8-131); and

p(x,t|{xit') = known function of ¥ay. (see Chapter 9, Part 1)
(8-141)
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where

(8)

(9)

At this point we have computed zp(x,totat). From this field we

construct z3 in the manner of (8-91), namely

22(5,t0+At) + 100, if Gc(é,to+At) = 0;
23(x, to+bt) = (8-142)

zTCU(g,to+At), otherwise

where Z1ey is the known elevation of cumulus tops. This calculation
should be performed at all grid points x and the results retained

for output from P8.

The material surface flux Hs across surface Ha must be computed at

each grid point at time ty + At as follows:

Hg(%,to+At) = 23(5,t0+At) + ¥3H'ZHZ3

'W(%,Zg(ﬁ,to+At),to+At) (8-143)

23(5)t0+ At)-z3(5’t0)

23(5’t0+At) = AL (8-144)
Vay(X,to*at) = v(X,z3(X,to*At),to*AL) (8-145)

and
Vay¥Yyzs = calculated from vs, and z3 in the (8-146)

manner of (8-A2).
to this section.

See the Appendix

In (8-143), w( ) denotes the function routine WV. The same applies
to v( ) in (8-145). The flux Hg is an output of processor P8 but it
is not used in the calculations performed within this processor. At

the initial moment t,, assume
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(10)

(11)

(12)

(13)

Ha(x,to) = Fs(x,to+At) (8-147)

We must also output the local time derivative z, at each grid point

and each hour:

Zo(x,to*At) = za(X,t0)

Zy(x,to*At) = =% (8-148)
assume °
25(X,t0) = Za(X,to+At). (8-149)

These fields are outputs of P8 at each hour.

Compute the thickness of Layer 3 at each grid point at time ty+At:
ha(x,to*At) = z5(x,to+At) -z2(X,totAt) (8-150)
where z3 is from (8-142) and z, is from (8-139). Evaluate (8-150)
for output only when to+At is an integral number of hours.
Compute the thickness of Layer 2 for output:
ha(Xx,to+At) = z5(X,to+At) - ZT(5) = hi(X,totAt) (8-151)

\

where z, is from (8-139) and g and h; are inputs to Processor P8.

Compute (8-151) only at integral hours.

Compute the elevation of surface z3 in pressure coordinates.

Pa(X,totAt) = p(x,z3(X,to+At),to+AL) (8-152)
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(14)

(15)

where p(x,z,t), which is given by (8-86), is the pressure (mb) at
elevation z (m MSL) over site x at hour t. This function is
interpolated from the pressure-height functions pm(5,t) that are
inputs from Processor Pl. The field ps is an output of this

processor, P8, at each grid point and hour.

Compute the eilevation of surface z, in pressure coordinates:
p2(5)t0+At) = p(5,22(5’t0+At)’tO+At) (8-153)

where p is given by (8-86). The field p; is an output of this

processor at each hour of the simulation period.

In Part 1, Eq. 5-44, we defined the function ¥(x,t) to be ‘the
fraction of the volume flux entering cumulus clouds in the grid cell
centered at x at time t that originates in Layer'O. Here we compute
an interim estimate ¥' of this parameter based strictly on heuristic
notions. In Processor P12 we test whether the ¥' values derived
here satisfy criterion (5-47) of Part 1. If they meet this
condition they become the final estimate of the parameter VY.

Otherwise ¥(x,t) is given the largest value that satisfies (5-47).

As a rough, heuristic approximation we shall assume

2h3(x,to*At) 2|

- - { -
¥ (x,to*At) = 0.5 exp {'[22(5,t0+At)~zT(5) ] ‘}+ 0.1 (8-154)

Under this assumption, ¥ - 0.1 as the depth of cumulus clouds
becomes large compared to the depth (zz-zT) of the subcloud layer.
For shallow cumulus, ¥ ~» 0.6. The ¥' field is an output of

Processor P8 each hour.
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Stage WV

This stage is in effect a function routine that provides vertical and
horizontal wind speeds at any grid cell and elevation, and horizontal

divergence between any two surfaces in any grid cell.

As with nearly all of the input parameters required in the regional
model, the variables just cited can be estimated by a number of methods.
Solutions of the omega equation, isentropic analyses, and differentiation of
functions fit to wind data are several approaches. OQOur intent here is not to
prescribe the use of one particular technique but rather to specify which
quantities are required for subsequent use in this and other processors in the
network, and in the regional model itself. Selection of specific techniques
is left to the "user". Indeed, one of the reasons for structuring the model
system in a modular form was to facilitate the use of various techniques
interchangeably. In the "first generation" processor network we plan to

employ in this stage, WV, the method developed by Bullock (1983).

In order to insure compatibility between the horizontal divergences <&>
required in Processor P1ll and the vertical velocities W required in this and
other processors, it is advantageous to compute all these fields in this one
stage. Following is a list of the divergences that must be computed each hour

for output to Processor P1ll:

P3(x,y,t)
B,y 6y = 5 | (G )p | (8-155)
3

Po(X,y,t)
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Po(%,y,t)

1 .
= (Yyevddp  , if 4p,(t)=1;
<8(x,y,t)>, = P2 Pys | !
e Pys(Xs¥,t)
(8-156)
Po(X,y,t)
1 ,
—_— V,v)dp , if t)=0
5P (Ty-v)dp if 4p ()
pl(x »Y,t)
P1(X,y,t)
<6(x,y,t)>1 = EI:%—— (2H°x)dp , defined only when Ap1=0 (8-157)
Vs

Pys{Xsyst)

Since the 1input wind data are in z coordinates, it will be necessary to
convert them to p coordinates using the function pm(z,t) available from P1.

Note also that since P3<Pys Po<Py OF P, and P1<P the integrals in all

vs®
three of the expressions above are negative when (2H~v)>0 and the reciprocals
of the pressure differences that appear outside these integrals are also
negative. The net result is that <§> has the same sign as ¥,-y. We leave the

method of computing the divergences (ZH-x) to the user.

The layer averaged divergences <<S>n given by (8-155, 156 and 157) are

n

related to the vertical velocity w' on the pressure surfaces Ph that bound

each layer by (see Egs. 1l-1b and 11-40)
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60y, = g 600y, = 87k, )] (8-158)
n

where

ap, = [P (xy,t) = P10y, t) | (8-159)
and @" denotes the vertical velocity in pressure coordinates (mb sec-l)

averaged over the surface Py within the grid cell centered at (x,y). We shall

assume that the spatial variations in w have such large scales that

8"'06GY,t) F w (X,y,t) (8-160)
where W denotes the local value of w on pressure surface Py at the cell
center (x,y).

By definition
= 9p . 3 -

R ARTRARE (8-161)

where p is pressure and w is the vertical velocity in z coordinates at the

point where p is measured. Making use of the hydrostatic approximation and

(8-161), we can write

_ .8 o ]
¥y = 3t Pn' ¥n'¥WPn T WnPnd- (8-162)

Two of the fields that we need in this processor, P8, are W3 and Wo, the
vertical velocities in z coordinates (m sec-l) on the top surfaces of Layers 3
and 2. Egs. (8-158), (8-160), and (8-162) provide a means of estimating these

velocities in terms of the measured horizontal winds and their divergence.
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We must distinguish between the two cases Ap1=1 and Apl=0. Recall from
(7-98) that Apl(t)=1 if a surface inversion is present over the modeling

region at time t and it is zero otherwise. When an inversion is present the

effective ground surface for the flow aloft is the "virtual surface" Pys
defined as the top of the inversion layer.
Mode 0: Apl = 0.
In this case the virtual surface coincides with the terrain. Using
(8-158) and (8-159) we can express wq in the form
Wy = Ap3<6>3 + Ap2<6>2 + Ap1<6>1 + wy (8-163)

where Wy is the value of w at ground level.

To estimate w, we note first that the vertical velocity W, at ground
level is

W, = XOOZHZT (8-164)

where z; is the terrain height and vy  is the horizontal wind velocity near the
ground. Since horizontal gradients in terrain level are generally much larger
than those of the synoptic scale pressure field Pyr We expect that the last
term on the right side of (8-162) will have a much larger magnitude than the
term involving 2H°po. We also expect the last term to exceed the magnitude of
the local time rate of change of Py Thus, to good approximation we can

assume

R o “Po9Y, U2t (8-165)
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Combining (8-162), (8-163), and (8-165) we have

_1 %P
M3 % 5ag LBt * X3 TPy T AP3<O>3 T Apy<B%
-Ap1<6>1 * Po9Y, VH T], mode Q. (8-166)
where
Apy = |py(x,y,t) - p,(x,y,t)| ,  mode 0. (8-166a)

We assume the velocity and divergence fields required to evaluate this
equation have been extracted from the wind data that are inputs to this
processor. The pressure surfaces p, are specified by those stages within P8

that call stage WV for w estimates.

To estimate the densities P3 and Pys We use

PL(X,t)
p (X t) = W) - (8-167)

where R is the gas constant and Tn is the temperature at pressure level Ph and
grid point x = (x,y). The temperature fields will be an input to this
processor. To evaluate ng3 and YHZT in Eq. (8-166), it will be necessary to
fit a polynominal of at least 3-rd order to the pressure anditerrain data (see

Appendix to this chapter).

The expression for Wy is obtained in the same manner that (8-166) was

derived. We get '
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1 P2
b8 L3t * X2 Uy = 8Pp<8 = 8P e8>

W, =
(8-168)

+ pogxo'szT], mode 0

Also in mode Q0 we require for direct use in the regional model the
component of the vertical velocity Wy on surface Py that is due to horizontal
divergence of the flow in Layer 1 (see Eq. 3.1b of Part 1). We denote this

velocity component by in where

(8-169)

* P8y Y2yl

Since by definition v-le is the divergence induced vertical motion on Pys
the terrain induced component is just the right side of (8-169) with <6>1=0.
Thus,

W - egl <>

Wp1 = 510 1 » mode 0. (8-170)

and Apq is given by (8-166a). In order to emphasize that this value applies
in mode 0 only, we designate it le at the output of P1l. Processor P12 will

take this field as input and generate the final, complete function QDl
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Mode 1: Apq = 1

In this state an inversion layer 1is present at the ground and the
effective bottom of the flow aloft is the virtual surface Pys? which coincides
with terrain features that extend up through the inversion layer but which
otherwise is the top of the inversion layer itself. In this situation the

expression for Wq becomes

Wy = Ap3<6>3 + Ap2<6>2 W (8-171)

In order to obtain an estimate of W, that is consistent with the model used
in P7 to simulate flow in the ground level inversion, we must impose the

constraint that the volume flux across Pys is continuous.

Just below the top Z,¢ of the cold inversion layer the downward volume

flux is

dH 9z az 9z
Vs _ ““vs Vs Vs _ - -
dt =5t TY%ax "V 3y Yo T Mys (8-172)
z,.7€

where (uo,vo,wo) is the fluid velocity in the cold layer; and Nys is the

cooling rate, a known function of space and time. Just above Z,o i.e., at
the base of Layer 2, the downward volume flux is
dH oz oz 9z
VS - VS ' Vs _ -
dt =5t T Usx T Vus ay Yvs® (8-173)
ZVS+8

Continuity of the flux across HVs requires that (8-172) and (8-173) be equal,

which is true if
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“ws T8t T Usax T VYwsdy T s (8-174)

If we assume that the spatial gradients in z,  are also much larger than those

in the synoptic pressure field, we can make use of the earlier approximation

(8-165) to obtain

~

Wys = "PysTWys (8-175)

where L is given by (8-174).
Combining (8-162), (8-171), (8-174), and (8-175) we get

"3 7 b9 5T * Y3 YP3 ~ AP3<0>3 = 8p,<8>,]

. Pus [EE!E +vy ¥z -n _], mode 1l (8-176)
P3 ot Yys “HEys T Mysds
and similarly
_1 %P <a
M2 = 5,0 Bt * X2 TPy T 4Pp0%]
(8-177)
Pys 2%ys
! E;_ [3t * xvs'gszs nvs]’ mode 1
In both (8-176) and (8-177)
ap, = [py(x,y,t) = p(x,y,t) |, mode 1 (8-178)

In mode 1 no estimate of w at the top of layer 1 is required because in this

situation the volume flux is given by Nys-
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The input requirements and outputs of Stage WV are summarized in Table
8-1. Figure 8-6 1illustrates processor P8 and its data interfaces

schematically.
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Table 8-1. Summary of the input and output requirements
of each stage of Processor P8.

Input Output

Variable Description Source Variable Description

qm(z,t) mixing ratio at P1 Z2(5m’t) elevation (m MSL)
elevation z (m MSL) of top surface of
at hour t over rawin model layer 2 over
station m. rawin site x_ at tim

t of rawin s@undings
em(z,t) potential temperature P1 612(5m,t) expected range of
(°K) at elevation z values, centered at
(m MSL) at hour t over at which actual mixe
rawin station m. layer top lies over
rawin site x  at
times t of Tdwin
soundings.

Zt(ﬁ) mean terrain ele- p7 zg(ém,t) elevation (m MSL) of
vation (m MSL) in top surface of model
grid cell centered Layer 3 over rawin
at x . station m at times t

of rawin soundings.
qn(t) mixing ratio (dimension- P3 qc(gm,t) estimated water mixir
less) at surface weather ratio entering cumult
station n at time t. clouds over rawin
station m at time t
(available at 30 mint
intervals).

en(t) potential temperature P3
(°K) at surface weather
station n at time t.

pm(z,t) pressure (mb) at P1 qm(ém,t) estimated water
elevation z(m MSL) mixing ratio above
at time t over Layer 3 at rawin
rawin station m. station m at time t

(available at 30
minute intervals).

Gc(ﬁ,t) fraction of sky RAW M3(5m,t) vertically integrated

covered by cumulus
clouds in grid cell
centered at x at
time t.

water mixing ratio in
Layer 3 over rawin
site m (units=m, see
Eq. 8-20) at times t
of rawin soundings.



Table 8-1. (continued)
Input Qutput
Variable Description Source Stage Variabie Description
ZTCU(5’t) elevation (m MSL) RAW 1qQ, <q(5m,t)>3 average mixing ratio
of highest cumulus (Cont.) in Layer 3 over rawin
cloud tops in grid site m at time t
cell centered at x (available at 30 min.
at time t. intervals).
ZLCL(én t) elevation (m MSL) of
’ the Tifting condensa-
tion level over sur-
face station n at
time t (required
only at the hours
t of rawin observa-
tions)
Yu(%,2,t) horizontal wind Stage PATH T path integral of w
vector (m/sec) Wy leading to rawin
at site x, ele- site m at time t
vation z (m MSL) (see 8-109) units
at time t. = m.
w(x,z,t) vertical air speed Stage 1.(t) path integral of
(m/sec) at site wv om cumulus cloud cover
X, elevation z (m fraction leading to
MSL) at time t. rawin site m at hour
t (see 8-110) units =
sec.
Q(x,t) surface kinematic _; P4 T (t) path integral of
heat flux (m°K sec ) Qm kinematic surface
in cell at x at time heat flux leading
t. to site x_ at time t
(see 8-11T) units =
m °K.
g.(%,t) fraction of sky RAW
covered by cumulus
clouds in grid cell
centered at x at
time t.
Zz(5m,t) elevation of top Stage

surface of Layer 2 ZQ
at rawin station m.
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Table 8-1. (continued)
Input Output
Variable Description Source Stage Variable Description
<q(5m,t)>3 average mixing ratio Stage WEWC G(ém,t) entrainment velocit!
in Layer 3 over scale factor (units
rawin station m at °K~1) (see 8-39) at
time t (available at rawin site x at
30 min. intervals). hourly intervals t.
qc(5m’t) mixing ratio Stage Qc(ﬁm,t) cumulus updraft
entering cumulus Qq velocity scale (m/
clouds over site sec) at rawin
x at time t site x at hourly
vailable at 30 min. intervals t.
intervais).
Q(x,t) surface kinematic P4
heat flux (m °K
sec-1) in grid
cell at x at time t
(at hourly intervails).
ac(g,t) fractional coverage RAW
of cumulus clouds
an(t) cumulus cover path Stage
integral PATH
22(5m,t) elevation of top Stage
surface of Layer 2 Q
at rawin site x
at times t of
rawind soundings.
ZLCL(én’t) lifting condensation Stage
level at surface ZQ
weather station n
at times t of rawin
soundings.
Iwm(t) w path integral Stage
leading to rawind PATH
site x at time t
of rawin sounding
IQm(t) surface heat flux Stage
path integral PATH

leading to site
X at hour t of
Tawin sounding.
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Table 8-1. (continued)

Input Cutput

Variable Description Source Stage Variable Description

M3(5m,t) vertically inte- Stage WEWC
grated water mixing ZQ (Cont.)
ratio in Layer 3
over rawin site x
(at sounding hour® t
only).

w(x,z,t) vertical air speed Stage
(m/sec) at (x,z,t) WV

qm(gm,t) water mixing ratio Stage
above Layer 3 at LQ
rawin site X (at
t = 30 min TNtervals).

Z3(5m’t) elevation of top of Stage
Layer 3 at rawin LQ
station m at sounding
times t.

622(5m,t) expected range of Stage

' Zp at rawin site 1Q
X at observation
Aur t.

G(5m,t) hourly values of Stage W2 w (x,t) = entrainment velocity
the entrainment WEWC 8/26(x,t) at hour t at grid cel
velocity scale factor centered at x (m/sec)
at rawin site Xp

QC(5m,t) hourly values of Stage Qc(5,t) cumulus updraft speed
the cumulus updraft WEWC (m/sec) at hour t in
speed (m/sec) at grid cell centered at
site x_. X.

~m ~

ZTCU(5’t) cumulus top RAW wa(x,t) vertical air speed
elevation at hour t (m/sec) on surface
in grid cell Ho at grid cell
centered at x. centered at x at hour

t.

Z2(5m’t) estimated top of Stage zo(X,t) elevation (m MSL) of

Layer 2 at rawin JA surface H, (top of

site x_ at sounding
time t.
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Layer 2) in grid cell
centered at x at hour
t.



Table 8-1. (continued)

Input Qutput

Variable Description Source Stage Variable Description

Zt(5) mean terrain P7 W2 z3(x,t) elevation (m MSL) o
elevation (m MSL) (Cont.) surface Hs (top of
in grid cell Layer 3) in grid ce’
centered at x. centered at x at hot

t.

!H(ﬁ,z,t) horizontal wind Stage ﬂg(l,t) volume flux (m/sec)
vector (m/sec) WV through top surface
at site x, elevation Layer 3 in grid cell
z, time t. at x at hour t.

w(x,z,t) vertical air speed Stage 22(5,t) local time derivativ
(m/sec) at site WV of elevation zy
x, elevation z (MSL) (m/sec) at grid
at time t. cell centered at x

at hour t.

pm(z,t) pressure (mb) at P1 ha(x,t) thickness (m) of
elevation z (m MSL) Layer 3 at hour t
at hour t over rawin in grid cell centere
station m. at x.

hi(x,t) depth (m) of Layer 1 P7 ha(X,t) thickness (m) of Lay
in grid cell centered 2 at hour t in grid
at x at time t. cell centered at x.

pa(x,t) pressure (mb) at
elevation of top
of Layer 3 at hour
t in grid cell
centered at x.

p2(x,t) pressure (mb) at
elevation of top of
Layer 2 at hour t
in grid cell centeres
at x.

¥'(x,t) interim estimate of
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the cumulus flux
partition function
(see Eq. 5-44 of
Part 1) at hour t
in grid cell at x
(non-dimensional)



Table 8-1. (continued)

Input Output

Variable Description Source Stage Variable Description

ZT(é) terrain elevation P7 WV XH(5,z,t) horizontal wind
(m MSL) in grid cell vector (m/sec)
centered at x. [v,=(u,v)] at (arbitr:

e1§vation z (m MSL),
time t at site x.
ﬁm(z,t) observed east-west Pl w(x,z,t) vertical air speed
wind companent (m/ (m/sec) at (arbitrary,
sec) at elevation elevation z (m MSL)
z (m MSL) at observa- at time t at site x.
tion hour t at rawind
station m.

Vm(z,t) same as U_ except P1 w61(5,t) divergence induced
north-soufh wind vertical air speed
component (m/sec) on top surfac

of Layer 1 (Defined
for daytime hours onl:

Gn(t) observed east-west P3 <5(5,t)>3 average horizontal wi
wind component (m/ divergence (sec-!) in
sec) at observa- Layer 3 in grid cell
tion hour t at sur- centered at (x) at
face weather station hour t.

n.
same as <&>, except

On(t) same as U_(t) except P3 applies to aner 2.
north-soulh wind
component. Same as <6>, except

applies to aner 1

Apl(t) surface inversion P7 (values of this

indicator (see 7-98). quantity are computed
) only for daytime hour

Pn(Z,t) elevation (m MSL) at Pl <(%:t)>,  same as <6>, except
pressure level p (mb) applies to Payer 2.
at rawin station m
at hour t.

P3(x%,t) elevation in pres- Stage <6(%:t)>1  same as <6>, except
sure coordinates (mb) W2 applies to aner 1
of top surface of (values of this
Layer 3 in grid ceil quantity are computed
at x at time t. only for daytime hour

pz(é,t) same as p, except Stage
elevation™of top W2

of Layer 2.
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Table 8-1 (Concluded)

Input Output
Variable Description Source Stage Variable Description
P1(%:t) same as p, except P7

top of Layer 1.
pvs(g,t) same as p, except P7

top of radiation

inversion
zvs(5,t) elevation (m MSL) P7

of virtual surface

in cell at (x) at

hour t. Note: Z,¢

7 when bpqy = 0.
Nys(X,t) growth rate (m/sec)  P7

of the radiation
inversion layer
depth.
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Appendix to Section 8

Some of the equations in this Processor, such as (8-166), contain terms

of the form
LTp (8-A1)

that must be evaluated at each grid point (I,J) of the regional model domain.
In (8-Al) both v and p are variables represented in discrete form at each grid
point of the model region. To fourth-order accuracy we can represent (8-Al)

at grid point (I,J) by

CTPd1,0 = vr,08(P1, 00 * Ve, oty Py o) (8-A2)
where

APy D =2¢ - ) - = ( - )

x\P1,37 T3 Wra1,0 7 P1-1,0 T 12 142,90 T P1-2,0
and

A, (py ) =2 ¢ - ) - =2 ( - )

y P1,97 3 WP1 941 7 P1,0-10 T 12 ‘P1,0+2 7 P1,0-2"

Here PI J is the value of p at point (I,d), i.e., column I, row J, with rows

parallel to the x axis and columns parallel to y.
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SECTION 8
PROCESSOR P9

DEVELOPMENT

This processor prepares the information necessary to correct the chemical
rate constants for variations in atmospheric density, temperature, cloud
cover, and solar zenith angle. Often the top of the regional model will lie
near the middie of the troposphere and therefore significant variations in air
density and temperature can exist between each of the model's layers. All
rate constants for the intermolecular reactions are affected by density and
many are strongly sensitive to temperature as well. The photolytic rate
constants are affected by the variations in solar radiation induced by cloud
scattering and absorption, and by the variations in radiation that accompany
changes in the solar zenith angle. We treat the density and temperature
correction terms in Stage DEN, and the cloud and zenith corrections in Stage

ZEN.

Stage DEN

The easiest way to handle the effects of atmospheric density variation on
the pollutant concentrations is to work with the species mass continuity

equation in its mixing ratio form. Thus let

¥(r,t) = c(r,t)/o(r,t) (9-1)
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be the mixing ratio of a given species, where ¢ is the species concentration,
say, moles m-3, and p is the local air density in the same units. The mixing
ratio y is dimensionless and is often expressed in terms of parts per million
(ppm). Making use of (9-1) in the species mass continuity equation (Eq. 2-1

of Part 1) we have

d ) -

st (¥p) *+ Y- (ypy) + 57 (ypw) =S + R - W. (9-2)
The mass continuity equation for the atmosphere has a similar form, namely

) ) _ '

5t P ¥ Yyt (py) + 57 (pw) = 0. (9-3)
Multiplying (9-3) by y and subtracting the result from (9-2) we obtain

a-l . .—2 =.§ B-
5t * Yy (W) gz (W) =5+ 5

OlxE

(9-4)

Thus, the equation governing the mixing ratio y has the same form as the
equation governing the concentration ¢ (i.e., Eq. 2-1 of Part 1) except that
the inhomogeneous terms S, R and W are divided by the 1local air density.
Notice that Eq. 9-4 indicates that material is weli-mixed (i.e., 9y/dt = 0)

vertically when the mixing ratio is constant in z. However, the concentration

form of the continuity equation yields the contradictory result that the

well-mixed state is achieved only when the concentration ¢ is independent of

height. The latter is in error because it fails to take into account the
effects of gravity on the mass distribution of material in the atmosphere.
The mixing ratio form of the equation handles this effect implicitly through
the 1ink with the air density p. In siort, Eq. (9-4) is the proper form of
the continuity equation for use in applications to atmospheric layers deep

enough (> 10°m) that air density variations are important.
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Normalization of the emissions function S by the air density is performed
by Processor P10. Here we are concerned with the normalization of the

chemical reaction term R, which has the general form

R = ked + k]c (9-5)

where d is the concentration of a species with which the given pollutant
-1 -1

reacts, k is the rate constant (units of mole m3sec ) of this second-order
reaction, and k] is the rate constant for a first-order reaction that consumes
species c. We can write (3-5) in the form

B2 G + k) = kryyy + &

p = WPKUBING 1'5 Yig ¥ K (9-6)
where

Y © d/p

is the mixing ratio of species d. Substituting (9-6) into (9-4) we have the

equation governing y. In it the second-order rate constants have the form

k*

kp. (9-7)

but the first-order rate constants are unchanged. In order for the model
equations to predict mixing ratio, we must supply the kinetics algorithm with
effective air densities for each layer so that the rate constants k can be
modified in the manner of (9-7). For this purpose, and also for normalizing
the emission strengths S in Processor P10, we compute in this stage average
air densities for each of the model's four layers. Concurrently, we compute
average temperatures for each cell and layer for use within the model itself
to make temperature corrections on the rate constants. The rationale for
supplying temperature data to the model rather than temperature corrected rate
constants is to avoid any procedure that would "“hard wire" a particular

chemical kinetics scheme into the model or the input processor network.



Let Tvm(z,t) and pn(z,t) be the virtual temperature and density,
respectively, at elevation z(MSL) at hour t over rawin station m, and let im

be the elevation (m MSL) of that station. Now define

m om
P> o = HE; S p(2)dz (9-8)
Zn
Zn * hom h1m
P>y = ﬁ%; S Pm (2)dz (9-9)
2m * hom
X Zn * ho * hl * h2m
<p>2m = Hz_n; gpm(z)dz (9-10)
Zn * hom hlm
Zn * h3m
P>3p T % gpm(z)dz (9-11)
2m + . th
where
b = 1000

is the factor necessary to change the units of density from (kg m'a), the
units of pm(z) as supplied by Pl, to (moles m'3), the units in which the
chemical rate constants that we will modify are expressed. In (9-8) - (9-11)
hjm is the thickness of model layer j in the grid cell that contains rawin
station m.
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The integrals on the right-hand side of Egs. (9-8) - (9-11) can be
evaluated by subdividing the integration interval into 50m subintervals that
coincide with the intervals at which Tvm(z) and pm(z) are available (from P1l).
Similarly, we define

Zn * hom * h1m

<>y = ﬁ gTvm(z)dZ (9-12)
2m ¥ hom
(9-13)
z + . h3m
_ 1 -
<T>3m = ﬁ—3—mSTvm(Z)dZ (9 14)

Zm * hom +h1m +h2m

The temperature and density profiles TVm and p, are available from Pl

each hour but they give values only at the measurement station sites Xm

Therefore, the layer averaged density and temperature values derived from

-1
(9-8) - (9-14) must be interpolated to each grid cell location. Use the r

weighting scheme as follows:

166g -t (t,)>

r_<p

) =1" k’" nm

p(I’J)tk)>n - M 1 n
Sy

m=1 "

0,1,2,3 (9-15)

)
>
"

<T(L,d,t)> = 1,2,3 (9-16)
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where

ro= [(1xx )2 + (day-y)21% (9-17)

The factor 10“6 in the density equation (9-15) is necessary when the mixing
ratio y is expressed as parts per million (ppm). The factors P>, generated
by this stage will pass through the B-matrix compiler (BMC) unchanged and will
be used in the model to modify the second-order rate constants k in the manner

described above in Eq. (9-7), namely
kX = kep>_ ' (9-18)

where kﬁ is the modified rate constant in Layer n. (Keep in mind that the
first-order constants are not modified by the density.) As we noted above, we
assume that the second-order rate constants k are expressed in units of (moles
m-3)-1'sec-1. (Consistency of the concentration units throughout the model
should be confirmed by comparing the parameters generated in this processor,
the source strength functions provided by Processor P10, the initial

concentration fields produced by Processor P2, and the rate constants

contained in the chemical kinetics subroutine CHEM that operates in unison

with the model.)

The layer averaged temperature values <T>n given by (9-16) above also
pass unmodified into the model at operation time. These data are made
available there for temperature corrections to those rate constants that

require it.

The input-output summary of stage DEN is given in Table 9-1, and the

processor is illustrated schematically in Figure 9-1.
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Stage ZEN

A1l of the photolytic rate constants require adjustments for the local
solar zenith angle 9 and cloud cover. We assume following Jores, et al

(1981) that these "constants" can be expressed in the form
X = = -
KE = ky(04)=(cc) (9-19)

where k (¢.) is the “clear sky" photolytic rate constant for reaction a and =
(cc) is an empirical function of the cloud cover cc = cc(h), which is the
fraction (0 < cc < 1) of the sky covered by clouds of height h. We assume
further that the clear sky constants ka are contained in the chemical kinetics
subroutine of the regional model code in the functional forms ka(¢s) and that
the solar zenith angle ¢ must be supplied for each grid cell and hour to
evaluate them (note that ¢ is virtually independent of altitude). Thus,
Processor, P9, particularly Stage ZEN, must supply the following fields to the
model by way of the model input file MIF:

¢S(I,J,tm) solar zenith angle in cell (I,J) at hour t

(units of degrees of arc); (9-20)
and
=(1,J,t ) = cloud cover correction factor for photolytic
rate constants in cell (I,J) at hour t (9-21)
(dimensionless).

The zenith angle ¢, can be obtained from standard astronomical formulas given
the latitude (JA¢) and longitude (IAA) of cell (I,J), and the date and hour t_
of the period of interest. The factor = is obtained from the formulas given
in Jones, et al (1981) using the observed cloud cover cc(h) in cell (I,J) at

hour tm. We will not elaborate on the computation of ¢S and = here.
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In summary, the solar zenith angle ¢s is used in each grid cell and hour
to determine the clear sky rate constant ka for each photolytic réaction a.
These values are multiplied in turn by the cloud cover factor = for that cell

and hour to arrive at the corrected rate constant
X - = ’ -
KX(I,9,t,) = k,(0,(1,d,t )E(L,,¢)). (9-22)

The photolytic constants are not modified by the density correction terms P>,

generated in Stage DEN.

The inputs and outputs of Stage ZEN are summarized in Table 9-1.
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Table 9-1.

Summary of the input and output variables

of each stage of Processor P9 and their sources.

Input Qutput
Variable Description Source Stage Variable Description
Tvm(z,tk) virtual temperature Pl DEN <p(I,J,tk)>0 density correction
(°c) at elevation z for rate constants
(m MSL) at hour t in Layer 0, cell
over rawin statién (I,J) hour ty (unit:
m(=1,...M) 10-6 moles m-3)
<p(I,J,tk)>1 same as <p>_  except
applies to aner 1
p (z,t,) same as T __ except P1 <p(l,d,t » same as <p>_ except
m Tk density (KJm-3) k2 pplies to Payer 2
im elevation (m MSL) RAW <p(I,J,tk)>3 same as <p>_ except
of rawin station m applies to aner 3
ho(I,J,tk) thickness (m) of P7 <T(I,J,tk)>1 average temperature
Layer 0 at time (°c) in Layer 1, ce’
t, in grid cell (I1,d), hour t, (for
(*,J) temperature cgrrect'
of rate constants ii
mode1)
hl(I,J,tk) same as h0 except P7 <T(I,J,tk)>z same as <T>1 except
Layer 1 . Layer 2
hZ(I,J,tk) same as h0 except P8 <T(I,J,tk)>3 same as <T>1 except
Layer 2 Layer 3
h3(I,J,tk) same as h_ except P8
Layer 3
cc(én,h,tm) fractional sky RAW ZEN ¢S(I,J,tm) solar zenith angle
coverage of clouds (degrees) at grid
of height h (Tow, cell (I1,J) at hour
middle, and high) t  (used to obtain
at surface weather pﬂotolyt1c rate
station n at hour constant values).
t
m E(I,J,tm) cloud cover cor-
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(dimensionless)

for photelytic rate
constants in cell
(I,J) at hour tm
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SECTION S
PROCESSOR P10

DEVELOPMENT

Processor P10 transforms the emissions inventory into the source strength
functions g, Sl and SZ' It is assumed that the emissions data have already
been structured to provide the following information: (1) total emission rate
(moles hr“l) of each primary pollutant from all mobile and minor stationary
sources in each of the model’s grid cells, at each hour of the simulation
period; (2) emission rate (moles hr°1) of each primary pollutant each hour
for all major point sources; and (3) the physical parameters necessary to
determine in which grid cell each major point source lies and what its
effective source height will be under given meteorological conditions. Here
"major" point source refers to any point source whose discharge rate of a
given pollutant exceeds some prespecified threshold.- This processor also
computes the plume volume fraction { which is used in the Layer 0 equations to

parameterize subgrid scale chemistry effects.

The three basic tasks involved in computing the source strengths are
estimating the effective heights of the major point sources; partitioning the
point and area source emissions among the three layers 0, 1, and 2; and
converting the results to units of ppm. The first of these operations is
performed in Stage DELH -- the last two are done in Stage S. We should add

here that the units conversion is necessary because concentration must be
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expressed in ppm in the governing equations in order to account for the
variation of atmospheric density with elevation (see the discussion presented
with the description of Processor P9). The calculation of the parameter { in

this processor is performed in Stage ZTA.

Stage DELH

Suppose that there are a total of K major point sources in the entire
modeling region, and let the subscript "k" designate any one of them. We

compute the plume rise Ah (t ) of the k-th source at hour t_ as follows.
k*"m m

Let [I(k),J(k)] be the grid cell (column I, row J) in which the k-th

source lies. Then

0, if LLICK),J(K),t 1 < O

ahy (tp) = { F, 1/3 (10-1)
3 (EE) , otherwise.

Here L[I,J,tm] is the Obukhov length (meters) in cell (I,J) at hour tm, and

T,-T 2
k "ak ] (%)Dkwk' (10‘2)

Tk + 273

F = ol

In this expression Tk is the exhaust temperature (°C) of the stack, Dk is the

stack diameter (m), Wy its exhaust velocity (m sec-l), g=9.8m sec-2 is

gravity, and

N
§=1rnk Tvn(tm)
T K = (10‘3)
a N -2
nilrnk
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is the estimated surface air temperature (°C) at the location of source k. In

(10-3)

r2e = [ % )2 + (v my )20,

(xn,yn) is the location of surface weather station n and Tvn is the virtual
temperature (°C) measured at that station at hour to
In Eq. (10-1)

u = [<uCI(k),3Ck), 8 0> )2 +

2.4 (10-4)
(<V(1(K),I(K), t)>1)?]

where Wy and <v>, are the Layer 1 averaged wind components (m sec~1).

Finally, the parameter s in (10-1) is approximated by

s = (10~5)
cp Tak + 273

where cp = 1003 m2 sec:_2 °K-1. This expression for the stability parameter s
assumes an isothermal temperature lapse rate throughout the depth of the layer

that the buoyant source emissions traverse.

The effective height of source k at hour tm is now estimated to be
H(t) = 2 + ah (L) (10-6)

where z is the stack height (m) of source k.

By virtue of the assumption embodied in (10-1) for the case of negative

L, expression (10-6) yields effective source heights equal to the actual stack
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height z, under neutral and unstable atmospheric conditions. Although plume
rise does occur under these conditions, it is not particularly important in
our regional scale grid model because under these conditions vertical mixing
is so strong that poliutants are nearly uniformly spread through the mixed
layer before horizontal transport has moved them out of the grid cell in which

they were released.

For example, with a horizontal grid size of 18,000 m and a horizontal

wind speed of 4 m sec L

, material has a residence time of 4500 sec in a grid
cell. The time scale of vertical mixing during unstable conditions is on the
order of 2h/ws. Typical values of the mixed layer depth h and velocity scale
wye are 1500 and 1.5 m sec_l, respectively. Hence, vertical mixing is
completed within the time material 1is resident in the cell surrounding the
source and consequently the actual height of the emission is not significant.
(A much more important factor in this instance is the lack of complete
horizontal mixing of point source plumes within a grid cell. Although the
material is well mixed vertically, it may occupy a volume only 1 km wide
whereas the grid model treats the emissions as though they fill the entire
cell uniformly. This discrepancy 1is a subgrid scale phenomenon that the
current regional model does not treat in Layers 1, 2 and 3. It is potentially

a source of considerabie error in the photochemical reaction simulations that

should be considered in future modeling applications.)

In stable conditions, vertical mixing is very weak or nonexistent and in

that case point source emissions must be placed in the proper layer.

Table 10-1 summarizes the input and output parameters associated with
Stage DELH.
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Stage S

Having estimated the effective discharge heights of the major point
sources in Stage DELH, we can now compute the source strength functions S, S1
and 52.

In this task we must take into account that the ground surface can extend
into Layers 1 and 2 where hills penetrate the model layer surfaces H0 and Hl'
Figure 10-1 illustrates the relationships between the layer interfaces and the
terrain. (See Fig. 4-7 of Part 1. Recall that o1 is the fraction of
surface H1 that is penetrated by terrain, and that 910 is the corresponding

fraction for surface Ho.)

Let Ek(tm) be the emission rate (moles h-l) of a given primary pollutant
from the k-th major point source at hour tm, and Tlet E(I,J,tm) be the total
emission rate (moles hour -1) of that pollutant from all other sources in grid
cell (I,Jd) at time tm. The source strength functions for each primary

pollutant have the following forms.

Hy |
LAYER 2

Hy
LAYER 1

Ho

LAYER D

Figure 10-1. Illustration of the influence of terrain on model layers 0, 1 and 2
for given values of the penetration fractions 011 and Org-
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K

<S(1,3,t,)>, = [op1E +3 €, Uy, 1/(Ajh,) (10-7)
k=1
K
<S(1,d,t)> = [(oggmop)E + 2 € U 117(Ashy) (10-8)
k=1
K
S(1,d,t,) = [(1-0pg)E +3 E, U, 1A (10-9)
k=1

where 9rg: 971 E, hl’ and h2 are functions of (I,J,tm); and Ek and Ukj
depends on tm' The latter is defined by
1, if (z;.4 - z7) <H < (z;- zy)
Us(t ) = LT = ke=g T (10-10)
J 0, otherwise.

where
z_q = z7(1(k),J(K)).
z, = h (I(k),J(k),t ) + zp(I(K),J(k))
z1 = hy(I€k),J(k), b ) + z
2, = hy(I(k),d(k),t ) + z;

and hn is the thickness of Layer n. Aiso
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A, =A (10-11)
Ay = (1 - ogp)A (10-12)
A, = (1 - ogg)A (10-13)
A = a’(cost ;) (8)(60) (10-14)
a =6,367,333 m = earth radius

oA = 1/4(35%) = longitude grid interval

8¢ = 1/6(3%%) = latitude grid interval

and ¢J is the latitude of row J. In the evaluation of Eq. 10-9, the total
number of major point sources lying in Layer 0 should be determined in each
grid cell for Tater use in Stage ZTA. Let us denote this variable

ij(I,J,tm).

The source strength functions derived from (10-7) and (10-8) have units

3 hr'ly and (10-9) gives S in units of (moles m2 hrl).  These

of (moles m
must be converted to units of (ppm sec_l) and (ppm m sec~1), respectively.

This is done as follows:

<S(I,J,tm)>2

- L1 -
SZ(I,J,tm) = <p(1,3jtm)>2 3500 (ppm/sec) (10-15)
<S(I,J,tm)>1 1
Sl(I,J,tm) = <p(I,J}tm)>1 " 3500 (ppm/sec) (10-16)
. S(1,,t ) ) \
S(I,J,tm) =% TS 500 (ppm m/sec) (10-17)
’ b m 0

where <p(I,J,tm)>n is the average air density (units = 1()-6 moles m—3) in

Layer n, time tm in cell (I,J). Egs. (10-15) - (10-17) should be evaluated
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for each primary pollutant at each hour, level and grid cell; the results
should be recorded in the MIF. The inputs and outputs of Stage S and their

sources and destinations are summarized in Table 10-1.

Stage ZTA

The plume volume fraction parameter {(I,J) is used in the Layer 0
equations to parameterize subgrid scale chemistry effects (see Chapters 5 and

8 of Part 1). Here we use a very simple approximation to estimate it.

Let L(I,J) be the total length (m) of major line sources in cell (I,J),
let Nmp(I,J) be the total number of minor point sources in cell (I,J), and let
ij(I,J) be the total number of major point sources that lie in Layer 0 in

cell (I,Jd) (from Stage S). Then we assume

2
8(1,d,tn) = [Ny *NpsdChg) + Lh 1/A (10-18)

where ho is the depth of Layer 0 in cell (I,J) at hour tm and A is given by

(10-14). (This is Eq. 8-7 in Part 1.)

Input and output information for this stage are summarized in Table 10-1,
and a schematic illustration of the relationship among the stages and I/0 is

provided in Figure 10-2.
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Table 10-1. Summary of input and output parameters for
Processor P10 and their sources.

Input
Variable Description

Source

Stage

Output
Variable

Description

L(I,J,tm) Obukhov length
(m) in cell (I,J)
at hour tm

Tvn(tm) virtual temperature
(°C) at surface
weather station n
at time tm.

<u(I,J,tm)>1 Layer 1 averaged
east-west wind
(m/sec) in cell
(1,3), hour tm.

<v(I,J,tm)>1 same as <u>; except
north-south
component

Tk(tm) temperature (°C)
of exhaust gas
of major point
source Kk at hour
tm.

Dk diameter (m) of
stack K.

wk(tm) exhaust velocity
(m/sec) of stack
k.

[I(k),J(k)] grid cell coordinates
(row J, column I) of
major point source k.

stack height (m) of

sk source k

P4

P3

P11

P11

RAW

RAW

RAW

RAW

RAW

DELH

' Hk(tm)

effective source heighi
(m) of k-th major poini
source at hour tm.

Ek(tm;u) emission rate (moles/
hr) of species a at
time t_ from major
peint source k

RAW
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S

S(I,J,tm;a)

emission rate (ppm

m/sec) of species a
at hour t_ from all
sources il Layer 0,
cell (I,J).



Input
Variable

Table 10-1.

Description

Source Stage

(Continued)

Output
Variable

Description

E(I,J,tm;a)

GTO(I,J,tm)

aTl(I,J,tm)

zt(I,J)

ho(I,J,tm)

hl(I,J,tm)

hz(I,J,tm)

Hk(tm)

<p(1,3,£)>,

emission rate
(moles/hr) of
species a from all
except major point
sources in grid cell
(1,Jd,) at hour tm

fraction (non-
dimensional) of
model surface H
penetrated by
terrain.

0

same as o
applies t

H1.

except
surface

average terrain
elevation (m,MSL)
in cell (I,Jd).

thickness (h) of
Layer 0 at hour
tm in cell (I,J)

thickness (m) of
Layer 1 at time
tm, cell (1,J).

same as h, except
applies t% Layer 2.

effective source
height of major
point source k

mean air density
(moles m3) 1in
Layer 2 at hour
tm, cell (I,d)

same as <p>
except appl?es to
Layer 1.

RAW 5
(Cont.)

P7

P7

P7

P8

DELH

P9
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SI(I,J,tm;a)

SZ(I,J,tm;a)

ij(I,J,tm)

emission rate (ppm
sec~!) of species a
at hour t_ from all
sources in Layer 1,
cell (1,Jd).

emission rate (ppm
sec-1) of species o
at hour t_ from all
sources i Layer 2,
cell (I,J).

total number of major
point sources in Laye
0, cell (I,J) at hour

.
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Input
Variable

Description

Table 10-1. (Completed)

Output
Source  Stage Variable

Description

<p(1,d,t)>,

same as <p>,
except applies to
Layer O.

P9

L(1,3)

Nmp(I,J)

ij(I,J,tm)

ho(I,J,tm)

total length (m)
of major line
sources in cell

(1,d)

number of minor
point sources in
cell (I1,d).

total number of

major point sources

in Layer 0, cell
(1,3) at hour tm

depth (m) of Layer
0 in cell (I,J)
at time tm.

RAW  ZTA L(1,d,t)

RAW

Stage S

217

fraction (0<f<1) of
Layer 0 in cell

(I,J,) filled by line
and point source plume
at hour tm'
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SECTION 10
PROCESSOR P11

SUMMARY

Processor Pll generates families of vertically integrated horizontal
winds for each of the model's layers. During daytime hours, namely times when
the surface heat flux is positive, this processor produces wind fields for
each of the model's three layers. However, at night when surface inversions
exist, it provides winds for Layers 2 and 3 only. In this case the flow field
in Layer 1 is generated in Processor P7, and the results are passed into

Processor P11 for amalgamation with the wind fields derived here.
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INTRODUCTION

Previous air pollution models have represented the wind fields either by
continuous functions fit to discrete meteorological data, or by flow fields
derived from mesoscale meteorological models. In this study we use neither
of these approaches. Following the consideration presented in Chapters 6 and
7 of Part 1 of this report and in Lamb (1983a), we use wind observations and
physical principies jointly to define a set or family of flow fields each
member of which is a possible description of the flow that existed during the
time that the observations were made. In the aforementioned papers it is
argued that in the case of the atmosphere, observations and physical Tlaws
together are inadequate to specify flow patterns to within better than a set
of functions. The ability of so-called objective analysis schemes to produce
a single functional description of a given discrete set of data stems from
the imposition of additional constraints that are not founded in physical
laws and which therefore lack universal validity. In the more sophisticated
of these schemes, use is made of empirical data such as spatial auto-correlation
functions of the flow in the given region. Our position is that this type
of empirical information is of great value, but its proper role is in estimating
the probabilities of the members of the set of possible flows that specific
observations and physical principles together define. These members of the
wind field set that have finite probability constitute an ensemble of wind
fields. For a given distribution of pollutant sources, there is a one-to-one
correspondence, through the equation of species mass conservation and chemical
reaction, between each member of the flow ensemble and each member of a
concentration ensemble. In other words, having defined the ensemble of flow

fields one can generate the ensemble of concentration fields associated with a
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given emissions distribution by "driving" the air pollution model with each
member of the flow ensemble and recording the outcomes. Ensemble statistics
of the concentration can then be derived by performing averages of the desired
quantity over the ensemble set, weighting each member of the set by the
probability of the flow field from which that particular concentration

distribution was derived.

This approach to pollution modeling is much more costly than the
conventional method of formulating differential equations that yield the
desired statistics directly. However, our approach has at Tleast two
advantages that in our judgement compensate several fold for the added cost.
The first is that by deriving ensemble properties from a subset of the
ensemble 1itself, we avoid major sources of error associated with the
assumptions that one must invoke to formulate a set of differential equations
that describe a particular statistical property. In the case of modeling the
long range transport of photochemical pollutants, the nonlinegr character and
interaction of the processes involved are so complex that it is very unlikely
that a single set of equations exist that would yield accurate estimates of

even the simplest statistical properties under all conditions.

A second advantage of our approach is that it provides direct access to
all of the statistical properties of concentration, such as the mean,
variance, frequency distributioﬁ, spectrum, etc., whereas the conventional
method gives only those limited properties, usually only the mean, for which
equations have been hypothesized. Foliowing we describe the basic
mathematical steps implemented in this processor for deriving the ensemble of

flow fields in each of the model's layers.
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AVERAGE HORIZONTAL WINDS IN A LAYER BOUNDED BY TwQ ARBITRARY PRESSURE SURFACES
In this section we develop a general method for deriving vertically
averaged winds in a given layer. Later we will apply it to each of the

model's three layers to obtain the necessary horizontal flow fields.

As in Part I we define the cell averaged value between two pressure

surfaces Py and pB (pa > pB, i.e., surface a has the lower elevation)

Pg(x:y")
Dx,Y)>, = - jj‘jtb(X‘,ylp)dde‘dY‘ (11-1a)
B~V
o
A p (x3y")
where A denotes the rectangular domain x - %5 < x'< x + %5, y - %X <y' <y +-%¥

of a model grid cell; and ¢ is an arbitrary scalar or vector function. The

averaging volume VUB is given by

pB(Xiy')
VaB(x,y) Ejigj‘ dpdx'dy' (11-1b)
A Pa(X§Y‘)

Note that since Py > pB, both Va and the integrals in (1ll-la) are negative

B

(assuming ¢>0).

Suppose that observations of v are available at N arbitrary sites on

surface Py i.e.,
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Van(t) = V(LY P (Xsy st) , t) (11-2)
n=1,2,...N.

where (xn,yn) denotes the location of observation n. (Throughout this
section, we shall use the caret (") to signify observed values of a
parameter.) Suppose further that we have measurements of v and other
meteorological parameters along vertical lines between surfaces Py and pB at a

total of M Tocations, i.e., we have

Vn(Pst) = vOx ,y,.p,t), m=1,2...M. (11-3)

These surface observations and sounding sites are illustrated in Figure 11-1.
In general the number N of surface stations must equal or exceed the number of

soundings, i.e.,

N> M. (11-4)

Later we would like the option of supplementing the rather sparse upper
air data with estimates of the flow aloft extrapolated from the numerous

surface measuring stations. Toward this end we define the function
ga(x,y,p,t) to be the ratio of the wind velocity at (x,y,p,t) to the value at

(x,y,pa,t) where g is any pressure level. Specifically, we have 9y =

(gyy29yq) Where

- u(x t)

gu“(X;yapat) - u X,y,pu’t) (11"53)
_ v(x t)

Gyo(X,¥,P,t) = ¢ X,¥,Pys ) (11-5b)
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*—~VERTICAL SOUNDINGS

AT M SITES

SURFACE OBSERVATIONS
AT N SITES

Figure 11-1 Surfaces Bounding Layer B in which M Soundin
Wind are Available. N Obs
Available on the Bottom Su

gs of the Horizontal
ervations of the Wind on are also

rface Py of Layer B.

Assuming that g and v vary by only small fractions of themselves as (x

»Y)
ranges over the area A of any grid cell,

we get from (11-1) and (11-5)

Pg
Yo (X,y,t) -
wlx,y,t)>, = -f———-—- Xga(x,y,p,t)dp (11°6)
~ 3 b} B pa - ps
pa
ar
WXy, ) = xa(x,y,t)<ga(x,y,t)>ﬁ (11-7)
whare
L O6Y5t) = ¥(x,y,p_,t), (11-8)
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and <g,> is defined as in (11-1).

B

At the M sites of the measurements of the vertical wind profile, we can

evaluate <g>ﬁ. We have
) . <G(xm,ym,t)>B (11-9a)
<gua(xm’ym’t)>ﬂ = <guam(t)>6 - U0x Y Py B
<U(x Ly ,t)>
N L m>< m B -
TN V(XY gsPys ) (11-3b)

We will approximate the value of <gd>B at each point (x,y) in space by

interpolation of the "observed" values <§am> That is, we assume

8-

M

3<g. (>, W (r)

=l o B mis (11-10)
M

~
-~

gy (x,y,t)g

ZW(r)
m=l ™

where wm(g)is a weighting function, e.g., r -2

, to be selected later, and r is
the vector separation of (x,y) and the observation site (xm,ym). Using
(11-10) and the N (>M) observations gaof the wind on surface Py We can ap-
proximate the layer average winds at all those points (xn,yn), n#m, where wind
observations are available only on the surface Py In other words, we use the

horizontally interpolated <g>, function to approximate layer averaged winds at

B

points where only surface wind observations are available. Thus, we define

WXY > g = <G (XY td>g (8 (11-11)
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where

n(t) = Ux Ly, 1),

é<>

<ga>B is given by (11-10), and the vector product on the right side of (11-11)

is defined by

ab = (axbx,ayby)

where as= (ax,ay) and b = (bx,by).

We will work later with the stream function and velocity potential which

are functions of the vorticity and divergence, respectively, of the wind

The vertical component of vorticity { is defined by

field.
Ik
L=kUxy=k |3 3 3 %5--32; (11-12)
oX dy Ip Y
u v w
and the horizontal divergence & is
_du, V. ]
6=8X+ay (11 13)

Since we are concerned with layer averaged winds <v>, we must determine

how <{> and <v> are related and how <8> and <y> are related. From (11-1) and

(11-12)

= 9V, . 3du -
<D = <8y>' (11-14)
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From Part I, page 21, we have

a fa3
op op
ov, _ 3 A a _ 9 -
R T eV I TV )t g In (Vo) (11-15a)
» B
ap o op
au, . 3 A —a _,__B )
Gy T Ey Wt v(m(u 5y, Yy )t <w gy 1In (V) (11-15b)

where A is the horizontal area on which < > is defined; Va

(11-1b);

B is defined by

and

)" = '%'.{J‘¢(Xiyipa(Xiy'))dx'dy' (11-16)
A

with a similar definition of the surface average (Ej?

Assumption: On p,, ¥(X,¥,p,) = <y(x,y)> and on Pg»

¥(%,¥,pg) = <u(x,y ). (11-17)

In this case we have

—_
( Py o> | | Paaxtay, (11-18a)
Vax A X’
?EE B~ V2> op 'y (11-18b)
(vsx) = & oxt dxdy’.
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Note that

Pg (x3y
d _ v 3 dpdx dy'
<v> 3% 1n(V = v—— % jj
A p (x3y
= <V> ax ﬁ [pB(x ¥')p (xy')] dx'dy! (11-19)
A

where the domain A is a function of X inasmuch as A = x-Ax/2 <x'< x+Ax/2, etc.

Thus, using Leibniz' rule on (11-19) we obtain

> 53 1n(V,q) = %‘2 [pg(x*ax,y' )Py (x-8x,y" )=p, (x+ax,y")

+p, (x=Ax,y*) ] dy'

or

op ap

9 = v B _ a gt -

<> 5% 1n(VaB) VaB '{J} 5% " 5% ] dx'dy (11-20)
A

Combining (11-15a), (11-18) and (11-20) we get, under the constraint of
assumption (11-17),

Thus, from this result and (11-14) we conclude that

~ 9LVY> - <> . - -
<> = X 3y (given (11-17)) (11-21)

and similarly

~ 9<u> . S<v>
X ay

<5> (given (11-17)) (11-22)
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Using HelmholZ theorem that any vector can be written as the sum of a

rotational and a divergent component we can write
Y=y vy (11-23)

from which we have

W = <> + <xx>, (11-24)

Since by definition Yy is nondivergent, we can express it in terms of the

stream function ¥:

Ny =k x T¥ (11-25)
and since XX is irrotational we can express it in terms of the velocity
potential ¥:

v > = V. -
v = W (11-26)

From (11-25) we get

Tk
<¥W>=§§§§£ (- %%)1- -2 (11-27)
9x 3y ap
and from (11-26)
<xx>=§§§i+§§,1- (11-28)

Combining (11-24), (11-27), and (11-28) we get

¥ _9x ., -
<> = 5y ta tu (11-29a)
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-1 U -) S (11-29b)
<V>-8x+8y+v'
where u and v are the average values of <u> and <v> over the entire model

region and are known functions of time only.

Differentiating these expressions in the manner of (11-21), (11-22), we
get
<> =Y (11-30a)

5> = Voy. (11-30b)

We seek the functional forms of ¥ and x that are consistent both with physical
laws and with our observations <v(x,,y.,t)>yg,n=1...N (see Equation 11-11).

(We assume that the wind observations are error free.)

Our observation set might represent a time period in the past for which
we would 1like to determine the origin of pollutants responsible for an
episode; or it might represent so-called worst-case meteorological conditions

for which we wish to test a control strategy; or so on.

We will consider only two of the physical laws as constraints on the flow
fields that we consider, the momentum law and the mass conservation principle.

In pressure coordinates these are expressed, respectively, by

+ (veVyv + wﬁg + fk xv=~Vd + Kyzy + F

ap b

o2

(11-31)

W /ap = 0 (11-32)
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where w is the "vertical velocity" in pressure coordinates, i.e.,

=9 4 . 9p -
w=gE VP tw g (11-33)
¢ 1is the geopotential height, f the Coriolis parameter, K the "eddy
viscosity", EH represents the viscous source of negative momentum, and v =

(u,v) as before. Expanding (11-31) into its two components and using (11-13)

we get
O R R S V. +K[32”+32“]+F (11-34)
at ~ dx 8y op ax ax? 5;? Hx
L L R T K[?—ﬂ+3—%¥]+F (11-35)
at X d op ay 5 2 2 Hy
X ay
_ . ow
6§=-"/3p (11-36)

It is useful to convert (11-34) and (11-35) into the vorticity equation,
partly as a means of eliminating explicit dependence of the velocity on ¢.
Guided by (11-12) we differentiate (11-35) with respect to x and (11-34) with

respect to y and then subtract the two equations to get

o , 2L, 2, 2 ot
at+”é'§+"ay+‘“5%+(§+f)‘5+ay"+

(11-37)
[aw v dw au] = K [8 ¢

0%, iy - O
24 ¥ Ay
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The equation governing <6> is found by averaging (11-36) in the manner

of (11-1):
Pp
> = - %;ng g-'g dpdx' dy’ (11-38)
A Py
<& = %;B.gj‘[wa(XlY') - wB(xiy')]dx'dy' (11-39)
A .

where W, denotes w(xiy:pa). Using (11-16) we can write (11-39) in the final

form

&> = e - P (11-40)
ap

Later when we apply (11-40) we will describe approximations of ﬁa, etc.

Turning next to the vorticity equation (11-37) and the derivation of the
equation governing <{>, we see that under assumption (11-17) we can write
v 3au

50’ 3p 0. (under assumption 11-17) (11-41)

This permits the term in brackets in (11-37) to be neglected. (This term
represents the generation of { by the rotation of horizontal vorticity.) We
will also omit the "beta" term af/ay in (11-37). With these approximations we

can write (11-37) in the simpiier form
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]

ot X y aXZ ay2
(11-42)

3 [arz atzx
%Sp Tox 3y
where we have used the approximation (see Haltiner 1971, page 151)
Fy = - & (11-43)
H op

and t is the shear stress.

Averaging (11-42) in the manner of (11-1) we generate the following

terms, expressed following the analyses of Part I:

aL, . 9 d
<5%> =531 <O+ <D 5% 1n(Vuﬂ) +
(11-44)
A ¢ _—'"."'ﬁ
V&Bttpa Cpg |
<5% ug> = 5% <uf> + <u> 5% 1n(VaB) +
(11-45)
ap“ op B
e [ulse - uc.(,—x—E ]
ap
) _ 8 9
Gy & T gy VP b gy In(ipg) ¢ (11-46)
BE LA
A o
vl Vs ]
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D > = A B . -
<5p We> VHB[E W] (11-47)

2
The terms like <§—g> are quite compiex and we will approximate them simply by

9X
2 2
< é_% > = §-2<§> (11-48)
ox ax

Combining all the above and assuming <{&> = <{><8>, we get

<G> ) ;
_5%- + <> T<E> + <> [Sf]nvaﬂ + <g>-YH]nvaB + 2<6>]
I
= A B a
== f> + 5 [ = {1 - Uy e<u'l'> ~
VGB cdt §dt ~H ~ ¢ (11-49)
BN o, 2 2 -
A zZy ZX 3 3 ‘
tgy [ - 1+ K[=p + —5] <C> -<u'{'>-v InV
Vag 3X 3y ax? ayz &> -«'t YH'M o
where
<W'tl'> = <ul> - <w<> (11-50)
<w> = (eury<wr} - (11-51)
Py = P (X,y,t)-p (11-52)
and
d_2,,8,,3, 2 -
.CR = 3t + uaX + Vay + wﬁ . (11 53)

In deriving (11-49) we assumed that t_ = 0 on pB in anticipation of the

z
eventual use of this equation in applications where the upper surface pB is
above the friction layer. We will use Haltiner's approximation (page 152) for

I, namely
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I, = Pplpw (11-54)

where Py is air density in layer a,B, in particular the mixed layer; CD is the

drag coefficient and <uy> is the layer averaged wind vector given by (11-51).

It is convenient to group the terms in (11-49) according to whether they
represent sources or sinks of <{>. The terms involving {' do not fall into
either category, but for now we will combine them with the source terms and

write (11-49) in the form

2

5% <> + <u>5% <> + <v>5% <> + <G - K[g%§ +‘§;§ KE> = H (11-55)
where
G = -a-% Vg + <@g, In(Y )+ 2<6> (11-56)
T
H= =T Vas[cdt ) CEE— ¥ gpetho] ) YH'<9lcl> (11-57)
DAL

We are now ready to collect the equations that we will use to generate
the ¥ and x fields. First, let the superscript denote the time variable,

i.e.,
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67 = o(x,y,dat). (11-59)

Now express (11-55) in the difference form

Z% [<§>‘J+1 - <§>J] + <Y a<§> + <v>J——<§> + <f> GJ
(11-60)
52 2
- K[—-z+ -—2] <§>J = HJ
X~ 3y
Let £J be the complex Fourier transform of <§>J, i.e.,
®
©oikex
@Y = _12 jng(B)e "7 dk dk (11-61a)
4n Y
-0
-ikex
<§(x)> e dxdy (11-61b)
where k = (kx’ky) and x = (x,y). We will represent transform pairs by
g o <Y, (11-62)
and will make use of the convolution theorem
>}
GO o —, [ Fk' )6CkK" K (11-63)
(2r)
-0

where X and k are 2-D and

g(x) < G(k)
f(x) < F(k).
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Note from (11-61a) that

8 0 i pr . kX
<O M'kxg (e~ “dk,dk,, (11-64)
=00
o]
2 ikex
d J -1 2.J ~ %
—, <Y = —5 K.€"(K)e dk dk ,, (11-65)
ax2 an® jj’ X Y
-0
and in general
5N J ndJ
-—-n<§> - (ikx) £ (11-66)

aXx

Now, replacing each term in (11-60) by its Fourier transform and making use of

(11-63) and (11-66) we get

2

[+ 4

I N S S 2 2.0, 2 .
-1JJ KIEV IV k! kil + K(E + k) c2m) (11-67)

-0

[+ -}
+ ind(ﬁ')GJ(E-g‘)dk;dk§ = 4n%H?

-0
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where

J

¢ -6 (11-68a)
H e Y | (11-68b)
J J i

Y e <w> (11-69a)
W oo <Y (11-69b)

We want equations for ¥ and x. Thus, we obtain from (11-30a) and (11-66)

J_ 2.2y, )

£ = - (I + kDA (11-70)
where

Wi o 2. (11-71)

Using (11-70) in (11-67) we obtain one of the equations governing ¥, namely

270 = S0 [1—(|<2 + kZ)KAt] - HJZk)m;2
k® + k
X Yy
+ At Jj (k|2+ klz)AJ(kl)[1k|uJ(k_k,) (11_72)
(Zn)z(ki + k§) X y ~ x4 LR
*+ kg Wk -6 (k! ) 1dk; dk!

Yy’

238



The transforms UJ and vY of the velocity components <u>J and <v>J can now be

expressed in the form (see 11-29)

u = -ik Al + ik 8+ @) (11-73a)

W= ik Al - ikyBJ + W) (11-73b)
where

xJ(z) © BJ(g) (11-73c)

and 6(k) is the delta function of the wave number vector k. Then from

(11-30b), (11-40), and (11-66) we find that B® must satisfy
J - 2900
K2+k
Xy
where
A 4 P
(k) o« <> = [ (x,d0t) - @ (x,JAt)] (11-75)
Vaﬁ(z)

and w is considered to be a known variable.

Finally, the observations <x(5n)>OB given by (11-11) must be satisfied.
Hence, from (11-29), (11-6la), (11-66), and (11-11) we have

m -
i ikex _
(2_1)2 (X [-kyAJ(b) + kXBJ(B)]e ~ ~nd5 = <u(5n,JAt)>OB - u(Jat)
I
o

L4

(11-76)

n=1,2...N;
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-]
i J 3o 1Kex -
—5| | [k, A(K) + k B (K)]e dk = <v(x,,Jat)>qp - v(JAL)
(2n) M
=00

(11-77)
n=1,2...N

where % = (xn,yn) are the observation sites described above, and u and v are

the averaged observed winds in the entire model domain at time t = JAt.

Equations (11-72, 74, 76 and 77) comprise a set of 2N + 2 relationships
that the transforms Aand B, or equivalently <u> and <v>, must satisfy. A
fundamental difference between this system of equations and the system
currently used in meteorological modeling is the presence of the 2N equations
(11-76, 77) associated with the wind observations made at time Jat. In
conventional meteorological models, the observed data are transformed through
ad hoc means into a description of an initial velocity field; and using it,
the two equations (11-72 and 74) are solved as an initial value problem. As
we shall discuss below, this practice is not supportable on scientific
grounds, and when it is employed, the velocity field that one obtains is
largely an artifact of the ad hoc procedure that was used in the formulation

of the initial state.

The fact is that the N observations of the wind velocity at any instant
JAt, say, do not uniquely determine the velocity distribution at that moment.
Rather, these measurements, specifically (11-76, 77), together with the
continuity equation (11-74) define a hyperpiane in the phase space of wind
velocity. Each point on this plane represents an entire vector function

Lu(x,Jdat), v(x,Jat)], xeD. We pointed out in Section 6 of Part 1 that each of
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these functions in a possible description of the actual velocity field that
existed at the moment t=JAt that the observations contained in Eqs. (11-76)
and (11-77) were made. If we had to choose from this set of possible velocity
functions the one that we thought described the flow that actually existed at
the moment the observations were made, our choice would be guided by whatever
previous wind data we had seen for the region in question and on our knowledge
of the nature of atmospheric motion generally. On this basis we would declare
many of the possible functions to be "unlikely" descriptions because they have
characteristics that are incompatible with our knowledge. For example, even
though all functions in the set satisfy the observations and the continuity
equation (11-74) exactly, some contain hurricane force winds between the
observation stations; some contain intense vortices and jets; and so on.
However, even after all these are dismissed, there remains a virtually
infinite set of functions no one of which can be ruled out as a plausible

description of the actual flow.

This suggests that we should assign to each point on the hyperplane of
possible flow descriptions a weight p, say, whose magnitude is a measure of
our conviction that that particular function is the one that describes the
flow field that existed when the observations were made (at time JAt). To
those bizarre functions mentioned above, we would assign the weight p=0; and
to the remainder of the points on the hyperplane of possible descriptions we
would assign weights 1>p>0. Without going into details, we point out that the
weight p is synonymous with the "probability" of occurrence of the flow field

to which the p is assigned (see Lamb, 1983c).
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The problem is to formulate a quantitative rule for assigning the
weights. Clearly, we cannot examine every function on the hyperplane of
possible flows and assign it a weight subjectively. We need a mathematical

procedure.

In Lamb (1983c) several approaches to this problem are proposed. It is
shown in that paper that in effect the method that has been employed to date
in both diffusion and meteorological modeling studies has been to assign a
zero value of p to all of the possible flows except one and to assign the
value p=1 to that single function. This is equivalent to declaring that we
know the correct description of the flow field at t=JAt without any doubt.
This "correct" description is obtained using one of the so-called objective
analysis formulas. But many such formulas exist -- no formula of this type
can be universally valid -- and therefore it is illogical to label any one
description of the flow the "correct" description. The point is that there is
no scientific basis whatever for assigning unit weight to only one function in

the set of possible flows and zero weights to all others.

One rational method of assigning p is the following. It has been
theorized that in 2-D fluids kinetic energy is partitioned among the spatial
fluctuations in the flow in proportion to |5|-3, where k is the wave number
vector of the fluctuation. To a large extent this theory is supported by
measurements of kinetic energy in the free atmosphere. Thus, let Q represent
the manifold in velocity phase space of functions whose Fourier transform is
consistent with an energy spectrum of the form E(k) ~|k |-3. And let Q
represent the manifold formed by the intersection of Q and the hyperplane of

possible flow descriptions. We now advance the hypothesis:
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q(v), if v eQ;
p(v(x,Jat),xeD) = (11-78a)
0 , otherwise
where 1>q(v)>0 is a function of the entire velocity field v(x,JAt), xeD that
we have yet to specify. Hypothesis (11-78a) is simply a statement of our a
priori belief that the description of the true velocity field at time Jat is a
member of the subset Q of the hyperplane of possible flows. Observations of

the flow field at times following JAt and observations of the rate of

dispersion of material in the flow might force us a posteriori to reject this
hypothesis.

To supplement (11-78a) we might advance the following hypothesis:
a(y) ~ Bt (11-78b)

where E js the kinetic energy of the flow field v integrated over the entire
model domain D. In practice one can treat only a finite number of the
velocity fields contained in Q. For example, in accordance with (11-78b) we
might select, say, the 20 members of Q that contain the least kinetic energy,
namely the 20 points in Q closest to the origin of the phase space; and assign
p values to each using (11-78b) and the constraint that the sum of the 20 p's

be unity.

In hypothesis (11-78a,b), and in the conventional approach discussed
earlier, consideration is given only to the observations made at the single
time JAt. However, observations made after JAt provide valuable information
that can be used by way of the momentum equation (11-72) to obtain a better

approximation of the probabilities p of the flow fields at JAt than we can
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obtain from empirical-theoretical considerations alone. To implement this
approach requires rather complicated dynamic programming procedures. We plan

to utilize this method in the "second generation" regional model.

For the present we shall replace Eq. (11-72) with the much simpler, and

much weaker, diagnostic constraint

j<€(,>5,t)>d5 = C(t) (11-79)
D .

where C(t) is the circulation around the perimeter of the modeling region D.
This equation is a statement of Gauss' theorem. We will derive estimates of

C(t) from observed winds and treat it as a known function of time.

We see from (11-30a) that Eq. 11-79 is a constraint on the stream
function, and hence on A (See 11-71). Substituting (11-30a) into (11-79) and
making use of (11-71) and'Stoke's theorem, we can express (11-79) in terms of

the transform of the stream function:

ik L ik L k2 k2
LAV aoree X X%1)(e Y Y-1)(X Y )1dk dk, = (t) (11-80)
4n2 ~ kxky Xy

Thus, the initial version of processor Pll will be based con the equation set

Eq. (11-81)

Eq. (11-74) = 42,8’ (11-81)
Eq. (11-76) |

Eq. (11-77)
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Each solution set [A‘J(b), BJ(E)] derived from (11-81) yields layer averaged
winds [<u(x,JAt)>, <v(x,JAt)>] through the following equations, whose origin

is (11-29):

cu(x,Jat)> = — “k Ak + kB (k ib.édk + U(JAL)
uix, = '(’2;;2' { yA (~ XB (~)]e K u(Ja (11-82a)

o
<v(x,dat)> = —— [k A%k + Kk g2k i5.5dk + v(JAt
Vx = e——
X 2| |t () + kygrdle = dk # VALY (7. ga)
-0

In the first generation model we will derive between ten and twenty flow
fields from (11-81, 82) for each hour of the model simulation period and
assign weights p to each using hypothesis (11-78) above. Let us call this
finite ensemble of flow fields at hour t=JAt w". (We should add that even
though the members of wJ are not explicitly related to those of WK, K#J, due
to our replacing the momentum equation (11-72) with the simple diagnostic
expression (11-79), there is implicit coupling of these ensembles by virtue of
the fact that each of them is defined in terms of the actual winds observed at
each hour.) We generate a corresponding finite ensemble C of concentrations
(containing M=10 to 20 members) associated with a given emissions distribution
S(x,t), xeD, 0 < t<T, by "driving" the dispersion model with M wind fields
[<u(x,Jat)>, <v(5,JAt)>]“, xeD, J=0,1,...JMAX, p=l,...M. Each of the M flow
fields is created by selecting a <u(x,JAt)> and a <v(x,JAt)> at random from
the ensembies W‘J for each hour J=1,...JMAX in the period of interest. Either

ensemble mean values of the concentration or the frequency distribution of

concentration or any other statistical quantity of interest can be computed
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directly from the ensemble C for any desired receptor sites and times.

Details will be presented in a future report. (See also Lamb 1983 a,b,c).

Below we outline the basic structure of Processor P11l which utilizes the
techniques described above to compute the layer averaged winds <V for each
of the regional model's three layers. Winds are determined for Layers 2 and 3
at all hours and in Layer 1 during the day only. The nighttime air flow in
Layer 1 is simulated in Processor P7 and passed into Processor P11l in the form

(<u>VL,<v>VL) for amalgamation with the flow fields computed here.
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STAGE UV1l

This stage computes layer averages of the measured winds aloft that are
used as the observations in soiving Eq. (11-76) and (11-77). Consider first

the calculations required for Layer 3.

(1) At each of the M upper air weather stations compute the layer averaged

horizontal wind components as follows:

p3(5m:t)
- 1 A
<Ulxp,t)>gg 3 = b5-p, U(xy,,p,t)dp

Py (X t) w=1,2,...M

mode 0 and
(11-83)

mode 1

ps(émot)

i

1 (.
<V{xp» )05 3 555, V(xpP,>t)dp
pz(ﬁm’t)

where @ and Vv are the measured wind profiles. Since the input winds (U, V)
are in z coordinates, it will be necessary to transform them to p coordinates,

e.g., ﬁ(gm,p,t), using the pressure-height function pm(z,t).

(2) Since the bottom surface of Layer 2 is Pys in mode 1 and Py in mode O,

the corresponding expression for the Layer 2 observed winds is
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Pyl t)

- 1 N
<U(5m,t)>03,2 = 5;:55 ‘y Ux,,p,tidp

where

pB(,)‘(,m’t) : m=1,2,..4.M,
(11-84)
Py(%yst) mode 0 and
.1 ~ mode 1
<V(,).(,m)t)>08,2 = —_—-pz_pB V(ém,p,t)dp
Pg(Xy»t)
Pys(%:t) , mode 1;

p1(5,t) R mode 0.

(Recall that mode 1 applies when Ap1=1, and mode O applies when Ap1=0.)

(3) Processor P11 is not used in Layer 1 during mode 1 conditions. In that

(4)

case the flow field in Layer 1 is generated in P7. During mode 0
conditions, the depth of Layer 1 is set in P7 to a value that is
approximately the top of the shear layer. Assuming, then, that the flow
speed and direction in Layer 1 are roughly uniform we adopt the following

i <y> :
expressions for <y>.g 4

3

<u(x_,t)> = U(x ,t)
n'"" 08,1 n n=1,2,...N
(11-86)
<V(5n’t)>08,1 = V(5n’t) mode O only

where x , n=1,...N are the sites of the N surface weather stations.

Optional. In order to supplement the sparse upper air data on which the
observations in Layers 2 and 3 are based, we define the following "shear
functions” for use in estimating the flow in Layer 2 over surface wind

stations.
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<ulxy>t)op

mw=1,...M

(11-87)
mode 0 only
<V(5m’t)>08,2

V%pPys X t)s )

<§vm(t)>2 -

In mode O, Pys coincides with the ground surface and hence the function <§>2
is the ratio of the measured vertically averaged wind in layer 2 to the

observed wind at ground level.

Next we interpolate values of <g,>2 and <g,>2 at each of the N surface

stations from the values given by (11-87) for the rawin station sites as

follows:
M
5 .,
—1<G, (> W(r )
<gy(x,t)>, = LU 2 m (11-88)
M
mEIW(rnm)
where
Wr ) = [xmx)? + (v oy )27 h (11-89)

A similar operation yields <g,>5- We can now define pseudo Layer 2 winds

over each surface station as follows

1

W t)>0g 2 = <9, (%0, 1)>,l(x,, 1) 1
mode 0 only. (11-90)

<g,(x,,to0(x,,t)  optional

112

V%t gp o

This optional method of supplementing the upper air data can be implemented as

desired.
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Stage PHLOB

This portion of Processor P11l solves the equation set (11-81) to obtain
members of the flow field ensemble. When a surface inversion is not present
(mode 0), this stage computes averaged winds for all three Tlayers of the
model. Otherwise (Mode 1) simulations are performed only for layers 2 and 3,

and the corresponding Layer 1 flow is assigned the values

US> = <KW
1 VL } mode 1
<v>1 = <v>VL

where Wy and <v>y are the wind components in the cold inversion layer
generated by Processor P7 at each grid cell and at each hour that the

inversion (mode 1) exists.

The input requirements of Processor Pll are summarized in Table 11-1 and
its outputs are listed in Table 11-2. Processor P1ll and its interfaces with

the processor network are illustrated in Figure 11-2.
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Table 11-1 Input Requirements of Processor P11l and

Their Sources

Variable Description Source

p3(5,t) top surface of Layer 3 in pressure P8
(mb) coordinates

p2(5,t) same as above, except top of Layer 2 P8

pvs(g,t) pressure (mb) at the virtual P7
surface

pl(g,t) top surface of Layer 1 in pressure P7
(mb) coordinates

0(5m,z,t) observed east-west wind speed component P1
(m/sec) at rawin station m(=1,...M)
at hour t at elevation z(m MSL)

0(5m,z,t) same as above, except north-south P1
wind component

ﬁ(gn,t) observed east-west wind component P3
(m/sec) at surface station
n(=1,...N) at hour t

0(5n,t) same as above, except north-south P3
wind component

pm(z,t) pressure (mb) at elevation z P1
(m MSL) over rawin station
m(=1,...M) at hour t.

<6(5,t)>3 averagglhorizontal wind divergence P8
(sec *) in Layer 3 in grid cell
centered at x at hour t.

<6(5,t)>2. Same as <&6>3 except applies to Layer 2 P8

<6(x,t)>1 Same as above except applies to Layer 1 P8

<u(5,t)>VL Average east-west wind component in P7
Layer 1 during mode 0 (generally night-
time) hours (m/sec)

<V(5’t)>VL Same as above except north-south wind p7

component

251



Table 11-2 OQutputs of Processor P11

Variable Description
<u(5,t)>3 Vertically averaged wind (m/sec) in Layer 3 at
grid cell centered at x at hour t (east-west
component)
<v(5,t)>3 same as above, except north-south wind component
<u(5,t)>2 Vertically averaged wind (m/sec) in Layer 2 at grid
cell centered at x at hour t (east-west component)
<v(5,t)>2 same as above, except north-south wind component
<u(5,t)>1 Layer 1 averaged wind (m/sec) in grid cell centered

at x at hour t (east-west component)

<v(5,t)>1 same as above, except north-south wind component
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SECTION 11

PROCESSOR P12

DEVELOPMENT

Processor P12 calculates parameter fields required in the description of
interfacial material fluxes between Layer 0 and Layer 1 and between Layer 1
and Layer 2. It also provides estimates of the horizontal eddy diffusivities
in all Tlayers. The mathematical expressions for the parameters we require
were presented in Part 1 of this report. Below we provide detailed
descriptions of the implementation of these expressions and further commentary
on their meanings and origin. The discussion is divided by stages just as the

calculations within P12 are divided.

Stage K

This stage computes estimates of the horizontal eddy diffusivity
Kn(I,J,tm) at each grid point (I,J) at each hour tm, for each of the model's
three layers n = 1, 2, and 3. Here eddy diffusivity refers to the action of
the small scale wind fluctuations generally associated with turbulence. These
include wind fluctuations generated by wind shear at the earth's surface and
across the top of the mixed layer, and laterai fluctuations induced by
convective thermals, principally at the top of the mixed layer and at the
ground. (The effects of small scale vertical fluctuations are handled by

parameters like wl that we consider later.)
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It is important to keep in mind the role that the eddy diffusivity will
play in the regional model. 1In conventional studies, the magnitude of the
horizontal diffusivity controls the rate at which a plume expands about its
“centerline" and this in turn affects the magnitude of the "mean"
concentration that the model predicts. In the present model the eddy
diffusivity plays a lesser role. As we discussed in Part 1, Chapter 7, and in
the description of Processor P11l in this report, the regional model will be
applied to simulation of the ensemble averaged concentration. This requires
the model to be run a number of times, each time using a different flow field
[<u>n, <v>n] from the ensemble of flow fields described in Processor P11l
following (11~77) but using the same eddy diffusivity Kn in each case. The
results of all the individual simulations are eventually superposed to arrive
at the ensemble averaged concentration properties. In the case of a point
source plume, the superposition of the individual realizations within the
ensemble might appear as shown in Figure 12-1. Note that Kn controls the rate
~of expansion of the plume in each realization, but the spatial variability of
the wind fields within the flow ensemble are what govern the envelope of the
superposed results and hence it is these larger scale variations in the flow
that dominate the ensemble mean concentration. In this case it can be shown
that K affects the mean square concentration. This in turn affects the rates
of second-order chemical reactions and also the expected deviation of the mean
concentration the model predicts from the actual concentration values that one

might measure.

Another way of viewing the role of the eddy diffusivity in the regional
model is to «consider that between the largest turbulent fluctuations

represented by the diffusivity K and the smallest perturbations in the
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subsynoptic flow that our network of wind sensors can resclve, there lies a
range of "mesoscale" wind fluctuations that are not accounted for either in
the K's or in the "transport flow'. And it is these fluctuations that give

the ensemble averaged plume the width Z illustrated in Figure 12-1.

ENVELOPE OF ENSEMBLE
AVERAGE PLUME (Z)
CENTERLINE OF ENSEMBLE PLUME WIDTH (c),

AVERAGE PLUME CONTROLLEDBY K

CENTERLINE OF PLUME
IN ONE REALIZATION

Figure 12-1. Illustration of the superposition of five hypothetical
realizations of an ensemble of point source plumes. The
width = of the ensemble of plumes is controlled by the
character of the flow field ensemble. The width o of the
plumes in the ensemble is controlled by the turbulent, eddy
diffusivity K.

On the basis of the points raised above, we expect that the values
assigned to K. in the regional model will directly affect the mean square
concentration values more than the mean. However, they may have a significant
indirect effect on the mean concentration through the influence that they will

have on photochemical reaction rates. We can only determine through test
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calcuations just how large these effects can be. For now we will postulate
simple forms for the lateral diffusivities Kn that we can use in the first

generation model.

Lacking a firm basis on which to estimate the eddy diffusivity, we will
use heuristic arguments to formulate expressions for Kn. Qur first assumption
is that the lateral eddy diffusivity is effectively zeroc during nighttime
hours when convection is absent and/or stable stratification damps shear
generated velocity fluctuations. Our second assumption is that during the
day, convection is the primary source of horizontal wind fluctuations. Let D
be the horizontal scale of convective cells, or rolls, and let H be the depth
of air in which the convection is confined (usually by a stable layer an
elevation H above the ground). We will base our parameterization on the
concept that convective circulations have a toroidal shape with rising motion
along the axis of the toroid, outward horizontal motion along the top, sinking
motion along the outer surface of the toroid, and horizontal motion at its
bottom directed in toward the axis. In this picture the outer diameter of the
toroid is D and its height is H. If the circulation were indeed this simple,
then a particle would receive a horizontal displacement of order D in the time

At required for the particle to traverse the depth H of the circulation.

We imagine that each convection toroid is surrounded by others and that a
particle in any one toroid can escape into an adjacent one during the time the
particle is moving downward along the outer edges of the toroid or during
times when the convective cell is dying. If these migrations of particles
from one cell to another occur at random, then as a rough approximation we can

treat them as a classical random walk process. In this case the effective

257



diffusivity K is
K ~ D%/at. (12-1)

(Incidentally, the random walk and the gradient transfer, or K theory, models

of diffusion are essentially equivalent.)

It has been found in empirical studies of dry convection in the planetary

boundary layer that D = 1.5H. If we represent the transit time At by
At = H/W, (12-2)

where W is a characteristic velocity scale of the convective motion, then we

get from (12-1) and (12-2)
K ~ WH (12-3)

which we could have guessed at the outset on purely dimensional grounds. In

dry convection W = w,, where
wx = (Hag/e) /3 (12-4)

where Q is the kinematic heat flux at the ground and 6 is the mean temperature
in the mixed layer. When cumulus clouds are present (moist convection), the
appropriate measures of W and H are unknown. In this initial work we shall

assume that when convective clouds are present

where W is the average upward air speed within clouds and

H=H. + H (12'5)

2 3
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where H2 is the depth of the convective layer below cloud base and H3 is the

depth of the layer occupied by clouds.

future studies.

These estimates will be tested in

Based on the considerations presented above, we propose the expressions

summarized in Table 12-1 for the diffusivities Kn

in each of the model's
-

layers.
L(1,3,t)
Horizontal >0 <0 and <0 and
Diffusivity 0. =0 g, #0
Kl(i,j,tm) 0 .lw*H2 .1w*H2
Kz(i,j,tm) 0 .lw*H2 .lwc(H2+H3)
Ks(i,j,tm) 0 ] .lwc(H2+H3)

Table 12-1 Summary of the expressions used to estimate the horizontal

eddy diffusivity

in each of the model's three layers.



The relationships between HZ and H3 and the thickness hn of the model layers,

which are inputs to P12, are as follows:

H2 = h

Hy

+ h2 (12-6a)
3 - (12-6b)

i
=

In Table 12-1, o, is the fraction of the sky covered by cumulus clouds in a
given grid cell at a given hour. The velocity wc(i,j,tm) required in the
expressians for Kn is an input parameter to praocessor P12; and wy should be

computed by

we = (Hya/6 )Y (12-7)

where H2 is given by (12-6a); Q is the surface heat flux, an input parameter;

2

g = 9.8m sec ; and e0 is the surface temperature interpolated from the

surface virtual temperature measurements Tvn as follows (compare with Eq.

7-108)
N
nilrn [Tvn(tm) + 273)
e _(i,j,t ) = (12-8)
0 m N
2 r';z
n=1
where
ro= [Giaxex )% + (Gayy P71 (12-9)

and (xn,yn) are the coordinates of surface weather station n. The values of

wsx obtained from (12-7) will be needed again in stage WW1l below.

The input and output requirements of Stage K are summarzied in Table

12-2.
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Stage Ww0

Here we calculate parameters A, w,, w_ and wassociated with turbulence

+)

phenomena in Layer 0 and on the surface H0 that separates Layers 0 and 1. The

definitions of these parameters were developed in Part 1.

First we compute the vertical velocity variance on surface HO:

o2 = 42 [¢m:§ ]2/3
m

WO * 1.7¢ (12-10)
where
g = ho/L (12-11)
-1 .

(1 -168) * , if £ < 0,

¢m = (12-12)
1 + 5¢ , iIfE€>0
0.4 [0.4 + 0.6exp(48)], if & < O0;

fm = (12-13)

0.4 [1.0 + 3.4¢ - 0.25¢%], if £ > 0.

and uy, is the friction velocity. In Egs. (12-10) - (12-12), the variables

Tpor Uk and £ are all functions of (I,J,tm).

Next we approximate the time derivative of ho by

PP _ - ) . . -1 (12-14)
h0(1!J)tm) - [h0(1’J’tm) ho(ng,tm-l)](At)

where At = 3600 sec is the time interval at which h0 and other variables in

the processor network are available.
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With these preliminary variables computed at each grid point and hour th
we can now calculate the following output parameters (see Egs. 8-10, 8-12, and

8-13 of Part 1).

o ho(isdstn)
A+(1)J)tm) = i[l_erf(szwo(iij9t ))] (12‘15)
m
where erf is defind by
X 2
erf(x) = -2 J‘e”‘ dx. (12-16)
In o
02 * -
G h h h
wo(i,j,t ) = 22 exp(-z5~) - =2 [1-erf(—>)] (12-17)
T ey 2 Vo,

where Oy given by (12-10), and ﬁo, given by (12-14), are functions of
(i,j,tm).

W(,3,t,) = BoGLG,t) + W (0.t (12-18)

v(ixjatm) = u*(i)jstm) (12-19)

The parameter v is the entrainment veiocity of ambient air into plumes from

surface emissions and is discussed in detail in Chapters 5 and 8 of Part 1.

At this point it is advantageous to determine the values of the cumulus
flux partition parameter ¥ defined in Part 1, Eq. 5-44. Interim values ¥' of
this parameter were developed in Processor P8, but we must test whether they

satisfy criterion (5-47) of Part 1, namely
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yic W+A+(l' OTO)

< (12-20)
OCVC

where w_ and A, are the parameters that we just computed in (12-17) and 12-15)
above, and where
W, W

c

__ 2 °¢C _ -
Vo= - 5= - fo/00 (12-21)

(see Eq. 5-45 of Part 1). A1l of the variables in (12-20, 21) are functions
of space and time and each of them, except w_ and A, , is an input to this

processor. Consult Table 12-2 for definitions.

To obtain the final values of ¥ for output to the model, proceed as
follows. First, at each grid point (i,j) and at each hour t, compute the
variable V(i,j,t ) defined by (12-21) using the input fields Qz(i,j,tm),

Qc(i,j,tm), etc. Next, compute

W) = w (7,3, t DA (1,3, ) T1-0g4 (1,35t )] (12-22)
D>t 50,18V (53, 8)

where w_ and A_ are from (12-17) and (12-15) and %70 and o. are inputs to this

processor. Fipally, we have
¥(i,5,t) = min{¥' (3,5, ),¥" (1,5, )} (12-23)

where ¥' is the interim estimate of ¥ that is input from processor P8. The
values of ¥ should be recorded in the model input file MIF. This parameter is

also required in the next stage of this processor.

263



Parameter summaries for Stage WWO are given in Table 12-2.

Stage Wwl
This stage computes the parameters “&, wlm’ and ¥n1 (defined in Part 1,

Chapter 4) that are associated with material fluxes across surface Hl‘ To

compute these quantities we must first define several auxiliary parameters.

1(1,J t ) = vertical velocity at level z, during neutral and
unstable conditions (input f}om P8)

0.6wx(i,3,ty) 1F L(i,3,ty) < 0;
0,1(1,3,t) = {. (12-24)
0, if L(i,3,t,) 2 0

2,3, = 20,0t ) - 2,03, 3,t_ DI

where o o o (12-25)
z,(3,3,t) = hy(3,5,t) + ho(3,],t)

where At = 3600 sec is the time interval at which hl. and h0 values are

avaijlable.

Let Wo be the solution of the following transcendenta’l equation:

- 2 - -
(w - W ) W W Yo
Ml gy [0y _Ql [1-erf(2—2h)) = 2€
/27 2021 : 26,1 T1
W (12-26)
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where erf(x) is defined by (12-16), ¥ is from (12-23), etc. (Note that 01

Qﬁl’ ¥, Oe> ;c’ arq and hence w, are all functions of (i,j) and tm). Now let

wap (1 dsty) = wyp(F,3,t) - 2,(1.d,t ). (12-27)

At each grid point (i,j) and each hour t, compute

&

W z W= W
£L 4ot v erf( 22
T1 Y20

)1, iF L(i,5,t) < 0;

l\>|

1..
wl

wyGiLdnty) = (12-28)
2,013, , AF LG, > 05

- -2
w a w
Bt
x Zdwl
W, (i,5,t) = "R erf(RL) | if LG drty) $ 0
lM A m 2 /2_0 3 ’
wl
(12-29)
“nyg(idhty) » 1 L(L3,t,) > 0.
W (gt ), iF LIt € 0;
WD].(]’J’tm) = (12-30)

Ve s - .
Wi, 3,ty) + W Gt if
L(i,5,t,) > 0.
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To evaluate the function erf in (12-28 and 12-29) in the limit as ¢

wl ™~
0, the following procedure should be used.
if 0, =0, erf ( Ay = s16N(A)-1 (12-31)
(s}
wl

This condition should be encountered only rarely since O = 0 when L > 0 (see
Eq. 12-24) and in this case Wl and wlM have the forms given in (12-28) and

(12-29) that do not involve the error function.

The input and output requirements of Stage WWl are summarized in Table
12-2. The processor and its interfaces with the processor network are

illustrated in Figure 12-2.
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Table 12-2

Input and output variables of each
stage of Processor P12.

Input Output
Variable Description Source Stage Variable Description
hl(i,j,tm) thickness (m) of P7 K Kl(i,j,tm) horizontal edgy
Layer 1 in cell diffusivity (m~/sec)
(i,j) at hour tm in Layer 1, cell (i,
hour t
m
hz(i,j,tm) thickness (m) of P8 Kz(i,j,tm) same as K1 except
Layer 2 Layer 2
h3(i,j,tm) thickness (m) of P8 K3(i,j,tm) same as K1 except
Layer 3 Layer 3
oc(i,j,tm) fraction (0<o <1) RAW w*(i,j,tm) convective velocity
of sky covered by scale (m/sec) in
cumulus clouds in cell (i,j), hour tm
cell (i,j) at
hour t
m
Wc(i,j,tm) cumulus cloud P8
updraft velocity
(m/sec) in cell
(i,j) at hour tm
Q(i,j,tm) surface heat flux P4
(°K m/sec) in
cell (i,j) at
hour t
m
Tvn(tm) surface virtual P3
temperature (°C)
at surface weather
station n hour tm
u*(i,j,tm) friction velocity P4 WwO A+(i,j,tm) fraction (0<A, <1)

{m/sec) in cell
(i,j), hour tm
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Input
Variable

Description

Table 12-2 (Continued)

Source Stage

Qutput
Variable

Description

L(i, 35ty

ho(i,3t)

o70Ci23st,)

o (1,3,t)

wo(i,3,t,)

wc(1,J,tm)

fO/AG(i,j,tm)

¥RELTL )

Obukhov length (m)
in cell (i,j) at
hour tm

thickness (m)
of Layer 0 in
cell (i,]) at
hour tm

fraction (050T051)
of surface H  in

cell (i,3) peng-
trated by terrain
at hour tm

see Stage K input
1ist above

mean vertical air
speed (m/sec) on
top surface of
Layer 2 in cell
(i,j) at hour t

see Stage K input
1ist above

entrainment
velocity (m/sec)

at mixed layer top

in cell (i,)) at
hour tm

interim estimate

of cumulus partition

P4 WWO
(cont.)

P7

P7

RAW

P8

P8

P8

P8

parameter (dimension-

less) in cell (i,]j)

w (,3,t)

W_(1,J,tm)

v(i,i,t,)

¥(i,3,t)

average speed (m/c
of fluid moving uf
relative to surfac

same as w,_ except
speed of downward
moving fluid

entrainment veloc
(m/sec) of plumes
in Layer 0

cumulus flux part

function (dimensi

less)
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Table 12.2 (Concluded)

Input Output
Variable Description Source Stage Variable Description
le(i,j,tm) vertical velocity P8 Wwl Wl(i,j,tm) vertical velocity
(m/sec) on parameter (m/sec)
surface H, in on surface H1
neutral aﬁd
unstable conditions wlM(i,j,tm) vertical velocity
parameter (m/sec)
on surface H1
w*(i,j,tm) convective velocity Stage K WDl(i,j,tm) vertical velocity
scale (m/sec) (m/sec) on surface
H, due to horizontal
d}vergence in the
flow field.
hl(i,j,tm) thickness (m) of P7
Layer 1 at (i,j,tm)
ho(i,j,tm) thickness (m) of P7
Layer 0
L(i,j,tm) Obukhov length P4
scale (m) in cell
(i,j), hour t
m
¢(i,j,tm) cumulus flux Stage
partition function WWO
(dimensionless)
oc(i,j,tm) fraction (0<o <1) RAW

w.(3,3,t)

o1 (1,3,

nys(1,3:t,)

of sky covered by
cumulus clouds in
cell (i,j) at hour

tm

cumulus updraft P8
velocity scale

(m/sec)

fraction (05°T151) P7
of surface Hy =
penetrated b§

terrain

cold layer growth P7
rate (m/sec)
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SECTION 12
PROCESSOR P15

DEVELOPMENT

Processor P15 computes deposition resistances r and deposition velocities
B for those pollutant species for which empirical data are available. These
parameters are related through the friction velocity ux, which is a function
of local wind speed. To avoid coupling this processor to processor P1l, which
computes the flow fields, we will use friction velocity estimates based on the

]

“raw' surface wind observations, namely those generated by P3, which are
available in the PIF. These "raw" values constrain the magnitudes of the wind
velocities generated by Processor Pll; consequently, any inconsistencies
between deposition velocity estimates based on the uy values derived from the
raw data and those implied by the output of P11l are most likely much smaller

than the level of uncertainty in the empirical relationship between B and uy

that we employ here.

Step 1

Compute deposition resistances for each pollutant species. In this task
we must adopt a numbering convention for the pollutants. In Part 1 of this
report, we initiated the convention that species NO is pollutant "1"; NO2 is
pollutant "2"; and 03 is pollutant "3%. Beyond this the numbering is

unspecified and one is free to select whatever system is convenient. In this
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Processor description we will refer to all pollutants other than NO, NOZ’ and
03 by their names and leave the assignment of numbers to them as a task to be

performed during the implementation phase of this work.

The depasition resistance r(x,t;a) (sec/m) for species o averaged over

the NEROS grid cell centered at x at hour t is assumed to be

10 10
r(x,t;a) = 2 T(g,n)rn(a,L)/Z T(x,n) (15-1)
n=1 n=1

where rn(a,L) is the deposition resistance of species « over land use type n
during atmospheric conditions characterized by Obukhov length L at hour t. In
Tables 15-1, 2, and 3 we Tlist the ' values currently available for several

pollutants.

Table 15~1. Deposition resistances (sec/m) for SO, as a function
of land use type n and stability L

(From Sheih, et al., 1979)

h = L<o L= L>0

1 900 300 103

2 100 300 103

3 100 300 103

4 100 300 0% > use 0.0 if

3 L >0 and

5 100 300 10 RH(x)> 0.9
6 100 300 103

7 0 0 0

8 0 0 0

9 70 250 800

10 100 300 103

272



The surface relative humidity RH(x,t) in each cell can be interpolated from
the surface station values RHn available from P3 using a weighting scheme like

that employed in Eq. 12-8.

Table 15-2. Deposition resistances (sec/m) for ozone as a function
of land use type n and stability L.

(From Wesely, 1981)

n = L<o L=o L>0
1 300 400 400
2 70 200 400
3 150 200 300
4 60 300 1.5-10°
5 150 400 1.5-10°
6 70 300 1.5-10°
7 onten 1gf103 13?103 12?103
8 0.0 0.0 0.0
9 100 250 300
10 100 200 350

Resistances for other pollutant species are not available in the current
literature. Deposition velocities for several pollutants other than SO, and
05 onto "“vegetation" were reported by Hill and Chamberlain in 1975 (see Table
6 of McMahon and Denison (1979)), but these pertain to only one land use type
and moreover, the associated atmospheric stability conditions were not
specified. Lacking any other source of data, we propose to use the Hill and

Chamberlain data to estimate the resistances of each species relative to 0z,
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and subsequently to use that estimate and the values given in Table 12-2 to
deduce crude estimates of resistances. from the Hill and Chamberlain data we
estimate that the difference Arz(u) between the resistance of species a and
that of ozone over agricultural land (n=2) (under unknown conditions of L) are

as follows.

Table 15-3 Deposition resistances of several pollutants relative to that of
ozone over agricultural land. (Deduced from data of Hill and
Chamberlain, 1971)

Sp?cges Ar, [=§2(03)-r2(u)3(sec/m)
o

03 0

502 +25

co <-10°

NO =940

PAN -100

N02 + 7

If we assume that these values apply for L<0, then we can estimate

rz(PAN,L<0), for example, to be

PZ(PAN,L<0) r2(3,L<0)-Ar2(PAN)

1]

70 + 100

170 sec/m.

One conflict that is readily apparent with this method is that the value of
r2(502, 1<0) deduced from Table 12-3 does not agree with the value given in

Table 12-1. This discrepancy is indicative of the wide scatter in the

274



reported deposition rates of the various species. In the interim, we propose
that approximate values of rn(u,L) be derived from the Arz method above. That

is, we assume
rz(u,L<0) = r2(3,L<0)-Ar2(a) (15-2)

for species a = C0O, NO, NO2 and PAN. The values for the other land use
categories n=1,3,4...10 and other L values can be taken as having the same

ratio to the n=2, L<0 values as those given above for ozone.

The output of Step 2 should be deposition resistances r(x,a) (sec/m) for
species a=03, 502’ €0, NO, NO2 and PAN for each cell x of the NEROS grid for
each hour of the simulation period. These values are used in the next Step to

compute deposition velocities.

Step 2

Compute the average deposition velocity B(x,t;a) (m s-l) of each species
a in each NEROS grid cell at hour t using the following expression from Sheih

et al. (1979):
B(x,t;a) = O.4u*[1n(z/zo)+ 2.6 + 0.4uyr(x,t;a) - WC]_l (15-3)

where u, is the friction velocity (m 5-1) in the cell centered at x at hour t
(from P4); z, is the effective surface roughness (m) for this cell (from P4);
z is the elevation at which the concentration of species a is taken for the

purpose of estimating the deposition flux from B (we will use

z=% Az0 = 10m (15-4)
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see Part I, Eq. 5-6b); and the function WC is given by (Sheih et al., 1979)

WC=={éxp £0.598 + 0.3901n (‘Z/L) - 0.090[1n(-z/L)]2}, if L<0; (15-5)
- 5z/L, if L>0;

where L is the Obukhov length (m) for the cell centered at x at hour t (from

P4).

The inputs and outputs of each'step of Processor P15 are summarized in

Table 15-1; and the processor and its interfaces with the processor network

are illustrated in Figure 15-1.
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Table 15-1 Summary of the input and output parameters
of each Step of Processor P15.

Input Output
Parameter Description Source Step Parameter Description
T(x,n) fraction of NEROS cell RAW 1 r(x,t;a) effective deposition
centered at x in land resistance (sec/m) of
use type n, n=1,2,...10. cell centered at x
(dimensionless) to deposition of species
«=0,, NO, N02, etc. at
hou% t.
RHn(t) relative humidity P3
(dimensionless) at
surface weather station
n at hour t.
L(x,t) Obukhov length (m) in P4
cell centered at x at
time t. -
20(5) surface roughness P4 2 B(x,t;a) effective deposition
(m) of cell centered velocity (m/sec) of
at x. ' species a=0,, NO, NO,,
etc., in ce?] centergd
ux(x,t) friction velocity P4 at x at hour t. Reference
(m/sec) in cell at x Tevel z=10m)
at hour t.
L(x,t) Obukhov Tength (m) in P4
cell at x at hour t.
r(x,t;a) deposition resistance Step 1

(see Step 1 output).
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SECTION 13
THE B-MATRIX COMPILER

INTRODUCTION

The b-matrix compiler (BMC) translates the variables generated by the
network of processors into the elements of the "b-matrix" defined in Part 1,
Section 9, and into the variables required in the transport and diffusion
terms of the "I'-equation," also defined in Part 1, Section 9. The interface
between the BMC and the processor network is the model input file (MIF). This

is illustrated schematically in Figure 1-1.

The mathematical relationships among the MIF variables and the b-matrix
elements were summarized in Appendix C of Part 1. A complicating aspect of
these relationships is that the values of a small group of the b-matrix
elements are dependent on the local ozone concentration, which is not known
until during execution of the model. Fortunately, all of the matrix elements
in this group can have only one of two predeterminable values, depending upon

the local value of the function U0 which is defined as follows:

. _{1, if §N0>“§Qo3<°3>1§ (16-1)
0=

0, otherwise

where §N0 is the Tocal emission rate of NO in Layer 0 and

W_A_
Q, = all species -2
- , X. (16-2)
X W, +(1-008, P
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Thus, the BMC must provide to the model both of the possible values of each
b-matrix element that is concentration dependent. The appropriate value can
then be selected during execution of the model based on the Tocal value of UO’
In the next section we present the expressions for each of the b-matrix
elements in terms of the MIF variables. (Definitions of each variable can be

found in Table 13-1 at the end of this section.)

THE B-MATRIX ELEMENTS

Let
X - - - (1- -
e, = (opgmor)B, = (Troqy) (Wt ) (16-3)
e = WA - WAL (1) (1o, (16-4)
Ozone (03) ,
px. = 1 [eo3+ f +»(1«6’ 1eJ37. P UL = 1
117 R T To’“0°4° 0 >
21 3, ; _ 3. (@Q-a)u 8Qn ) -
b{{ =F [ew + hl + (1 cTo)(e0 03 ], if U0 0.
1 (Bo + U)
3
b = .].‘. (1-0' ) (16"6)
12~ h ML m
* = : - 1.
g103 0, if Uy=1;
. = (16-8)
1 - - - ~
= (1-07,)(1 u)u§N0
10, | h1(303+ )

280



Nitric oxide (NO)

NO_ 1-o
U*Byo

|

1. N0 - ) 2
by = Hl[ew *hy + (Bropgd(eg v"EQyg)]

-1 /4 W
by, = Hl(l 9711

b, =0

* - ~ - = .
. =§: 91n0 T Ino 0371 TF Up = 1
1 Xk -
where

(1~0;n)(1-a)
g* = SNO + TO Ug
1INO 1 hl(BN0+u) NO

~ «NO
9o = S1
; _ (l-cTO)(l-a) UZCQ
INO P (Bygm) ¥ =0,

Nitrogen dioxide (N02)

NO NO

byq = %l[ew 2, ﬁl + (Tropg)(e, 2 _ é%éﬁ% UZCQNoé)]
2

=1 /. W
byy = hl(1 971 " 1m
b.. =0

* G i =1;
_ | 9ino, T 90,0971 » TP Y = L
K%k =
9No, > Yo = O
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(16-9)

(16-10)

(16-11)

(16-12)

(16-13)

(16-14)

(16-15)

(16-14)

(16-15)

(16-16)

(16-17)



where

. SNo2 , (1rop)(1-a) P
91N02 =3 Ay (Byg + ©) N0

2

NO2 (1-0T0)(1-a)u

gx% S, “+ Cya * Sy )
1N02 1 hl(ﬁNo +u) “°NO N02

2

(1-074) (1-a)
10 U2§Q03

91n0,

species x (excluding 03, NO and N02)

AN

1-a

by; = %1[eé + ﬁl + (l-oTo)(e§ - o7 UZCQX)]

1,
byp = 51(1 0111
b3 =0
g, = X + (Iropg)d-a) o3
1x 1 hl(U+BX) X

all species

-1 - o
byy = h, (1079 ) Wy =wp)

1 . _ - 2
b,y 52[“2 topBy *+ (Trop)(wy Wy )2y

Yo (W,~W )
c‘\'2 ¢ fo .-
* 1-0C * A6 (1 Oc * Gcw)]

= -1y f6
byg = hz(l o) 3g

9 =35y

282

(16-18)

(16-19)

(16-20)

(16-21)

(16-22)

(16-23)

(16-24)

(16-25)

(16-26)

(16-27)
(16-28)



QOzone (03)

Wi,
bX. = ——3 [1-£], if U_ = 1;
31 7 h3 ’ o ’
by =
¥iQ,
Xk = 3 §u _ . -
b3} = —Eg—— [BO 7,7 1781, if U = 0.
3
bon = L (1-¥)M
327 h,

1 ..
byy = EB( M+H3U3)

Loonc0s spp =1
ygUatad + 1F Ug = 1;

WMES

_1 NO : 03
930, 53[‘ZIEB'IB)+ H3U3Co 1,
3

Nitric oxide (NO)

b3y = qu"° [ g2 + 1-€]
3 U+Bno
1 /4.

bs, = 53(1 ¥OM

bao = & [-M+iU.]

33 = h,L 7MY

x A : =1-

0. =) %3m0 " Sano 0g>p, 17U, =15

3

x% ; -
93N0 if Uo 0.

where

wHES
« o1 gy N0l THESN
9o = a0 {EPeDY
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if Uo = 0.

(16-29)

(16-30)

(16-31)

(16-32)

(16-33)

(16-34)

(16-35)

(16-36)

(16-37)



ok - l Y NO
93N T h3H3U3cm

WM&UQO:’;
dano ~© Py (Bg™)

Nitrogen dioxide (NOZ)

_ 2 £v
by = +1-
31 s [U+BN02 €]

o
I

3 = %3(1-!«1»4

1 /. ’
byz = EB( M+ H3Us)
%X -5 : - 1.
93n0, 93N02<°3>1’ iU, =1
93 =
X% : -
g3N02, if Uo =0
where
No,  PMESyg
x =1 [H,U.C 2_ 2 ]
9380, h,tM3V3% T E(Bun + 0)
2 N3 NO,,
NO
1 e 2y
g% = = [HaU,C Gyg * S
M0, | e T g Ty N NO,)]
3 NO
WMEUQO
_ 3
3N0, h3(6§5;16$
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(16-38)

(16-39)

(16-40)

(16-41)

(16-42)

(16-43)

(16-44)

(16-45)

(16-46)



species x (excluding 03, NO and N02)
¥MQ
_ X ) _ -
by = Rt (g5 10 (16-47)
X
N
by, = FB(1 ¥)M (16-48)
- 1. v -
1. X YMES
= = H. U - -
I3 = Hys%st% T AT (16-50)
where .
1, if H3 > 0;
U3 = . (16-51)
0, if H3 < 0.
Wy
M= O [—T:az + f6/40] (16-52)
H3 = dH3/dt (16-53)

PREPARATION OF TERMS IN THE r'-EQUATION

In designing the algorithm that treats the advection and diffusion
processes, we assumed that these phenomena could be expressed in the form (see

Eq. 9-5 of Part 1)

2 2

al ar ol 9T 9T
A, AL, A 3T 3T - (16-54)
ot X dy X axz y ayZ

285



Consequently, the basic equation 2-29 of Part 1 must be cast in a form
compatible with (16-54). The only terms in (2-29) that are involved in this

transformation are

<> . a<e> .
3 —d
dInV. d1nV,
] { i 1 -
+ py<u'c >j '5X71 + p¢<V c >j _56—1 (16-55)
__a. tet _a.. ! =
+ “A 5% <u'c >j + p¢ 5 <v'c >j 0

where Hy = (a cos ¢)-1 and p¢ = a-l are metric factors and a is the radius of
the earth. The fluctuation quantities u', v' and c' in (16-55) represent
deviations of the value of the given parameter at any point in space from the
local cell averaged value, denoted by < >j' In Section 7 of Part 1, we
proposed to express the fluxes <u'c'>j, etc. associated with the subgrid scale

fluctations in the gradient transfer form (see Eq. 7-2, Part 1)

o<¢c>,

<u‘c'>j = -Kj”A X (16-56a)
a<kec> .

w'e'>s = K °‘<>’¢T'J (16-56b)

where the Kj are diffusivities specified in Stage K of processor P12. Making

use of (16-56) in (16-55) we get

9<c> \ 81nvj ) ifi I<C> .,
5t T <@ - K 5 T M sn ] aR

) a]nVj ) oK. a<c>j
HEONE RO B R R
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32<C> . 32<C> .

- u2K; —;\—Z-J - p;Kj ;;TJ =0 (16-57)
This equation is of the form (16-54) required by the algorithm iﬁ the model
that handles the advection and diffusion processes (see Appendix A of P7).
Two basic operations are now necessary to complete the preparation of the
equation for numeriéal solution: (1) to ~convert the wunits of all
parameters =-- the model treats the equations in (A,¢) space rather than
physical space (x,y); (2) to convert the effective advection velocities,
i.e., the terms in brackets in (16-57), into coordinates (A*,$*) of the
upstream trajectories associated with each grid point in the model domain (see
Figure 7-A1 of P7). Below we outline the details of specific operations that

are required.

Step 1

. Four parameter fields are involved in these operations: the two velocity
components <u>j and <V>j’ the diffusivites Kj; and the cell volumes Vj'
Values of each of these are available in MIF for each layer j=1,2,3 and for
each grid cell in the model domain. AJll data in the MIF are in mks units.

This means that the units of <u> and <v> are m-s-l; K has units of mzs-l; and

3

V has units of m~. The first task is to convert all length units from meters

to radians.

This 1is accomplished using the metric factors N and u¢ which are
measures of the arc angles in radians of longitude and latitude, respectively,
per unit length on the earth's surface. Thus, for example, “A<u>j is the

east-west component of wind speed in radians (of longitude) per second.

lalaleld



Let (I,J) denote (column, row) of any cell in the model domain. The

metric factor My varies with J, namely

-1

”A(J) = (a cos ¢J) (16-58)

where ¢J is the latitude in radians of row J, but p¢ is a constant, namely
= a (16-59)
where a is the earth's radius:

a = 6,367,333, meters (16-60)

Now convert the velocity and diffusivity fields obtained from the MIF into
their corresponding values in (A,¢) space for each layer j=1,2,3 and grid

point (I,J) as follows:

<u(I,J)>§ = pA(J)<u(I,J)>j, (16-61)
V(1,904 = py<v(1,0 5, (16-62)
K(1,9) = [pk(I,J)]ZKj(I,J), (16-63)
KE(1,3) = ung(I,J). (16-64)

The K§j and K;j fields should be recorded directly in the output file of the

BMC for input into the model.

Step 2

Take the natural Tog of each cell volume Vj in each layer at each grid
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point to produce arrays of (1an). For each layer j compute estimates of

5% 1nV. at every grid point (I,J) as follows

J

5% IV5(1,9) % DXLV(1,3,3) = [In(V;(1+1,9))
= In(V;(1-1,9))1/(281)
where

5h =% (§%%) = model grid interval in A.

On the western boundary where I=1, use
DXLV(I,J,j) = []n(Vj(Z,J))-ln(Vj(l,J))]/6A

and on the eastern boundary

DXLV(IMAX,J,j) = [ln(Vj(IMAX,J))-]n(Vj(IMAX'l,J))]/6A

In the same manner define

52 1an(I,J) = OYLV(I,Jd,]) = [1n(Vj(I,J+1))

- ]n(Vj(I,J-l))]/(25¢)

©

where

6 = 1/6 (3%%) = grid interval in ¢.

(16-65)

(16-66)

(16-67)

(16-68)

(16-69)

On the south and north boundaries, where J=1 and JMAX, respectively, use

approximations similar to (16-66) and (16-67) for DYLV(I,J,j).

Step3
Form approximations of the derivatives of K:j and K;i as follows:
s DXKX(I,J,3) —[Kxj(I+1,J)-Kxj(I-1,J)]/(26A)
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b

Qf Q
eEx

> 3y = [KX. KX . -
DYKY(L,J,3) = [K%:(T,d+1)-K¥ o (1,3-1)1/(269)

Use approximations similar to (16-66) and (16-67) to treat grid points on the

boundaries.

Step 4

Form the effective advection velocity components, i.e., the terms in

brackets in (16-57) as follows.

Ugpp(120,0) = <ulT,a)>% = K (1,9DXLV(L,J, 5)

- DXKX(I,J,j) (16-71)
veff(I,J,j) = <v(I,J)>§ - K§j(I,J)*DYLV(I,J,j) (16-72)
- DYKY(I,Jd,j)

Values of Uaff and Voff must be computed for each layer j=1,2,3; each grid

point in the model domain; and each time step At (= 30 min.).

Step 5
Compute the "back track" points associated with each grid point (I,d),

each layer j=1,2,3, and each time step. This is done as follows:
Let Uaff (1,3,j,N), veff(I,J,j,N) denote the

effective velocity components , (16-71) and (16-72), at time step N, i.e., at
time t=t°+NAt. Consider a given grid cell (I,J,j) at a given time step N.

Compute
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BA; = “Uggf (1,J,j,N)at (16-73)

A¢1 = “Vafs (1,d,j,N)Ax (16-74)

where At = At/n, say At = At/3 = 10 minutes. These increments define a point

(A1,¢1) in (A,¢) space, namely

Al = I(GA)+AA1

(16-75)
91 = J(50)+80, .

Fit a biquintic polynomial to the (ueff’ Veff) values at time step N on
the 36-grid-point square centered at the cell nearest (Al,¢1). Note that the
polynomial must be in terms of (A,¢) rather than (x,y). With this polynomial
and a linear interpolation in time between NAt and (N-1)At, estimate the

values of (ueff’ Veff) at the point (A1,¢1) at time NAt-AT , i.e.,
ueff (A»l 1¢l,\] )NAt-At) ’ VEff(Al’q)l"] 9NAt-At) .

Now compute the new point

Ay = A, + [-u (Ay,04,],NAt-AT)AT]
2 1 eff Y"1°71 (16-76)
0, = 6q * [-veff (Al,¢1,j,NAt-At)Ar].

Using the biquintic space approximation and the 1linear time interpolation

again to estimate Uoff and Voff at (AZ, ¢2, NAt-2At), compute finally

Kome - 3 - - " -
(A*=) ABTj = LAMBT(I,J,j,N) Ay * [ ueff(A2,¢2,J,NAt 2At)At]

(16-77)
(p*=) ¢BTJ

PHIBT(I,J,5,N) = 0p + [~Vgrc(hy,0,,d,Nat-28T)AT].

il

These are the coordinates of the "back track" point associated with cell
(I,J,j) at time NAt when the subinterval At = At/3. This is the point
indicated by (x*, y*) in Figure 7-Al of P7. Values of LAMBT and PHIBT should
be recorded on the b-matrix tape, i.e., the output file of the BMC, for all

I,J,j and all time steps N=1,...NMAX.
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The diffusivity fields K;j and K;i should also be recorded on the

b-matrix tape for all I,J,j and all times steps N=1,...NMAX.

The b-matrix compiler is illustrated in Figure BMC-1, and each of the

variables in the MIF is defined in Table BMC-1.
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INPUT
{MIF)

hy

<u>q

<u>2

<u>3

<v>q

<v>2

<v>3

BANO

ANO2

8O3

Bx1

BMC

PART Hi

(*’b-matrix’’ tape)

OUTPUT

ATy

ABT2

ABT3

98T

?8T2

¢BT3

K1

K2

K3
s
Ky|

NV

PART Il

fin = [hn(t + AT - hn(tll/At
=2

“wWiAsr
A=1-2,

M=ol N2-We-49/00
7 -oc

as M
w+As (1 - 07Q)

QO3FAC = 2 W-Ao
7% FENT T

K'Yz

K%3

QO3FAC

b%1(03)

b31(03)

b11({NO}

b11lx)

b12

b13(x)

9103

9703

31NO

9i1NO

1IN0

91NO2

97TNO2

91NO2

i

x

b21

b22(x)

b23

92

b%31(03)

b31(03)

b31{NO)

b31(NO2)

b31ix)

b32

b33

9303

9303

LE

93No

933N0

J'r

93N0,

9§N02

93NO,

93x

Sno

<o>q

<21

<p>3

<p>2

<p>3

<p>3

<T>4

<T>¢

<T>2

<T>3

<T>32

<T>3

&

mle

Schematic illustration of the B-Matrix Compiler (BMC).
The input interface is the Model Input File (MIF). The
output of the BMC is the “‘b-matrix tape’ which is read

by the model code CORE (see Figure 1-1).

Figure BMC-1.



Table BMC-1. Definitions of parameters in the
Model Input File (MIF).

Parameter Definition

hn Thickness of model layer n, n=1,2,3.

<w Average east-west wind component in model layer n=1,2,3.
> Average north-south wind component in model layer n=1,2,3.
Kn Horizontal eddy diffusivity in model layer n=1,2,3.

91 Fraction of the top surface of Layer O penetrated by

terrain in a given grid cell.

011 Fraction of the top surface of Layer 1 penetrated by
terrain in a given grid cell.

o Fraction of sky covered by cumulus clouds in a given cell.

v : Plume entrainment velocity in Layer O.

¢ Fraction of Layer 0 occupied by line and point source plumes.

Bx Deposition velocity of pollutant species X.

A, Fraction of the top surface of Layer 0 covered by ascending
fluid.

W, Mean speed of upward moving fluid on top surface of Layer O.

W_ Mean speed of descending fluid on top surface of Layer 0.

Wy Composite vertical turbulence parameter an top surface of
Layer 1.
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Table BMC-1. (continued)

Parameter Definition

Wi Composite vertical turbulence parameter on top surface
of Layer 1.

QDI Mean vertical air.velocity on top surface of Layer 1
induced by flow divergence in Layer 1.

QZ» Mean vertical air velocity on top surface of Layer 2.

Qc Cumﬁ]us updraft velocity scale.

fo/ae Turbulent entrainment velocity at mixed layer top.

U Fraction of cumulus cloud volume flux drawn from Layer 0.

22 Local time rate of change of the elevation of the top
of Layer 2.

H3 Volume flux across top of Layer 3.

§X Emission rate of surface sources of pollutant x.

Si Emission rate of sources of pollutant x in Layer 1.

S; Emission rate of sources of pollutant x in Layer 2.

ci Concentration of species x in air above the top of model
Layer 3.
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