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A PREDICTIVE BOUNDARY LAYER MoDELL

Wilson A. Shaffer2 and Paul E. Long, Jr.3
Techniques Development Laboratory
National Weather Service, NOAA
Silver Spring, Md. 20910

ABSTRACT. A large scale three-dimensional planetary
boundary layer model to predict temperature, humidity,
and wind in the atmosphere's lowest 2 km is being
developed at the Techniques Development Laboratory

of the United States National Weather Service. At
present, a one-dimensional model is being run which
consists of twelve levels within two layers--a 50-m
thick surface layer having constant fluxes of heat,
momentum, and moisture, and a transition layer ex-
tending upward to 2 km. Surface layer fluxes and
eddy diffusion coefficients are calculated following
a Monin-Obukhov formulation, using the empirical
results of Businger et al. (1971), Dyer (1967), and
Webb (1970). The time-dependent wind, humidity, and
temperature eaquations are solved in the transition
layer using assumed, but variable, diffusion coeffic-
ient profiles. A complete radiation treatment, in-
cluding atmospheric hearing due to flux divergences,
is included.

Surface temperature is calculated through a simple,
efficient energy halance. The fluxes of surface

layer latent and sensible heat, net radiation, and

soil heat are combined in a highly nonlinear energy
equation, which is solved iteratively for surface
temperature. Soil heat flux is calculated employing

a simple analytic solution of the soil heat equation.
This solution requires an initial soil temperature
profile and assumes that the soil heat coefficients

are constant in depth. The solution has the advantage
of not requiring computation levels within the soil.
Tests using Australian Wangara data (Clarke et alv 1971)
and 0'Neill data (Lettau and Davidson, 1957) for initial-
ization show good agreement between predicted and
measured boundary layer winds and temperatures.

1Pre§ented at the Symposium on the Atmospheric Boundary Layer, Oct. 10-12,
1973, Mainz, Germany.

2National Research Council Postdoctoral Associate
Research performed principally while a National Research Council Post-
doctoral Associate



I. INTRODUCTION

At the Techniques Development Laboratory of the U.S. National Weather
Service, we are building an atmospheric boundary layer model for prediction
of low-level temperature, humidity, and wind. The planned three-dimensional
model will operate on the 25 x 25 grid labelled BLM in figure 1. The model's
grid spacing will be approximately 80 km in the horizontal. For comparison,
the hemispheric Primitive-Equation model (PE) and the Limited-Area Fine Mesh
model (LFM) are shown with their respective grid mesh sizes. The National
Meteorological Center's Planetary Boundary Layer model (PBL) is an adapta-
tion of the U.S. Air Force's model described in Hadeen and Friend (1972).

This model is run on the LFM grid of approximately 160 km and uses Ekman-
type winds.

IT. PRESENT ONE-DIMENSIONAL MODEL

The model we are developing is presently run (experimentally) in one
dimension (figure 2). The model extends from the surface to 2 km and has
two distinct layers--a transition laver in which the time-dependent equa-
tions for temperature, humidity, and wind are solved and a 50-m thick contact
(or surface) layer in which the Businger-Webb contact layer relationships
are assumed. The transition layer has 12 vertical grid levels, spaced loga-
rithmically using the coordinate transformation

Z'=2'"(Z) = Aln [1+ Eiﬁ] +h ;5 A> h; AZ' = 50m. (const.)
Upper boundary conditions for the model will be supplied from a free air
model (either the PE or the LFM) for T, q, and wind., At the surtace, an

energy balance is used to calculate surface temperature and humidity,

Within the transition layer the time-dependent equations for potential
temperature, O; humidity, q; and wind are solved:

_ 9 90
— + V-VO = EE'(KT SE) + Radiative heating

L8 -+.\?~Vq=§-—(K 25

ot oz q 9z

du - _ 9 du _
3¢t VeVu = o= Kyv) +£ (v Vg)

v Togy = & (x ¥ + f (u_ - u).
ot Ve oz ( m az) g



Figure 1.--Relative sizes of the TDL Boundary Layer Model (BIM),
Primitive-Equation Model (PE), Limited Area Fine Mesh
Model (LFM), and the Planetary Boundary Layer Model (PBL).
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Table 1l.--List of Major Symbols

parameter for vertical coerdinate transformations

specific heat capacity of air at constant pressure
fraction of cloud cover in layer j
fraction of clouds in the ith category

fraction of clear sky between levels i and j

latent heat fluxg in the surface energy balance,
emissivity matrix for longwave radiation

net energy flux at the surface

Coriolis parameter
initial soil temperature profile

goil heat flux; radiation flux

gravitational acceleration

1
coordinate transformation term, E%

forcing function used in the non-linean advection-like equation
complex geostrophic variable, Ug-+ ng

assumed top of the constant-flux layer

top of the boundary layer model; ratio of actual latent heat
flux to potential latent heat flux

A/-T; in radiation calculations, short wave radiation intensity

von Karman's constant; in soil heat flux calculationms, soil
thermal diffusivity

eddy diffusion coefficient; in soil heat flux calculations,
soil thermal conductivity

Obukhov length

latent heat of evaporation
pressure

specific humidity

friction humidity

net long wave and short wave radiation flux at the surface

bulk stability parameter



Table 1.--Continued

£ time

T temperature; cloud transmission coefficient

£ complex temperature-humidity: O + iq

u east-west wind component; in radiation calculations, optical
path length between layers

ug east-west geostrophic wind component

ug friction velocity

U horizontal wind speed

v north-south wind component

Vg north-south geostrophic wind component

-2
wind vector

W optical path length

W complex horizontal wind, u + iv
vertical coordinate; solar zenith angle

z' transformed vertical coordinate

Zi height of instrument level

Z, surface roughness length

soil vertical soil coordinate, positive downward

A difference operators; Au - difference in U between the surface
and h; A® - difference in O between the surface and h; At, Ax -
finite differences increments in time and space

v gradient operator

Sm»>Sy momentum and temperature constants in the Businger profile

relationships for the constant - flux layer

€ : long wave emissivity

r dummy variable used in soil heat integrals
0 potential temperature

O% friction temperature

e) average potential temperature

P density

o Stefan-Boltzmann constant



Table 1. Continued

T transmitted short wave radiation in the absence of water vapor

¢, ¢ ¢  Monin-Obukhov universal functions for temperature, momentum,
t’ m’ q 0 °
and humidity




>

In each case, the VeV( ) term is assumed to be zero for the one-dimen-
sional model. These four equations reduce to two by introducing new complex
variables T = O + iq and W = u + iv:

2t oF

? -~ n ]

3t + VeVT = dz ( Bz)

L ~ n 5 ) Bw "N n
M 4 Vevww =2 (K =) - if (W - G)
ot 3z M 3z

where a new complex geostrophic wind is defined as
G = ug + i Vg
and Kq is assumed to equal Krp.

These complex equations are advanced forward in time using a Crank-
Nicolson finite-difference scheme, shown here for temperature (W,V0=0):

Pl _ ot
- 8 {gj~1/2K?—1/2@rjlﬁ = ®5-1/2K5-1/2 * By41/2K541/2). oF
= 8j+1/zK3’+1/29?:il * 8j—1/2KIjl—1/2@§1—1
- (gj—I/ZK?-l/Z + gj+1/2K?+1/2) 9?
+ 83+1/2K541/2% 41 }/ 2(AZ")2.
g(z) = 921,

dz

A Monin-Obukhov similarity formulation is used to determine profiles of
wind, temperature,and humidity within the contact (or surface) layer:

30 _ O 4 (_z_) = 320
3Z " kz T \L kgo,
39 _ 9% ¢ _Z.>

oZ kZ q L

U _ wy Z

3Z ~ kzZ b (L)



The non-dimensiomnal functions, ¢, are taken from the empirical relations of
Businger et al. (1971). Also, the functions ¢T and ¢q’ for temperature and
moisture, respectively, are assumed to be equal. Von Karman's constant, k,
is given as 0.35.

For the unstable case, the functions of Businger et al. are

Z\-1/2 _ _ o Bg=L1/4
bp = ¢q =74 A -y, D o, = @ YmL)i

and for the mildly stable case, they become

=¢ = z

1. o= 4

-©-
I
N

where Yr= 9 and Yp = 15

In order to obtain uy, Ok, qx,and L from values of A®, AU, and Aq, the
Businger relationships are first integrated:

_ h 30., _u
AO = f 3—Zdz =% [ ]@
Zi
h 3u B
AU = fz = - [ Ji

h = top of surface layer
Z{ = instrument level
Zo = roughness length

ux20
L= %gox

For the unstable case, the bracketed quantities are

[ 1g=0.74 In M-l>(m+1)
T )




and

For the mildly stable case, these quantities become

—
—
@
|

= 0.74 1n h/Z; + 4.7/L (h - Z1)

(=1
Il

In h/Zg + 4.7/L (h - Zo)

Rather than iterate over 0,, Uyg,and L to obtain a solution to these equations,
a single parameter
2-
g = MU0
gho

is formed. The integrated profile relations may be written,

Lol 1o
[ 12
u

In the unstable case, the value must be iterated over L.

In the stable case, L is a root of a quadratic equation:

alZ +bL+c=0
= 1n2 5 T, e h h
where a=1n“h/Z, ;b=29.4(-2) In— - 0.74 S In —,;
Z0 Z;
c = [4.7 (h-2)1%2 - 4.7 8 (b - Z4)-

For very stable cases, the root may be complex or less than h. In either
case, a Webb profile is used above L to the top of the contact layer,

Gy

0.74 + 4.7 = 5.44
Z > L
op = 1. + 4.7 = 5.7

giving

—

(-
@
[

= 0.74 1n L/23 + 4.7 (L-2Z;)/L + 5.44 1n(h/L)

—
—
I

w = InL/Zy + 4.7@~Z)/L + 5.7 1n(h/L)-
10



As with the unstable case, the strongly stable case requires iteration.
Adequate convergence usually occurs in three steps.

With L known, ux, Ox, Q#, Kp(h), K'p(h), Ky(h) K'_  (h)

are easily computed.

The system of equations for the model is closed by specifying the dif-
fusion coefficients throughout the transition layer. (Although closure
through a turbulent energy equation appears more desirable from a physical
standpoint, the lack of consensus en closure schemes and the additional
computer time which they require was considered a drawback for an operational
model at this time.) An O'Brien (1970) cubic interpolation for K(z) is used.
K is assumed to be small and K' is set equal to zero at the top of the
boundary layer model. The K and K' values at the bottom of the tramsition
layer are those calculated at the top of the contact layer. Thus, the K pro-
file varies in time with changes in the contact layer. The O'Brien K profile
always has its maximum at H/3, fixed for a fixed depth of the boundary
layer model. We have run some experiments in which H is propertional to uy,

H = cu,.

This has. the effect of lowering the boundary layer at night and increasing
it during the day.

A flow diagram of the boundary layer model's computations is given in
figure 3.

ITI. SURFACE ENERGY BALANCE

As mentioned earlier, an energy flux balance at the surface is used to
calculate the surface temperature and humidity. Sensible and latent heat
fluxes are calculated using their usual contact layer definitiomns:

F = —pCyuxOx ; F & - -
gggiible Pt Latent dluiq* i

Heat

where c is the specific heat (at constant pressure) of air and ® is the
latent Eeat of evaporation. Since qix is related to 04 in the model through

the relationship
dh — 4
Ay = O4 h sfc>,
Oh - Osfc

an assumption to determine the surface humidity must be made. At present,
the ratio of actual evaporation to potential evaporation is held comnstant
throughout the day (Halstead et al., 1957)

11



SOLUTION OF THE PROGNOSTIC EQUATIONS

1. Initialization - T, a, ug,and vg profiles

2. Generalized Ekman solution for wind profile, if wind data
are not available

3. ug, 0,4, and L from surface layer equations

4. TFluxes, K, and dK calculated at top of surface layer
dz

y

5. K's calculated throughout transition layer using
an O'Brien cubic profile

: o
6. Finite-difference scheme advances T, q, and winds

7. Radiation calculations performed for atmospheric
. heating and surface flux

8. nergy flux balance carried out to get the new
surface temperature and surface humidity

9. Repeat 3 to 8 until end of forecast

Figure 3.--General outline of calculations in the one-dimensional
boundary layer model.

L



H = Eactual = 9 ~ 9sfc )
Epotential ap - 9gfc (saturated)

This allows the surface humidity to be calculated readily.

The incident long and short wave radiation fluxes (discussed later) are
calculated and combined into a radiation term, Rpet, which excludes the flux
emitted at the surface. As will be demonstrated, the soil heat flux reduces
to a linear expression in surface temperature when an analytic solution is
used. Combining each of these fluxes gives the energy flux equation:

2= 0 = pcpuydy +PLusax - (C Tgge + C') - e oT‘s*fc + R o,
where C and C' are constants depending upon soil thermal coefficients and

previous soil heat fluxes (see section IV), and where ey is the surface's
long wave emissivity.

Since uy, Ok, and g4 depend upon the surface temperature and surface
emission varies as T4, the energy equation is highly non-linear, A Newton-
Raphson iteration technique is used to solve for temperatures:

Tpew = To1d - Eoiold),

ot
<-ﬂr)Told

Although each iteration requires a new contact layer calculation of u, and
Ox, the scheme is quite efficient. In general, only 2 or 3 iterations are
required for convergence, which is assumed when

|Tnew - To1q] < 0.05°C+

IV. SOIL HEAT FLUX

An analytic solution of the heat equation is used to calculate soil heat
flux. Two basic assumptions are made: 1) the soil thermal coefficients do
not vary with depth and 2) the initial soil temperature profile is known.
In order to solve the heat equation, two boundary conditions are necessary.
At the air-soil interface, a heat flux F(t) enters the soil. The second
condition is that the soil temperature approaches a constant value as the
depth is increased. Measurements show that soil temperature varies little
below 1 or 2 meters over a 24-hour period, justifying the use of this
assumption.

Use of these assumptions in the heat equation gives the temperature at
depth Z (positive downward) at time t as

13



(~¢]
Topsy s B = e j £ (D) 3e-(Z-C>2/<4kt)+ e ~(Z + D2/Bke) 4,

ZVTY kt (o)
t
1 [k -Z2/G k u) F(t - u)
* K \E; j © \ﬁf i

(0]

where f (z)is the initial soil temperature profile, F(t) is the surface
soil heatoflux, K is the thermal conductivity k is the thermal diffusivity
and u is a dummy variable. (See Carslaw and Jeager (1959) for example, for a
derivation of the above equation.) Only the surface temperature is of inter-
est; at the surface the temperature reduces to

o0 .
1 2
Tope () = ——bt £ -z2/4 kt
sfc e J; o (z) e dz
t
+1 ‘/E F (£ -w
K m \f; U

(0]

The first term on the right-hand side is due to redistribution of heat
associated with the initial soil temperature profile. The profile is simply
integrated with a Gaussian. Solutions for this term using several useful,
simple profiles are given in Table 2.

The second term of the soil heat flux equation above is caused by fluxes
occuring after t=0. In order to evaluate this term, the flux during each
model time step, At, is assumed to be linear in time. (Note: The term can
also be evaluated by assuming that the soil heat flux is constant during
each step. Only a slight change in the final coefficients results.) At
time t = nAt, the flux that occurred between time iAt and (i+l) At can be

written as
F._: - F
n-i n-i-1 .
F=Fyg- ( — ) (u-iAt).

Integration during each interval, then summing yields the second term:

n-1 3/2 3/2 3/2 2 3/2
4 g KAS- Ty B [(i+1) / + (i-1) /% 21 / ]F .+ (n-ﬁ/ _—_ + 3yva|F ¢-
3 wK2 n i=1 n-1 2 0

As an example, if a constant initial temperature profile with the initial
flux, FO, equal to zero, is assumed, the surface temperature can be written

as
-1
T t = nAt =Tm+4‘/km; o .
sfc( ) 3 nxz [%n +i£l CiFn-é]

14



Table 2.-- Evaluation of the soil heat term due to various initial

profiles.

Initial Soil Heat Profile

Y 2
] » me(;) e~ % /4 kt dt
Vrkt o

T, (constant)

Hh
o
]

-BZ

o = Ae soil (exponential)

Hh
1]

_R72 ’
fo = Ae BZSo1i1 (Gaussian)

Aeszt erfc (B VKt )

A (1+ 4 Bkt)"1/2

15



Inverting the equation for the soil heat flux, the flux is linear
in the surface temperature

- 3 n K2 _ _n_,l ; _ v
Fa =7 Vigr (sfe = To) =T CiF, ;= C T +C"

This form is readily adapted to the energy balance and the Newton-Raphson
scheme used to solve for surface temperature.

V. LONG WAVE RADTATION FLUX

Long wave radiation and atmospheric heating due to its flux .divergence
are calculated for each time step of the model. Account is taken of
cloud cover in the model and both water vapor and carbon dioxide are consid-
ered as emitters of long wave radiation. For water vapor, an increment of
optical path length in a layer, dWHzO, which has density p and specific
humidity q, is given by

dwy 0 = P4 dp -

Once these increments of optical path 1en§th are obtained, they are summed
from the top of the boundary layer to the ith level to give the path length,
Wi

Top of B.L.

W 1) =z dWy 0 -
ol j=1 2

The emissivity function for water vapor being used was derived by Kuhn
(1963) using atmospheric temperature, humidity and long wave radiation mea-
surements. These emissivities, as given in Pandolfo et al. (1971), .are

0.1129 logjg (1 + 12.63u) for logjgu<-4
0.104 logip u + 0.440 . logijpu<-3
Ee . = 0.121 logjp u + 0.491 logijp u < - 1.5
1,] 0.146 logip u + 0.527 logijpu<-1
0.161 logjp u + 0.520 logipu X0
0.136 logip u + 0.542 logjgu >0

where u = Iwi - le is the optical path length between the itP and jth levels.
In addition to the emission of long wave radiation by water vapor, carbon
dioxide emission is considered. Basically the 15-cm band is the only band
of significance for CO2, so emissivities and path length are based on it.
No interaction effects between CO2 and H20 vapor are considered here (Atwater
1970). Pandolfo's path lengths are used for CO?2
dWgp, = 0.4148 (p; - pi+1) cm/atmos.

which assume a constant CO) concentration throughout the atmosphere.

16



Kondrat'yev's (1969) emissivity function for CO9 is used:

Eco, (i,3) = 0.185 [1 - exp (--3919|Wc02(i) - Wco, (j)|0-4)]-

A. Downward Long Wave Flux

The downward flux of long wave radiation at a reference level, jy, is the
sum of the emissions for each layer above, modified by absorption between
the layer and j,, plus the amount of radiation reaching jr from above the
boundary layer, The flux reaching the top of the boundary layer is now as-
sumed to be oT*pgovE. (This flux will be calculated in the 3-dimensional
model using temperatures and humidities from the large-scale model that
supplied dynamic boundary conditions for the model.) Clouds, except cirrus,
may be present in any layer and are assumed to radiate as black bodies.
Cirrus radiate as '"half-black'" bodies.

With these assumptions, the downward flux at a level jy can be expressed
as (see figure 4)

top-1 & 4 4
ks jijr [5 (Tj+1 ! Tj) (E(Jr’ ) = Bl J)) “jr,

4 4, . . .
+0 T3" (1- EGys 3)) ¢j Cyr, j+1]

4 s
+o0T 1 - E(s Top)] Cs f Bl
ABOVé( (Jr’ pJl jp» Top of B.L

where Ci,' fraction of clear sky between levels i and j and cy= fraction of
clouds in layer j.

. B. Upward Long Wave Flux

The upward flux at any level consists of the amount of reflected long
wave flux that is transmitted to the level, plus the amount of radiation
emitted below which reaches the level. If eg is the surface emissivity
(it is not necessary to have a '"black" surface), the reflected flux at the
surface is

Frefl1 = stc(l—es).

The upward flux at level jr can be expressed as

J
Fjr = 2

[%-(??_1 + T;) (F(jr’ 3-1) - E(Jp, j)) Cir, j-1
J

4 B . . A < P
+ 0o Tj (1 E(Jr: i) CJ CJr, J]

r

2

+(eq o T +F ) [1 - E(r, sfc)] Cyr, sf
s 7 "sfc  refl T, steld MJr, ste.
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] Layer J

in layer i

Layer 1 l g b @ @ cy= fractional cloud cover
¥

level j,

The amount of djownward flux reaching j, from layer j is
o’Th AE,(1-c)
JEy TR
The amount of flux reaching Jp from layer i is

o‘Ti" AE4 (1-cy) *O'Tc):"loudci (1-E(cloud base,j.))
base

Figure 4.-.Treatment of long wave radiation,
including clouds within the
boundary layer.
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VI. SHORT WAVE RADIATION FLUXES

Incident on the top of the atmosphere is the solar flux, Sp, of roughly
2.0 cal/cm?/min. Part of this flux is absorbed due to water vapor and other
absorbers in the atmosphere and part is scattered back to space. An expres-
sion from McDonald (1960) gives the absorption due to water vapor as

A, = 0.077 (Uppoye sec 2)0-3

where Uppoyve is the optical path length of water vapor above the boundary
layer and Z is the solar zenith angle. Transmitted short wave radiation in
the absence of water vapor is calculated using Kondrat'yev's expression

P 1/2
T = 1.041 - 0.16 [(0.949 _Top of B.L 4 0,051) sec z]
surface
which accounts for scattering. The short wave radiation to reach the top
of the boundary layer is

So cosZ (t - Ay) 5 cos Z >0
SBL = .

0 otherwise

Clouds appearing above the boundary layer are broken into three categories—
high, middle, and low. The fractional covering of each will be estimated
from large-scale model humidities. Clouds within the boundary layer make up
a fourth class and will eventually be predicted using boundary layer model
predicted humidities. Each cloud category has a transmission function
(Pandolfo et al. 1971) associated with it:

TBoundary Layer = 0.25-0.01 sec Z

TLow = 0.35-0.015 sec Z
TMiddle = 0.45-0.01 sec Z
THigh . = 0.9-0.04 sec Z

" where T is the fraction tramsmitted. When clouds are included in the model

above the boundary layer, the short wave flux at the boundary layer top
becomes

3
Spr, = Sp1 (No clouds) igl [1 - Cy a1 - Ti)]
where C; is the fractional covering in the jth category (figure 5).

Within the boundary layer, Pandolfo's expressions for absorption by water
vapor and for scattering are used:

digo = - 7.55 x 107% (u sec 2)” 97 du
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SHORT WAVE RADIATION

Sp-Solar radiation modified by scattering and
absorption in the upper atmosphere

54(1-Cy) \ SoTHCy
o T e s \ ————— 1 ao[l-cH(l-THi
' \I'THCH
s i .T_(J:.c"l_ —_—— e B — — 1"=s°[1-cﬂ(1-rH][1.cH<1.TM)]

\

N\ I''TiC
I (1-C) \ L°E

Top of Boundary Layer

I v:sqf}.cﬁ( 1T, )][1 ~Cyy(1-Ty )] [1-cL(1-TL )]

\ Scattering
Fy Absorption
/T

Absorption

Reflection

Figure 5.--Treatment of solar radiation.
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di

-1/2
scatt = - 2 S, (3.796 x 10-5) [(0.949 —i + 0.051) sec z] (Pg = Pyq)

Po
The short wave radiation which finally reaches the surface is

Top of B.L
Teurface = Spr, (With clouds) + .Zl (dino + discatt)j
J=

x (1 - cp, (1 - TgL))

where cg;, is the fraction of cloud cover within the boundary layer. The
amount of radiation absorbed at the surface is

I abs. at = (1 - albedo) Igyrface.
surface

No account is made of reflected short wave radiation or its heating.

VII. FINITE-DIFFERENCE SCHEMES

An operational model needs an efficient, accurate finite-difference scheme
for integrating forward in time. In a study done by Paul Long (1973), sev-
eral finite-difference schemes used in current boundary layer models were
compared using a one-hour time step (figure 6). Needless to say, we're
using the Crank-Nicolson scheme! This scheme, used in the transition layer
and coupled with the contact layer and the surface, has good stability for
time steps as large as 1/2 hour. The finite-difference scheme is stable for
much longer time steps. However, holding surface fluxes constant for too
long a time step causes unphysical oscillations in the model at sunrise.

Details of these schemes and of the use of chapeau functions and splines
" in finite-difference schemes (as suggested by Dr. James Bradley at Drexel
University) are given in '"Some Physical and Numerical Aspects of Boundary
Layer Modeling at the Techniques Development Laboratory" by Long and Shaffer
(1975). The paper was presented by Paul E. Long at the AMS Conference on
Numerical Prediction, in Monterey, Calif.

Two of the most interesting and significant results from that paper are
shown in figures 7 to 9. 1In figures 7 and 8, a finite differencing scheme
and a chapeau basis function technique are used to advect a Gaussian-shaped
object. A chapeau function has the shape of a hat——its value is 1 at the
grid point, and drops linearly to zero at adjacent points. Beyond, the
chapeau function is zero (figure 10)

/
Xy -X)/Xi - X4-1) § X3-1 <X <Xy

X - X3)/(Xq+1 - X3) 3 Xy < X < Xy

With this scheme we get fourth-order accuracy.
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AMPLITUDE

UAt
10| T=30; = .01 A
8 i B
Cadll A. Exact
6 B. Chapeau two level c_
. C. A2-Crank-Nicolson g
R
: —.
er e
.0 o
al \./.
1 _ — DX |
30 3% . ko us5
UAt
10 T=30; "3, = .25
B
81 A. Exact
& L B. Chapeau two level .L
Dl o C. A2-Crank-Nicolson
»f
2 T
0 ﬂ/‘_,,.x
7/
2} \ /
b i \_/
=1 {8 fo
£ I 35 00 15
-
UAt
o} - A
1 i T=30; ~3x .50
o A. Exact
6 r B. Chapeau two level .
r C. A2-Crank-Nicolson -
L1
2 ' ,./\,
2| .\\ //
- ~
—{Ax |-
30 35 ko ks

GRID POINT

Figure 7.--Comparison of a 2-level chapeau function

scheme with a second_-—order Crank-Nicolson
scheme for UAt = .01, .25, and .50.
2 .
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Figure 8.--Comparison of a 2-level chapeau function

scheme with a second-order Crank-Nicolson
scheme for UAt =

Ax
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omE ‘anw B
7 — -

- Coarse mesh -{—Fine mesh

Coarse mesh

Figure 9.--Fvolution of a Gaussian solution of 3u ; udu = g(x,t)
3t 3%
as the Gaussiam passes from a coarse mesh region into
a fine mesh region, then back out through the coarse region.
The ratio of mesh sizes is Ax(coarse)_ 4
Ax(fine)

Figure 10.--Form of the chapeau basis function.
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Figure 9 shows the same Gaussian advected into a one-dimensional telescoping
grid. The ratio of fine mesh to coarse mesh spacing is 1/4., Here, cubic
splines are used to obtain the necessary derivatives for the finite-differ-
ence scheme. In the coarse grid region, the object decays rapidly. However,
as it enters the fine mesh region, the object rebuilds, almost perfectly
duplicating the original object. (This is not as amazing as it first appears.
A forcing function, g(x,t), is necessary to make the Gaussian a solution
to the non-linear advection-like equation. It is this forcing that causes
the regeneration.) As the object flows out into another coarse region,
deterioration occurs again. Also, a small amplitude reflection propagates
back into the fine mesh region. Probably a gradual transition in grid
lengths between the coarse and fine mesh regions would diminish the problem.

VIII. TESTS OF THE ONE-DIMENSIONAL MODEL

In order to test the one-dimensional model, simulations of two days of
data from the Australiam Wangara experiment (Clarke, et al. 1971) and one
period of the 0'Neill experiment (Lettau and Davidson 1957 were made. The
model was initialized using temperature, humidities and wind profiles taken
directly from measurements. Soil temperature profiles and thermal coeffi-
cients were taken from measurements in the case of the 0'Neill data. For the
Wangara data, they were prescribed after testing a range of values: In each
case, measured values of temperature, humidity, and wind at 2 km were used
for upper boundary conditions on the model. Measured cloud cover was used
in the model to modify incident radiation. Geostrophic winds were assumed
to be time varying, but constant throughout the boundary layer. The O'Neill
simulation used measured geostrophic winds. However, since Wangara's observed
geostrophic winds proved unreliable, the 2-km wind was substituted for the
geostrophic winds.

Simulation of Wangara Day 39 (Aug. 22) of the Australian experiment are
shown in figures 11 to 16; Wangara Day 32 in figures 17 and 18; and the
0'Neill 5th period in figure 19. 1In general, predicted surface temperature
and energy fluxes show good agreement with their corresponding measurements.
Surface winds, although not as accurate, show reasonable agreement. The
inaccuracy in wind may be due to the use of 2-km winds as geostrophic winds
(in the case of the Wangara simulations) and the assumption that the geo-
strophic wind is independent of height.

Time cross-sections and plots at various levels for temperature and wind
(figures 13 to 16) indicate best agreement near the surface. As height is
increased, advection, not accounted for in the model, probably plays an
increasingly important role. For example, measured temperatures in the 1 to
1l.4-km layer oscillate dramatically during Day 39. Also, the wind cross-
section for the same day shows a disturbance propagating downward, beginning
about 6 AM at 2 km and reaching the surface about 6 PM.

The importance of including radiative heating of the atmosphere was demon-
strated in several tests with the model. Figures 20 and 21 compare two runs
using Wangara Day 39 data--—one with radiational heating, one without.
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2-METER TEMPERATURE
dy , WANGARA EXP
DAY 39 (AUGUST 22)

-
-

o 3 4 ¢ ] L] 2 [ e [ ) 20 282 24
Midnight TIME (hr)
5
SURFACE WIND.
Ad x
X 1 4
uf x o

o) measures

e=ss BIM Predicted

WIND SPEED (m/sec)

®

1 1 L " 1 1 I

o 2 4 6 8 10 12 14 16 18 20 722

-

TIME (hr)
Figure 11.--BLM-simulated surface (2 m) temperatures and

(3 m) winds are compared to measured values
at the Wangara site, Aug. 22.
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BIM PREDICTED TEMPERATURES WANGARA DAY 39

1 1 1 1 1 1
o 2 L [ B 10 12 1 16 18 20 22

NigRIeN TIME (hr)

TIME (hr)

Figure 13.--BIM-predicted temperatures (upper figure)
and measured temperatures (lower figure)

for Wangara, Aug. 22.
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TEMPERATURE (C°)
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~ TEMPERATURE WANGARA DAY 39
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i 400 m
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Figure 14.--BIM-simulated temperatures (solid 1ine) and
measure temperatures. (crosses) are compared

at 1000 m, 400 m, and 200 m for Wangara,
Aug. 22,
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Figure 15.--Wind-time cross-sections for BIM prediction

(upper figure) and measured wind (lower figure)
are shown.
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Figure 16..-Winds at 1000 m, 400 m, and 200 m are
shown for Wangara, Aug. 22. The BLM
simulation is the solid line; measured
.winds are shown as crosses.
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Figure 18...Surface fluxes of net radiation and soil heat
calculated in the BLM simulation are compared
to measurements for Wangara, Aug. 15.
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Figure 19.-.BIM-simulated surface temperatures and
winds are compared with measured values
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Figure 20..<Results of running the one-dimensional model
with and without radiative heating due to

flux divergences.
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Without radiational heating, only during the unstable period of the day are
significant temperature changes noted at upper levels. Between 4 PM and

8 AM, temperatures remain virtually constant. As expected, radiative
cooling is a major mechanism for nocturnal cooling within the boundary layer.
Even the surface temperature is affected (figure 21). Without heating the
nocturnal cooling rate is incorrect, leading to an error of roughly 2°C in
the minimum temperature for this example.

Interesting experiments were performed by changing the soil characteris-
tics and the initial soil temperature profile for the model. In figure 22,
changes in the soil's thermal coefficients most notably affect the nocturnal
cooling rate. A 2°C change in the minimum temperature resulted when the
model was initialized at midnight. However, the next day's maximum temper-
ature varied by less than 1°C. Undoubtedly, initializing the model at other
times will change these values. However, the nocturnal cooling rate w111
remain the feature most sensitive to thermal coefficient changes.

Figure 23 shows the effects of very large errors in the initial soil
temperature profile. The central curve represents a profile in reasonable
balance with the atmosphere. The curves bracketing this one result when
+ 5° is added to the initial soil temperature profile. Again, the nocturnal
minimum temperature appears to be affected more than the daytime maximum.

As the day progresses, the exchange of energy between the atmosphere and soil
reduce the surface temperature difference from its initial value of 5° to
about 1 1/2°C after 24 hours.

Variations in surface moisture will drastically affect the surface tem-
perature. Depending on the soil moisture available for evaporation and the
atmospheric humidity, evaporation can use up from 0% to well over 50% of
the net radiation. In figure 24 the humidity factor (E actual/E potential)
is varied from 0, a completely dry surface, to 1, corresponding to a satu-
rated surface. Since temperatures are low in this case, the variation is
not as drastic as it could be for a warm, dry atmosphere.

IX. SUMMARY AND CONCLUSION

Simulations of several days of real data were carried out using the TDL
one-dimensional boundary layer model. Good agreement was obtained between
measured and model-predicted winds and temperature near the surface;
however, deterioration of predicted values became noticeable as the height was
1ncreased Part of this may be due to not including advective effects.

Both surface temperatures and surface energy fluxes agree well with mea-
surements. The soil heat flux calculation is based on an analytic solution
to the heat equation and does not require computation of sub-surface tem-
perature, as does the usual finite-difference treatment. Using this soil
heat calculation in the energy balance, changes in the soil's thermal coef-
ficients and the initial soil temperature profile were shown to affect the
surface temperature.
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Effect of Evaporation on 2 m TEMPERATURE ; WANGARA DAY 39

Figure 24 .--Surface temperature variation due to changes in
the surface moisture specification. H = 1 corresponds
to a wet surface; H = 0 is a completely dry surface.
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Long wave and solar radiation fluxes and the heating due to their flux
divergences are calculated throughout the boundary layer using simple form-
ulations. Heating due to long wave flux divergence was shown to be impor-
tant in reducing the mocturnal inversion, giving a more realistic diurmal
temperature oscillation at intermediate heights.

Efficient, accurate advection and diffusion schemes which allow a long
time step have been investigated. We are using a Crank-Nicolson finite-dif-
ference scheme for vertical diffusion. For horizontal advection, both the
spline and the chapeau function techniques show promise for use in the model;
both are efficient and allow a varying grid mesh length to be incorporated
easily.

Although the ideas of a constant flux layer and a prescribed diffusion
coefficient are inelegant, they are computational expedients. Not using a
surface flux layer requires the use of many more computational levels near
the surface. The use of shear-dependent diffusion coefficients is being
considered but this tends to strain the finite-difference scheme. The use
of turbulent energy closure appears far too time consuming for this model.
The planned three-dimensional model will operate on a large horizontal grid,
25 grid points on a side. In order to run the model daily, or perhaps twice
daily, in the National Weather Service's forecast framework, computer time
must be effectively used.
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