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ABSTRACT

This study compares several formulations parameterizing the surface moisture flux and boundary-layer processes
using the #—¢ hybrid-b model of the Mesoscale Analysis and Prediction System (MAPS) within both 1D and
3D frameworks.

A modified formula for computing the surface moisture flux is proposed based on the assumption that the
layer below the lowest model computational level can be represented by three “physical” layers, of which the
bottom one is the molecular layer. This three-layer aerodynamic (3LAD) scheme is compared with two-layer
aerodynamic (2LAD) as well as flux matching and Penman-Monteith potential evapotranspiration (PM ) schemes.
Both a 10-day forecast period (3D) and case simulations demonstrate that the 3LAD scheme gives the best
prediction in latent heat flux from the ground and mixing ratio in the atmosphere. The moisture flux produced
by the 2LAD scheme is too large, especially over warm and moist surfaces. The mean 12-h forecast rms errors
in relative humidity at the surface (10 m AGL) are 15.6%, 21.5%, and 26.0%, respectively, for the 3LAD, PM,
and 2LAD schemes in a 10-day parallel test period using MAPS.

For the boundary-layer parameterization, the Mellor-Yamada level 2.0 turbulence scheme (MY') and Blackadar
convective scheme are compared. Results show that the MY scheme gives more reasonable boundary-layer
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structure and smaller rms forecast errors.

1. Introduction

For many years, evidence has accumulated from
both climate and model forecast experiments showing
that atmospheric models are sensitive to both bound-
ary-layer physics and surface processes (e.g., Deardorff
1972; Charney et al. 1977). Many studies (e.g., Mi-
yakoda and Sirutis 1977; Mesinger and Lobocki 1991)
have examined the effects of different kinds of surface
processes and boundary-layer parameterization
schemes. However, the majority of these studies were
limited to shallow boundary-layer models or to 1D
models. Few tests have been made in fully 3D models
extending throughout the whole troposphere to include
the interactions between the boundary-layer processes
and free atmospheric physics. '

Mesoscale models, in which more localized at-
mospheric systems forced by boundary-layer and
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moist processes are involved, rely strongly on the
parameterization schemes by which the boundary-
layer and surface processes are treated. An accurate
moisture flux parameterization is crucial since sur-
face moisture flux exerts a strong influence on the
surface energy budget. So far, several types of surface
moisture flux and boundary-layer parameterization
schemes have been developed and widely applied ia
different types of models, including those of Manabe
et al. (1965), Blackadar (1976, 1979), Mellor and
Yamada (1974, 1982), Carlson and Boland (1978),
and Zhang and Anthes (1982). Studies have tested
different types of surface moisture flux schemes
(Nappo 1975; Pan 1990; Argentini et al. 1992) and
found that the aerodynamic formula overpredicts
moisture flux from the ground. Pan (1990) showed
that for a global forecast model an alternative ap-
proach based on potential evapotranspiration can
alleviate this problem.

In this paper, we evaluate the performance of var-
ious alternatives to the customary aerodynamic for-
mula for calculating the surface moisture flux in a
mesoscale model [ Mesoscale Analysis and Prediction
System (MAPS), Bleck and Benjamin 1993; Ben-
jamin et al. 1993]. Different parameterizations of
vertical turbulent mixing above the surface are also
tested.
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2. Surface moisture flux and boundary-layer
parameterization schemes

The surface of the earth and the atmosphere interact
through fluxes of heat, moisture, and momentum at
the interface. Spatial variations in these fluxes can pro-
. duce significant small-scale circulations in mesoscale
~ models so that an accurate moisture flux parameter-
_ization is important. Currently, most meso-a or re-
. gional models use the aerodynamic (bulk) formula for
_ the surface moisture flux calculation.

a. Different types of formulations for surface
exchange coefficient to include a molecular layer

The aerodynamic (AD) formula, in its simplest bulk
form, parameterizes the surface moisture flux based on
the moisture content difference between the ground
surface and air above and the surface exchange coef-
ficient C:

E-= MpvaVa(Qgs - Qa)a (1)

- where M is the soil moisture availability and g

. = ¢,(T,) is the saturation mixing ratio with respect to

- the ground surface temperature. The prediction of the

‘ground surface temperature T is described in section
4a. A detailed list of symbols is given in appendix A.
+  Within the first few millimeters from the ground the
vertical transport is accomplished by molecular diffu-
sion rather than by turbulence (Stull 1988; Raymond
ind Stull 1990). Therefore, (1) should not be applied
dl the way down to the ground. In other words, g, at
the top of the molecular layer should be used in (1)
nther than g, at the ground. Raymond and Stull
(1990, hereafter referred to as RS) proposed an alter-
mative method by matching molecular and turbulent
flaxes at the top of the molecular layer (assumed to be
1cm in depth):

E = Mp.CoVoC3(dgs — qa), (2)
where
U
1+ (Ci/Cy)
and '
C _ k*v,Z, (3)

G vf1n(Za/Zo) — Ym)I0(Za/ Zo) — ¥4)
Here, C, is computed by (7) and v, is the kinematic
molecular diffusivity.

Within the constant stress layer, the vertical turbu-
lent transport of moisture can be written as

9q,
E = paM(Vq+Kq)a_Zs (4)

where K| is the turbulent exchange coefficient.
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Integrating, assuming that the lowest model level is
still within the constant stress layer,

E (% 1
paM Jo v, + K,

Carlson and Boland (1978), Anthes et al. (1987), and
Zhang and Anthes (1982) added a sublayer (1 cm) to
the bottom of the surface layer to account for the mo-
lecular diffusion (hereafter referred as to the two-layer
aerodynamic or 2LAD scheme). They obtained an in-
tegral surface exchange coefficient for moisture

dgs — da = dz. (5

1 fZa 1 d -1 6

Cq__l};(o v, + K, Z) (6)
_ ku, kuZ, Z.\ T

= v, [ln( ” + Z/) ¢h} . (7)

In this paper, we introduce yet a third approach
(hereafter referred to as the three-layer aerodynamic
or 3LAD scheme), a generalization of the Carlson and
Boland formulation. We assume that the atmosphere
between the ground surface and the first (lowest) com-
putational level in the MAPS model (z = Z,) can be
represented by three layers instead of two, as in the
earlier works. The bottom layer is a thin layer (0 < z
< Z,; Z, ~ 1 mm) contiguous with the ground, in
which the molecular diffusion is so dominant that »,
> K, (see Fig. 1). The second layer is a transition layer
(Z, < z < Z)), where the magnitudes of molecular
diffusion and the turbulent mixing are comparable. In
this layer we assume that K, = ku, (z — Z,). The third
layer (Z; < z < Z,) is the layer dominated by turbulent
mixing, where K, = ku,(z — Z,)$,' > v,. Here, we
ignore the slight discontinuity in K, at z = Z, and as-
sume that ¢, = ¢y.

In this generalized aerodynamic formula, the inte-
gration in (5) is now over the three sublayers; that is,

1 qu J\Z, J*Z,, 1 d -1 8
Cq_z[(o i Zu+ z,)v,,+Kq Z] - ®

Substituting the above expressions for K into (8), in-
tegrating segmentally, ignoring a small term involving
Z, in the second integral, and following a procedire
similar to that of Carlson and Boland (1978), we have

ku,y [ku*Zﬂ tin kuyZ, + v,
Va Vq Vq

Z, -
C,= + In Z - 1,0;,] .

(9)

Comparing (9) and (7), one can see that the first term
in the brackets on the right-hand side of (9) results
from the introduction of the first layer (from 0 to Z,).
If Z, = 0, (9) and (7) become identical so that the
three-layer formula reduces to the two-layer formula.
The stability parameters ¢, and ¥, are expressed in



MARCH 1994

A

z2=2Z, (10 m)

Turbulent layer
Kp=ku (2= Z,) 97 > v,

2=2 (0.1 m)

Transition layer
v~ Ky =ku,(z-2,)

2=2, (~ 1 mm)

Molecular layer
(vq > K»)

z=0

F1G. 1. Schematic diagram for 3LAD scheme showing the three-
layer structure assumed for the 10-m-thick layer between the lowest
MAPS computational level and the ground.

terms of the Richardson number Ri (Anthes et al. 1987,
Zhang and Anthes 1982) as follows:

1) For the stable regime (Ri > Ri,),

Zy
Yn=¥m=—10In

Z (10)

2) For the mechanically driven turbulence regime
(0 <Ri <Ri,),
Ri Z,
i ) 1n Za

. . 1
1.1-5Ri) "7, (1)

ll/h = ‘l/m =-5 (

3) For the forced convection or quasi-neutral regime
(Ri<Oand |D/L| < 1.5),

i =¥m=0. (12)

4) For the free convective regime (Ri <0 and | D/
Li>1.5),

Y= —3.23F — 1.99¢% — 0.474¢3,
Um = —1.86¢ — 1.07¢% — 0.249¢3,
where { = Z,/L.

(13)
(14)
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The choice of Z, is quite arbitrary. An appropriate
value would seem to be related to some locally defined
Reynolds number, or to the proximity to the surface
to which turbulent transports are important. Accord-
ingly, we have chosen to make Z, inversely propor-
tional to u,, to wit,

Yq
Z, Ky
so that the first term in the denominator of (9) is a
constant. For our value of »,, a proportionality constant
of 20.8 gives Z, = S mm for a u, value of 0.25, within
the range discussed by Stull (1988) and Raymond and
Stull (1990). In section 5d we discuss sensitivity ex-
periments for various values of this constant. All other
runs use the value 20.8.

b. The Penman-Monteith potential evaporation
Jormula

Since the diurnal cycle results from solar radiation,
the latent heat flux is determined not only by the ver-
tical moisture gradient but also indirectly by radiation
(via vertical mixing), at least over land where the diur-
nal cycle is strong. The Penman-Monteith potential
evapotranspiration formula (hereafter referred to as the
PM scheme, Penman 1948; Monteith 1965 ) computes
surface moisture flux through a surface energy budget.
The PM formula avoids direct use of ground surface
temperature, on which the saturation mixing ratio is
exponentially dependent. Our application, following
Pan (1990) and Mahrt and Ek (1984), combines the
aerodynamic (AD) formula with the use of the surface
energy budget. Although Pan (1990) showed that the
PM scheme was superior to the AD scheme in a global
model, its performance in a mesoscale model has not
yet been demonstrated.

The PM scheme is based on balance between all
surface energy fluxes (radiative, sensible and latent
heat, ground). The potential latent heat flux from the
ground surface is determined as a residual using the
energy budget equation. The form of the scheme (Pan
1990) used in this paper is

_ (Rn — G)A + (1 + ’Y)Lan

L
vEp A+ (L+y)(1L+ClVar,)

(15)

where

L,E, = paLquVa[QS( Ta) - qa]

L, { dg;
A T eee— —
¢ (dT>T,,

(16)

4T3
i 2
pacquVa

R,=(1-8)S\ + L} — oT4. (17)
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The actual evaporation from the surface is obtained
by multiplying the potential evapotranspiration by M.

The most serious disadvantage of the usual PM for-
mula is the failure to include the influence of the at-
mospheric stability on moisture transport. Here, we
follow Mahrt and Ek ( 1984 ) in adopting the following
stability-dependent exchange coefficient. For Ri < 0,

15Ri
[+ C(—R)V?)’

k 2
€= {ln[(z+ Zo)/Zo]} [1 B
(18)

where

_ 75K} (Za/ Z0)""?
[In(Za/Zo))

and for Ri > 0,

- k 2 1
" {ln[(z + zo)/z(,]] (1 + 15Ri)(1 + 5Ri)72"
(19)

¢. Comments on the moisture availability M

The term moisture availability was first introduced
by Manabe et al. (1965) and defined as the ratio of the
actual soil moisture content to its potential capacity as
in (36). Since then, many researchers have used this
concept as a crude empirical means of taking account
of the effects of vegetation and land use in evaluation
of surface moisture flux, as in (1). However, quanti-
tative arguments justifying this common practice of
multiplying by M appear to be lacking; furthermore,
data allowing a determination of M through a formula
like (36) are generally available only from special field
projects (e.g., the O’Neill experiment, which is referred
to in section 4¢). The high temporal variability in rain-
fall and soil properties compounds these problems.

Therefore, the M values used in tests described in
the following sections should be taken as relatively im-
precise empirical constants except in the O’Neill case,
where the observed data are available to permit us to
compute M values. For the Wangara, Australia, case
(also described in section 4c), soils consist largely of
brown loam, 5-20 cm thick, overlying red-brown clay
subsoil. It rained on day 27, one week from day 33. It
was estimated that the soil was quite dry for nonrain
days (Clarke et al. 1971). We also estimated the M
value for the Wangara case by examining 1D predic-
tions with various combinations of M and procedures
for calculating surface fluxes. This suggested a value of
M ~ 0.25. For the Kansas case, where only crude land-
use information was available to estimate the M value,
we chose different values for tests (Table 2). In all 3D
experiments, M values (Table 1) are adopted from
Anthes et al. (1987).
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3. Parameterization of boundary-layer flux

In early atmospheric models, the boundary-layer
processes were parameterized using simple, first-order
closure or K theory with the vertical variation (if any)
of the exchange coefficient prescribed. With progress
in modeling techniques and computer power, more
sophisticated schemes and higher-order closure for-
mulations have been increasingly applied in atmo-
spheric models. Among these, the Blackadar convective
scheme and the Mellor-Yamada turbulence schemes
are among the most widely used in recent years.

In both the Blackadar and Mellor-Yamada 2.0
schemes, vertical turbulence transports are diagnosed

" purely from mean variables without predicting the tur-

bulence variables. Both have gained acceptance by
model developers. Therefore, it is worthwhile to com-
pare these, inasmuch as they are based on different
physical grounds and yet have comparable computa-
tional requirements.

a. The Blackadar scheme

In the Blackadar convective scheme (hereafter re-
ferred to as the BL scheme, Blackadar 1976, 1979),
when static instability exists near the surface, the tur-
bulent exchange is modeled as taking place not only
between two contiguous layers but throughout the
whole mixed layer (Stull 1991). The model equations
are briefly described as follows (see Zhang and Anthes
1982 for more details).

At model levels within the mixed layer, but above
the computational level closest to the surface, for 6,
and g,,

Ga; -

“—5;“: m(o, — a;). (20)
For u and v,

da;

== rw(a — ), (21)

D —1
m= H,,[p,,cp(l _ e)f (60 — ﬂvi)dz] , (22)
Za
and

2g 1/2
H,= pacpZa(Bva - 002)3/2(%)

X123 = Q2) 1, (23)

where the subscripts a, 2, and i represent the first, sec-
ond, and ith model level, respectively, and w is a
weighting function that decreases linearly from 1 at the
bottom to O at the top of the mixed layer.

Above the mixed layer, the eddy coefficient is com-
puted as follows:
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when Ri < Ri,, du 1 dpu'w’
’ . =l S (LR (27)
du\?>  [ov\*]/?Ri. — Ri
Kz = KzO + li[(a—u') + ('a_) ] __lt‘_m__l > (24) v 1 apvlwl
‘ ‘ ‘ — == flu—Up) (28)
. . ot p O
when Ri > Ri,,
3, _ _ 1 ool 29)
K, = K. ot p 0z
Here, K, stands for both Kj, and K,,,. dq, 1 dpgiyw' (30)
ot p 0z
b. The Mellor-Yamada scheme where at the levels above the first level
Because of the computational complexity involved (u, v)
in higher levels of the Mellor—-Yamada (MY ) scheme, (u, v)w' = =Ky, T3, (31)
only the level 2.0 scheme is investigated here. This
scheme assumes that the generation and dissipation of —— d3(8,, q,)
the turbulence kinetic energy (TKE) are in balance. (65, g,)'W' = =K, 9z (32)
The turbulence exchange coefficients are diagnosed
purely from mean variables (Mellor and Yamada At the first model level,
1982). Implementation of the MY level 2.0 scheme SN2 4 (TIN211/2 — 12
follows Janjic (1990). [(w!)™ + (W) = uy (33)
A crucial aspect of the parameterization is the def- pa(C,0s, g)W = (H, E). (34)

inition of the master length scale. Here, we follow Eq.
(50) of Mellor and Yamada (1982) and Janjic (1990)
in using the expression

kz
l= e (25)
where
[ 1z1adz
0
bo=a——. (26)

f qdz
0

Here, « is constant and assumed equal to 0.05. The
choice of the smaller « value is based on noting that
our vertical model resolution is lower than that in Mel-
lor and Yamada (1982); this precludes capturing the
detail of the vertical profile of TKE. The full set of the
MY level 2.0 equations used in MAPS is given in ap-
pendix B.

4. Model and data description
a. One-dimensional model

In practice, 1D models are usually the first step to
test a new scheme because they are much more eco-
nomical than 3D models and they allow more carefully
controlled experiments. This 1D model used here is
extracted from the 3D MAPS model by assuming hor-
izontal homogeneity. The vertical spacing is the same
as that described in section 4b. The governing equations
are as follows:

All the overbars for the mean variables u, v, 6, g, and
p are omitted. The force-restore method is used to pre-
dict the temperature at the ground surface:

o7,

—=R,—G—-—H-L,E.

Gy (35)

A simple cloud-interactive radiation scheme (Benjamin
and Carlson 1986) is used to calculate R,,.

b. Three-dimensional model

The MAPS model is the forecast component of a
four-dimensional data assimilation system that ingests
observations from rawinsondes, wind profilers, com-
mercial aircraft, and surface stations, and produces
high-frequency (3-h) analyses and short-range forecasts
for aviation and other mesoscale forecast users.

The recently implemented hybrid-b version of
MAPS is used in this study ( Bleck and Benjamin 1993;
Benjamin et al. 1993). This new coordinate provides
much higher vertical resolution at lower levels than the
previous hybrid-a coordinate, and the transition be-
tween the § and o domains is continuous. The vertical
model resolution in the ¢ domain is 2, 5, 8, 10, 15,
and 20 hPa with additional 20-hPa layers until the is-
entropic domain is reached. In the # domain, the is-
entropic resolution varies from 4 K at lower levels to
30 K at the top. Horizontal resolution is 60 km with
a domain covering the contiguous United States and
neighboring areas. The time step is 90 s. The model
physics includes Grell’s modified Arakawa-Schubert
cumulus parameterization scheme (Grell 1993), a
simple cloud-interactive radiation scheme (Benjamin
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a real sounding at a station, we chose analyzed con-

and Carlson 1986), Mellor-Yamada level 2.0 turbu-

ditions at a model grid point. The central grid point
of the MAPS domain (39.6°N, 98.6°W, 550 m above

lence closure scheme, and explicit cloud physics (not
activated for this study). The surface land-use char-
acteristics used in this study are categorized into 13
types (see Fig. 2). The surface parameters of each cat-

egory are listed in Table 1 (Anthes et al. 1987).

sea level), located in northern Kansas, was selected

(hereafter referred to as the “Kansas case). Initial

.

conditions for the 1D integration were at 0600 UTC
24 August 1991. The 0600 UTC starting time, corre-

sponding to 0000 LST

temperature, and mois-

pd

1s chosen to include the com-

5

plete diurnal cycle. The wind

¢. One-dimensional data

isentropic above) since the original data

4

ture profiles at this grid point were directly fed into the

1D model without further vertical interpolation. The
coordinate (30-hPa resolution through approximate

1D experiments for this case were run in the hybrid-a
150 hPa AGL

were not available for the hybrid-b coordinate.

Australia, day 33 (Clarke et al.

Table 2 summarizes all datasets for this study. For 1D

simulations, three cases are selected representing different

meteorological conditions. The first one, a dry winter

case, is the Wangara,

1971), which has been used extensively to test planetary
boundary layer (PBL) models. To conform with other

Weather conditions for the Kansas case were rather
typical for late summer. Moderately humid near-sur-

studies on this dataset, the integration started at 0900

LST and continued until 1800 LST (see Table 2).

face air was surmounted by a strong cap of elevated

moist summer case, is within

il

The second case, a hot
the domain of the MAPS assimilation system. To be

mixed-layer air that had been heated over the western

representative of initial conditions for the 3D MAPS United States. A moderate southerly low-level jet at

less than 10 m s ! existed. Between 700 and 400 hPa,

instead of initializing the model with

t]
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TABLE 1. Various surface parameters for different land-use types
(for summer) in the MAPS model domain.

B M € Zy
Category (%) (%) (%) (cm)

Urban land 18 S 88 50
Agriculture 17 30 92 15
Range grassland 19 15 92 12
Deciduous forest 16 30 93 50
Coniferous forest 12 30 95 50
Mixed forest and

wetland 14 35 95 40
Water 8 100 98 0.0001
Marsh or wetland 14 50 95 20
Desert 25 2 85 10
Tundra 15 50 92 10
Permanent ice 55 95 95 5
Tropical or subtropical

forest 12 50 95 50
Savannah 20 I 92 15

light easterly or northeasterly winds were less than 5
m s~!. Above that, winds were northerly at 10-15
m s~!. The sounding shows that the analysis contained
a temperature inversion between the lowest two anal-
ysis levels, with a suggestion of a “residual layer” of
lower static stability above, left over from the previous
day’s mixed layer. Overall, low-level temperature and
moisture advection was weak.

One can see later that the results obtained from the
Wangara and Kansas cases are somewhat dependent
on M. Since no specific information was available for
deducing M for the above two cases, we choose the
O’Neill experiment as the third case.

The O’Neill field experiment was part of the Great
Plains Turbulence Field Program. The experiment site
was fairly flat rangeland and located about 5 miles east-
northeast of the town of O’Neill, Nebraska. The O’Neill
exploration was a very comprehensive field experiment
that produced many soil moisture and temperature
measurements. The dataset from the O’Neill experi-
ment (Lettau and Davidson 1957) contained several
general observation periods; each lasted about 24 h.
We chose the third one extending from 1835 LST 18
August to 1835 LST 19 August 1953; this period ap-
peared to be dominated by diurnal changes.

TABLE 2. Description of the data for this study.

Dimension Description Duration M
1D Wangara day 33 0900-1800 LST 0.25
Kansas 24 August 1991  0000-2400 LST 0.05-0.5
O’Neill third period 1835-1835 LST  Diagnostic
3D 8 March 1992 1200-0000 UTC  Climatological
12 August 1992 1200-0000 UTC  Climatological
13-28 May 1993 1200-0000 UTC  Climatological
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TABLE 3. Description of main experiments.
Moisture PBL
Experiment Description flux scheme  scheme
1.1 Flux matching (1D) RS MY
1.2 Two layer (1D) 2LAD MY
1.3 Three layer (1D) 3LAD MY
1.3A Blackadar (1D) 3LAD BL
1.4 Penman-Monteith (1D) PM MY
1.5 Sensitivity to Z, (1D) 3LAD MY
3.2 Two layer (3D) 2LAD MY
3.3 Three layer (3D) 3LAD MY
3.3A Blackadar (3D) 3LAD BL
34 Penman-Monteith (3D) PM MY

For the O’Neill case only, we diagnosed the temporal
variation of M from observed soil moisture content;
namely,

Wg
" 36
Wmax ( )
where W, is volumetric moisture content of soil pre-
dicted using Deardorff’s force-restore formula (Dear-
dorff 1978).

M=

d. Three-dimensional data

One purpose of the 3D simulations is to test the
performance of schemes in horizontally variable con-
ditions. For 3D simulations, most of the tests were run
in real time for the 16-day period of 13-28 May 1993,
This period is divided into two segments: 13-22 May
for testing different surface moisture flux schemes, and
23-28 May for testing the PBL parameterization
schemes. (The PBL experiment was stopped after 6
days because the trend was consistently clear.)

The synoptic situation over the United States was
typical for the season. Medium and short waves con-
sistently passed through this area producing much
convective rainfall, especially in the central and south-
ern United States.

To represent conditions in other seasons, we also
conducted tests for winter and summer cases: 1200
UTC 8 March 1992 and 1200 UTC 12 August 1992,
The first case included the beginning of the 8-9 March
1992 blizzard, one of heaviest snowfalls in the past
several years in Boulder, Colorado. A maximum of
about 75 cm of snowfall was observed. The second one
was a typical summer day over all of the United States.
Both of these experiments were run in the hybrid-a
coordinate since the original data were not available
in the hybrid-b coordinate.

e. Experiment design

The experiments are listed in Table 3. Each of the
1D experiments consists of individual runs on the
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Wangara, Kansas, and O’Neill case days. Experiments
1.1, 1.2, 1.3, and 1.4 are designed to test different sur-
face moisture flux schemes in 1D. Four moisture flux
schemes are tested: RS, 2LAD, 3LAD, and PM. The
MY scheme is used as the PBL scheme while testing
the moisture flux schemes for both 1D and 3D exper-
iments. Experiment 1.3A is intended to test the Black-
adar (BL) scheme by comparing it with experiment
1.3. In experiment 1.3A, the 3LAD scheme is used to
compute surface moisture flux for the Wangara and
O’Neill cases, and PM for the Kansas case. ( This latter
ran was performed in the hybrid-a coordinate.) Ex-
periment 1.5 is used to test the sensitivity of results to
molecular layer thickness Z,. The value of the dimen-
sionless constant ku,Z, /v, is set to 20.8 for other ex-
periments. Experiments 3.2, 3.3, 3.3A, and 3.4 are the
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3D counterparts of 1D experiments 1.2, 1.3, 1.3A, and
1.4. Because of computational limitations on the num-
ber of real-time parallel tests, no 3D experiments were
performed using the RS scheme.

One-dimensional experiments are integrated for 24 h
for the Kansas and O’Neill cases and 9 h for the Wan-
gara case. The integrations are started at different hours
of the day depending on data availability and com-
parability with other studies. Due to computing con-
straints and the limitation that MAPS is configured to
make only short-range forecasts, all 3D experiments
are integrated for 12 h starting at 1200 UTC, covering
the daytime heating period. To isolate the effects of
surface moisture flux, the sensible heat and momentum
fluxes are all computed as described in Anthes et al.
(1987).
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FIG. 3. Diurnal cycle of different components of the surface energy balance equation: (a) 2LAD with M = 0.1,
(b) 2LAD with M = 0.3, (c¢) PM with M = 0.1, and (d) PM with M = 0.3.
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FIG. 4. Diurnal variation of ground surface potential temperature ( °C) predicted by (a) 2LAD and (b) PM schemes for Kansas case.

5. One-dimensional simulation results

a. Surface comparison among different moisture
Sflux schemes

Figure 3 shows the flux components computed for
the Kansas case by the 2LAD and PM schemes. Be-
cause no clouds form in this 1D simulation, the net
radiation is basically the same for the four integrations
with a maximum of about 700 W m™2 at local noon.
The heat fluxes into the ground also do not differ sig-
nificantly between the two schemes (not shown). The
greatest difference between the two methods is in the
sensible and latent heat fluxes. For the 2LAD method,
when M = 0.1 (Fig. 3a), the sensible heat flux is a little
larger in the morning and somewhat smaller in the
afternoon than the latent heat flux. When M = 0.3
(Fig. 3b), the latent heat flux is several times larger
than the sensible heat flux. For the PM method, with
M = 0.1 (Fig. 3¢), sensible heat flux is about five times
larger than the latent heat flux, whereas with M = 0.3
(Fig. 3d), the relationship between sensible and latent
heat fluxes is similar to that when M = 0.1 with the
2LAD procedure.

We further varied M values from 0.05 to 0.4 to see
the response in Bowen ratio B, the ratio of the sensible
to latent heat fluxes ignoring their signs, to the M
change. For this range of M, B varies between 2.2 and
0.1 for the 2LAD and between 10.0 and 0.4 for PM
schemes, respectively. All B values in the 2LAD scheme
are below 1.0 when M = 0.1. Roughly, B predicted by
the PM scheme is four times larger than that computed
by the 2LAD scheme.

Figure 4 shows the diurnal cycle of the ground sur-
face potential temperature simulated by the 2LAD and

PM schemes for different M values. For both methods,
the surface temperature decreases with increasing M
because a larger fraction of heat energy escapes from
the ground as latent heat flux. For small A7 (0.05-0.2),
comparison between Figs. 5a and 5b shows the greater
sensitivity of afternoon ground temperature to the
choice of M when the 2LAD scheme is used. For ex-
ample, the amount of temperature increase that results
from the change in M from 0.1 to 0.05 is close to the
amount that results from the change in M from 0.7 to
0.4. On the other hand, the PM scheme exhibits an
approximately linear relationship between M and
ground temperature.

The general character of the diurnal variation of
ground temperature is similar between the two
schemes. It can also be seen from Fig. 3 that the balance
or residual among different components in the surface
energy budget equation is comparable, although huge
differences exist in the sensible and latent heat fluxes
themselves. Since the net radiation is essentially the
same and heat flux into the ground does not differ sub-
stantially, the main difference between these two
methods is the partitioning between the sensible and
latent heat fluxes for a given M. This difference affects
not only the ground temperature but also the ther-
modynamic characteristics of the mixed layer (Segal
et al. 1992).

Figure 5 shows sensible and latent heat fluxes pre-
dicted by the RS, 2LAD, 3LAD, and PM schemes for
the Wangara case. The 2LAD gives the smallest peak
sensible heat flux of about 220 W m~2 (Fig. 5a) and
the 3LAD gives the largest, 255 W m~2. The peak sen-
sible heat fluxes given by the PM and RS schemes are
about 235 W m™2. The latent heat flux simulated by
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FIG. 5. Temporal variation of surface heat fluxes predicted using different surface moisture flux schemes
for Wangara day 33. Hour O is at 0900 LST: (a) sensible heat flux and (b) latent heat flux.

the 3LAD scheme is considerably smaller than the
other three schemes (Fig. 5b). The 2LAD scheme gives
largest latent heat flux, and the RS and PM are the
second and third, respectively.

No directly observed sensible and latent heat fluxes
are available for the Wangara case. However, they can
be estimated from other observations. The sensible heat
flux can be deduced from temperature gradients at 1
and 2 m (Yamada and Mellor 1975). The net radiation
and heat flux into the ground were observed in the
Wangara dataset (Clarke et al. 1971). The latent heat
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flux then can be computed from energy budget equa-
tion.

The sensible heat fluxes predicted by the four
schemes are generally larger than the deduced values,
of which the maximum is about 210 W m™2. The
3LAD scheme gives the largest sensible heat flux due
to its smallest latent heat flux. The latent heat flux de-
duced is quite small, about 20-30 W m~2 around noon.
This is reasonable, since the surface condition was quite
dry. Thus, the latent heat flux simulated by the 3LAD
is much closer to the values deduced than the other

Flux (W m~2) (b)

. m T T T T T T T T T T T T T T T T T T

a8e.

20.

tee. |\

D SN T N S 1

| T S R S -

e. 2 4. 6. 8. (0. (2. 14. 6. 18, 20. 22. 24,

Forecast Time (h)

FIG. 6. As Fig. 5, for the O’Neill case. Hour 0 is at 1835 LST.
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three schemes. The 2LAD scheme gives a latent heat
flux value that is two to three times larger than the
deduced value. The PM and RS scheme computed val-
ues are too large, also.
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Figure 6 shows sensible and latent heat flux for the
O’Neill case. The figure also shows fluxes listed in Let-
tau and Davidson (1957) that are directly deduced
from the observations.! Overall, the sensible heat flux
is well simulated, especially in the early morning and
late afternoon. Again, the 3LAD scheme gives the larg-
est sensible heat flux and the 2LLAD scheme gives the
smallest. The 2LAD scheme yields values of sensible
heat flux that are too small, about 100 W m~2 lower
than the observed value in the late afternoon. The PM
scheme’s flux is closest to the observed value and
somewhat better than the 3LAD and RS schemes. Fig-
ure 6b shows the latent heat flux. Almost all the
schemes overpredict the latent heat fluxes. The 2LAD
value is about double the observed value. The 3LAD
scheme gives the most accurate flux value. If we ex-
amine total latent heat flux over the whole period of
the integration, the 3LLAD’s total latent heat flux is close
to the observed one.

Figure 7 shows computed ground surface tempera-
ture for the O’Neill runs of experiments [.1-1.4 of Ta-

! Lettau and Davidson ( 1957) list three sets of flux values deduced
using three different theoretical models. We choose the values given
by Lettau’s model since they behave more smoothly.
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F1G. 8. Temporal variation of the mixing ratio profiles for Wangara day 33: (a) observed (hour labels in local time) and (b) forecast
profiles predicted using the MY scheme for PBL parameterization and 3LAD for surface moisture flux scheme,
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ble 3. The 2LAD scheme predicts a lower temperature
than the other three schemes. This is due to the larger
latent heat flux (Figs. 6a,b) into the atmosphere, which
makes the total heat flux into the atmosphere slightly
larger in 2LAD than with the other three schemes.
During the afternoon, it gives a temperature about
2 K lower than do the other three schemes. Compared
to the observed soil temperature at the 4.5-cm depth,
which roughly corresponds to the average temperature
in the top 10-cm of soil, temperature is much better
simulated during the daytime than during the night.
The warm bias is about 2 K in the day, while the cold
bias during night is around 4 K, possibly resulting from
the use of too low a reservoir temperature. The pre-
dicted temperature also has about an hour phase ad-
vance over the measured.

In summary, for warm season cases (Kansas and
O’Neill), the 2LAD scheme gives latent heat flux that
is too large and sensible heat flux that is too small. The
3LAD produces more reasonable values of both sen-
sible and latent heat flux. For the cold season case
(Wangara), the 3LAD scheme may slightly overpredict
the sensible heat flux, but for the latent heat flux, it is
more accurate than the other schemes.

b. Profile comparison among different moisture
Slux schemes

In this section, the performance of different for-
mulations for surface moisture flux in conjunction with
the MY 2.0 parameterization of vertical mixing will
be compared and examined against observed profiles
for the three cases. We first compare the predicted and
observed moisture profile variation in time to see how
the performance of the model is in general. Figure 8a
shows the observed time variation of mixing ratio pro-
files for the Wangara case. At 0900 LST, when the
integration starts, the surface mixing ratio is about 4.0
g kg™!. It decreases upward gradually to 3.0 g kg ™' at
600 m. Above 700 m, it decreases more rapidly with
height to 0.7 gkg™! at 1700 m. As the mixed layer
deepens, the predicted mixing ratio becomes nearly
uniform within it, resulting in slight drying near the
surface but considerable moistening above 700 m.
Overall, the predicted vertical and temporal distribu-
tions using the 3LAD and MY schemes (Fig. 8b) are
very similar to the observed ones (Fig. 8a).

Figure 9 shows the predicted and observed mixing
ratio profiles for the three cases. All the schemes capture
the well-developed daytime mixed layer, especially in
the Wangara case. However, mixing ratio is consistently
overpredicted. The difference among various schemes
is mainly in the magnitudes of mixing ratio in the well-
mixed layer.

Figures 9 and 10 depict the predicted and observed
mixing ratio and virtual potential temperature profiles
for the three cases. All the schemes capture the devel-
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opment of a mixed layer, particularly in the Wangara
case where it was particularly well developed and well
documented. For this case, mixing ratios are consis-
tently overpredicted and temperature is underpre-
dicted. Again, the best predictions result from the
3LAD procedure, with the 2LAD performing most
poorly, although the depth of the mixed layer is pre-
dicted well by all the schemes.

For the two summer cases, both temperature and
mixing ratio are consistently overpredicted. Consistent
with error patterns we have noted earlier, however, the
overprediction of mixing ratio is most severe with
21.AD, and least with 3LAD, with the converse being
true for predictions of virtual potential temperature.
We speculate that synoptic processes are responsible
for the overpredictions in the O’Neill case.

¢. Comparison of the Blackadar and Mellor-
Yamada schemes

In this section we present the comparisons between
the BL and the MY parameterizations of vertical tur-
bulent mixing. Figures 11 and 12 depict this compar-
ison. The MY scheme systematically produces a more
thoroughly well mixed layer, particularly in mixing ra-
tio, than does the BL scheme. The BL parameterization
tends to excessively dilute the top portion of the mixed
layer with dry air (e.g., Fig. 11a) but tends to keep the
lower and middie portions of the mixed layer too moist
(Figs. 11a—c). The MY procedure, on the other hand,
more often than not produces a mixed layer with a
more uniform mixing ratio distribution than observed
(see also Figs. 8b and 9). Virtual potential temperature
profiles (Fig. 12), including the ifmplied mixed-layer
depth, are more similar between the two schemes. This
is probably because the (virtual potential ) temperature
gradient near PBL top is much smaller than that of the
mixing ratio.

One may note, by comparing Figs. 11a and 12a, that
the BL scheme gives a lower temperature of 2 K but
larger mixing ratio of 0.8 g kg ™! than the MY scheme
for the Wangara case. This occurs in spite of slightly
larger sensible heat flux when the BL scheme is used.
The explanation lies in a larger downward turbulent
heat flux at the top of the mixed layer produced by the
MY scheme. This downward mixing is also responsible
for the overall drier mixed layer. The same situation
is true for the O’Neill case and, to a much smaller
extent, for the Kansas case where the stability above
the top of the PBL is much weaker.

We also examined the temporal variations of mean
turbulent coefficient K, averaged over the whole
boundary layer for the Kansas case. For the BL scheme,
we approximate K, under the free convective regime-
by the formula mAz2. The BL scheme produces dis-
continuities in the temporal variation in implied Kj,;
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the maximum value of implied K}, is about 10 m? s~!.

The MY scheme gives a smoother variation in K,
though its value is about 10 times larger than that with
the BL scheme, consistent with its characteristically
more uniform mixing ratio in the mixed layer. It is
found that the discontinuity in the BL scheme results
from the transitions among different stability regimes,
especially the transition from forced to free convection,
or vice versa,

For comparison, we also test a different value of «
in (26). When « = 0.1 (not 0.05), as suggested by
Mellor and Yamada (1982), the magnitude of K, in-
creases about by four times because K, is proportional
to /2 except near the surface.

d. Sensitivity to molecular layer thickness Z,

Figure 13 shows the influence of Z, on mixing ratio
profiles for the Wangara case. These results are pre-
sented in terms of values of the constant ku,Z,/v,.
(For reference, these values correspond to Z, of 1.5, 3,
5, and 10 mm, respectively, for u, = 0.5 m s™'.) Mixing
ratio differences between these runs are in the sense
expected from inspection of (9); a deeper molecular
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layer concentrates more of the vertical gradient in mix-
ing ratio very close to the surface, thus reducing the
value of the exchange coefficient and the surface mois-
ture flux.

We also compared the sensitivity of moisture profiles
to Z, between the RS and 3LAD schemes. For the
same range of the Z, value, the mixing ratio changes
by about 20%-60% more in the RS than with the 3LAD
scheme through most of the mixed layer (not shown).
Thus, the sensitivity to Z, is weaker in the 3LAD than
in the RS scheme. In fact, this can be seen from (3)
and (9). In (3), C; and, in turn, the moisture flux, are
almost inversely proportional to Z, since the value of
C,/C, is larger than 1. On the other hand, in (9) the
Z, term is comparable to the other terms. Thus, the
sensitivity to Z, is weaker in the 3LAD than in the RS
scheme.

6. Three-dimensiconal simulation results

a. Comparison among different moisture flux
schemes

In this section, we will examine results from 3D ex-
periments testing the surface moisture flux schemes.
Figures and tables presented in this section are for re-
sults averaged over a 10-day period of parallel runs
with the MAPS model using different schemes. Figure
14 shows the mean 12-h forecast errors (forecast minus
analyzed) over the 10-day period in relative humidity
RH at the surface (10 m AGL) produced using the
2L.AD, PM, and 3L AD schemes. Since the verifying
analyses use a background from a forecast using the
3LAD scheme and since there are observations that
correct that forecast generally only over land, we will
ignore differences over oceanic areas.

All three formulas give mostly positive errors (too
moist forecasts). However, the error distributions and
magnitudes are quite different. For the 2LAD scheme
(Fig. 14a), the largest errors over land are over the
southwestern United States, especially in high-terrain
regions, over the southeastern United States, and over
the Great Lakes region. Mean errors in these regions
are over 32% and reach near 40%. The errors in high-
elevation regions for the 2LAD scheme are likely re-
lated to high surface temperatures and perhaps also to
improper specification of M for this particular time
period. These errors are reduced somewhat using the
PM scheme (Fig. 14b) and further still with the 3LAD
scheme (Fig. 14c¢). The maximum errors using the
3LAD scheme are reduced in these same regions to
20%-25%. The minimum mean error over land with
all three schemes is over the Great Plains (from Okla-
homa to Nebraska). This area with a slight negative
error (too dry forecast) using both the PM and 3LAD
schemes received above-normal precipitation during
this period, implying that the climatological specifi-
cation of A was probably too low. Overall, the 3LAD
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scheme mean errors are lower than for either of the
other schemes.

The relative humidity errors at the fifth model level
(25 hPa AGL, no figures shown) are positive over most
of the domain but the magnitudes are much smaller
than those at the surface. At the same time, the negative
errors are slightly increased in magnitude compared to
those at the surface. The errors at this level are more
uniformly distributed over the whole domain. Among
the three schemes, the 3LAD scheme again best predicts
relative humidity, and the 2LAD scheme produces the
largest errors.

Table 4a lists the 12-h forecast rms errors over the
whole domain in relative humidity and temperature
using the 2LAD, PM, and 3LLAD schemes at the surface
and the fifth level. These are dominated by differences
over land where results are considered to be meaning-
ful, but there is a smaller influence from results over
oceanic areas that are not considered to be reliable. At
the surface level, the 3LAD gives smallest rms error at
15.6%, the PM scheme gives the second smallest at

4 2
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FiG. 14. The 10-day average 12-h forecast error (forecast
minus analysis) in relative humidity at 10 m AGL, predicted
by the MAPS model using (a) 2LAD, and (b) PM, and (c)
3LAD schemes for surface moisture fluxes.

21.5%, and the 2LAD scheme gives the third smallest
at 26.0%. At the fifth level (Table 4a), the 3LAD, PM,
and 2LAD rms errors are 15.2%, 17.5%, and 20.8%,
respectively. .

For the 9 March 1992 blizzard (winter) and 1200
UTC 12 August 1992 (summer) cases (no figures or
tables shown) the 3LAD gives better moisture fore-
casts than the 2LAD and is comparable or slightly
better than the PM scheme. The improvement is
more evident near the ground than at the higher lev-
els and more in summer than in winter, which should
be the case since surface moisture fluxes are large in
summer. Thus, the results from the individual sum-
mer and winter cases are consistent with the 10-day
average in May.

Relative humidity depends not only on mixing ratio
but also on temperature. In contrast to the relative
humidity errors, the rms temperature errors show little
variation among the different moisture flux schemes.
The PM scheme is very slightly better than the other
two schemes. Thus, differences in relative humidity
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TABLE 4. (a) Ten-day-averaged rms errors (defined as difference
between forecast and verifying analysis) in relative humidity and
temperature by the three-layer (3LAD) and two-layer aerodynamic
(2LAD) formula and Penman-Monteith (PM) schemes at two model
levels. (b) Six-day averaged rms errors in relative humidity and
temperature by the Blackadar (BL) and Mellor-Yamada (MY)
schemes.

Variable Level 3LAD PM 2LAD
(@)
Relative humidity (%) 1 15.6 21.5 26.0
5 15.2 17.5 20.8
Temperature (K) 1 4.2 4.1 4.4
5 4.0 3.8 4.0
BL MY
)]
Relative humidity (%) 1 40.7 25.7
3 359 239
5 23.0 19.2
Temperature (K) 1 7.1 4.4
3 5.3 4.0
5 4.2 3.6

errors among different schemes are mostly a result of
differences in mixing ratio rather than temperature.

Regarding the use of MAPS analyzed moisture and
temperature fields for verification, the fit of these fields
to surface observations (rms difference of less than 10%
for RH and approximately 1 K for temperature) is
somewhat less than the rms forecast errors. Finally, it
should also be mentioned that the 2LAD, 3LAD, and
PM schemes use different formulations for the stability
dependence of the surface exchange coefficients. The
effects of this difference were examined using the 1D
model and found to be insignificant.

b. Comparison of the Blackadar and Mellor-
Yamada schemes

In this section, we compare 3D simulation results
between the MY and BL for the 6-day period from 23
to 28 May 1993. For the MY scheme, mean error fields
at the fifth model level (not shown) indicate a cold
bias over most areas. The largest errors are over the
Rocky Mountain areas and southwest areas of the do-
main. Over lower-terrain areas in the central and east-
ern United States, errors are quite small. The mean
errors from the BL scheme are quite similar to those
from the MY scheme over the western United States
but the cold bias is somewhat larger over the eastern
United States. On the other hand, the BL scheme has
a significant warm bias in surface temperature forecasts,
whereas the MY scheme shows a slight cold bias for
the same field (figure not shown). For moisture pre-
diction, both schemes produce positive mean errors
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in relative humidity but those of the BL scheme are
larger, especially in the mountainous western United
States.

Root-mean-square relative humidity and tempera-
ture errors for the BL and MY 3D experiments over
the 6-day test are shown in Table 4b. These rms errors
are considerably reduced using the MY scheme com-
pared to results from the BL scheme for both relative
humidity and temperature. The improvement from the
MY scheme is more pronounced at the surface than
at levels 3 and 5.

7. Conclusions and discussion

This study compares several formulations parame-
terizing the surface latent heat flux and boundary-layer
processes with 1D and 3D models. The 3D model used
is the isentropic-sigma hybrid model that is part of
MAPS developed at the National Oceanic and At-
mospheric Administration/Environmental Research
Laboratory /Forecast Systems Laboratory, and the 1D
model is extracted from the 3D model. Several case
studies and quasi real-time forecasts were made.

A modified formula for computing the surface
moisture flux is proposed based on the assumption that
the layer below the lowest model computational level
can be represented by three “physical” layers, of which
the bottom one is the molecular layer. This 3LAD
scheme is compared with 2LAD as well as RS and PM
schemes. Both an ensemble of ten 12-h forecasts (3D)
and case simulations ( 1D ) demonstrate that the 3LAD
scheme produces the best prediction of latent heat flux
from the ground, the mixing ratio in the atmosphere,
and (for the 3D ensemble test) smaller rms differences
between forecasts and verifying analyses. The 2LAD
scheme produces a surface moisture flux that is too
large and a boundary layer that is too moist, especially
over warm and moist surfaces. The performance of the
PM scheme was between that of the 2LAD and 3LAD
schemes. The 12-h 3D forecast rms differences in rel-
ative humidity using the 3LAD, PM, and 2LAD
schemes near the surface (10 m AGL) were 15.6%,
21.5%, and 26.0%, respectively. The rms errors in tem-
perature among the 3LAD, 2LAD, and PM schemes
were very similar at about 4 K. The performance of
the RS scheme in 1D tests was close to that of the PM
scheme.

The aerodynamic formula often overestimates the
moisture flux from the ground in mesoscale models
(Nappo 1975; Zhang and Anthes 1982) and in global-
scale models (Pan 1990). This result is also shown in
our 2LAD results. However, we find that the procedure
for incorporating the aerodynamic formula is impor-
tant, too. The one-layer formula, where the contribu-
tion from molecular diffusion is totally ignored, should
give very large errors, although we did not test it in this
paper. The 2LAD scheme considers partially the effects
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of molecular diffusion but it still substantially over-
predicts the moisture from the ground. However, with
the 3LAD concept, the aerodynamic formula no longer
overpredicts the moisture flux compared to the PM
scheme.

It should be noted that the performance of the 3LAD
scheme is dependent on the choice for the molecular
layer thickness Z,. In this paper, the thickness of the

molecular layer Z, is assumed to be inversely propor-

tional to the turbulent momentum flux at the lowest
model Ievel (10 m) under the premise that the more
turbulent the atmosphere near the ground, the thinner
will be the layer dominated by molecular diffusion.
However, determination of the appropriate thickness
for the molecular layer warrants further investigation.

In our study, the 3D experiments show that the PM
scheme predicts much less moisture flux than the
2L AD scheme, avoiding the 2ILAD’s. systematic
overprediction of surface moisture flux. This result is
in agreement with that obtained from the global-scale
model (Pan 1990).

We also compared the parameterizations of vertical
turbulent transport by Blackadar and Mellor-Yamada
(level 2.0). The 1D tests show that under conditions
of strong surface heating, the MY scheme produces
more downward heat flux through the top of the mixed
layer than the BL scheme when the static stability in
the free atmosphere above the mixed layer is appre-
ciable, resulting in a warmer mixed layer. This differ-
ence between the two schemes is much less when the
free atmosphere has low static stability. The 3D com-
parisons demonstrate that, for the cases run, the MY
scheme produces smaller forecast errors than the BL
scheme.

The temporal variation of the turbulent exchange
coeflicient implied by the BL scheme is greater than
that computed by the MY scheme. Discontinuities in
implied turbulence were associated with transitions
between different stability regimes, especially those
from the forced turbulence to the free convection re-
gime in the morning, or vice versa in the late afternoon.

Previous studies (e.g., Mesinger and Lobocki 1991)
have shown that the more complicated MY 2.5 and
3.0 schemes are very effective. Our study demonstrates
that even the level 2.0 scheme is also very effective and
superior to the BL scheme for the cases run. The level
2.5 or higher schemes require prediction of turbulence
variables—a time-consuming process. All levels of the
MY scheme require the computation of a master length
I, which involves an empirical constant « that is taken
as 0.1 in most applications. In our application, the tur-

-bulent exchange coeflicient K, is almost proportional
to «®. Mellor and Yamada (1974) tested o = 0.05,
and the result seemed to be not as good as for o = 0.1.
In our case, however, o = 0.05 gave a more realistic
turbulent exchange coefficient value than o = 0.1, al-
though Kj, still sometimes exceeds 100 m? s™!, which
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is considered a large value. The reason a = 0.05 pro-
duces more realistic results may relate to the coarse
vertical resolution in our model tests so that the max-
imum in the kinetic energy profile may not be as well
captured as in their models. We have seen that even «
= (.05 produces strong vertical mixing under convec-
tive conditions. Thus, when running forecast models
with low vertical resolution, the empirical constant «
used for calculating /, may need to be smaller than that
used in high-resolution boundary-layer models.

Finally, it should be mentioned that, in reality, the
moisture flux from the ground is a combination of bare-
soil direct evaporation and plant canopy evaporation
and transpiration. It depends on soil type, vegetation,
and many other factors. Since this study is oriented
toward an operational forecast model, we have used a
relatively simple parameterization. A multilayer soil
model with reasonably sophisticated vegetation treat-
ment will be tested with the next generation of the
MAPS model.
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APPENDIX A
List of Main Symbols

thermal capacity of a slab per unit ground
area

specific heat capacity of air at constant
pressure

surface exchange coefficient (dimension-
less)

boundary-layer depth

entrainment coefficient (0.2)

air moisture deficit

potential and actual evapotranspiration

Coriolis parameter

gravitational acceleration

heat flux into the ground

sensible heat flux from ground

sensible heat flux at the top of the surface
layer for the Blackadar scheme

von Kirman constant (0.4)

turbulent exchange coefficients for mo-
mentum and heat
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turbulent mixing coeflicient

background exchange coefficient (= 1.0
m?s7h)

master length in the Mellor-Yamada
scheme

Monin—-Obukhov length

longwave radiation incident on the sur-
face

constant mixing length (= 400 m)

specific heat of evaporation

soil moisture availability

square root of turbulence kinetic energy

saturated mixing ratio at the ground sur-
face and in the air

air mixing ratio at the surface

flux, gradient, and critical (0.2) Richard-
son numbers

net radiation

surface stomatal resistance (60 s m™!)

stability parameters for heat and momen-
tum in the Mellor-Yamada scheme

shortwave radiation incident on the sur-
face

temperature at the lowest model level and
ground

X, y components of horizontal wind and
geostrophic wind

friction velocity

surface wind speed at lowest model level

weighting function of airmass mixing in
Blackadar scheme

volumetric moisture concentration of soil
(dimensionless)

maximum volumetric moisture concen-
tration of soil [dimensionless, = 0.4 for
sandy clay (Wetzel and Chang 1987)]

surface roughness height

height at the lowest model level (10 m)

(0.01 m over land and Z, over water)

depth of the molecular layer

constant for master length in the Mellor—
Yamada level 2.0 scheme (0.05)

generic variable at level i

surface albedo

surface emissivity

virtual potential temperature at lowest
and other model levels

molecular diffusivity for water vapor
(=24X107°m?s7)

air density at the lowest and other model
levels

nondimensional vertical gradient for heat,
momentum, and water vapor

stability correction term for heat and
momentum

Stefan—-Boltzmann constant, vertical co-
ordinate
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APPENDIX B
Equations for Mellor-Yamada Level 2.0 Scheme

The turbulence exchange coefficients for momentum
and heat in Mellor—Yamada level 2.0 closure are cal-
culated as follows (see appendix A for a list of symbols):

2 2 1/2
K,,,:lz[[(g—g) +(%) ][B.(l —Rf)SM]] Sar,

(B1)
2 6 2 1/2
S GRS
(B2)
where
- - FR)
SM - (F5 _ FGRf) H > (B3)
_(Fi—FR)
Sy = (1-R)) > (B4)

Parameters F; through Fg are derived from the con-
stants A4,, A,, B, B, and C; in Mellor and Yamada
(1982, designated as MY82) and are expressed as fol-
lows:

Fy =345y,

F, = 34(v1 + v2),

F3= Ai1Bi(v1 — C1),

Fa= AB,(v, — C))+ 64, +34,],
Fs = A, By,

Fs = Ao[Bi(v1 + v2) — 34:].

Note that in the expression for F, a minor error in
MY 82 has been corrected (Lobocki 1992). Moreover,

124
Y1 3 B[ >

_ (B2 +64))
Y2 Bl s

and (4,, 4>, By, B;, C;) = (0.92, 0.74,
10.1, 0.08).

16.6,
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