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The improved Mellor-Yamada level-3 model proposed by Nakanishi and Niino (2004, Boundary-Layer Met., 112, 1-31) is
further modified to be numerically stable. Validity of the modified version is tested in a regional prediction of advection fog.

In order to ensure the realizability for the improved M-Y Level-3 model and its numerical stability, restrictions are

imposed, in computing stability functions, on L/g, the temperature and water-content variances, and their covariance, where L

is the master length scale and ¢*2 the turbulent kinetic energy per unit mass. The model with these restrictions predicts verti-

cal profiles of mean quantities such as temperature that are in good agreement with those obtained from large-eddy simulation

of a radiation fog. In a regional prediction, it also reasonably reproduces a satellite-observed horizontal distribution of an

advection fog.
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1. Introduction

Turbulence closure models of higher-order are known to
often show pathological behavior, in which computation of
fluxes becomes unstable and gives unphysical values. The
principal cause for this is that these models do not always
satisfy realizability conditions: e.g., a constraint that keeps
velocity variances nonnegative. To ensure the realizability
for the M-Y level-2.5 model, many researchers suggested
inclusion of various restrictions and modifications on param-
eters involving velocity and temperature gradients and on
the turbulent kinetic energy (TKE) and length scale'™. Our
improved M-Y level-3 model®”, is incorporated with the
modification by Helfand and Labraga® (hereafter HL88),
which appears to be physically most plausible. HL88, how-
ever, did not consider the realizability for the level-3 model
and thus the improved M-Y level-3 model requires an addi-
tional modification to avoid the possible instability men-
tioned above.

The first aim of the present report is to describe a scheme
for imposing several restrictions on turbulent quantities such
as temperature variance in order to ensure the realizability
for the improved M-Y level-3 model and its numerical sta-
bility (Section 2). The second is to demonstrate an applica-
tion of the model with the restrictions to a regional predic-

tion of advection fog around the Northern Japan (Section 3).
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2.Improved Mellor-Yamada Level-3 Model and
Restrictions
2.1 Stability functions
According to Nakanishi and Niino” (hereafter NN04), the
stability function S, in the turbulent diffusivity coefficients
for the level-3 model can be written in terms of difference
from level-2.5 model as S = S, 5 + §', where the subscript 2.5
denotes a variable in the level-2.5 model, a prime the differ-
ence from it. The first and second terms contain the denomi-
nators, D, ; and D', respectively, which both are proved to be
positive in neutral stratification as a special case. Generally,
however, D, ; and D’ can vanish due to their dependencies on
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where (U, V) is the horizontal wind velocity, ©, the liquid
water potential temperature, O, the total water content, g*/2
the TKE per unit mass, L the master length scale, ©, the
potential temperature in a reference state and f3; and B, are
constants of the condensation process?.

2.2 Restriction on L/g
To avoid this singularity, a number of previous studies
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imposed restrictions on G, ¢* and L"*%. HL88? introduced
a limiting function o (0 = o = 1) which corresponds to a
restriction on ¢* and assures the positiveness of the above
quantities. When G,, >0, a guarantees positive D, s and D'?.
Thus, for unstable stratification, no additional restriction to
HL38S is necessary. On the other hand, for a stable stratifica-
tion, D' can become nonpositive and relevant singularity
problem for a stable stratification has been reported on the

realizability of the vertical velocity variance'>
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Here we impose a restriction on L/q as
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This restriction can be interpreted as L < g/N, where N is

L
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the buoyancy frequency, if 6, = 8,0, + B,0,, where O, is
the virtual potential temperature.

Under a stable stratification, the master length scale L
tends to be limited by the buoyancy length scale L,.

Nakanishi® and NN047 adopted

Lo

where € = z/L,, with the Obukhov length L,,. Note that the sec-
ond condition applies to the upper part of a convective mixed

q/N, 00y /d:and { > 0,
(1-1,)g/N, 00v/d.and{ < 0,

layer for which the increase of TKE, I, due to the turbulent
transport and the buoyancy production is considered. It is
found that the restriction on L/g is always satisfied for T < 0,
but not for € < 0, so that a modification is activated in the

upper part of the mixed layer.

2.3 Restrictions on variances

As stratification becomes stable and wind shear increases,
the vertical velocity variance <w*> decreases. Mellor and
Yamada® pointed out that the return-to-isotropy hypothesis
of Rotta is valid in the range where all the normalized veloci-
ty variances are not less than 0.12, and imposed a lower
bound of 0.12 only on C, = <w*>/g*. Janji¢” also considered
a similar bound for C,, except that its value is about 0.14. In
the level-3 model, the dependency of the normalized velocity
variances, C

W

C, = <u*>/¢* and C, = <v>>/¢* on C,, the nor-
malized temperature variance enables any of the normalized
velocity variances to become less than 0.12. Therefore we will
impose the restrictions that C,,> 0.12 and also C,, C, > 0.12.

3. Simulations
3.1 One-dimensional simulation of a radiation fog

We first compare the performance of the improved M-Y
level-3 model with the present restrictions (Model II) with
that of the models in NNO4 (Model I) in a one-dimensional
context, by simulating a radiation fog observed in the
Netherlands®. Figure 1 shows vertical profiles of tempera-
ture obtained from LES”, Model I, Model II, the improved
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level-2.5 model” (Model III), and the original level-3 model
except that closure constants of Kantha and Clayson® are
used (Model O). NNO4 has shown that Model I reproduces
reasonably well the evolution of the mixed layer simulated
by LES?. Model II is found to give much better agreement
with the temperature profiles simulated by LES; both the
cold bias for the nocturnal boundary layer and the warm bias
for the convective mixed layer almost disappear. This shows
that the consideration of the limitations arising from model
assumptions not only eliminates the inherent numerical
instability but also gives a better performance.

Model III exhibits a fairly good performance comparable
to Model II in the lower part of the mixed layer, but predicts
a slower growth of the convective mixed layer. Note that

Model O gives much worse prediction than Model III does.

3.2 Three-dimensional simulation of an advection fog
3.2.1 Regional prediction model

Model II is incorporated into a three-dimensional
mesoscale hydrostatic model in the terrain-following coordi-

nate system. The horizontal diffusivity coefficient K, is given

by
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where Ax and Ay are horizontal grid spacings and Cj is cho-
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sen to be 0.4!Y. The lower-boundary conditions are deter-
mined from Monin-Obukhov similarity theory. The land-sur-
face temperature is predicted by the force restore method,
while the sea-surface temperature (SST) is fixed at NEAR-
GOOS daily SST provided by JMA. The lateral-boundary
condition is a radiative-nesting condition'V. At the upper
boundary, a radiative condition'? is adopted to avoid reflec-
tions of gravity waves.

An advection fog that frequently appears around the
Northern Japan in summer is simulated. The size of the com-
putational domain is 920 km x 920 km in the horizontal
directions and 5300 m in the vertical direction. The uniform
horizontal grid spacing of 10 km is used, and the vertical grid
spacing varies from 20 m near the surface to 400 m above a
height of 3000 m. The model is one-way nested within the
Regional Spectral Model'?, whose grid point values are
provided every 3 hours. A time step is set to 30 s.

3.2.2 Results

Figures 2a and 2b show a visible image of GMS-5 at 1200
JST on 5 August 1999 and a maritime wind field from
QuikSCAT at about 1800 JST on the same day, respectively.
Warm, moist air advected by a southerly wind was cooled
from the sea surface and eventually formed a fog layer over
the Pacific near Hokkaido Island.

The simulation was started at 2100 JST on 4 August 1999



using the NEAR-GOOS daily SST on 5 August. Figures 2c
and 2d show horizontal distributions of liquid-water path after
15 hours and horizontal wind at 10-m height after 21 hours,
respectively. The characteristics of the wind field around
Hokkaido Island are reproduced reasonably well [Figures 2b
and 2d]. The distribution of the fog over the Pacific is also in
reasonable agreement with the satellite image, but that over
the Sea of Okhotsk is erroneous [Figures 2a and 2c].

In order to examine the cause of this erroneous fog distri-
bution over the Sea of Okhotsk, sensitivity experiments were
done. Among them, two of the significant experiments are
shown in Figure 3. The first experiment (Experiment A) is
performed by replacing the SST with that on 10 August
[Figure 3a]. During several days before 5 August, a station-
ary front had existed over the Sea of Okhotsk, which may
have disturbed the satellite observation. Since the SST of the
Sea of Okhotsk on 10 August is evaluated to be about 1-2 K
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higher than that on 5 August, the fog over the Sea of
Okhotsk is somewhat suppressed in Experiment A. Since the
SST of the Pacific in the east of Hokkaido Island was about
0-3 K lower, on the other hand, the fog area over the Pacific
expanded southward. These result in more resemblance to
the satellite observation [Figure 2a].

The second experiment (Experiment B) is performed by
reducing the radiative heating/cooling rate by half [Figure
3b]. For this experiment, the fog over the Sea of Okhotsk
disappeared completely, although the fog area over the
Pacific also was reduced. These two experiments show that,
although SST is a factor affecting the formation of advection
fog, the most important factor for the present case is the
radiation process. Our radiation scheme”'> employed a sim-
plified longwave-radiation scheme'”.

Finally, it should be mentioned that Model O with the

present restrictions also predicts nearly a similar horizontal
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Fig. 1 Vertical profiles of temperature obtained from (a) Model I (without the present restrictions), (b) Model IT
(with the present restrictions), and (c) Model III, and (d) Model O. Solid, dashed, dotted, dot-dashed, and
double dot-dashed lines represent the profiles at 0200, 0400, 0600, 0800, and 0900 UTC, respectively.
Thin lines indicate LES results. All the results except those of Model II are extracted from NN04 '®.
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distribution of the fog (not shown); however, Model O gives water content and cloud-top height affect the shortwave radi-
somewhat larger liquid-water content and shallower fog ation reaching the surface and the outgoing longwave radia-
layer than Model II does, mainly because of the insufficient  tion, their accurate prediction is very important for daily
growth of the boundary layer in Model O. Since the liquid- weather forecasts and climate predictions.
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Fig. 2 Horizontal distributions of (a) albedo (%) at 1200 JST from GMS-5, (b) maritime winds (m s') at about
1800 JST from QuikSCAT, and (c) LWP (g m2) at 1200 JST and (d) horizontal winds (m s™') at 10-m height
at 1800 JST from Model 11'.

(a) [Experiment A] 1200JST 05 Aug 1999 (b) [Experiment B] 1200JST 05 Aug 1999

900 900
g/m?
800 800 400
‘ . 250
700 700 - P 150
. 100
60
600 600 a0
- 20
500 500 10

400 400

300 300

200 200

100 100

0

0 100 200 300 400 500 600 700 800 900 km 0 100 200 300 400 500 600 700 800 900 km

Fig. 3 Horizontal distributions of LWP (g m2) at 1200 JST from (a) Experiment A and (b) Experiment B. From the
control run in Figure 2c, Experiment A replaces the NEAR-GOOS daily SST on 5 August 1999 with that on
10 August 1999, and Experiment B reduces the radiative heating/cooling rate by half!®.
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