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SYNOPSIS

In this study, we simulated a cold air flow occurring near the land surface in
winter, and we compared with an actual cold air flow that occurred over Ishikari Bay
on Feb. 17-18, 1996. It was assumed that a cold air is caused by the radiative
cooling effect and that a cold air flow behaves like a density current. A cold air
flow equation that takes into account bouyancy effects was used to predict the cold
air flow. Kytoon observations showed the formation of a cold air flow extending to
Ishikari Bay at 6:00 a.m. on Feb. 18. Numerical calculation result indicates that the
calculated cold air flow causing the formation of snow clouds by an ascend wind agreed
with the observed one at 6:00. It was also found that the friction coefficient between
a cold air flow and a monsoon, and an upper wind are important for predicting the
occurrence of an extended cold air flow.

INTRODUCTION

In winter, various types of snow clouds occur around Ishikari Bay, causing heavy
snowfall. One frequently occurring pattern is the formation of snow clouds
accompanying a cold air flow. On a mountain slope, cold air occurs due to radiative
cooling, and it flows down the mountain slope due to gravity, behaving like a density
current. When a cold air flow extends over Ishikari Bay., it behaves like a weather
front, and snow clouds are formed due to the ascending wind at the tip of the front.
These snow clouds move over Ishikari Plain, causing heavy snowfall. Therefore, it is
necessary to predict the occurence of such snow clouds. However, predicting the
occurence of such clouds is difficult because the cold air flow caused by radiative
cooling must first be predicted.

Many studies have been reported about cold air flows as follows; a study on cold
air flows around Ishikari river watershed with consideration to the relationship
between snow fall and pressure patterns!’; a study on a cold air flow observed by
Kytoon?); experimental studies on a density current?*®; and a study on snow clouds
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Fig. 1 Model of heat balance during the night

accompanying a cold air flow from doppler radar data® . These studies have provided
much useful information on cold air flows but not sufficient information for
predicting a cold air flow.

Therefore, in this study., we propose equations, which were used to predict a cold
air flow that occurred on Feb 17-18, 1996, for predicting a cold air flow.

COLD AIR BY RADIATIVE COOLING
Radiative cooling theory

The theory of radiative cooling was given by Kondoh”®®1®_  Fig. 1 shows the heat
balance during night. Eq.(1) is a heat balance equation,

L' =0T} -G, (1)

where lf=long~wave radiative heat flux from the atomosphere, (=conduction heat flux
underground, 07?=long-wave radiative heat flux from the ground, and o=stephan
boltzmann constant.

During the night, L' is approximately equal to the long-wave radiative heat flux
from the atomosphere in the evening. Therefore, net radiative heat flux in the
evening is obtained as Eq.(2).

Rny =0T - L} (2)

where L&=long wave radiative heat flux from the atomosphere in the evening, and
Rn =net radiative heat flux. )

We can obtain a maximum temperature fall as Eq.{(3) when net radiative heat flux
is equal to 0. Then the maximum temperature fall is obtained by Eqg.(4).

1
I\ 4
T =(£3) (3)
o
DTmalezl—_TRAD, (4)

where T, =extreme temperature, and DT  =maximum temperature fall.
The long-wave radiative heat flux is obtained by Kondoh's equation'®’:

L} = (0.74 + 019x + 0.07x*)oT; (5)

x =1log,, Wrgp ,
where w*ﬂw=effective vapor pressure.
Effective vapor pressure is obtained by Eq.(6).

wr =3[ 0622 fP e (P\pl o)
4] g Jn P-0378\ P |
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where g=gravity accelaration, P=pressure at the surface, P=1013hPa, and e=water
vapor pressure.
Water vapor pressure is obtained by Clausius-Clapeyron's equation:

1 degp l
eSAT dT Rsz’

where a=7.5 and b=237.3 on water, a=9.5 and b=262.3 on ice, and T=temperature.
Eg.(8) shows the saturated water vapor pressure equation by Tetens.

gy = 611x10°7/0+7) (8)

where [=latent heat of waporization, and Rw=the specific gas constant of water vapor.

In order to obtain the vertical temperature profile, which is ralated to a cold
air, in the atmosphere near the surface an equation of heat conduction (Eg.(9)) is
used:

(7)

aT,,, ) Ag 8°T

(9)

it C,az*

where C =heat capacity, and k =coefficient of thermal conductivity.
The initial condition and boundary condition are given as Eq.(10) and Eq. (11)

respectively:

T(2,0)= T, (10)
T
)"’G(E) =Rne“f(To“7;o,¢)) (11)
z=0
f=40Ty,

Eqg.{(9) and Eqg.(11) are transformed into Eq.(13) and Eqg.(14) by using Laplace
transformation:

T
SL[T ]—T=—A—G—L——(ﬂ (12)
(z,t) 0 C &Z
p
2 S
...L.‘_ce Ag (13)
S
), A

¢ is derived from Eqg.(14) and Eqg.(13) is transformed into Eq.(16), from which
Eg.(17) is obtained.

= —Rn, ~ (15)
siyCohes + 1)
_f
CP
_L _Rn Cts e"z\(; (16)
s f

S\/;-Fﬁ

PN i z |G
l—Exp()bGz+Cp>\G x Erfc 2\, +f

Eny
f
27 2
Erfe(y) = 1~7—;{EXP(—Y My

(17)

Ty =To-
@n = *o Chg
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Fig. 2 Rate of temperature fall 10 hours after
the beginning of radiative cooling

Eg.(18) is obtained when 2=0.
T, ~Tg = DT, x P(x) . (18)
Px)=1- Exp(x)Erfc(\/; )

£ _(om)'t

C;AG (;AG ’

Generation intensity of cold air

The profile of vertical temperature in the atmosphere is obtained by Eq. (18).
However, in this section we solve Eg.(9) again by using the initial and the boundary
conditions (Eg.(20)), because it 1s too difficult to obtain the generation intensity
of cold air from Eq.(18), and Eq.(20) also gives the same solution comparing with
Eg.(10) and Eqg.{(11).

322&“ ~‘2:a271 (19)
ot C ozt
7}0,;)=To (20)
71(3’0)-—-0.
Eg.(21) is obtained by using Laplace transformation.

*F C '

~-—sF=0 (21)
0z A

F=C1exp(—1’%sz) (22)

Eg.(24) is obtained from using Eq.(23), which is transformed from Eq.(20).

T,
FE:O“T? (23)

F =Z"—exp(~1’—c—sz) (24)
s A .

Eg.(25) and Eq.{(26) are obtained from Eq.(24).
L, = Z,Erfc(x) . (25)

=l —C-;z_ (26)
2V At
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Fig. 2 shows the vertical temperature fall rate profile that is 10 hours after
the beginning of radiative cooling when the coefficient of thermal conductivity =
0.025 Wm'K! and heat capacity = 0.0012X10° Jm>K!. Ten percent of the temperature fall
occurs at a height of 2 m. When a cold air flow extends over Ishikari bay, the
velocity of Monsoon at a high altitude is smaller than usual. Therefore, sensible
heat flux is small and does not have to be considered in this phenomenon.

If the effective height of radiative cooling in Eq.(26) is lower than the height
at which the temperature fall rate is 10 percent, the generated cold air height can
be obtained from Eq.(27).

A
z=2|—t
/C . (27)

Therefore, the intensity of a cold air generation (Eq.(28)) is obtained by
differentiating Eq.(27).

ﬂz A

i (28)
dt Ct

COLD AIR FLOW EQUATION

It was assumed that cold air flow behaves like a density current. Therefore,
Egs.{29)-(32) are proposed. Egs.{29), (30) and (31) are kinetic energy equations in
the x, vy and z directions, respectively. Eq.(32) is a conservation equation. In
Eg.(29) and (30), the 3rd and 4th terms are the Coriolis force and the friction, which
is expalained in the next section, of the interface between a cold air flow and the
upper air, respectively. Eg.(31) is obtained under hydrostatic considering only
bouyancy effect. In these equations, Boussinesqg approximation is assumed:

(duh auuh dvuh 5
& ox -—fvh+f(u Uu - UI-——f( )dz-t-hvV (29)
dvh auvh avvh .
=—— (30)
Py S P + fuh + f; w-V)v-V| f ( )dz+hvV |
) 1 dp
i - 31
0 op 92 g+ag(T TT) (31)
ah’ ouh vk _ (329
at dx ay ’ ’

where h=cold air flow height, u and v=velocity components in the x and y directions,
respectively, f=Coriolis coefficient, f=friction coefficient of the interface of the
two-phase flow, p,=density of a cold air flow, p=density of the upper air,
1}=temperature of a cold air flow, T=temperature which is changed by radiative
cooling, and R=intensity of a cold air genaration.

Eq.(33) is obtained by integrating Eq.(31). Eqg.(34) and Eq.(35) are obtained by
substituting Eq.(33) into Eg.{(29) and Eq.(30), respectively.

—35— = pTg(l + a(T - TT))

p=pg(H—Z—h)+pTg(1+a(T TT))h+pTgZ pPr82 (33)
oh h oz
=(pr - p)g%w(T —TT)g%i«»(pT p)géyg-
J d d
gg = (pr - p)g5;+ oT —Tf)g;a; +(or —p)g;;;
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9 éh oh . Z
J:(gil)dz = (pT - p)gha + a(T - TT)gh 5; + (PT - p)ghz—y

duh ouuh duuh
ot o t oy -fvyh+f(u-—U)iu—Uf=’

ah Q(T—TT) ah aZ )

~egh——+ o gh— ~egh~—+hvVu (34)

dvh duvh Juuvh
at " ex oy +fuh + f;(v-V)v-V|=

oh oT-T,)  on 0z ,
- —— L gy — Batant (35)
egh P + or gh 3 egh o +hvV<u
oh duh ovh
— 44+ =R (36)

+
at  ox dqy :

Egs.(34) to (36) are called cold air flow equations in this study.
In the numerical computation, finite difference is used. Egs.(37)-(42) show the
algorithm for calculation.

(17 - u" du  ou fi u \"
A7 —--(uax+vay-fv+h(u—U)iu-U[+hR)
a(i:+z) " 6(5+z) (37)
- € g-—-——ax +(a(T—TT)g) e
~ n P P ' n
vAtv ——(uav+va—;+ u+%(u-«V)iv—V[+~hliR)
6(i:+z) n a(}:-x-z) (38)
_Eg——a}——+(0.(T~TT)g) __aT
’urul 5 6217 . a2iz (39)
At Vaxt TVt
1o =T 9% W
v -v_ev o ev (40)
At Vaxt TV
h-h +ﬁ%+~ﬂ+5%+ﬁéz=0 (41)
At dx dx ay ay
B+l 7
h ~h= ] (42)
At

THE FRICTION OF THE INTERFACE OF THE TWO-PHASE FLOW

Many experiments and observations have been carried out in past studies to
obtain the friction of the interface of the two-phase flow. In this section, we
present a new formula for estimating the friction coefficient of the interface by
considering the Monin-Obukhov theory and turbulent separation theory.

The friction coefficient of the interface and Keulegan number

Fig. 3 shows the relationship between the friction coefficient of the interface
and the Keulegan number. Black colored circle indicates Re=2X10° and white circle
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Fig. 4 Intefacial resistance coefficient and Keulegan number

indicates Re>2X10°. The solid line in Fig. 3 was calculated using a formula proposed
by Kaneko!?). However, the greater the Reynolds number is, the worse the agreement
becomes. As turbulent separation can occur at a greater Reynolds number there though
to be two tendencies of the interfacial resistance coefficient in Fig. 3. Therefore,
in this study two formulae (Reéleos and Re>2><105) were used.

At Re=2X10°, Linear+Log law was used to determine the velocity and the friction
coefficient of the interface of the two-phase flow. Fig. 4 shows the model velocity
profile for a two-phase flow. In the lower phase, velocity is neglected because it is
much smaller than the upper flow one. In each layer, the velocity profiles are
obtained from Eq.(45), Eqg.(47) and Eqg.(48), respectively.

- Transition Layer 2z=§

_ By | (43)
u*
Ju 2
el (44)
= 0L,
P 2P
u.
u=—2z ( ul,.o = 0). (45)

where d=transition layer height, R6=11.6, u,=friction velocity, v=viscosity, and
B=4~7. :
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Fig. 5 Intefacial resistance coefficient and Eq. 56 (a=0.010,0.002b=0.5)

‘ Stable stratification Layer 0 =z=h,

U U z
75;=Kz(1+f‘z)
u

1 B
- K(lnz+Lz) +0

* Turbulent Layer h Sz=h,
U=uU,,

Eqg.(45) is equal to Eq.(47) when 2=8, and Eq.(49) is derived.

Eq.(57) is obtained from Eqg.(48).
that the more stable the flow becomes,

low| = —~ABu aRi™®

h,

Ri - (xABézf o

Uy
Re = ughy,

v
P ( ) Si=2f
hy=B,L (B, =2~5)

u’ hou.

[ ol S, R-b-l
kgalow|  axu,’ '
é aKR 1
L *Re RLb -1
Byal,

ReRlb T ﬁb\/? ,3/2

Eq.(50) is proposed in this study,
the more the turbulent heat flux decreases.

1
*Regit B

It was found that the friction coefficient of the interface is a function of
ReRi*!. ReRi*! is equal to the Keulegan number when b=0. However, turbulent heat flux

(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

and shows
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Fig. 6 Intefacial resistance coefficient and Eq. 61 (f=2)

is thought to be gqgualitatively changed by the stability and b is greater than 0. So
in this study we used b=0.5 in Eq.(57).

The broken line in Fig. 5 shows the results calculated by Eqg.(57). At Re=2X10°%,
the calculated results agree with the experimental and observed results.

At Re>>2X10°%, the Monin-Obukhov length is much smaller than the transition layer
height. Therefore, a universal function such as Eg.(58) is used. The friction
coefficient of the interface is obtained from Eg.(62) assuming that turbulent heat
flux is given by Eq.(60). Eqg.(62) shows that the friction coefficient is a function
of the Keulegan number.

z Kz ou z
. 1 P T
L>> u. 0z L (58)
u= l:d? 2 ‘ (59)
0w = -AOu. (60)
3
U.
L=———7 (61)
KgoaAOu.
28R
S ReRi™ - (62)

The broken line in Fig. 6 shows the results calculated by Eg.(62). At Re>2X10°,
the calculated results agree with the experimental and observed results.

RESULTS OF NUMERICAL SIMULATION
Numerical calculation

On the night of Feb. 18, 1996, a cold air flow was observed. Fig.7 shows the
vertical temperature profile from 0:00 a.m. to 8:00 a.m. at the mouth of Ishikari
River, based on Kytoon observations. At 6:00 a.m., temperature near the surface was
lowest and the difference between the surface and that higher up was the greatest,
indicating the occurrence of a cold air flow. Fig. 8 shows the vertical profile of the
horizontal wind velocity at 6:00 am observed by Doppler Sodar. A shear layer was
indicated at a height of 50 m. The thickness of the shear layer was about 1~10 m.
Therefore, the viscosity is estimated to be 0.02 m?’/sec, and we used Eq.(62) to
determine the friction coefficient of the interface.
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from Kite balloon observations on Feb. 18, 1996
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Fig. 9 Velocity profile obtained from Radio-sonde at 9:00 p.m. on Feb. 17 and
at 9:00 a.m. on Feb. 18

Fig. 9 shows the velocity profile obtained from Radio-sonde data at 9:00 p.m. on
Feb. 17 and at 9:00 a.m. on Feb. 18. Monsoon velocity is obtained by Fig. 9 and the
intensity of a cold air generation is also obtained by using Radio-sonde data.

Fig. 10 shows the calculation area and the results of simulation at 2~12 hours
after the beginning of the radiative cooling. After 2 hours, a cold air flow from
Yoichi River extended over Ishikari bay and the cold air flow from Hamamasu river is
suppressed because the Monsoon direction is west-northwest. After 4~8 hours, the cold
air was accumulated around the south area of the mouth of Hamamasu River. After 10
hours, the cold air is accumulated greater; The cold air moved south and made a front,
located 20 km from the mouth of Ishikari River.

The calculations show that Yoichi River and Hamamasu River have a great effect
on the formation of the cold air flow front, and after the cold air is accumulated by
the topography effect, it moves by the upper wind and it is strengthened.
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Fig. 10 Bird's-eye view of the calculation area
and numerically calculated cold air flow heights from 2 to 12 hours later

A comparison of simulation and observation results

Fig. 11 shows the wind vector in a cold air flow by numerical simulation and the
observed wind vector at the surface by SNET (Sapporo information NETwork) at 6:00
a.m. on Feb. 18, 1996. In the left and right sides of Fig. 11l(center), a cold air flow
runs off the mountain slope and extends over Ishikari Bay. The results in Fig.
11(right) agrees with the observed results.

Fig. 12 shows the cold air height obtained by numerical simulation {(left) and
radar data by radar observation (right) at 6:00 a.m. on Feb. 18, 1996. When a cold air
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wind vector according to numerical simulation (left and center) in a cold air flow
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Fig. 12 At 6:00 a.m. on Feb. 18, 1996
cold air flow height obtained by numerical simulation (left)
and radar data by radar observation (right)

flow extends over Ishikari Bay, snow clouds form at the front of the cold air flow due
to the ascending wind. The calculated location of the front of the cold air flow
agrees with the location of the radar data. Fig. 12 shows that it does.

In Fig. 11, the star indicates the location of the Kite balloon and doppler sodar
observation. At this point, the observed cold air flow height was about 60 m and the
observed wind velocity was 2.6 m/sec. By numerical simulation, the height was 59.8m
and the velocity was 3.1 m/sec. Thus, the observed and calculated values agree well.

CONCLUSIONS

(1) The intensity of a cold air genaration is derived theoretically by using
radaitive cooling theory.

(2) A cold air flow equation was obtained by considering the buoyancy effect and the
friction of the interface of two-phase flow. Hydrostatic is assumed, and this
equation is vertically integrated. Therefore, it is easy to compute using this
equation by finite difference.

(3) The front of a cold air flow that occurred at 6:00 a.m. on Feb. 18, 1996 was
represented clearly by numerical simulation. The wind field, the location of the
front, and the cold air height at the point of the Kite balloon observations
agree well with the actual values.
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APPENDIX - NOTATION

The following symbols are used in this paper:

Li

G
oT?
o
L}
Rn,
T

RAD

g
3

JUTR

Qe
cE

>
Q

<

]

Do TSN o

EEE RN

B

™ e

Ll

long wave radiative heat flux from the atomosphere
conduction heat flux underground

long wave radiative heat flux from the ground
stephan boltzmann constant

long wave radiative heat flux from the atomosphere
net radiative heat flux

extreme temperature

maximum temperature fall

effective vapor pressure

gravity accelaration )

pressure at the surface

1013hPa

water vapor pressure

latent heat of vaporization

the specific gas constant of watr vapor

heat capacity

= coefficient of thermal conductivity

cold air flow height

velocity component of x, y directilon
Coriolis coefficient

interfacial resistance coefficient
density of a cold air flow

density of the upper air

temperature of a cold air flow
temperature which is changed by radiative cooling
genaration intensity of a cold air
transition layer height

11.6

friction velocity

viscosity

4~7
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