CHAPTER 2

ATMOSPHERIC BOUNDARY LAYER

2.1 Introduction

The contents in this chapter densed and follow the well-established

textbooks in field of atmospheric. , of Stull (1997), and Arya (2001).
The purpose of this chapter i i ﬁund knowledge to the subject
o f h. It is intended for readers to

be familiar with terms ndary layer study and its

physical meanings.

According to t atmospheric structure is

divided into four lay: g ¢ phere, and stratosphere.
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closed to earth’s surface and covered by free atmosphere. (Stull; 1997)

The daily cycle of radiative heating causes a daily cycle of sensible and latent
heat fluxes between the earth and the air. However, these fluxes cannot directly reach
the whole atmosphere. They are confined by the troposphere to a shallow layer near the
surface that is the Atmospheric Boundary layer (ABL). Therefore ABL is directly

influenced by the presence of the earth's surface, and responds to surface forcing with



a timescale of about one hour or less Stull (1997), Arya (2001). The forces come from
friction drag, evaporation and transpiration, heat transfer, pollutant emission and terrain
induced flow modification. ABL is distinguished from free troposphere by temperature
inversion which acts like a lid or cap to ABL motion by influence of the surface. The ABL

thickness is variable in time and space from hundreds of meter to a few kilometers.

Understanding of ABL structure and ABL top height can examine the
relationship between temperature and T) that interested in present study (Russel,
1974). ABL diurnal depth is an i 1!7#/ precipitation modification by urban
area (Huff and Changnon, 19%use J1ey w good correlation with the time

and frequency of conve r and Dirks, 1974) and the

precipitation anomaly ( n, during the early moming

and other period of stabi re pollution, since it is one

2.2 ABL Evoluti ﬁn and Stracture
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temperatufe inversion which acts like a lid or cap to ABL motion by influence of the

surface. ABL'’s characters, however, vary both in temporal and spatial.

For temporal variation, surface temperature induces the air at bottom of ABL to
rise up and take place by downward air from top of ABL to form circulation. The
convection causes mixing of air therefore meteorological variations such as potential
temperature, atmospheric constituents become homogeneous. Other temporal

variations of the ABL height and structure often occur as a result of the development



and passage of meso and synoptic systems. Generally, the ABL becomes thinner under
influence of a large scale subsidence (downward motion) and the low-level horizontal
divergence associated with high pressure system (anticyclone). On the other hand, the
ABL can grow to be very deep and merge with towering clouds in disturbed weather
conditions that are associated with low-pressure system (cyclone) (Figure 2.2). In this
case, it is difficult to distinguish the ABL top from in-cloud circulations; the cloud base is

BL top.

generally used as an arbitrary cutoff for 77
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Figure 2.2 |nﬂuencm>
Spatial ﬂ u&l Q mﬂmﬁ m&lﬂ ﬁa result of changes in

land use and topography of the undenlying surface. g,
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2.2.1 Marine Boundary Layer

Small diumal changes of the water surface temperature are due to the large heat
capacity of the mixed layer in water. Therefore diumal variation of ABL height and other

meteorological variables are found to be much smaller in this area.

Most changes in ABL depths over oceans are caused by synoptic processes of

vertical motion and advection of dnfferg\\ lrfes over the sea surface.
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Over the land,

Diurnal variation is one
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Figure 2.3 The ABL components at high pressure region over land surface. (Stull;

1997)




In low pressure regions the upward motions carry ABL air away from the earth’s
surface to large altitudes through out the troposphere. Therefore cloud base is often

used as an arbitrary cut-off for ABL studies in these cases (Figure 2.2).

Over land surface in high-pressure region the ABL consists of three components,

namely mixed layer, residual layer and stable boundary layer (Fig.2.3).

2.2.2.1 Mixed Layer (ML)

Turbulent nature of the important features (Garratt,

2000). The solar radiati the air and conduct heat

energy to the air, then of warm air rises from the

surface. This occurs typi blows over warmer surface,
ced layer. Turbulence causes
mixing of the air at the top, and 1 E the bottom of ABL. The resulting of

mixture is heat, moisture, and om ";. ixing ayer uniformly in vertical.

Air movement in mixed ?ﬁ.-- ; by pollutants emitted from smoke
stacks which exhibit a-eharacteristic loopil ng as those portic As of the effluent emitted into

warm thermals begin to'fise
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Figure 2.4 Idealization of thermals in a mixed layer. Smoke plumes loop up and down

in the mixed layer eventually becoming uniformly distribution. (Stull; 1997)



Wild (1985) suggested growth of mixed layer depth composed of 4 phases

(Figure 2.5). The description expressed as below;

1.

During the early moming the mixing layer depth is shallow. The depth
increases slowly because strong nocturnal stable layer makes caps to the

mixing layer evolution.

Figure 2.5 A ion by Wild (1985)

=" -

Late mopiing, the Mixing layer iates rapidly to the base of

residual la@ base due to effective so rrad@on.

When the thermal reaches thegcapping inversion of the top of residual
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rapia'k decreases. Duripg this phasght.he Mixing lay&:, depth is almost
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4. 9 As the sun set, the generation rate of convective turbulence decrease to

the point where turbulence can no more be maintained. In the absence of
mechanical forcing, turbulence in the Mixing layer decays

completely, causing us to reclassify the layer as the residual layer.



2.2.2.2 Residual Layer (RL)

About half of hour before sunset the thermals forming is stopped and allows
turbulence to decay in the formerly well mixed layer. The resulting layer of air is
sometimes called the residual layer because its initially mean state variables and
concentration variables are the same as those of the recently decayed mixed layer.
Causing residual layer is neutrally stratiﬁe?, resulting in turbulence that is nearly of equal
intensity in all directions. Smoke plumes%engédi into the residual layer tend to disperse
at equal rates in the vertical and lateral difec '_Jeating a cone shape plume. In
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Figure 2.6 Pollutants emitted form cone shape plume in residual layer and faning in

stable boundary layer. (Stull; 1997)
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2.2.3 Turbulence and Mixing
The dynamics of the ABL is important for the transfer flux (F) of heat, momentum,

water vapor and the other chemical species between free troposphere and earth

surface. The rate of change of F through the air parcel is expressed as below;

(1)

In the atmosphere, transf
- advection
- conduction

- turbulence
2.2.3.1 Advection

Advections carry moisture he - the other atmospheric character from one

place to the other place i 7 riarameters transfer is like

fluid transportation ')ﬁ 7 :rl'c' sity O transport in a pipe
had cross section A, th@the flux F would be pUA and a@age mass flux per unit area
would be OU. If the s té4s close system@Hen quantity of fluid is conserved in the
system. The ﬂuﬁ jrf&lgs%f % hﬁfﬁie of quantity S in the
pipe can be exprglssed asbelow ¢
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:‘;"'(A—dx-S)= A(F, — £, )= AlSU, - 517/) or

ds -d —d f—
PRI St F T m———ty o
di dx ( ) dx (S‘U)
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or in three dimensions as
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In advection, however, there will be no mean vertical velocity W, so a two dimensions

representation is appropriate.

2.2.3.2 Conduction and Diffusion

quantity S

@)

The flux is actually again 'om a high concentration to a

low concentration. If we ¢ cad of horizontal, equation (3)

becomes

(4)
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R, as the net radiative flux,
H as the sensible heat flux
lvap E as latent heat flux and

G as the energy flux through the ground or
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Considering the vertical diffusion through the ABL, sensible heat flux and latent heat flux

may be defined as

with v define as the kine
For the atmosphere, the diffasivityAiscasity is relatively small. It is only effective
over very short distances, typlcal v.'.;ugm-:;—f nillimeters. When initially discussed the

entire ABL, we deﬁnt e mitlimeters next to the earth

e —————————————————— " ]
surface. \YF v

2.2.3.3 Convection and Turbulence transport 4 ,
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Curculatlomor eddies effectlvelg mixes fluid both up and dovs@at the same time.
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the downWward part of the rotation from top of atmosphere would bring dry air or

whatever downward. Turbulence is the composition of eddies. The interested is a range
size of eddies which commonly referred to the spectrum of turbulence of kinetic energy.
In three dimensions, there is a flow of energy from large eddies to the smallest eddies.

Thus the large eddies essentially decay into smaller eddies. This process continues until

diffusion removes the kinetic energy.
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For turbulence, it would be easy to write the velocity and some other variable as

a combination of the overall mean and the fluctuations or Raynolds decomposition.

w=Wi+w ands=5+s’'

6)

We could consider transportation on the fine scale with the advection equation.

We have to integrate ov/ -'to mak > \ ingful. We define the mean

s’ w') = (57'- w')

6)

Here T is the length of the time pulence flux is simply (s'-w'), the

correlation between

X
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2.3.3.1 Turbulence DiffLEon
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Then the turbulence diffusion has to be assumed much greater than the molecular level.
Another common approximation for turbulence flux is to be assumed that flux is
proportional to the third order derivative. This is called hyper-diffusivity and can be lead

to the equation
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2.3.3.2 Mixing Length Theory

The turbulence of the surface layer is predominantly driven mechanically by

horizontal wind change as altitude change over the surface. The mixing through the

®)
The mixing length, | assu

©)
ThUS mIXIng at hlg '#’:F:—N—-u-u.:;;T:;.‘ﬁ.:..‘.:.:.‘.‘..’.;s;f‘ ear the Surface- Fleld
observations have strong e r,‘ ese observations have led

il | . u
{l i
to an empirical value for k as 0.4, which is known as von Karman’s constant.
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If the turbulence is isotropic then u'~w
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Further assumption the flow is steady, and then there is no time dependence.

(10)

There are two free variables in th:

u” is the friction veloc "
z, is the surface M x "" of how rough of the surface

such as 0.01 \\ ountain.
2.2.4 Potential temperat

The ABL is often turbu Irbulence region, warmer potential

!—I -i ‘JJ
temperature air from the top of ABL is mixed

2T )
bottom of ABL. The result mixture has ntial temperature that is uniform

ooler potential temperature air at the

with height. y—: —7"

The potential teﬁera ure d tha Tj emoves the effect of “dry”

adiabatic temperature changs expenenced‘_py air parcel during vertical motion. If

roanis vt HHFH EW}TW g1n73
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For pressure coordinate

O=T-[p/P1

Where P, is a reference pressure
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To include the buoyant effect of water vapor and liquid water in air, we can

define a virtual potential temperature in non cloudy and cloudy air as below;

In non cloudy air 0,2=0-1+061-0

0,2=0-(1+061-r,-1)

AU ININTNEINS
ARIAIATUAM TN
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