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it may induce droplet formation and growth, it can-
not induce the importation of water vapor neces-
sary to sustain the process ol precipitation.

0.6 PHYSICS OF TURBULENT TRANSFER
NEAR THE GROUND

D.6.1 Planetary Boundary Layer

The planetary boundary layer is the lowest laver of
the atmosphere in which the winds, which are in-
duced by horizontal pressure gradients, are affected
by the frictional resistance of the surface, The thick-
ness of this layer varics in space and time from a
few tens of meters to one or two kilometers, de-
pending on the topography and roughness of the
surface, the wind velocity, and the rate of heating or
cooling of the surface (Peixoto and Oort 1992). The
frictional resistance produces (urbulent eddies,

FIGURED-9
Conceptual diagram of the L
process of momentum transfer Z d“‘r'“”ﬂ

by turbulent diffusian. Friction
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which are irregular and chaotic motions with verti-
cal components (Figure D-9). These vertical com-
ponents are the means by which momentum,
sensible heat, and water vapor and its accompany-
ing latent heat are cxchanged between the atmos-
phere and the land surface.

D.6.2 Turbulent Velocity Fluctuations

Because of turbulent eddies, the instantancous hor-
zontal wind velocity at any level, v, fluctuates in
time, and we can separate the instantansous veloci-
ty inlo a time-averaged component, v, and a devia-
tion from that average, v,', caused by the cddies:

“IIT o vﬂ + vﬂ. n

(1}-15)

Note that v," may be positive or negative and the
overbar denotes time-averaging. By definition,
the time-averaged walue of the fluctuations
equals zero, 50

(D-16)

caused by surface roughness re-

duces average velocities (straight
arrows) near the surface and pro-
duces turbulent eddies (circular

arrowes), resulting in a net down-
ward transfer of momentum. The
vertical componant of the eddies
moves heat and water vapor up-
ward or downward, depending on
the directions of temperature and
vapar-pressure qradients,
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and
AV = b = @D

The wind speed discussed in this text is the value
averaged over a period appropriate for defining
the “prevailing conditions” for the analysis (usual-
Iy one hour to one day). To simplify the notation,
we use the symbol v, rather than ¥, to denote this
time average.

Under prevailing conditions producing a given
average horizontal wind speed at a given level, tur-
bulent eddies are also reflected m a time-varving
vertical air velocity, designated w,, that can be
similarly separated into a time-averaged compo-
nent, w,, and an instantaneous deviation from thal
average, w,":

wo =W, ol (13-18)

However, there is no net verlical air movement, so the
time average of both componenis is zero and we have

w, =0 (D-19)

andl

w,' = 0. (D-20)
Becaose friction duc o the surface causes the
average wind speed to increase upward in the plan-
etary boundary layer (Section D.6.3), a positive
{negative) vertical velocity deviation, w,', reduces
{increases) the horizontal velocity at the new level
and produces a negative (positive) fluctuation in
the horizontal velocity, v.". The intensity of turbu-
lence can be characterized by a quantity called the
friction velocity, u.., defincd as

s = (=v, w2 (D-21)

where the minus sign is required because simulta-
neous values of w,’" and v," have opposite signs.

D.6.3 Vertical Distribution of Wind Velocity

Measurements in the planetary boundary layer
show that the vertical distribution of wind can be
well represented by a logarithmic relation that has
been developed from theoretical considerations:

1 ‘2=z
p, = E.u*.]ﬂ( : ")J =gy + 1;. (D-22)

In this equation, v, is the time-averaged velocity at
height z above the ground surface, [L T™']; i is the

friction velocity [L T ']; the height z, is called the
zero-plane displacement [1.]; the height z, is called
the roughness height, [L] (Figure D-10); and & is a
dimensionless constant. Note that v, = 00 at z =
24+ zp,, which is the effective or nominal surface level,
Equation (DD-22) is known as the Prandtl-von
Karman Universal Velocity-Distribution for turby-
lent Hows, Experimental data have shown tha
k = 0.4 and that the values of z, and z; are approxi-
mately proportional o the average height of the
vegetation or other roughness clements covering
the pround surface [Equations (7-50) and (7-531)].

D.6.4 Diffusion

Diffusion is the process by which constituents of a
Muid, such as its momentum, heat content, or a dis-
solved or suspended constituent, are transferrod
from one position o another within the fluid. Such
transters occur whenever there are dilferences in
concentrations of the constituent in different paris
of the fluid. The rate of transfer of a constituent ¥ in
the direction z is dircctly proportional to the gradi-
ent of concentration of X in the z direction; thatl s,

o (D-23)

where F (X)) is the rate of transfer of X in direction
Z per unit area per unit time {called the flux of X7,
C'(X) is the concentration of X, and D'y is called the
diffusivity of X in the fluid (Figure D-11). Equation
(D-23) is the mathematical expression of Fick's
First Law of Diffusion (Table 2-1).

The minus sign in Equation (D-23) indicales
that X" always moves from regions where its concen-
tration is higher Lo regions where its concentration
is lower. Diffusivity always has dimensions [>T '].
while the dimensions of the other quantities in
Equation (ID-23) depend on the nature of the prop-
erty X" As will be developed later, the value of the
diffusivity depends on (1) the nature of the proper-
ty X and (2) the physical mechanism by which the
property 1s transferred.

We have already seen that water vapor is trans
farred between the surface and the air whenever
there is a difference in the vapor pressure betwech
the surface and the overlying air |[Equation (] >-12)]
and that a transfer of latent heat always accompanics
the vapor transfer [Equations (D-13) and (D-14}-
A second mode of non-radiant heat transfer occars
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FIGURE D-10 z direction
Vartical distribution of wind ve- 1
locity over a vegetative surface of &
height z,.,. The profile follows the
Ingarithmic refation of Equation
(D-22). The zero-plane displace-
ment, z, is about 0.7-2,,,, and -
the raughness height, 2, is about
0.1+2,4, Note that Equation
iD-22) gives 1, = D when z = z, ;
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in the form of sensible heat, that is, heat enerpy that
can be directly sensed via measurement of the tem-
perature and application of Equation (B-19). Thus,
sensible-heat transfer occurs whenever there is a
lemperature difference between the surface and
the air; the relation that is analogous to Equation
(D-12) is
Hol -1, (D-24)
where I is the rate of sensible-heat transfer from
surface to air per unit area of surface [E L * T,
and T, and T, are the surface and air temperalures,
tespectively. When T, < T, H is negative and sensi-
ble heat moves from the air to the surface.
Equation (13-23) is the basis [or a quantitative
understanding of the processes that transfer water
vapor and latent and sensible heat between the sur-
[ace and the overlying atmosphere. However, sever-
al steps are required to combine that equation with
Equations (13-12), (1D-13), and (D-24) 1o produce a
useful quantitative formulation of these processes.

We will be concerned here only with diffusion in
the vertical direction, and z will henceforth repre-
sent the height above the ground surface [L].

Since the absolute humidity p, 15 the concentra-
tion of waler vapor in the air, the diffusion equation
for water vapor, (V), 1s

o}

4
FAV)=-Dy- 2, (D-25)

where Iy s the diffusivity of water vapor. Since la-
tent heat and waler vapor are directly coupled
[Equation (D-13)], the diffusion equation for la-
tent heat is

dp,

F‘:[.FF‘} = ‘I.-"V'..;'I.._,'F.

(D-26)
From Equation (B-19), the concentration of

sensible heat, & [E L™°|, in air can be expressed as

i = Pa®Cyt ETr. 57 T.F.'}r {D'}-ﬂ
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7 direction

- 4
Unit area

FIGURE D-11

Conceptual diagram of the general diffusion process, Goncen-
tration of dots indicate concentration of quantity X More of
the praperty X maves from z; to z; in a given time when the
diffusivity, I, is highar.

where ¢, is the heat capacity of air (at constanl pres-
sure), T, is the air lemperature, and T, is an arbi-
trary base temperature, usually taken as 0 “C. Thus
Equation (I-23) is written for the diffusion of sen-
sible heat, H, as

F(H) = -y BT gy

dz

where Dy is the diffusivity of sensible heat in tur-
bulent air.

To evaluate Dy and D, we must understand
the mechanism of dilfusion in the planetary bound-
ary layer. As noted earlier, diffusion is effected by
the bulk vertical movement of air in turbulent ed-
dhies, which carries latent heat (in the form of water
vapor) and sensible heat vertically in the directions
dictated by Equations (D-12) and (D-24) (Tigure
D-Y). These eddies arc also the mechanism by
which the frictional drag of the surface is transmit-
ted into the air flow to reduce the wind velocily; this
process can alsoe be viewed as a downward diffusion
of momentum (mass times velocity).

Thus, In order to quantitalively express the
cffectiveness of turbulent eddies in energy and
water-vapor transfer, we must examine the vertical
transfer of momentum. Theory and field measure-
ments indicate that when the actual lapse rate

eguals the adiabatic lapse rate {called “neutral”
conditions), the diffusivities of momentum, waiey
vapor, and heat arc cqual. Thus we develop the
basic heat- and vapor-transfer relations for neuiral
conditions, and then show how these can be modi-
fied to represent transfers in stable and unstable
conditions.

D.6.5 Momentum Transfer

Like latent and sensible heal, momentum transter
is also governed by Equation {I3-23). Recall that
momentum equals mass times velocity, so that the
concentralion of momentum (momentum per unit
volume) at any level equals the mass density of the
alr times the velocity, g+v,. Thus Equation (D-23)
becomes

'-'-'rl_:l‘:'a Vo)
dz °

where Dy s the diffusivity of momentum in tur-
bulent air.

In the lowest levels of the atmosphere, g, can he
considered constant at the prevailing air tempera-
ture, so Equation (12-29) can be simplified to

FAM)y= Dy (1-29)

. dv,
Fo(M) = =Dy pu*—* (13-30)
oz

Velocity always increases with height because
[Tictional drag slows air movement near the ground
|Equation (12-22)]. Therefore, dv, /dz is always posi-
tive. Thus F,(M) is always negative, refllecting the
fact that momentum is being transferred downward
via Lurbulent eddies from where velocities are high-
er tn where they are lower.

F,(M) has the dimensions of a force per unit
area [F L™%] and physically represents the horizon
tal shear stress due to differences of wind velocity
at adjacent levels. Because momentum 18 cofl-
served, this stress does not vary with height.

It can be shown that shear stress is directly jpro-
portional to the square of the friction velocity:

Fo(M) = —p,-us. (D-31)
Thus we can combine Equations (D-30) and (D-31)
and solve for the diffusivity of momentum, /3,4
i
dv idz’
To evaluate the denominator of Equation (13-32).
we see from Equation (12-22) that

Dy = (13-32)
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Substitution of Equation (13-33) into Equation (D-
32) then gives

Dy = k-us-(z — z4). (D-34)

Thus the diffusivity of momenium increases in pro-
portion to distance above the zero-plane displace-
ment height and in proportion to the velocity of the
eddies, which is characlerized by ws.

Without elaborate instrumentation to record
the rapid fluctuations of horizontal and vertical
velocity, 1wy and hence Dy, cannot be directly mea-
sured. However, we can evaluale £y, from measure-
ments of wind velocity, v, at some height, z,, as
follows, From Equation (D-22),

'lrc ¥ Llﬂli.

e e rere e e
(Zm — i
In Sl =
Zp

This value can then be substituted into Equation
(D-34} to give

(1-35)

2 - = -
Dy = ———T (D-36)

We can also use Equations (I3-33) and (D-34)
1o show that

Dy =k (2= gy (D-37)

dz
This relation will be useful in developing relations
tor caleulating lateni- and sensible-heat transfer.

D.6.6 Latent-Heat Transfer

The upward flux of water vapor equals the evapora-
tion rate, E, and this equivalence along with Equation
(13-8b) can be used to rewrile Equation (D-26) as

: 0.622-p, de
o= =— -
P e TE (D-38)
The upward latent-heat transfer rate, L.F, can then
be found directly as

0622 p, de
LE=Ap,E= _Dv'—“k:'—P P“..‘:.{;I
(I>-39)

[See Equation (D-26).]
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As noled earlier, vapor and latent heal are
transported vertically by the same turbulent eddics
that are invelved in momentum transfer, Thus, in
order Lo develop a useful relation for calculating
the rate of lalent-heat transfer, we need to combine
the relations that apply to the vertical velocity pro-
file und the transfer of momentum with the diffu-
sion equation for latent heat |Equation (12-39}].

As noted, D), = Dy, under ncutral lapse-rate
conditions. Thus we can replace Dy in Equation (D-
39) with Equation (D-37) to give

LE = —[*- [Z Bl zﬂ_}?.iﬂ.ﬂ'ﬁ.zﬂ.ﬁﬁﬂ_
F dz dz
(D-40)

Assuming a logarithmic profile for wind velocity
and vapor pressure and inlegrating between two
observational heights z; and z;, for 7; > 7, = (7, +
zp), then yields

I . 2
LE = —i;%‘; o k—_,_\
- n(22%)]
Fal )
. |:L-'1 = 'l"-_:l . {61 " El::l'* (I]'--ﬂ"_j

where v; = v, (z;) and g, = e(z;).

Equation (13-41) can be used for determining la-
tent-heat transfer rale using observations of wind
speed and vapor pressure al lwo heights, ) and z,, Tf
we take the lower height as that of the nominal sur-
face (ie,z; = z4 + zp,v) = 0,and e; = ¢,) and use the
subscript a in place of 2, Equation (D-41) becomaes

0.622- p, %

; P |: e R
In (—'T < *')
| y

v, (e, — ey, (D-42)

LE = -2

which requires wind-speed measurement at only
one level,

As noted, & = 0.4, At typical near-surface con-
ditions, we can assume thal A, = 247 MI kg™, p, =
1.24 kg m™, and P = 101.3 kPa and define a bulk
latent-heat-transter cocfficient, K, ., as

3.01 X 107

Eie = e (D-43)
)
I

where K has units of MJ m™ kPa™! and depends
only on the measurement height and the nature of
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the surface. For a given experimental situation, z,,

z4 and z will be fixed. Then we can write Equa-
tion {D-41) as

LE = Kig' (v —vi) (&g — ). (D-44)
and Equation (D-42}) as
LE = KL.E.VIT‘{ET T en:}" (D'J‘S}

{Note that the minus signs have been eliminated by
reversing the vapor pressures,)

Equation (D-45) shows thal the upward rate of
latent-heat transport depends on the product of the
wind speed and the difference between the vapor
pressure at the surface and the vapor pressure in
the overlying air.,

Note that Equations (D-44) and (D-45) give
the evaporation rate, K, if their right-hand sides are
divided by the latent heat, A,. In this form, these
equations are used to estimale evaporation from
snowpacks [Hquations (5-45) and (5-46)] and open-
waler surfaces [Equation (7-17)], and evapotranspi-
ration from vegetated surfaces [Equation (7-76)].
Thus Equations (ID-44) and (DD-45) are more pre-
cise versions of Dalton’s Law [Equation (D-12)].

D.6.7 Sensible-Heat Transfer

Apgain assuming that density and specific heat are
essentially constant under prevailing conditions, we
can simplify the diffusion equation for sensible heat
[Equation (13-28)] to

il
F(H) = H = Dy p,c,»—*.  (D-46)
¥l

It Dy = Dy, we can again substitute Equation
(D-37) into Equation (D-46) to give
; dv, df
H=—k2p c(z -z =220 @
p-.‘l fﬂ I:.. "?“'-) rd-?, I'.'iz {I '47]
Integrating between levels z; and z; vields
k/'!
H = —p,rcprp——— e
Ly T Zg "
L111(—):|
Ly — I3
(v —wp) (T = Ty). (D-48)

Again, we can take level 1 as the nominal surface
and write

KE X
II'__.IDE'E.'J"_ = .V.u"rra_?rl'

|i11’] (_z-’l o Za’)Jz
0
(D=4

Equations {D-48) und (D-49) are exactly analo-
gous to Equations (12-41) and (D-42) for latent-
heat transfer, And, as before, we can assume that
#a=124kgm and ¢, = 1005 T kg > K " and de-
fine a bulk sensible-heat transfer coefficient Ky, as

99 107
£ L XDt

(]

with units MT m™ K'', As with K;z, K depends
only on the measurement height and the nature of
the surface, and for a given experimental situation,
Zp Zg and z;, will be fixed. Then we can write Equa-
tions (D-48) as

(D-50)

H=Kg (v =v) (1) =T} (D5T)
and Equation (D-49) as
H=Kygv (T, - T.) (D-52)

(Again, the minus signs have been eliminated by re
versing the surface and air temperatures.)

Equation {D-52) shows that the upward rate of
sensible-heat transport depends on the product of
the wind speed and the difference between the tem-
perature at the surface and the temperature in the
overlying air.

D.6.8 Eifects of Atmospheric Stability
on Heat and Vapar Transfer

Figure D-12 shows unstable, neutral, and stable
lapse rates near the ground. When a parcel of air is
transported upward in a turbulent eddy, it cools adi-
abatically. Thus il the actual lapse rate is steeper
than adiabatic (unstable), the air in the eddy is
warmer and, hence, less dense (han the surrounding
air and will continue to rise due 1o buoyancy. en-
hancing vertical transport of heat. If the actual
lapse rate is less than the adiabatic (stable), the air
in the eddy will be cooler and denser than the sur-
roundings and will sink toward the surface, reduc-
ing vertical ransport,

Under neutral conditions, the diffusivilies of
water vapor and sensible heal are identical to the
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sfable lapse rales near the sur-
face. Air at surface is at surface
temperature, 7. When air maves
upward in a turbulent eddy, it
cools along the adiabatic line. If
the actual gradient (lapse rate) is
steeper than the adiabatic gradi-
ent (i.e., is in the unstable re-
gian), vertical turbulent maotion

is enhanced by buoyancy effacts.
If the actual gradient is less

steep than the adiabatic gradient
{i.2., is in the stable region), verti-
cal turbulent motian is sup-
pressed by buoyancy effects.
Inversions are stable gradients in- g e

Haight —

—— 1Inatable
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Stable——— >

Trversiom .

which the air temperature in-
creases with haight.

diffusivity of momentum (ic., Dy/Dy = 1 and
Dy/Dye = 1), because the same turbulent eddics
are responsible for the transport of all three quanti-
ties. However, under unstable conditions, the verti-
cal movement of eddies is enhanced beyond that
due to the wind velocity, and there can be signifi-
cant vertical transport of water vapor and/or sensi-
ble heat but little transport of momentum, so
Dy/Dy = 1 and Py/Dy; = 1. These conditions typi-
cally occur when wind speed is low and the surface
is strongly heated by the sun, inducing strong con-
vection. (See Section 4.1.2.) Conversely, when the
lapse rate near the ground is stable, turbulence is
suppressed and Dy /Dy, = 1 and Dy/Dyy < 1. This
situation is typical when warm air overlies a cold
surface, such as a snowpack.

in estimating evaporation, the clfect of instabil-
ity can be accounted for by using a value of b, = in
the empirical mass-transfer equation [Equation (7-
171] or by using a relation such as Equation (7-20).
Here we present more general approaches to ac-
counting for the effects of non-neutral lapse rates,
following the discussion by Anderson (1976) and
Cline (1997). :

Stability-correction  factors for momentum,
waler vapor, and sensible heat, designated @y, Py,
and @, respectively, can be incorporated into the
general equations for latent- and sensible-heat
transfer as follows:

T
{ 5
Aar lemperafurs ——-

Latent heat and evaporation |Equation (D-41}]:

0622 - p, K
I L T .

.P'QJMIQJV :_ zﬂ_zdj 2
| m( 2
|_ L T I
(v = wlelen — e (D-53)
Senzible heat [Equation {13-48)]:

PaCa k=

chM.q,H'[ -
|n( ¥ .J)J
AT
' (VJ. ? Vl} '{Ilz ki) (D-54)

The & factors are related 1o the stability condi-
tion of the atmosphere, which is characterized by
the dimensionless Richardson number, Ri, given by

H=-

2.8+ (2~ 2)- (1, = Ty)
g ln—z) I -T) (D55

Ri = : AR
(To + Ty +2:2732) - (0, — )

where the subscripts again refer (0 measurements
at two heights, z, = #, = 7, + 7, Neutral conditions
exist when Ri = 0, stable conditions when Ri < 0,
and unstable conditions when Ri = 0. To determine

the @-lactor values, first calculate Ri, then use the
relations given in Table 13-5.

D.6.9 Eddy Gorrelation

We have seen that vertical transfer of momentum,
energy, and water vapor in the planetary boundary
laycr is effected by turbulent eddies, Using notation
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TABLE D-5

Formulas for Stability Factors (@, &, and &) for Computing Latent- and Sensible-Heat
Transfer as Functions of Richardson number (R}, Ses Equations (D-53)—D-55). From

Cline (1947},

Stability Factor Ri= =003 —O3=Ri=0 0= Ri<lY
&by, (1—18- Riy™# {1 - 18 Ri) ™ (1-32.R0~°
Py, Dy 13- {1 — 18- Ri)™™ {1- 18 Ri) ¥ {1—-52 Ry

analogous to that of Equation (12-15) for velocity,
we can also express the instantaneous values of spe-
cific humidity, g, and temperature, T,, at any level as
sums of a time-average value (denoted by the over-
bar) and an instantaneous fluctuation from the av-
erage (denoted by the prime). We then have

=gt (D-56)

and
I-.a = ?.51 + Tu.l:l {D'Sﬂ

where g’ =T, = 0.

If positive (negative) fluctuations of the vertical
velocity, u,’, are accompanied by positive (negative)
values of specific humidity, ¢, then u," and g' arc
positively correlated, water vapor is being trans-
ferred upward, and evaporation is occurring, Under
these conditions, the time averaged product u,”« g’
is greater than 0,

Conversely, if positive (negative) velocity fluc-
tuations are accompanied by negative (positive)

humidity fluctuations, then u,” and g" are negatively
correlated, water vapor is being transferred down-
ward. and condensation is occurring. Under these
conditions, i, * ¢’ is less than 0,

Thus, if the simultancous [luctuations u,” and g
can be measured, the evaporation rate £ [L T
can be compuled as

E= fi-;if-q'. (1D-58)

Amnalogous reasoning can be used for temperature,
50 that upward sensible-heat transier rate, H, can

be computed from simultaneous measurement of

i ;
T, and u," as

H=p cu -1, (D-59)

Equations (13-38) and ({ID-59) are the basis for
the eddy-correlation method of measuring sensible-
and latent-heat transfer and evaporation (Sections
7.3.3 and 7.8.3).
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