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Sec 4.3 (ctd) Poisson's egn for an adiabatic process 2/13

- adiabatic

Ag = 0 = C, AT — ép* p =\/pj Ry, T Tl’Pl process> r.p
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, A B Ra T
P
Upon integration from state (Pl,T1 ) to (P, T) one
Cp obtains

frachoal T [Pl
CL\QAj'C T, |P,
AInT = —2 AInP where R, _ 2 _ 0.286
Cp Cp
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: : T P 0.25¢
Sec 4.3 (ctd) Applying Poisson's egn /T = ( //’ )
) ]
Poisson's equation is useful if we want to compute the height variation of temperature
based on ascent/descent across specified pressure levels (rather than specified
elevations). Suppose the surface parcel rises adiabatically: compute its temperatures at
900 hPa and at 850 hPa...

/p 5L /85‘0 0.28( . . .
- — — )
7= 7) o 720 P=850hPa , T=?"? . y R

P=900hPa , T=?? B * ° s

P,=920hPa , T,=300K ..

3/13
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Precursor to Sec 4.4 — important definitions NOT (explicitly) given in textbook 4/13

Quantlty of sensible heat per unit volume**, say “h” [J m?], is given by:

_ )
P T\ temperature, K et /)v [ j/""Bj
a,r/ \ . be ameat o

specific heat

density capacity of air va,éow /,c, uaitf vol
~ 1000 J kg K™ | |

—_—

** Alternative name: “volumetric (sensible) heat content”. This is the appropriate

measure in the context of heat transfer occurring at constant pressure, recalling
Aq = c, AT — a AP

Quantity of /atent heat per unit volume, say “h, " [J m*], is given by:

latent heat of
vapourization
~2.5x10°J kg™

h. = I, = absolute humidity
. P v of the air [kg m~]
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Sec 4.4*
molecular leve es

( A. Conduction** /Dﬁ@,,;,’on )

e occurs in solids, liquids & gases

 spatial difference in temperature
(mean kinetic energy of material
particles) implies energetically
vibrating matter in contact with less
energetically vibrating material :

e vibration energy is transferred

 football crowd analogy
W N 0’

*Similar mechanisms, arm

-
e Transpect hy
B.éconve/z:tion

Natural mechanisms for heat, mass and momentum transfer

Vector generalisation:
| é — (QX/ Qg/ QZ):_k (

What are the units of k ?

aws for mass "diffusion” and viscous momentum transfer

Qx

* Fourier's law of conduction

Flux of sensible heat (Q_, W m*) along direction x

equals (minus) the conductivity (k ) times the
“spatial gradient of temperature in the x direction.

dT dT dT>
dx ' dy ' dz

[ &] Wer ~
[k]= —— = — =Wm K
| ] CoaT/dx ] o~ "

(/\/fuﬂ‘on/ﬁ Jaw 07L \//rj(os}fj)

*Sec 4.4 is titled "Heat Transfer", but we'll cover the broader topic of
"Natural mechanisms for heat, mass and momentum transfer"

C. Radiation (subject of Chapter 5) transports solar energy across the vacuum of
space and powers the earth; we also deal with radiation from (and within) the earth-
atmosphere system itself (terrestrial radiation). We later learn how greenhouse
gases operate as selective absorbers of terrestrial (longwave) radiant energy


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson


John Wilson



(Expanding on) Sec 4.4.1 Mechanisms for transport of energy — conduction 6/13
by definition, poor conductors are good insulators — still air or fresh snow

 in the atmosphere, conduction is only important very close to surfaces (e.g. ground, or leaf
surfaces) within the "laminar boundary layer". Air transports heat more effectively by

convection (i.e. by moving)

5¢
D o .
Example: 10°C TABLE 4.2 | Conductivities of various
- substances.
< > R
Substance Conductivity (W-m™.K™)
4 mm
glass Still Air (10°C) 0.025
+10°C Water (10°C) 0.62
fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff Ice (0°C) Generally 2.24
AT 20 Fresh Snow higher for 0.08
|Q| ~ -—A—; N , 00* Old Snow soli_ds,.due to 0.42
Dry Sand Z’e’r f;’ghi‘f 0.15-0.25
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, - SOODWM Moist Sand ensity (atoms 0.25-2.0
-10°C _ or molecules
Granite . 2.9
in close
4 mm Limestone proximity) 1.8
still air Light Wood 0.09
Dense Wood 0.19
0
,,,,,,,,,,,,,,,,,,,,,,,, +1OC Stainless Steel 16
20 _ -2 | Aluminum 200
ol ~ .035x —, =195 Wwm
0 00 Glass ~1
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(Expanding on) Sec 4.4.1  Soil heat conduction 7113

conduction is the main mechanism for heat transfer within ground (percolation of rainwater

— a convective process — can also transfer heat)

daily (diurnal) and annual "temperature waves" are attenuated with increasing depth ( z)

~ 10 cm participates diurnally; ~ few m annually

soil conductivity a strong function of soil moisture content

T=T(z,t)

Penetration of the 25 F
daily temperature
wave — increasing
attenuation (i.e.
amplitude
reduction) and
phase lag (i.e.
time delay of the
temperature
peak) with
increasing depth.

|\
-

temperature °C

[—
o))

10t

time of day
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(Expanding on) Sec 4.4.1  Soil heat budgef*— (novel form of the 1st law) 8/13

« consider layers of soil, assuming soil conductivity k is uniform (constant). The soil heat flux

Q, varies with depth z :

Implicitly we're assuming horizontal heat
transport is negligible. This amounts to an
assumption of symmetry, i.e. that soil
temperature does not vary with (x,y).

Notation: Left Hand Side (LHS) is the heat
flux evaluated at z (not times z)

Temperature gradient
evaluated at z,

Ty, o 'T(z)
N 0.(z) = ~k <‘”>Zf/ z

S dz "*; L
T, @ T velsus
Z ™musth B .
381- S'W‘ﬂlnt( wl\jo @GFaMSa ‘Q “S (\93 GSUM»}}J\'W)ZZ
T23 ® (ﬂ’ qunj const. lf_)u'l" ’ﬁu\X 'S S\wwn al
AQ})H‘\ WW%Zs
Ty o
E dT,
v | Qz(Z4> = —k (E)z4 Z4
g Ts @ g Point & \‘0395 8,9 15 do Show Pual we can create

On qua,."-ﬂ'a-kéo model of +he

Me‘\eoro‘oaj“ Jf Hae St'l‘ ('-.e.+he
enui(ov\m"&' s'\'a*e).
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(Expanding on) Sec 4.4.1  Soil heat budget equation in finite difference form 9/13

In time At the volume A Az of the layer whose temperature is T__ gains an amount of heat
Q(z,) A At [ J ] conducted across z, but loses heat Q (z,) A At [ J ] conducted across z,

volume Firre STep

Soil density and heat
capacit/y@and@ PsCs @ATZSZ A Qi(zz>_Qz(Z3>]
_ /" e

k M - .=, ~1 We S‘na/\/'t ‘}‘a'« e+c_ ‘Hm's Moole]
j v /if K O"'ﬂ 'Fur'""\ncf )) 3;{({@ +e Saj Aag T

. Z

— 1

@Abz [ajef 1 _“-‘H/\e in‘\'e(——Cenwec—]{o'\-\j o'f /\'\,\6_

Ty—T
0.(z)) =~k (35), =k 22,
Fuoluhon of dz '# Az 2
/’Z% 1S T23 1 Sﬁi\ €/\\);r°V\\/\/\en'}:

ffed‘“{/ ® 2
g
dT .,

\/ ’ ; QZ(Z4> = —kK (dZ )245 Z4
z Te T

« at each interface, we can evaluate the needed heat flux using Fourier's law
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Sec4.4.2 Convection 10/13

When a fluid or gas flows over a solid surface, there is a thin layer adjacent to the
surface, known as the laminar boundary layer, in which the flow is parallel to the
surface, meaning there can be no convective transport to or from that surface — in
that layer, only radiation & conduction can transport heat, and only diffusion can
transport mass (e.g. water vapour)

irregular path of air above the laminar
boundary layer results in convective
transport of any and all properties

R diffusive/conductive transport I a few mm

surface



Sec4.4.2 Mechanisms for transport of energy — convection 11/13

wrndd
Transport of heat by "mass movement" of a fluid, i.e. organized/(bulk) flovwas

opposed to the jitter of individual atoms, is named "convection"

In the broadest context convection may transport any property in any direction

Commonly the word is used to refer (more narrowly) to vertical transport of heat

Must interpret the words "convection, convective" according to the context

\ w Cool

Y \> Warm
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Sec4.4.2 Rate of convective transport (vital definition NOT given in our textbook) 12/13

AMount ber cubic metre
always wind velocity x golumetric con'centra@of the transported property

e.g. let w be the vertical wind speed and h (as before) be the volumetric sensible
heat content, then the rate of vertical convective transport of sensible heat is
simply:

Qz: w h=pc, wT [Js'm?*=Wm?]

 this quantifies the vertical convection of energy in one form, i.e. sensible heat
energy. To use all the adjectives, this is: the instantaneous local vertical
convective flux density of sensible heat

 it's an important quantity that can be, and often is, measured (more in a later
chapter). What is important here is the principle: product of wind velocity (in a
given direction) times the amount of “stuff” per unit volume of air gives the rate at
which that “stuff” is being transported (its “flux” in the given direction) Ao (e

0‘ -J_D‘l
Q: why is the sensible heat flux density evaluated using C, rather than ¢ ? hus

because lqeul—(yxvl/\aaoc 'S ()(CUN"/LJ wf’ Consl', Prcjsufc

S (omectve o
Q: what formula would give the verticalj‘ﬂux density of water vapour [kg m* s*]? \’\//Ov
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« conduction/diffusion mechanism for transport is of negligible importance in the
Interior of the atmosphere

« but may dominate within thin layers (mm to cm in depth) adjacent to surfaces

fffffffffffffffffffffffffffffffffffffffffffffffff P\
~ terrestrial 3 1
1 ~ (thermal) ) g
L ~ (longwave)
solatrl| ,,,,,,, e |
Radiatior\i“;\ | Radiation | Radiation
| A
Convection Convection
(& conduction) (& conduction)

A
a) | Figure 4.16 (modified) |y Conduction b) Conduction




Lecture of 26 Sept.

temperature change versus pressure change (Poisson's equation)

« relative importance of conductive/convective/radiative fluxes in soil/atmosphere/space

 laws for conductive and convective heat fluxes (i.e. egns. quantifying such fluxes)

* how an appropriate conservation law for heat energy is "built" in the case of a
homogeneous soil (a more complex law would be needed if we had to handle exchange of
heat along the horizontal axes)

 role of symmetry in science laws — here an assumed symmetry allowed us to remove two

of the four space-time coordinates, i.e. we assumed T is "homogeneous" along X,y
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