Ch7. Water vapour: the most variable gas & most important GHG 5t tas Udibens oo 008 . 2016

Absolute humidity 0, 0.= mass of water vapour [kg m—3]

y : " volume of sample
or \l&]DOV\f d@n§:+j'

N
. - __mass of water vapour _ Py

SPECIIE ey q 9= total mass of sample P (kg kg™ ']

almsst 1deab e o { > or
y . mass of water vapour y kg™
Mixing ratio r r= — D :g 9k ]
mass of dry air in sample d )

Partial pressure of e Pa]

water vapour
241
okl Ak ¢ “At the same pressure and

temperature, humid air weighs
less (and has lower density) than
dry air”

We shall prove this...
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= +
Sec 7.1-7.5 Water vapouf\)/arﬁﬁ'es f &ach has its own usefulness PZ’- E| + & 21

The ideal gas law inter-relates vapour pressure (e) & absolute humidity ( o)

@ e = ﬁ@R@T sz i.gl"f'J—Mo-I,K-’ @Pd — pd Rd T
"vapour" @ P =

R=L_— 46 Jkg 'K
MM

p Ry 1)

"virtual"

Absolute Measures

Equation

e=P( t )
E+r

e=0.622 =ratioof R, t0 R,

Comments

Partial pressure of
- water vapour ("vapour
pressure”), €

not conserved in vertical motion

e
Absolute Humiﬂit}f Py = R.T not conserved in vertical motion; can be measured ﬂirect!y
T"_T
conserved in vertical motion; used on thermodynamic
Mixing Ratio r=e¢ ( & \l di . y
\P-e] s Numerically, g and r are
almost identical (g = r).
- Both “remain constant so
Specific Humidity Clle conserved in vertical motion |0Ng @s water vapour is
r

not added or removed
from the parcel”

“temperature to which air must be

Dew-Point Temperature Cooled for saturation to occur (with
no change in pressure or moisture
content)”

not conserved in vertical motion; can be measured directly;
reported as part of routine weather observations
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Water vapour variables — each has its own utility 3/11

g%?&nﬁc'c ‘/\ul\qn\ol.-b G{r\o‘ MIIY\\f\j ('a"'\.o be\\ﬁxle aq ! +Pacq$" A

';a\f‘cc‘j feMagGin WA Sc\“'hfﬂ‘l'?d.

the parcel shown has
w11 anrosphers) €XPANAeE, but its specific

nth;sphere;é;i/humidity and mixing ratio
= are unchanged

—
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Water vapour variables — each has its own usefulness 3a/ll
Past 24 Hour Conditions

During calm, cloudless weather the late Imperial Units

Co . Lo Tl Conditions
afternoon dewpoint is sometimes (MDT)

26 September 2012

considered as a reasonable estimate for 8:00  Sunny 4
] . 7:00 Clear 4
overnlght minum temperature: e.g. 6:00 Clear 4
. 5:00 Partly Cloudy 5
_SOL_hAraL oN - |0l+b\+ l’\ﬂ—%k 4:00 Mostly Cloudy 5
3:00 Maostly Cloudy 5]
—0 res U,H- A l) /'eh 2:00 Mostly Cloudy 6
. 1:00 Cloudy 7
+"‘°‘+ ”"‘4’3"‘2 Lf andl CAL ance L% 00:00 Cloudy 8
201 2—09-26 08:33:40 25 SEptembEF 2012
08:33 MDT Wed 26 Sept 2012 23:00  Cloudy 8
22:00 Mastly Cloudy 8
21:00 Clear B8
20:00 Clear 7
19:00 sunny

18:00 sunny 17 54

17:00 sunny 17 56
16:00 sunny 18 57 0
15:00 sunny 18 5B =
14:00 sunny 18 5B 9

12:00 sunny 18 56
12:00 sunny 17 57 9
11:00 sunny 15 6B =
10:00 sunny 12 B2 =
9:00 sunny 10 BB =)
200 sunny 9 Q0 7
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"At the same pressure and temperature, humid air weighs less (and has lower density) than dry air* 4/11

Proof: R* wniugal Oas CMS{

MM. n. +MM, n
PV=nR.T N no,{(ﬁulfs — v v d 'da

b= Vv
PV 'D"FEﬁfer]']" q{k\‘nj S
= n = const.
R.T O a8 ve odd MM, An,+MM, An,

M e 6{ \Iq,vo(,\/ Ap v
ve let Male

n =n,+ n; = const. " Y

y | ™) ar MM, An,—MM, An,

“l"“"’ 4y air f““}’e. Ap = %

So if one adds An, moles of Ap 1
vapour to dry air, keeping volume, An oV [MM, —MM_ |
pressure and temperature Y N ~
unchanged, then
A 0 negative, because

n=

. -1

andso An,=—An, < () MM, = 0.018 [kgmol |

MM, = 0.029 [kgmol ']



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



Sec 7.3 Equilibrium vapour pressure (also termed "saturation" vapour press.) 5/11

‘ﬁfjé _\'0 ass ure "l"\'\6t+ COOrJe/\ga'}Wor\ ra']‘c = e\)o\ijorq%o«\ FA"‘e ‘
Can A\is S:\)g“‘av\ \De_ a‘\" eclu\.\ \')(IV\JV\_ \\ne \lg);ou( '}Drch(A(‘g a?'

w\/\:c\/\ e&lm\\\;\)f;MM OCCu(S c)e*é’/!olS /O:_%, on ‘l’eﬂ’\bera‘\ur'e e =€ (’ﬁ)

' non-equilibrium equilibrium
€ =0
; e, e, e,=e, (\0@ e,
Dry Air
Evaporation Condensation Evaporation Condensation
Rate Rate Rate Rate
Water
T=10°C T=10°C T=10°C

a) b) Fig 7.2 c) STefPED HERE |7 6CT,
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15. Water vapour variables — equilibrium vapour pressure vs. temperature 6/11

12| Will use symbols e_and e, /
iInterchangeably to denote _ .
10~ 'ehang y Clausius-Clapeyron eqn. gives e (T) curve.
equilibrium vapour pressure s
T 8-
= e (T) = 6.11 exp L ( 1 —l) ,hPa | Eq 7.1
o 6l R, (27315 T
4- L is latent heat (of vaporization or sublimation)
.| Fig7.4 and R =461.5 [J kg™ K] is gas const for w.v.

ol | I N T B
40 -30 20 10 O 10 20 30 40 50

Temperature (°C)

. alternative formulae for e (T)

exist 1

- will expect students to be able = Evaporation Condensation gyanoration Condensatior
to use Table 7.1 Rate Rate Rate Rate

Fig 7.2c Fig 7.3

T =10°C T=20°C



Sec 7.3 Equilibrium vapour pressure vs. temperature over ice versus over water 7/11

Tiny water droplets in the atmosphere 0.03

can (and mostly do) remain unfrozen
for temperatures far below 0°C, and
are said to be "supercooled.”

Perhaps e,(T ) is a strange choice of

"benchmark" for vapour pressure

05 40 -30 -20 -10 0

molecules held tighter in ice
lattice

-40 -35 -30 -26 -20 -5 10 -5 0
a) Temperature ("C)



Sec 7.3  Equilibrium vapour pressure curve: one graph, two relationships 8/11

Air Temperature/Dew-  Saturation Vapour Pressure/
e _Polnt Temperature ("C) Vapour Pressure (kPa)
Vapour pressure e and K= 0 0611
| = Dn;_i Extracted 1 0.657
. . B from 2 0.705
~dewpoint temperature T are in - % < Table 71 4 i
. _ Gl_} | 4 0.813
1:1 relationship — they are not 5 o
| L5
s - w
“Independent pieces of 2 § i ,y
‘information. If you know one, 3 ::3__ ~38 hPa -
B-%
you can deduce the other. =2
1 - 30
3 . . : D —
Symbolically, we write =
— =< 23hPa =
e = e.(T,) 3=
| *\ T d @ 20
“meaning “e is a function of T equiv. to
. . d Figure 7.4
(the function being the e,
i . 10
_curve). Similarly, //
T, = e'(e) i
—10 0 10 Zp 30
20°C 28°C

Air Temperature — T(°C)
Check: is the adjacent figure consistent with Table 7.17? [Dew-Point Temperature — T4(°C)]



Sec 7.3

€. —

e.(T)

Insert

insert

Insert

Insert

Four ways to use the equilibrium vapour pressure curve/table 9/11

T and get out equilibrium vapour pressure e,

T, and get out actual vapour pressure e

e (actual vapour pressure) and get out T

e, (equilibrium vapour pressure) and get out T

g 8 Fig 7.4 /
v 6
al
N
| I N

0]
-40 -30 -20 10 O 10 20 30 40
Temperature (°C)



Sec 7.3  Equilibrium vapour pressure curve: one graph, two relationships 10/11

TABLE 7.1 | Saturation vapour pressure at different air temperatures, or vapour pressure

at different dew-point temperatures,® over flat surfaces of pure liquid water or ice.b

Air Temperature/Dew- Saturation Vapour Pressure/ Air Temperature/Dew- Saturation Vapour Pressure/
Point Temperature ("C) WVapour Pressure (kPa) Point Tempfgrgtili.ilir?g{fl;;?mj.rf";pﬁqgfrfgg;;gge (kPa)
(ice) 0 equilib.v.p.? 0.611
' | 1 0.657
-14 0.181 (D.208) . A
- If T =10, what is the UL

-13 0198 (0.225 | d ’ |
{ ) 3 vp? 0.758

-12 0.217 (0.244) |
4 10.813

-11 0.238 (0.264) | _
2 o If T=10, what is the 0.872

=10 0.260 [(0.286) vDp.? |
5 VP 0.935

-5 0.284 (0.310) |
i 1.001
-8 0.310 (0.335) | If Td:10, what is the il.DTE

-7 0.338 (0.362 | i
( } A equilib.v.p.? 1147

-6 0.369 (0.391) |
5 0.402 (0.421) il et
= - : 11 I ?;13.12 hPa, what is 1.317

—4 0.437 (0.455) T 1
12 1.401

-3 0.476 (0.490) |
D 0.517 (0.528) = Wl
. . 14 I7f_% =13.12 hPa, what |S§1.595

-1 0.562 (0.568) o Ta’
15 | 1.704

(] 0.611 (0.611)

If e¥=13.12 hPa, what |s



Sec 7.4 Bringing air to saturation — ie. manipulating sample to arrange that e=e*(T) 11/11

M

Saturation Vapour Pressure

Saturation Vapour Pressure (kPa)

WhICh statepoint on Fig 7.7 represents
unsaturated air? B |

WhICh represents supersaturated alr’?C_
r What three processes can bring air to
1saturat|on’?

-10 0 10
Temperature (°C)

Fig 7.9

Adding Vapour

B
Cooling

-10 0 10 20 30
Temperature (°C)

Saturation Vapour Pressure (kPa)

[ R, TS ]
1
\
+3r
> &)
N
\<
NS
N
[~
—
R
1Y
~—
>

Isobaric and adiabatic
mixing:

2 Air Parcel

cond
W ;[/ ™Mo

-
I

Unsaturated ﬂ :
1 AirParcel .'S Jb
0 | | | /,1 14
=20 -10 0 10 2 30

Temperature (°C)

sl Jower e


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



* humid parcels are positively buoyant (relative to dry parcels at same
temperature and total pressure)

common humidity variables, and their connection with one another

notion of a "tracer" of parcel identity

understanding definition/meaning of equilibrium vapour pressure

1:1 relationship between vapour pressure e and dewpoint T

using the e*(T ) table (or curve) to get e* given 7', or, e given T
or T givene*,or, T givene

"Because the relationship between dew-point temperature and vapour pressure is
the same as that between air temperature and saturation vapour pressure, we can
use Table 7.1 to determine dew-point temperature given vapour pressure” (p164)

TABLE 7.1 | Saturation vapour pressure at different air temperatures, or vapour pressure

at different dew-point temperatures,® over flat surfaces of pure liquid water or ice.P

Alr Temperature/Dew- Saturation Vapour Pressure/ Alr Temperature/Dew- Saturation Vapour Pressure/
Point Temperature ("C) WVapour Pressure (kPa) Point Temperature ("C) Vapour Pressure (kPa)

—40 0.0132 (0.019) O 0.611

-39 0.014 (0.021) 1 0.657
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