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Cloud Formation

Altitude range of different étages

High 3-8 km 5-13 km 6-18 km
Middle 2-4 km 2-7km 2-8 km
Low 0-2 km 0-2 km 0-2 km




Cloud Clasgfication

Genera

Cirrus (Ci)

Cirrocumulus (Cc)

Cirrostratus (Cs)

Altocumulus (Ac)

Altostratus (As)

Nimbostratus (Ns)

Stratocumulus (Sc)

Stratus (St)

Cumulus (Cu)

Cumulonimbus (Cb)




Cloud Formation

Cloud Formation Mechanisms
free convection
forced convection

orography
frontal lifting

Fig. 9.1.
Formation of clouds along acold and warm front, respectively.
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Pseudoadiabatic Process

Condensation, latent heat release occurs during adiabatic ascent
Adiabatic process

dQ=0

Pseudoadiabatic process

dQ =- Ledwy, s (9.1)
Saturation mass mixing ratio of water over liquid

€v,s
Pd

Wy s =

Combine (9.1) with first law of thermodynamics
- Ledwy, s = ¢p qdTy - a adpa (9.2)

Substitute ag = Jrg = RA,/pa into (9.2)

dTV - 4 dpa i dWV S (93)
Cp,dPa Cpd

Differentiate (9.3), substitute fipg/f1z=-r a9 & pg =r aRAMy

Alyo _ ROy Ty L MWys_ g _Le s

124, cpdPa 12 cpg T2 Cpd Cpd T2
(9.4)

Simplifies to the dry adiabatic equation when w,, =0



Pseudoadiabatic Process

Differentiate wy s = €py s/ Pd With respect to altitude, substitute
2

dpy,s = Lepy, T/ R/T Wys = epy.s/ Pd

dT = R®T,/ Ry, = TdTy /Ty R¢= eR,

pd/ 1z= - pgol RET

Twys e &Pvs  Pvs TpgO _ Le®Wys 1Ty, L My,s0

1z pg& T2 py T2y RET, Iz RT

(9.5
Substitute (9.5) and Gy = g/cpd into (9.4)
2 .
T, 6 WysO /& Laeewy g ©
ghg :_QN:-qjghLe V82 [e1+ —S0S < (g
1z g, RAT é Ric, ¢TTy o
Pg =950 mb
T =283 K

---> pvs =12.27mb

—--> Wys = 0.00803 kg kg1
—--> Ty =2844K

—--> Gy =526Kkml

T  =293K
> G, =426KEkml




Stability Criteria
(9.7)

iG> absolutely unstable
1 16 =G unsaturated neutral
.| &>G >Gy conditionally unstable
! G\/ Gy saturated neutral
i G\/ <Gy absolutely stable
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Fig. 9.2. Stability criteriafor dry or moist air
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Determination of Stability in Multiple

L ayersof Air
Fig. 9.3.
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Equivalent Potential Temperature

Potential temperature a parcel of air would have if all its water
vapor were condensed and the resulting latent heat were released
and used to heat the parcel

Equivalent potential temperature in unsaturated air

& | 0]
Ope> Op expg—LT Wy,s= (9.8)
e%.d @

Equivalent potential temperature in unsaturated air
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Fig. 9.4. Relationship between potential temperature and
equivalent potential temperature.
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Cumulus Cloud Formation

Fig. 9.5.
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| sentropic Condensation Temperature

Temperature at the base of a cumulus cloud
Occurs at the lifting condensation level (LCL), which isthat
atitude at which the dew point meets parcel temperature.

| sentropic condensation temperature

' UK ¢
W ar, o U
4880.357 - 20.66In€ VP30 (WL 7 @
§ € elvo g H
Ty,L » - K (9.11)
aWvPa,0 &y, O
19.48- In8 = !
e'vog 0



Entrainment

Mixing of relatively cool, dry air from outside the cloud with
warm, moist air inside the cloud

Factors affecting the temperature inside a cloud

1) Energy loss from cloud due to warming of entrained, ambient
air by the cloud

dQ1 =- cp,d(Tv - T )dMe (9.12)

2) Energy loss from cloud due to evaporation of liquid water in
the cloud to ensure entrained, ambient air is saturated

0Q% =- Le{wy,s - Wy JoMg (9.13)

3) Energy gained by cloud during condensation of rising air

dQ3 =- McLedwy, s (9.14)



Entrainment

Sum the three sources and sinks of energy

dQ" =- Cp,d(Tv - fv)nd - I—e(Wv,S' VAVv)nd - Mcledwy,s

(9.15)
First law of thermodynamics
dQ" =Mc(cpad¥ - aadpa) (9.16)
Subtract (9.16) from (9.15) and rearrange
Cp,ddTy - @ adpa = - [de(Tv - fv) + I—e(Wv,S' VAVv) dM% - Ledwy,s
C(9.17)

Divide by cp dTy and substitute a g = R/ pa

dl, R¢dp, _ 21{, - T, .\ I—e(Wv,S' W@)BdMC LeOwWy s
Ty Cp.d Pa é Ty Cp,dTV b Mc cp,dT\,

(9.18)

Rearrange and differentiate with respect to height

T, & .y L ~ U1 qm Tw
m___9 . e::(TV- TV)+Jh (WV,S- WV)Q Mg~ _Le Wvs
Nz Cp,d ) Cp,d gMC 9z de Nz

(9.19)

No entrainment (dM . = 0) --> pseudoadi abatic temp. change



Vertical Temperature Changein a
Cloud

Change of potential temperature with atitude

Tay _ Gy T% | 9y TPy (2.97)
ﬂz TV TE pa ﬂZ

Rearrange

E:Lﬂqv_,_ ROy fpg _ Ty fay g9
1z qy 1z Cp,d Pa 1z qy 1z Cp.d

(9.20)

Substitute into (9.19)

7

N - U1 oM Lo fiw
%:_&:TV_ V)+i(WV,S_ Wv)q_ﬂ C _ gL ﬂ V,S
1z Ty @ Cnd GMc Tz Tycpgq dz

(9.21)
Multiply through by dz and dividing through by dt
€ - .U dw
%L :'&L:TV' TV)+i(WV,S' Wv)l;E- qvl—e V,S
dt Ty ) de g Cp,dTV dt
(9.22)

Entrainment rate

30
1 dM, 3 E?lprt N (0.23)

E= »
MC dt 4prt3 dté 3 9




Thermodynamic Energy Equation in a

Cloud
Add termsto (9.22)
By Sy ) (g g W+ (-1 i
dt Ty @ Chd S G a

_9, @ Ows o dw)  dWyl  dQgqy , 496
* ¢ le = STy TTa T g

(9.24)



Vertical Momentum Equation in a
Cloud

Vertical momentum equation in Cartesian / altitude coordinates

dw 19p 1 /- .
—_— = .. — )
=0 > +ra(N r aK mi)w (9.25)

Add hydrostatic equation, fpa/Yz = - r a9 for air outside cloud

d_VV_ ra-fa 1ﬂ(pa' f)a) 1

=- - +— (N r gK N
at ¢ g r, Tz g (- 2K miw
(9.26)
Buoyancy factor
B=.- Ta-fa_. IOaTV'JE’aTv N VLY f‘izf’;a_pa 5. dv-dy
la Palv Ty elvg Pa oy
(9.27)
Adjust buoyancy factor for condensate
pofa-fa_ Wlwi) allw) q-q¢
la Qv Qv

(9.28)



Vertical Momentum Equation in a
Cloud

Substitute (9.28) into (9.26)

- 0 1 - p 1. .
dW:g({%,\ qV_ W[ +- ﬂ(pa pa)+—(N'raKmN)\N
dt & dy g 'a 1z la

(9.29)

Rewrite pressure gradient term
1Py _ o IF_ hlli
i A (9:30)
Substitute (9.30) and (9.29)
aw_@y-q, 0 MP-F a

= ~ - W =- N-r sK N
at gg N WLﬂ Cp,dOv T +ra( r'ak m )\N

(9.31)



Simplified Expression for Vertical
Velocity

Simplify (9.31) for basic calculations
|gnore pressure perturbation and the eddy diffusion term

dw _dwdz _ dw

&), - o)
_— = — = ge—L—=Y . - =0B .32
ot dzdt dz g g by TO (5.32)
where

_gz

Ve

Rearrange (9.32)
wdw = gBdz

Integrate over dtitude --> estimate of vertical velocity inacloud

- C 0 z
w2 =wj +2g Y oy~ Gy wi=dz=wg +2g0Bdz ~ (9.33)
%g qv %} (?ij



Convective Available Potential Energy

o6
CAPE = gQZLLNB Bdz> gQZLLNB oVl Vot (9.34)
FC Fce Oy g



