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Introduction 4 Radiative balance
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-( C % = felt -a) Q - KT
"

C = pcpdn.io?Jm-k-t
- heat capacity of atmosphere

steady state To = )
"
"

Fw Earth
,
with t= I fro greenhorn effect) , To = 255K 1273 k€0 c)

observed temp 2288K ⇒ greenhorn fhchr 8=0.61 currently .

For Venus
,
observed temp 2 740K ⇒ greenhorn fhchr 820.01

ie
. string greenhouse effect.



The steady shrink in thine
.

Two ways to see thi :
DT n

• gmphicd It#¥q'T
• linear shining - write T= To t T ' IT ' I ⇐ To

⇒ CGI
'

= fetal Q - tr titty
4

= f¥Q -¥4 - 4KTo'T 't h.at .

T
'
a e-
"to where to = I

44%1 = 30 days .
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Vertical structure of the atmosphere
- \ mesosphere

2- n

50hm - - -↳ - - strnhpause

stratosphere
"€÷:÷

1 a

220K 290K

Why ? Ideal gas
law p=pRI R=HJk"not'

Ma Mann 29×10-3kg not
'

Hydmthhi equilibrium ¥z= - pg ( vertical free balance )

Treat Tatomcavrhnt ⇒ ¥z= - Maqofop ⇒ p=poH= 8km



Energyegn-pcptptt-hjf-0.lk#-OIIIIIttu.oT
\ antduchin f

(
material denmhvi )

adiabuhi term radiation

In troposphere ,
connection causes what adveehan to dominate

⇒ fpcpdfz-dtaf.TT adiabatic
'

oppmnhnahin
-

+ hydmhhi ⇒ = - Iep = : - Pd ,
the lapsenjn.IO K knit

( thi ignores whkrrhpur A anderahm - see
later )
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Last time : steady radiation balance

1411 -a) Q = TrTs
"
= rTe

"
where Te =8"

'

Ts ai the

} '

effeehriemilhhgknpn.hn
'

Now : determine Thy modelling kngwwe mdeahen MY the atmosphere .

will assume .
-

a
'

grey atmosphere
'

,
ii. absorption ii independent of frequency .



SX

Define radiative intensity IIIII )

RY4W (RTE)

[ emission intensity E- land of ,ahdah¢ , and)

\ B=rT"I = - III. B) I f¥=EoI )
1-\ density

absorption coefficient (depends on concentration coz ,Hz0, CH4 . - - - )



We airmen one- dimensional atmosphere , so III. 0)
.

F-d- . - -- - -

on.
then %I=µoII=-kpII7Y tweeted

2- 0 c- lot)
^ -

to!, ¢ndeI=II4d) , B-BIH.KIH.PH )



Avenge intensity are all upwardsldamwwmdireehais.it/I2iTTTz1

It IH = ¥ ff I Had sinddddo = fIdµ f- end

o o o dµ = -and do

I. IH = ¥ fo Ihidlsnddddo = II dm
Also define the Whl upwards 1damwith Ruth, Ftl F-

approx .

FT1H = § I Holland and dddof = If pdp ITIf
E1H = - f! I IH01 and nnddddof = - hi [Indy = TI

-



Nah
,
re-write RTE µ¥z = - Kp II - B) .

Integrate fo dy d f! dp , wring the one approx . I fIImdr=IfIdI
-⇒ II II = - Kp IIT - B) - I III. = - kpfI . - B)
-

than the two - stream oppmnhnahwi-
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We assume www.hahriequ-brium ( each point re -emits all the rhdiahm

B- It fitted)andddd¢= {1%+71}
"wh )

⇒ Eat = - kpIIt-It = Eat or /f¥=d¥z=-kplFtT
-

⇐d- - -
I TIf=rTe4 Arto

, Ff=rTs
" ( Shehu - Boltzmann)

At t=d
, E = 0 (no incoming longwave

mediation )
TFERTS

"

Ff=rTe
"

(definite )
toX



Note f¥ =D ⇒ (Ft -E) ii independent at Z ,
so E- F. = rTe*

• d =
- kprte

"
with F. =o at 2- =D

⇒ F. = Me
" fzdkpdt = ote't ,

where E- fzdkpdt
like optical depth

So Ff = rTe
"
( Itt )

so
,
at 2=0

, TT54 = rte" I it Is ) where Elsefodkpdz.ci
the optical thickness of

so
, we find nine qg¥un

the atmosphere
-
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Runaway greenhouse effect .



Water upon it a pwerfnl greenhouse gas . It exit a ponhn feedback :

more mpar → stringy greenhorn effect → higher kmpinhru → more emporium
-

On Earth
,
this a limited by cloud fmahin (clench = endured winter alright in

troponin ) and min full .
On Venus

,
clouds don't fun ⇒ many greenhouse effect-

(Umm also increase the albedo
,
a negative feedback) .

The amount of rhpw ii described with the density pv , and the pwhwl pressure pv ,
related by the ideal gas kw :

p , = puff R = gas anrht

Mr. molecular weight 48 do
→

hymn
")

-



The phanohigmn :
T ^ jfsahrhhmcwrepsi.lt)mpar

i liquid sahmhm care ui described by the

ask # ""wh'm -""MMMM"
"

i dtfsf = p¥t-lakntheatofandnmhn.iei
II.knob Jkg

"

pulley) = Mvhpsv
booth 105Pa

I 72

④
⇒ log ftp./--IfIfo- f) = Miffed hKTokTo



As atmosphere fined ( thrust
Meansm )

, pv land pv ) increased . that causes T

b- increase to
,
since T = fQ¥¥ )

"
" with 8=81 pr) according to mdiahte balance

.

We arrive that initially pv a psv IT) . Does the atmosphere reach snhhhin ?

For Nannini
, appen - F- Hpv = Eff In ⇒ /T=fY"Jpitf
-

the runaway greenhorn effect 0am if this makedire balance can Tfpv ) ship

above the sahhhcn time psv IN ④
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Write 0 - It
.

I 9 = flog ftp. ) .

then mdiahm balance =)

① where f- I
"
t

& the shhnhu one becomes /O=ItTf ② where a = tRm
° ^

the lines will not internet ( ⇒ runaway ) iti
!

B > Be ,
where Bc vi Re on had nine at what

the two cures meet hnguhally .£"

1:11 " ⇒ r.ae
""

On Venus
, p > pc

.

Oh Earth
, papa .



The wet admin Ilapn nite
-

Recall that TIH in the atmosphere who determined fm the energy eyn .

Accounting for the latent heat release by
condensation , then learn

pcpdaIz-dtdftpldff.no , where m = ¥ i the moisture content .
If ahnuphiusahnted.mn

a- I = Ima 't
i.Iman I

¥ ¥
suhmhin hi hsv IT)

⇒ Final III. I - ¥1.1 ; Fd¥nIiF¥t
Claim'm- Clapeyron



Inching into the enemy egn I wnhg ¥z = - pg , grim

II. - I
, ¥

= - rw = -6km" t }%i;m a



Lechrekalu
- albedo feedback .



I u - core

records

Over the law 25 My 1 the Pleistocene) there has her a succession of ice ages,

recently with penal hooky .
The last paint maximum Ktm ) win N8hy ago ,

and sea level win ison lower than today .



Recall the global energy baleen model : C Aff = ¥ Qli - a) - 8rT
"

-
-

Ri Ro
in

Both 8 and a canny with knpnkre if ← wnbrmpar

÷
an ice
1- µ [

clouds

7



""

.I
1 a

sunshineMilankaii theory - makers .

in Earth's

whit came chugu ii Q that rant in¥¥TT appearance I disapprove of ditherer equilibrium
temperatures .
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The model gun studied arrived a to be on. ihfhnbneas function of T.lu

fret , the growth of in sheets then millennia .

A better model in : C % = ¥ Q It - a) - tr T
"

naoh

tidal = a. IN - a µ
1-T

where ao It ) i the
'

equilibrium
' albedo

,
and ti is the human on which a entry ( timely)

Non - dimensionalin : T= HI
,

t = HE
,

Q = (a) Oi
w w w

lik ¥11" ti iswww.aikfa.IHIFI

GET Eun -- I oil " - mit i¥aiF-



⇒ :::::÷ : :¥¥:*
= ¥1,4 I 2×1554 I

{cat ⇒ tempnhreiqnwn-shhiT-T.la/=fQltatI
"
"

adf.la))

7 i -& a enim according to III. = a. Hold ) - a µ
,✓

, h

da nThu has multiple steady shik ' a ktd
It

gwan add¥# a
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The Carbon Cycle



measurement of

atmospheric
'

coz in

Hawaii

in core

records
→



µ
V

If I
-4

meanin#%
AtmosphericOz : dI coz

= v -
'WW

dt

v in the wkaui A firm fuel animus (vs 0.3Gt y ' ' pre-industrial
= 30 City .

' current day )
W in the weathering Rte ( coz dmdm in ruhwhkr

,
reach with silicate meth

in the crust, and mm off to the ocean )



We went to relate mco
,

k the Pahat prom pco
,

at the Earth 's surface
.

Mcoi if I Ep
") = m In toe = MIAE poo

.

Ma P Mag
hhd man of atmosphere

at the Earth 's sutra , hydmhhi balance ¥; - pg ⇒ p = fodpgdt = 1¥
,→

area of Earth's aha .
We hire an empirical expression for the weathering rate

W = Wo ftp.YMexpftjfteo ) where Wo
, po ,

To
, step on counts .



⇒ M¥5. III. = v-w.lk#YemIIId ③

For fixed v IT
,
thi thus that par, adjusts to an equilibrium in which

weathering balances emissions .

Combine with the ice -albedo model fun last lecture, and the t= to -8, Koz
,

C = final Q - Ho - Rko
,
)rT

"
①

tithe = a. HI - a ②

tha u a 3-dimensional dynamical hgshm . Simplify by non -denominating .
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To scale the model
,
with F- Tot At 0

, poo
,

= pop
,
t=tiE

⇒ ( dripping hat )
① ed%= Italo - H - hip)Iitµo )

"

t.fi?f.io4u=tIfo
② %

.

= Blot - a Bldkaottstco ) 9=4%0%4 k÷I?;
=

#o.a.vn#ti③ III. = I - wpk&
hotter.
" WI

Using typical Mun ( see online notes ) , with V= 3×10"kgy '

=) Eat 6×10-6 , U=o-18 , q= I.4,1=0.25, D= i. I
,
W11



Make un of Eccy was 1 ( expend in small r , neglect e)

① ⇒ 0 a half - I thp - no

⇒ 0 = Xp t 9"I = : ① Iqp ) quasi- steady
temperature .

② I③ beam a two -diurnal dynamical system :

i-BIO-la.AT//t:aii-wpreoiainy::ff:;thi
can be analysed wring phone pure methods , eg . Steady shks , nullius ,

stinky Ants , periodic solutions .
I see pntkm that )



"

I i
""
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Ocean carbon



→ r

w
↳ %
In-Atmospheric Coi : fco if ← IH05 )⇒ LC05]

µAEdIcoi=v.w\ Ibc burial

Magdtq.cithe exchange flux with -the ocean
, depends on poo

,

and the concentration of dissolved

C0 , in the ocean , LC0 if ( where I 3 = @enanhnhn.md kg
" ) .

Go = hfpco
,

- 1¥! ) kn = solubility ( decreases with increasing temp)
h = transfer coefficient



Dissolved C0
, rapidly reacts with whkr A firm bicarbonate and carbonate ions

,

HC05 A cost .

So we must censure the kW dissolved inorganic carbon IDIC )

Fink I
-

/poVodI=9otW_bTdt -

MC02-
man of ocean

Nett : relate 404 to C



Reactions : GO
, if 40) HC05 t Ht R

,
= 440,1 - kilncoil cats

HC05 ¥ cost + Ht R
,
= kickoff -k.IE/lHtJk-z

Rapid reaction ⇒ equilibrium IHCOII = K¥04 Kike
,

a tsxkibmdkg "

1051 = K¥+0,53 ki-I.in 9.1+10
-"

mdkg-tc-koiltlncoiltlcoi-I-ftkhytkylco.tl
-

2100

⇒ exchange thx ftp.q/fwheek--KuIttfInytkfIaIy)
-
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M¥5' III. = v - W - hlkoi E)
Mcozpovo It = Wthlpco

,

- £ ) - Mcoibc

Timescales : tp = MIAE ri Woy . tc = If a lot y
Magh

Nan. dimennmaliie : t - tpt
,
W = Wow

,
k Wot

,
C = ¥qbE , koi-MWI.sk I

⇒ "" "" that :*::



Suppose initially in steady Ante with KV, ( pre - industrial ) ,
then suddenly increase t

I:L mini e- co -- vi. me . -- ¥t¥tco/ItIIw%
Old timescale : % so ⇒ C- Co

data that ¥ - h t Co ⇒ f- that I + Cot ftp. - ha -wa -G) e-
t

01ft timescale : 0 a Katwa - ptc ⇒ p = If + wa + C Guan
'

- steady)
E- It % = vz - C ⇒ C = vet ( Co -m) it



P ^/
Currently ( century timescale ) increased V
causing pco

,

to increase
,

and increase
Po# tnnsfw to the ocean .

C n Longer term ( many millennia) , the ocean
" carbon concentration incream Agni fanny .

1-
t

÷
c-

0%1



Ocean acidification (Atf is related to the pH of the ocean ( pH = - log ,OKAY) = 8. 2)
-

There in no reason k assume than fixed (as assured above ) .
In fact

,
it ii better

to assume that there in conservation of total alkalinity

A = 24051 tacos]
If we remit the equilibrium reachan 4 amme kid K , ,

then we find

IH4 a K¥1 ,
I i ¥

,

k¥1 Icurrently first )
As C increases

, IH4 increases (ocean acidification) , and boil increases more than

linearly with C ,


