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% _Claysius - Clapeyron €3

MET4420: E. Smith (45min to 1 hour, 1994, 1996) **

e Derive the equation of Clausius-Clapeyron, and then integrate it to express an algebraic
solution for e (state all your assumptions). Draw the triple point diagram, identifying all
of its key elements, and explain the discontinuity between the vaporization equilibrium
line and the sublimation equilibrium line at the triple point itself.
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MET4420: E. Smith (45min to 1 hour, 1995, 1996) *

e Explain in mathematical and physical terms, why two unsaturated parcels of air at
different temperatures can mix and achieve saturation.
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MET4450 (Atmospheric Physics II): ? (?, 1998)

e Explain the formation of steam fog in the context of an adiabatic-isobaric mixing
process involving two sources of unsaturated air. Be quantitative and use schematic
diagrams to help clarify your explanation. Conclude your by answering whether clouds
could form under a similar mixing process, including an explanation of either a yes of no
answer?




£ radicnce /Tvadrance

MET? (?): E. Smith (?)
e Show that the radiance from a steady emitting body is independent of distance from the
body but the irradiance is dependent on the square of the square?
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MET? (Atmospheric radiation): E. Smith (?) *

¢ Irradiance and radiance

Y

—-—M.8. %u_gshv-

ﬂ-ﬂux

a) Derive a relationship between solar irradiance (H) and the distance (D) between the
sun and the point of observation. Assume R, << D where R, is the radius of the sun

itself.
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MET? (Atmospheric radiation): E. Smith (?) —M.8. guesten_
o If an incident radiation field is described by N(6)= N,tan@, where 6 is the zenith
angle, briefly describe the visual appearance of such a field and derive an expression

between the irradiance H and N,,.
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% Qbefan~ Bottemaan telsivosip.

MET4450: E. Smith (1 hour, 1995)
e (Given the Planck Function:
2hc?

B =
() A’ [exp(he / \KT) —1]
derive the Stefan-Boltzmann relationship and explain why the Stefan-Boltmann constant
o contains residual uncertainty.

Dby
Recell Plank funciion

Ba(™ = 2he>

Nexpthe/akT)-1]
To cdlc. dota| Mencuj, we nregrete ovev alt waveleygthe
2 Bm= ( BacnydA = | 2he* X [exphe/hkT)~1] " d)

Now we w1l ewploy 2 chawe of varralle f ease of miegrehton,

- _he

kT

-_he _ hl:T =he
oz =R o —ay= - BE = e e ) =

Aho.< A0 X0
AR X—>0
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= Ben= ((aher () T -IT(- ) ax

- e BT ) T

_ oKkttt (7 X3
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ak®* e T
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IP e bool)« reiiates Tsotropieelly e fx Porm
Bin=TbT* = TT*|
whore = Trb = Otefon—Bolemann constant & &, (X107 Wiger®
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) Assume Boltzmam dlist. (N=No©7 )
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% opward ™hared Trradicue

MET? (Atmospheric radiation): E. Smith (?) ~2 PhD gestn
e Show that for an isothermal, surface-atmosphere system the upward infrared irradiance
is invariant with height.

Sohy

For an mothermal S -2tm Syctem , 1emp. of sk () = He some

08 temp. of each atm level (Th, Ta, )

[
°
©

S T=T =Ta=Ta=w. s
For an azrmu%ay dep. ux Red, T .
* T
AT,y = LMTm-Bsu(Ten) . '
aT L sée

= Solbom £ IR c2n be wirdien m %ﬂwtg Lormn T

ATy = TN 0 e“r"%‘q- S"SBDL_TCE,)] e-(t'_r)/u %/
T
For an wolleme] s -abm, TUTH =Ty —> Mrdlep. fon T

~ (=T T v
- LA o= BuC € Wiy B»(Tr)&é’““‘t’ T/
R —
~ceTy Ty StTe-ty
e | = -

> Tyt = Bulk) [e_(r"%+ |- E’—m‘%‘j

\—71»1‘('5 ) =By (Ts) / indep. 68 T znel hewce bejgld!
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x 1D RTE

MET?: E. Smith (45 minutes - 1 hour)

e Write down the complete form of the one dimensional Radiative Transfer Equation for
unpolarized radiation in differential equation form. Describe what simplifications are
necessary to obtain the Beer’s Law solution, the Schwarzchild solution, and the solution
for a multiple scattering but non-emitting atmosphere. Write down or describe the form
of these three solutions assuming a 2-stream framework for the multiple scattering case.

Sob>
/Conyle*e B o RTE - oIy =~Tn4Js  (J) = Soune Hiochron) - Gohparzchid - Mrine Rom o Shoasclaidt e3.
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. Qoattering form of RTE
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[I—
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# Sohwarzchild - Miine fom of RTE

MET? (Atmospheric radiation): E. Smith (?) *

e Provide a mathematical expression for the Schwarzschild-Milne form of the Radiative

Transfer Equation (RTE).

a) Which terms of the complete RTE have been ignored?
b) Provide a finite difference formulation of infrared flux at the top of a clear
atmosphere based on a transformation of the above equation to a simplified broad-

band flux emissivity expression.

¢) Explain how the method of partitioning infrared transfer into cooling exchange
between internal layers (CIL), cooling-to-space (CTS) and cooling to ground (GTG)

can be exploited in a GCM. Which of these terms is most important with respect to
tropospheric cooling? —» See Newtorion Coohey Guestron.

L o180

» Schuarzclald e -
Iyto = J:»(o)e-r/““ -I—g[ By (Tto) e M g

@ Scotterny terms tgnored /

(b)
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¢: oh-'/=o‘§/))
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LG —(TT oo
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T
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So, lots do wie cale. °T(,Fn ov ERE K4 Nomcll] Nz i dertved Bom eTibor
heory or Experment B small spechrel bonds. Then, the braadlane velue 10
gwen by Summug over He Buile numbor of Lands (€ 3. —1o Enconpass 4
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* RIE

MET?: E. Smith (45 minutes, 1989) *

o Question

a) Write out an expression in integro-differential form for the complete radiative transfer
equation; be sure and define your notation.

b) Show (or derive) the Beer-Bouguer-Lambert form of the solution and the
Schwarzschild-Milne form of the solution (the latter is the non-scattering case).

¢) From these two types of solutions, what approximations were made and what types of
atmospheric radiation problems would be appropriate for applying these two forms of
solutions?

d) If the full R.T.E. is to be solved analytically, what essential mathematical step must

be taken in dealing with the scattering phase function? I am not asking for a
derivation here.

=~/



% tediatne hecty & Clowd Yop Guolngg

MET4450 (Atmospheric Physics II): E. Smith (45 min to 1 hour, 1995, 1998) **

e Derive the expression for radiative heating rate from first principles and then explain
the concept of infinite cloud top cooling in the framework of the heating rate equation.
Why don’t we see infinite cloud top cooling? If it were to occur, what would happen to
the atmosphere?

R4



% Flux_profries - oxnye rote

MET?: E. Smith (45 minutes) **

e Consider the diagram given below of a cloud layer within the atmosphere:

a)

between the surface and top-of-atmosphere.

b)
c)

d)

situation.

Draw schematically the upward (F T) and downward ( F ) infrared flux profiles

Draw schematically the associated flux divergence profile (F T-F \L) .
Draw schematically the representative radiative cooling profile associated with the

How would the variation of the altitude of a cloud layer modulate the bulk

troposphere cooling rate and what are the climate implications of varying the mean

altitude of cloud base.

Radiative Cooling Rate (deg/day)

- <

top-of atmos. 0

>+

A YN

-

. %x
Note : %Ezﬁg 3‘; , F*=Ft-F¢

Surface
- 0 +
flux (W/m?)
To8 C) radiatwe qosliy profile
F . —————— oD
F
/ t P
Cloed op -4 \ ‘]: Z bty 7 e Clod
Clowt base ' = e Cloudl bt
[ F X4 !
sfe - L . | e e

Flux (Wied)
)
See alove diagiem fr Skeich of profles . Nele #e ﬁn,mq :
®© F) =0 2+ Top
@ S’{ope of T4 less 4han glope & £ & clear ar,
@ Note ~ oliscomtmutttes of Ff 4 T at Covd Loumdlaries

@ Disont. of T} greater than disaomt, of T4 at cloud dop. Tle cloct

™ mich more active for IR Han Jhe 2n-above — loge kst

DL TAoFy et flx ot

T Sl chivengonce

See above diagran, B skeich . Note He Flluwiry :

O Stope of F* grecter alove cloud +han betots clowd.

@ Posthve slope of %g—‘ —> net flux o of layers (2bove 3 below clad )

® Dlsrobrhnwb, ofcloud -(-op as F* chan 508 Q‘OPQ dlsmwh‘numy.
Mso . discont. o+ Clonst bage (2HLough reahisite profties of fluxes

N\

See alve dl@mm%-sl:ehl-. Notfe {le Pollao?g

O JT _ , gdFF __ | JF*
ol® O dp $G Iz

© Grecler slope s F* sbove Cloud —> grécler Goligy alave clad (Han beloo)
This 73 cousislewt Witk He wey douds A€ desavbed ae a *blanket”, whrel,
acts +o relatn heet Lelo fhe clovds. Henoe one woud expask T libried
(ooliy below eloue

@ Heatng Hhroughout most of cloud layer.

@ bmwlmutb M cloud op Coolity Alse , note we have swoolled e prof)
Lov cloud Lase with cur smoolhed F* profiie. T£ we hael dlown discowt.
F o boit. bourdlarres , e obutasly wuld heve gotlen dliscont ™ %}
o+ Hhose Lowcdanree ag well,

—> posthve slope wih hergld =a»lng

Shouldl [ead +o 2 move Mmoot cupve for F*)
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® Hrgh clowd cace : Smeller F4 , Y, $iom cloud 29 cloud tewp. 5
cold, 1 atclod bace s highor due +o ke, 2m, and clouds Lelow ,

We set w2rmigg at Cloud layer, also aolig iv greater alove Cloud +han
befoss.

@ Lows cloud case : Larger F4, T from clowd 23 cloud 4emp i+ warm,
Pgam we gt tanming, ™ clowel la,o.. , also coolig Te grecler 2bove Clud
hon Lelow -
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below He Cloud has Suppresced IR coohyy. Hence ¢ highev cloud oleck:
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Be He +ropasphere getc wamer , Hore s mae convection 2wl move
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ohvergeme Acnss 2 layer AZ Hack Will lead 4o IR olig s2He (gor. Thus, yr ¢
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Te Giecton Hhon Hat Leloy the cloud bae. Howe o loyor ourcmmuy

9

Covstoler & cludl of Hickness 4z The chawge T dle net IR Hux deutiy dcross
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Nete ; The cloud Jop (bohvg T gredor Jhen Hhe Coollm_ below He cloud Lere
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o))
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{emp. 68 Ho low Clouc] layer Tereases, Absve 4 belas He Cloud Joyor-

{le atm coots wHL He coollg m{egreeler- above cloud ‘op avol Grede,
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% Mmbrared radrattie Coohgy Celoud)

MET? (Radiation Problem): E. Smith (1 hour) < Treadon’ guesw
omExplain why infrared radiative cooling at the top of a stratus cloud deck would be
expected to be largePthe influence of such cooling on cloud development, and*how the

development would be modulated by the diurnal cycle of solar radiation absorption by
above-cloud, in-cloud, and below-cloud layers.

FDSI?e Flux profiles —> ooling retes (de previous o o¥ler quesiions)

B

Frrsh, 4he cloud deck (i€ Hhrek Choggh) 7o hem-y opague 4o IR vredietion
Onol SHrongly absorbs & 8Geiers solar radiation. Tor e 02e of e fe
warwer Hhen e cloud base, the cloud bettow; alegrbs IR $From e sfe
anel e heetect. Tie Hop of e cloud ceols L)r awﬂhg IR, but 78 hecked
by Sunhighi. So +otal Cloud dop (ooling 7 modluleted by dlinmel cyele
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< heot fluves Fom Jle she +s 4 Shallws layer., obich holpe to mianden,
Yo Stratus . T has Leon found dlet 2 large ameunt of Hhe IR cloud|
Yop casliry 18 balawedd Ly doliababtc warty fram subndece , clzel,
acks 4o redute Jubulence prooluces
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Dbviously ot night, dere 7¢ ~ no Sder rediction presewt 1 $he atm, So hoto

will 4ok affect he siretus? Model expermends have prodiced fie ﬁllw'l;

vesube o Hoo cases

O Case#tl ~ No Signifreant sulstdete alove clowl 12yer.
Durig doy, abwrphion of SW reeched ha#L o
a mox degey. ™ He cloud Hhan didl /\/‘ bare
He mex of LW coolixg. In Hecee B e %
o8 no lagge sulsrdewe of dle layer,
net cloel 4op coohy remamed o fier sunstue , The Clovd top legglt
yemamed A Conctent, ibtte Hhe base warted dlurng Hhe doy due 4o
Sl heelty, .

® Gise #2 ~ Lavge subsrdence above clowel loyer
In s cose,-lle Jop descends andl 4
b durtag ooy Y, Durmeg V" "

e ascenls durny oldy - Ty /\/\bq:e

dayttmg | combined effect of asiiabetic
Aty of gubstdence ond Loarmiy ly oly "'ﬁ: _:'7
Soler rachedton puercomes Clouct top csoliy — lawwertvg 0@ Cloud
%F. Bretler ey b lookeryy 2k 4 Te bt He mac o rediative
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bobre.
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From Emanvelé ot ppdas-424

Strate cumulus ~ +opped mnay layove are Cowwmon ovor cold oceon Leter Sucl, et He
eeslews Novth Pacfre cud Novth Alentic, Thete ove restons of loge sede Sulomence
T 4l atmasplere and upweling of cold loter ™ dle 0Cean. i near He she geverdly
Plous eguatorsord , cuol 00 T passes ovor suaesSively Liatne- Leter Yo buuudoyy laye
Greduclly oleepen and e Stoto rule 19r breaks up 2ad refrmy at 4 frede-
Comdus. Lowndleyy loyer, The Shretoaumby way cover very large aveas of fhe eatdern
DCeen basins 24d) beceuse their albedos ote Iigh, Hey reflect weck of He beamtuy
Solar vediction. For 4z 1eassh, Yoy ove patest fectrs ™ He el climote o1d
Hue © 13 o8 come poiexe o undergtand He plysice| processes et lead 4o
their olsveloprent andt brectup,

Strafocumulug and Hraje —cumulus Lbuneldy leyess form ™ 1egtous of lagge scale
Subsience , oBlen arsiriuiny the dlotcent branches of Hopiest Cuiedettons such as
He Hadloy ancl Walkor cells. T, e core of te Hde“y cell, He mesidiond) tenp
Greciewt thiough, mucl, of He +roposphere i held very Clote 4o a Critres] curve
corvespondizg , Hirough fhermol winel Latonce , to consdont angular momerriumy ot He
Hropopause. At He Seine +ime fte Bhol femporotwe Gradiest T3 Close 4o Zors
v e Walkpr cell, In bot, Cases, He veriec] temporctve gracied 13 clote to
moish ackaletre E’V&)bl&e dieve He l;ow-day layer, Covres pondliy, to He verfen
denp. profile ™ Hhe ascentregon.

Th e clescent reyton ) dlove Hhe bouuqy leyer, ke flermeoly namic lolawce 1®
STmply Lehopen, adichadie warmty nd tadicbe Gooling, Hosever, fis relchonchip
Chalomcey cloes ot holdl all He woy +o e surfece . Naturelly, e 2tm solyacert-
$o He s Lecomes convechvely unsiable, 2n 2 Convechive BL. will $orm. Suppose
Hhot Hhis BL. evertucly aoimes et Cuilibriung ¥ e Yendeicy Jo expanel upiard
balaned Ly He lage scele substdewe. Whet role clo Shork ¥ lomtume radiction

play meternmiy He depth of He layer ond wleler ™ & Hlled wih cloe 2
The exicdence of cloud af He top of He BL has sever| Fvu?ouu efecks on
propesttes of e layor. T he Prok plece , Cloud of midest Hrckness (~ loom)

7 nearly opague to IR and also strogly alsorbe QW redietnn, Below are vesties|
prodrles of radiotive fures ™ 2 dyproal Clovdl dlecke ovow lewdl ov stey st T wame

Yhen He cloud base
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The bate of He Cloud absorls wpuslig IR $rom Hle S o 75 heoted
prless Hhe 38 73 coldor Hhon cloud base. Tie op of Hhe cloval ools 17
eritting IR b may Le &Hovgl) hected 5, suulight. At Mgl Shictocumdus
olecke pe sShomgly destabmlized. by TR e facts bt reor Lo olalzltzed oy
Hedlay. IR Hhe 2t above He cloud 1o swﬁcre-ﬁb, olry, +he cloued +op mey

le wnstalle 4o Cloud~top ontramment metelriy, Thie Sevves as on
Gddlitiona) Suke of Inlulene ™ He Cloud, SR liecdny and/or 2 unel
algs gemerche Jurlulene ™ He Stretocumuls — topped mived loer, ang
Sty wimd gheer i md Acrpess He fop of He loer moy Also lead to
Hurbujewce.

From Cotton & Bntles tp 3523k
Role of verree| shear of the horizonkel wimd
The Laudery layer. large eobltes ave driven T part by ile desiabiliaction of
he Clond Joyor by Cloud Hop raciatve Coohiey . The Unchulotion oR e clotid top
oaws (ohen He BL eddies Ave *ﬁalb' developed . The Peuehaﬂon # e
OonvecHve elements Trto He Cappreg. Tversion locelt, Enkamces He shaar
2nd fhus tds Tn He braskdown of Kelvm- Helmholtz-like Lillowas.
“The evhaived an- SuLsegheﬁy reduces dle l1gutd wetor content amol
lowers He rate of radiatve aooling , tobrcl. then gtalrhizes He cloud leyer,
As a reswt, e large eody cmauletion i guenched, The cycle begms to
epect Heelf due do Hhe reavery of radicive ol and Therease of ligaq
weto- cotent. Drizgle enhawes He teduction ™ liguid water @utent near
Cloud Hop by drop w{ﬂiq,a»\d hewce reclces He rete of baclichve coohy
Hhus gpeectig up Y process. Thys process s cellest He Spopacic Cloud
Rediative Mecharnsm ( SCRIM) by Chen < Coton €1987)
C; radiative coolieg, Cleud locko- Pmdud‘ibh yotezle forncion, and
wind shear cooperatively Mmievack to gorerete Sporadic episedesed
@uhanwment.
A differet reltmnship Te found between Clowd top redichive coding 2

eutreruweut T e Stalleor wedkdy owertive Shrgtoamdus (Ge) Clovd.
3 1 generelly behevedt Hat- Ve locel metebilily crectat by cloud op
radichve Goliy 18 +ranswitfed dhrougl, e depth of e cloud layer and
Subcloud lojer by Shoy vertred mixng (@"3945 penetrative plumes .
Thus, reclietive cooliyg Cuges @nbhanced Mixed loor Hlulewe 1 Hhe form
of peretraitve plmes, which, ™ fwm , causes grector rates o elowd~
top entiemiment-.
InHe caseof mve siable Sc, W appears Het He locel rvm&ﬂry outed
by Cleuol 4op radiatve (ooltyy gemerdes Swall secle Hnlulee, Tle syl
Sele nbulewe Trieracts wHh He loco] wind shey et He fop of He
mcud‘wey Golecl |cye.—, Thie causes sporache rbulont breakdopn or
Sheor—ariven entramment, In sume Cates, Hlese does vt 2ppear 4o Le
any dlitect communt cetton betoeen rachichion woing o clouet 4op aud
He erexgetics of He ewtive dept of de cloud layer, Plwost 2n He
Oloucl —fop rachative Cosling Ts Jalanced locelly by enhorument. Ps 2
result Hhere TS no et genersion, of puthve bigyaney and assscrcted
Conveckive trewsport, Such Clotwols wey be more prporly callect Thetus
Hon Se andl exhtbrt propevites move stmtlor 1o Bs ond Cx then
Lomdoy leyer shatus,
Role oP dlrtzzle
Wil regards 4o He Cbuphg ameny drizele, redicton, and Jurbulence
Chen evd Cotton C1987) experimented widl, e se»sﬂiurb of He
Smulcted Sc properties 1o fle dizele process. Rewoe of ueter by

dreste lowered He mox ligurd wetor. wittent near cloud top by abat 407
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tedcton ™ Cloud-top lignd wele, rediced dle radichve aoling date, wbicl, furile, '
vecluced He 11 guiol-tetor- procuuction. s o cousequerce of He edluced Cloud ~+op badherkt
Cooliy » He coud lcyer Ts S4abilizecl Sompiehel and fe reke of Otrerment af cloud top
Te_vedued whew the dirzdle process 1s presew.
I T Tmporont Jo recogrize thet drizsle noy ke mave Inpertent 1o fle Olynantes of
nockerbal Stratocurulis. This 76 becawse 4 75 obsorved Freguently Het Hoe 15 o wel
defired nighime madmam tm marme precip. Kraus (1983 fousd He. logerd cliurnal
cmpltade 4o ocur ™ micHat reSTons wheve dle 1aTi TS wotdly non-wvective . He
Speculeted] et absorption of SW redictor, cimng de deyttme resdled m loss figuid:
tolov- productton Hlan af mght. Thus, dhrzele olfeds covld be move Tmpatand ™
He someubot deeper and weller, noctuime] So clouds .
Role_of lante scole sulsidence
I+ 15 geveroly tcognided Hhok large-sode SubTTdeme plos an Mmporiest role T evkel
Hhe environnenta) Conditrans Favoratle By formobton of marme Se, Thot i, lage 5o
gubstdence egtabliskes e pronounced (apptey TwerRM ohicl, Serves 28 au wppor-
1ol 4o Heotmotplertc BL and onfmes He motwtuse and bect fuxes Pom He ococn she
4o & shellus layer. The overlynsy amr vass s clos dvied out by the STk motron. (ol
Substdence may estadlisl, environmertal conditions fawrete fr werrkaainy 2 Soltdl gHretus
deck, {0 mich subsderce mey L responsiie e breckup of So clouds,
Ina mﬂelllg Studly Chend Cotton Found Hot 2 srpafroent Frockion of dhe LW redicig
Conligy et olowd dop s balewced by subsidente oty . A o conmsegugnce , e upsiard
hect flux ™ He cloud ey ond bugmc/ proctuction, o8 twbulene 2 teduced,
Drurne| vaRations ™ marine Se
Usiy ¢ Ietsnd - oreles $urbulent ranspert Wedel, Oluer et ol (918) sTvmuleted] & Olivrne
WHag S clul Strucine. The Strzbus Hop rises and e cload base lisers durmy ey
and thrckens umttl Qunetse, when He Fhrehe begms 4o digwipale dve to Solar mSpletion. T
focedton, of Imextmns Solay heshiig vell ™o Hhe Taigyroy of the Cloud 1yor ™oy be oty be
possible m clouds Hhot pre Opteelly +thin (1€ 5 Covtath lifle clowd liguo| welg,
~
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Bougeahu-é QIR Smulchion of He divrnel ¢ycle of 2 Sc lgyar wih ¢ bigler order. clonen
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Cheng Cotton (1987) Found et absoptnn of SW radiedon, docusred deeper- Tn 4he
Cloud layor Hhan LW redictton gy . SW heetiy reacked 2 max Ghout 100 m Tn H
Choud PrerTor, Ghrle Lidcseliy tias mex only 25 4o 36w Mdbe Cloud terior. (Nok

thot Hhux diffrence ™ radictive depihs 75 much less dhen predicteot by Oliver et at).
Chen + Cotton found Hiat- in Hhe absence of lage-socte UlsTdence and 4 mored, layor. 2bore -
Capprg, MYEKSTOR, 4 ved cloud~fop reclielive qulivg vemamed aflo sumire, They Bund, 13}
Bougeautt, het de cloud 4op did net- descond . Solor hevliyy did, bouevor,, Comtstlade 40 2 1y
T Cloud bdse and 4 reductton T the maxmmun lighid-eler autent T de cleud leyer, B
tlen votho loge substdence vas smpeSed did Leth Jhe dland +op olescend and e clond |
rie afle- nitse. The lomery process ook over 4 hass 4o Gmmence 25 He combmesd
warmby o loge sele sulstdence ¥ SW hectty wsre tnirelly MnFcrewt do offvet |/
radiettve cesliag . The biserny proacss commencedt by 4 reductron t closd ucke, content and
Cloud $rachonal covevage ™ e uppow [ m of dle cloud layor, fis @ rest of 4ie peduced
Iyiod-tocter path, the max redietive oooliny shifled 4o lawew levels cewsrgy an ¢"UH' Coltay
of e cloud icp mho 2 Himmev clovel layer,

Twomey (1993 Compsded SV o LW radiotn Led»m Pvnﬁle based 0% atveref} meesurenewty
of cloud microplysrool parameters ,omp, cud meBhise dhugh He deplh of Hhe warine BL
He found He redictive warmiyy prevailed neov Cloud fop,ustl, SW 4 LY radiative mBluene
bergy 2bout- egucl and oppostie. He concluded et the prevewce 5P o wat, moted layer- fom
He cappry version reduced Yhe vele o@ LW radichve Coo!ue 4t daud 4,,P

Cotton 3-Chem dlso. exammod] He Mflueme of @ notst loyor above the Cappny muareron on #
evolton of 2 Stmudated Scloyor. The moTst lepor Weskened He radictive eoafing 2+ claed
Instead of He max radiciton Cooling bewag localfzed e cloud dop , it wey olistibuted betweon ©
Jopand He top o€ le overlyny vnorst layer, Becanse Hhe wotst layer- 1 Hrovgparent-to SW e

LN ‘Sblcr imed'fg ves W%‘H hg a teswit, ‘f‘f_dou-l lo,en became far rmove reSponstie fv Sola



#_respense of the dithozphere + cleudrness

MET?: E. Smith (1 hour)

e What would the response of the atmosphere be to changes in cloudiness according to
the following scenarios (respond to each part separately).

a) Significant increase of low level cloudiness in tropics (stratus and/or cumulus)

b) Significant increase of high level cloudiness in tropics (layered cirrus)

¢) Significant increase of low level cloudiness in mid-latitudes (stratus and/or cumulus)
d) Significant increase of high level cloudiness in mid-latitudes (layered cirrus).

n



% pcatye equitheum temp,

MET? : E. Smith (?)

e Compute the radiative equilibrium temperature of the small black disk suspended high
above the planar snow field shown in Fig. 1. Assume heat transfer to the disk occurs only
through radiative transport. Assume also that the snow field radiates as a blackbody at
2K in the thermal infrared and reflects solar radiation as a perfect diffuse
213 (Lambertian) reflector. The solar zenith angle is given as 15°. Neglect scattering and

absorption in the  atmosphere.

The

Stephen-Boltzmann  constant  is

567x 10" Wm™deg™. The solar constant is 1353 Wm™.
What is the radiative equilibrium temperature after sunset?

237°K
no
Fig. 1 Disk over snow field
Sobh
we assume Hhe disk rodiatee as ablackcbody ot demp To ., The radiative
equihbimam lemp. 1@ Mot volue of To b woliacts

Four = Frn
atdhe diek wheve Fopr =>L|a(kl,,,|), EnTBnn by disk. From Sleplan-Bolzmam

law, Four=T T =Fp, and F & net rediafton merclest upon He divk,
Fin has severel gmponents dependigg onthe Jtme o dlay,
Lett sterk- by auniny Hot He Sun Ts up m He day . Tle SW rediotion Lrom e
Sun wanms He eavl 58 The @avtht surface rechates o wemteny on equilibinm
Wk e noidesd enoyy. e ave ol +o assume Hho Hhe Shows owered Sfe ewits
IR as 4hogh ¥ were 2 Llackbedy o Ty = 273k. The loggueve (IR) from
{le o covored S s
Fu? = “'T:*
B B will reach. he dlisk Stxe we are told 4o neglect Socttersy ¢ Absorption
by He atm.
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radiotion 15 Tatercepied Ly He dlick. The anouwdt Cpor uit area) is He
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.F'Stg =8 ldb
whoe S 1353 Wit 1 Hhe Solor amsdest
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B porect oifPuse Lambertian reflector i one whicl, Tsotropreetty reflecis
maident padiction without awy loss. This weans Het of fe amount S
Theident on +he ow coveved sfe ot zenitl ele 152, 2l s reflecled ™
all directtons => A partn will ke reflected ot 2 zenih ayle «f 0° >
normel 4o He Sfe
Thus we have +h1s Covbbudren t6 Hhe rhardest redioton of Hhe olisk
Fow(reblected) = S,
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MET4450: E. Smith (45 minutes to 1 hour, 1989, 1994) **

e The popular conception of the root cause of global warming is the greenhouse influence

of ever growing concentrations of trace gases. Considering the radiative issues involved

in this problem, provide succinct answers to the following questions. Try and use
straightforward, quantitative arguments.

a. Describe the nature of the greenhouse effect using basic radiative principles.

b. What are the similarities and differences between the atmospheric greenhouse and a
man-made greenhouse? Provide an explanation in terms of directional solar and
infrared fluxes and other possible heat transfer mechanisms that have bearing on this
problem.

c. Why would Methane, whose concentration is increasing but whose current
background concentration is ~ 200 times below that of CO,, be nearly as important as
CO; in contributing to global warming?

d. How does polar ozone depletion impact the global warming process? Consider this
question from the point of view of a simple two layer atmosphere containing a
troposphere and a stratosphere.

€. What role do clouds and water vapor play in the overall process of greenhouse
warming?

-"Grveehhowe ebfect " In clear atmuspbove , A50% of Mcomiyy Solar radiaion e, Rote _of Clouds ¢ Ha0 vepor
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MET4450/5421: E. Smith (1 hour, 1993) ***x";z*

e The intensity expression for upwelling infrared radiation in a non-scattering atmosphere
is expressed (in monochromatic form) at an arbitrary level 7 as:

2 {&en“‘ﬂ‘“ Ot EMTSSTOS
. FT,(t)=3B B,(T)e™ " Ye (mm +f B,(T(t"))e ’)’“W 1)
Aﬂenmeqs&emmn

where T and 7, are the surface temperature and _optical depth at the surface respectively.
Optical depth extends from 0 at z= TOP-OF-ATMOSPHERE to t, at z= 0 and is given

with respect to the normal path to the surface; p is the cosine of the zenith angle. Based

on a definition of the exponential integral:
R

e, (0 =[< —t

@)

derive a.broadband flux cchmgsyg from (1) and (2) involving &,(t) and ,(1).

[Hint: a change of variable for y involving p will help].
ly —> See Lrou, sechn 4.3 (pp43-35)

DH
/o obtam flux form miensily , e rust Mtegicle ovor Solid aigle

- Loms= Sjg; In (T, mp) mdudg = 2m S:L,(t,ﬂ:¢)ﬂdj_4

we will azume Ty (Thdependlent of azrnu-u.cp)
Rco=aw B»(T;)fe G g +:nc£‘§ B,(T(ry)
Now we wote B,,(Ter)) dependent of AU —> Ly cutstde taner tniegre|

- Rt =anB, (%) g STV ot B,,am)[g "“‘d,a]

Now we let ot= L — o= ~Zholut — K=t b=t , Xan =0,
—'Cl Y U
% ey = § dn = ge A (R ydu= §e A Ap

o for n=a,
Ealo= [ € du -
$r n=3, ’
€300) = 5e"*“,c«ol/u

el'qﬂ

[

= Tu(o) = o Bulle) E5(T-T)+ ‘.mg By (Tt E2xCTy T’
For 2 broad banel Plux, we must miggrabe 6v0c Lioverumier (or waslegih et )

Fao =§“ Fadsd =0} GuCRES (D)
h

+:m§‘§ B (TCC)Ea (T-T) ATe>

pe Hlas g IR vachetron, we woy choote o iggrale cuov He IR regime,
08 N =4-1vnum — =0l .25 4" Alss, we bnow =4
—>oly=~N2h. Hewe e cbove expreccion S brooel Land Pux (

wovenuniar Frm) Coulel be exprecvol ™ wavelengit fom.
\

Based ou e deivriron o2 He exposenive] Triegral

~Tx
é‘n(‘c\ S € olX
dEnct _xe ™ e
E_[_—) = ST) )>((€ olx =_§‘n X dX = Eb_,('t)
Now tirdluce a chage of varalies
Let X= L as x—1, 4>
X—00, Li-5p
ol = — &4
Then ~Th V,a

-+ Enm = g ""0'/“‘

We aen teplace T wiih any varielle s loyg 28 we are Consisiest. e wil|
Prud i+ helpful o contrder

\&;CE’I) je e t’//“/u’*“ol,a [
In pavitculan for N=2 aned n=8 S e loe
Ea(T-Ty = g e T g
£y vD= [} €y |

Mot foy- 4 Shvew uporef monschiro matic (or radiane) He upuard ,
moriochromettc {lux dewtly (irrechene) defimed by #€ normel component-
of I Twlegrated over He ewhre hemzsphorical Sohd aiygle T ney le
orfles: as __, zonth auglp

azvmiled avjle.
ey -gx,,abemeaed[_’ e

b\bh% olegmed
M=C® ——> 3 O ravges 0wy 0 o I

ds=-0:bdd - |+ 0.

" Tocooospdp - C}K Lo op(@:0d0)dp

" "

[ amos



J—

S [__, monochromettc Trradionce (£l densiy)
— A A
Rt :S g If0 ududgp
"% L monsctremshe adione Cidensidy )
Stee IR Glemestrial) radiction v mdependet of azimuth cvgle
We mey Cualucte He S:tc Yd@ Triegrel => o
Thus,

i
Bt =ax Sb Lfey pduy )
~— 7
L—>Tlus' teyrend-s the radiance (menstly) niegided

over Zenrth 2igle O upo level T in e eimaplore
TP we subsirhde C1y For He RHS o0 (3),

Bto=an B»(T:)S:e"‘t 2

s [y o X y
+am S: B Tews] (€ M ou 2
But we recqgmize

- (. @D pdu = €5(T-T)

Thus
Bt = onBu(5 ) €3(T-T)+an C B.tTtxy) €, (r-ty T/

This 15 He upwarel monochromatic -ﬁwde% of depth T ™ e

atm for waenmber 1 (4 singte band ) |

To evdlucte 4 fotel vpond uxes o lovel T for- the evtire IR spackum
iegration over the wavenumber ™ reguired

to = 4 i =
Ffo = fﬁ, (Tydp smCB,crggg(r Ty o
T3
+2x &‘ ra., [TC)] ey (D dwdt’
(4

Qb -band uparel Flux dem;l/

( Trradiaunce)
18 we limrd He TMQMI’M. ‘o a cerian tage £ uovermmlone
Coverliy He wavenumlers of peok ewisson we get 2_bread bond
Pux denstly

Lo 1Y
EL@ :g Rotcyoln =on L Bu(k) E3(-Traw
LYy
Ba
tan g K g BoLTT) ey (L dpdt?
T Iy

e may Jeke 3, =poom™ = —Lom warelogh,
¥, = [fpoon? ='—-,— tocvelesgi,

Ewaluction of He oauble ntegral cbove s Ca-pkidwy very

ensive @ depeclig, on e limits (W1, 10) we mus cemy ot
omy liwe by line czladotions. The solidton 4o e bas been 4o

Constder not Monechwiuelie Tachawe but roflor Raule spectrel
thiewds of bonds fo- cshicl, e efbeluse Jronsmison finchias

\CauLeobﬂveollyﬁipeﬂMdorb(ﬂay.



% brosdbaud Plax expression

MET? : E. Smith (?)
e Derive a broadband flux expression from the solution of upward intensity:
1 (v) = B,(T)e " + [" B,(T(x))e M at' ju

‘T'X

and ¢g,(1)= r—dx

involving €,(t) and €,(7).
Here T, and t, are the surface temperature and optical depth at the surface, respectively.
Optical depth extends from 0 at z = TOA to t, at z= 0 and is given with respect to the
normal path to the surface; p is the cosine of the zenith angle. [Hint: a change of
variables for x involving p will help].

See e previvty QUESon

)
/' Based upon o defenttron, of exponentiol fkiggref

—TX
En('t)= g"" ex,. ax

I+ s cleas Het
d&m g“‘ e X == (T)
i

S| %o{x = €t (T)

Nordny +et
_ X (a0, X—W
K= Tox= a1, X=>|
Hen :
s (T
e
- S ) X3 elx
= E;;C-c/—t)
erd stetiay,
~(T-TX
S& € Zr— oX = Ex(TLT)
]

Now Prows 2 givew uprosal PrientTy | e obtern e monockrometre
upuarel Plux olevxs‘y a3

Bhery = g ( by vdudg

aruce IR rachiefion is rob
dependet-oly ATTnudh angle @

=QTI’B»(T§)S e VA

4]

+0m j: BLTTr] fue““""’/“/d,u °‘7‘U

Cmﬁegueuiy
b= MB»C&)&CT’—UHIX BTN €Ty AT

4
o

See He prevmes queestion

2l



2 l‘)iacﬂmiy Cloud

MET5421: E. Smith (45 minutes, 1993)

e Consider a thin circular cloud with a radius of 1 km which behaves like a blackbody
emitter and with a cloud base temperature of 10°C. How much energy is detected on a
square cm aperture directly below the cloud? 293k

5026 dne Cloud behaves like & blackbody emiHlor, we ey ossume 4 emnls
Wo'l-nprmll); , and ok he Hux wey be coleuicted Lo te Stefan~BoHanam
Lo, Hence , lax dowstty at Cloud bose =Fe =TTt Heme for a
detector direchly belus He cloud , He Auc maidest: upon 4o detoctor
il also egual Fe. Hene the power defecied by ie delector =
T - CCross-sectisnel area of detectord, Leté plug m Hhe numelers :
Pocser at detecior =Py = Fe - arer = (TT*) (aren)
= G.6Tx107 W K) (294 K)* (. pim)™
=3.6ax1072W
Pe fauer = Exorgy fuitime , +o Calauldde He Hotcl Onogy detected
One wouid have o acoud For Sawple Hme. Hewe
— enargy at detects(T) = (3. bAXIO™ J4 ) (Surple thme G8))

Note : You Moy nolce I did bet utilize He cCloud nadius (Him) ™ e
Calcuketon. Thett bequse Le are Siven e detedow 13 d
Lelow He closd. Ps 1km > lom (s17e oPolefecl-) , T tould
not metiev iF He clouet pseve 10km or 1000 ¥m —> He flux
wonld be the Sane, and He freld of View wond SPll conchibote
Yot of an evrimre hemisphore Ut He Lo Zperhise.

Tle dotal enevgy Onried by 4ie Cloud 68 Course cloee olepend
on e cloud s72e ™ i proller. Howevew. He ameurd of
reny Tnieraspred by te_aperture direclly beby e cloud

¢ Tholeperdevt of dhe clowd sTRe, 23 long as # 1 s>clelector.

QT



+ {8 Pormacknamic ez 4-He rsie of mdiatonand clead procsses on Globl eTraaetion

( cloud/rackation yeles ™ GCMs )

MET5421: E. Smith (1 hour, 1993)

e Express the first law of thermodynamics as local time derivative of temperature equated
to all other relevant terms. First define all terms and then in the context of this law,
explain the role of radiation and cloud processes in general circulation methods. Provide

reasoned arguments why these processes must be parameterized and what large scale
prognostic or diagnostic variables best link the cloud-radiation interactions.

% See Lvou , se. 7.4

o>
/Recall He frst laig of flermodynamics -

d dT dot _
L R R
where 4 = tote of hectny funis mes olue 4o vadigfon, (etent heat,
In fve!ﬂ"’e (oords, He orheel Ve'lcliy Q)g%? , we W alsp aPcl.o[ -uc
Yobat derivehive of
ELRE: SRV 8 1 78
Sucttiude e He Fhot b .
—- 2T . 2 . (Co i
';—{_-'l-yn VT“"(J‘S-‘E— cr =5
—>g{ - -y...vnc.,(%.g%Hj_
e e a2,
(13 V. talveti
hmg ve:lr:d dicbebic haclny
Findlly , (e mey hoto EXpand g &y known Sourcee of draledie l-eehg,
So (se heve

% = Qooun + Qeas + Qurgr

Ls heotryg /aoling Sam
Chovizewtal J? vakuidd)

L radietive hecty/coshing volp
Cotolengatranal heotng /Q”"':t yole .

So we Seo thrugh He domp &g that Clouds & radictron Trierch pHlL,
dynampe procesves. These are Complex: Feed bocks, bert rilushcted uTH,
@& diggram (See belowsdliggresm),

(1> Rechoton = drivens by iy Salar todictron ond H Ineraction Lidh
1le 2impaphove ¢ ALsor phionfemisston by ctmasplovic gases, Deraction sk
Qerosols, Clowds) and e st (reflechon/abgsrpiron — alledo),

(2) Tenpeveture affects radietton processer by Hemmol omission zed Jemp.
deperdence of absorption aets .

(3 Rectatrve fux exchoyges procluce atm W’q/aong +hot oh "d}'

offedts locel charge of demp —» ndisectly affects vevirad velodb,’

I Cl:)udg

Hernal oifunron

— s -
Vertiod velocy, (cay [

Bdeng param.

~ Bbserptron /Epsston ]
by atm gases —{ —> Hov:z. velm7

— Sefar- radictron L

| ~ gfe mieracttons
(T
sy -

() Temp 3 vertied vsloctt, felds 2 then linced +1 lagge-soele horrz.
W‘bﬁ7 (Lmdy ﬁeHg  fhich vedum afleet temp, bumiohly ond clouds

(5) Clouds ™ GCME wve usmally delermiwed Froms huntdily and vertia velacily Re
Throygl Here complex ideracons  feedback , we see radichon 1o dhe potee
of e atnaspheric engine.

P_qname{errzdm + o nele het QOMS 2re glo‘-d models , and beve @ wimimam recolidn

Comexpoudizy o gdstZe (o warensnlen for Spectrel wodels ) . Thee wodel< awe Neew

4o represent HLe gergrel Cruldion and hevce do not depict wier- or Some meso-

Soale phenomena. Bivo, these Small seole everde are not- Sulfrcrenty sampled +o

provide agurche Titel Guolitous even f we affempted 1o have 2 hrgh enough

tegohdron ™ our wodel. Houever e hare « problem: Hie Complex Trievactions
represevded aboye dlo ot aaur only at #e larger coale / In fact, much of Hhe ndewc
reguired 4o drve e gewerel ciraulakion oceur due 4o convectioy and turbulence
which occurs ab secles Smallev. Hhan ot of He midel. o oot olo e do?

e aterpet 4o tepragort the effects of Jhere phenenena based on quanttires

delermined from lange Sle paraweters — s iv colled paranelerzetion .

So whet phenomena Must Le paramefesraed 2

(GCMi Brrst predict laye seote yartalies fir ¢ 4me Slep(aty. The fuo moct sygstfe

varialies for cloud 4 redicton parem. are T 4 4. Veicel profiles of Te § ar

©xemmed ot cach grd port f Supsradiabotic lepse rates (A SNay ed/or

&Wm%mﬂm (3>%). TP eMlov or both conditions exret, e T4 § felds are

"pousted ” by anewde ST, §. This Imple parem, Schene 15 termec ” convechve

acuriment.” W, 3 —> clouds — ( absaption , redlecttn , Hanemission),

Phenomene parameterrzed M GOoM4

1y Comedn * The phystas| processes ond Belels of vertra:d hotton Rssectoted wih
ohveckon 0aur o+ sub-grid saale processes, anel hence must be parem, Loge secle
properties useel +o parew. ConveciTon Mclude adwy mhuy (Factons oR T+ profl

Convergence/ohvergee Retds (funchin o8 horr. wimd frelds ), surbece enogy Huxe
(Hhergeles parem?) elc, These convecton panzm, Schemes huust Trckibe affe
o both deep penetrotry convediton & Shallows conveckion,

0y radichive fluxes + Fh ¢ F must Le celodded o+ each Grid-paut £ dhe
model domat. P absorpiton/emisston 1 ccourigy at-de moleader scle Py
the effects on e general Cireuloton muxt be parem. L nete thet Loumlay nditioy
CBluxes 2+ ToA S S8 Yare also reguved . We note diot dle effects of SW and Lin
radiaton ey be handied .sepam{»ely, Aldhagh, we ray Afsune gaser uch i Ns,
Os, COa ,ete. are well mixed, povtart recichve gases such 25 HaD zre 'ﬂ‘s“?
variahle ™ space ¢ +me. Hence dle lage scle 3 freld 1w mpadest 1 our
rachatne param.

8) Cloud mount : Usuolly param. by gondensation , @ fanchion o lagge ol

variables of vertice| veloaly & huntdidy . Nete $hat moct models con

aceount F- both stalle ancl conveciie type clouds.
4 Parficle dishiluten : (e rofe ot the cbfoct oP clowds 3 radiciron depends

o1 mare than Volumn fareq anel totel weilure, The effecds of ScaMentry are heay
dependort ot sTe dititbiltn, 22 well A5 shepe andt phere of clowd partrcles

\(((gu.’ul ) Sphericel v Frozen, Ctysteliing),



Soly Qee Lrou Sec 4
/'p‘c 12 oy oR Hhemodynentes 7 4esms of Jempercture, noy le expeed

by (N0, Tit) coord. = 0 3 co-let) e

BT _u OT VST { (BT 9T \¢ 4 FLAMR e fowaobel <+
ot aepor 550 (G SHTHG G i

Q8 . T, 29T G¥ler releted
9 Ok 14

f+q & +F +ﬁev_ {ormy which 4re
L——-> w m‘/snmb Tn O Coodls .

(These ave e dhebotic dems

The Jewporetae at & pend: oy be Chonged due o Hie horraontc| and/or
Vorlree] adv. of dempedtue. These dewns are on He Firet line o +he
RHS of $e above €3, The Second lhe oh He RHS contamg #e dichatte
Sorces end STks of demperchie Chedk) at Hhe potnt. The advection des
(zn be explictiy vesolved Tn devms of He pragmusire varrchles ™ the
model. The didketic dewms mur} be poromelerized. We Heve-?-e %llouv:’_
dliabotic +evms

@ = ondensationcl hectry /[sohyy 1ete

O = radiddve hectrg frooliyy yte

E7 = hoizomtal eddy Hhermel diffuston

TT = Verireel eddy Hemel diffusmn.
Rachasve Pmeceg (&g)d"‘edy influence e dymamis and
thevmodynamics of de Gtmaspheve thioush e genereion of rdickive
hectrg /oy rates, as well as net radiatve Huxes avarjable o He
sfe. Fn'exanp'e, He Hadley cnaildions ™ fhe hopice ¢ arcire
reaTohs are memriathed &y rentrel lictve lmd-rg. Radictive
Pux ecclenges are largely pnilled by Clowd frords. Thraugh phese
Changes and Hee subseguest latert heol rekease, Clowds lso dlrody
ofPect temperchues and wind Frelds .
TnHe andexd of @ GCM, Cloud covor < preap. are geverelly Compded
$om specific. hundiby based on Cinptice Hhrestold mothods . Expuiod
egs fr e evaluction of cloud Cover are Yuned +o averiale Clractolyinl
defa, The Globel clowd ligitd water amdert (LWE D deka base has not
Leen avatidie, andt , Here fre, T ot a diggnoshc vartetle m GCMg,
Interactive radiction eleulebions reguire wifovmaiton Concerntyy Cloud
postim, Cloud cover. and Cloud LWC. Some meccare o clovee] pavrde
crze ciohrhutton 15 2iss tmpatant. Clouel pottéion < Cover are grven
Bom Hte wodel bt Cloud LWC ol Cloud Hype (63, ice, wetor, o
wiveel Cloauds) Wust be acumed,
The frgure ™ He next colwnn Tushater de Mrietactions amogy radictive
processes , uerTcel velacty , demp s humtdily, externol perdurletton
paremeders (0, Os, Solar Comtat, aerosols , surkaces, edc), clunds,
and lorge-3osde wstton, These nrievackions azn Le undlorateod Prom
He physre| €38 Hht define dyhamic § Hermoolynamic proceses. First,
reoichve processes are oltven by He eneygy endlied Bow e sun
tems of e solar Oonsiavt and @€ Governed by e ompistinons R He
@arh awd the shmagphere , Trcludry e sfe Aféedo,aLso;.Lng
aeseous pofiles, aud Clouds (aevosols) Secomd | denperchre
abfects He radizhve processes Hhivygl, Hermel emisPrn ang dhe
Jeewremlwe dlependence of AL&'»ﬁhh wethaads. Radiciive fluy
exchayges, M durn, produce piwmosplerre Mg/o»hg ot dimdy
afeds He loas| e rele of clane of dewp. and mttectly ablects
the vertre] Veloay. M , temp. Frelds 2nl vertueef velo:?y e

Q
(mked 4o #e large Scele hortzontal winds Hhet, 1 dum  2fbct Jemp., hw.,uy II
and Cloud dishrlutton . Bastaetly , Clouds and redictton nierect 4y, dynamic
procesces through +e temp. ey, The feedbacks Twvolviy wedictive 4rausfor, Cloud
Preids , and temperature distitbubions are extremely complex ™ the real 2t 2nd
Pencin so ™ Herr omethol sTmpitbred , paramctarsed form n GCMs . Mauy o1
fhese feedbacks acan on Subgrrd Sceles and 50 dhey Must be parawelerrred
™ doms of lasge socle variables o dertved ganitites. The formotion of
Clouot leads +o He vecleere of latewd heat which alss has @ signifrond eble
on dyhenic procegses,

Aitoggl, GCMs do not- heguirg e paremeeraction o¥ He dAyramice] Mettons
of Je ctmasplere , Hey azn hot explmy resehie all He physrel proceses thet
oCtur o Spattal sceles ot are gmcller+hon Hhe resolutton e»-ployed 4o solve
the nodel egs. Tn @CMs 4 Prite rSolved hovizowtel Socle wush be spectfy
2s welt as 2 vevledl Sccle. Fuy physTeel prxcess , such ar radioims, or Gumlug
Coveckion , Hhet ocurs on Scelet Svalle ton Hhis remsbdisy muct be reprensute
i paramedertactron, The owly wodkel verdles -Auatidle £ He parascienad
are e lorge ~Sccle frelds predicled by dhe model. Relaing He subgrrd
procesees +o Hhece hrge strale vahees Usuelly obpercls oh bwuleo‘ge of 4he
Sunolamertol Phystes mvolved m e process,
GCM: reguire te -ﬁ,llomg racitative guantrites : e et upuord < downware
raciative Huxes od-He fop ofHle atwaplore 24 sk avd miernal kaﬁ
heciny roles, Tee ofe Pluwes are wwmponents of Hhe S eneygy belane and
vhrilde 4o Hhe determinction of e S tempercture, The dop of He
atrospherte fluxer are rogured - delemmy, e ovevdll cuorgy budget
of e 5f - cim System. The wed radichive l'reahg profile 1 needed for-
He 4€-emoo{yuamtc de Qalasldtons | This Pm@ﬂe v He sum of redidy
hecty [,7 visthie and veav raved e lowpdl, rediction awd asliy Ly
lougromve vadiatton.
Qg = &su"' @uu
The ety Herms dre proparhont Jo Fe divegence of Hle net roiakve
Blux ovd mderms of Ks
P 1) RN 1)
S =p G °p
wloe [t _Cv [ o e B4R
Ftand F¥ 2 e upumel and cowmioonod Fluxes , respectuely .
Tle shject oP 4 radickve Frevsfor parameterizchion 18 o caleuicte Fx:,e+
andh F‘zﬂ o clear and/gy cloud)r ondiftons ot eacl»grupmd- o8 Hhe
poclel olonetn, The proterer thet need 4o be parameterized are esreutr
62 molecular Scole -@.—gageous absoption and Subwicron sccle for
parteder Stafteryy. Smae ke stie of He vadiatton 13 guite diFfoem
$r SW & LW rachction, Hhese Hoo proceses zre cwhsrdered Separelely



A moist poicels TTse, Cliud Formction proceses doke place Het

consTolerably Compliczte e process of wmvechve owrhwmy. The
Plystce| processes and Stole o Verbree] Ptk Tavoived ™ Yoo moteh
Convective procesres tange Born Mirong 4o 2 o kﬂanvder;. The
tange of Sanles i3 much Sweller +hen the Spetral scales retolved
by GCMs. Hewe die cffecks of comective motons on Hie evoluton
of He Hlermol, moisture,and Sven d)uamm( prope-ties M te mde|
Otmasplore murt Lo paanelertaed. (Cumudus parometenioton). These
parapmetertactrons are , ™ generol, $or deep Clouds Hheh c0cur ™
regwns of marstore megence . Over +he yeers , Soveraf oleep
Qonvechve poroweterrzations have Leew developed £ GCMs. [1ke
awy pprametertztion, dlo unresslued properties muct Le finked 4o
lzzse gacle mude} varieMes, Thrs llnhg procecs 75 kwown Iy Hhe
Convective [arawelotectron feld as fle “Clasure csumptin”

Shelloy , non Pm:tp]'kzh’g convection muct alss le paramelerzed,
Tiedke ot al (1398) desribe sne Such scleme. The vertres| fux of
Goldy rowst Shatre ehegy 1 assumed o depevel o e verttec] gradient
of large scale varralles, This Quouds 4o ¢ difficton assumption
beryy wadle Ahout Hle "'Vﬂhtpar‘l'l) shalloy clotds .
Pred]c'h’». oF Cloted Qmousst i of gved rmpn-kwe 4o clingle
modehs . Cloudis ploy 2 Pundanente] role m dontroliig +he Cmount
of Solar anol IR redicton owerlalle 4o the Clinde Syztem. T+ 7x
imporent o remember het Yo cffack o Cloud @mount enters Pry
a4 GCM ouly V12 He vedtatron, Cleuds rauge ™ sTze from hundreds
of meters 4o hundveds of krlopeters ™ radius, Thus clouds can
Span Loty reSolved and unresolved Scales M @ GCM. (nlike 6Hor
model variales Heve 1v ho Hnclenertal pragnesiic €3 £ cloud
Practron, The Clmd amoust 1 a g cell must be 1elcted 4o oHer
progosize Verialles or guanitites devmved Rom Hem. Cloud fraction wust
be presorled tn associabed with Covdensciion. Wlew shable o comedhive
mdensolon oacurs ™ a gHid box & Cloud anount must Le Zssigned.
Howevor , Clowdls aan perstst aflor- e Conclempetton and So Adveckon
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& _2-Sheomseiutien & Hle RTE

MET5421: E. Smith (1 hour, 1995)

e Mathematically outline the derivation of a 2-stream solution to the RTE. Be sure to
state all of the main assumptions and simplifications. Discuss the conditions under which
the d-transform method is applicable and its advantages over the non-transformed
solution. Discuss the respective strengths and weaknesses of the 2-stream technique in
atmospheric prediction modeling and terrestrial remote sensing applications.




Plax
% g..ghegw,r-iype Sblutipia 4o e RTE

METS5421: E. Smith (1 hour, 1995)

e Outline the derivation of a 2-stream flux-type solution to the radiative transfer equation
in a conservative scattering medium.

42,



% Qum of expientials technizue

METS5421: E. Smith (1 hour)
* Develop the mathematical framework for the “Sum of Exponentials” technique for
calculation of absorption by multiple gaseous constituents in a layer of the atmosphere.
Explain the strengths and weaknesses of this technique.
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% Ghatstteol band methods fo- cbocrpien

MET?: E. Smith (45 minutes)

e Explain the basic assumptions and procedures used to derive statistical band methods
for absorption from the basic Lorentz line shape profile. Consider the regular band model

of Elsasser, the random band model of Goody, and the S random band of Malkmus in
your discussion (provide a discussion of the principles, not formal mathematical
derivations). Be sure to explain the meaning and application of the “transmission
multiplication rule” to the problem of band modeling and the basic properties of all
statistical band models in conjunction with this rule. Finally discuss whether the 3 types
of models under consideration must restrict themselves to the Lorentz line shape.
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MET5421: E. Smith (1 hour, 1995)

~—

e Discuss the concept of Newtonian cooling, how it is formulated, and why it is used as a
radiative dissipation scheme in such modeling problems as describing the general
circulation of the stratosphere, or describing the mean meridional circulation (zonally
symmetric flow). Also, what aspects of perturbed flows cannot be investigated or
understood within the constraints of the Newtonian cooling approach? You may use

specific examples.
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* Gun=Synch renous Setellite

MET5471 (Planetary Atmospheres): ? (?, 1998)

e Explain the nature of a sun-synchronous satellite orbit in quantitative terms, and explain
how and why such an orbit can be achieved by an artificial satellite in Earth orbit.
Conclude by describing the advantages and disadvantages of a sun-synchronous low
earth orbiting satellite versus a geosynchronous orbiting satellite in conjunction with
making measurements of the Earth’s atmosphere.




% Venus , Earth, Mars — badichive , themodyiemic , dynamic behavior
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MEngatellite MET and Planetary atmospheres): E. Smith (?) *

e Compare and contrast the radiative, thermodynamic, and dynamic behavior of the
atmospheres of the three principle inner planets-Venus, Earth, Mars. In your discussion
be concise and quantitative. You may use diagrams, however, be sure to label the axes
and indicate the units of any variables. Carefully focus on the important aspects of the
atmospheres which makes it possible to equate or to distinguish their behaviors.
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% Qatelite_verticol denmp profile retrieval

MET5471: E. Smith (1 hour)

e Explain the principles of retrieving the vertical temperature profile of the atmosphere
using a filtered radiometer at infrared wavelengths flown on a satellite looking down at
the atmosphere. Discuss all aspects of the problem (essential wavelengths, fundamental
principles of technique, nature of measurements, influence of surface, behavior of
weighting functions, etc.). The mathematical development of the Radiative Transfer
Equation needed for a physical relaxation solution.

Consider this same problem, but now with the radiometer placed on the earth’s surface
looking up. What is the nature of the weighting functions.




% Qatelie_retrievel 23. (terp. profiies)

Wl
MET?: E. Smith (?) *

o If we write the satellite retrieval equation in the following form:

in(p,)

Ny (2, ) =B (T )a (p,,.) + IBAV (7>)

In(p,)

Where B =Planck function
1 =Transmittance

arAV(p)dhlp
Olnp

p, = Pressure at satellite altitude

p, = Pressure at surface
T, = Temperature at surface

a) How is a profiling radiometer designed to obtain temperatures at different levels in

the atmosphere?

b) What is dt,,(p)/ 8lnpand how does it behave as a function of height (a properly

labeled diagram will suffice)?

c) How does the vertical structure of the ot,, (p)/ Olnp term change as Av is shifted
toward the center of a strong absorption band; how does it change as Av is shifted
away from the center of the absorption band? What is the physical explanation for
these changes? Are the selection of Av, for temperature retrieval purposes, arbitrary?

d) By application of the mean value theorem, derive a basic relaxation equation which

could be used solve for the temperature profile iteratively (physical retrieval). What
assumptions and simplifications must be made?
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MET5471: E. Smith (1 hour)

¢ The standard expression for the retrieval of surface temperature from split window
measurements is given by the following regression equation:
T, =a, + a1 +a2(T;1 - 7;2)
where Tj, and T, are the measured clean and dirty window temperatures, and the a, are
best-fit regression coefficients developed from some training data set. Show how this
basic formulation can be derived from first principles and in the process, interpret the role
of the a,, a,, and a, coefficients in the above equation.
go‘) )
T = TC10.5=11.5_tm band) = “Clean” wrdow

T = TC5 - 10,5 _dm band) = “olivdy” mdug —> dirdy de 4o Ha0
vapir abs.
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Va 11
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oy = s’lopec ~1)
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% Qatelide ST estmtes.

MET5471: E. Smith (1 hour)

e Describe the following three satellite remote sensing techniques to obtain SST
estimates:

a) l-channel IR window technique

b) 2-channel split window technique

¢) 3-channel split window + 3.7 pm window technique

In your descriptions, focus on the central assumptions and simplifications, as well as the
main advantages and disadvantages of the techniques.
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MET? (?): E. Smith (?)

e What are the relative advantages and disadvantages of retrieving rainfall from:

a) Raingauges

b) Radar

¢) Infrared satellite imagery

d) Microwave satellite imagery

Sketch the climatological zonally averaged profile of precipitation for the globe and
discuss how this profile could be expected to vary as a function of season, between land
and ocean and as a function of longitude.




#*_Precprietion retrteval Prom setelite

il
MET? (Satellite MET and Planetary atmospheres): E. Smith (?) *

e Precipitation retrieval from satellite

a) Describe the physical principles involved in precipitation retrieval based on the use

of:
1) the VIS-IR approach.

i) microwave brightness temperature approach.

b) Discuss the advantages and disadvantages of each technique.

c) Why is the microwave technique far more effective for the case of an ocean
background as opposed to a land background?

d) For warm rain microphysics, which technique is more sensitive to the total liquid

water content of the cloud? Explain.

Soby

. Precip. rebrieval — VIS/IR

————

Physicel prinerples  baste assumphion — SFe raufel] related 4o depih
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#_precip, rebieval

MET5471: E. Smith (1 hour, 1995)

¢ Explain the strengths and weaknesses of the following 2 instruments for estimating

precipitation from a satellite nadir view:

1. a 4-channel passive microwave radiometer using frequencies at 10.7, 19, 37, and 85
GHz,

2. adual-channel precipitation radar at 14 and 37 GHz.

Provide a brief explanation of how measurements from these two instruments could be

used in combination to improve precipitation estimates over single instrument methods.
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% microwase radicmeter-bases /redar-boed metods £ prectp. retitercy

METS5471: E. Smith (1 hour)

e Discuss the strengths and weaknesses of microwave radiometer-based and radar-based
methods for precipitation retrieval. Describe the two proposed TRMM methods, i.e. (1)
PIA constrained Hitshfeld and Bordan solution to radar equation and (2) tall vector
inversion method, in which radiometer and radar measurements can be combined to make
precipitation estimates. Explain why these two methods might improve upon sigle
instrument methods. Use mathematical terms and precise quantitative and physical
arguments in answering this question.

€4
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* Satelihe-mouted radroweier

S4
MET?: E. Smith (?)
e Imagine a satellite-mounted radiometer looking straight down at the earth’s surface
through an isothermal atmosphere at temperature 257°K. Assume that scattering is
negligible and the surface temperature is 300°K. The optical depth of the atmosphere is
given as a function of wavelength in the following table:

wavelength in pm optical depth
4-10 10.0
10-12 0.0
12-14 1.0
14-20 10.0

Put x’s on Fig. 1 indicating the approximate monochromatic radiance measured by the
satellite at 4.1, 9.9, 10.1, 11.9, 12.1, 13.9, 14.1, and 20 pm.

Connect the points to graph I T (A, = 0).
Repeat the procedure for a ground-based radiometer viewing the zenith sky on Fig. 2.

LR



% global emmﬁnspﬁ'

MET%agéatellite MET and Planetary atmospheres): E. Smith (?) **

¢ Global Energy Transport

a) Diagram the mean annual zonal profiles of outgoing longwave radiation, reflected
solar radiation, and net radiation (Q"). Provide quantitative estimates of the minimum
and maximum values of these terms (specify units).

b) Describe how to integrate the quantity Q" so as to arrive at the required zonal
transport of energy by the atmosphere-hydrosphere system. Diagram the resultant
transport function.

c) Approximately how much of the required transport is accomplished by the
atmosphere relative to the ocean?

d) What is the relationship between the latitude of maximum transport by the
atmosphere to the latitude of maximum transport by the oceans (assume
hemispherical symmetry)?
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MET5471: E. Smith (1 hour)
e Given the expression:

R/ (R))
o

= K(p,A)— L(n,A) = Vo F(p,7,z)

where C is thermal inertia for a column of atmosphere-ocean, ¢ is time, z is height, p is
cosine of latitude, A is longitude, X is absorbed solar flux density, L is outgoing infrared
flux density, and V e F' is heat flux divergence within the atmosphere-ocean system:

a. Develop an expression for the required zonal energy transport using Green’s theorem

(Gauss’s divergence theorem) for steady state conditions.

b.

Provide schematic diagrams of the zonally averaged distribution (pole to pole) of

solar radiation absorbed by the earth-atmosphere system, the infrared radiation
emitted by the earth-atmosphere system, and the resultant zonal distribution of net
radiation. Then illustrate the required poleward transport of heat for steady state
climate. Finally, illustrate the zonally averaged distribution of planetary albedo. Label
the axes of your diagrams with appropriate units and approximate magnitudes of the

quantities in question.
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% lage—Scabe waler Voper—preciphidlon proceses

MET5471: E. Smith (1 hour) — s Zhis of clhwele | sec 3.4 ps3, Sec12.3-path

e This is a 4-part question on large-scale water vapor-precipitation processes.
a. Beginning with the assumption of water vapor balance and the velocity divergence

form of the continuity equation, develop a general mass balance equation for water
vapor (ignore liquid and frozen states). Assuming annual mean/steady state
conditions, vertically integrated to show how water vapor transport is associated with
the residual between evaporation and precipitation (E-P).

Diagram the mean zonal-averaged profile of E-P. Explain the underlying factors
governing the behavior of these quantities, particularly addressing the respective roles
of the atmosphere, hydrosphere, and lithosphere.

What is the relationship between surface salinity of ocean water and the mean annual
profile of E-P? Explain.

Consider a mean value of precipitable water in the atmosphere of 25 gcm™? and a

mean global evaporation rate of 1 m yr™. If you assume global hydrological balance
for an annual cycle, what is the mean residence time of water vapor in the

atmosphere?
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* d-layer ahmosphertc scler budget.

MET5471 (Planetary Atmospheres): Smith (1.5 hour, 1998)

e Write system of equations for 1-layer atmospheric water budget of closed ocean basin.
Explain how such a system could be evaluated using: (a) conventional measurements;
and (b) satellite measurements. Be sure to distinguish between the terms that can be

diagnosed directly from measurements and which terms (if any) would have to be
obtained by residue.

o



« relaxeiton pethod For Seluiy 4 remste SEWTy Tuevsin prlen

MET5471 (Planetary Atmospheres): Smith (1 hour, 1998) *
e Explain the basis for and the implementation of the relaxation method as a means for
solving a remote sensing inversion problem. Outline the derivation of a relaxation-based

solution for the retrieval of atmospheric temperature using radiance measurements from a
multispectral grating radiometer.

il



MET5471: E. Smith (1 hour, 1995)

e Explain conceptually, using mathematical terms and concisely worded statements, the

differences between:

a) classical statistical-based inversion

b) physical inversion using iterative relaxation

¢) physical inversion using forward RTE model in conjunction with variational control
technique.

Discuss the main advantages and disadvantages of three techniques. Fell free to use

specific examples in this discussion.
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% thermol wetghtng functtor

MET5421 (Radiative Transfer): Smith (1 hour, 1997, 1998) **

e Derive an expression for a thermal weighting function from first principles within the
context of radiative transfer. If one measures thermal radiances at successively greater
spacings away from the Q-branch of the CO, fundamental around 15 pm, why do the
altitudes of the weighting function maxima monotonically decrease?

13



& Homol berghttg Funchuns

MET5471: E. Smith (1 hour)

e This is a 4-part question on thermal weighting functions.

a. Define a thermal weighting function by developing a solution to the non-scattering
version of the 1-dimensional radiative transfer equation (Schwarzchild form) and
identifying the term normally referred to as the weighting function.

b. Explain in mathematical terms why a thermal weighting function contains a localized
peak at some distinct vertical level in the atmosphere.

c. Explain the physics of why a sequence of radiometer frequencies extending away
from the Q-branch in the 15 p CO, fundamental would enable retrieving the
temperature profile if pointed down at the atmosphere from a space platform.

d. If the same radiometer were placed on the ground and pointed up at the atmosphere,
would the weighting functions be similar or different. Could the temperature profile
be retrieved in this fashion or not. Explain.
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