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% Seweral radar relded questions

/ MET5411 (Radar MET): Ray (45 minutes) *

e Assume a Doppler radar transmits a 10 cm wavelength pulse for 4 x 107s every 107s.
The peak power is a megawatt. The radar also “listens” for 4 x 107¢s. pulse drelion(Ty

a. What is the PRF?
\b. What is the duty cycle?
vc. What is the average power transmitted?
«’d. What is the unambiguous range?
/e. What is the Nyquist co-interval?
-f. 'What is the “Doppler Dilemma”?

vg. What is the means for overcoming the “Doppler Dilemma”?
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% pulsed Doppler vedar

MET5411 (Radar MET): Ray (2)
e For pulsed Doppler radar

systems, what is the advantage and disadvantage of different

PRF’s and dwell times? Be as complete as you can, of course.

&b
Let T=pulse duration

Ts =+4me betueen Sucessive pulses
L b pulse repettiion pvred

= (PRFY"

= dwell
Tow = duell fme ulse repektan period (T3)
pulse olepﬂ:'c

ﬂ_ﬂ_ﬂ...HJL

e (‘Umyos‘?-le e sghel Fror n ansecutive Sewples

Due 1o {le Statistice| nalure of iecller echoes we averqge Several
(onsecubtve t;el-urné,

If wedake a sample ok 1ze M, ezcl cbieretim

bemp molopewdewt of 2l ciher observatmons e variane of semple
decreases by a facter f M. The lengihs o8 41me ovor uhich ve collect
M sarples = the

J TDV = MTS
The hyghect resolvatle flequenc <y 75 e Nyguret frequeny. T ovegpods
4o € high- lou b=l -+ srgnal . Thus ogerlietnn has & fm&""'}'

of = PRE
FemsE AL
vy
T 2 sanple of M observettons, eack Te apert- m time Hhe |osest Freg.,
ongest pertod we an tesolve iy

D.'B

Gruen o freguency resolukton of A‘E=MLT5 , T ovrespondny veloetty
ﬁo'h’hﬂ- ©

AP =_3-LV
A D3
Av=2oaF = —5as
The lowest reso*ml ﬁeguevy = £ :f‘ﬁ, Thig yieds a velocty of
"%_— :lMT . Te “harmonie “Creselved) velocHees 4re
Ande o My M The highest resoleed velocly is
Y 2MT s .
M2l - MR
v"‘"‘:‘f_“l "2IF 4% 4 __
So Sumrarizig,

Make M ansecubwe samples , each Ts aperk Itme . Thig reduces He varrane
Th estrmetes 4g compared +o the W@Mance ™ a stiyle observation

lowest resvlved freg .
AR = — -«ﬁ, 3 He funcamenlal Reg/-, A longest vesoved pertod.
L
s

M. b d re&ﬂved L;d)-hohic %GHCIQ
g"r - .—l = N ZU|S+ 'Elez
z s y .

=g, 2,y

/—> highert rosohed freg.
\_o sherbext resolved pered

Yia Hle Dopplev teletvn
2V
P=5-
AV = A_.. — veloctl, reshaon.

Ve = -A-- —_ 1osolved harmonics of wloc‘7

Wj hl _.L ’\Pmi[__,max_ unambiguous delocrty

The max unamiiguous targe for 2 smyle pulse

¢ fundamestel peviod M ‘ Y“‘;ﬂ“";"’gf‘f"’?"
” P»eguency £z * S APRF
O MTs i Jdges He rante => (omechndry to He fhrst
The resolved harmoute frequencrer ave s Meeror , TP we iton ovor M palses Hhe max range = Qrmecponclry
n M § Arawsnrlled pulse &
1l v L A Ruae = CTow_ o MEC
Thus He %qum-y resohudton 7S e % = >
AP= | : nygnu\—og.wl-ﬁeﬂo M cowseaitve fulte . Eacle has
MTs Max = gl;‘ = <
('ﬂe Ropplew vedar transwits 4 pulse with phase &, . This pulse \\\% i 2psF
+ravele a distence | and Scaflers off 2 taget. The plase o He
Y‘ekll"w”l §§ Ts SD\)

*r‘—‘% +2 o ,*

The tme rete change T phave , He_anguiar Begueney , is
9

d{é _d 4m dr
= + N\ dt
w= omf = 4.7[ V <—radial velo«7

FEDe
Eff"'ﬂs' 19 4 fundanental Doppler farmula Ve% f\ezuetu] (dol’ﬂw
it‘l.ase Sl ftme ) 4o the olopplor velocsy,

 Trest, lebt defme PRE & Olell +rues

PRF = Rulse Repetrion Fregevty This w e ﬁeqw? wih whrel, He pulses
are emitted . Usudlly expressed as # pulses {ov Sewnd

Ductt fime 10 He lenpih of fiwe Spent ot 2 partreuar (mence gater Thet 73
lle amorurt of ~hn7:”4,llwed & Yhe celonlctton of 4‘:- %fplor Spectre oA
2 speafrc "locohun” (antenne, directron and /o 4 spectfred resge dote),




|

Bolvasdages /disadvarieger of different PRFS

The maxtmum Dopplev-cift feg. et (an be detected
(Nymuist freg > = —L-(RREY.

Tle max_uuamirguous doppla- velocy (Viacy 78 Hot which, produceg
Q pl-aye ShiBk e TC redians Clja cycle)

Vimex = éfmh = zl"_CPgF))\
The max unambiguoug rage (Rmex ) 68 the redor Tn Hhet range hore
Ye puser make 2 sTgle round Hrip

C
2-PRE

So He advandage of Lorge PRE iv ot T+ Toredres wax oetectelle

VelocHy (Vmac). The aolvarkoge of_gwell PRE i thet i moestes
Max UnQmbtgueus ravge (Rmox ).

—9_”"0@ ® a trade-off of P"“ <3 va (;%m’l" Dﬂemu)
Aolv. /Dread. of dtffrent Duell imes

Remax =

Duell Tre =MTe . Mg ofsamples , T = /PR

Thcreased olwell dme —> more ”Iiﬂen}- {"_) onger 12uge (Rmee 1),
legs gecomd trip echoey , ete 5 trode —obf —3 dlecrecsed vesdution

AN




¥

7o

e

% eBecitve @2 ¢ max delecten range

DR

\j MET5411 (Radar MET): R go{unutes)

o Tt the antenna gain is m and the wavelength is 5 cm, find the effective area Let the
target cross section be 1 m?, elevation angle 0°, the propagation be in space, and the peak

transmitted power be 1 MW . If the minimum detectable power is 107> W, what is the
range of the target at which detection will be lost?
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MET5411 (Radar MET): Ray (20 minutes)

\/ e A 10 cm wavelength radar radiates a peak power of P =10° watts, with a pulse length

of 1 ps, and has an antenna gain of 50 dB. A spherical raindrop of 8.4 mm in diameter is
located at » = 20 km.

a. What is the power density at the drop?
\Jb. What is the power density returned to the antenna?
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¥ radar relcles Qg

MET5411 (Radar MET): Ray (1 hour) * Q= 0
e Question /"
A) A 10 cm radar radiates a peak power of P, =10° watts and has an antenna gain of 50

dB. A spherical rain drop of diameter 8.4 mm is located at » = 20 km.

The back spatter- cross secton 3 . N
T G, =—4|Kw|2D6 = m=-’;’;lkl‘p‘ , kP=0.93
p

a) What is the level of power density at the drop? (wAs)
b) What is the level of power density returned to the antenna? (w4
¢) How much echo power is delivered to the receiver?

\Vd) The reflectivity factor (in dBZ) of randomly distributed drops, all of 8.4 mm
diameter, is 40 dBZ. Assume that the radar’s resolution volume is
0.1x 0.5x 05 km® . How many drops are contained in this volume?

\/ B) What does the Doppler signature look like for rotation, divergence, the combination?
How can you estimate vertical velocity from this? Explain your answer fully.

Vv C) What all can you tell from a YAD analysis? Velocit, Azimuh D[sa!nz
D) Define and explain the “Doppler Dilemma”.
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* reder gsneepts

MET5411 (Radar concepts): Ray (?)

¢ Question
Va) Distinguish between reflectivity, reflectivity factor and equivalent reflectivity factor. c
b) What are some methods for reducing range ambiguity? ————— > R = e
v ¢) Why are radar returns less meaningful at long ranges? See ofler guestuns.

d) What is the “Doppler. Dilemma” and what can be done about it?
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MET5411 (Radar MET): Ray (?)

* A radar transmits a signal through an antenna to an isotropically radiating scatterer (s, )
located on at range 7 from the radar. The scatterer radiates isotropically to a second
scatterer (5,) at a range r, from the first scatterer. The second scatterer then radiates

isotropically back to the radar at range ;. Derive an expression for the power received at
the receiver. Be sure to define all variables. Express the result in dBZ.
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c5) To express answer T ol y consrdov o posciLiiittes & dBm ¢ olBZ
—olBm 15 oB cake. wry mW
— P-(Bm) = 10 lag,, L Pr-onwy]

— dBZ : This ® 2 mezmure for reflectry faclon ot unids of
i/

Recell above we e B <[ PG ] _Aib:
" ' @t oy bkl 7

el z_
effectiv ely be expressed as =

Sihve §r 2= | [ PF(:(*):* (nmnr

L e solve £ v quantily Tn pane of mmt/f3, Hew
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T e, Tl TR AT

T
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% Clear an echoes

\/ I\éIET5411 (Radar MET): Ray (?)
e What are the possible explanations for

. (b :
“clear air” echoes seen by a radar. how might

you design an experiment to distinguish between the different possibilities.

Sol)

%-E

clear arr echo we reflx 4o mezsuwalle radar returns from targetes)
whrch aw.n;} rN:'-vb; deteclalle by vreial meang, T4 © now |m3el7
Qccepted et cloar atr echoes are primanly coused 7

%(n) Sects , bivols , 6v othow oiserele Smgle pomt taxgeds.

hul/o-r
2y 1eqns of Ye ahmogphore tsheve Hhere ve &h«vg I'eerach'vve-' mde‘f

) gradlen}s,
Echees &(hn‘% class @y avg cold oot ov petok angels. They are

abgeribed +o the back -Scelteriny Ly dlisasle Smgle Jargets such 4s
brrds o Theects, The Second category of clear an- echoes , (2, 2re
oBlen referred +o 25 _|ayer angels . They ave charecterized by haing
SubStantra] lateral o veHreof exdenis . Tl\e) are uvudy caused by
Tnhomogeneites of 1efmcive Thelex.

To detevwme iR @ clear air echo wee o Y dot or potnt angel
(‘44@07 e need onby look 2t 4le properies of Hhe saatlerers 4o
devise an experment o l”dekh‘g +hiv cﬂl-egbr)y of echoes . Dot ov poret
angele apporr 28 small echoes khose limensnns are

delerminad by e pulse length o beans widih of Hhe radar, The divessions
of Hhe dorget are Small Wt e reSolution distancer R He tackn.
Smce e Satterers ave gmall Hhe Rayleigh pprox is valid ana S0

e ;Lgm%‘ Q:gg.s_;s‘mfon of fle dlot angele sarles as He redir
wave lengHy to the —4- power,

|

ongel

o T e e

This susgerds ot we yse 2 short wave letgih rader ((om =K band,
Jom= X bard) to see these tagets. Lagor 2ugels have Lachxmﬂer[g
Cross-gectons whicl, scale ag A . Thug <« shord wevelength raolar wii)

be_Most Sewsthive +o dot avgels . C'onmsay a_8 band (locwy radar

Thus_large wavelengthy tadars (S=10cm or biglor) would be most usedul
oletechny [ayer angels . Kropth et al. (1968) +racted {he Flight P @ heitcopt
Carting 2 WICrowave refractomelor (o MEASure syd-m( variclions Ta Hhe
refractve Mdex) Wil the 10.Tcm Wallops Teland racar. [Kropfly et 4l
(1%8) Compareel dherr chervations +o Hheorettcel expressiong Csxumiy
backsocHleryy  Grodiewis T He refractive molex They found grod 4graeme:
tehoeen chsorvattone 3 Heory.

Other dypes Clear o echoes are obsevved, Thetr source Can Usually be
traced to eRlew a pond- dype seadleror or leyer scalterer. Exanples of
boH. Tnclude

(. tThg echees aggsctated with lage Flocks 68 brrds — Eastugod et <. (1
i 23 m radar

! « Sa1 beeze Howt Cno precip.y — Atlas (1%60) ; 1.9 cm reelar

— Some say dueto Mmsecls
Jome gey « « discontimaries Tn demp. & Moiciore

* Clear 2 (onvectn — refractive molex gudients belueon adges of

oevelopry Cumulus - oty environmentel ate
Ha!'dy < Oterslen (1949)

|« CAT — coneloe 2irenebt weaswenend Wit rackr obs,
Glover et al.(190)—> CAT + Cloar air echoes associated whh ahmaspher
layers hoving snell posrine Richandson #€
+ Kelvin Helmbholtz waaves — Brounng (1471)
—> lo pesttive Richardson #6 & Cleer i echoes of breckty KHuw

526
R = B2 Re £0.95 £ onset R KH joopes.

= Iel 3
o2

\ i

lyould be_move gensidive o layer Argels. To estgblicl, Yt Toects
can axcsunt $or olot angels we could So Yo He laboretsr, end measure
e scatterny Cross Sechons o vartoug Tasects . Thie was olone b,
Htgovgly ot al.ci98y, Therr ltzl:om-loyc oxperments 2greed wilk
vesulte form Grlover- et al- ((246) who olropped Ive msects $rom an
Qirplane and Hhew tracked thewr descent 4o -He Ground,

Mﬁr 4ngels

To Covelote the prcurronce of layew angels whh Thhomogenerires
e refractive Tdex we could @uduet o sertes of expermands

as has been done by severa| mrestigators ™ whicl, vertiestly pomtny
radars 3 coliocated .s»umlrgs' _provided evidence o8 'W' angels
OCurr™g n@ar promounces| Jracliewts ™ He refroctive Mdex. Wele
alread) noted] et layen angels have @ cross Seckion whiel, Seales
as de wawe leygih

(Thﬂ,, X A >
ahge|

(05)
r Two genovel (ategsries of Cler~a&r echoe

e Parirculetes To e air (.8, ™seck, dagk, chaff etc)
((:n Refractive Trdex gradient
(1 Return Row pasirculdes 3 Smatlov 4o veduin from preap
(2y Refractine Tex Jradients aased by sharp changes ™ 4emp d howtd
(Bee leckan conc. m the Tohospheve. Gused &y watwdy by Junblence,
mc&‘“ - Mixvy of wan- /ol 'dy/mm ate on swiall Sceles (apedor )

N~



METS5411 (Radar): Ray (40 minutes)

~® Question
\/ a. Why is the NEXRAD radar a pulsed Doppler radar instead of a continuous wave (cw)
radar?

b. Clear-air echoes are either from refractive index fluctuation or “insects”. How would
you devise an experiment to distinguish which is the source. — s #e previous guestion

L' Hoto mtglit ove okigttrgutsh Letveon radar returne Frim Tnsects and
Pluctuations ™ refraciive tolex Tn redev tetums From *clear a1r’ ?

Sob
The back Soeheslny Cross-secton for sects gattsfres e Rajlersh

Opproximeiion { :IXQ & |“) s diamedor of sociter
L5 pavelegth o8 ncrdent radiatron
electrion| size

Thus , ; back sesterg

Trnsects o< A T —> leade 4o "olot” angels
In wﬂmng Orost-sectton fov Flucluatrons ™ He
re?mchve Tndex 2ve Pwpod-rowl +o He wavelengdl, 4l is,

G, < A ———> leeds 4o “fayer” angels
The power retumed 4o He radar s proportional +o He sum of <l|
Scatters ™ 4he volume tllurjveted 9, e radar beam. To meanize
He return Rom Tngecks we should hge a Swoll wevelengty (T, ons
o¢ A7 gp gwell A plies lage Tnsect ). B Short wavelengdh rodav
(e.9._K~bavd K= lem) Loitel moe eastly detects Thgects Hhen, S1ghely
due +o Pluctuations 1 e refracive ™dex. To “see” Sighels due
}o Bluctuctrons m the refrachive dex a '0‘§ wave [engdl, raclar
(S-bare) =(0cm or | -Band =20m) Lol be bect due 4o 4le direo}
Proporf?owah& betweeen fhe Lackseateriy coefRaent B Bluctuatons
Km He refraciive Tdex and He wevelengd,,
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% Trhenstve & extersive Hhemo, warialle | Gibbs fee enongy > SMOL_ < (TN é

MET5455 (Cloud Physics): Ray (45 minutes)

e Answer succinctly and completely:

A) What is an intensive and an extensive thermodynamic variable? Give three examples
of each. Why is the Gibbs free energy used as a Thermodynamic potential in Cloud

Physics?

B) Why do we so often see snow crystals at the ground in the winter when they form

over such a narrow temperature range.

C) Discuss condensational growth on different types of CCN.

A)

"Exfeusive Varables are thove whicl deperds s the mass of He Syelem,
L> deh&‘tiy s speclﬁn Volume , Specific hunnolry_

_Trlensive vartables ae dhose wlrel, do viek depewdl on 4le wass 0@ Hhe €>¢'§®\

t pressure WPe""“'e 3) SySlem uQ/h;a-. a closed
Intenswe varialles me) be defmed &b | systes, i ubteh # i undlersiod
4Po‘m{- alybloe ™ the Sysiem +hat Jhe marse 2y wotll 20 chenirel

ompiiton define e System
wself, Tle rent 4@ fe proporites
defue e sigte

The Gills free eveygy, 9, of 2 body i defimed by
g = U+po ~Ts
or ™ ditfrenttel form
o4 =du ~Tds + pell +olclp —SdT
f m+ pelat —> 15F Jouy of Thermody namice
dg = otolp -saiT
e see m stherme| procestes e Gibs Free cuegy T
QovSewved (for a Loel)' n aQuili bitum )
For irieversible , spontencous haneformations He 22 |ay of
Uermwl)'mamrr fells us
Tds > du +pelet
L enstropy Trcreeses Lo Spovitencans, Meversille procetses
olg < vielp - 8T
and £ aw Tsobare , ollemo| , reversitle process

S

olg <0
S\mmﬂzrq ,
We defme e Gibbs Free enevgy Ly

J=u-Ts +py
usty e 1% 4 otd |y of dlemmodynemics we Gau slots

og < ~SofT+ pix
(hove = holds R rewrsthle, eguitibium +rausfvmctions

£ apphies o Trreversille , spontaneous havfornotins

For n tesbarte , Toothermol precess

<o
The criterran for Hhe Hhermodynemic egulthriom of ¢ Loey o+ aushont
temp. 3 pressuvg 15 et He Grlbe fee erexgy hee o minimow value.
In cloud plystes Le ave very much coucerneo] with He phage changes
of woter . Cousteley He vaper < liquic 4remsiton, The clayge ™ He
Gilhs e evergy represents Hhe onongy chawe astoctated ik e

Vo € ligurel fransbion. The clage ™ He Gibls Ree erogy 1T 2 Vo usefl|
+ Ve inporiat parameter ihen digcusshg nuclecton of drops.

From Llalloce ¢ Hobls, ppiso-tof
Tn ohiscussty Hle 15 lau, oR hevmodynawies e -Mcru; assumed Hhat He ovy
extermel (sork +Hhet @ body Gan do Ts Hhe worke o€ expaisTon, pdu. Houever,
a body mey alss perfom extemal (ot thragl ollav means (Far example, elechs
or by Cractmy new SR aven bedween wo phater). Tn generd , Heicfhe | we
shouid wrtde fe Foret lew £ @ Ut mars of 2 body a8
dg = du+olw,,
or £ 2 reyerstlle Hrausfmmctron
TS = olu+dWy, (2)
whore dWipt 15 Hhe Totel work dive by 2 untt wess ot 2 bedy. Hore, we ave assunmy
Hlet K E. and the gravitetone| P E. of Y body 2re conrord
I8 o4 s He Celevnel vk done by @ U} mass of 2 body cr and clave avy
po workc, Hhet T, £
old = dWiet — Pl 3)
Hen ly ombming
dg= i~ Tde —SdT +pot+ delp (4
£ Bow g=u-Ts+pat = debmttren of Gibbi fwe evorgy,
alogg wHh (2) 3(B) we oklam , B a 1eveTSTle process ,
da=-dg -SdT-uelp (%)
Tieefre, if bot, temp 4 precsure are comsiant
da=-dg
Tict 75, 4he externe] (ssr dowe by 2 body (excluswe of any pokt fonk) i <
reverstie | 1S Hermol - Tsebarte procers T egusl 4o e olecrease n Hhe Gibbs
beo enagy of dhe body. Tnthe Skudy of e phase chages of tastor we ol
aSume +he process Ts Tootlermcl & Tobartc . Thus e Giblé fee energy
T8 @ pertmest paranelov to ue i He chdy of wator phase chesger,

The fllowng 18 Hom Haize "Cloud cynamies” Secton 341

The pavheles 1 a cloud form by a procers refomed to @& nucleatipy, , T whrel
weter molecdes chasge Rowm 4 feey prderect (yeped +o 2 Move grdered (ustev) State ,
For exanple ; vapor roleades ™ 4Tk ey come Hggellon by Clance Collistons +o
$orm a ligurd-phase olrop. To see how s process fekes place, considor Hhe
Ooudons teguired B e formatton of @ drop o pure water Fom veper,
This 12 4 cace o hemogenesus nucleatron

IR the embryontc dirop of pue wolew has rachus R, Hen the net enoygy
reguives] 4o acomplich nucleatton T3



AE = (4TRMTyg — TR g (uv ~ gy

The Frret derm on He ryglt Ts He work tegeited 1o Crecte 4 sfe of
Vapor= higuid Tierface Qropnd the olrop, Te facter Ty s He amk

« tinvyg — freeziny of cupercooled olisplels onto toe particies /erystals

» Q3gregation — collistonm end "sirckry ‘egetben ” of we pavircles
L nggregatnon 19 soncuhet more effective for thhtade aysiels Such

reguited Ho Create o unth s of e Tlerface . T 78 colled Hle St
energy or sfe dension. The Second demm on He riglt T He energy Change
asgectofed with He vapsrmolecules Jomg Tito He ligurd phase, It is
expressed ™ dems of He Gills fee crogy o He sysiem. The Gibhe
free erergy of a stigle vapor molecule I v late Hhat P a Irgmd
wolecule 15 _uUg. Tle factor Mg i3 He number of Lcter molecules por
unt volume of Hhe olvop,

If He vk eguited 1o Qente e SPe oxampdy the change ™ Gilbs
Free enegy (AE>0), He embryontc drop fomed by dance R3gregation
o wolecules hag no Change o Surviviyy anot hm-eolia#eb ovaporates,
I8, 0u e oton haud, Hhe work: teguired Jo Create He s& T Jers
Hhan He clange ™ Gibbs Ewee\eg (AE<0), Hew +he dlrp Surives
audl T 841 +o have nucleated.

T3 Sysiem ajproaches an egurltbiium by tedueny T energy.

N
B

.lh. hob Q@ bt avsuer- Dr. Ry 75 seekmy. Ice Crystels con Riw
Cold clouds (Clovdls &b povitons dhet extend 2hove He 0% level) regardlens

of seaton. The arysials form & cangioty eventyelly reachng @ mevr 9o,
thet they @ not be Supparted by vertiee| an-cunevic . Hewce, Hey selfe
out. I ow dhetrearilans descent ey accoror layers of dove 0T @
they mey pariclly or conpledely meH- depeadtivg on Lactors such as le depth
of 1le wamm layer, Hle Fallspeed of He cysials, the waradh of He layevete,
IP a warm layer @dends 4o de B, lgurd precip ot fo . Dung Hetsmton
e etire temp. profle w belos o near 0T Hhnugh the depih ob de
ragectorter Pollowed Ly falhey Cryshals, Thut @ Wvioh of eryStels reach
YL ofe

Thrs response seewms to smplistic
Once Tce Crystols form Hey my graws by He olepestiren of Uster wopor-
Tce Crystals grovty Loorn Hee Vapar phase can Zssume 2 wide vaviely of
Stapes Cor habite), The basic habris are et platelite o= prasmiike.
Thesmplest- plateliioe Cryslale 2 plave heyagonal plater ana dhe Snmplect
priombe Crysials are solicl Columns whicl. are hexagond m eros secinpn,
Shucier 1 +the controlled laLom+07 erfirommest dnd obsevvations th
naturel Clonds have Shown Hhot Hhe barte hebit of an 1@ Crystef it
ortrolied by Hhe Jemp ot thrch T graws. The avariabrily o excesg
motsture $o- depostiton plays a secovelor, Role bot o0 sowe Jenp. rayges
ey mfuence detaic rgordiry He dype of grovih Upon He baste halit-.
Temp- (%) Cxeers vepor demy over ke (3/m)

O +o -4 pMe e

0 4o 0.1 —> quaT-eguikibyy
-4 4o -0 pHomkike gue eguilitpian

0-140 0.23 — edge Sroutl,
T b -2 plafelibe 0-23 o 0-45 —> (omer ghowth .
24 ~50  privmlike

Tce crysidls are exposed o Ontmuclly Clangnyg Yemps o Super oturaion
a 4L7 Pl oy, clack . Thus, even when Sroeny. solety by ¥apor
oleposttion they qan ascume 4 Wide renge of Gie omplex chepes . Shher
Goiot,, echautsmg Trclude

wi

a8 olendrites as opposed 4o {iat piater
aggregaton 13 more obfedive alove —5°C stce ot Hhese demp.
Tee sfes beame “strckier”, :

The Jrowth 6 ice Crysials l.] deposiiron from fhe vepor phase, Wi ¢
aggregaton @n lead 4o 2 wide vattely o soitd precip. pavivcles. Thouglh

a partiulor +ype of Cryctel may miticte under vory specifre demp. & morsttn
Conliions, once Rrmed Hhe costel moy grow, Luttding tpon this Shruckire
ancd Huis bewme heavy enogl 4o setfte aut of dhe @i (or be forced dlown
by large Sncke oreel wotbns) . Aty e Jemperdtme prfile tenams
Subzevo anel the An T3 Mook erugh Hek the Tee erysiel /onow, Flake oves
nok- sublimate Wwe @n shsewe 2 lage variely of Snow Crystels at Jhe
Qmw oy de wiwlom.

e
The atwosplore Cowtalus many Aerossls hekgry T T2 From Submicron 4o

Seveval teus of _om. Those aerosol 4t are wethalle an sevve 48 conders
Wpou kel tictow vepov con ondlense. (A pfc Ts St Yo be perfecty wedtalle
T8 ¥ allows woter+o Sprotol owt on # 23 2 horrgowe| film. Tt & congletely
uuweltalle (o hydrophobre ) i€ waten Sarms spherteet drops o e ofe,) e cell
Qm. geroso| Hhet 2w sowe as He nuclet upoy whick water vapor condeucer
Cloud_condeprsetton nucler (CCN), Pewe stall disuss Below , +he larger +he
gTee of an Aewmol and He logov- Tis toober solubilily Cor YR ™ 1% wnsoluble ,
tle rore readily T s weHed by waler) , He lower will be He supeeselurciton
atwhrcl ™+ @2n Setve 43 2 (CN.

I} canbe Showon 4ok Lo wet moeare T Hhe energy of 2 eiem dueto e Bree
oR an embyonre diop o8 radius R is Grvew &

AE = (4R Ty - (Fur®HNg (v —40)

v change ™ Gitbe fiee endgy due +p Condenyety

/[;_ €vaporatton (decrease 18 yepor —lipud )
She enagy o She teuston of Loty

Tle chenge ™ Gibbe fee enoygy n be expressed | equivclently , 4¢

o of atnbTeut cvlronmend .
ity = KTIn(E) o

T Setwranon ey presre over « plane ofe of vefow
Boltzmanmné coveteni e ble

Thus,
AE = GrR)T, ~ (xR kT (&)
tohen at s Superseturcted (€>€x), |n (%) >0 sodck AE can Le posit

av nesehve deperdiy on the mighthde of R Tor the embryenic droplet to
Suvive e mutk have AE <O . We can Hinel e o) todius 8, whrch

AE=0D (¥he diop gush Larey urviver) by Eveluatray

24E
3R

A
0 = AR Tgy —4MREN kTIn (%)

SR Tey =émR:an‘ﬂ.,(—g—)
G = Re Mok Tln (&)
Re = Wivg kTin(§)
Thre 18 Kot formala . Ue may rewerle THas

=D
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oot O o
Aroplet nadius R¢uny
Stuce the Superseturetions Het olevelop ™ netirel clouds olue 4o the

polichettc ascent oPaV ravely oxceed 1% , 1+ Polloos Het even embiyonc
olwplets as lage oc 0.0Lam, which pgld foru by e chonce colliston of
wetor rpolecues , will Le vell Lelow He Criren) redius reganed for Strvivl
a4 |% supprsaturcon . (buseuently , dreplets do ned Bim 7 nctureal
Clouds by ¥he homageneout huclectron o8 pwe vater. Jupttac Jhoy form
by Gbot 1 buown @ heterogencous hucleaiton on atmaspherie Qrotel,
SQecifrelly CON.
wetkelie
Thete aeron| whrleve welidlle mm serve 20 comters upou thich ooy
vaper com Conclerae. Dropleks can fvm 3 10w on Hete aorysols ot
much lowor Suporcolutipns Hen are reguirel £ bormggeneous nuclection
S +he doplets Towm Lith @ nadiug larger Hhon Hot which Yoy woud
have o homogencous nucleation .
Solute effact
Sowe (ON are Ldev Soluble Sotet %e) dissslve when Water condewses
ondo hem, The egulibiium Saturcion yapor presure ovor & Solutton olrops
75 [ery hen Hhet oupra pue toclor- dlriplet of Hhe Scie sTee. The Solurction
Vapon prese 15 propedrand 4o de concenbiofon of weter noleales
ondhe sfe ob de olmplevL In a Splichow clroplet come o e sb molular
Stes are ocupied by the molecudes of Sal-(or Tons 1R He 9eht dlissocteles )
Qnd Hhus He vepor pressure I8 reduced by He presewce of e solde. T
(aw be shotew that He reto o Hhe yapor pressure over 2 Solide olrop
fothe sadurction yaper pressure T3 Qiven by 4 reletion sk do
Kelvmé Brimda bub oith an addiiional tewm +o 2ot for He pesence
o8 He stide. This frmda 10 of He form
{

&=t 5]
Ushove B % 2 comptant whicl deperds on onsiont fectorg Stch He
mass of He Sel-, dersiy of weler, ete . The mare clearly cee de
ool of Be Solule we node et €h; A | sotot g Taylov

SCrres OxRhSTol oe ouieufs .
n(§)= "‘ “}/ Curvetve obfbet
Sives _g._l " _e__%@,_—sdulee@ﬂxl-
s R K

0.4 F

02t  Solubry
100, %

el SN

Z/Pwe woter dreplet care

@)or.

Bt & —1 Ts notlyy rove Hew He supersehurcton, This ™ Is
Clear Hot 4ip additton of @ ticler Foluslle N reduces He

supevseturction reguired for 2 diopled o survive, TR we plol-
the varieinu of (—g—) o s# He am adjecent to a Selujrm

Oroplet as « Auction of alroplet redius we oblam Lobet 1
referral 4o as a _K8hler curve.

15

/7/ ________ —
401 1
&% 4 +

0.01 -4} \ to

droplet radius Cam)

Below 2 Cevam dropict-Size, +he vapor presure of e air <oljacewt o < Solidvor
droplet r tessdhen Hhot (shrch & m equilibimm ik @ plane ofc of uaier ot
He same temp. Ps e dnpletc mereera ™ sTZe, e solitions Lecone weaker ang
He kelvm cwiature effect evewiucy dommsles
Cowstder 2 Selibon droplet tokich fpms ™ @ Slighth, seturched (pesSThy qubsehun
envionment. IR dhie ambrent & rebto T les Hhew e peck T Kbhiew curve,
hen e olroplet Ltk groga by aondensetton 4o thot level of &/ . With aokidrona

rorth he cupvature oot woula come Mo g _‘
é P‘? L"‘P & 4“19,*
Qnel he olroplet would vatorate back +o Yhe andient €/, levg] . Conversel by,

T8 dhe oropled evaporetec He vapor preswe toulod fali bolow dlet of He anbrest
OnVNonment, Ther Hie oloplet finols Heei 2 Slablie eguiltlitum . We cell such
olroplets _hage doplets. Al doplets o the le8 of te nexyma T 4lerr
respechve kshlew. curver are ™ 4he haze ciate.
Now covsder 2 trstng parcel of atr. As the paveel rises, 1+ expands, cools
adtaletreclly, and evemy reackey saturalign Wt lgurd toater . Frdlor uphét
Prockeces Suporsatwatun which intirelly Thoemes b 2 Yele Proportine 4o e
UpdrePt velocrdy . As He Supersaturciton Hter (0N are actvebed, » Shavtiy G,
e most effeckve cnes. ( Pry crspled Jrowiyy alng 2 Kshlor qurve tohict, pag 4
peck supersoluratton below thet of e anbred 21- it Savd Jo be Qchrvated
ond il grow), Dhew, Hhe 1efe of which motehee ic Letg. made 2weriebie
by Hhe adicbotre cocling eguels He vele oF whick H TS condensng onto e
(CN adl droplets | the Supevsaturction reaches 2 meximum wle. The
Conceutretion of conel droplets 15 determmned at Yhre stepe (whiel, Occurs Gtk
100 1 ov S0 of the Cloud base') akel 15 eguel fo the Concewtreiton o activeted
CCN . Subseguentty e grouny droplels ansume welor at 2 tate grester 4
ok ot ehrel @ v pade averlable by He Coohiy ok feam. Thu the supevsaiar
deveases . The haze droplets ewaporele Slooly hile Hhe actncted droplets
@ty +o Jrow by condewsoiton. Stuce e rovkh rete by conolensatnn
T8 Tuversoly proportronal o the olopiel radiug, the Snellor 2ctivetecl dopled
S moe Fuickly than dhe {ager droplets. Cb».seg;.euﬂ). e s1e 0f
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MET5455 (Cloud Physics): Ray (40 minutes)

e Question

a. Why do we so often see snow crystals at the ground in the winter. Discuss.
b. Describe the difference between CCN and IN as many ways as you can.

1A



MET5455 (Cloud Physics): Ray (45-60 minutes) *

e Using appropriate diagrams, discuss in detail homogeneous and heterogeneous
nucleation. Be sure to include an adequate description of the “critical radius”.



# hat| Remoton & Srairih

MET5455 (Cloud Physics): Ray (45 minutes)

~—

® Describe the life history of a hailstone (include both wet and dry growth processes)
including “how, where, and why”. Examine it both in the microphysical context and with
respect to the cloud dynamical and microphysical context.
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MET5455 (Cloud Physics): Ray (45 minutes, 1989) *

e If you were to write the code for a hail growth model, list all the realistic inputs you
would need, and the assumptions that you would have to make. Outline the computations
and decisions required. You may wish to make use of a “flow chart”.



MET? (Mesoscale Meteorology): Ray (30 minutes, 1989) *

e Draw and discuss a diagram, relating the two most important factors governing storm
type (give examples). What are typical values of Richardson number for supercell type
storms? For multicell type storms?

1))



MET? (Mesoscale Meteorology): Ray (30 minutes, 1989) *

e Give a succinct (but complete) summary of the life cycle of a squall-line. Include a
discussion of the role of buoyancy, vorticity, updraft orientation, low-level shear, and any
other important considerations.

o



MET5905 (Convection Dynamics): Ray (30 minutes)

e Modes of convection can be considered to arise in environments at different
combinations of shear and buoyancy, or a kind of Richardson number space. Fully
discuss this concept, and the range of Ri that might be associated with each mode. Be
sure to include important details about the shear, its magnitude and directional change
with height.



MET5905 (Convection Dynamics): Ray (30 minutes)

e Using diagrams (if necessary), and the relationship between wind shear and
perturbation pressure and vorticity, explain the following processes.

a. Storm splitting (include effects of precipitation drag).

b. Vorticity generation at middle and low levels.

N
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MET5905 (Convection Dynamics): Ray (20 minutes)
e How is it believed that squall-lines form? What accounts for their evolution?

4



MET? (General): Ray (30 minutes)

e Assume the earth has a radius of 6000 km and that the moon’s surface is 240,000 km
away from the earth’s surface. Assume you weigh 100 points on the surface of the earth.
Also assume there is a tunnel from the surface of the earth, through the center of the earth
to the other side of the earth. Briefly describe your weight as you move from the surface
of the moon to the earth’s surface and to the center of the earth. Write a formula which
gives your weight as a function from the distance from the earth’s surface. Plot the
results.
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MET5455 Cloud Physics

Mid-Term Exam
Fall, 1997
1. What is the difference in the use of Gibbs free energy and Helmholtz free energy?
Why would one be more appropriate than the other?
2. If the energy change involved in homogeneous nucleation is:
AE =-n, %nR3len(—e—) +4nR’c,,
eS
What is the expression for the critical energy level AE”? What can you say about the
possibilities of homogeneous nucleation. Be as quantitative as possible.
3. What is the ventilation factor? What are the range of values? Can it be negative; if so,
when?
4. What is the Van’t Hoff factor? What would it be for an aqueous solution of NaCl?
5. Describe the essence of the warm rain process.
6. How is it possible for a completely insoluble aerosol particle to become a CCN?

What equation is needed to theoretically explain your answer? Fully discuss
nucleation on insoluble particles.

e
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METS5455 Cloud Physics
Final Exam
Fall, 1997

Make you answers short but complete.

1.

A given population of aerosol particles may be approximated as a Junge distribution
extending from 0.1 pm to 10 pm in diameter. That is:

n(D)=cD”, 0.1 pm< D < 10pm
and 0, otherwise. If the total volume of these aerosols is 10~ cm® /cm® of air, solve
for the number density of aerosols in cm™ and their total surface areain c¢cm? / cm®.

In a developing cumulus cloud the cloud droplet spectrum has a Gaussian shape,
centered at a mean radius of 4 pm with a standard deviation of 0.6 um. Given that the
cloud water content is 0.2 g/m’, estimate the supersaturation in an updraft of 8 m/s.
Assume a temperature of 0°C and a pressure of 80 kPa.

A hailstone with a diameter of 2 mm begins to fall from a height of 5 km above cloud
base, where the ambient temperature is 250 K. It grows by accretion of cloud water
under conditions such that its surface temperature is constant at 0 °C. The air has a
lapse rate of 6 °C/km within the cloud. Assume zero updraft velocity; assume also
that during growth a balance always exists between the rate of heat gained by the
freezing of accreted water and the rate of heat loss by conduction to the air. Neglect
sublimation effects and the heat capacity of the collected water. Show that the
hailstone grows to a diameter of approximately 7 mm after falling 3 km. Assume that
the fall speed depends upon the diameter as

v,(D)=14x10°D"

172

For the ventilation factor use f =0.3(Re) ", where Re is the Reynolds number of the

flow about the stone.
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