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TI, Derivaition of the Governing Tquations

A%t the start of this inve:tigntion, the author hoped o estimate
ihe effect of removing certain fractions ¢ the dust on the diurnal
variation of the thermal wind from basic thermodynemics and rade
intion physies. It scon becsme apparent that such o study for
exceed the limitations of the author's time and baekground., Therefore.
gertain rather brutal assumptions will be zpplled in order to get
at lesst o qualitative idea of the effect of inereasing the diuvrnal
foreing functiono It will then ramain for others to refine these
ideas when the data and investigationszl tools become available.

Asgume thet the temperature at any time and height moy be
described as

(6.7) T(2,8) =T «rzg+a?il/~y)losw?

‘where To iz en avera ¢ surfece temperature, [~ is o mean lapse rate
talen as ~6.5° C/km, aTo is the amplitude of the surfece temperature
wave, and H ig a height teken as that where frietionmel influences
are no longer impertont., BEgq. 6.1 desoribea an atmosphere with a
wvhere the temperature oscillatas sbout its meam with an
amplitude deoreasing with height. This is only an approxivmtion to the
atmosphere’s actuel behavior. The lapse rate in the lower few
meters approximates e lineer decrease. Noiing this fact, the velue
of aTo 4inserted ghould be somewhal less than that measured et the
suxface,

Differentiating (6-1) with wespeet to x,

7

; ‘ oT = ;_Té_.f DT v (SlopE of GPovnp
(63—) v 3 5 3 P . uzv)

The thermel wind equation is:
(63) ¥ =1 & - ESIT
J? £7 X fT 22
where g iB the grevitationel cceeleration, £ the coriclis parameter,
5 the slope of the ground surface, T is taken o6 a mecn temperatuve.,
Le in Section V., the geostrophic wind V is deseribed ass

(6.4) V= Vog+2Vy » Violi-yy)ceswt



The thermal wind is then:

P ]

(6:5) 2= Vg - Vor cosu

From 6.1:
(6.¢C) 2T = /” *é_z..; CoS ‘r/f
J% +
Combining (6.5), (6.6) and (6.3) teking /= =-6.5°C/km, 7 =300°K
gives Vg'==0.0021 sec™! and T V0= 327 a7e T AT /S lhen ATo
is in °C , Vio will be in U See™ ",
Recalling the brutality of the assumptions involved, incrsasing
4%, the amplitude of the diurnal wave,will iserease the megnitude
of the voriation in the tharmel wind.
The equations of Seetion V show that the low level wind distributions
d-pend on geographic latitude th ough the coriolis parameter.
Knowing this distribution, the lowslcvel convergence and the averoge
vertical velocities over the area can be derived from the equation
of continmuity.
For incompressivle flow, the v .rtical veloeity W at height H
can be found by inte~rating the ~quation of continuity (Haltiner
and Mortin, 1957)

H
(617/ W= -V f\VJz

Integrating over the arca A U
WwdA = - ‘ \VJ 2 ] J I4
ffon-- ([

Avplying Gaucs' Theorem, the average vertical velocity W over the area

can be found as . H
(6.3) @A - $ [ [vade[dr

whers Vh is the veloeity normal to the boundary of the area and
R is the distence around the perimeter of the area.



- ¥il, Cemputations .nd Desults

The outline on Fig, 1 shous the oree for which the compuiaticns
were carried out. The sastera and western boundaries cre oriented
NE-SY and span 24° ¥ to 29°N. The northern and southexn boundaries
are 483 km (300 mi) lonmg. Wind speeds at twenty levels to =4 .63% km
were computed from the thermo-tidal wind model for cach 1% 1atitude
242 29%1, The height of 1.63 km corresponds to z= 27 in Zq. 5
for %X=2,2 m2/ cec and £ computed fer 26,50. At this height the ampe
litude of oscillations are negligable., The geestrophic componénts
were chosen as Vew2im/seo, Vg'=~0,0021/sec. Iig. 4 & show typicel
wind spirals for different values of the thermal wind,

The Fortran program by which these spirals vers computed oriented
the cooréinate system so that the v compoment is towards the northe
enst and the u 90° to the right. This is cclled the geostrepie
system. A coordinate system rotated 45° to the right will give the
winds in the geographic systean.

The cutline of the area under comsiderstion is given in Tig. &
with the orientotion of the normel cempoments on ecch boundary
shown., The effect of the volume adveotion through segment AB will
tend to cancel that through segment CD and is thus neglected,

Ixpressing (6.8) finite diffevence terms, and sesuming the
values of U for 25°N cnd 2870 hold of average for segments OA and DE
respectively:s

(7’// wAS S 2, Z(VM""\/)P) F A2 2,\ Z(Uzs"uzy")

The two terms on t e right hand side cxpwess the centributions teo
the met divergence by adveetion through the north omd south bounderies
and the easterly and westerly boundaries vespectively. Table I gives
the results of these caleculations.

The diurnal variotien of vertical veloeity is shown in Tig. /
fer three assumed values of the amplitude of the thermal oscilletiom.
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PICURE 4: Wind spirels shewing sffecs of Iatitade
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VIil. Discussion

The results of tho previous section indicate that increasing the dfurnal
temperature renge will increass the amplitude of the vertical velocity
oseillation, Thie incresse will enhance the possibility of rainfall during
the dey, These conclusions are actually only qualitative eince there are
a number of rather powserful resitrictions which must be considered.

The assumption of en oscillating component of the lapse rate which de-
creases linearly with height is only a gross epproximation of the actual
state of the atmosphere, A second approximation might be an exponential
decay, In eddition the assumption of & simple cosine oscillation for this
component is not valid in practice. The minimum temperaturs occurs sometime
shortly before dawn, the maximum near lecal noons the temperature wave de-
scribed above hes 8 minimum at midnight and 2 maximom at noon.

The form of the thermal-tidal model employed omly explains the mein
features of the low-level wind e while slready being feirly complicated
mathematically. The eddy viscoeity,K, assumed to be consthnt actually
varies with time end.height in e fairly complicated way. Staley (1956)
hes worked with the similar problem of heet conduction,gns states,

"ith increasing functional elaboretion of K (eddy conductivity), solutions
have become more and more oouﬁex. culminating, for the case of K varying
gimusoidelly with time and line~rly with heifht, in a mathematical
extravogansa...(p. 14)" e then gives an intimidating summary of the
solution. Thus one secs that not only does introduction of some variable
eddy viscosity comnlicate the solution, but that the temperature solution
is actually much more complex than the simple form offered hexe.

Sengster (1958) in a similar study of low level convergence over the
Grsat Plains finds that _ with southerly geostrophic flow, the edvection
through the east and west sides of his ereas contribute little to the net
devergence, From Table ¥ it can be seen that if the area comsidered in
thie study were oriented so that the side boundaries were also north-
south that the avection through them would exactly ccnecel.

Cmpar:lné the amplitudes of the waves in Tig. 7 it can be seen that
increasing the amplitude of the thermal wind from 4,5 to 6.5 m/sec in-
creases the emplitude of the wvertieal velocity variation en insignificant
emount. It wounld appecr, then, that the vertical velccity response to en



increase in the themal wind is greatest for initial increases, and then

approzches some meximum vclue, thus a favorable omen for c¢limetic nodification.
To conclude, it appears that if the temperature range can be increased

by stabilizetion of the surface of the Rajasthan Desert, the diurnal

variation of the vertical velocity over the area Will be increased

leading to greater instability during the day, Before a mere quantitative

determination of tho magnitude of the effects can be made the actual form

of the temperature lapse rate must be made and applied to more sophisti-

ceted forms of the thermoetidal wind model,
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POSSIBLE MODIFICATION OF fOW-LVTL CONVERGINCT PATIERIS
AND YERTICAL VELCCTTINS OVER THE RAJASTIAN DISERT

(mce in every) ten or tuenty yards, somws grey-green plant,
deep rooted and tqo thorny for even camels to eat, tenacecusly and
with a kind of vejetable ferveity struggles for life, And at longer
intervals, drainiig the molstuve from a rood of lend, there rise,
here and there, tlie little stunted trees of the desert. From close
&t hand the spar:imess of their distantly scattered growth is manifest.
Bat Seen in deptl down the lomg perspective of receeding distance,
they ceem like t7e in fact remotely scattered stors of the Milky
Vay--mnumercus ar/l demsely packed. Close at hand the desert is only
rarely flecked [y shade; but the further distonces seenm hedged With
& dense dexk griwth of trees, The foreground is alvays desexrt,
but en every hyrizon thers is the semblance of shndowing forest.
The train »olls. on, and the forssts remain for ever on the hoxizong
around one is [ilways and only i{he desert,

«sohldous Muxley, Jesting Pilate

/

1. Introdue'l'fllan
r

Rn.;)astj an lies in the nortiwest part of the Indien Subcontiment
and compric2s whet was formerly a member of princely states undex
the divisiaa called Rajptans. Roughly 6075 of thy land ovea lies
o the nor# nwest of the Avavalli Hills, which form o rough climetie
divide rumiir, NE-SW, The aves to the northwest of the Arevallis
is charactqrised hy low rainfall, great annual and diurnal temperaiuve
ranges, ani high potential evapivetion. (Premanik, 1952a,b). The
dryest pari of this aren is the Thar o Great Indien lusert with
an ennual precipitation of less {ian 5" and generally inpleasant
climate (Zendx w, 1942,),121), * The land to the east wnd scuth st

1. It is interesting here to note \he subjective deseriytions

of the same area b %170 outhors witl. different backgrounds. Kendvaw,
an Englishman writing during the lest deys of the British Raj, says,
"Work ‘must be susper/ied durin: the haitest hours, and any activity
eut of decrs is imrescible as long as the sun is above the horizen.
1% is inodvisable Yo venture inte the open without toking caveful
precaufions cgains’; the sun, for the eat and the glamy, both direet
and reflected, are intense.” (1942, 7. 121). Iater (pp. 145-148) he
quotes on even mor: hovrendous accouni by one Rev. J. I'. Merk,



the Arovellis is higher, more fertile, ond receives more rainfall

ALVE.LLL

then that to the west and northwest. (Pramanik, 1952a).
The arcae lying to the northwest of the Aravallis is variously

roferred to as the Rajasthan or Rejputana Desert, and, depending
onn the definition used, occupies one=quarter to one=helf o million
zovere miles. Bryson and Baerceis (N. De) place the boundaries

roughly Delhl to Karachl, the Ramn of Kutch to the Uinmalayes.
(Sce ™Mg. 1). Some suthors (e.g. Pruthi and Bhatis, 1952) feel that
the designation descrt is a misnomer since after the few raius
that do fall there is cbundent growth of annual vegetation the
deneity of growth depending on the amount of precipation.

T

a resident of the Punjab, an account whiech Kendwew refers ic =s
v good description of the weather at this (July) time.”

In contrast, Agharker (1952) wefers to the srea as " This
dry, hot and unproductive desert, which is rencwned for its brecing
nd healthy climete....(p. 245)"
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IT; The Present Climete of ajasthan,

The leccation of Rajasthen weuld ordinarily leaé one to believe
%hat the ares should be charccierized a vet winter and dry sumuer,
vhile actuzlly the reverse is the ccae., Iun uddition, the contrast bew
twoen the reinfall patterns of rortavest ond northeast India presents
o problem, espesially conslidering the similarity of the elimotic eontrols
vhich imfluence the two areus (Ses Trewarthe, 1961, pp. 166-168).

The norihwsstern part of India is the center of a strong curface
low prezsuce avea, is invaded by equatoriel air from the Arcbian Sea,
o% least in the suxface layers, This sir would sppear 1o be trapped
by highlands, profucing convergerce and ascent. All of thease factors
should tend 1o produce greater rainfall + han is now experiensed,

Countereating these influences, hovever, is the fret that the arca
‘= capped by saticyclonic cir eloft, wi’Aassociated subsidence, Thus
“he humid monsoon eir enters the crea threugh o shallow leyer only, ond
hag little chamce for vertlecl development. It ssems then that if ther
wera lese Subsidence over the area, the moist air layer would be decper
and the eummer painfall would be reater,

Bryson aad Daorweis (N.D.) deseribe the blanket of dust whieh covers
ruch of the tropics from lerth Africe to Burma, and note that the leyer
4n thickest :ad mest dense over “cjesthen. Bryson et al. (1963) have mezzurei
“he »edisticn divergence cver northern Iadia, and have calculeted that
“he effeect of the duat layer is to increa: e subaidence cver the area
by a3 much os 507 over thai which would occur in a dust free atmesphere.
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¥
and Baerzels, .D. pp. 7-14.,, aleco Jenthzlia, 1952). Archsological
evidoneegsomewhot conflicting, indicates that the Tarappen civilizati n

flevrighed in this erea at cbo -t 1500-2000 B, C. The evidence sugrests

thot the climate during this pericd was webtter and allcwed oxtersive

zetilements in the velleys of the anoient Sermvuii and Dreshadvasi
rivers (present Chaggar and Chautang rivers), which now fiow enly during
the monscon season,

Tho terminal defe for the Herappen culture is uncertain, but the
cvidomee sugooste that 1% was followsd by the Peinted Crey Uore culiure.
% appesxs that the climate duxing the peried in vwhich this culturs
rredomineted was drxy r. The few sites fourd are on the rivor banks
vhile the lavappan sites w-re foifther from the rivers over looking the
valleys, This might indicate thet “areppens farmed the £locd pleins of
the rlvers, vhile the Painted Crsy Wave People had t¢ settlay ncar the
river in ovder to witilive the lest of the disappearing water asppl .

The detes of ocoupation by {thir cultuve are also uuncorisin, bus may be
bracketed as roughly 1000-270 B, C. , indiceting & breok in occupation belusan
“he end of Heveppen and the arrival of the Pminted Grsy Uara poeples,

After the time of the Paointed Grey 'sre cultuve, it scomz &s 1f the
climete ogdin beccme £ vorable for artensive hebitasion. Tals is the
period of the Kangmahal oculture. The arvivel of Rangmahal oulfure mey
have besn contemperorsous with the ond of the Painked G?.:éy Ware cnlture op
there may have been some break b-tween the twe. Mewever, ih1e Rangmahal #
Culture flourished in the eaxrly conturies A. D. with extensive oceupatica,
some gites hoving =ud walls arcund them emd evidenceof brick houses.
Thia culture laste’ watil TOO ox 800 A.D. when 4he populaticn becartie
nowadlc, possibly as & recult of a relummn to drrver conditions.

In summery, the archeolsgical avidence suggents fairly wet condi-
tions about 2800-1500 B.C., dvys: conditiens bodwesn about 1000-270 B.C,,
2 return to wobler conditions from roughl 200-',700 A.D. and a final re-

turm to dry climate,




The archeological evidence leaves the ‘juestion of the cause of the
deseication of Tajasthan open to question. This dessication moy have
een caused by nzatural olimatic shifte, cultur-l practices of lond use,
or a combination of the two, Bryson and Basrreis (N.D,) note that large
changes cre not needed to explain the deterioration of the climate,

Indeed, the evidence is that the plants that grew in the
region of Harapran occupation are largely foumd in the fringee
of the area today and the s:me can be said of the animals,

. At the -resent time, the desert is said to be advcmeing into
the arable lands at the rote of half o mile a year, indicat=
ing that the ecological balance of man, plant, and climate
is imperfecot., This does not secm to be a recen: d-velcpment,
yet the climate arcound the vorld has changed within the past
hmdred years, If one assumes that the advance has averaged
a quarter to half a mile per year for some time, and extra-
polates bockward, the apnearance of a widening fringe of
desert about the Thar Desert core would da e to 400 to 1000
years ago, et the end of lengm h: 1l time or later. (Bryson and
Baerreis, p. 14)
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Pogsible Climatic Hodification.

Althouch, as indicated above, the couscs of dessication are open
%’a question, it oppears that the scquence might have de2 i somevhat
as follows: (Hora, 19 2) Netural climetic changes brought warmer ond
dryer conditions, at the seme time, man cut down foresis for .omestic
parposes fester than i1t could be naturelly replentished. Grazing
by herds of the now nomadic peoples further reduced the vecctative
cove-, All of these fcetors increased the amount of dust which could
be raised by the wind. Seth (1961) notes the reports of dust storms
in southwest Rajasthen by the seventh century A.D. The addition of
dust to the atmosphere increases the radiation divergence in the mid=-
troposphere, which inturn mesns diebatic cooling and inerccsed sub-
sidence and, thus, less rainfall, \hetever the triggering mechonism
might have been, once the process was started, a positive feecd=back
along with land misuse by humesns, accentuated the dry conditions ond
the ercep of the desert into previously erable lands.

Bryson and Rae 7 is suggest that the process ¢ n be reversed by
gstabilizing of the surfoce with vegatative cover, possibly grass.
Thie cut off the source of dust end eventually decreasc the subsidence
leading to increesed summer rainfall, This increased rainfall would
in turn keep the grass growing and veverse the growth of the desert.

They also list a number of further possible consequences of decreasing
the dust blanket, One of these w-uld be an increase of the diurnal
foroing function., ‘n increase of the forcing funotion woild leed to
an incrensed diurnal temperature range at the surface, The purpose
of this paper, after these somevhat lengthy preliminaxies, ia to
investigate the effect of possible increa e of diurmal temperature
range on the low level flow after Lettau‘’s (1964) thermo-tidal wind
spiral model.



Ve lettau's Termo«Tidal ind Spirol lModel

Det iled wind profile me . urements ir the lowest 1.5 km, of the
atmospheric boundary layer (Leitau and Davidsen, 1957) documented the
noctummal lew~level jet over the Creat Plcins of the United Stotes,
This jet stre-m is characterized b o level a2 few hundred meters
above the surface where the wind specd is considercbly su exr~geostrophic,
Pitchford end Londenm (1962) have shown thet there seems to be a direct
relationship betwecn occurences of the low-level jet and necturnal
thunderatorns over the Great Plainms,

Lottan (1964, 1966) has attempted to explain the lowelcvel jet
&s a result of the diwrnal oscilletion of the thermal wind coused by
heating of o sloping surface., Heat diffusion is normal to the earta’s
surface Thus for a gently sloping surface the isotherms will be
parallel to this surface. Comsequently, e horizontail temperoture
grodient ie established. This horizontal tempersture gradi@nt induces
a vertiecal variation in the gecstrophic wind, or what is known es a
“thermel-wind,” The diurnal oscillation will induce a diurnal cscilletion
in the horizomial temperature gradient, i. e. a diurnally escillating
thermel wind. Introduetion of this oseilleting thermn, wind into the
equations of motion predict the main featurcs of the moeturnal low-
lavel jet over the Grect Pleins,

Assuming that imertia eccelerations ore unimportent and that an
apparent eddy viscosity, i{, can be defined which is independent of
time and height, the horizentcl equotions of motien are:

24 ~(v-V)f -K iy
4¢ >1?

2V 4w -UIf -Kx ¥ 2 0

3t .2 ¥
whers v is parallel to thc direction of the geostrop‘ ic wind, u is
perpendicular to the right of v, V 18 the forcing function or geo-
strophic wind assumed voriable with time and height, U is assumed
sero, and £ & o eoneoleq peertrngfee (5 A Stm (b))

The following gives the conditions and ome solution for the The mo

Tdal flow,

=



MODEL OF THERMO~-TIDAL WINDS

Forcing Function: V(t,2) = V{(z)+ Vy(2) cos wt; Ut z) =0
yin Response Function: ¢, ) . g(s) 4 uy(2) coswt + uy(z) sinwt, o

vit,z) = V(z) + vi(z) coswt + vy(z) sin wt

Boundary Conditions: u(t,0) = v(1,0)=0; V{1, () = Vo + V4 o €08 wi

U(t, eo) = () | V(t, 0o) = V(t, m)

. T — — . e~ o

OLUTION FOR HARMONICS OF FREQUENCY

th Vi =V, g—2V,, Lettau—acKay (1965)
vi = (@a+b)V, - Vi o (ae”% cosa + b e P cos B)
v, = Vi pfae™ sin a - b e~P sin B) !
U, = —(m/f)vz-—Vl'o(%e'“ sina + % e~P sin @) l
u, = (w/flyy = Vy gt e~ cosa~% e~Pcosp), e
"
/2 /2 - v e p—
< where a = —f——-— , b= J i a ﬂ/\@;; 8= n/\/2b; n=2 !/21(_,51,c .
* - .
i "

‘»,..-....T\ e a} o b o )

E Qe d o %"



Nocturnal Low-level Jet on East-facing Skpe of 425°N

24-hr. Maans, ond First Hormonics: Geostrophic System ;
RVATIONAL DATA THEORETICAL MODEL ! L
UHENL, NEBRASKA THERMO - TIDAL EXMAN FLOW
31 AUG. -~ | SEPT. 1953 Moo= 21 M/SEC aVhe =58 W/5EC
Ve 2-0.01 SEC o= T, =-32C/100 K84
2. ; MEANS . 3rr2
3 z'(m)
S b or
] K +22
i Ly u¥sec
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Tig. 2. shou comparison between caleunlnted cnd observed parameters
for on e: st-west facing slope at 42,5 1 It can b 8 en that the main
features of the flow cre explained, Purther refincments of the model

are under vay te allow for voriations of K with time and §Jiahtn

As stated above, one of the consequences of removing Cust from
the alucsphene would be to incvease the diurmal range of temperature,
and the diurnal variation of the thermel wind,

In order for the thermal wind to have ite maximum effect on
the low level winds, it must blow roughly perallel to geostrophic
wind (the wind velocity et the height where frictionsl influsnce
is negligable). The geometry of the sloping surface requires that
the thermal wind blow parallel o the conteour lines of the ground
surface., Thug the thermal wind will have its maximum effect when
the prevailing winds above the friction layer blow porallel to the
contour lines,

Reference to 7ig. 3 reveals that the surfcee of much of Naj=
asthan slopes towards the northwest with a gradient of roughly
1:1000., Thus during the summer, the southwest monsoon vwinds
blew roughly parallel to the contour lines and the thermal wind
will have its maxuwmm effect.
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