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orchard by.h 

where the sun will not strike them and where they wil1 
have a free circulation of air, but dways with a light ro- 

from the instrument itself to the shc or other ob’ect. A 
thermometer hung out in the open will, in t h e sun- 

g them against the tree or suspendi 
from the branc T ea. Thermometers should be expose 3 
tection over them to prevent too free radiation of P ieat 

a temperature much higher than that of tho 
and at night i t  will be several degrees colder 

of the air that surrouucls it. 
(y) Prospective extension of the frzr.it-frost Spl.fJi,CC aid 

warnin s&ce.---A few additional fruit-frost stations will 

regular and special “frost warning” service to any fruit 
section or market-gardening section in the State where 
action is being taken to protect from frost damage. 

be eat8 ! lished in Ohio and steps will be taken to give the 

VI. . .. --. AIR DRAINAGE EXPLAINED. 

By CHARLES FREDERICK MARVIN, Chief of Bureau. 
[Dated Weather Bureau, Washington, D. C., Nov. 20,1914.1 

1. Orchardista and others engaged or interested in api- 
cultural pursuits, as well as physicists and meteorologists 
often employ the expression “ air drainage” to designate 
certain festures of atmospheric circulation attending the 
0ccurrenc.e of frost durinm clear, still, cool nights in 
regions characterized b kill ancl valley conditions of 
topography. The popu r ar conception of the actual phe- 
nomenon rn uestion is often technically incorrect, and 
it seems wor% while, theiefore, to explain this articular 

&at forecasters interested in the issue of frost warnings 
and orchardists and others who are prepared to prevent 

measures may have a 
circulation. The 

s ecies of atmospheric circulation in some detai r; in order 

2. In  what follows an effort is made to clear1 describe 
the interesting type of circulation commonly i? esignated 
air drainage and to indicate the physical laws in operation. 

- -- -- 
1 Prof. W. R. Blair, In his Five Year Eummary of Free Air Data, Bulletin Mount 

Weather Obseawtory, 1913,O: llE-!#, devotes some space to the discussion of mouptsm 
and valley temperatures in the vicmity of Mount Weather, and very correctly indleatas 
the kind ofcjrculatirm that can occur In such regions. In the present paper I am appl ing 
the tarm *‘air drain I’ even thou h it be a misnomer, to the whole characteristm c k -  
latl~ofaIrmclearn fitsInhillan~valleyragiOns whemsPmf. Blah withoutspecific- 

waterllke now of air that may sometimes tahe place on relatively peni.le slopes. , 

ally declaring himsel 7 on the point m question, h& lirnfted his use of the term to a real 

The author realizes that the ex lanation of air drainage 

commonly entertained and found superficially discussed 
in even the best testbooks. This theory, nevertheless, is 
fallacious RS a plied to the conditions now under con- 
sideration, anc P will not stand critical analysis. It 
corn letely fails to esplain the development of the ver- 
ticafinversion of temperature. I t  asserts that R stream 
of cold surface air flows clown the slope, filling up the 
valley with frigid air. How can there be a themi! beZt 
011 the hillsides if such a water-like flow of cold air exists? 
How can the alleged water-like flow of cold surface air 
on the hillside kee one art of the hillside warm and 

air ? The reductio ad absurdum of this theory is bro 
out by the question: How can a stream of cold sa:: 

in a water-like fashion down a hillside produce 
a air region f lo~P ike the so-called thermal belt that is warmer 
than any other locality, and how can the same stream 
flowhg onwmd fill the whole valley below the thermal 
belt with frigid air S 

3. While great diversities prevail in the to ographic 
character of different regions causing correspon 8 ing modi- 
fications in thelocal circulation, yet the same general prin- 
ciples operate in all cases and a connected statement of 
the essential features under simple representative condi- 
tions will suffice. Consider, for example, an ordinary 
extensive valley, such as is to be found almost anywhere 
in n hilly, rolling country. The sides of the valley, as a 
rule, wd be relatively steep, especially as compared with 
the bottom or floor, which for the present urposes may be 
regarded as comparatively level, althoug 1 in fact it also 
slopos gently downward, as evidenced by the onward flow 
of a stream or river of water that may be found therein. 

4. Observations tell us that during clear, still ni ht5 val- 
leys of this character a 1  up to a considerable dept B with a 
great riverlike mass of cold sir. The temperature is low- 
est at the bottom, increasingly warmer at intermediate 
layers and warmest a t  the surface of the aerial river. 
Above the river the temperature of the air decreases more 
or less ra id1 with increase of elevation. The term “air 
drainage’ f&n the present point of view, is the name 
assigned to the local circulation that is able to create and 
to build u during a nighttime a deep river, or lakelike 
mass of co r d air similar to that just described. 

5. We may for a moment consider another species of air 
drainage, namely, the sluggish flow of the whole river of 
cold air down the ilearly level floor of the valley on ih way 
to the sea. This slug ish flow does take place and is fairly 
like that of water. h o  in the afternoons and early even- 
ings, while the surface air is still warm and the surface 
temperature gradient is not as yet stro ly nonadiabatic, 

may somewhat resemble the flow of water on the same 
slopes. Nevertheless, both the slug ’sh flow of the river 
of cold air and the waterlike flow 8 ortions of surface 

tively unimportant speciew or aspects of air drainage and 
need no further mention here. 

6. In order to fully understand the circumstances lead- 
ing to the formation of the river of cold air, it is necsssaq 
to begin with a brief account of the condition of the 811: 
in and over the valley during the preceding day and 
incidentally to explain the significance of the adiabatic 
relation of atmospheric temperatures. 

7. In the course of a bright, sunshiny day with little or [ no wind, the free air occupying the lower strata of the 
&atmosphere for a depth of one or two thousand feet or 
&‘more, IS practically in adiabatic equilibrium, which means 

now offered is at variance with t E e water-like-flow theory 

yet fill the whole va F f  ley be ow this level with much colder 

the flow of cooling surface air even on I% t e steeper slopea 

air in the afternoons constitute for t rl e orchardist rda- 
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that the air temperature will fall approximately 1.6'F. for 
each 300-foot increase of elevation. These strata get into 
this condition because this is approximately the rate at 
which a heated mass of air and vapor will cool when it as- 
cends in the free air and expands and does work in pushing 
aside the surrounding air, but without any condensation 
of vapor or an gain from or loss of heat to its environ- 

soil and vegetation becomes overheated relative to the 
surrounding air it ascends, cooling at the adiabatic rate 
end comes to rest, possibly a t  an elevated oint, where its 
own tem eratuw and that of the surrouniing air are the 

tively for several hours durin a bright, sunshiny day,a 

acquires lar e additions of heat, but also attains nearly or 
qute the tdabatic condition of equilibrium. Neverthe- 
less, adiabatic equilibrium is exceptional and limited, both 
as regards the amount of air involved and the length of 
time the condition will be maintained. In  fact, it may be 
said that nearly every influence affecting the temperature 
of air masses opposes the attainment of the adiabatic 
relation of temperatures. The nonadiabatic state there- 
fore is the rule. In  the nonadiabatic atmosphere the air 
higher up is potentiall too warm; vice vema, the air 

warmer air higher up acts as a ceilin and stops the ascent 

versely, the coldemair lower down acts T.S a floor and effec- 
tuallystops the descent of air froin above that has been 
slightl cooled. 

8. &em relativel intangible thermodynamic principles 

valley regions we are now considering. A steep hillside 
down whch water would flow in the most tuiriultuous 
fashion is not a hillside for the flow of air in any sense of 
the word. The hillside may be replaced by a tremendous 
cliff with a vertical face, but the effect on the flow of 
the air will be immaterial in so far as the change in the 
an le of the slope is concerned. Th.e function oj. t?ie 7r.ibG sd in connectton with the ph.en,omsnon of' air druinuyc. 
is simp1 that of a coo1in.g a.gent. In  order to explain this 
action d early we need to consider further the surface and 
free-air temperatures and the cooling influences due to 
radiation. 

med. When, t z erefore, the air in contact with the heated 

same. & ter this convective circulation has continued ac- 

considerable portion of the B ree lower strata not only 

lower down is otential T y too cold to be in the adiabatic 
relation. In  t f e nonadiabatic atmosphere, therefore, the 

of air from below that has been s B ghtly heated. Con- 

wholly govern and B etennine the flow of air in the hill and 

10. As soon as surface cooling has once fairly set in with 
the decline and setting of the sun, the convective asc.ent 
of heated air a t  once stops or is confined to very narrow 
limits. At this stage the whole mass of entirely free air 
is relatively warm and robably almost, but not quite, in 

long as they remain in place can lose their heat on1 by 

the soil and vegetal cover, however, is much more rapid. 
Conse uentlp, the 8urfac.e layem of R.ir everywhere on 
the h&ides and in the valleys lose tmempera.talirc rapidly 
and are soon too cold to be in adinbatic relation with any 
of the free air. While strictly speaking the rate of loss 
of heat by radiation should be slightly greater the greater 

the adiabatic state. .r% ese free-air masses, however, so 

the slow process of gaseous radiation. Radiation 9 rom 

the elevation, nevertheless the small advantage on this 
account in favor of more rapid coolin5 in the higher levels 
is quite inadequate to material1 dlminish the original 

slopes. We may fairly say the rate of coolin b r a i a -  
tioii of the surface airofrom top to bottoni o ! i !  t e slope 
is practically bhe same when the condit.ions of surface 
cover and other things are the same. The surface air at 
the bottom of tshe dope is relatively colder to begin with 
than any 9f the sarface air higher up and continues to 
re.1nai.n eo. 

11. Observations at  Mount Weather show that the sur- 

r e lhve  excess of heat in the sur  9 ace layers on the up er 

the soil and cooling vegetal cover, remains practically 
where it is and continues throughout the night to get 
colder and colder, undergoing, of course, a small con- 
traction in volume. The layers of free air immediately 
above the vegetd cover and cold surface air at the bottom 
of the valley at  first remain relatively warm, because, 
having no c.0ntac.t with cooling surfaces, such free air 
cools chiefl by radiation and at  a ver small rate. At 

air is closely adjacent. to the cold and cooling surface layers 
at the same and slightly higher levels. A convective 
exchan e of place of these portions of air begins as soon 
as sm af 1 differences of density occur. The cool surface 
air from the slo es flows or drains slowly down and out, 

filling the bottom of the valley. The warm free air moves 
in upon the slopes and in turn is itself cooled by contact 
wit.11 the surface cover only to eschan e again with 

the cooling surface air in contact with the hillside and 
warmer adjacent free air will take place in each succeeding 
higher and higher level? Thus a continuous interchange 
is established probably .by numerous fluctuatin streams 

hill and the great reservoir of warm free air of the valley. 
13. I t  isnot to besupposed tbatrelativelysmall portions 

of slightl cooled air, retaining individuality, flow from 

leaf, twig, blade of grass, or otlier object free1 exposed 

of immediately contiguous air. Numerous small streams 
of flow must necessanly exist. Intermixing B t  the seps- 
rating surfaces of flow a t  once sets in and aided by 
dynamic heating, not only warms up the coo'ler air and 
cools down t,he warmer air but tends to sto the motion. 

lower than that of the other air near by, so that progres- 
sive interchanges keep going on. In the meantime the 
hillside, acting as a coohg  agent, is continually dissipat- 

the sides o 9 the valley, however, this re P atively warm free 

nearly horizont 3 ly on top of the colder denser air already 

warmer adjacent free air. A siinilar interc % aiige between 

of flow between the cooling surface air at the si % es of the 

the hillsi B es to positions far out in the free air. Every 

skyward acts as a slqw cooling agent to the sma 6 portions 

Nevertheless the average temperature of t Yl e mixture is 

-. - ---- 
a Data are lacking from which to determine the probable distance between the differ- 

ont strata of convective exchange. This ditieaence will de end partly on how rapidly 
cooling takes place on the hillsides and partly on how g m &  1.he t e m p t u r e  gradlent 
differs from the adiabntic. For the pment purpose the rate oIcooling IS relatively slow, 
cnnseqnent.lv slow convective motions willoccur Ior small ditlerencss of temptureand 
~Ieiriitv. Y h c p  Ihc jempernture wadient in the surIace layers ly widely dlfferant from 

i v k  k impossible; the mterchange with !lie w?r!ner a? must take place at mMy dlffw 
lint levels, which no doubt freqiienlly shlIt positions wth  tem orary chenges m rates of 
cooling or with any one 01 many other diturbmg InflnenC~S t iat  may a h .  

tho aiiialratic. any CQtIS~dQ~fhlh flnsr~nt of slightly roqled Su along the S U r b  Or 0th- 
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the heat brought in and adding new quotas of ever 

14. Under certain conditions it ma sometimes occur 

high up on the hillside is warmer than the adjacent free 
air. These temperature relations will cause the warm 
surface air to convectively change places with the adja- 
cent cool free air, and to this extent the rate of coolin 
of the surface air on the u p  er portion of such slopes wifi 

temperature of this surface air has become the same as 
that of the adjacent free air at nearly the same level, the 
convective exchange, with a cooling effect, will cease, 
hut a similar exchange will set up again in the reverse 
direction with a warming effect, when the temperature 
of the surface layers has been reduced still lower as a 
rpilt of radiation. 

15. T t  t,herefore'ap ears that durin the nightkinie the 

reservoir of heat which is drawn upon by the operation of 
tlie convective exchanges described in the foregoing to 
conserve, the temperature of the adjacent hillsides and to 
prevent the fall of temperature that would otherjyise 
result from the loss of heat by nocturnal raditition under 
clear skie--a fa.11 that does occur a t  the hotstom levels 
of the valley where convective eschanges are impossible 
or trhe quantit of free air is too small to afiord material 

little during the nighttime, the stagnant river or lakelilce 
mass of cold air t.hnt- fills t,he lower levels of tho v d e y  t.0 
a greater and reater clept,h - 

16. The sur B ace of the river of cool air is defined by the 
simple condition that its temperature is gren.t,er than that 
of any adjacent, nir either nbove or below. This surface, 
moreover, is essentdally horizont,al ~ S C C  tm dong t.lie shore 

Tn this region coolin is goins 011 soinc!wha.t, rttpic1l.V rind t . 1 ~  
adjustment, t,o equikmum 1s not ns yet coniplet,e. Tlw 
shore lines of t.hiis river In the enrlv morning hours locti t.e 
t.he niuch desired thernial belt, of  the orchririlist . llon. 
deep the river will be at claw-n under iiwrq!? cliiiiatic 
conditions in a given valley, C A ~ .  Imst be est.ii1-;lisIicd aid! 
by suitable observations mcl interpolat.ions, although 
eatmimates thereof ma,y prohably hc made froai careful 
study of the several physical elen~ent~s of t h  prohleni. 

17. The foregoing clearly iiidica.t,cs. it  is beliovsd, the 
essential chnrnct~eristics niirl priiwiples rif air drainags as 
i t  a.cturllly occurs under hill nncl va.l!ey roldit.ions, n n i l  
t.he reasons t,horeof. Man?- niiiior det.ails httvct ~it?cc~ssii.rily 
heen omitted, end t.he dific?reiices in results with nsscnt>itinlly 
different conditions of bopography , while nflording int,er- 
esting applicat,ions of the pr1nc.i ley  present,~rl ahove, are 

chief importmwe, perhaps, is the fact t.hn.t the soiirce of 
t,he heat that conserves tlin t,empernture of t,he slope siir- 
fa.ces is t.he great, volume of w a r i u ~ f j . ~  n.ir facing the slope. 
The volume of this air near the hot,t.oin nf the valley, 11.8 
a.lrendp stat,ed, is too smnll to gire mtit,oritil prof ectioii. 
such as is afforded at  interniediai.t,e levels. While unliinit,ed 
Inasses of free air may be available higher up, the l.em wr:i- 

than that of the adjacent surfaces. C!onsaqiwiitly att first 
these n.re rri idly cooled by bot.h ra.dint.inn a.nd the con- 
vective esc E anges. Lator on these c.sc1ianges have a 
warming effect end conserve the surface temperat-ures 
against radiation losses, but the actual teniporature may 
be much below the requirements of agnculture. 

co 7 der and colder air to keep up the circulation. 

during the afternoon or early evening t i at the surface air 

be increased for a time. f' ust as soon, however, as tlie 

warxu free air facing t \ e slopes of a va T ley, acts as a great, 

irotection. .ry he circulat,ion described also forms, little by 

lines where the surface rises t.o nieet t.he f >rink tangentially. 

not a.ppr0priat.e t,o the pres~nt  c 7. iscussion. Thc pointj of 

ture in these levels, even nt. niitlafternom, ~ n n y  tw 1 ower 

VII. 
i '. /. / '. - . .  

PROTECTION AWLINST,~ROST IN GEORGIA. 

By C!HARLES F. VON HERRYANN, Section Director. 

[Ihiterl Weather Iiureau. Atlanta, cia., Nov. 27. I 9 l 4 . j  

r -  i Iic iirhil, shipment. of ~ ~ a c l i t ? s  from Georgia by i-efrig- 
rrcltor ciws 011 11 c.c.)nimercld scale was nindc! in 1SY4. The 
rapid inrnmc-! of the indust,ry is ,robably best indicated 

ahice \.nriilt,ions in the quunt,ity of product i s  so argelg 
depoiidn~it~ upon fitrorahle or unfavorable climatic con- 
dit ions. 'I'ho nuiiihcr of peilch and nectarine trees in 
Georgin in 1F!W w i : 4  2,7S'T,MR. in 1900 it WBY 7,668,639, 
awl in 1910. lO,GOM,119.  The t,otal value of orchard 
€mils produced annually iiow esceetls $3,000,000. 

Tlic principal pee.ch-growing clist,rict,s of Georgia lie 
iiorthwest and south of At,la.iita.. According to the cen- 
sus of 1910 tho number of peach trees in each county in 
tho main sections were as follows: 

Norihwmern seciion. Fort Fallcy disirict. 

hv the c.c)1iipilra!irfi iiuinber o ? tmes of bearinp age, 

I 
COUIlt y. Number. 

Walker.. -. -. . -. . . . . . . . . 3S3,OOO 
Chattooga _..__. . - -. -. -. . 136,000 
Whitfield. -. -. . . . . . . - . . . . 269,000 
Floyd ._._.__....._. ..... 411,000 
Gordon ..._____.._. . . . -. - 323.000 
Bartow.. . __. - - -. - .  . . -.  . 586.000 
Pickens _.___. - - - -. . . . . . . 1%. 000 
Cherokee ..._._._. . . . . . -. 163,000 
Cobb .____.__..__._.___.. 3S1.000 

Number. 
5 Iding ..______.._... 127,000 

195,000 
Monroe. - -. . . . __ .  . . . . - 145,000 
Meriwether. . . -. - - . . . . 142, 000 
Crawford.. -. - __.. - - - - .  . 378,000 
Taylor.. ______.  . . . . -. . - 271,000 
Macon.. . -. . . . . . . . . . . . 576,000 
Jones. -. . - .  . . . . . . . . -. . 42,000 
Houston. -. . . . . . . . . . . - 1! 385,000 

pSUI1.. -. . . _. -. . . - .  . . . 

The deselopriient of meth~ds  of protection from frost 
him kept pace with the rapid growth of horticultural 
interests in Georgia. ,411 iinpetus was given to the study 
of this question by the accidental roduction of a full 

eaches in one orchard near $art Valley in ISSS, 

State on account of late spring frosts. The woods west 
of this orchard (the Hilej- orchard) were accidentally 
fired the night before the frost, and thick sinoke settled 
over the orchard which helped to produce a full crop of . A linib containing 35 peaches'cut from an rat+ .lbeitn tree in the Hiley orchard was photographed 
and for ninny peais figured in all the nursery cata- 
lo lies. 

$en years later, in 189P. the use of siniitlge fires as thti 
most eficieii t8 and practical means of protection from 
frost, was quite gencral in Georgia, with varying de rem 

with pine atmm, and 20 to 35 fires to tlie acre were needed 
to rodiice R suficieiitly dense smoke. 

rE~ir severe freeze of February, 1899: during which 
temperatures below zero. Fahrenheit, were experienced 
c ~ e i i  to the souther11 limit of the State and which, rc- 
stilted in the dcuth of nianv trees, marked decline in the 
shipnient r)f paachos. and seems t,o have discouraged 
filrther efforts to protect, the peach crop. Since 1899 
t,ha following yenla only have given full crops without 
t,Jia necessity for protaction. v k :  1901, 1904, 1908, 1912, 
tLllrl 1914. 

IIiirina. tlie rainaining 10 yexis the crop was generally 
a partit3 or complete failure on account of freezing 
wcather in early spring .or late frosts. The whole matter 
of protecting peaches ui Georgia is now in a state of 

crop while Of t! P ie crop was n general failure throughout the 

of success. The fuel most frequently used was coa 7 tar 

_ _ _ _  
1 See MONTELY WEATHEB REVIEW, February, lSW, p. 69, and Chart XIII. 


