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ANNUAL RAINFALL VARIABILITY MAPS OF THE UNITED STATES 
By EARL E. LACKEY 

[University of Nebraska, Lincoln, Nebr., November 19381 

The series of rainfall aiaps herewith described involve 
the weather records of 2,077 stations in tlie United States. 
Only a few records were used that were not up to date, 
and none which included fewer than 20 consecutive years. 
A small number of records run to more than 100 years. 

In some rugged areas where stations were scarce and 
where a real distribution of rainfall was very uneven, a 
few stations with broken records or records shorter than 
20 years were used. 

In comparatively level areas the placing of isohyets 
was an easy task, but in areas of great relief a resort to 
inference and interpolation wns imperative. 

The five maps were constructed on the basis of quiirtile 
deviations. In order to do this the iiuniericd record by 
years for each station was arningecl in tin tiwending sc- 
quence and then the 0-, 25-, SO-, 75-, and 100-percentile 
points in the distribution were computed in inches. 

In the distribution for any station tlie 100-percentile 
point indicates that the precipitation ww equal to or 
more than the given amount 100 percent of the time. 
This value represents tlie least rainfall tlie s ta  tiori ever 
has received; thiit is, tlie rnininiuni. When the niinimiini 
figures for each of the 2,077 stations were written on n 
niap of the United StiLtes and isoliyets clrawn coniiectirig 

points of equal amounts, a map of the iniizinium aniiuol 
rainfall of the United States (figure 1) was obtained. 

The 0-percentile values in tlie distribution represent 
imxhnuni rainfall; that is, the precipitation was more 
than the designated amount 0 percent of the time. Stated 
in another way, this value represents the most minfall the 
s t n  tion has received during tlie tiiiie of record. When 
the niasimurn values for the 2,077 stntions were placed 
on a map and the isohyets drawn, :I rnup qf the maximum 
aniiiml rainfall qf the United Stcites (figure 5 )  was obtained. 

In a similar ~iiwiner, tlle 3cl cjunrtile (’75 pelcent), 
nicilinn (2cl qurirtile, 50 percent), and 1st clunrtile (25 per- 
cent) vnlues in encli of the 2,u77 distributions v;cre repre- 
sented oil maps of the t-nitecl Stiites; tlicse :ire I eproclucecl 
here ns figures 2 ,  3, aid 4, respectively. 

When the five maps of :~nnual r-ainfnll variability are 
consulted, it is found tlint Unltiinore has til\vnys received 
31.6 inches or iiiore (iiiinimuni);’ tlitit ’75 percent (3i) of the 
time the precipit:ttion H LIS equal to or more tlinn 34.4 
inclies; 50 percent (K) of the tiiiie, equtil to or inore thnn 
40.6 inclieq; 25 percent 0;) of the time, equal to or more 
tliari 4G.7 inches; nnc l  0 IJCrWllt of the t h e ,  more thnn 
62.4 inches ~musiiiium). 

1 The flgures given here were tskeu f r t m  the coinputd  diatrihution. nouevrr. rtad- 
logs from the maps should uot dcyart f.rr from these value,. 

THERMAL ASPECTS OF THE HIGH-LEVEL ANTICYCLONE 
B ~ T H O M A S  R. REED 

[Weather Bureau Office, Y8n Francisco, Calif., Septemher 19391 

The warm-season phenomenon of an anticyclone in tlie 
upper air over the North American continent was pointed 
out tt number of years ago by the writer nnd lie iissuniecl 
at the time that it was therinally inclucecl.* High tem- 
peratures at tlie surface were believed to be tlie principnl 
cause, the inference behg that when the lower ntinospheric 
strata became warmed, clue to tlie high surface tempera- 
tures prevailing over tlie western highlands in niidsuninier, 
tlie ensuing espaiision produced a convexity in the higher 
isobftrometric surfaces, which in turn set up an anticyclonic 
flow of winds around tlie high level “dome” thus created. 
The clockwise flow was revealed by synopkic studies of 

1 Thomas H. Reed, The North Amrrirau High Level Anticyclon?, hIONTHLT W E A T H E H  
REVIEW, Nov. 1933, Vol. 61, 311. 

3 Recently in an admirable contribution to the subject. Rosshy has souaht to nccouut 
for the existence of this and similar anticyclone.! as dynamically, rather than therm8UY. 
induced eddies; and Namias hns illustrated the application of the theory by an exegesis 
of isentropic movements associated with examliks of the current systrnis involve. No 
doubt both factors play a part, but in the anticyclone under discussion the thermal 
factor seems to the writer paramount. Unfortunately this aspect is not yet susceptible 
of adequate isentropic treatment for two reasons: (1) the fewness of upper 3ir sounding 
stations west of the 100th meridian and (2) the altitude of the available soundings. their 
height not being sufficiently great to permit the construction of  isentropic charts at 
effective levels in the free air. For discussion of the dynamics1 theory see Rosshy-, 
Namias, and Si.mmers:.Fluid Mechanics Applied to the Study of Atmospheric Circu- 
lations, Papers in Physlcal Oceanography snd Meteorology, Vol. VII, No. 1, puhlishttl 
by Massachusetts Institute of Technology, Cambridge, Mass., 1938. 

resultant whicls n t  levels of 3,000 111. nncl higher, tlie 
circulation of wliicli miis found to  conforiri with a fsir 
tlegree of consistency to mi nnticycloiiic pattern, centered 
i i i  n majority of cnsc’s over tlie wutlierii Rocky hIouiitains. 

BU t while the stntistical esistence of the high-level cell 
seerlied well supported by theory :iiicl observation, there 
was, initially, no direct evideiice of its tllerninl structure. 
Subsequently, however, siicli evidence lins become a\ :iiln- 
ble. The data froin airplnne souiiclings which have 
accuniulated in recent years have supplied it, nncl the 
purpose of the present paper is to set forth some of tliis 
information arid shorn its reln tion to the plieiionienon in 
question. 

First, in support of the assertion that the high-level 
nnticyclone is essent inlly n thennal phenonienoil, let us 
examine the pattern of inem free-air isotherms in the 
niidsiiiiinier months. (Figures 1 m ~ l  2 ) .  nee-air tem- 
peratures for July and August alone are considered, be- 
cnuse tlie high-level “cell” is fully estiiblished only in 
those months, although it  inay be, and frequently is, in 
evidence in other months when surface temperatures are 
abnormally high nnd the prevailing westerlies relatively 
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over the north Pacific slope, westerly over the northern 
Rocky Mountain region, northwest over the Missouri 
Valley, and north to east over the west Gulf States. 

The fact of high mean temperatures in the free air over 
the western highlands in niidsummer is not the only 
feature of note. The fact of high specific humidity is of 
equal interest. The mean values for this element are 
higher over tlie area under consideration than anywhere 
else over the continent at) like levels, and approximate 
closely the specific humidities observed a t  similar levels 
over Coco Solo, in the Panama Canal Zone. As an es- 
nmple of these relationships the reader is. referred to 
figure 3 which shows the mean specific humidities a t  the 
3 and 4 kilometer levels in July 1937-a typical month. 
Note that the highest mean values are found over El 
Paso, Tes. (although very little higher than those over 
Salt Lake City), while the lowest values are found over 
Sari Francisco, Calif. 

Thus, normally over Colorado and contiguous regions 
to the south and west there is in midsummer a condition 
not only of high temperature, but of high humidity as 

weak. Note that the menn free-air isotherms instead of 
traversing the country from west to  eist as in other 
months, form a series of roughly concentric contours over 
the western half of the United States, with the central 
isotherm of highest temperature embracing Colorado and 
parts of the adjoining states. The pattern is apprusi- 
mately the same for isotherms a t  3,000, 4,000, and 5,000 
meters above sea level. The highest mean temperature 
a t  the 3,000- arid 4,000-meter levels is found over Chey- 
enne, Wyo.; ancl n t  the 5,000-meter level over San Diego. 
Presumably, if  more aerographk data were available tlw 

FIGURE I.-Normd temperatures (“C. ) ,  and resultant winds in July at 4 ,Mo m. Noin. 
bers reading from top to bottom, indicate normal temperatiires at 3, 4, and 5 km.. rv- 
speetively. 

FIGURE 2.-Normal temperatures (“C.), and resultant winds in August at 4,0119 m. 
Numbers, reading from top to bottom, indicate the normal temperatures at 3 , 4 ,  and 5 
km., respectively. 

masinium would be found somewhere within the triangle 
formed by Cheyenne, San Diego, and El Paso, as this 
area embraces not only a regiqn of very high temperatures 
in midsummer but also a region in which the altit8ucle o f  
the surface of insolation is high. The upward bulging 
of the surfaces of isobarometric pressure associated with 
these free-air temperatures necessarily results in an efl’ec- 
tive dome of relatively high pressure a t  high levels over 
the region specified, and consequently in an anticyclonic 
circulation around the center of maximum pressure. 
Examination of free air resultant winds for the 3,000-, 
4,000-, and 5,000-meter levels confirms this assumption 
and shows them to be in agreement with the thermal 
gradient, the wind arrows being approximately tangent 
to the isotherms. Thus the winds aloft are southeast to  
south over the south Pacific slope, south to southwest 

1‘ - _~ 
F I ~ ~ V ’ R E  3 -July 1937. Specific humidity at 4,000 m (upper value), and 3,030 m. (lower 

value). 

licll. Moreover, as might be expected in an anticyclonic 
cell, there is likewise a condition of characteiistlcally weak 
and variable winds. This, however, is true only of the 
central region within the high-level cell: the peripheral 
region, as has been already said, is one of anticyclonic 
gyration, ancl it is to this anticyclonic gyratlon and the 
various types of air embraced 1; it that the central region 
owes itjs iiiiportunce as a clmatic factor. In this respect 
tlie high-level cell may be considered a “center of action” 
in that it beconies an agency for inithting and maintain- 
ing a circulation that operates to bring both Tropical 
Atlantic and Tropical Pacific air masses into regions where 
they might not otherwise be found. 

Thus it seems to effect a transport of TA air from the 
Atlantic high-pressure cell and of TP air from the Pacific 
high-pressure cell northward over the Pacific Slope, east- 
marc1 over the northern Rocky Mountain States, and then 
southward over the Missouri and Mississippi Valleys. 
These air streams are easily identifiable if mean monthly 
values for equivalent potential teniperature (e.) are plotted 
for various levels from 3,000 meters up. (See figures 4 to 
7) L. P. Harrison, in his summary of aerological observa- 
tions in the August 1937 issue of the MONTHLY WEATHER 
REVIEW, made the following comment: 

The mean inaximuni free-air values of (specific humidities and 
equivalent potential temperatures) were found to be centralized 
over tlie bouthenstern portion of the Western Plateau region and 
contiguous areas to the east. Study of the patterns shown by the 
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monthly resultant winds, and the lines of constant value of these 
two elements constructed on charts for the various levels, discloses 
striking evidence of the probable existence, statistically at  least, of 
a high-level anticyclone over the territory specified above. The 
three types of data referred to appear most consistent with this 
conclusion for levels from 3 to 5 kilometers above sea level, if it is 
assumed that tlie equivalent potential temperatures and the specific 
humidities undergo little change on the average in air masses 
transported along anticyclonic trajectories over the regions in 
question. 

Especially significant are the mean values for equivalent 
potent,inl temperature a t  the 3-, 4-, nnd 5-kilometer levels 

(partially, a t  least) for the higher values of 8. within tho 
cell than are to  be found a t  like levels beyond its periphery. 
It also accommodates itself to the fnct that like values for 
8, are found at  comparatively low levels on the coast of 
the Gulf of Mexico. It is, furthermore, n fact of import- 
ance to consider in connection with the phenomenon of 
thunderstorms activity in the region normally occupied 
by the high-level cell, viz, the southern Rocky Mounttiins. 
Reference to  Alexander’s t,hunderstorni charts sliows 
this to be the region of greatest thunderstorm frequency 
in our country in midsummer outside of tlie east Gulf 
Stii tes. 

In  conclusion it may be worth while to point out the 
npparent relation that exists between surface temperature 
abnormalities and the position of the high-level cell. The 
latter is usually found over or to the south of the region 
of pronounced plus departures from normal temperature a t  
the surface. Figures 8 and 9 illustrative of these obser- 

FIGURE 4.-July 1937. Equivalent potential temperature, specific humidity, and result- 
ant wlnds at 3,000 m. 

FIGURE 6.--August 1937. Equivalent potential temperatures, specific humidity, and 
resultant winds at 3.000 rn. 

FIGURE 5.-July 1937. Equivalent potential temperatures at 4.000 m.. and resultant 
winds at same level. 

within the high-level cell. They are higher within the cell 
than anywhere else a t  like levels either over the continent 
or in the tropics. I n  order to find as high values outside 
the anticyclonic cell it is necessary to look for them a t  
lower levels. T h y  in July 1937, the mean value 339’ 
for 8, found at the 4,000-meter level over Cheyenne, can- 
not be found anywhere above the 1,000-meter level a t  
either Kelly Field, Tex., or Pensacola, Fla. The same 
relationships hold good in August, also. Moreover, the 
high values for 8. within the cell are not restricted to the 
air over Cheyenne, but are found over Salt Lake City and 
El Paso, likewise. 

This fact lends credence to the view that the high 
thermal energy content of the high-level cell has its source 
in strata of lower origin, being associated with air fed into 
the region of the cell below and lifted to the level of the 
cell by convection. Such an inference would account 

FIGURE 7.-.4ugust 1937. Equivalent potential temperatures and resultant winds at 
4,000 m. 

vations show the menn isotherms and resultant winds at  
4,000 meters in July and August 1936-8 summer of 
memorable heat and drought in the Middle West. It will 
be noted that in July the region of greatest abnormality 
in surface temperatures was in the Dakotas, nnd the center 
of the high-level cell was just south of it. On the other 
hand, in August the region of largest temperature de- 

a w. H. Alexander. “The Distribution of Thunderstorms in the United States,” 
MONTBLY WEATEXEB REVIEW. Vol. 63, May 1935, p. 167-158. 
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parture was in Kansas, and the high-level cell was almost 
directly overhead. 

Maj. E. H. Bowie has drawn my attention to an a.rticle 
by George Reeder which appeared in the MONTHLY 
WEATHER REVIEW of October 1919, entitled “The Rela- 

FIGURE 8.-July 1036. A month of unusual heat and draught in the Middle West 
Solid lines indicate isotherms at 4,000 m., ‘C.; broken lines, departures from normal 
t.emprature at surface, O F . ;  resultant winds at 4,OOO m. 

tionship between Cirrus Movements from Easterly 
Points, and the Occurrence of Severe Droughts,” in which 
the author showed that during severe droughts in summer 
in Missouri, and preceding t,hem, “the cirriforni c,louds 
show a persistent though very sluggish niovemeut from 
easterly points.” Lacking free-air data, Mr. Reeder 
endeavored to account for this abnorniitl cloud movement 
by a study of surface pressures. It is quite likely t,liat hrtd 
he possessed the information which we now have regarding 
air circulation a t  high levels he would have attributed tlie 

phenomenon to other causes, for the easterly winds over 
htissouri coulcl occur only wlien the high-level nnticycline 
was far north and east of its normal positiun. Figures 8 
and 9, just considered, may be taken as an esaniple of an 
air structure probrtbly approximating situations of the 
kind lie described. I t  will be rioted that in each case there 
was a northwest resultant wind over the upper Mississippi 
Vdley, countered further south by a southeast resultant 
wind over Olddionia. Note, too, the close agreement 
between resultnnt winds and isotherms, n n d  how the high- 
level circulation has apparently niniiitained an air mass of 

FIGURE S.-AuCust 1YBfi. A month ofunusunl heat and ah’ourldt C:ist of the  Rocky Moun- 
tains. Solid lines indicate isnt.herins “ C .  3t O n 0  m.: hmkm lines, depart.ures from nor- 
I1131 temperatnrc at surface “P; result.aut winds a t  4,000 m. 

:tbnonnnl warmth fur eastward over the Mississippi Basin, 
nncl hence nn n tniospheric structure hostile to convection. 

Special thnnks nre due hfessrs. Little and Samuels of the 
Aerological Division of tlie Weather Bureau for help in 
providing (lata for some of the charts herewith. 

FURTHER STUDIES OF AMERICAN AIR-MASS PROPERTIES 
By ALBERT I<. SHOWALTER 

[Weather Bureau, \Vashington, June 193Ql 

These studies originally were undertaken for the pur- PA-Polar Atlantic, which, wlien modified, becomes 
pose of bringing up to date the mean values of the char- NPA. 
acteristic air-mass properties of North .America a? first TA-Tropical Atclantic, which in the charts and cross 
given by Willett ( I ) .  This seemed desirable in view of sections used for this study, included both the 
the large inass of airplane sounding tats obt’nined sii?ce TA and TG (tropical Gulf) inasses of Willett’s 
the ublication of Willett’s paper, which was based prin- c.lassificat,ion, since both of the air inasses come 

out of t8he subt(ropica1 anticyclone cell of Ihe 
Athn t,ic. the new data indicated that some minor changes in Wil- 

lett’s classification of air masses might be nec,essn:y. A T-Tropid Pacific. 
more thorough study, however, based also on certnln syn- TM-Tropical maritime, a designation used when it is 
optic considerations, led to the aba.ndonnie.nt of the abso- inipossible to determine whether the air inass is 
lute system of cln.ssifications, for reason that will be st.ated of Atlantic or Pac.ific origin or when the two 
later; and the conclusion was reac.lied that Berge,ron’s dif- are misecl.. 
ferential classification, which was used b7 Willet,t as a.n S--Supe.rior, wliich includes all air masses whicli ap- 
alternative system, forms a better basis for n.ir-mass pear warin and vFry dry  because, princ,ipally, of 
definitions. subsidence and divergence. S include,s the type 

The relation between the two classifications can be se,en of itir inass 1abele.d Tc (tropical cont,inental) in 
by listing and comparing them as follows: Willet.t’s original publication a,nd Ts (tropical 

superior) in later treatises by t,he same author ( 2 ) .  
NP-Moc1ifie.d polar, sv1iic.h is air definitely of polar 

origin but, of doubtful c.ontinent,al or niantime 
origin, or a mixture of continent,nl and imritime 
polar air. This type of a.ir mass, which was not 
definitely classified by Willett, forms the pre- 
dominant polar air mass of summer. 

cipa P ly on kite observations. A preliniina.ry analysis of 

Absolute classiJicution (adapted f r o m  TTillett) 

Pc-Polar continental air which, aft.er becoming mod- 
ified, is cdlecl NPC (transitional polar conti- 
nental). 

Pp-Polar Pacific, and the modified form NPP. 


