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FOREWORD

Quartermaster scientists are orten concerned with problems of mant's
cold tolerance and the development of protective items which can extend
his functioi.al effectiveness under severe cold conditions, It is, there-
fore, necessary to know the global distribution of cold stress elements,

The accompanying study evolved from a need for a basic map reference
on mean windchill occurrence for use in predicting distributions of vari-
ous levels of soldier performance capabilities in cold environments.

When windchill 1s related to performance of man and his equipment, a suit-
able map of the distribution of the soldier'!s responses or of item func-
tion capabil.ties can be derived.

Tais report presents for the first time a windchill map cf the entire
Northern Hemisphere.

AUSTIN HENSCHEL, Ph.D

Chief

Environmental Protection Research
Division

Approved:

JAMES C, BRADFORD, Colonel, QMC
Commanding Officer
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ABSTRACT

Windehill is defined as the cooling power of wind and tcmperature
combinations on shaded, dry human skin., It is measured in kilogram cal-
ories of heat loss per square meter of exposed skin surface per how for
each Cantigrade degree of tempsrature difierence between the skin and the
ambient air, '

The report points cut. the usefulness of the windchill index in as-
sessing relative human comfort as well as its limitations with respect
to evaporation and radiaticn influences, Tables simplifying computation
of the index are included, These tables list temperature and wind speed
factors derived from the windchill formula, converted from metric to
English units for temperatures from 90°F, to -105°F, and for wind speeds
from 0 to LS miles per hour. Any pair of these factors applicable to a
given situation may be multiplied directly to yield the windchiil drnde- .

A map of the Nerthern Hem®sphere shows the mean win™ o 'h o Fisirron
tion for the coldest m~~"" ot the year, uriag isoplethe a. v rvals ¢
100 wnits of wi»" "~ - ¢ m 505 te £,10¢ KgaCals./mZ/hr“ Lelass were
derived f~ . ... - - . us~ of temperature snd wind speed 7 om were than
1,000 . “u..

~
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1.  The Windchill Index }

Development, b~ .. .

A
The tev. »lindehills was firet intreduce” o+ 3w na
s . . . . iﬂ’ au].Ac
Siple as a t-- “uscribing relative discomfor. ‘,ﬁ,wm combinations
Sy - . f - s
of wind =.-! ::mperature, The windchill inge .-'er*' ‘nally develope:,

wag -~ 'y a multiplication of the w1nd Jc
tpwv-;ature in degrees Centigrade b«
.ule to temperatures above zero
disadvantage in that high w*

T e p2r secon? by the
_ @ero. Tinls method was ot applic-
~g<nis Centigrade, and aad the additiona.
- speed sy zersted the windehdll values.,

| 1=
o (,“xr' LU i formula for RS 2411 was deve wped by Siple and
PasselllD (exﬁériments conducted =1 Little America, Antarctics, The

form ~zv€" below, was related to cuservations of the freeszinz rate of

,¢€€ffseé~«J in a plastic cylinder,
H = ( /106y = 10,45 = ») (33 - t)

where H = Heat "oss [Windehill) in Xge. Calsjmffhru
v = Wind speed ir meters per second
t e 43 tamperatare in degrees Centigrade

The formuls measurzs “re coollng power of wind and temperature
in complete snade, withoui rocard tn evaporativn. The reszulting heat loss
13 expressed iu kilogram c-lrllei psy square meter of exposed skin surface
per hour.

Of the many formulas proposed by varicur wovestigate.s, Siplels
is the only ane based on actual observations in an exiremely cold environ-
ment, Suene- e .in a review of sume windenlll forsmias.caunbticored against
extrapeciaticon of formulas very far beyond the laboratory or experimental
ranges ov:ir unich they were originally evaluated. Siplets formula, wmore-
over, has ithe advantrge of having been svaluated wver a lower tempe: .ture
rangs (-9° 4o -56°C.) than the others,

Although windchill afferds only a qualitative mes e of the
cooling effect on the human body, it has been adopted as a deqcfiytive
~aiue for the severity ol cold envircnments. Burton and Edholm
their text on the physiologicsal and pathological effects of cold environ-
rients on maa, state "The index of windchill has enjoyed a considerable,
and deserved, popularity, for it has been proved in the field that i does

ndend provide an index correspunding qiille well with experience in the cold,

~

.y 7 "me discomfort and tolerance of man in the nold¥,



“owations:  Radiation, Evaporation, and Other Heat Losses

‘mie the winter conditons existing during Siple's experiments
I +4 S vt e ws RPN . s 3 3 3 3 3
in W envarctic, cutgoing terrestrial radiation always exceeded incoming
S . "~ ~ . . . -
prtoeeon, Yot gvenue of heat less, therefore, is included in the for-

-

. Howewe., dur ~g periods of incoming radiation, whether direct or
- Tase, the caleulated values of windchill exceed the true values, iince
v+ Jormula dces not consider this possible cource of heat gain. Under
wlitions of brigh{ ...mshine the windchill index should be reduced by
~out 200U Ke, glgo/ /h .» and under light cloud conditions by about
70 Kg.Cals,</ni', (sce Section 3).

T4 windchill index is based upon a neutral skin temperature of
+3°C, (97.4°F,). ‘hen body heat production rises (as during physical
.ctiviey or cbrulon), perspiration begins, and the excess heat is rcomoved
‘4 vaporization., It is assumed thal this avenue of heat lcss is adequately
controlled by the body and that the heat removed by vaporization does not
excead the additional heat produced by the physical activity.

Additional heat is icst from the body through conduction to cold
objects or surfaces with which it is in contact and in breathing ccld air
which results in the loss of heat from the lungs.

The index, therefore, does not provide a measure of the total
possible loss from the boly, but does give a gonod measure of the convee-
tive cooling, which is the major source of body heat loss.

T, Aids for Computation of W:ndchill

Windehill Computaticy. Tadles

Tables I an: Ll picvide an easy means of computing instantaneous
mean windchill values from temperature in degrces Fahren ~it and wind
speed in miles per hour, thus eliminating tedious conversior. of these
values from the English system to the meiric system of unitc in the formula.

Table I, Windchill Computation, Temperature Factor, lists [ic-
tcrs for the differences between skin temperature and ambient air t-upera-
ture for air temperatures from 90°F. tu -105°F, (obtained by converting the
temperature elemeni. of the formala, 372C., to 50.78 -.(.56) OF.).

Table IT, Windchill Computation, Wind Speed Factor, lists heat
loss factors in Kg.les/h‘/hr for each tenth of a mile per hour 1rom 0 to
20 mph and by one mile per hour units from 20 Lo 45 mph. For wind s ecd
over 45 mph, Siple recommends a maximum cooling rate of 35 hg.am‘s/h
Facrers for applicable values of ambient air temperaturc and winag speed
when multiplied together, result in the vsindchill index in Kg.Cals/m? /hr.
For exnmple, the facters for a wind speed of 20 mph and an air temperature
of =30°F, are given in Tablec I and 1L as 31.35 and 67.58, rcspectively.
lULbLPlthLlOH vl these factors resulte in n windehill index of 2,118
Ve.Cals/m?/hr,

)
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s
s ﬁi TARLE I: Windchill Computation, Temperature Factor stor

Values derived from the temperature component of the windchill indet
formula, converted from the metric (33 = °C.) to (50.78 -(.54°F.). 8 -1
To obtain windchill index in Kg.Cals./mé/hr., mltiply temperaturc

ten
factor with appropriate wind factor from Table IT, "
2F,  Factor °F, Factor °F, Factor °F, Facto: o
90 .78 Li 27.82 -8 55.26 -57 82,70 i
89 1.3 Lo 28,38 -9 c.02 -58 83,2t i
88 1.n9 39 .28.94 -10 56.38 -59 83.8; i
87 2.L5 38 29.50 -11 55,94 ~60 ALo3t -
86 3,00 37 20,06 -2 57.50 -61 8L.9l -
85 3.56 36 30,62 -13 58.06 -62 85.5C -
8, L.11 35 31.18 -1 58,62 -53 86.0¢ -
83 .67 3k 31,74 -15 59.18 -6k 86.6: -
82 5022 33 32.30 -16 5907!4 -65 87015 -
81 5.77 32 32.86 -17 60.30 -66 87.7 -
80 6.2 31 33.h2 -18 60,86 -67 88.3( -
79 6.5 30 33.98 19 61,12 -68 88.8¢ -
78 7.10 29 34,5k -20 61,98 -69 89.L: -
7 7.66 28 35.10 -21 62,54 =70 89.96 -
76 8.22 27 35.66 -22 63.10 -7 90.5L -
5 8.78 26 36,22 -23 63.6G =72 9110 -
7k 9.3k 25 36,78 -2l 6lL,22 =73 9L.66 .
73 9.90 2L 37.3L -25 6L,78 N 92.2C .
72 10.L6 23 37.90 =26 65.3L =75 92.78 .
71 11.02 22 38.46 -27 65.70 -76 93.3h .
70 11,58 21 39.02 28 66.116 -77 93.50 .
69 12,1k 20 39.58 -2 67.02 -78 oL.Lé .
€8 12,70 19 40,1k -30 67,58 -7 95.02 -
67 13,26 18 L0,7C =31 68,1 -80 95.58 .
66 13,82 17 L1,26 -32 68.70 -81 96,1k .
5 1Le28 16 141,82 -33 69.26 -82 96,70 -
L 1.5 15 L2.38 =3b 69,82 -83 97.26 .
63 15,50 2 L2.9L -39 70.38 -84 37,92
62 16.06 13 43.50 -36 70,94 -85 98.38 .
€1 16.62 12 LL.02 =37 71,50 -86 98.9L _
60 17.18 11 bLh.62 =33 72,06 =37 99.50
59 17.7h 10 45,18 -39 72,62 -08 100,06 _
S8 18,30 9 LS. 74 -Lo 73.18 39 100.62
57 18.86 8 L6.30 -l 73.7h -90  101.18 _
56 19,42 7 Lé.86 -}2 7h.30 ~91  10L.7h
g 19.98 6 L7.k2 =43 74.86 52 102,30
sl 20.5) 5 17,98 -l 75.42 -93 102,86 _
53 21,10 L 18,5 =L5 75.98 9L  103.Lh2 _
52 21,66 3 Ly.10 -L6 76,5k -95  103.98 _
51 22,22 2 L9, 6L L7 77410 -96  10L.5L
50 22,78 1 50.22 ~L8 77.66 -97 107,20
L9 3.3k 0 50.78 L9 78.22 -98  105.66 _
L8 23.90 -1 5L.3L -50 78,78 -39 106,22 _

7 2h. ks =2 51,90 -51 79.3L ~100  106.78 _s,
hé 25,02 -3 52,46 =52 79.90 =101  107.3L _y,
L5 25,58 -k 53.02 -53 80,46 =102 107.90 _3
L 26,1 -5 53.58 -5 81.02 -103  108.L6 _3;
13 26,70 -6 Sh.1k -55 81.58 -10h 109,02 _3,
L2 27.26 -7 Sh.70 =56 82,1 -105 104,58 _);
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18.8
18,9
19,0
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19.h
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21,
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23
2L
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35.00
3809




Windchill Nomogram

lapid approximations of the windchill index for windspeed from
0 +2 L5 mph and temperature from 92° to -l43°F, may be obtained from the
Windchiil Nomogram, Figure 1, When the windchill index is less thon the
rate of body heat production, excess heat is removed by vaporization.
Under conditions of bright sunshine; indicated values of the windehill in-
dex should be reduced by about 200 Kg, Cals, Expressions of relative com-
fort indicated on the nomogram are based upon an individual in a state of
dactivity,

3,  Windchill ~Comfort Relationshins

Some success has been attained in relating windchili to comfort, in
spite of the many variables that make one person feel comfortable when
another is not., The cutstanding variables affecting any scale or measure
of comfort are the physiological and psychological differences zmong in-
dividuals and the degree of acclimatization and physical activity,

Dr, Siple correlated atmospheric cooiing with humar comfort ana low-
er limits of physical endurance, During his experiments in the Antarctic,
relative comfort observations were cbtained simu’'aneously with his meas-
urements of atmospheric cooling, Table ITI gives a summary of the general
bicclimatic responses at windcaills from 600 to 2,300 Kg.,Cal./mZ/hro

TABLE TIT

Stages of Relative Human Comfort and Environmental Effects of
Atmoopheric Cooling (ifter Siplef9)19LS)

Windchill

600 Cornsidecred as comfortable when dressed in wool underwes~, sucks,
mitts, ski bonts; ski headband, and thin cotton windureaker
suits, and while skiing over levgl snow at about 3 mph, {Meiz-
bolic output about 200 Kg.Cal./m</hr.)

1,000 Considered unpleasant for travel on foggy and overcast days,

1,200 Considered unpleasant for travel cn clear sunlit days,

1,400 TFreezing of exposed human flesh begins, depending upon degree of
activity, amount of solar radiation, character of skin, and circu-
lation, Travel or lilving In temporary shelter becomes disagreeablec,

2,000 Travel or living in temporary shelter beromes dangerocus. Exposed
areas of flesh will freeze within less than 1 minute for the av-
erage Individual,

2,300 lLxposed areas of flesh will freeze withln less than % minute for
the average individual,



Gold(a’ proposed a set of descriptive terms for comfor: at temp-~
eratures betwzen 30° and 90°F, at wind speeds of 5, 15, and 25 miles per
T.IOI.L'I' under varying conditions of cloudiness, Tahle IV, in which these
verms are presented, also insludes windohill -raines appropriate to the
temperature and wind wonditions deseribed, The windchill veiuves were ob-
tained by multiplying applizable factors for temperature and wind spead
from Tables I and IT.

Table IV shows that under identisal temperature and wind condi-

tions, subjective response of individuals varies with the amount of solar

radiation, indicating that some heat is being provided by the radiation,
In bright sunshine, a psrson may feel "very rool" at a windchill of

8LO Xg.Cal./m?/hr, (wind speed 15 mph at LO°F,), but with radiation re-
duced by a thick cloud cover, the subjective response to the same wind-
chill ic indicated as %cold®, To allow for the additional heat provided
during periods of bright sunshine, the wind=nill index should be reduced
by about 200 Ig.Cals. ,"mz/hr., With 1ight cloud conditions, the index
should be reduced by about 100 Kg,Cals./m</ur.,

TABLE [V: Descriptlve ferms with Windehill Values Appropriate
toe Different Temperaturesw and Wind Speeds*

Wind Temp, Wind- In Sunshine Light Cloud Thick Cloud
Speed (°F.) chill
(mph) .
99 18  Unbearably hot  Unbearably hot  Very warm
6o 46  Umbearably hot  Vory warm Warm
70 269  Ho* Binzem Pleasant
5 60 398  Warm Plaasant Pleasant
50 Yew  PlLeasant (ool Cool
ke 658  Cool Cool Very cool
30 768  Cool Vory rocl Cozd
90 23 Unbearably hel  Very warm Very warm
80 167  Hot W, “leasant
70 343 Warm Pileasmnt Coocl
15 60 508  Pleasmnt Cool Ceol
g0 67L  Cooli Vary cool Very cool
Lo 8L0  Very cool Gol.? Cold
30 1005  Celd Very eold Very cold
/90 25  Unbearabiy hot  Viry warm Warm
80 206  Very warm Plessan® Plsasant
70 378  Pleasant eyl Cocl
25 €0 YA Coold Ve cool Very cool
50 Wy Yery cool Cold Cold
. ko 927  CelA Veoyry soid Vorr cold
\30 1109 Very celd Liv.terdy cold Mtterly cold

#(Partly after Goid?
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4o Map of Moan Windchill in the Northern Hemisphere, Coldest lMonth

The map of mean windchill distribution in the Northern Hemisphere
rresented at the end of this report, was originally prepared to a.nswer,re-
quests for maps depicting the effects of windchill specifically in: 1) re-
ducing speed of human reaction, and 2) Increasing the time necessary to
complete tasks requiring manual dexterity. The request necessitated prep-
aration of the win’chill map included in this report; this is a new anal-
vsis of mean windchill in North America and Burope ard what is believed to
te the first analysis of mean windchill distribution in Asia.

The map is based on windchill values compuied from mean temperature
and mean wind speed during the coldest month at each statIon. The wind-
chilT Tormula appiies best to simultaneous conditiens of wind and temp~

erature, but use of average monthly velues gives only slightly different
results,

Tt has been proposed by some 1nvestigat.ors(l‘) thaw this difference
can be onsiderable, and that determination of mean windchill at various
stations should be based on individual hourly observations, These pro-
posals are usually based on the common assumption that the lowest tempera-
tures in any locality always occur with calms or very light winds and that
the low windehill values during these calm conditions are not sufficlently
reflected by the averages, Houwever, examinatiorn of wind frequency date at
numerous arctic and subarctic stations reveals that this assumption is not
valid for a majority of locatioms, and that light to mocerate winds {3 to
18 mp?} ,gsgur even at temperatures near the lowest on record at each sta-
bron, 28 Analysis of 10 years of January data from Fort Churchill,
Canada, indicates that the windchill index resulting from the use of mean
temperature and mean wind -zsed deta for the period is only 1,9 percent
greater than the value obtained by averaging 3,720 individual b!ihmerly
windchill values for the same period. It is 1likely that anzlysis ol sim-
ilar data from other stations should result in equally small differences,
It is felt, therefore, that windchills based on mean monthly wvalues are
sufficiently representative to afford a satisfactory measure of the rcl-
ative severity of combinations of wind and low temperature,
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