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Abstract

Afternoon wind chill temperatures at fifteen Alaskan and northern Canadian gationsin the
months October through April have increased in most months and at most stations in the period
1953-1993 (that is, “apparent temperatures’ have become warmer). Many monthly means
increased by more than 5° C over the period. Though increasesin air temperature had a
dominant effect on increases in wind chill temperature, decreases in wind speed generdly
contributed to the wind chill temperature increases. The largest and most persistent positive
trendsin wind chill temperature were in Alaska and western Canada, with negative and smdller
positive trends in central, eastern, and northern Canada. As aresult of the trends, humans
outdoors in the afternoon have experienced an “gpparent” warming even larger than the warming

indicated by the air temperature trends.

1. Introduction

North American high latitudes have warmed congderably in the last five decades. Mean annud
temperatures have increased by about 2° C in Alaska (Nationa Assessment Synthesis Team,
USGCRP, 2000) and more than 1° C in the western two-thirds of northern Canada (Zhang et 4.,
2000) during that period. One of the impacts of this warming isits effect on human comfort, and
here we assess that effect on outdoor activities during the cold season. The effect of the warming

on human outdoor activities mugt include some consderation of wind, Snce the combination of



wind and temperature produces an “ apparent temperature’, that is, a vaue that indicates what the

exposed areas of a human body actualy experience. Wind chill temperature is such avaue.

Wind chill temperature has been used for severa decades as a measure of discomfort and
potentia danger for humans. 1t can be defined as the temperature that would, with no wind,
produce a hesat loss from human skin equivaent to the loss produced by the ambient air
temperature and ambient wind. The formulation of wind chill temperature currently in useis
based on the work of Siple and Passdl (1945, hereafter S& P), who empirically determined the
rate of heat loss from water in a plagtic container in avariety of wind and temperature conditions

in Antarctica.

The use of the S& P formulation of wind chill temperature, though widespread and popular, has
been the subject of some criticism (Kesder, 1993; Steadman, 1971; Osczevski, 1995; Bluestein,
1998). Steadman (1971) , Osczevski (1995) , Osczevski (2000), Bluestein (1998), Bluestein
and Zecher (1999), and Quayle and Steadman (1998) employed both theoretical and empirica
methods to more accurately calculate heat loss and wind chill temperature. All of the above
research indicated that wind chill values derived using the S& P method were generdly more
extreme than those based on the other approaches. Nevertheless, in spite of the controversy
surrounding the use of the S& P method for caculation of wind chill temperature, that method
has been used by the United States National Westher Service and the Meteorological Service of
Canada, athough in Canada the wind chill has been reported as both atemperature and arate of
heet loss (in W/n). Because of the continued and familiar use of the S& P method of wind chill

temperature calculation, and because we are Smply examining trends over time, we employ it in



thisandysis. Subsequent to the development of the results of this paper, an improved wind chill
temperature formula was developed by a specia group formed by the U. S. Office of the Federd
Coordinator for Meteorologica Services and Supporting Research. This new formulawill be
implemented by the U. S. and Canadian meteorologica services during fal, 2001 (Nationd

Weather Service, 2001).

2. Data and M ethods

Hourly wind speed and temperature data from early to mid-afternoon (a period when outdoor
activity is common) from fifteen North American (Sx Alaskan and nine Canadian) stations
located between 55° N and 75° N were used in thisanalysis (see Figure 1). The data were part
of the North American synoptic station dataset described in Groisman et a. (2000), and the
period of record is 1953 through 1993. Data homogeneity is difficult to assess, as Sation
metadata are either absent or poorly documented. In Alaska there were some station moves,
aong with changes in anemometer height (P. Groisman, persona communication). The degree
of homogeneity of the Canadian stationsis not known. Though it is possible that some Sation
changes may have affected the results for individua gations, the overal pattern of change that

we describe is unlikely to have been influenced by such factors,

The hours used ranged from 1200 loca time through 1500 locdl time; the hour used for each
gtation depended on availability of data for the given hour for the full period of record. Of the
fifteen stations, twelve had data for 1400, one for 1200, one for 1300 and one for 1500. A
dation wasincluded only if, for all months for the full period of record, at least 75% of all

selected hours in the month had both temperature and wind speed.



For each hourly observation used, wind chill temperature was computed according to the S& P
formula

WCT = 0.045(5.27W?°+10.45-0.28W)(T-33)+33, ()

where WCT iswind chill temperaturein °C, W iswind speed in km/hr and T is dry bulb
temperaturein °C. When W islessthan 7 knvhr, equation 1 produces aWCT which is grester
than T. Inthese caseswe set WCT=T. AsW surpasses 88 km/hr, equation 1 actually produces
increesing WCT; therefore, for the very smal number of wind speeds in excess of 88 km/hr (17
observations over al gations), the value of 88 kmvhr was used for W. Monthly meansof T, W,
and WCT were computed for October through April, the months during which wind chill
temperatures would have a sgnificant impact. Meansof T, W, and WCT were aso computed
for the full period of October through April. For each of the months and for the October- April
period trendsin T, W, and WCT were caculated. Data were available for five of the sx Alaskan
gations (al but Bettles) for the period 1949-1997. Monthly means and trends for those stations
were also computed for the longer period. All trends were calculated using ordinary least
squares (OLS) regression. Ingpection of al time series plots indicated that outliers, which can
produce large errorsin OL S trends, did not present a problem, and that the trends were gradua

and not representative of sudden changesin vaues

Since the new wind chill temperature formula became available prior to find revison of this
paper, monthly trends were also calculated for the 1953-1993 period using the new formula:
WCT = 13.1267+0.6215T-11.3612V%16+0.3961TV?16, 2)

where WCT, W, and T are as defined for the S& P formula (equation 1).

3. Resaults



Table 1 ligtsthe trends in S& P wind chill temperature, dry bulb temperature, and wind speed. Of
the 105 monthly WCT trends (fifteen stations x seven months) 76% were positive (i.e. “ apparent
temperatures’ got warmer over the period of study). Figure 2 shows the geographical pattern of
trends. Thelargest positive WCT trends occurred in December, January, March and April, with
some gations in each of those months showing WCT warming of 7° C or greater over the 41
year period. 47% of the warming trends in those months were significant a the .05 level. Ten of
the fifteen sations showed WCT warming in a lesst five of the seven months, with Annette
Idand, King Samon, and Y akutat warming in every month. For the full October-April period 13

gations had positive WCT trends, seven of which were significant at the .05 level.

October and November had the largest number of gtations with negative WCT trends. Only one
month for one gtation (February at 1gauit) showed WCT cooling that was significant at the .05
level (about 7° C over the 41 year period). Only Resolute and Igaluit showed WCT cooling in at

least four months (Figure 2).

To assess the reasons for the trends in WCT, we examined trends in temperature and wind speed.
66% of the monthly trendsin T were pogtive, while 64% of the monthly trendsin W were
negative. Asafirst approximation, one would expect to see mosily postive WCT trends, since
both increases in temperature and decreases in wind speed produce higher wind chill
temperatures. However, the non-linearity of the WCT formula makes extremey non-trivid any
mathematica assessment of the degree to which atrend in WCT isthe result of either the T trend
or the W trend. Nevertheless, some reasonabl e rel ationships between the trends in WCT and

thosein T and W can be deduced by the use of Table 2. For example, for apostive trendin



WCT, if the T trend is positive and the W trend is negative (both of which contribute to an
increase in WCT), the cause of the WCT trend is acombination of thetrendsin T and W.
Likewise, for apogtive trend in WCT, if the T trend is positive (which contributes to an increase
in WCT) and the W trend is positive (which contributes to a decrease in WCT), the cause of the
WCT trend can be attributed to T. The combinations +/-/+ and -/+/- would not be expected, and
they did not occur. Mogt of the increasesin WCT were related to an increase in temperature, or
acombination of lower wind speeds and higher temperatures. These results are color-coded in

Figure 2.

Table 3 shows that temperature had an effect in 83% ( 82%) of the cases of positive (negetive)
WCT trends and that temperature was the sole effect in 28% (43%) of those cases.  From Table

1 only 15% of al monthshad a T trend oppositein sign to its corresponding WCT trend.

October, November, and February had the largest number of negative WCT trends, and, where
WCT increased in those months, the trends were smdler. All Alaskan stations had positive
WCT trends significant a the .05 level in December. Those dtations retained positive trends into
January, but the larger and more sgnificant trends in January appear in western Canada (Figure
2). Mogt gtations in Alaska and western Canada had positive WCT trends in February, though
the trends were smaller than those in January. Those stations had increased positive trendsin
March, with trends & eght of the stations Sgnificant a the .05 level. In April the significant
positive trends were dl in western Canada. In generd, the western part of the study area had the
most (and the most significant) positive WCT trends, while the more eastern and northern

gations had ether more negative trends or smaller positive trends. [gduit, the station farthest



east in the study area, had positive WCT trends only in October and November and also had

negative T trendsin al seven months.

The 49 year (1949-1997) WCT trends for the five Alaskan stations (not shown) exhibit Satistics
amilar to those for the 41 year trends with the trends for the 1953-1993 period being, in generd,

larger than the trends for the 1949-1997 period.

The trends computed using the new wind chill equation (not shown) were quite Smilar to the
trends computed using the S& P formula. Only five monthly trend values had different signs, and
al of those were samdl trends. The magnitudes of the grest maority of new wind chill
temperature trends (both positive and negative) were smaller for positive trends and larger for
negative trends, most by about 0.1° to 0.3° C/10 yr. Thus, even though there can be large
absolute differences in the wind chill vaues derived using the two methods, the differencesin

the wind chill temperature trends were quite smal. The overdl spatid and tempord patterns of

the two sets of trends were also quite consistent.

4. Conclusions

Afternoon wind chill temperatures at Alaskan and northern Canadian stations in the months
October through April have increased in most months and at most stationsin the period 1953
1993 (that is, “apparent temperatures’ have become warmer). Most of the increasesin wind chill
temperature have been due to a combination of temperature increases and wind speed decreases,
though alarge number of wind chill temperature increases are due oldly to increasesin
temperature. In the 27% of station-months with wind chill temperature decreases, 43% are due

solely to decreasesin temperature.



Thelargest and most persstent positive trends in wind chill temperature were in Alaska and
western Canada, with negative and smdler positive trends in centrd, eastern, and northern
Canada. Thisisconsgent with the fact that most positive wind chill temperature trends
corresponded to positive temperature trends, and temperature trends decreased eastward and
northward from Alaska across Canada. At both Igaluit and Resolute most wind chill temperature

trends were negative.

In 71% of the cases with postive trends in wind chill temperature, the trend in wind speed had
an effect. So, even though increases in temperature had a dominant effect on increasesin wind
chill temperature, decreases in wind speed generally contributed to the increasesin wind chill
temperature. Indeed, 64% of al monthly wind speed trends were negative, and some stations
exhibited 1953-1993 wind chill temperature increases in some months whichwere2°to 3° C
greater than corresponding temperature increases. As aresult, humans outdoorsin the afternoon
have “fdt” awarming even larger than the warming indicated by the temperature trends over the
last five decades.

Thewarming a high latitudes since the 1950sis well documented, the decrease in wind speedsis
not. Two questions arise; Are the processes that produced the substantia warming dso
responsible for the decreases in wind speed? Will the projected future warming at high latitudes
be accompanied by further decreases in wind speed, producing an “gpparent” warming in the

cold seasons greater than the “ actua” warming?

References



Bluestein, M., 1998: An evduation of the wind chill factor: Its development and gpplicability, J.
Biomech. Eng., 120, 255-258.

Bluestein, M. and J. Zecher, 1999: A new approach to an accurate wind chill factor, Bull. Amer.
Meteor. Soc., 80, 1893-1899.

Groisman, P. Ya, R. S. Bradley, and B. Sun, 2000: The relationship of cloud cover to near-
surface temperature and humidity: Comparison of GCM smulations with empirica deta, J.
Climate, 13, 1858-1878.

Kesder, E., 1993: Wind Chill Errors, Bull. Amer. Meteor. Soc., 74, 1743-1744.

Nationad Assessment Synthesis Team, US Globa Change Research Program, 2000: Climate
change impacts on the United States, the potentia consequences of dimeate variability and
change: Foundation report, Cambridge University Press, Cambridge, New Y ork, Melbourne,
Madrid, 800 pp.

Nationd Weather Service, National Oceanographic and Atmospheric Administration, 2001
Service Change Notice 01-49.

Osczevsi, R. J,, 1995: The basis of wind chill, Arctic, 48, 372-382.

Osczevski, R. J., 2000: Windward cooling: An overlooked factor in the caculation of wind chill,
Bull. Amer. Meteor. Soc., 81, 2975-2978.

Quayle, R. G. and R. G. Steadman, 1998: The Steadman wind chill: An improvement over
present scales, Wea. Forecasting, 13, 1187-1193.

Sple P. A. and C. F. Passd, 1945: Measurements of dry atmospheric cooling in subfreezing
temperatures, Proc. Amer. Philos. Soc., 89, 177-199.

Steadman, R. G., 1971: Indices of windchill of clothed persons, J. Appl. Meteor., 10, 674-683



Zhang, X, L.A. Vincent, W.D. Hogg and A. Niitsoo, 2000: Temperature and precipitation trends

in Canada during the 20th century. Atmosphere-Ocean, 38, 395-429.

85 85
80 80
75 - 75
Resolute
70 . 70
Cambridge Bay'
65 Be.mes 65
Fairbanks Skt
McGrath o Yellowknife o
60 'Whitehorse o 60
. “vakutat Fort Smith s, '
King Salmon Fort Nelson Churchill
. Fort McMurray
55 Annette Island Y 55
180 160 140 120 100 80 60

Figurel. Stations used in the studly.

October .09 November -79
35 04
-27 2
L29° . 62 63 : 40
29" 56 48 38" .40
% v -73 e - -66
December 16 January .26
46 172
bag 1180 g7 19 126" 98 L &
torv % 135
February March
62" . 81 1,72 ™ .92
o4 TEN 49 B9 4y ned 887 150145  gg
91 116
April October-April
187 91
8692 1 57180 1 4g o5 7E0 75 90 g5
1.34
75 91

Positive trends
W

T
w

Negative trends
W
T
w

Figure 2: 1953-1993 trends in mean wind chill temperature (°C/10 yr ). Trends are color coded
for postive/negative and for whether temperature (T), wind speed (W), or both (T,W) are
responsible for the trends. See Table 2.



Table 1: 1953-1993 trends in mean S& P wind chill temperature (WCT), dry bulb temperature
(T), and wind speed (W) for the months of October through April and for the seven month period
of October to April. Unitsfor WCT and T are °C/10 yr; unitsfor W arekm hr'/10 yr. Vauesin
bold type are significant at the .05 level. Vaues in bold and underlined are sgnificant a the .01
leve.

Oct Nov Dec Jan

WCT T W |WCT T W |WCT T W |WCT T w

Annette Island, AK 080 017 211 076 016 -176/ 1.01 030 -189 135 065 -1.30
Bettles, AK -027 -016 016 022 025 008 162 175 039 077 084 0.24
Fairbanks, AK 007 -005 -017 000 002 -002| 197 196 015/ 088 099 0.39
King Salmon, AK 029 004 -059 018 -0.03 -037| 243 185 -007] 126 091 -0.2¢
McGrath, AK -029 -012 032 -031 001 081 182 178 050 037 047 05
Yakutat, AK 056 012 -123 038 002 -086 113 046 -114f 093 047 -0.57

Cambridge Bay, Can. 035 -008 -067 004 -016 -0.23| -058 030 108 028 023 0.0¢4

Churchill, Can. -0.32 -050 -0.84 -0.18 -0.68 -1.40| -0.13 -047 -058[ 077 050 -0.34
Fort Nelson, Can. -008 -0.18 -0.06 -040 -049 001] 067 049 -0.10[ 155 141 0.00
Fort Smith, Can. -005 -0.36 -0.78 -0.12 -0.38 -0.49] 0.19 -008 -0.36| 171 138 -0.17
Igaluit, Can. 063 -010 -1.63 040 -0.09 -0.64| -0.27 -0.78 -0.99| -0.31 -0.76 -0.79H
Resolute, Can. 009 000 -007 -079 -021 048 016 004 -020| 026 -0.10 -0.69
Fort McMurray, Can -0.73 -059 0.18 -066 -052 009] -039 -022 027 164 172 049
Yellowknife, Can. 002 -026 -072 -019 -034 -042| 046 002 -059| 172 1.02 -0.64
Whitehorse, Can. 0.35 -0.06 -0.93 -0.05 -0.23 -054] 150 1.02 -055| 157 140 0.11)

Oct-

Feb Mar Apr Apr

WCT T W [WCT T W |WCT T W |WCT T w

Annette Island, AK 091 036 -137 116 060 -1.19] 075 038 -086] 091 035 -14(§
Bettles, AK 082 055 -008 081 093 039 019 032 028 057 061 024
Fairbanks, AK -017 -017 010 069 081 042 067 056 001 062 062 0.1
King Salmon, AK 054 026 -03g 182 135 -040[ 052 053 019 095 068 -0.20§
McGrath, AK -062 -039 027 024 042 058] 023 021 010f 021 032 042
Yakutat, AK 076 028 -082 085 059 -025| 0.65 048 -023| 073 034 -0.69

Cambridge Bay, Can. -008 058 083 015 064 094 006 000 015 010 027 0.3Y

Churchill, Can. 077 023 -084 066 031 -062| 118 043 -147[ 053 0.03 -0.9¢
Fort Nelson, Can. 049 028 -019 150 114 -030f 127 099 -021] 075 054 -0.14
Fort Smith, Can. 089 064 -021f 145 108 -040f 1.80 129 -056[ 090 053 -0.4q
lgaluit, Can. -172 -143 017 -092 -0.73 0.15| -0.79 -093 -0.55| -030 -0.64 -0.74
Resolute, Can. -045 009 055 -038 027 075 -051 -031 -0.16| -012 0.02 0.0
Fort McMurray, Can 069 066 026 123 124 047 134 109 -006] 050 050 0.21
Yellowknife, Can. 081 061 -009 120 079 -037| 1.81 111 -100[ 091 046 -0.57

Whitehorse, Can. 021 -015 -059 131 069 -080] 102 044 -115 080 042 -0.59




Table 2. Relationships between trends in wind chill temperature (WCT), dry bulb temperature
(T), and wind speed (W). Thefirg three columns are the possible combinations of Sgns of
trends. The fourth column indicates which of thetrendsin T and W isresponsible for the trend

in WCT.

WCT | T | W | WCT trend dueto
+ + - TW
+ + | O/+ T
+ o-1| - W
- - |+ TW
- o+ + w
- - | O- T

Table 3. Causes of trends in wind chill temperature (WCT). Percents of podtive and negative
wind chill temperature trends attributed to temperature (T) aone, wind (W) aone, and both

(T&W).

+ WCT trends | - WCT trends
T 28 43
W 16 18
T&W 55 39




