






Minnesota from 1829 to 1982 was very similar to the

warming detected at Manhattan for the same time pe-

riod [10.088 6 0.028C decade21 versus 10.078 6 0.028C

decade21, respectively (both P 5 0.0001)]. This suggests

that portions of the nineteenth-century Fort Snelling

data will be useful, but the record is also subject to the

same measurement and observation issues confronting

other nineteenth-century records with few nearby sta-

tions available to construct a homogeneous time series.

c. Heating and cooling degree-days

Annual heating and cooling degree-days can be used

as proxies for the strength of the cold and warm seasons,

respectively (Fig. 10). Heating degree-days (HDD) and

cooling degree-days (CDD; both in 8C) are defined as

follows:

HDD 5 �
Annual

(18�Daily Mean Temperature)

CDD 5 �
Annual

(Daily Mean Temperature� 18).

These data show a decline of 324.6 6 67.4 (P , 0.0001)

in HDD and an increase of 139.1 6 37.0 (P 5 0.0002) in

CDD since 1829. The decline in HDD was more sig-

nificant since 1855 [503.0 6 65.7 (P , 0.0001)], but

warming trends in CDD were not significant since 1855

(P 5 0.0723). By this metric, the top 10 cold seasons

were all in the nineteenth century, with the coldest oc-

curring in 1856 [3551 6 237 (;95% confidence interval 5

1240, 2229) HDD; Fig. 10a]. The late 1860s–early 1870s

and 1880s–early 1890s were characterized by persistently

high HDD similar to the cold season means (Fig. 10a

versus Fig. 9a). These intense cold seasons have declined

dramatically, and the five lowest HDD included 2006

[2163 (;95% confidence interval 5 1278, 2259) HDD;

Fig. 10a].

The most intense warm seasons with the highest CDD

were during the Dust Bowl of the 1930s [e.g., 1365

(;95% confidence interval 5 1165, 2141) days in 1934;

Fig. 10b]. The overall positive trend in CDD has been

highly significant since 1829, but it has been less dramatic

than the negative trend in HDD, because that warming in

eastern Kansas has been more intense during the cold

season (Figs. 9, 10). The lowest quantity of CDD was in

1840 [563 (;95% confidence interval 5 1137, 2114);

Fig. 10b], during the height of an evidently moist and

cool period, when the High Plains grasslands were lush

and teeming with bison (West 1995; Fye et al. 2003).

d. Daily-mean temperature extrema of the
past 180 yr

The warmest and coldest single days of each year from

1829 to 2008 are plotted separately in Fig. 11. A linear

trend line fit to the warmest day of the year time series

exhibits significant overall warming of 2.098 6 0.458C

since 1829 (P , 0.0001; Fig. 11a). Extremely warm days

were less common before 1850 (Fig. 11a), which might be

consistent with higher atmospheric moisture levels during

the pluvial conditions reconstructed with precipitation-

sensitive tree-ring data (Fye et al. 2003). However,

changes in observation methodology occurred prior to

1855, and temperature extremes are much more sensitive

than means to such changes (Chenoweth 1993; Parker

1994; van der Meulen and Brandsma 2008; Brandsma and

van der Meulen 2008). No significant trend was detected

in the warmest day of the year time series from 1855 to

2008 (P 5 0.2431), but this trend was likely influenced

by the anomalously warm temperatures during the mid-

nineteenth-century drought. Significant warming was

detected from 1865 to 2008 (P 5 0.0027). The warmest

day in the reconstruction occurred during the height of

the Dust Bowl on 8 August 1934 [daily mean of 37.78 6

1.18C (99.98 6 2.08F); Fig. 11a], but this warm day was

within the standard errors of other extremely warm days

during the 1930s Dust Bowl, including 1936, when the

most intense heat wave in the modern instrumental

record occurred across the United States (Burt 2004).

Daily maximum temperatures over 48.98C (1208F) were

recorded in Kansas and across the Great Plains during

the summer of 1936 (Burt 2004).

The temperature of the coldest day of the year has

warmed at approximately 1½ times the rate of the

warmest day of the year since 1829, and it is the strongest

warming detected in any of the data reported in this

study (3.608 6 0.948C, P 5 0.0001; Fig. 11b). The trend is

even stronger for 1855–2008 (5.178 6 0.958C, P , 0.0001;

Fig. 11b), when less uncertainty exists in the quality of

the daily-mean temperature data. Ludlum (1968) de-

scribed the occurrence of the two most severe outbreaks

of arctic air in the nineteenth century, which correspond

to 2 of the top 10 coldest days in this new reconstruction

for eastern Kansas. The first occurred on 7 February

1835, when the 0700 LT temperature at Fort Leaven-

worth stood at 231.98C. The reconstructed daily-mean

temperature for 7 February 1835 was 224.28 6 1.18C

(Fig. 11b). Ludlum (1968) suggested that snow-covered

ground across a large part of the Midwest limited the

modification of the arctic air mass as it plunged south-

ward. Thus, when the arctic express reached the South

on 8 February 1835, it brought the 217.88C (08F) iso-

therm to near the Gulf of Mexico (Ludlum 1968). This

outbreak of extreme cold was exceeded by another ex-

tremely cold episode in Kansas on 11 February 1899,

when the daily-mean temperature was 228.28 6 1.68C

(Fig. 11b) and the 217.88C (08F) isotherm again ap-

proached the Gulf Coast (Ludlum 1968). Note also that
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the variance of this coldest day of year time series ap-

pears to have attenuated in the late twentieth century,

with the exception of the 1980s, when another one of

the coldest days in the reconstruction occurred (22 De-

cember 1989; reconstructed daily mean of 225.28 6 1.58C;

Fig. 11b).

The number of days colder than the 10th percentile

and warmer than the 90th percentile are counted and

plotted on a seasonal and annual basis in Fig. 12. Ex-

treme warm days during the winter have increased 3.6 6

1.3 days and extreme cold days have decreased 5.4 6 1.8

days since 1829 (P 5 0.0059 and P 5 0.0024, respec-

tively; Fig. 12a). The highest frequency of extremely

cold days in the winter occurred in 1885, when 32 days

registered daily-mean temperatures below 210.18C (the

10th percentile; ;95% confidence interval 5 14,23;

Fig. 12a). The large winter temperature depression in

the 1880s has been unmatched for the number of cold

extremes (Fig. 12a) and for the run of coldest days of the

year (1883–88; Fig. 11b). These cold winters may par-

tially reflect global cooling associated with the eruption

of Krakatau in 1883 (Simkin and Fiske 1983; Robock

2000), even though Shindell et al. (2004) do not detect

consistent and significant cooling over the central United

States following volcanic eruptions in empirical and

modeling analyses.

The winters of the 1880s were famous for destructive

blizzards, which decimated the cattle industry and severely

impacted many homesteads (Mattison 1964; Wheeler

1991). One of the coldest single days in eastern Kansas

occurred on 15 January 1888 (reconstructed daily-mean

temperature of 227.18 6 1.68C; 216.88 6 2.98F), follow-

ing the passage of an intense arctic cold front and one of

the greatest blizzards in American history. This blizzard

reached Manhattan on 12 January 1888 with temperatures

rapidly falling from 2.48C (36.38F) at 1300 LT to 216.58C

(2.38F) by 2000 LT. The city of Leavenworth, Kansas,

recorded extreme winds up to 16.1 m s21 (36 mph). This

notorious event is known as ‘‘the Schoolchildren’s Bliz-

zard’’ because over 100 children perished in the sudden

whiteout conditions and extreme cold trying to return

home from school across Dakota Territory and Nebraska

(Laskin 2004). The fresh snowcover increased the radi-

ational cooling as the arctic air mass settled over Kansas,

and by 0600 LT 15 January temperatures at Manhattan

registered 232.58C (226.58F).

The modern winters closest to the extraordinary

nineteenth-century winters occurred during the 1977–78

regime shift in the northern Pacific (Ebbesmeyer et al.

1991), when the westerlies were displaced anomalously

southward across central and eastern North America

(Harnack 1980). All-time record minimum temperatures

were set at many short instrumental stations in 1977/78;

for many areas, February 1978 was the coldest on record

(National Oceanic and Atmospheric Administration 1978).

Extremely warm days in the spring have increased 2.1 6

1.3 days and cold days have decreased 3.2 6 1.5 days

since 1829 (P 5 0.1073 and P 5 0.0379, respectively;

Fig. 12b). The highest number of cold spring days oc-

curred in 1843 (32 6 1 days; Fig. 12b), when daily-mean

temperatures were near or below freezing for the entire

month of March. Much of the central and eastern United

States shared the frigid March air in 1843, when temper-

atures were 58–118C below normal on the Gulf Coast to

over 178C below normal in the northern Plains (Rosendal

1970; Nielsen-Gammon and McRoberts 2009) and frost

damaged tree rings were recorded in Texas (Stahle 1990).

Reconstruction and analysis of synoptic-scale weather

maps suggest that a persistent southern storm track pre-

vailed during this month. Low pressure systems tended

to develop in the Gulf of Mexico, which also brought

snowstorms and frigid arctic air to the South (Nielsen-

Gammon and McRoberts 2009). The cold spring of 1843

occurred in the wake of a relatively mild January across

the central and eastern United States (Ludlum 1968),

when daily-mean temperatures in eastern Kansas were

above freezing for 12 consecutive days.

Reconstructed extremes in the summer show an in-

crease in warm days of 9.9 6 2.2 and a decrease in cold

days of 2.9 6 1.4 since 1829 (P , 0.0001 and P 5 0.0416,

respectively; Fig. 12c). The largest count of extremely

warm days occurred in 1934 [54 (;95% confidence in-

terval 5 17, 22) days; Fig. 12c]. The 1930s Dust Bowl

dominates the series, but the 1850s, 1860s, 1910s, 1950s,

and 1990s also contained persistently warm summers

(Fig. 12c).

Extremely warm days in the fall have increased 1.6 6

1.4 days and cold days have decreased 4.8 6 1.1 days

since 1828 (P 5 0.2429 and P , 0.0001, respectively;

Fig. 12d). The highest number of fall warm days occurred

in 1954, when 22 6 4 days of recorded daily means ex-

ceeded 23.98C (the 90th percentile; Fig. 12d). A higher

frequency of extreme cold days in the fall occurred in the

nineteenth century than in the twentieth and early twenty-

first centuries (Fig. 12d).

Annually, extreme warm days have increased by 13.8 6

3.6 and extreme cold days have decreased by 11.8 6

3.1 since 1829 (P 5 0.0002 and P 5 0.0003, respectively;

Fig. 12e). The highest number of warm days in this re-

construction occurred in 1980, when 75 days were above

26.78C (the 90th percentile; ;95% confidence interval 5

112, 214; Fig. 12e), but 1860, 1934, and 1936 also re-

corded 70 or more extremely warm days. The highest

number of cold extremes occurred in 1856, which in-

cluded daily data during the ‘‘long, cold winter’’ of 1855/56

and another cold winter in 1856/57 (Fig. 7a; Ludlum 1968).
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Very few warm days were observed in the 1830s and

1840s, especially during the summer (Fig. 12c). Such

observations might be consistent with the probable north-

wall exposure detected in the reconstructed Manhattan

record from 1838 to 1853. Afternoon temperatures as-

sociated with such exposures typically run cooler than

standard cotton region shelters (Chenoweth 1992). Up-

ward adjustments were performed on the afternoon

temperature data, which inflated the standard deviation

and variance in the earlier part of the record (see section

2f). However, such adjustments may have been too

conservative. Warming was statistically significant in all

seasonal and annual cold extremes since 1855, but only in

summer and winter warm extremes since 1855 (P , 0.05).

e. Winter cold waves and summer heat waves

The number of winter cold waves and summer heat

waves are counted and plotted in Fig. 13. The quantity of

cold waves during any given winter season was calcu-

lated by summing the number of 24-h daily-mean tem-

perature depressions that exceeded 8.38C (top 10% of

all 24-h daily-mean temperature depressions in winter).

The results show a decline in winter cold waves of 2.6 6

0.5 since 1829 and a decline of 3.0 6 0.6 since 1855 (both

P , 0.0001; Fig. 13a). The highest number of cold waves

occurred in 1884, when 11 6 1 separate days recorded

a change in daily-mean temperature of over 28.38C as-

sociated with the passage of cold fronts (Fig. 13a). The

strongest cold wave in the reconstructed Manhattan re-

cord occurred in 1876, when the daily-mean temperature

plummeted by 22.18C from 13.88 6 1.48C to 28.38 6 1.28C

from 8 to 9 January.

A heat wave was defined as $7 consecutive days

during the summer with daily-mean temperatures above

the 75th percentile (27.88C). The total number of heat

wave days were then summed to estimate heat wave

intensity each year (e.g., if two heat waves occurred and

one lasted 7 days and the other 10, then the heat wave

index 5 17). Summer heat waves have increased by 8.7 6

2.6 days since 1829 (P 5 0.0008; Fig. 13b), but this trend

could be accentuated by the minimal summer extremes of

the 1830s and 1840s. The positive trend was less signifi-

cant since 1855 (P 5 0.0593). The top three most intense

heat wave years occurred during the 1930s Dust Bowl,

but other concentrations of large heat wavenumbers oc-

curred in the 1850s, 1860s, 1910s, 1950s, late 1970s–early

1980s, and the late 1990s–early 2000s (Fig. 13b).

4. Conclusions

The new reconstruction extends the Manhattan daily-

mean temperature record into the early nineteenth cen-

tury and documents dramatic temperature change over

the continental interior of North America for the past

154–180 yr. The Manhattan daily-mean temperature

record now extends with good confidence back to 1 July

1855 and with more uncertainty concerning instrumen-

tation and procedural changes back to 1 July 1828. This

new daily-mean temperature record running from 1 July

1855 to 28 February 2009 is currently the longest con-

tinuous and corrected record of daily-mean temperature

published in the Americas, but other longer records await

recovery and reanalysis from archives across North

America. The new Kansas data indicate a fundamentally

cooler nineteenth century and significant secular warm-

ing in all seasons, extremes, and various derived quanti-

ties in the twentieth and early twenty-first centuries. The

sharpest warming was detected in the coldest day of the

year, the winter mean, and in the annual count of daily-

mean temperature extremes above the 90th percentile.

The extremely cold winter temperatures of the 1870s

and 1880s and the extreme summer warmth of the 1930s

dominate the 180-yr reconstruction.

The approximate 95% confidence intervals estimated

for the reconstruction are based only on the standard

error of the regression models and do not reflect other

uncertainties that are embedded in these data. These

potential uncertainties include the attachment of the his-

torical and modern records at the brief overlap in 1893;

undetected changes in nineteenth-century instrumenta-

tion, instrument exposure, and procedures in 1855; and the

system-wide change in instrumentation in 1843. Quanti-

fying these uncertainties remains a significant challenge

because of the limited availability of early-nineteenth-

century temperature measurements. The greatest un-

certainty likely lies with the daily-mean temperature

extrema, especially for the summer season.

We took an empirical approach to the potential dis-

continuities identified in these historical observations,

where data before and after a suspected discontinuity

were evaluated with detailed visual inspection of the

reconstructed daily-mean temperature data and a com-

parative analysis with a nearby station free of potential

discontinuity (including visual inspection and t tests for

changes in the mean of the daily-mean temperature

difference between the two stations). Observations that

did not exhibit significant statistical change or erratic

behavior across a potential boundary were joined as a

single time series for final reconstruction. These analy-

ses retain a continuous Fort Leavenworth daily-mean

temperature series from 1 July 1828 to 31 August 1845

(Table 2), which may not be realistic, considering the

frontier conditions under which the observations were

made. Comparative analysis of the early Fort Leaven-

worth record is complicated by the lack of nearby sta-

tions (Fort Gibson and Jefferson Barracks were the
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nearest available stations, both of which are nearly

400 km from Fort Leavenworth). Other methods might

be used to further evaluate the true homogeneity of Fort

Leavenworth and other early records, including detailed

investigation of other recorded weather information at

the site, comparison with contemporaneous diary ac-

counts, large-scale synoptic evaluation, and historical

analysis of the personnel responsible for the observa-

tions. Nevertheless, the current reconstruction is offered

as one possible interpretation of the daily temperature

history for eastern Kansas during the mid-nineteenth

century, and the raw digitized observations are pre-

sented online to facilitate further analysis.

Daily temperature data have recently been used as

sensitive indicators of climate change at the continental

and global scale. Alexander et al. (2006) and Peterson

et al. (2007) both note dramatic warming in indices de-

rived from daily temperature data such as the frequency

of warm and cold days and warmest and coldest tem-

peratures of the year. The long daily-mean temperature

record now available for eastern Kansas has been used

to extend these climate change metrics into the mid-

nineteenth century to provide a much longer perspective

on twentieth- and twenty-first-century warming. The

successful reconstruction of daily-mean temperature into

the mid-nineteenth century is testimony to the careful

thermometer measurements made by most nineteenth-

century observers.

A quantitative methodology was used to reconstruct

daily-mean temperature for Manhattan from early ther-

mometer observations. These screening and correction

routines are imperative to maximize the quality of these

records and permit the computation of daily, monthly,

seasonal, and annual temperature trends and extremes.

A toolkit of computer programs has also been devel-

oped for the efficient implementation of these screening

and correction procedures (available online at http://

www.uark.edu/dendro/kansas/).

The NOAA Climate Database Modernization Pro-

gram has recovered a number of daily temperature records

dating into the early nineteenth century (Dupigny-Giroux

et al. 2007), and these data await careful screening,

correction, and reanalysis. Many other instrumental and

documentary temperature records are available in ar-

chives across the United States (e.g., the National Ar-

chives, Library of Congress, and local state archives).

It might be possible to use these early weather record-

ing stations to develop daily-mean temperature records

during the mid- to late-nineteenth century for most cli-

mate regions of the United States, which would provide

a valuable preindustrial perspective on temperature

means, extremes, and their forcings in a pre-CO2 enriched

world.
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APPENDIX

Adjusting Modern Hourly Data and Calculating the
Historical Daily-Mean Temperature

Modern hourly temperature data were used to pro-

vide a rigorous framework to assess the historical fixed

hourly temperature readings and calculate daily-mean

temperatures in the historical period that would be com-

patible with the modern daily means calculated from

minimum and maximum temperatures. All modern hourly

temperature data were transformed into nineteenth-

century equivalents to directly compare a 1400 LT obser-

vation in the modern period with a 1400 LT observation

in the nineteenth century (or any other hour). The first

step in this process was to derive the solar time correc-

tion (STC; in minutes) based on the station location

within a particular time zone. Equation (A1a) was used

for stations in the west half of the time zone (negative

correction required):

STC 5�30(S
lon
�M

lon
)(W

lon
�M

lon
)�1. (A1a)

Equation (A1b) was used for stations in the east half of

the time zone (positive correction required):

STC 5 30(M
lon
� S

lon
)(M

lon
� E

lon
)�1, (A1b)

where Slon is the station longitude, Mlon is the longitude

for the middle of the time zone, Wlon is the longitude for

the western edge of the time zone, and Elon is the longi-

tude for the eastern edge of the time zone (all in degrees).

No solar time correction was necessary for Signal Service

observations, because they were instructed to take ob-

servations at Washington time (Darter 1942). For these

Signal Service records, the value for STC in subsequent

equations was zero, and one hour was subtracted from the

observation times (correction to central time).

Once the solar time correction was calculated, the

hourly data (1961–95) were transformed for exact time of

observation compatibility with the nineteenth-century

data observations. It was assumed that all hourly tem-

peratures from 1961 to 1995 were observed at 20 min

before the hour. The hourly data were converted to the
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top of the hour and to solar time with Eq. (A2a), if the

solar time correction was .20 min and a sunrise fixed

observation was not required:

T
adj

5 T
hr

(T
hr
� T

phr
)(STC� 20)(60)�1. (A2a)

Equation (A2b) was used if the solar time correction was

#20 min and a sunrise fixed observation was not re-

quired:

T
adj

5 T
hr

1 (T
nhr
� T

hr
)(20� STC)(60)�1, (A2b)

where Tadj is the temperature after the adjustment to the

top of the hour and solar time, Thr is the specific hour’s

temperature, Tphr is the previous hour’s temperature, Tnhr

is the next hour’s temperature, and STC is in minutes.

If the historical temperature observations were made

at sunrise (e.g., during parts of the 1840s and 1850s;

Lawson 1855), then the hourly temperature data from

1961 to 1995 were adjusted to sunrise using Eqs. (A2c)–

(A2g) instead of Eqs. (A2a) and (A2b). Equations

(A2c) and (A2d) for sunrise observations were used if

the solar time correction was .20 min:

TS
adj

5 T
shr
� (T

shr
� T

phr
)(STC� 20)(60)�1 and

(A2c)

TN
adj

5 T
nhr
� (T

nhr
� T

shr
)(STC� 20)(60)�1. (A2d)

If the solar time correction was #20 min, then Eqs. (A2e)

and (A2f) were used:

TS
adj

5 T
shr

1 (T
nhr
� T

shr
)(20� STC)(60)�1 and

(A2e)

TN
adj

5 T
nhr

1 (T
2hr
� T

nhr
)(20� STC)(60)�1. (A2f)

Finally, Eq. (A2g) was used to adjust the temperature

data from the top of the hour (solar time) to sunrise

(solar time):

T
sunrise

5 TS
adj

1 (TN
adj
� TS

adj
)S

min
(60)�1. (A2g)

In Eqs. (A2c)–(A2g), Tsunrise is the temperature com-

pletely adjusted to sunrise, TSadj is the sunrise hour

temperature adjusted to the top of the hour and to solar

time, TNadj is the next hour’s temperature adjusted to

the top of the hour and to solar time, Tshr is the sunrise

hour temperature (i.e., the final observation before

sunrise), Tphr is the previous hour’s temperature, Tnhr

is the next hour’s temperature, T2hr is the temperature

two hours following the sunrise hour, STC is in minutes,

and Smin is the minute in which sunrise occurs.

Identical daily-mean temperatures can be computed

from fixed hourly observations (e.g., 0700, 1400, and

2100 LT) and from maximum–minimum temperatures

by using modern data to calculate an average difference

between these two estimates of the daily mean in the

relevant calendar month. The difference was then scaled

according to the ratio of the range between morning and

afternoon temperatures on the target historical day Rhf

and the modern average range from the equivalent fixed

hourly observations in the same calendar month Rmf:

C 5 (M
mm
�M

mf
)(R

hf
)(R

mf
)�1, (A3)

where Mmm is the average modern daily-mean temper-

ature from maximum and minimum values and Mmf is

the average modern daily-mean temperature from fixed

hourly observations. All modern fixed hourly tempera-

tures were first converted to nineteenth-century equiv-

alents using Eqs. (A1a)–(A2g). Then the correction C

was applied; it accounts for both the normal diurnal

cycle in the given calendar month and for day-to-day

variations in diurnal range arising from weather varia-

tions (e.g., cloudiness) in the historical record. The final

daily-mean temperature was then calculated by

T
final

5 (T
am

1 T
pm

1 T
eve

)(3)�1
1 C, (A4)

where Tam is the morning temperature, Tpm is the af-

ternoon temperature, Teve is the evening temperature,

and C is the correction value that adjusts the historical

daily means for compatibility with modern daily means.
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