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i hern Hemisphere Land
Secular Fluctuations of Temperature over Nort p
A::u:lnd Mainland China since the Mid-19th Century

R.S. Bradley', H. F. Diaz? | P_D. Jones ® and P. M. Kelly’

Abstract — A comprehensive set of long-term temperature station records from .throughou(
the Northern Hemisphere has been used to produce a gridded data set for studies of long-
term climatic variability. Areally weighted and noxmalisf:d seasonal average temperatures for
Notthern Hemisphere land areas and for mainland China have been computed fq: 1851-
1980 and 18811980, respectively. Both records show similar trends; temperature maeas:ed
from the late 19th century to a maximum in the 1940s followed by a cooling trend which
has reversed over the last 10-15 years. In the Nosthern Hemisphere r.econ:l, tempe'ntu:u
appear to have decreased from the 1850s to the 1880s bu? the spatial coverage is poor
during this period. Data from China are highly correlated \.vuh P_lorthem Hemu'pher.e la.nd
area data, suggesting that long-term proxy records from Chma will provide valu.able indica-
tions of climatic fluctuations over a much larger area. Extremely sl.\arp dro'ps in t.empcra-
ture, particularly in Fall months, occurred aftor sevetal major volcanic cruptlons. High tem-
peratures are sometimes associated with major El Nino years. On occasions, when an El
Nino event has followed a large explosive eruption, the two opposing effects have tended to
minimize the climatic fluctuation which would otherwise have resulted.

Introduction

The concentration of carbon dioxide in the atmosphere has increased ~26% since
the middle of the last century (Stuiver 1978; Keeling et al. 1982). According
to recent projections (Edmonds ° sal. 1984) by about the year 2060 thg concen-
tration may reach ~600 ppmv, more than double the level prior to the industrial
revolution. In view of the important role that CO? plays in the global energy
balance, concern has been expressed about the potential climatic effects this
build-up may produce (MacCracken and Luther 1985). Two strategies l_xave gener-
ally been followed to evaluate this question: (a) modelling and tbeoretncal studies
of future atmospheric conditions with enhanced CO? concentrations (¢.g. Manabe
and Wetherald 1980; Hansen et al. 1981) and (b) empirical studies of past climatic
conditions to evluate if a “CO? signal” can be detected in the climatic record of
the last 100150 years (e.g. Wigley and Jones, 1981; Wigley, et al. 1985) and to
assess the role of other factors which may have contributed to climatic variability
over this period, and which may be important in the future (e.g. Mitchell 1983;
Kelly and Sear 1984).

Here we describe the results of a‘study of long-term temperature records
from land areas of the northern hemisphere. Analysis of long-term data may facili-
tate the detection of CO, effects by providing a better estimate cf the range of
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tate the detection of CO? effects by providing a better estimate of the range of
natural climatic variability. Particular attention is paid to the instrumental record
from China to assess whether long, proxy climatic records from this region may
provide a surrogate measure of temperature fluctuations over a much larger area
for the period prior to the start of instrumental records (cf. Jones and Kelly 1983).

Data and Methodology

After a careful search of data archives and early meteorological publications,
a high quality set of long-term temperature records has been assembled and digi-
tized (Bradley et al. 1985). In order to make these records comparable, and in
order to avoid combining data which varies widely in absolute terms, all values
were expressed as departures from a reference period to enable the maximum
number of station records to be compared over the longest interval of time. The
optimum period for this purpose was 1946—1960. Accordingly, each set of station
data was converted thus:
Xij = X5 ~ Xy

were xj; is the data value for month i, year j and x; is the 194660 average for
month i, at the same station. The resulting station anomaly data were then used to
interpolate values at grid points spaced at 5° latitude and 10° longitude intervals.
By gridding the data, those areas which have dense concentrations of stations are
not over-represented in areal averages and the effects of any minor inhomogeneities
and locally unrepresentative data are minimized. The interpolation procedure
involved fitting an inverse distance least-squares, best fit plane to anomaly values at
the six stations nearest the grid point (see Jones er al. 1982 for details). This
procedure was repeated for all grid points, for all months from January 1851 to
December 1980.

Grid coverage is limited to land areas and adjacent oceanic regions, and is
not evenly distributed through time (Fig. 1). The maximum coverage occurred
in the 1950s, for which period ~57% of the surface area of the Northern Hemis-
phere can be gridded. Only ~8% of the area of the hemisphere can be gridded for
the 1850s, when data collection was restricted mainly to Europe and eastern
North America. This change in spatial coverage through time is an important
characteristic of the Northern Hemisphere long-term temperature data set and must
be considered in any study of hemispheric or regional averages over time.

Temperature Fluctuations: Northern Hemisphere Land Areas

To examine trends in temperature over the last 130 years, gridded anomaly data
were averaged by zonal bands (5°-25°N, 30°-55°N and 60°—85°N) and for
the hemisphere as a whole (5°—85°N). Grid values were weighted by the cosine of
latitude to produce spatially representative averages. Figure 2 shows the resulting
values, Each value plotted is a seasonal average (Winter = December, January,
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Fig. 1. Percentage of surface area of Northern Hemisphere “‘represented” by gridded land-based
temperature data set, at 20 year intervals. Optimum coverage is in the 1950s when data are
available for ~ 57% of the hemisphere. One hundred years carleer the area which can be gridded
was only 7.7% of the surface area of the hemisphere (12.6% of the 1950s coverage)

February; Spring = March, April, May; Summer = June, July, August; Fall = Sep-
tember, October, November). Clearly seen are the generally lower temperatures
of the 19th century (particularly the 1880s) and the marked warming episode
from ~1915-1925 leading to maximum anomalies in the 1930s and 1940s,
followed by declining temperature to the mid 1960s. Since 1965 a warming trend
is evident. Of particular note is the pronounced increase in interannual variability
from low to high latitudes (cf. Kelly er al. 1982). To take this into account, the
data were next normalized by dividing each monthly grid-point anomaly value
by the standard deviation of the grid point for the respective month in the
1946--60 reference period, viz:
¢ _ Xij

x=._

oy

where x;; is the anomaly value for month i, year j at each grid point and o; is the
standard deviation of month i in 194660 at the same location.

The resulting values (again weighted by the cosine of latitude) were then
averaged to produce normalized, areally weighted hemispheric averages of seasonal
temperature anomalies from the 19461960 reference period (Fig. 3). Seasonal

data were also combined to produce a record of mean annual anomalies
(Fig. 4).
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Fig. 2. Temperature anomalies (°C) from the reference period (1946-60) for three latitude
bands and for the hemisphere as a whole (bottom). The difference in variability between
different latitude bands is clearly seen. Values, plotted are 3-month (one scason) averages,
beginning with Spring (March, April, May) 1851

All seasons show the same basic low frequency characteristics; temperatures
were steady, or increased from mid-1850s to the early 1870s, then fell, to reach
minimum values in the 1880s. Temperatures increased to a maximum around
1940, mainly in two stages, from ~1880 to 1900 and from 1915 to 1930. After
the 1940s peak, temperatures decreased to the early 1970s, followed by a slight
increase in recent years. More recent data (not shown) indicate that this recent
warming trend has continued into the early 1980s. In fact, the S—year average
(1980-1984) is the highest in the 130 year record (Kelly er al. 1985). Among
the more important differences between the seasonal records, the relatively high
temperature in summer months (and to some extent in Spring) during the late
1860s and 1870s is of interest. In summer months, temperatures at this time
generally exceeded that of the reference period (1946-1960). However, it must
be recognized that data coverage in the 1870s was only ~25% of that in the 1946 —
60 period (Fig. 1). Furthermore, differences in methods used to compute daily
and monthly mean temperatures have changed over time (Bradley et al. 1985) so
the two periods may not be direcily comparable.
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Fig. 3. Normalized, areally weighted seasonal temperature anomalies (from the 19461960 re-
ference period) for Northern Hemisphere land areas. Spring = March, April, May; Summer =
June, July, August; Fall = September, October, Norvember; Winter = December, January,
February (value plotted for the year in which the December occurs, i.e. 1851/2 plotted as
1851). Dark line is a binomially weighted filter which smooths out high frequencies with a
period of <10 years

Temperature Fluctuations in Cnina

To investigate whether temperature fluctuations in China over the last 100 years
were similar to those over Northern Hemisphere land areas as a whole, a subset of
the hemispheric gridded data set was extracted for the area of mainland China (Fig.
5). The same computational procedure already described was carried out on the
smaller “China grid” data set. However, unlike the Northern Hemisphere, the best
data coverage for China is in the period 1961-1970. Consequently, all anomaly
values in the China data set were normalized with respect to 1961—-1970. The
resulting areally weighted, normalized temperature anomaly graphs are shown
in'Figs. 6 and 7. Before 1881, there were insufficient data (o permit a meaningful
regional average to be computed for Mainland Ckina.
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Fig. 4. Normalized areally weighted annual temperature anomalies (from 1946—60 reference

period) for Northern Hemisphere land areas. Annual values produced from averaging seasonal
values shown in Fig. 3

Fig. 5. Grid points (circled) selected for computation of temperature anomalies of China
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The general trends (low frequency variations) were similar in China compared

‘7 1 to the hemisphere land areas as a whole. However, the Chinese subset shows a
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more pronounced warming period in the late 1930s, particularly in Fall and Winter
.- * months (September—-February). This is seen most clearly in Fig. 8 where the
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Fig. 6. Normalized areally weighted scasonal temperature anomalies (from the 1961-70
reference period) for China grid (shown in Fig. 5). Dark line is a binomially weighted filter
which smooths out high frequencies with a period of <10 years

Fig. 8. Seasonal and annual low frequency temperature fluctuations of Northern Hemisphere
land areas (from Figs. 3 and 4). The zero reference point has been displaced arbitrarily to en-
able trends to be compared. The same ordinate scale is used for each plot
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Fig. 7 Normalized, areally weighted annual temperature anomalies (from the 1961-70
reference period) for China grid (shown in Fig. 5)

Fig. 9. Seasonal and annual low frequency temperature fluctuations of China (from Figs. 6
and 7). The zero reference point has been displaced arbitrarily to enable trends to be compared.
The same ordinate scale has been used for each plot
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the 20th century was the 1940s, followed by a cooling trend which seems to have
reversed in the last decade or so. Although the Chinese data comprise a subset
of the hemispheric land area data, they comprise a small fraction of the total
number of data points, so the correlations are quite remarkable. Table 1 shows
correlation coefficients between temperature anomalies for Northern Hemisphere
fand areas and China for the period 1881—1980. All coefficients are statistically
significant (pH0.001). Correlation of the annual smoothed records (Fig. 10)
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Fig. 10- Annual smoothed temperature anomalies for China and Northern Hemisphere land
areas compared. Left scale is for Norhtern Hemisphere, right scale for China. Zero reference
point has been displaced arbitrarily to permit comparison

Table 1. Correlation coefficients between areally weighted, normalised temperature
anomalies of Northern Hemisphere land areas and mainland China, 1881-1980

Raw data
J F M A M ] ] A S [¢] N D
046 0.52 0.55 0.55 040 0.58 0.54 0.53 055 045 0.52 041

Spring Summer Fall Winter Annual
Raw Data 0.66 0.67 0.68 0.54 0.81
Smoothed Data® 0.92 0.93 0.90 0.68 095

a Binomially filtered; a 9-point weighting function was used with the following weights:
1,5,12,20,24,20,12,5, 1

is exceptionally high. This suggests that China is a key area in studies of long-
term climatic fluctuations. In particular, it seems likely that Chinese historical
records of temperature (e.g. Zhang and Gong 1979; Zhang 1980) could be used
as a proxy record of temperature fluctuations over Northern Hemisphere land

8s

area as a whole, particularly for studies of low frequency trends.

High Frequency Climatic Fluctuations

Of particular interest in the Northern Hemisphere and China area seasonal tem-
perature records are the “spikes” of unusually low and (to a lesser extent) high
temperatures which can be seen in the inter-annual data (Figs. 3 and 6). It is signi-
ficant that the extremely low temperatures which occur in Fall months generally
coincide with major explosive volcanic eruptions (Simkin ef al. 1981), the most
important of which appear to have been Krakatau (1883), Katmai (1912) and
Bezymianny in 1956 (Table 2). The major effect is short.lived and only occurs

Table 2. Mujor explosive volcanic eruptions (VEI 25), 1851 — 1980 (after Simkin, et a1.1981)

Volcanic
explosivity
Name of Volcano Location Date of eruption index (VED)
Sheveluch 56.78°N, 161.58°E 02.18.1854 [
Askja 65.03°N, 16.75°W 03.29.1875 5
Krakatau 06.10°S, 105.42°E 08.26.1883 6
Tarawera 38.23°S, 176.51°E 06.10.1886 5
Santa Maria 14.76°N, 91.55°W 10.24.1902 6
Ksudach 51.83°N, 151.52°E 03.28.1907 5
Novarupta (Katmai) 58.27°N. 155.16°W 06.06.1912 6
Quizapu (Azul) 35.67°S, 70.711°W 04.10.1932 5
Bezymianny 56.07°N, 160.72°E 03.30.1956 5
Mount St. Helens®  46.20°N, 122.18°W 05.18.1980 5

2 Main volcanic blast directed laterally, not vertically

in the same year as the eruption if the eruption takes place in the first half of
the year (perhaps before the stratospheric vortex breaks down). Not all seasons
were affected by these eruptions; low winter season temperatures show no apparent
relationship to major eruptions, even following Krakatau, the effect of which
is clearly visible in all the other seasons.

Extremely warm years are also apparent in the record. Some of these are
clearly related to major El Nino events, particularly those years in which El Nino
events recurred or persisted from the preceding year {e.g. 1878, 1900, 1926,
1941, 1958, 1973; see Quinn et al. {1978) for a chronology of major El Nino
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events] Interestingly, several of the largest explosive eruptions of the last 100
years have been followed by El Ninos which have tended to both minimise the
(cooling) effect of the eruption and the (warming) effect of the El Nino. The
remarkable decline in temperatures after the eruption of Katmai in 1912 is perhaps
related to the absence of any major El Nino at the time, or in the immediate
period thereafter. Further study of circulation anomalies following these events
is currently underway.

Summary

Long-term temperature data from stations throughout the Northern Hemisphere
indicate that most of the temperature increase of the last 130years took place
between 1880 and 1930, particularly in the periods 18801900 and 1915-1930.
Prior to 1880, temperatures appear to have increased from the 1850s to the 1870s,
then declined. The fowest temperatures of the last 130 years during the early
1880s were probably accentuated by effects of the explosive eruption of Krakatau
in 1883. After the 1930s, average temperatures decreased to levels similar to those
of the 1920s. A slight upturn in temperatures has occurred over the last 1015
years. The effects of major explosive volcanic eruptions and of exceptional El
Nino events are seen as pronounced short-term cooling and warming events, respe-
ctively, superimposed on the low frequency temperature trends of the last 130
years. Data from China and the Northern Hemisphere land areas as a whole are
highly correlated, particularly on time scales of the order of decades. This suggests
that long-term proxy temperature data, from Chinese historical records, may be
a useful indicator of temperature fluctuations over the Northern Hemisphere,
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