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Abstract. Southern hemisphere and South African regional air 
temperature anomalies for the period 1860-1996 are compared to 
borehole-derived surface rock-temperature anomalies to assess the 
extent to which surface rock temperatures reflect possible global 
warming in South Africa. The warming of the southern hemisphere 
since the mid-nineteenth century is evident m the regional air 

[IPCC, 1996]. They are an update of an earlier analysis by Jones 
[1994]. The overall tincertainty of the combined data set is 0.15øC 
[Karl et al., 1994; Parker et al., 1994;/PCC, 1996] and leads to an 
estimate of 0.3 ø to 0.6øC for global near-surface wamfing since the late 
19th century for the southem hemisphere [IPCC, 1996]. 

South African air temperature trends have been analysed by 
temperatures for South Africa. Following a temperature increase to Miihlenbruch-Tegen [1992], Karl et al. [1993] and Hughes and 
a maximum in the 1920s, the climate cooled until strong warming Bailing [1996]. The longest data set for South Africa was that of 
recommenced in the mid 1970s. Highest temperatures have been Hughes and Bailing, which is based on the dones [1994] 5 ø x 5 ø 
experienced in the 1990s. Borehole-derived surface rock gridded land and marine data set. For this study an equivalent South 
temperatures followed a similar pattern, but with a lag of a few African temperature series was calculated using data for 25ø-35øS and 
decades in the case of the 1920s maximum. The overall warming 20ø-30øE from the Jones data set. However, only 15 stations were 
trend is clearly evident in the rock temperatures. Despite available in detemfimng the gridded set. The preliminary. series derived 
uncertainties in the different data sets, an encouraging degree of in this manner proved somewhat erratic for the early years of the 
agreement exists between the increase in rock temperatures during century, when even fewer stations comprised the series. Since it was 
the twentieth century, the corresponding regional South African air known that man,,,, more stations were available to constitute a more 
temperature increase and the southern hemisphere counterpart. representative data set, the Jones data were not used to detemfine a new 

South African regional temperature series. Instea& maximum 
Introduction temperatures from 46 mainly rural or small-town stations (Fig. l) with 

Anomalies about mean geothermal gradients detenmned from reliable variable-length records of at least 40 years (some from the ttLm 
of the century in the south of the country) have been used for the period borehole temperature profiles have been used in various regions to 

model past changes of the earth's surface temperature and infer climatic 1900-1994. Paucity of reliable data before 1900 precludes 
history [Cull, 1990; Lewis, 1992; Whiteford, 1993; Demirig, 1995; development of a longer series. Maximum temperature data have been 
Huang et al., 1996]. In South Africa, temperature profiles measured in used owing to the relative lack of available minimum temperatures. 
deep boreholes have been used to determine the equilibrium geothermal This may be an advantage since rock temperatures are more closely 

associated with maximum air temperatures than their mean equivalents. gradient near the earth's surface and the heat flux from the interior at 
numerous localities [Jones, 1987, 1988, 1992]. Deviations from Heating effects are transmitted maximally to the substrate at the time of 
linearity in a few borehole profiles have been used to make a greatest daily and annual warming in summer. All the boreholes 
preliminary assessment of palaeoteanperatures during the last analysed are m the summer rainfall region. The air temperature data 
millennium over the northern parts of the country [Jones et al., 1998]. have been homogenised following the method used by Rhoades and 
In this note, data from 40 boreholes are used to determine the extent to Salinger [ 1993] for isolated stations with known site changes. In order 
which borehole-derived surface rock temperates have changed since to compare air temperature anomalies with borehole-derived surface 
the mid-nineteenth century over much of South Afi'ica. The degree to temperature anomalies (which are of necessi,ty presented as decadal 
which the global warming signal evident in the southern hemisphere is averages), air temperature anomalies have been averaged over decades 
detectable in the derived surface rock temperatures is examined. starting with the interval 1896-1905. A weighted regional space-mean 

anomaly series is derived with weights obtained from Thiessen 
Data and Methods polygons [Triessen, 1911]. The same weighting scheme has been 

employed to provide a space-mean surface rock-temperam anomaly 
Evidence for global wam•g in the southern hemisphere derives series derived from borehole temperature profiles. The uncertainty m 

from combined land-marine air temperature anomalies about the 1961- the South African decadal air temperature series has been estimated by 
1990 mean that are given in the 1996 IPCC Second Assessment calculating standard errors of the weighted regional averages. They 
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exceed 0.2 ø C before 1930. With improving station coverage thereafter, 
standard errors decline to less than 0.1 o C after 1950. 

Borehole-derived grotrod surface temperature anomalies are 
obtained by least squares inversion of down-hole temperature 
observations using the method of singular value decomposition 
[Mareschal and Beltrami, 1992; Harris and Chapman, 1995; Jones 
et al., 1998]. For each borehole, an a priori model of surface 
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Figure 2. Dccadal southern hemisphere combined land-sea 
temperatures [after IPCC 1996], regional South African air 
temperatures and South African borehole-derived surface rock- 
temperature anomalies, øC. The 1990 rock temperatures are best 
estimates. 

are considered to be suitable for analysis; all are located in the mining 
areas of the countrs.• north of 30øS (Fig. 1). It is not possible to co-locate 
these sites with air temperature stations. 

Most of the surface temperate histow models derived from the 
boreholes indicate significant warming duhng the past two centuries, 
although there are variations in the amphtude and timing of onset of the 
warming. For the purposes of this study,, smooth curves were fitted to 
the a posterion ground surface temperature models and decadal 
averages were determined from these curves for the period 1861-1990. 
The weighted space-mean anomaly series is shown in Figure 2 (heavy. 
line). The most recent part of the curve (dashed) is less reliable because 
many of the boreholes were either probed prior to 1990 or lacked data 
in the uppermost section. For this reason anomalies have been 
calculated relative to the average of the 1970 and 1980 decadal values. 
This gives the closest approximation to the 1961-1990 base period 
used for air temperatures. Standard errors about space-mean borehole 
temperatures, calculated in the same manner as for air temperatures, are 
slight, less than their air-temperature counterparts, namely less than 
0.1 o C after 1940 and less than 0.2 ø C before ther• 

Figure 1. Location of air temperature stations and borehole sites. 
Results and Discussion 

temperature history is used to calculate a vertical temperature profile 
from the heat diffusion equation. The past 1000 years are divided into a 
number of time intervals which increase in duration with age and each 
of which has a constant surface temperature. The surface temperature at 
all ages before 1000 years ago is assumed to be constant. This limits 
the numbers of unknown parameters, and the problem is over- 
determined in all the cases studied. The model is physically reasonable, 
since the ability to resolve climatic events using the method decreases 
with age and depth. Surface temperature oscillations propagate into the 
earth such that the amplitudes of waves decay exponentially with depth 
and shorter-period oscillations are attenuated more rapidly than their 
longer-period counterparts. The earth therefore acts as a high-frequency 
filter from which a smoothed temperature series and long-term trends 
may be derived. 

The analysis was limited to boreholes which are more than 250 m 
deep and which display linear temperature profiles at depths 
approaching 500 m. Initial estimates for the undisturbed geothermal 
gradient and surface temperature are obtained from the deep linear 
sections of the profiles and used in the a priori models. All boreholes 
analysed are in tmiform rock type whose thermal properties are 
assumed to be constant and are known from measurement or estimated 

from published values. With these restrictions a total of 40 boreholes 

In general, the rise in derived surface rock temperature over South 
Africa since the middle of the nineteenth century has followed the trend 
in southern hemisphere combined land-sea temperatures (Fig. 2). The 
15-station Jones [ 1994] mean air temperature series for South Africa 
shows a weak air temperature maximum around 1940. Regional air 
temperatures over South Africa derived from the 46-station series of 
mean monthly maximum temperatures show the maximum to have 
been earlier by a decade or two (Fig. 2). By 1950, widespread coo•g 
had occurred. In contrast, borehole-derived surface temperatures 
continued to rise after 1930 to reach a maximum at around 1950. 

Thereafter, surface rock temperatures declined until the mid seventies. 
By 1980 regional ground and air temperatures had converged to similar 
values and were increasing everywhere to their maximum values in the 
twentieth century. The lag between borehole-derived surface 
temperatures and air temperatures during the middle of the twentieth 
century is not readily explained. The lag may be real or be a function of 
factors other than air temperature, including precipitation, soil moisture 
content and vegetation cover. Historical changes in these variables may 
yield surface temperature histories that do not exactly match changes in 
air temperature. Further investigation will be required in future to 
clarify the point. 

Over the period 1861-1980 the southem hemisphere combined 
land-marine temperatures rose by 0.48øC. Regionally-averaged South 
African surface rock temperatures rose by 0.67øC. Over the period for 
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which South African regional air temperature series is extant (1900 to IPCC. Climate Change, The Second IPCC Scientific Assessment, 
1980), the hemispheric land-marine temperatures rose 0.38øC. the Houghton, J. T., et al., editors, Cambridge University Press, 572 pp, 

' 1996. 
South Afi'ican regional air t•atures by 0.21øC, and the borehole- Jones, M. Q. W., Tyson, P. D. and Cooper, G. R. J. Modelling climatic 
derived surface temperatures by 0.41øC. If the 1990 area-averaged change in South Africa from perturbed borehole temperature profiles, 
borehole results can be taken at face value, then the 1900-1990 Quat. Internat., in press, 1998. 
southern hemisphere land-marine temperature increase was 0.52øC, the Jones, M. Q. W. Heat flow and heat production in the Namaqua mobile 
South African air temperature increase 0.37øC and the mean surface belt, South Africa, d. Geophys. Res., 92, 627345289, 1987. 
rock temperature increase was 0.48øC. Given the uncertainties in the Jones, M. Q. W. Heat flow anomaly in Lesotho: implications for the 

southern bounda• of the Kaapvaal craton, Geophys. Res. Lett., 19, 
various data sets, there is an encouraging degree of agreement between 2031-2034, 1992. 

the various measures of regional warming in the southem part of Jones, M. Q. W. Heat flow in the Witwatersrand basin and environs and its 
Africa. significance for the South African shield geotherm and lithosphere 

thickness, d. Geophys. Res., 93, 3234-3260, 1988. 
Conclusions Jones, P. D. Hemispheric surfhoe temperature variations' a reanalysis and 

update to 1993, J. Climate, 7, 1794-1802, 1994. 

The general correspondence between the increase in mean regional Karl, T. R., Jones, P. D., Knight, R. W., Kukla, G., Plummer, N., 
Razuvayev, V., Gallo, K. P., Lindesay, J, A., Charlson, R. J. and 

surface rock temperatures for South Africa and their hemispheric and Peterson, T. C. Asyrmnethc trends of daily ma•mum and minimum 
regional atmospheric counterparts is close. All show evidence of a temperature, Bull. Amer. Met. Soc., 74, 1007-1023, 1993. 
warm period at some time between 1920 and 1950; all the series show Karl, T. R., Knight, R. W. and Chris.ty, J. R. Global and hemispheric 
greatest wam•g since the mid 1970s. Notwithstanding the less-than- trends' Uncertainties related to inadequate sampling, J. Climate., 7, 
ideal quality of the early-cen• air temperature data, the near mid- 1144-1163, 1994. 
century regional peak in air temperature appears to be a reality. There is Lewis, T., [ed]. Climatic change inferred from underground temperatures, 
an apparent lag between the excess regional warming in the lower Palaeogeogr. Palaeoclimatol. Palaeoecol.[Global Planet. Change 
atmosphere over the country during the 1920s and the borehole-derived Section], 98, 78-282, 1992. 
surface rock temperatures a few decades later. It would appear that the Mareschal, J-C, and Beltrami, H. Evidence for recent warming from perturbed geothermal gradients' examples from eastem Canada, Clim. 
highly-filtered surface rock temperature increases derived for South Dyn., 6, 135-143, 1992. 
Africa are a real manifestation of the global warming signal evident in Mrthlenbruch-Tegen, A. Long-term surface temperature variations in South 
the climatological records for the southem hemisphere in general and Africa, S. AJJ •. J. Sci., 88, 197-205, 1992. 
for much of the southem African region in particular. Parker, D. E., Jones, P. D., Folland, C. K. and Bevan, A. h•terdecadal 

changes of temperatures since the late 19th century, J. Geophys. Res., 
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