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Abstract 

Diurnal temperature trends are described for newly homogenised climate data sets for a large area 
of the South Pacific. The diurnal trends differ from those documented for Northern Hemisphere land 
areas, where decreases are observed in the diurnal temperature range as a result of increases principally 
in minimum temperature. The Southwest Pacific divides into four regions that share coherent diurnal 
temperature trends over the past five decades. Two regions southwest of the South Pacific Convergence 
Zone (SPCZ) display steady wanning in mean temperature. The other two regions, located northeast 
of the SPCZ, cooled in the 1970's and wanned in the 1980's. The wanning in three of the four regions 
can be attributed to increases in both mean daily maximum ( mostly daytime) and mean daily minimum 
(mostly night time) temperature, with little change in the diurnal temperature range. In New Zealand, 
modification of the regional temperature trend occurs as atmospheric circulation interacts with the 
high orography, producing different local behaviour in trends of maximum and minimum temperature 
and diurnal temperature range. The present results come from sites where there can be no question of 
any urban influence. Most of the Southwest Pacific sites provide a very good climate monitoring 
platform for the surrounding oceans because of their island location. 

1. Introduction 

Global mean surface temperatures have increased by 0.3-0.6°C over the last 100 years, 
with the five warmest years being in the 1980's (Houghton et al., 1992). The diurnal 
character of  the wanning has been the subject of  considerable analysis and debate. It has 
been observed from northern hemisphere land datasets that observed warming over the past 
several decades is primarily due to an increase in the daily minimum (night-time) temper- 
atures with little contribution from daily maximum (daytime) temperatures (Karl et al., 
1991). Recently, Karl et al. (1993) analysed monthly mean maximum and minimum 
temperatures from countries comprising 37% of the global landmass. Over the period 1951- 
1990, minimum temperatures warmed by 0.84°C compared to only 0.28°C for maximum 
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temperatures. Over the same period average temperatures, estimated for the global land 
area, warmed by 0.33°C, compared to 0.56°C from those analysed by Karl et al. (1993). 
However, in the New Zealand region of the Southern Hemisphere, Salinger et al. (1993) 
note that warming over the past five decades can be attributed to increases in both mean 
maximum and mean minimum temperature. These results suggest that whilst changes in 
cloud cover and the presence of sulphate aerosols may play a direct role in the Northern 
Hemisphere, sulphate aerosols may be less important in the Southern Hemisphere. 

New data has become available for the Southwest Pacific. The new high quality data 
presents new opportunities to examine diurnal changes in temperature behaviour. This study 
deals with temperature trends over the last five decades from the Southwest Pacific, a vast 
area of mainly ocean between 165°E to 145°W and 5°N to 55°S (21 × 106 km2). 

2. Data and methods 

A number of methods were used to prepare the new high quality dataset for the Southwest 
Pacific. Firstly, temperature records were selected from climate stations whose records were 
of high quality and complete, at sites which were permanent and representative of the main 
geographical and circulation features of the region or island group. From these criteria 37 
stations were selected for analysis of diurnal temperature trends. Six New Zealand sites 
were selected with high quality records and no known anthropogenic influences. Many 
more could have been chosen, but the density was kept comparable to that elsewhere in the 
Southwest Pacific. For the more detailed New Zealand study, data from 20 New Zealand 
sites were used. Station histories were prepared (Collen, 1992; Fouhy et al., 1992) from 
which the homogeneity of the temperature records could be assessed. 

The next procedure was to carefully homogenise the temperature series that were as 
complete as possible from each of the selected climate sites. The methodology of Rhoades 
and Salinger (1993) was used as this provides a procedure for adjustment of temperature 
series for sites where no neighbour stations exist for comparisons. Many of the island sites 
in the South Pacific have no neighbour stations, especially in their earlier years of record. 
In all cases where adjustments have been made, the data from any earlier site was adjusted 
to that of the current temperature recording location. 

To summarise the temporal temperature trends over such a vast area of the Pacific, two 
approaches were used to define areas that share coherent temperature anomalies. The first, 
cluster analysis using hierarchical agglomerative techniques (Willmott, 1978) was used to 
group stations into clusters based on degree of association from annual values of tempera- 
ture. Principal component analysis was the second methodological approach employed 
(S alinger, 1980a, b). As the purpose was to investigate the spatial distribution of interannual 
temperature anomalies, the principal components were rotated orthogonally by the varimax 
criterion so as to produce components that delineate separate groups of highly intercorrelated 
stations. 

The "single-site" temperature series are displayed as differences from the means of the 
reference period 1951-1980. These data series are combined to form time series of annual 
anomalies for each of the emergent temperature regions. The regional anomalies in maxi- 
mum, minimum and diurnal temperature range are smoothed using a selected gaussian filter 
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Fig. 1. The Southwest Pacific, showing regions of  coherent temperature trends. Regions: T1 - South east Trades, 

72 - Central Pacific, T3 - New Zealand, T4 - 1TCZ and SPCZ. 

(Jones et al., 1986) which suppresses periods of less than 10 yr, in order to facilitate trend 
detection. As well, changes in temperature, using a linear trend, are calculated for each of 
the regions over the period 1941-1990. 

3. South Pacific diurnal trends 

Clustering and principal component analysis yield four regions which behave coherently 
for temperature trends (Fig. 1 ). These regions group according to the main climatological 
features of the South Pacific. Two regions lie northeast of the South Pacific Convergence 
Zone (SPCZ), one where the Intertropical Convergence Zone (1TCZ) and SPCZ merge 
and the other in the central Pacific region of divergent easterly winds. The two southwest 
of the SPCZ include the southeast trade wind region, and the New Zealand region. 

3.1. Southeast trades (region T1) 

This region comprises a large part of the South Pacific around 20°S. All stations are 
located in the sub tropics to the southwest of the SPCZ in the Southeast Trade Wind belt, 
and include the territories of New Caledonia, Vanuatu, Fiji, northern Tonga, Niue, the 
Southern Cook Islands and the southwestern islands of French Polynesia. Annual temper- 
ature series are shown in Fig. 2 and the temperature changes, estimated by fitting a linear 
trend over the 1941-1990 period, given in Table 1. These show a warming trend of 0.45°C, 
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Table 1 
Seasonal and annual changes in temperature (°C), using a linear trend, for the four regions of the South Pacific 
for the five decades 1941-1990.Asterisks indicate significance at the 5% level. (ANN = annual, DJF = December, 
January, February; MAM = March, April, May; JJA = June, July, August; SON = September, October, November) 

Southeast Trades (Region TI ) Mean Max Min Range 

DJF 0.46" 0.43 0.49 * - 0.06 
MAM 0.45" 0.36 0.52" - 0.16 
JJA 0.36 0.33 0.35 0.02 
SON 0.44 0.33 0.52 -0.19 
ANN 0.45 * 0.37 0.47" - 0.10 
Central Pacific (Region T2) 
DJF 0.41 0.34 0.43 - 0.09 
MAM 0.43 0.26 0.52 - 0.26 
JJA 0.40 0.39 0.35 0.04 
SON 0.49 0.37 0.53 - 0.16 
ANN 0.43 0.34 0.45 -0.11 
New Zealand (Region T3 ) 
DJF 1.00 0.77 I. 19 * - 0.24 * 
MAM 0.64 0.61 0.56 0.05 
JJA 0.70 0.66 0.71 -- 0.05 
SON 0.67 0.35 0.90 - 0.55 * 
ANN 0.77" 0.62" 0.86" - 0.24 * 
ITCZ and SPCZ ( Region T4) 
DJF 0.01 0.21 - 0.08 0.29 
MAM - 0.02 0.11 - 0.09 0.20 
JJA 0.05 0.24 -0.14 0.38 
SON 0.01 0.06 -0.05 0.11 
ANN 0.02 0.16 - 0.09 0.25 

w h i c h  inc ludes  a 0 .37°C increase  in m e a n  dai ly  m a x i m u m / t e m p e r a t u r e  and  0.47°C increase  

in m e a n  dai ly  m i n i m u m  tempera tu re ,  l ead ing  to a s l ight  decrease  in the d iurnal  t empera tu re  

range,  by  0.10°C. T h e  inc reases  in dai ly  m e a n  and  m i n i m u m  t empera tu re s  are s ignif icant .  

Seasona l  t e m p e r a t u r e  t rends  ove r  the  f ive decade  per iod  are s imi la r  to the annua l  t rend.  

Apa r t  f r om the  aus t ra l  w in t e r  pe r iod  ( J J A ) ,  m i n i m u m  tempera tu res  increase  s l ight ly more  

than  m a x i m u m  tempera tu res ,  w i th  the  d iu rna l  t empera tu re  r ange  dec reas ing  sl ightly.  Sig- 

n i f icant  inc reases  in m e a n  and  m i n i m u m  t empera tu re s  occur  for  the aust ra l  s u m m e r  and  

a u t u m n  seasons .  A s l igh t  dec rease  in the d iurna l  t empera tu re  r ange  is r ecorded  in all seasons  

apar t  f r o m  winter .  

3.2. The central Pacific (region T2) 

This  ex t ens ive  a rea  in the  cent ra l  Sou th  Pacif ic  inc ludes  all s ta t ions  loca ted  b e t w e e n  the  

I T C Z  and  S P C Z  in an  area  o f  d i v e r g e n t  eas ter ly  winds ,  and  inc ludes  Samoa ,  Toke lau ,  

eas te rn  Kir ibat i ,  n o r t h e r n  C o o k  I s l ands  and  the  no r theas t e rn  par t  of  F r e n c h  Polynes ia .  This  

reg ion  shows  a t e m p e r a t u r e  w a r m i n g  t rend of  0.43°C ove r  the five decade  per iod  (Fig .  2 ) ,  

c o m p r i s i n g  o f  an  inc rease  o f  0 .34°C in m e a n  dai ly  m a x i m u m  tempera tu re  and  0.45°C in 

m e a n  dai ly  m i n i m u m  tempera tu re ,  wi th  a s l ight  decrease  in the d iurnal  t empera tu re  r ange  

of  0.1 I°C. T h e s e  s a m e  t rends  in the  fi t ted l inear  r eg ress ions  ( T a b l e  1 ) are appa ren t  in all 
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Table 2 
Seasonal and annual changes in temperature (°C), using a linear trend, for the six response regions of New 
Zealand the five decades 1941-1990.  Asterisks indicate significance at the 5% level. ( A N N = a n n u a l ,  
DJF = December, January, February; MAM = March, April, May; JJA = June, July, August; SON = September, 
October, November) 

Western North Island Mean Max Min Range 

DJF 1.19 0.84 1.53 - 0.69 
MAM 0.73 0.64 0.73 - 0.09 
JJA 0.71 0.65 0.72 - 0.07 
SON 0.87 0.39 1.31 * - 0 . 9 2  
ANN 0.78" 0.64 1.11" - 0.47 ~ 
Eastern North Island 
DJF 1.15 0.60 1.66" - 1.06" 
MAM 0.79 0.68 0.84 - 0.16 
JJA 0.76 0.53 0.97 - 0.44 
SON 0.87 0.34 1,38" - 1.04" 
ANN 0.89" 0.59 1.23" - 0 . 6 4  
West Coast 
DJF 1.15 1.45 0.81 0,64 
MAM 0.95 1.00 0.83 0,17 
JJA 0.78 0.63 0.88 - 0.25 
SON 0.84 1.05 0.60 0.45 
ANN 0.92" 1.03" 0.80 0.23 
Eastern South Island 
DJF 0.93 0.72 1.06 - 0.34 
MAM 0.69 0.79 0.47 0.32 
JJA 0.75 0.82 0.57 0.25 
SON 0.47 0.19 0.71 -0 .52  
ANN 0.74* 0.67 0.70 - 0.03 
Inland Central 
DJF 0.90 1.05 0.76 0.29 
MAM 0.73 0.75 0.70 0.05 
JJA 0.44 0.35 0.52 - 0.17 
SON 0.36 0.39 0.31 0.08 
ANN 0.61 0.67 0.61 0.06 
Southland 
DJF 0.93 0.18 1.58" - 1.40" 
MAM 0.93 0.48 1.20" - 0.72 
JJA 1.01" 0.81 1.13" -0 .32  
SON 0.73 -0 .01  1.29, 1.30" 
ANN 0.91 * 0.43 1.31 " - 0.88" 

t he  s e a s o n s  a p a r t  f r o m  t he  a u s t r a l  w i n t e r .  S i m i l a r  i n c r e a s e s  o c c u r  in t r e n d s  in b o t h  da i l y  

m a x i m u m  a n d  m i n i m u m  t e m p e r a t u r e ,  a n d  n o  c h a n g e  in t he  d i u r n a l  t e m p e r a t u r e  r a n g e .  

3.3. New Zealand (region T3) 

T h i s  r e g i o n  c o m p r i s e s  a l a r g e  s o u t h e r n  a r e a  i n c l u d i n g  C a m p b e l l  I s l a n d  ( 5 3 ° S )  in t he  

s o u t h ,  N e w  Z e a l a n d ,  C h a t h a m  I s l a n d s  ( 4 4 ° S ,  1 7 6 ° W )  to t he  eas t ,  a n d  a s  f a r  n o r t h  as  

N u k u '  a l o f a  (21  ° S )  in  s o u t h e r n  T o n g a .  M o s t  o f  t he  a r e a  is  i n f l u e n c e d  b y  t h e  s o u t h e r n  l a t i t u d e  
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westerlies and subtropical anticyclonic belt. Mean temperatures increase sharply in this 
region, amounting to a significant warming of 0.77°C (Table 1 and Fig. 2) from 1941- 
1990. Significant increases in the fitted linear trend occur for both annual mean daily 
maximum and minimum temperatures of 0.62°C and 0.86°C respectively. At the same time 
there is a significant, but small decrease in the diurnal temperature range of -0.24°C. 
Similar trends are seen in the austral summer season, and the decrease in diurnal temperature 
range is more marked in spring ( -0 .55°C) .  Little trend in the diurnal temperature range 
occurs in autumn and winter, where the temperature increase in both daily maximum and 
minimum temperatures is comparable. 

3.4. Meeting of  lTCZ and SPCZ (region T4) 

The fourth region comprises the area of western Kiribati and Tuvalu, close to where the 
SPCZ merges with the ITCZ. No trend is discernible in mean temperatures over the 1941- 
1990 period (Fig. 2). Fitted linear trends show a slight increase in daily maximum temper- 
atures and decrease in daily minimum temperatures leading to a slight, but non-significant 
increase in diurnal temperature range of 0.25°C. The seasonal trends in daily maximum and 
minimum temperature and diurnal temperature range are similar to the annual trends. 

4. New Zealand diurnal trends 

For the two islands of New Zealand itself, the warming over the past five decades can be 
attributed to increases in both mean daily maximum and mean daily temperature. However, 
New Zealand is a long narrow country extending from 34 to 46°S, with axial ranges trending 
southwest/northeast. The interaction of the regional circulation and orography causes local 
differentiation of climatic anomalies. Salinger (1979) has identified six "response areas", 
areas that share coherent temperature anomalies (Fig. 3). 

4.1. North Island 

The North Island axial ranges are lower than in the South Island, giving less differentiation 
between the western and eastern response areas (Fig. 4). The warming trend over the period 
1941-1990 (Table 2) is 0.78 and 0.89°C for the Western North Island and Eastern North 
Island areas respectively. In the western area the wanning includes a 0.64°C increase in 
mean daily maximum temperature and 1.1 I°C increase in mean daily minimum temperature, 
leading to a decrease in the diurnal temperature range of 0.47°C. The increases of daily 
maximum and minimum temperature in the eastern area, by 0.59 and 1.23°C, gives a similar 
diurnal temperature range decrease of 0.64°C. The seasonal trends are most pronounced in 
the austral spring and summer seasons, when significant decreases occur in the diurnal 
temperature range. 

4.2. South Island 

The South Island, with more accentuated relief, shows a much more diverse response in 
changes to the diurnal temperature range (Fig. 4). A similar trend to the North Island 
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Fig. 3. New Zealand temperature response areas and stations used in this study (after Salinger, 1979). 

response areas occurs in the South Island response area of  Southland, where over the 1941- 
1990 period the mean temperature increases by 0.91°C, made up of  an increase of  0.43°C 
in daily maximum, 1.3 I°C in daily minimum temperature, and a 0.88°C decrease in the 
diurnal temperature range. As in the North Island areas, the largest decrease in diurnal 

temperature range occurs in the austral spring and summer. 
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Fig. 4. Trends and annual anomalies in the diurnal temperature range for the six New Zealand response areas used 
in this study, expressed as departures from the 1951-1980 period. 

In other South Island areas, the increase in mean temperature over the 1941-1990 period 
is similar (0.6-0.9°C),  but trends in diurnal temperature behaviour differ (Fig. 4). In the 
West Coast area, the daily maximum temperature increase (1.06°C) is more than that for 
the daily minimum temperature (0.80°C) leading to a slight increase in the diurnal temper- 
ature range (0.23°C). All seasons, apart from winter, show similar trends to the annual in 
the diurnal temperature range and maximum and minimum temperatures. The two eastern 
South Island response areas (Eastern South Island and Inland Central) show no trend in 
the diurnal temperature range because both daily maximum and minimum temperatures 
increase by similar amounts (Table 2).  These warm by about 0.7°C for Eastern South Island 
and 0.65°C in the Inland Central area. However, Eastern South Island displays the decrease 
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in diurnal temperature range evident in other areas in spring and summer. In contrast, there 
is an increase in autumn and winter. 

5. Discussion 

The results show that temperature trends in the Southwest Pacific and their diurnal 
characteristics group into four relatively coherent zones. These are strongly related to the 
strength and position of the main climatological features affecting the region. Temperature 
region T1 lies just to the southwest of the SPCZ in the southeast trade wind belt on the 
northern side of the zone of migratory anticyclones of the Southwest Pacific. Region T2 
lies between the ITCZ and SPCZ and is dominated by divergent easterly winds from the 
semi-permanent anticyclones of the southeast Pacific. Temperature region T3 includes the 
zone of migratory anticyclones of the Southwest Pacific and westerlies on their southern 
flanks. Region T4 occurs where the ITCZ and SPCZ merge. 

The importance of orography in differentiating the regional trend into local diurnal 
temperature trends is clearly illustrated by the impact of New Zealand's orography on the 
warming signal over the period 1941-1990. New Zealand lies between the migratory 
anticyclones of the Southwest Pacific to the north and the southern westerly circulation to 
the south. The mean airflow which prevails is from the west southwest (Maunder, 1971). 
The axial ranges trend southwest/northeast which produce regions which are exposed and 
sheltered to the flow. 

In the North Island the axial ranges are lower. As a result only two temperature response 
areas occur: Western North Island to the west of the axial ranges and Eastern North Island 
to the east. The lower relief gave smaller west/east differences in diurnal temperature 
behaviour. The results from the South Island show that the higher axial ranges, which are 
at least 1000 m over a distance of 700 km, produce more pronounced local temperature 
response areas. Four response areas occur. The two regions most exposed to the mean 
airflow, West Coast and Southland, demonstrated larger increases in mean temperature 
(about 0.9°C) from 1941-1990 than the other two. However, the largest increase was in 
daytime temperatures in the former and night time temperatures in the latter leading to a 
diurnal temperature range increase in West Coast and a decrease in Southland. The two 
more sheltered regions, Eastern South Island and Inland Central demonstrated similar 
increases in both day and night time temperatures, and no change in the diurnal temperature 
range. 

It has been suggested that increases in temperature, especially mean daily minimum can 
be a result of the unremoved portions of the urban heat islands in temperature records. 
However, the data used in this study come mainly from island locations where there can be 
no suggestion of urban influences. The records have been rigorously screened, and the clean 
nature of the temperature records remote from highly urbanised or industrial areas mean 
that they depict real trends in surface diurnal temperature behaviour. 

Mechanisms (Houghton et al., 1992) have been suggested for the decrease in diurnal 
temperature range observed in many northern hemisphere land records. These include an 
enhancement of night-time warming due to increases of greenhouse gases and clouds, and 
a counteraction of greenhouse-gas induced warming by day due to increases in clouds, 
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cloud albedo and backscattering of solar radiation by sulphate aerosol. Some of these 
mechanisms will not apply in the South Pacific. Increases in concentrations of greenhouse 
gases and changes in cloudiness could be plausible mechanisms for the overall increase in 
both daily maximum and minimum temperatures. However, as the Southwest Pacific region 
is free of large sources of sulphate aerosols and production of other air pollutants which 
could increase the turbidity of the atmosphere; increased backscattering of solar radiation 
by sulphate aerosols and other air pollutants is unlikely to counteract any warming by day. 
The results are consistent in that there is little change in the diurnal temperature range over 
the 1941-1990 period. 

6. Conclusions 

In summary, this study shows that generally, both daily maximum and minimum air 
temperatures have increased throughout the South Pacific region in the last five decades. 
Of the four regions that share similar trends in diurnal temperature behaviour, mean daily 
maximum temperatures increase in all of them, whilst mean daily minimum air temperatures 
have increased in only three of the four regions. As a consequence changes in the diurnal 
temperature range are only small. For New Zealand, an increase in both daily maximum 
and minimum air temperatures is observed. However, modification of the overall regional 
temperature trends occurs in the diurnal temperature behaviour with the interaction between 
atmospheric circulation and New Zealand's orography. This interaction gives local response 
areas with different trends in maximum and minimum temperature. In one response area 
the diurnal temperature range increases, in three areas the range decreases and in two areas 
there is no trend in the diurnal temperature range. 

The Southwest Pacific results suggest that increased concentrations of greenhouse gases 
and changes in cloudiness could be plausible mechanisms for the overall increase in night- 
time temperatures. The increase observed in day-time temperatures suggests that the mech- 
anism of backscattering of solar radiation by sulphate aerosols and other air pollutants is 
unlikely. Finally, the oceanic nature of most of the sites mean that they provide a very good 
platform from which to monitor climate trends for the surrounding oceans. 

Acknowledgements 

This research was supported by the New Zealand Foundation for Research Science and 
Technology Contract CO1308. 

References 

Collen, B., 1992. South Pacific Historical Climate Network. Climate Station Histories. Part 1: Southwest Pacific 
Region. New Zealand Meteorol. Serv., Wellington, 72 pp. 

Fouhy, E., Coutts, L., McGann, R., Collen, B. and Salinger, M.J., 1992. South Pacific Historical Network. Climate 
Station Histories. Part 2. New Zealand and Offshore Islands. New Zealand Meteoroi. Serv., Wellington, 216 
Pp. 



M.J. Salinger /Atmospheric Research 37 (1995) 87-99 99 

Houghton, J.H., Callandar, B.A. and Varney, S.K., 1992. Climate Change 1992: The Supplementary Report to the 
IPCC Scientific Assessment, 200 pp. 

Jones, P.D., Raper, S.C.B. and Wigley, T.M.L., 1986. Southern hemisphere surface temperatures, 1851-1984. J. 
Clim. Appl. Meteorol., 25: 1213-1230. 

Karl, T.R., Kukla, G., Razuvayev, V.N., Changery, M.J., Quayle, R.G., Heim, R.R., Easteding, D.R. and Cong 
Bin Fu, 1991. Global warming: Evidence for asymmetric diurnal temperature change, Geophys. Res. Lett., 
18: 2253-2256. 

Karl, T.R., Jones, P.D., Knight, R.W., Kukla, G., Plummet, N., Razuvayev, V., Gallo, K.P., Lindseay, J., Charleson, 
R.J. and Petersen, T.C., 1993. Asymmetric trends of daily maximum and minimum temperature: empirical 
evidence and possible causes. Bull. Am. Meteorol. Soc., 74: 1007-1023. 

Maunder, W.J., 1971. The climate of New Zealand - -  physical and dynamic features. In: J. Gentilli (Editor), 
World Survey of Climatology, vol. 13, pp. 213-227. 

Rhoades, D.A. and Salinger, M.J., 1993. Adjustment of temperature and rainfall records for site changes. Int. J. 
Climatol., 13:899-913. 

Salinger, M.J., 1979. New Zealand climate: The temperature record, historical data and some agricultural impli- 
cations. Clim. Change, 2: 109-126. 

Salinger, M.J., 1980a. New Zealand climate: 1. Precipitation patterns. Mon. Weather Rev., 108:1892-1904. 
Salinger, M.J., 1980b. New Zealand climate: 2. Temperature patterns. Mon. Weather Rev., 108: 1905-1912. 
Salinger, M.J., Hay, J., McGann, R, Fitzharris, B., 1993. Southwest Pacific temperatures: diurnal and seasonal 

trends, Geophys. Res. Lett., 20: 935-938. 
Willmott, C.J., 1978. P-mode principal components analysis, grouping and precipitation regions in California. 

Arch. Meteorol. Bioclimatol., B26: 277. 


