
1Scientific REPOrTS | 6:32813 | DOI: 10.1038/srep32813

www.nature.com/scientificreports

Possible recent warming hiatus on 
the northwestern Tibetan Plateau 
derived from ice core records
Wenling An1, Shugui Hou1,2, Wangbin Zhang1, Shuangye Wu3, Hao Xu1, Hongxi Pang1, 
Yetang Wang4 & Yaping Liu5

Many studies have reported enhanced warming trend on the Tibetan Plateau (TP), even during the 
warming hiatus period. However, most of these studies are based on instrumental data largely collected 
from the eastern TP, whereas the temperature trend over the extensive northwestern TP remains 
uncertain due to few meteorological stations. Here we combined the stable isotopic δ18O record of an 
ice core recovered in 2012 from the Chongce glacier with the δ18O records of two other ice cores (i.e., 
Muztagata and Zangser Kangri) in the same region to establish a regional temperature series for the 
northwestern TP. The reconstruction shows a significant warming trend with a rate of 0.74 ± 0.12 °C/
decade for the period 1970–2000, but a decreasing trend from 2001 to 2012. This is consistent with the 
reduction of warming rates during the recent decade observed at the only two meteorological stations 
on the northwestern TP, even though most stations on the eastern TP have shown persistent warming 
during the same period. Our results suggest a possible recent warming hiatus on the northwestern TP. 
This could have contributed to the relatively stable status of glaciers in this region.

The Tibetan Plateau (TP) plays an important role in regional and global circulation variations1,2, owing to its 
large area and high average altitude of more than 4000 m above sea level (a.s.l.). Because of this importance, the 
TP’s response to recent climate change has been studied extensively using the meteorological and paleoclimatic 
records3,4. However, most previous studies provide an incomplete climate history by either explicitly or implicitly 
focusing on the middle and eastern TP only. This is largely because climate records from the remote northwestern 
TP are short and sparse due to its formidable environment and few population5,6. With the exception for a few 
studies based on meteorological records7, and ice core records8,9, very little is known about the overall climate 
change in this region. Since the northwestern TP is an important connection region between the Asian monsoon 
and middle latitudes10,11, more high-resolution climate records for this region are needed.

The global average surface temperature has experienced relatively little change since early 2000s, despite the 
persistent increase in the atmospheric concentration of CO2 and other greenhouse gases12. Since this recent 
warming hiatus has been established largely from instrumental records of surface temperature around the world, 
bias could arise from the uneven spatial coverage13, in particular the lack of records in crucial high elevation 
regions. Based on instrumental records, the period 2001–2012 is the warmest decade for the TP with enhanced 
warming rate6. However, most of the meteorological stations are located on the eastern TP. Only two stations exist 
on the northwestern TP (Fig. 1), and they show distinctively different temperature trends from that of the eastern 
TP during the period 2001–2012 (Fig. 1). It is therefore necessary to obtain additional climate information in 
order to establish a reliable climate history for this crucial region for a better understanding of the behavior of 
recent warming hiatus over the high elevation regions.

Stable isotopes in high elevation ice cores provide a wealth of climate information that extends beyond the 
instrumental period, making them a valuable tool for interpreting climate trends on the TP14. Several studies have 
examined the temperature effect on stable oxygen isotopic composition (δ​18O) in precipitation and ice core for 
the western TP, and found significant positive correlations between δ​18O in precipitation and ice core and local 
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temperature9,15,16, such as the isotopic dependence on temperature of Muztagata ice core9, and the evident positive 
correlations between δ​18O of precipitation and air temperature at the Shiquanhe station16. In the light of these 
studies, we present a high-resolution isotopic record from a new ice core recently drilled on the Chongce glacier 
(58.82 m in length, 35°14′​N, 81°07′​E, 6010 m above sea level (a.s.l.)), northwestern TP (Fig. 1). This ice core δ​18O 
record is then compared with nearby instrumental records to verify the climate signals of the isotopic record. It is 
then combined with two previously published ice core δ​18O records (Muztagata9 (38°17′​N, 75°06′​E, 7010 m a.s.l.) 
and Zangser Kangri17 (34°18′​N, 85°51′​E, 6226 m a.s.l.), Fig. 1) to reconstruct a regional temperature record in 
order to better understand past climate change on the northwestern TP.

Results and Discussion
The Chongce ice core δ18O variation and climatic significance.  The δ​18O of the Chongce ice core var-
ies from −​17.47‰ at 5.41 m depth to −​5.24‰ at 9.82 m depth, with an average value of −​10.31‰ (Fig. S1). This 
is generally consistent with previous studies15 of this region. The δ​18O series decreases since the 1950s, and stays 
relatively low from the mid 1960s to the late 1980s (Fig. 2a). Since the 1990s, the δ​18O value increases significantly 
until 2008, but decrease sharply from 2009 to 2012 (Fig. 2a).

The stable oxygen isotope composition in precipitation is known to be related to the local temperature18. 
Previous studies have suggested that air temperature is positively related to the δ​18O in precipitation for the western  
TP19,20. The Chongce annual δ​18O values exhibit significant positive correlation with annual temperature record 
from the nearby Shiquanhe station (r =​ 0.43, n =​ 52, p =​ 0.002). The correlation becomes more significant 
(r =​ 0.87, n =​ 52, p <​ 0.001) after Fourier smoothing based on fast Fourier transform algorithm (FFT). The results 
indicate that the δ​18O record of the Chongce ice core is a good proxy for the regional annual temperature varia-
tions. The instrumental temperature and the ice core δ​18O records show good agreement, with high values in the 
early 1950s and a rapid increasing trend from 1990s (Fig. 2d).

Beside temperature, the δ​18O in precipitation could also be influenced by other factors such as precipitation 
amount21 and seasonality22. Based on data from the closest meteorological station (Shiquanhe), summer pre-
cipitation accounts for about 84% of the total annual precipitation (Fig. S2a). The percentages of the summer 
and winter precipitation of the annual precipitation show no significant trend from 1961 to 2012 (Fig. S2b,c). 
Accumulation rate derived from Chongce ice core from 1953 to 2012 also shows no significant trend (Fig. S2d). In 
addition, the annual δ​18O is not significantly correlated with precipitation amount data collected at the Shiquanhe 
station (r =​ −​0.02, n =​ 52, p >​ 0.1). The correlation does not improve after FFT smoothing. Therefore, it is unlikely 
that changes in precipitation amount and seasonality would have a significant influence on δ​18O variations.

Regional temperature reconstruction.  The Chongce δ​18O series is compared with two other ice core 
δ​18O records (i.e., Muztagata9 and Zangser Kangri17) from the northwestern TP. All three δ​18O records show 
similar temporal patterns, such as the low values during the 1960s and the increasing trend since 1970s (Fig. 2). 
Further analysis shows significant correlations among these ice core δ​18O series, particularly after FFT smoothing 
(Table S1). The correlations between Muztagata and Chongce (r =​ 0.29, p <​ 0.05), and Zangser Kangri (r =​ 0.29, 

Figure 1.  Location of the ice core drilling sites and the spatial distribution of linear trend from 
meteorological stations on the TP from 2001 to 2012. Map showing the position of Chongce ice core site, two 
other ice cores sites of Zangser Kangri17 and Muztagata9 (green star), and meteorological stations on the TP. The 
circles indicate the linear trend of annual mean temperature series (°C/decade) during 2001–2012. Filled circles 
indicate the trends are statistically significant at 90% confidence level based on two-tailed Student’s t test. Open 
circles indicate the trends are not statistically significant. The values of linear trend were calculated in Microsoft 
Excel 2003 and imported into the final map created in Arcmap 10.2 (http://www.esri.com/software/arcgis/). 
Scientific Reports remains neutral with regard to jurisdictional claims in published maps.
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Figure 2.  Comparisons of δ18O in ice cores from the northwestern TP, and the regional temperature 
reconstruction series. δ​18O anomalies in the ice core from Chongce (a), Zangser Kangri (b) and Muztagata (c). 
Grey dashed lines represent annual values, and solid lines represent the FFT smoothed values. The red dashed 
line in (a) represents the regime shifts (cutoff length =​ 15 years, values outside the 95% confidence interval). 
(d) Comparison of the regional instrumental temperature (blue, 1961–2012) with the ice core reconstructed 
regional temperature (black, 1955–2012) for the northwestern TP. The dashed and solid lines in (d) represent 
the raw values and FFT smoothed values respectively. The red shadow area in (d) indicates the range of one 
standard deviation from the mean of reconstructed temperature values.
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p <​ 0.05) were slightly lower than that between Chongce and Zangser Kangri (r =​ 0.39, p <​ 0.05), due to its greater 
distance from the other two glaciers. However, the regional composite with Muztagata records correlates very 
strongly with that without Muztagata (r =​ 0.85, 1955–2002, p <​ 0.001), and two series showed very similar tem-
poral patterns (Fig. S3). Therefore, we decided to include the Muztagata ice core δ​18O, so that the final composite 
could have a larger spatial coverage to better represent the regional temperature change of the northwestern TP.

Based on this consistency, we establish a regional composite temperature series by using the average of the 
three ice core δ​18O records covering their common temporal range (i.e., 1955–2002). In order to make use of 
the extra years (2003–2012) provided by the Chongce core, we extrapolate the regional series using the linear 
regression between the Chongce δ​18O and the regional δ​18O average values, as the two series are highly correlated 
(r =​ 0.71, n =​ 48, p <​ 0.001). The regional δ​18O series shows a significantly positive correlation with the average 
regional instrumental temperature (i.e., the mean of annual temperature series of Shiquanhe and Taxkorgen sta-
tions) (r =​ 0.57, n =​ 52, p <​ 0.001). The correlation improves after FFT smoothing (r =​ 0.80, n =​ 52, p <​ 0.001) for 
the period 1961–2012, as smoothing could reduce the impact of uncertainty in ice core dating (±​1a). Therefore, 
subsequent analyses are conducted on smoothed values. The correlation result suggests that the regional δ​18O 
values are able to capture the overall characteristic of the regional temperature variations.

We further conduct a regression analysis to examine the isotope sensitivity to temperature. It results in the 
following regression function between the FFT smoothed values of the regional ice core δ​18O and instrumental 
temperature anomalies: δ​18O (‰) =​ 1.83T (°C) −​0.03 (r =​ 0.80). This isotope–temperature conversion rate is 
relatively high, but comparable with those reported on the TP9,17,23. Therefore, we use the temperature gradient 
of 1.83‰ °C−1 to convert δ18O to temperature anomalies for the regional reconstruction on the northwestern TP.

The regional temperature reconstruction shows a relatively cool period during the 1960s, followed by an evi-
dent warming trend from the beginning of 1970s to 1998. Since then, it shows a slight decline until 2008 and a 
sharp decrease from 2009 to 2012 (Fig. 2d). The reconstructed temperature series is largely consistent with the 
instrumental temperature record for the period from 1961 to 2000 (r =​ 0.62, n =​ 40, p <​ 0.001), but shows great 
discrepancy for the period from 2001 to 2012 (r =​ −​0.16, n =​ 12, p >​ 0.1) (Fig. 2d). Such a discrepancy could be 
partially attributed to the large distance and elevation difference between ice core sites in the high mountainous 
region and the meteorological stations.

Temperature trends of the northwestern TP.  We calculate the linear temperature trends for the three 
distinct periods: 1970–2012 as a whole, 1970–2000 and 2001–2012, separately. The cut-off years are chosen due to 
the following reasons: (1) the year 1970 is generally considered as the beginning of a rapid warming trend on the 
TP17,23; (2) 2001 is used as the start of the global warming hiatus period6. Although in previous studies, years 1998, 
2000, 2001, 2002 have been used to indicate the beginning of the global warming hiatus6,12,24,25, we choose 2001 to 
avoid the influence of the extreme high record in 1998 on trend analysis. The use of these commonly recognized 
years facilitates comparison of our work with previous studies.

The regional temperature reconstruction showed a significant warming trend at a rate of 0.33 ±​ 0.09 °C/decade 
for the whole period 1970–2012 (Fig. 3a). The temperature is increasing at a higher rate for the period 1970–2000 
(0.74 ±​ 0.12 °C/decade), but shows a declining trend for the period 2001–2012 (−​1.24 ±​ 0.25 °C/decade). This 
might imply a possible halt of warming on the northwestern TP during the recent decade (Fig. 3a,g). This decline 
in the recent decade is consistent with the observed global and China’s temperature trends in the same period. 
Our analyses show that the change rate of global annual temperature is −​0.006 ±​ 0.04 °C/decade from 2001 to 
2012 (Fig. 3f,l). Similar reduction of warming trend is also present for the temperature of whole China at the rate 
of −​0.21 ±​ 0.24 °C/decade from 2001 to 2012 (Fig. 3e,k).

Previous studies suggested enhanced recent warming on the TP despite the reduced warming globally6,24. 
These studies were based on the instrumental records collected from the meteorological stations on the TP. Nearly 
all of them are located on the eastern TP, and only two stations (i.e., Shiquanhe and Taxkorgen) are located 
on the northwestern TP (Fig. 1). Our analyses show that annual mean temperature series based on the east-
ern TP stations exhibits significant warming trends for all the three periods: 1970–2012 (0.35 ±​ 0.04 °C/dec-
ade), 1970–2000 (0.25 ±​ 0.07 °C/decade) and 2001–2012 (0.29 ±​ 0.27 °C/decade) (Fig. 3d,j). This is consistent 
with results of previous studies. However, the two stations on the northwestern TP have different temperature 
patterns. Despite high warming rates for the whole period 1970–2012 (0.55 ±​ 0.08 °C/decade for Shiquanhe 
and 0.22 ±​ 0.11 °C/decade for Taxkorgen, respectively) and the period 1970–2000 (0.47 ±​ 0.13 °C/decade for 
Shiquanhe and 0.24 ±​ 0.19 °C/decade for Taxkorgen, respectively) (Fig. 3b,h,c,i), they show either a significant 
reduction of warming (0.22 ±​ 0.43 °C/decade for Shiquanhe) or even a slight cooling trend (−​0.07 ±​ 0.59 °C/
decade for Taxkorgen) for the period 2001–2012.

The limited meteorological data from the northwestern TP increase uncertainty for the regional temperature 
history. In order to further corroborate the temperature trend observed in the ice core reconstruction, we com-
pared it with the regional average temperature series developed from six reanalysis data sets (2° GISS, 0.5° CRU, 
0.75° ERA-Interim, 0.5° CPC 2 m, 0.5° UDEL, 2.5° NCEP) extracted for the domain (34–38°N, 75–86°E). The 
temperature reconstruction shows significant positive correlations with the GISS, CRU, ERA-Interim and the 
CPC records, but weak correlations with the NCEP 500 hPa and 2 m temperature records (Table S2). These results 
are not surprising as previous studies have shown that the CRU26 and the ERA-Interim27,28 outperform NCEP in 
capturing surface temperature variations over the TP. With the exception of NCEP, all other reanalysis temper-
ature data show a decreasing trend during the recent decade (Fig. S4i), confirming a possible recent warming 
hiatus on the northwestern TP (Fig. 3a,g).

Such a reduction of warming observed in our data, however, cannot easily explained by exact physical mech-
anisms. Many physical processes have been proposed to explain the recent warming hiatus on the global scale, 
such as the internal decadal variability of the sea surface temperature (SST) over the equatorial Pacific and North 
Atlantic oceans 25,29. Meanwhile, the changes in aerosol forcing30 and atmospheric circulation31 could have caused 
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the recent hiatus for China. As to the northwestern TP, regional processes, e.g., snow-albedo feedback, could 
play an important role, especially for regions higher than 5000 m that are extensively covered by snow and ice32. 
Ghatak et al.33 found an increase in snow cover and snow albedo on the western TP during the early 2000s, which 
may partially contribute to the reduction of warming rate on the northwestern TP.

Figure 3.  Linear trends of temperature series for the periods It should be ‘1970-2000,1970-2012’ and  
2001–2012. Figures on the left show the linear trends of the regional temperature reconstruction of the 
northwestern TP (a), the annual temperature series of Shiquanhe (b) and Taxkorgen (c) stations from the 
northwestern TP, temperature series based on all other stations from the eastern TP (d), as well as temperature 
series of China (e) and global temperature (f), for the periods 1970–2000 (red), 1970–2012 (pink) and 2001–
2012 (blue) respectively. The color numbers represent linear trend values (°C/decade) and determination 
coefficients of the linear fits. Figures on the right (g–l) shows the bar charts of linear trends (°C/decade) for the 
three time periods corresponding to above temperature series.
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Possible links to glacial changes on the northwestern TP.  Temperature is one of the most important 
factors controlling the glacier variations. Glacier change on the TP showed distinct regional variations2. From 
1970s to 2000s, the most significant glacier shrinkage occurred in the northeastern TP (29.64% for the Qilian 
Mountains)34, followed by the southeastern TP (19.87%) and the Himalayas (16.60% for the Xixiabangma region 
and 15.63% for Mt. Qomolangma)2. On the other hand, glaciers on the northwestern TP showed weak reductions, 
e.g., 0.4% for the western Kunlun35, 1.11% for Muztagata2, 0.14% for Karakoram36 from 1960s/1970s to 2000s, 
0.54% for the eastern Pamirs during the period 2000–201137, and 1.28% for Chongce during the period 1999–
201138. In particular, glaciers over Karakoram have even experienced a slight mass gain (+​0.11 ±​ 0.22 m yr−1)39 
during the period 1999–2008, a phenomenon often referred to as Karakoram anomaly. In addition to the possible 
contribution from more accumulation as a result of increased winter precipitation40, the relative stability of the 
glaciers on the northwestern TP could be partly due to the recent reduction of warming rates as indicated by our 
regional temperature reconstruction. This could be helpful to stabilize water supplies to major rivers1 originated 
from this region in the near future.

In conclusion, we established a regional temperature reconstruction (1955–2012) based on three ice core 
stable isotopic records from the northwestern TP. The reconstruction captures the significant warming trend 
since 1970s and a warming reduction since early 2000s. This could contribute to the glacial stability in this region. 
However, more high-resolution records are necessary for a better understanding of the regional climate change 
on the northwestern TP.

Methods
Ice core drilling and experiment.  The Chongce glacier is located at the western Kunlun on the north-
western TP (Fig. 1), with a snowline altitude about 5900 m a.s.l.41. It is 28.7 km in length, covering an area of 
163.06 km2, with a volume of 38.16 km3 (ref. 41). In October 2012, three ice cores were recovered from the glacier 
(35°14′​N, 81°07′​E, 6010 m a.s.l., Fig. 1) with the following length: 133.83 m, 135.81 m and 58.82 m. Although it 
was suggested glaciers in the southern and central TP (e.g. Mt. Nyainqêntanglha and Mt. Geladaindong) could 
experience dramatic mass loss even at high elevations, probably up to about 5800 m a.s.l.42, no obvious melting 
layer was observed in the Chongce ice core due to its high elevation (6010 m a.s.l.). In fact, the top firn layer is 
about 40 cm when drilling the Chongce ice core, and firn layers can be found as deep as 12.1 m along the core. The 
ice cores were kept frozen and transported to the Key Laboratory of Coast and Island development of Ministry of 
Education, Nanjing University. This study is based on the 58.82 m core. The core was split axially into two halves. 
One half was stored for archive, and the other half was cut into 1956 samples with intervals of 2~3 cm in a cold 
room (−​20 °C) for analyses of stable isotopes and β-activity. The δ​18O was measured using a Picarro Wavelength 
Scanned Cavity Ring-Down Spectrometer (WS-CRDS, model: L 2120-i, precision at ±​0.1‰). The β-activity was 
measured using Alpha-Beta Multidetector (Mini 20, Eurisys Mesures).

Ice core dating.  On the northwestern TP, the δ​18O values in modern precipitation show marked seasonal 
pattern with high values in summer and low values in winter20. This seasonality has been previously used in 
the ice core dating9,15. The Chongce ice core was dated by counting the annual δ​18O cycles (Fig. S1). The dating 
result was verified by a reference of β-activity peak in 1963 due to thermonuclear bomb testing, and a second 
β-activity peak corresponding to the 1986 Chernobyl nuclear accident (Fig. S1). Both peaks were also observed 
in Muztagata ice core43. So far, this core was dated back only to 1953 at the depth of 10.03 m, with an estimated 
uncertainty of ±​1 year (Fig. S1). The calculated mean annual accumulation rate is 146.05 mm water equivalent 
for the period 1953–2012.

Meteorological data.  The station-based monthly mean temperature data were obtained from the China 
Homogenized Historical Temperature Dataset (1961–2012). The data have been processed to ensure good con-
sistent quality44, and are widely used45. We selected 73 meteorological stations located on the TP (Fig. 1). Among 
them, only two stations are located on the northwestern TP: Shiquanhe, 32°30′​N, 80°05′​E, 4278 m a.s.l., and 
Taxkorgen, 37°47′​N, 75°14′​E, 3100 m a.s.l. (Fig. 1). Shiquanhe is the closest station to the Chongce glacier, and 
its data is used for calibration to the Chongce δ​18O record. The regional instrumental temperature series on the 
northwestern TP was established by calculating the averages of the temperature records from the Shiquanhe and 
the Taxkorgen stations.

The annual mean temperature of the entire China was obtained from China’s climate change monitoring 
bulletin released by the China Meteorological Administration in 2015. The global annual mean temperature was 
obtained from the Climatic Research Unit at the University of East Anglia (HadCRU4, ref. 46). In addition, we 
extracted from GISS (2° ×​ 2°), CRU (0.5° ×​ 0.5°), ERA-Interim 2 m (0.75° ×​ 0.75°), CPC 2 m (0.5° ×​ 0.5°), UDEL 
(0.5° ×​ 0.5°), NCEP 500 hPa and 2 m (2.5° ×​ 2.5°) temperature data for the northwestern TP (34–38°N, 75–86°E) 
for comparison with the ice core reconstruction. It is worth noting these data sets all have different data sources 
and compilation methods. CRU gridded data was created by interpolating available station observations47. The 
NCEP/NCAR reanalysis is a continually updated gridded dataset incorporating observations with numerical 
weather prediction model output25,48. The ERA-Interim data include satellite-borne instruments, observations 
from aircraft, ocean-buoys, radiosonde and other surface platforms49. The GISS data is compiled by other groups 
from measurements at meteorological stations and satellite measurements of ocean surface temperature50. The 
CPC data is a combination of two large individual data sets of station observations collected from the Global 
Historical Climatology Network version 2 and the Climate Anomaly Monitoring System (GHCN +​ CAMS)51. 
The UDEL gridded data was estimated from monthly weather-station averages using a combination of spatial 
interpolation methods such as digital-elevation-model assisted interpolation52, traditional interpolation53, and 
climatologically aided interpolation54.
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Statistical analysis.  We use the Regime shift detection v3.2 software55 and the independent samples t test 
method to detect climate regime shifts. The Pearson’s correlation coefficient (r) is used to assess the relationship 
between the Chongce δ​18O series and the temperature record from the Shiquanhe station. For comparison, we 
first calculated the δ​18O anomalies for each ice core series to exclude the difference in the absolute values caused 
by elevation and distance. To evaluate coherence between the different ice core series, we calculated Pearson’s r of 
the raw and smoothed values based on the Fast Fourier Transform (FFT) method. We reconstructed a regional 
temperature series for the northwestern TP based on a liner calibration between the FFT smoothed values of the 
regional ice core δ​18O series and the regional instrumental temperature record.
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Corrigendum: Possible 
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northwestern Tibetan Plateau 
derived from ice core records
Wenling An, Shugui Hou, Wangbin Zhang, Shuangye Wu, Hao Xu, Hongxi Pang, Yetang Wang 
& Yaping Liu

Scientific Reports 6:32813; doi: 10.1038/srep32813; published online 09 September 2016; updated on 10 July 2017

This Article contained errors. In the original version, Affiliations 2 and 4 were incorrectly listed as 4 and 2 respec-
tively. The correct affiliations are listed below:

2 CAS Center for Excellence in Tibetan Plateau Earth Sciences, Beijing 100101, China.

4 College of Population, Resources and Environment, Shandong Normal University, Jinan 250014, China.

In addition, the time series for Figure 2 was incorrect and started from 1952. This has been corrected to start from 
1951. The correct Figure 2 appears below as Figure 1.

These errors have now been corrected in the PDF and HTML versions of the Article.
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