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The amplitudes of temperature fluctuations during Quaternary 
Glacials were significantly higher than those of the Interglacials 
(Jouzel et al. 2007). The present Interglacial, the Holocene, started 
about 11.7 ka BP with a transition from the cooler Younger Dryas 
to a warmer climate state, and was interrupted about 8–10 times 
by multi-decadal- to century-scale cold relapses (Wanner et al. 
2011). These coolings were mostly connected to tropical aridity 
and atmospheric circulation changes (Mayewski et al. 2004). 
They generally overlay a millennial-scale, slowly progressing 
cooling trend, which started after the so-called Holocene Thermal 
Maximum (Ljungqvist 2011; Renssen et al. 2012; Marcott et al. 
2013). The low-frequency millennial-scale cooling of the Holo-
cene was mainly induced by the orbitally driven decreasing inso-
lation during boreal summer (Fig. 1a) and ended with the present 
global warming (Wanner et al. 2008). In contrast, the mechanisms 
causing the multi-decadal- to multi-century-scale cold periods are 
not entirely known. At the multi-century scale the question of the 
dynamics of the so-called Bond cycles has been much discussed 
(Bond et al. 1997; Wanner & Bütikofer 2008; Isono et al. 2009). 
During the early Holocene they were probably caused by meltwa-
ter fluxes from the melting northern ice sheets, which reduced the 
Atlantic overturning circulation. In contrast, later events were 
triggered by groups of volcanic and solar forcing (Breitenmoser 
et al. 2011; PAGES 2k Consortium 2013), by complex interac-
tions between ocean and atmosphere, and by internal variability 
(Wanner et al. 2011; PAGES 2k Consortium 2013).

Figure 1 represents Holocene time series of the important forc-
ings, which, together with the influence of internal variability, 
determined the nature of climate variability and change during this 
period. The important orbitally driven summer insolation curves 
(Fig. 1a) show opposite trends with a high insolation in the 
Northern Hemisphere during the early Holocene. Unfortunately, 
no volcanic forcing time series is available for the whole length of 
the Holocene. Figure 1b shows a 6 ka chronology of large tropical 
volcanic eruptions perturbing the atmosphere. It was established 
by Tom Crowley and Bo Vinther (Wanner et al. 2008) based on ice 
cores from both hemispheres and shows a rather high eruption  
frequency during the last 1000 years. Local eruptions are probably 

not represented in this dataset, and the decreasing resolution with 
an increasing age of the ice core might reduce the precision of the 
reconstruction. The solar activity (irradiance) time series in Figure 
1c stems from the reconstruction by Steinhilber et al. (2009). 
Besides a remarkable millennial-scale undulation a series of so-
called Grand Solar Minima occurs before 5 ka and after 3 ka BP. 
The greenhouse gas curves (Fig. 1d) show the classical picture 
with minima during the Holocene Thermal Maximum and expo-
nentially rising values during recent decades.

Although clear transition phases cannot be determined in the 
forcings (Wanner et al. 2008), the Holocene can roughly be subdi-
vided into four periods (Walker et al. 2012): an early Holocene 
with a progressing warming, above all in the Northern Hemisphere, 
between about 11.7 and 7–8 ka BP; a warm middle Holocene 
between 7–8 and 4–5 ka BP; a cooler late Holocene between 4–5 ka 
BP and the 19th century AD; and the modern, warm Industrial Era 
since about AD 1860 (Ljungqvist 2011; Wanner et al. 2011; 
PAGES 2k Consortium 2013). The growing number of climate 
reconstructions based on various proxies such as ice and sediment 
cores, tree rings, fossil pollen and speleothems allows the analysis 
of large-scale patterns of temperature and humidity–precipitation.

In this contribution the variability and change of temperature 
and humidity–precipitation in the Northern Hemisphere is ana-
lysed based on a carefully selected number of reconstructed time 
series. In the Southern Hemisphere the number of high-resolution 
proxies is still very restricted (Wanner et al. 2008; Marcott et al. 
2013) and the subsequent global temperature overview remains 
limited. The paper ends with a section on climate periodicity, the 
description of a simple empirical model for Holocene temperature 
variability and, finally, the conclusions.

Data and methods

Twenty-three temperature and 17 humidity–precipitation time 
series were collected from open access sources such as the NOAA 
World Data Center for Paleoclimatology data bank, put at our dis-
posal by various researchers, or digitized from curves in refereed 
journals. They were selected based on the following criteria:  
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properly described method, existence of a well-constrained age 
model, precise description of the site, average temporal resolution 
better than 150 years, and a temporal coverage of at least two-
thirds of the Holocene period. Based on these criteria a large num-
ber of more than 100 time series had to be left out.

Tables 1–3 show the temperature proxy data. They are subdi-
vided into three subgroups: continental air temperature data, more 
or less indicating annual mean temperature (Table 1); pollen data, 
representing summer temperature (Table 2); sea surface tempera-
ture (SST) data, generally representing annual mean temperature 
(Table 3). All humidity–precipitation data are from continental 
archives (Table 4). Figure 2 shows the maps with the locations of 
the data records, including the temporal range covered by each of 
the time series. Figures 3 and 4 show the results of the Northern 
Hemisphere time series analysis. To be able to compare the vari-
ous datasets within one of the three subgroups we apply the fol-
lowing preprocessing methods to the data. First, we standardize 
every dataset; that is, from every data point we deduce the tempo-
ral mean and normalize it to the standard deviation of the full time 
series. The standardized datasets are then smoothed and interpo-
lated according to the method described by Enting (1986, 1987). 
As in the study by Wanner et al. (2011), we consider two cut-offs 
for the smoothing: 500 and 3000 years (i.e. the frequencies are cut 
off at 1/500 and 1/3000 a−1 respectively). The 500 year cut-off 
allows us to remove very high frequency variability, which is 
thought to be induced by local effects. In some cases, we want to 
remove the general trend from the data. This is done by subtracting 
the data curve that is computed with the 3000 years cut-off. For 
more details we refer readers to figure 1 of Wanner et al. (2011), 
where an explicit example of the smoothing and detrending proce-
dure is shown. Considering one of the three subgroups defined in 
Tables 1–3, we can calculate quantile curves as shown in Figures 3 
and 4. Thereby, we simply compute the 10% quantiles of all data-
sets at every point in time; that is, the range between the minimal 

and the maximal values of all datasets at a fixed point in time is 
split into 10% quantiles. These values of the quantiles are then 
connected to give the quantile curves. In Figures 3 and 4, 100% of 
the data are given in the gray shaded area (all shades), 90% of the 
data are given in the gray shaded area except the lightest gray 
shaded area, etc. The black line in the middle denotes the median: 
50% of the data are of higher values, 50% are of lower values.

Figure 5 shows Holocene temperature anomalies based on the 
existing literature. In Figure 6a and b we define cold or warm as 
well as dry or wet periods, following the procedure described by 
Wanner et al. (2011). A cold or warm or a dry or wet period was 
defined if the temperature or the humidity–precipitation exceeds or 
falls below the mean by one-half of a standard deviation. 
Considering all Northern Hemisphere temperature and precipita-
tion datasets, we may then count the number of cold or warm, or 
dry or wet periods at a certain point in time. This number count is 
normalized to the number of available datasets at that point in time. 
For convenience, the resulting step functions in Figure 6a and b are 
standardized and smoothed with the usual 500 year cut-off. The 
processing that was applied to establish Figure 7 is described 
below.

Northern Hemisphere

Temperature

Figure 3 shows the mean value and the quantiles of the standard-
ized temperature time series, divided into the three subsets: conti-
nental–annual, continental–summer (mostly pollen) and 
ocean–SST (see also Tables 1–3 and Fig. 2). Figure 3a represents 
the subset of 10 temperature proxies estimating annual mean tem-
perature in continental regions (Table 1). For the two time series 
10a and 10b, representing the coldest and the warmest month, only 
the average was included. The overall temperature variability is 
rather small. After the cold relapse around 8.2 ka BP, which is 
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Fig. 1. Main forcings during the 
Holocene. (a) Solar insolation owing 
to orbital-induced insolation changes 
for two specific regions in the Northern 
and Southern Hemispheres during 
the corresponding summer (Berger 
& Loutre 1991). (b) Volcanic forcing 
during the past 6 ka depicted by 
sulphate concentrations of two ice 
cores from Greenland (blue vertical 
bars) and Antarctica (red vertical bars; 
Wanner et al. 2008). (c) Solar irradiance 
fluctuations and 1σ uncertainty (yellow 
band) reconstructed based on 10Be 
measurements in polar ice (Steinhilber 
et al. 2009). (d) Forcing anomalies 
owing to the atmospheric concentration 
of the important greenhouse gases CO2, 
CH4 and N2O (compiled by Joos & 
Spahni 2008).
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Table 1. Annual mean continental proxy temperature time series

Number Atlas* Proxy type Record Region Latitude (deg.) Longitude (deg.) Average resolution 
(years)

Reference†

1 1 Air temperature 
(pollen; °C)

Lake sediment core Sweden 60.83 5.83 108 antonsson06jqs_A

2 6 Air temperature 
(pollen; °C)

Lake sediment core Finland 61.48 26.07 73 seppa03qsr

3 7 Air temperature 
(pollen; °C)

Lake sediment core Sweden 58.55 13.67 98 seppa05cd

4 18 Air temperature 
(δ18O; °C)

Ice core GISP2, 
Greenland

72 −38 13 alley00qsr

5 19 δ18O of from 
ostracods (‰)

Lake sediment core Germany 47.1 11 35 vongrafenstein99sci

6 32 δ18O (‰) Ice core GRIP, Greenland 72 −37 4 johnsen97jgr
7 36 δ18O (‰) Ice core NGRIP, 

Greenland
76 −42 20 vinther06jgr

8 44 Temperature  
(δ18O; °C)

Speleothem Norway 66.62 13.68 34 lauritzen99hol

9 45 Annual mean air 
temperature  
(pollen; °C)

Lake sediment core Estonia 58.58 26.65 98 seppa04qr

10a 40 Coldest month 
temperature  
(pollen; °C)

Lake sediment core Lake Baikal 52.78 108.12 130 tarasov09cp_A

10b 41 Warmest month 
temperature  
(pollen; °C)

Lake sediment core Lake Baikal 52.78 108.12 130 tarasov09cp_B

*Number of the time series in the graphical representation of the Holocene Climate Atlas HOCLAT (Wanner & Ritz 2011; see http://www.oeschger.unibe.ch/research/projects/
holocene_atlas/).
†Details of references in all of the tables have been given by Wanner & Ritz (2011).

probably the result of a reduced meridional overturning circulation 
in the North Atlantic owing to a freshwater pulse from the melting 
Laurentide ice sheet (Kleiven et al. 2008; Wiersma et al. 2011), the 
temperature reaches the so-called Holocene Thermal Maximum 
(Ljungqvist 2011). This maximum ends with a last peak around 
5 ka BP. Between 8 and 1 ka BP the temperature decreased almost 
steadily with an estimated negative gradient of roughly −0.3 °C ka−1. 
With a high probability this cooling was mainly triggered by the 
declining orbitally driven insolation in the Northern Hemisphere 
during boreal summer (Milankovitch forcing; Berger 1978; Laskar 
et al. 2004). Prior to the Little Ice Age, which started between 
about the 13th and 16th century (Matthews & Briffa 2005; Miller 
et al. 2012) and ended in the 19th or even the early 20th century, a 
negative temperature peak is visible during the so-called European 

Migration Period around AD 650 (Ljungqvist 2010). The conti-
nental subset with mostly pollen data (Table 2, Fig. 3b) including 
seven time series probably represents summer temperature. The 
8.2 ka event is almost not visible, but a clear negative trend exists 
between c. AD 7.5 and 6 ka. In the western USA (time series 6 in 
Table 2) the millennial-scale trend was even positive during the 
last 10 ka (Viau et al. 2006). Figure 3c shows the quantiles of six 
temperature reconstructions from marine sediment cores (Table 3). 
A clear negative trend is visible only between 10 and 7.5 ka BP. 
Interestingly, the three time series 1, 3 and 4 show positive tem-
perature trends during the last three or more millennia of the 
Holocene. It is remarkable that the temperature variability was 
high between about 8 and 6 ka BP and during the so-called 
Neoglacial after about 4 ka BP. A more comprehensive analysis of 

Table 2. Continental summer proxy temperature time series

Number Atlas Proxy type Record Region Latitude (deg.) Longitude (deg.) Average 
resolution (years)

Reference

1 2 July air temperature 
(Chironomidae; °C)

Lake sediment 
core

Sweden 68.37 18.7 79 larocque04qsr_B

2 3 July air temperature 
(pollen; °C)

Lake sediment 
core

Finland 68.68 22.08 68 seppa01hol

3 4 July air temperature 
(pollen; °C)

Lake sediment 
core

Sweden 69.2 21.47 60 seppa02qr

4 5 August temperature 
(Foraminiferae, modern 
analogue technique; °C)

Sea sediment 
core

Norway 66.97 7.63 72 risebrobakken03po

5 11 July temperature  
(pollen; °C)

Fossil pollen 
records

North America 57 −63 99 viau06jgr_A

6 13 July temperature  
(pollen; °C)

Fossil pollen 
records

North America 43 −95 99 viau06jgr_C

7 16 July temperature  
(pollen; °C)

Fossil pollen 
records

North America 37 −115 99 viau06jgr_F

8 41 Warmest month temperature 
(pollen; °C)

Lake sediment 
core

Lake Baikal 52.78 108.12 130 tarasov09cp_B
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Table 3. Ocean proxy temperature time series

Number Atlas Proxy type Record Region Latitude (deg.) Longitude (deg.) Average resolution 
(years)

Reference

1 20 SST (Uk37; °C) Sea sediment core Mediterranean 36.13 −2.62 120 cacho99po
2 21 SST (Uk37; °C) Sea sediment core North Pacific 41.68 −124.93 129 barron03po
3 24 Summer SST 

(radiolarian; °C)
Sea sediment core Nordic Sea 63.1 2.6 81 dolven02po

4 42 Summer SST (°C) Sea sediment core North Atlantic 60 −37 12 mayewski04qr
5 46 SST (Uk37; °C) Sea sediment core North Pacific 36.03 141.78 66 isono09geo

SST, sea surface temperature.

Table 4. Humidity–precipitation time series

Number Atlas Proxy type Record Region Latitude (deg.) Longitude (deg.) Average 
resolution (years)

Reference

1 1 Accumulation rate (m 
ice a−1)

Ice core GISP2, 
Greenland

72 −38 29 alley00qsr

2 2 δ18O (‰) Lake sediment core Canada 60.35 −134.8 22 anderson05qr
3 3 Winter precipitation 

(% of present winter 
precipitation)

Lake sediment core Norway 69.73 19.98 99 bakke05hol

4 9 Precipitation (cm a−1) Tree rings Nevada, USA 37 −117 1 hughes96nas
5 10 Indian Ocean summer 

monsoon δ13C (‰)
Peat bog sediment core China 32.77 102.5 88 hong05epsl

6 11 East Asian summer 
monsoon δ13C (‰)

Peat bog sediment core NE China 42.22 126.52 24 hong05epsl

7 12 Plant macrofossil 
detrended 

correspondence 
analysis (axis 1 scores)

Peat bog sediment core Scotland 55.83 −3.43 75 langdon03qsr_A

8 13 Humification residuals 
(absorbance at 540 nm)

Peat bog sediment core Scotland 55.83 −3.43 75 langdon03qsr_B

9 14 Water table depth (cm) Peat bog sediment core Scotland 55.83 −3.43 79 langdon03qsr_C
10 15 Precipitation (mm a−1) Lake sediment core Finland 69.2 21.47 60 seppa02qr
11 18 Annual mean 

precipitation (mm a−1)
Lake sediment core Lake Baikal 52.78 108.12 130 tarasov09cp_A

12 19 Precipitation (mm a−1) Lake sediment core Norway 61.75 7 110 nesje01hol
13 29 δ18O (‰) Speleothem China, Jiuxian 

Cave
33.57 109.1 10 cai10epsl_A

14 31 Biogenic SiO2 (silica) 
flux (g m−2  a−1)

Lake sediment core NE China 42.28 126.6 63 schettler06hol

15 32 Pollen concentration 
(log(grains g−1))

Lake sediment core North China 39 103.33 61 chen06hol_A

16 33 Percentage of Picea 
and Pinus pollen (%)

Lake sediment core North China 39 103.33 61 chen06hol_B

17 35 Total organic carbon 
(%)

Lake sediment core Mongolia 40.1 108.45 74 chen03ppp

sea surface temperature, at least for the last 2000 years, is planned 
in the framework of the PAGES 2k programme (PAGES/Ocean2k 
Working Group 2012).

Humidity–precipitation

Figure 4 represents the quantiles of the 17 carefully selected 
humidity–precipitation time series (Table 4; for a graphical repre-
sentation of the time series see Wanner & Ritz 2011). The variabil-
ity is high, but no significant trend is discernible. Over the whole 
period, three time series show a positive trend and four time series 
a negative trend. Two remarkable peaks clearly emerge. The posi-
tive peak around 5 ka BP is mostly the result of a single anomaly 
in a time series from Finland (Seppä & Birks 2002). The negative 
peak around 3 ka BP is visible in several time series. The dryness 
is possibly the result of the strong cold relapse that occurred 
around 2.8 ka BP (Swindles et al. 2007; Wanner et al. 2011).  
It also coincides with Bond cycle 2 (Bond et al. 1997). The  

centennial-scale droughts, which occurred, for example, in mid-
continental North America (Booth et al. 2005), Mexico (Bernal 
et al. 2011), and Mesopotamia and Israel (deMenocal 2001; Bar-
Matthews & Ayalon 2011) around 4.2 ka BP, are not reflected in 
Figure 4.

Global temperature variability and change

Global temperature time series

Figure 5a shows the first global temperature reconstructions for 
the Holocene (last c. 11300 years) with a resolution >300 years 
(Marcott et al. 2013). The three curves are based on a 5° × 5° 
area-weighted gridded dataset with predominantly marine 
archive data. The data coverage is excellent in the early Holocene, 
but rather sparse for the modern period of anthropogenic warm-
ing. The time series of the extratropical Northern Hemisphere 
shows an accentuated Holocene Thermal Maximum with two 
peaks around 9.5 and 7 ka BP, after which the mean Northern 
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Hemisphere temperature dropped by c. 2 °C until about 100 years 
BP when the modern warming started. Therefore, we can hypoth-
esize that the orbital-driven insolation during boreal summer, 
together with the present greenhouse gas forcing (Fig. 1), might 
have been the main triggers. In the Southern Hemisphere the 
highest temperature was registered around 10 ka BP. Then it 
cooled c. 0.4 °C and stayed rather stable until c. 5 ka BP, followed 
by a stronger multi-centennial variability and the present warm-
ing. The tropical (30°N to 30°S) temperature curve exhibits a 
warming of c. 0.4 °C until 7 ka BP, followed by rather stable tem-
peratures until c. 5 ka BP. Based on Figure 5a one could argue 
that the phenomenon of a Holocene climate transition occurred c. 
4 ka BP when the three temperature curves started to converge. 
Debret et al. (2007) argued that this transition had already taken 
place around 5.5 ka BP owing to a change from a solar to an inter-
nal imprint. Wanner et al. (2008, 2011) did not find a clear indi-
cation for a Holocene climate transition. Based on Figure 5a the 
global mean temperature dropped by c. 0.7 °C from 5.5 to 0.1 ka 
BP. The decade 1900–1909 was cooler than c. 95% of the 
Holocene, and the decade 2000–2009 has probably not exceeded 
the warmest temperatures of the early Holocene (Marcott et al. 
2013).

Unfortunately, a global precipitation analysis for the Holocene 
does not exist, and only sparse information about dynamical  

processes is available. A selection of precipitation time series has 
been presented by Wanner & Ritz (2011).

The last 2000 years

Figure 5b shows 30 year averages of the first global land temperature 
reconstruction for the last 2000 years that is based on a higher number 
of stations in both polar regions and in the Southern Hemisphere 
(PAGES 2k Consortium 2013). As in Figure 5a the negative tempera-
ture trend that was probably triggered by the orbital-induced insolation 
is visible until the mid-19th century, after which the modern warming 
started. As expected, the period of the Roman Empire until c. AD 500 
and the Medieval period from c. AD 700 to 1000 (Ljungqvist 2010) 
were rather warm. Figure 1 demonstrates that during both periods the 
solar irradiance remained at a higher level and shows a reduced varia-
bility, and no major volcanic eruption occurred. Interestingly, the often 
discussed Migration Period Cooling or Pessimum (Büntgen et al. 
2010) is not well developed in this global mean. The Little Ice Age 
(Matthews & Briffa 2005) shows a distinct cooling, which started c. 
AD 1300. Breitenmoser et al. (2011) and the PAGES 2k Consortium 
(2013) demonstrated that, during the coldest decades, groups of major 
volcanic eruptions covaried with Grand Solar Minima. Future studies 
must verify how far this multi-century- to centennial-scale variability 
was additionally caused by internal chaotic variability.
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the length of the corresponding time series.
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Periodicities, cycles, abrupt climate change and 
extreme events

One of the aims of past climate analysis is to understand past dynam-
ics with the purpose of predicting future climate. One possible path 
is to study extremes, rapid transitions (Lockwood 2001) or signifi-
cant periodicities and cycles (Crowley 2002; Hoek & Bos 2007). If 
a periodicity is expected to occur with a high probability in the 
future, and if its dynamical background is understood, it can be used 
to produce statistical or even deterministic climate forecasts.

Figure 6 shows the time series of the frequencies of warm or 
cold (Fig. 6a) and wet or dry events (Fig. 6b) in the Northern 
Hemisphere that exceed or fall below one-half of a standard devia-
tion. There was a permanent change between periods with prevail-
ing warm and cold events. During the early Holocene before about 
7 ka BP the amplitude of the frequency of warm or cold events was 
higher, possibly owing to the reorganization of the climate system 

caused by the freshwater from the rapidly melting ice sheets of the 
Northern Hemisphere. This is not absolutely true for the dry or wet 
events because a major change between wet and dry also occurred 
between 5 and 4 ka BP. Afterwards the amplitudes were smaller. In 
general, warm events coincided with humid conditions, and vice 
versa. Interestingly, the strong dryness around 6.5 ka BP took place 
possibly simultaneously with cold events. A distinct peak probably 
marks the pronounced dryness occurring in several parts of the 
world c. 4.2 ka BP (deMenocal 2001; An et al. 2005; Booth et al. 
2005; Bar-Matthews & Ayalon 2011).

Because the temporal resolution of the existing proxy data is  
not very high, it is difficult to detect abrupt climate change  
(Alley et al. 2003). Based on a global dataset including the time 
series listed in Tables 1–4, Grob (2009) performed a statistical 
analysis with the goal of detecting rapid climate change events 
during the Holocene. Based on his analysis the highest frequencies 
of rapid climate change events occurred around 6.4 and 2.8 ka BP. 

Fig. 3. (a) Quantiles of 10 continental time 
series of annual temperature. (b) Quantiles 
of six continental time series of summer 
temperature. (c) Quantiles of seven ocean 
surface temperature time series (SST). The 
black line marks the 50% quantile.

Fig. 4. Quantiles of 17 humidity–
temperature time series. The black line 
marks the 50% quantile.
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Only future studies generating highly resolved datasets might be 
able to explain the dynamic background of these rapid changes.

The most prominent manifestation of Holocene climate varia-
bility and periodicity is the so-called Bond cycles (Bond et al. 
1997, 2001). Based on petrological tracers in marine sediments 
that were transported and deposited by southerly drifting and melt-
ing icebergs in the North Atlantic Ocean, Bond et al. (1997, 2001) 
postulated the existence of pervasive Holocene cycles with a 
period of c. 1500 years (precisely, 1470 ± 500 years). Based on 
their theory, the so-called Bond events were caused by the advec-
tion of southward and eastward drifting surface water from the 
Nordic and Labrador Seas, which gave rise to century-scale cold 
relapses in the North Atlantic and European regions. The nine 
Bond cycles are numbered from 0 to 8. They peaked around 0.4, 
1.4, 2.8, 4.3, 5.9, 8.1, 9.4, 10.3 and 11.1 ka BP (Wanner & Bütikofer 
2008). From Figure 3a it can be seen that negative temperature 
peaks are discernible for only the Bond events 1 (1.4 ka BP) and 5 
(8.1 ka BP). It remains to be seen whether we will recognize addi-
tional peaks in future studies representing highly resolved tem-
perature reconstructions. In their earlier paper Bond et al. (2001) 
argued that the surface winds and the ocean hydrography were 
influenced by variations in solar output. The concept of the Bond 
cycles was very successful, and their existence has been reported 
for many parts of the world (Eurasia, North and South America, 
Africa). Wanner & Bütikofer (2008) presented a list of 28 scien-
tific papers referring to Bond cycles, including the possible mecha-
nisms. The Bond events 2 (c. 2.8 ka BP) and 5 (c. 8.1 ka BP) are the 
most reported events correlated with specific proxy time series. 
Recently, Bar-Matthews & Ayalon (2011) and Bernal et al. (2011) 
demonstrated that millennial-scale climate cycles occurring in the 
eastern Mediterranean region and in southwestern Mexico are also 
correlated with climate cycles observed in the North Atlantic. 
Despite this broad literature a plausible and precise mechanistic 
explanation for the Bond cycles does not yet exist. Several pro-
cesses have been held responsible for the formation of the cycles, 
including orbitally driven solar insolation, solar irradiance 
changes, large volcanic eruptions, ocean meridional overturning 
circulation or internal climate system variability. For the North 

Atlantic Debret et al. (2007) stated that the 1500 years cyclicity is 
clearly linked with oceanic circulation. In addition, Thornalley 
et al. (2009) showed that there was no 1500 year variability in 
either the sea surface temperature and density or the deeper water 
temperature and density, but a pronounced 1500 year variability 
appeared in the density difference between surface and deeper 
water; that is, the strength of the upper ocean stratification, which 
would control the strength of convection and the Atlantic 
Meridional Overturning Circulation. In their analysis of the over-
flow current south of Iceland, Hoogakker et al. (2011) showed that 
the flow speed of Northeast Atlantic Deep Water decreases after 
6500 years ago, which possibly mirrors the orbitally controlled 
temperature decline. A look at the other forcings in Figure 1 shows 
that at least two Grand Solar Minima occurred during the Bond 
events 1 and 2. A series of papers have postulated a link between 
the North Atlantic and the Asian climate, mainly by the Asian 
summer monsoon (Gupta et al. 2005; Goswami et al. 2006; Liu 
et al. 2013). By studying teleconnection mechanisms between 
Asian monsoon dynamics and North Atlantic climate during the 
last glacial period, Nagashima & Tada (2012) argued that the 
atmospheric path in the form of the westerly jet played a critical 
role. In contrast, Isono et al. (2009) stated that a c. 1500 year oscil-
lation of temperature in the northwestern Pacific during the 
Holocene is correlated with ice-rafted debris in the North Atlantic 
owing to a link between the North Pacific gyre system and the 
high-latitude North Atlantic thermohaline circulation. This Asian–
Atlantic link was also postulated by Bernal et al. (2011).

Spectral analyses of the Holocene time series discussed in this 
paper generally do not show highly significant peaks (see fig. 5 of 
Wanner et al. 2008). Wunsch (2000) stated that a broad band 
rather than distinct spectral peaks is typical for Holocene climate 
records. Therefore, we hypothesize that several multi-centennial to 
millennial periodicities exist in various regions, that the Bond 
events are rather restricted to the North Atlantic and its surround-
ings, and that some may possibly have extended to Asia, and even 
to the Southern Hemisphere. On the basis of present knowledge 
the multi-century-scale cold relapses can be assigned to three 
groups.

Fig. 5. Representation of selected 
temperature reconstructions. (a) Average 
Holocene temperatures for three parts of 
the world, referenced to the 1961–1990 
mean (Northern Hemisphere >30°N; 
tropics between 30°N and 30°S; Southern 
Hemisphere >30°S; Marcott et al. 
2013). (b) Global temperature for the 
last 2000 years, represented by 30 year 
averages and referenced to the AD 
1200–1964 mean (PAGES 2k Consortium 
2013).
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(1) Early Holocene cold relapses. These events were mainly 
caused by a weakening of the meridional overturning circulation 
owing to strong meltwater pulses from the Northern Hemisphere 
ice sheets, above all the large Laurentide ice sheet (Carlson et al. 
2008). The most prominent cold event occurred c. 8.2 ka BP 
(Kleiven et al. 2008; Renssen et al. 2010). The meltwater mainly 
drained from the glacial lakes Ojibway and Agassiz (Barber et al. 
1999).

(2) Late Holocene cold relapses. These relapses were probably 
the result of different overlapping effects. The slowly decreasing 
values of the orbitally driven insolation during the Northern 
Hemisphere summer formed the background for two additional 
and amplifying multi-decadal- to century-scale cooling processes 
such as large tropical volcanic eruptions and periods with low solar 
irradiance (Wanner et al. 2008). In addition, internal chaotic pro-
cesses might have played a significant role. The three classical 
periods encompass the 2.8 ka event (Chambers et al. 2007; Plunkett 
& Swindles 2008), the so-called Migration Period Cooling c. 
1.4 ka BP (Ljungqvist 2010) and the Little Ice Age between the 
13th and 19th century AD (Matthews & Briffa 2005). The last was 
probably the coldest period since the 8.2 ka event. All three cold 
relapses were interrupted by warmer periods; for example, the 
Roman Period Warming or the Medieval Climate Anomaly. The 
2.8 ka event was probably influenced by a Grand Solar Minimum 
(Fig. 1c). The Little Ice Age cooling was strongly influenced by a 
covariation between groups of major volcanic eruptions and four 
remarkable Grand Solar Minima (called the Wolf, Spörer, Maunder 
and Dalton Minima; PAGES 2k Consortium 2013).

(3) Mid-Holocene cold relapses. A clear mechanistic explanation 
for the formation of cold relapses after 8.2 ka BP and before the 2.8 ka 
BP event does not exist. Based on the existing literature the most 
remarkable events occurred around 6.4, 5.3 and 4.2 ka BP (Magny & 
Haas 2004; Grob 2009; Wanner et al. 2011). The 4.2 ka event was the 
most notable one because it was connected with dramatic dryness and 
cultural collapses in Asia (deMenocal 2001; An et al. 2005) and 
drought in mid-continental North America (Booth et al. 2005).

A simple heuristic model of Holocene 
temperature variability

The existing database does not allow determination of the extent  
to which each forcing factor contributed to Holocene climate  

variability and change in the form of a classical detection and attri-
bution analysis (Hegerl & Zwiers 2011). We had to restrict our 
considerations to a simple heuristic model, which progressively 
includes important forcing factors (Fig. 7). Therefore, a precise 
statistical hypothesis test cannot be carried out. First, the forcing 
data are reduced to three standardized model curves for orbital-
induced insolation, solar forcing and the influence of the most 
extreme collapse of the thermohaline circulation in the North 
Atlantic owing to freshwater outbursts c. 8.2 ka BP (blue curves in 
Fig. 7b, d and f). The resulting model curves are progressively 
summed and subsequently correlated with each time series as rep-
resented in Figure 7a, c and e. Finally, the resulting curve is com-
pared with the standardized median curve of the Northern 
Hemisphere continental air temperature (Fig. 7f).

The simplest model is given by the orbital forcing only (Berger 
& Loutre 1991), which is shown in Figure 7b. The correlation with 
temperature time series is highest in North America and eastern 
Asia, but rather contradictory in Europe. In Figure 7d a strongly 
smoothed parametrization of the low-frequency solar forcing is 
introduced. Following again the procedure outlined by Enting 
(1986, 1987), a 5 ka cut-off is applied to the solar forcing data of 
Steinhilber et al. (2009) and added to the orbital forcing of Berger 
& Loutre (1991). It is clearly seen that the variation of the solar 
forcing on long time scales is the inverse to the strong decline of the 
orbital forcing; that is, the solar forcing weakens somewhat the 
rapid decline of the orbital forcing. The correlations with the stand-
ardized temperature data (Fig. 7c) are similar. Finally, the effect of 
the thermohaline circulation collapse is modelled simply through a 
Gaussian peak that is centred at 8.2 ka BP with a width of 200 years. 
The model curve that is obtained by adding the Gaussian peak of 
the thermohaline circulation collapse to the orbital and solar forcing 
is shown in Figure 7f. In this case the correlation with the tempera-
ture time series increases slightly in Europe (Fig. 7e).

In Figure 7f the standardized median curve of the Northern 
Hemisphere continental air temperature from Figure 3a is intro-
duced. Based on the choice of known forcing factors and on the 
fact that the number of free parameters is large, it is no surprise that 
the two curves correspond fairly well. By considering the strong 
variability of the red curve in Figure 7f one could ask how far 
series of major tropical volcanic eruptions and the internal chaotic 
variability might additionally have contributed to the strong multi-
decadal- to century-scale variability. If we remove the negative 
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temperature trend caused by the orbitally induced insolation 
changes (not shown), if we assume that the solar irradiance is 
rather high with a low variability, and if the strength and the num-
ber of tropical volcanic eruptions remains low, one could ask 
whether a ‘normal climate state’ would then be warm compared 
with the long-term average. In this case only the internal chaotic 
variability would be responsible for cold relapses. Examples of 
such ‘warm normals’ could be the period between 4.8 and 3.6 ka 
BP, the Roman Warm Period and the Medieval Climate Anomaly 
(Figs 1, 3a and 5).

Conclusions

Based on our comprehensive data analysis the following conclu-
sions are drawn.

(1) The number of available high-resolution climate data for the 
Holocene epoch is very restricted. This is particularly the case for 
the tropics and the Southern Hemisphere.

(2) Prior to the modern warming period, a negative temperature 
trend is visible in the Northern Hemisphere in all datasets (annual 
mean, pollen, sea surface temperature), but there is a considerable 
regional difference between the datasets. The precipitation time 
series show no significant trend, but reveal a high variability.

(3) The curve of the Northern Hemisphere temperature in Figure 
5a from Marcott et al. (2013) shows similarities to our continental 
reconstruction in Figure 3a. By comparison with the tropics and the 

Southern Hemisphere, the curve reveals the strongest positive 
anomalies of all three regional curves prior to 4 ka BP. This is prob-
ably the effect of the Northern Hemisphere polar amplification.

(4) The global time series for the last 2000 years (Fig. 5b) 
shows that the Little Ice Age between c. AD 1300 and 1850 was 
by far the coldest period, and was additionally triggered by the 
covarying influence of major volcanic eruptions and Grand Solar 
Minima.

(5) Based on the available data the pattern of cold or warm and 
dry or wet periods (Fig. 6) in the Northern Hemisphere is also very 
complex. During the early Holocene the variability was extremely 
high.

(6) Cold relapses occurred in almost all parts of the world. The 
so-called ‘Early Holocene Cold Events’ were probably the result 
of freshwater outbursts from the Laurentide ice sheet. A clear 
mechanistic explanation of the later cooling events does not exist 
at present.

(7) The correlation of the Northern Hemisphere mean tempera-
ture time series with forcing data is rather weak.

There is hope that many more data will be made available in the 
future by research groups, above all for the Southern Hemisphere 
and the tropics.
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