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Abstract
We find that maximal decadal Northern Hemisphere warming increases as rapidly before as after the industrial revolu-
tion (0.86 °C decade−1 before 1880 and 0.60–0.68 °C decade−1 after 1880). However, whereas the number of decadal 
periods with large increase and decrease rates were about equal before 1880 (267 vs. 273), after 1880 there are more 
periods with high increase rates (35) than with high decrease rates (9). The same patterns hold for bi-decadal rates. 
However, for time windows greater than about 20 years, the slope in global warming with time becomes greater after 
1880. After 1971, there is only one short 11 year period with negative slopes. This reflects the higher frequency 
of positive slopes during the industrial period caused by the contribution of greenhouse gases (GHG). Maximum 
temperature changes for detrended series were associated with the beginning and end of extreme warm or cold sub 
periods. They occurred throughout all of the Common Era. Because the detrended temperature series showed sign 
of a pacemaker mechanism (regular cycle periods) we suggest that ocean variabilities were a dominating mechanism 
for multidecadal temperature variability during the Common Era.

1  Introduction

It is argued in scientific journal articles, e.g., Wuebbles et al. 
(2017) and Neukom et al. (2019b), and in the popular press, 
Graver and Stenseth (2020), that the recent trend in global 
warming (e.g., after the industrial revolution had manifested 
itself around 1880) is faster than in any previous period. We here 
estimate how rapidly the temperature anomaly in the Northern 
Hemisphere (NHTA) has changed during the period 1 to 1880 
and compare it to the changes in NHTA from 1881 to 2019.

Several studies address temperature variations dur-
ing the Common Era, either for the whole period, e.g., 
Thompson et al. (2022), Christiansen and Ljungqvist 

(2017), and Neukom et al. (2019b), or the studies focus 
on particular subperiods, e.g., recently, Shi et al. (2022) 
on the Roman period, Wang et al. (2022) on the Medi-
eval and Little Ice Age periods, Stoffel et al. (2022) on 
the Little Ice Age and the volcanic eruption cluster dur-
ing that time, and Cheng et al. (2015) on the industrial 
period. In the result section, we will embed our results 
on the persistent increase or decrease in NHTA over 11 
years (decadal), 21 years (bi-decadal), and 51 years peri-
ods in a wider context. We suggest three hypotheses. 
The first, H1, is that on a decadal scale, there will be 
steeper changes in the NHTA before the consolidation of 
the industrial revolution, 1880, than during the industrial 
(IND) era. The rationale is that large volcanic eruptions 
may affect NHTA dramatically. The second, H2, is that 
the steepest changes will occur just before or just after 
the Little Ice Age. The third, H3, is that we will identify 
the cause for the steep changes by comparing the timing 
of the maximum slopes with narrow temperature win-
dows in studies where the authors also provide explana-
tions for why certain temperature events have occurred.

In the rest of the manuscript, Section 2 describes the data 
sets used, and Section 3 describes the methods used. Sec-
tion 4 shows the results and Section 5 discusses the results. 
Section 6 concludes.
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2 � Materials

We use the annual time series of the average NHTA devel-
oped by Moberg et al. (2005) from year 1 to 1979. Their 
calculation method is composite plus scaling (CPS), and 
their centennial scale amplitude is 0.56 °C. We use global 
temperature anomaly (GTA) data for the period 1881 to 
2019 from https://​data.​giss.​nasa.​gov/​giste​mp/​table​data_​v4/​
GLB.​Ts.​txt and we calibrated the last part of the extended 
Moberg data series by comparing the average values for the 
period 1880 to 1979 for both series. The average values were 
−0.158 (Moberg) and −0.154 (NASA) data respectively. The 
Moberg data correlates highly with 13 other reconstructions 
of the NHTA during the last 1000 to 2000 years (Chris-
tiansen and Ljungqvist 2017). Warm anomalies occurred 
around the years 1320, 1420, 1560, and 1780. Cold anoma-
lies occurred around the years 1260, 1450, and 1820.

A recent reconstruction of GTA was completed by 
PAGE2k (2017). The authors develop five series, and we 
compare their GTA series that are based on the median 
value of the underlying series to NHTA. The series were 
obtained from https://​www.​ncbi.​nlm.​nih.​gov/​pmc/​artic​les/​
PMC66​75609/.

https://​figsh​are.​com/​artic​les/​datas​et/​readme_​figsh​are_​
gmst_​txt/​81377​48?​backT​o=/​colle​ctions/​Global_​mean_​
tempe​rature_​recon​struc​tions_​over_​the_​Common_​Era/​
45070​43.

In the result section, we identify peaks in decennial 
temperature changes that are common for the two series. 
However, all subsequent analyses are based on the Moberg 
time series because they show the largest overall variance.

We obtained the CO2 data from “Law_Dome_Ice_
Core.” The series run from the year 1 to 2004 (Meure 
et al. 2006) and were extended with data from Mauna Loa, 
https://​www.​esrl.​noaa.​gov/​gmd/​ccgg/​trends/.

We define four subperiods during the Common Era 
and use the first three periods as defined by Neukom et al. 
(2019a, Extended data Fig 4) and add a period for the indus-
trial era. The four periods are the Roman warm period, 
1–750 (RWP), the medieval period, 751–1350 (MED), the 
Little Ice Age, 1001–2000 (LIA), and the consolidation of 
the Industrial era, 1880–2019 (IND). In the following we use 
the term “decadal” for the time window of 11 years long. 
Eleven years enables us to identify a midpoint year.

3 � Method

We calculated running average slopes in two ways. First, 
we used the β - coefficient of the equation NHTA = β × 
time + α over 11, 21 and 51 consecutive samples. Second, 

we used the slope as S = NHTA t+n- NHTA t where n is 11 
to 71 years in steps of 10 years. The 51-year time window 
is used to represent the multidecadal periods in Wang et al. 
(2022). The difference between the two values at the end 
of the decadal and bi-decadal windows was used instead 
of the slope to have the possibility to encounter a larger 
spread. The first method will be named the β-method and 
the second method the difference method.

The minimum and the maximum slopes were then iden-
tified separately for the time windows of the series before 
1880 (1–1880, 1876 years) and after 1880 (1881–2022, 134 
years). For the NHTA we used the raw values. However, for 
the CO2 data there were observations with similar values, so 
we added a small fraction of random numbers to the series 
to avoid singularities (0.1 × RAND(), where RAND() is the 
Excel random generator). The number of “large” positive 
and negative slopes for each of the time windows was iden-
tified by screening the two time series for slopes that were 
either less than −xaverage – 1× standard deviation (SD) or 
more than xaverage + 1× SD. The 95% confidence interval is 
±0.00115.

To set the maximum and minimum values into context, 
we constructed histograms for the distribution of slopes 
before and after 1880. Since there are more slopes before 
1880, we centered, detrended and normalized the distribu-
tions to unit standard deviation to make them comparable 
and depicted them in the same graph.

We applied LOESS smoothing to the raw data. Its param-
eter (f) is the fraction of the time series length used as run-
ning average window, and parameter (p) is the degree of pol-
ynomial function used for smoothing. Since we always use 
p = 2, we use the nomenclature LOESS(f) for the smooth-
ing degree. When a series is both detrended and smoothed, 
we use the nomenclature LOESS (0.x – 0.y) where the 
series first are slightly smoothed LOESS (0.x) to avoid 
high frequency noise and thereafter detrended by subtract-
ing a strongly smoothed L (0.y) series. We disentangled the 
NHTA series into component series that may be the result of 
different mechanisms by applying LOESS smoothing. Our 
aim is to focus on decadal and multidecadal variations.

We calculated cycle periods by depicting two versions of the 
detrended, centered and normalized NHTA series in a phase 
plot, the original series on the x-axis and the series shifted 5 
years backward on the y-axis. When the trajectory between 
points in the phase plot closes and the cumulative angle relative 
to the origin becomes 2π, one cycle period is identified. (The 
“cumulative angle” method Seip and Grøn (2018)).

For CO2, we disentangled the series as for the GTA data 
with one exception. The curve indicating decadal move-
ments was obtained only for the period 1 to 1880 because 
the last rapid growth in CO2 concentration after 1880 was 
masked by the decadal movements in the 1–1880 period.
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Finally, we examined the running average volatility of 
the temperature series by calculating the running standard 
deviation over 11 consecutive years. All calculations were 
made in Excel and Sigma Plot. All data and all calculations 
are available from the first author.

4 � Results

We first show results for the NHTA and the CO2 series 
for the period 1–2019. Thereafter we embed the results 
in graphs showing the two temperature series NHTA and 
GTA for the four periods we have divided the Common Era 
in, RWP, MED, LIA, and IND. Third, we show how the 
maximum temperature changes related to sub periods identi-
fied in the literature and that have been examined for causal 
mechanisms. Last, we estimate cycle characteristics for the 
NHTA series.

4.1 � Time series, NHTA, and CO2 for the Common Era

Results for the NHTA and the CO2 data are shown in 
Fig. 1a. The figure shows both the raw data, the data strongly 
smoothed to indicate millennial scale changes, and the 
residuals between the raw and the strongly smoothed data 
to indicate centennial variations (upper curve). The residuals 
were also smoothed, f = 0.1–0.2 to reduce high frequency 
variability. The lower curve in Fig. 1a shows a smoothed 
curve for the volatility in the temperature series. It is seen 
that the volatility decreases during the industrial era. Fig-
ure 1b shows the running slopes over 11-year periods and a 
LOESS(0.4) smoothed version, (bold curve).

We estimated the increase/decrease in NHTA and CO2 
during the periods 1 to 1880 and 1881 to 2019. The results 
are summarized in Tables 1 and 2. We first show the results 
calculated by the difference method. For NHTA, Table 1 
shows average, maximum and minimum slopes calculated 
for 11, 21 and 51 years, but for CO2, slopes over 11 years 
give sufficient information to conclude that the slopes dur-
ing the industrial era are much steeper than during the pre-
industrial era. Table 2 shows comparable results to those in 
Table 1, but calculated with the β – method and only for the 
11-year time windows.

The maximum changes in NHTA over 11-, 21-, and 
51-year periods are shown with drop lines for the dates in 
Fig. 1a and c shows the corresponding data for CO2.

The NHTA series and the CO2 series correlate reasonably 
with each other,

For NHTA, the decadal changes are similar before and 
after the start of the industrial era. However, whereas 

(1)
NHTA = −2,985 + 0, 00937 × CO2, r = 0.57, p < 0.001, n = 2022

decreasing and increasing slopes (values outside x ± 1 SD) 
were about equal in numbers before 1880 (ratio of positive 
to negative slopes 1.02), there were more positive slopes 
than negative slopes after 1880 (ratio of positive to negative 
slopes 3.9), Table 1, two right columns. With slopes esti-
mated over 21 years, the ratio between positive and negative 
values is 1.03 during pre-industrial time, and 6.22 during 
the industrial era.

For CO2, the ratio between positive and negative slopes 
during pre-industrial time was 0.7. During industrial time 
there were no significant negative slopes, but 95 positive 
slopes.

4.2 � Temperature series, NHTA, and GTA, for the four 
periods RWP, MED, LIA, and IND

We examine the ordinary linear regression (OLR) correla-
tions for the NHTA and the GTA series during four periods 
in the Common Era. When the full series for NHTA and 
GTA are slightly LOESS(0.1) smoothed, the correlation 
between NHTA and GTA is high R ≈ 0.8. However, it is the 
variability in temperature during the LIA that dominates the 
good correlation. Separately, the RWP and the MED peri-
ods have correlation coefficients around R = 0.2 with opti-
mal LOESS smoothing, whereas the LIA shows an optimal 
correlation of R = 0.8–0.9, Fig. 2a. We detrend the series 
using LOESS(0.4) and LOESS (0.8) and obtain the trends in 
Fig. 2b. For the periods, we then get regression coefficients 
R = 0.33 for the RWP, R = −0.09 for the MED, R = 0.45 
for the LIA, and R = 0.26 for the IND, Fig. 2c, d, e, and f.

We compare the dates when maximum slopes are identi-
fied to events that have been explored and explained in the 
literature within each of the periods RWP, Fig. 2c, MED, 
Fig. 2d, LIA, Fig. 2e, and IND, Fig. 2f. The figures show the 
two temperature series NHTA and GTA, short time windows 
identified as events that can have been given causal explana-
tions for why they occurred (horizontal bars), and crosses 
that identify maximum slopes over 11, 21, and 51 years. 
Droplines identify peaks in temperature that are common 
for the NHTA and GTA.

The distribution of slopes during pre- and industrial times 
are shown in Fig. 3a and b for NHTA. We depict the histo-
grams for the difference method, Xt+11-Xt in Fig. 3a and 
for the β – coefficient in Fig. 3b. For the CO2 distribution it 
is sufficient with the CO2 t+11 -CO2 t calculations since the 
differences in the patterns are easily seen in the same his-
togram, Fig. 3c. In Fig. 3d, we compare slopes for NHTA 
calculated by the two methods. The two measures for the 
slope are close (R2 = 0.78).

The scatter plots and their regression against time for 
the time window with the maximum slopes during the pre-
industrial time are shown in Fig. 4a and the time window 
for maximum slopes during the industrial time are shown in 
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Fig. 4b, lower scattergram. In Fig. 4b, we have in addition 
shown the scatterplot for the observations during the last 
period recorded, 2009 to 2019, upper scattergram.

The size of the time window matters for the IND period 
1881– 2019, whereas the maximum slopes are almost 
constant for the pre-industrial time, Fig 4c (Note that the 
last 5 and ten 10 years are not included for the decennial 

and the bi-decadal respective time windows.) For time 
windows greater than about 20 years, the maximal slopes 
during the industrial era become larger than the slopes 
before 1880. The black dashed curve shows slopes for a 
second order polynomial curve fitted to NHTA 1881 to 
2019 for increasing time windows. The ratio of signifi-
cant positive slopes to negative slopes are much greater 

NHTA running average slope(11)

Year
0 500 1000 1500 2000 2500

-0,10

-0,08

-0,06

-0,04

-0,02

0,00

0,02

0,04

0,06

0,08

0,10

NHTA slope L (0.4)
NHTA slope

a) b)
Global temperaturs, years, 100 year and 1000 years.
Dashes: volatility (11). Drop lines at max GTA change

Year
0 500 1000 1500 2000 2500

N
or
th
er
n
he

m
is
ph

er
e
te
m
pe

ra
tu
re

an
om

al
y

-3

-2

-1

0

1

2

NHTA
VolatilityNHTA (0.2-0.5) -5
NHTA L(0.2 - 0.4)
NHTA L(0.4)

51-21+51+

CO2, values, years, 100 years, 1000 years

Year
0 500 1000 1500 2000 2500

V
al
ue

s

150

200

250

300

350

400

CO2

CO2 L 0.4,2 +20
Maximum slopes
CO2 Res. *10 + 320, LOESS 0.2,2

11+

CO2 running average slope (11)

Year
0 500 1000 1500 2000 2500

C
O
2
sl
op

e
(1
1)

-1,0

-0,5

0,0

0,5

1,0

1,5

2,0

2,5

3,0
CO2 slope (11)
CO2 slope(11) L 0.4,2

d)c)

Fig. 1   The Northern Hemisphere mean temperatures year 1 to 1880 
extended with the global mean temperature 1979 to 2019. a Tem-
perature anomalies, from bottom: Lower dashed curve shows run-
ning smoothed temperature variability over 11 years. Dark grey curve 
shows annual values, bold curve suggests millennial temperature 
changes and upper curve suggests centennial temperature changes. 
Vertical lines at years 20, 1074 show midpoint dates for 11- and 
21-years max slopes for pre-industrial period. Vertical lines at years 
1933, 1969 show midpoint dates for 11- and 21-years max slopes for 

industrial period. Vertical lines for years 555 and 1425 show mid-
point dates for min and max slopes for 51 years window. b Running 
average slopes, n = 11, years 1 to 2019. The smoothed line shows the 
raw data LOESS(0.4) smoothed. c Carbon dioxide time series year 
1 to 2019. Lower curve shows annual values, middle curve suggests 
millennial changes and upper curve decennial to centennial changes. 
Vertical lines show midpoint dates for 11 years max slopes for pre- 
and industrial times. d CO2 running average slope 1–2019. The thick 
line shows a L(0.4) smoothed version
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after 1880 than before and may stabilize on a ratio of 10 
to 12, Fig. 4d.

Plotting the slopes, Tt+11 – Tt, T is temperature, versus 
time, we found that after 1971 there is only one year that 
show negative decadal slopes, Fig. 4e. LOESS (0.1) smooth-
ing the NHTA series, 16 cycle periods can be identified vis-
ually, and confirmed with the “cumulative angle” method 
(Seip and Grøn 2018).

5 � Discussion

A frequent statement in the global warming debate is that 
the decadal increase in global temperature, GTA, has never 
been stronger than during the last decade, e.g., Graver and 
Stenseth (2020). We found that the pre-industrial era showed 
steeper increases in NHTA than during the industrial era. 
However, the frequency of positive, steep slopes (greater 
than the average, NHTA +1 Sta. Dev.) was much higher 
during the industrial era than during the pre-industrial era. 
Table 1 shows that the conclusion is strengthened when we 
use 21-year time windows. For time windows greater than 
about 20 years, the slopes during the industrial era become 

steeper than the slopes during the pre-industrial era. Thus, 
our hypothesis H1 was supported, there are steeper tem-
perature changes for decadal time windows 11 to ≈ 20 years 
during preindustrial times.

The histograms in Fig. 3a and b showed that the pre-
industrial and industrial eras showed almost similar slopes in 
decadal NHTA changes. With both methods for calculating 
the slopes, the distribution of slopes for the industrial era is 
skewed towards larger slopes, but the maximum slopes are 
greater for the preindustrial era.

5.1 � Increases in NHTA before and after 1880

We found that there would be periods for 20 years or less 
where non-anthropogenic factors and man induced aerosols 
(Hansen et al. 2022) could increase NHTA as fast as dur-
ing the industrial era. However, there are two indications 
that the maximum increase in NHTA, although smaller, is 
more persistent during the industrial era. First, the regres-
sions comparing max slopes during the period 1881 to 2019 
have much less variability expressed by the explained vari-
ance, R2, for the last years 2009 to 2019 than for the ear-
lier period around 1933 (1928-1938) that was identified as 

Table 1   Decadal and multidecadal changes in NHTA and CO2 during 
pre-industrial time, year 1 to 1880, and during industrial time 1881 
to 2019. Calculations with the difference method. Significant changes 

are those that exceed x ± 1 SD. RWP Roman warm period, MED 
medieval period, LIA Little Ice Age

Time series Period Win-
dow 
(years)

average 
change (°C 
period−1)

Min Change/°C period Max change/°C period #Significant 
neg. changes

#Significant 
pos. changes

GTA​ All 1–2019 11 0.003
Pre-industrial 1–1880 11 0.00±0.22 −0.86, year 900 0,86, year 20; RWP 267 273

21 0.003±0.23 −0.69, year 1064 0.96, year 1074, MED, 
LIA

330 339

51 0.00±0.24 −0.76 year 1425 0.81, year 555 RWP 248 232
Industrial 1881–2019 11 0.09± 0.16 −0.6, year 1944 0.68, year 1933 9 35

21 0.18±0.21 −0.16, year 1948 0.94, year 1969 9 56
51 0.39±0.27 0.02, year 1940 1.41, year 1979 4 43

CO2 All 1–2019 0. 63±0.28 −4.53, 2.407 year 2008
Pre-industrial 1–1880 11 0. 07±0.28 −0.453, year 1592 1.79, year, 1880 18 2
Industrial 1881–2019 11 13.0±0.70 0. 65, year 1945 24.07, year, 2008 0 95

Table 2   Decadal changes in NHTA and CO2 during pre-industrial 
time, year 1 to 1880, and during industrial time 1881 to 2019. Cal-
culation with ordinary linear regression method, the β -method. Sig-

nificant changes are those that exceed x ± 1 SD. RWP Roman warm 
period, LALIA Late antique little ice age

Time series Period window average change Min change Max change #Significant 
neg. changes

#Significant 
pos. changes

GTA​ All 1–2019 0. 01±0.022
Pre-industrial 1–1880 11 0. 00±0.022 −0. 85, year 289 0. 68, year 672 

RWP (LALIA)
272 265

Industrial 1881–2019 11 0. 227±0.336 −0. 56, year 1912 0. 55, year 2015 14 29
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having maximum decadal slope, Fig. 4b. Second, the cigar 
formed shape in Fig. 3d describing the relation between the 
two definitions of slopes is narrower at high slopes showing 
that the two methods then give more similar values for the 
slopes. This, again, would indicate that the values increase 
more persistently and have fewer deviating years at high val-
ues of the slopes.

We found that max decadal temperature changes occurred 
during all periods (MED and LIA overlap). Thus, our hypoth-
esis, H2, that most maximum slopes would occur during the 
LIA, was not supported. Maximum changes over decadal and 
multidecadal time windows occurred during all periods, and 
three of the slopes occurred during the RWP and in associa-
tion with sub-periods identified by Shi et al. (2022).

5.2 � Seven possible explanations for differences 
in GTA slopes during the pre‑industrial 
and industrial periods

We found that there would be periods up to about 20 years 
where non-anthropogenic and anthropogenic factors could 
increase the global temperature during the pre-industrial 
era as fast as during the industrial period. However, the 
increases in NHTA over periods longer than about 20 years 
are unique for the greenhouse gas era.

Below, we discuss seven candidate variables that may 
explain variability in NHTA changes. However, some 
factors may act primarily as causal agents for other fac-
tors. Thereafter, we discuss the four periods. We examine 
whether any of the decadal changes we have identified, 

min or max, can be related to events that are discussed in 
the literature for any of the periods.

1. Volcanism  Volcanism would cause a cooling of the GTA 
for a certain period and then a subsequent warming to “nor-
mal” temperature defined by an equilibrium between heat 
emission and heat sequestration at the top of the atmosphere. 
Volcanism may impact GTA changes over decadal times 
(Anchukaitis et al. 2017), but the effects will also depend 
upon the frequency of eruptions (Stoffel et al. (2022), and 
where they occur (Wang et al. (2022).

2. Aerosols  The most prominent source of aerosols in the 
atmosphere/stratosphere is from volcanism. However, 
recently, Hansen et al. (2022, p.11) suggest that aerosols 
from gras and forest fires (Seip and Wenstøp 2006, pp. 365-
366), dust from wind and droughts and marine aerosols have 
reduced insolation considerably and thus contributed to a 
slower increase in global warming by CO2 than it would 
have been without aerosol emissions.

3. Solar forcing  Solar forcing has been found to be weak 
relative to the NHTA, except possibly over bi-centennial 
scales (Vieira et al. 2011, Anchukaitis et al. 2017).

4. Heat exchange within the oceans, and between the 
oceans, land, and the atmosphere  There is little information 
on the heat exchange or ocean dynamics before about 1950. 
However, some ocean variability series have been extended 
backwards in time, Sun et al. (2021). Wang et al. (2009) 
suggested that there is a circular causal sequence between 
the North Atlantic oscillation (NAO), ocean oscillations in 
the Pacific, the stratosphere and then NAO again. Yao et al. 
(2017) suggest that changes in ocean temperature in the 
Pacific and the Atlantic may explain periods with enhanced 
global warming, and Wu et al. (2019) attribute about 30 % 
of the changes in multi decadal global mean surface air tem-
perature to Atlantic and Pacific temperature variability, i.e., 
vertical ocean movements between ocean layers. Recently, 
Tsubouchi et al. (2020) have shown that a mean ocean heat 
transport has occurred into the Northern Seas and the Arctic 
Ocean over a 20-year period. Thus, both vertical and hori-
zontal ocean water movements may play a role for variability 
in the NHTA.

5. CO2 exchange within the oceans and between oceans, 
land, and the atmosphere  The natural changes may be due 
to sequestration and emissions of CO2 from the oceans or 
from land (Feely et al. 2017, Gruber et al. 2019a, Gruber 
et al. 2019b, Thompson et al. 2022). This again affects the 
concentration of CO2 in the atmosphere and thus the vari-
ability in GTA.

Fig. 2   Comparing Common Era datasets for the Northern Hemisphere, 
NHTA, by Moberg et al. (2005) and for the globe by PAGE2k (2017). a 
Ordinary linear regression, R, between periods in the NHTA and PAGE 
temperature series with increasing LOESS smoothing, LOESS (x), see 
text. The periods are the Roman warm period, RWP, 1–750; the Medi-
eval period, MED, 751–1350; the Little Ice Age, LIA, 1001–2000; and 
the industrial period, IND, 1881–2019. b Trends removed from the four 
periods. LOESS(0.04) trend from the three first periods, LOESS(0.8) 
trend removed from the IND. c The RWP, comparing L(0.2–0.4) 
smoothed and detrended series. For three years GTA and NHTA show 
peaks at the same time (droplines). The bold horizontal lines show 
sub periods identified by Shi et al. (2022). Crosses show the years of 
max temperature changes with two methods (Diff and β method, this 
study). d The MED, comparison of NHTA and GTA series as in (c). 
For 1 year, GTA and NHTA show peaks at the same time (droplines). 
The bold horizontal line shows max temperature in the Page series 
identified by Wang et al. (2022, Fig 2e). The cross shows a year with 
max temperature change (this study), e LIA, comparison of NHTA 
and GTA series as in (c). For 4 years, GTA and NHTA show peaks at 
the same time (droplines). The horizontal bold line shows a cold spell 
period identified by Reichen et al. (2022). f IND. comparing L(0.2–0.8) 
smoothed and detrended series. After about 1940, the two series corre-
spond fairly well. The horizontal bold lines show hiatus periods identi-
fied by Yao et al. (2016). The crosses show max temperature changes 
(this study)
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6. Greenhouse gases  Knowledge of CO2 extends 800 mil-
lion years back, but except for the last 200 years, the resolu-
tion in time is probably too low to detect significant changes 
in CO2 over decadal or multidecadal time windows. Thus, 
large variations in CO2 over centuries during paleoclimate 
records are probably not relevant for variations over decadal 
or multidecadal periods in historic time.

7.  Self‑reinforcing mechanisms  Among self-reinforcing 
mechanisms is the melting of the Greenland ice -cover 
(Hand et  al. 2020, Skagseth et  al. 2020). As ice melts 
because of a triggering global warming, the surface albedo 
decreases due to a large open water and melt-pond fractions. 
We do not know the contribution to global heating from 
increased absorption of heat caused by a darker surface, but 

Fig. 3   Histogram and scatter plot for NHTA-slopes, and histogram 
for CO2 – slopes. a Slopes calculated as the difference GTA t+11 – 
GTA t over running time windows of 11 years for the periods 1–1880 
and 1881–2019. b Slopes (β – coefficients) calculated from regression 
line over running time windows of 11 years. There are 1876 slopes 
for the pre-industrial period 1-1880 and 134 slopes for the period 

1881 to 2019, but the counts have been centered and normalized to 
unit standard deviation. c Histogram for CO2 slopes calculated as the 
difference CO2 t+11 – CO2 t over running time windows of 11 years. 
d Scatter plot for two methods for calculating slopes. Double arrows 
suggest width of scatterplot
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during the recent interglacial period, 130,000–116,000 years 
before present, Arctic land surface temperatures were 4–5°C 
higher than recent industrial temperatures, and ice-loss was 
fast (Guarino et al. 2020). The present Arctic temperature is 
increasing faster than the average global warming (Screen 
et al. 2018).

5.3 � The periods

The beginning and the length of the four periods RWP, 
MED, LIA, and IND are discussed in the literature. For 
the first three periods we used the definition proposed in 
Neukom et al. (2019b). We define the industrial revolution 
period as beginning in 1880, but basic industrial inventions 
occurred about 100 years before. The number in parentheses 
below refer to candidate causes listed above.

5.3.1 � The Roman warm period

The Roman period has been assigned two subperiods by Shi 
et al. (2022), the Antique Roman warm period (1–250) and 
the Late Antique Little Ice Age (536–660). Figure 2c shows 
these two periods as red and blue horizontal lines. The warm 
period may be related to increased radiative forcing associ-
ated with weaker (relative to later) volcanic eruptions (1), 
increased insolation, reduced sea ice area (7), and increased 
upper ocean heat content (4).

5.3.2 � The Medieval period

The summer peak temperature during the Medieval and the 
Little Ice Age periods has been compared by Wang et al. 
(2022) and shows that the peak temperatures occurred at 
about the same time in the Arctic, the North America and 
Europe. Figure 2d shows the period with peak temperature 
as a red horizontal line. The authors attribute the peak tem-
peratures to internal (4) and external (1) forcings, the latter 
being more dominant at larger time and space scales.

5.3.3 � The Little Ice Age period

The Little Ice Age has been assigned several winter cold 
spells, the most prominent being from 1808 to 1815 
(Reichen et al. 2022). Figure 2e shows the “cold spell” 
period as a blue horizontal line. The authors attribute the 
winter cold spells to two tropical volcanic eruptions (1) and 
ocean variability (4). The effects caused by stratospheric 
aerosols emitted by the volcanoes triggered changes in 
snow cover and thus a decrease in the albedo (7). Ocean 
variability (4) was due to the weakening of sea level pres-
sure (SLP) at the Islandic low (Reichen et al. 2022, p. 5) 
during the period 1808–1815. Furthermore, Chen et al. 
(2018) suggest that the 50–70 years Pacific multidecadal 

variability (PDO) is instigated by persistent volcanic forc-
ing during the Little Ice Age (1250–1850) (1).

5.3.4 � The industrial period (IND)

There is an overall sharp rise in NHTA during the IND, but 
there are also periods where the rise is damped or reversed, 
the hiatus periods. In Fig. 2f, the hiatus periods are shown 
as blue horizontal lines. The slowdown may be due absorp-
tion or transport of heat to the deep layers (101–300m) of 
the ocean (4), (Cheng et al. 2015, Figure 2, p. 3). The deep 
absorption again may be related to periods where El Niño 
ceases to be leading the Pacific decadal variation (PDV), 
Seip and Wang (2018). However, Wang et al. (2009) show 
that only when NAO’s coupling with the Pacific increases, 
a climate shift will occur. Minimum average change in 
NHTA occurred during the period 1940 to 1948, that is 
during the second hiatus period. The maximum slopes 
occurred in-between the two first hiatus periods and the 
two next at the end of a hiatus period. If we let the smooth 
2-order polynomial function represent warming by anthro-
pogenic forces, then the net temperature changes is always 
less than during the pre-industrial era, Fig. 4c. The net 
maximum changes, the sum minus anthropogenic contribu-
tions, may be due to variabilities in the NAO and the Atlan-
tic multidecadal Oscillation (AMO) (Lüdecke et al. 2022) 
and the AMOC (Seip and Wang 2022). There are only one 
period where the decadal temperature window shows a 
negative slope after 1971, Fig. 4f. Thus, even though a 
hiatus period is identified from 1999 to 2012, Trenberth 
and Fasullo (2013), anthropogenic warming cancels cool-
ing by natural forces after 1971.

5.4 � Robustness

Our results depend upon our choice of temperature series 
for the last 2020 years. There are other series available as 
well, and those series could be explored (Christiansen and 
Ljungqvist 2017). However, all series are based on proxy 
records, and we do not know if one is better than the other. 
A possible further approach could be to do detailed studies 
of periods with high global temperature increases, first to 
establish that they are real and next to identify the factors 
that caused the strong increase.

5.5 � Causes for variability in the Common Era 
temperature series

All factors 1 to 7 can potentially act both during the pre-
industrial and the industrial period. However, the probabil-
ity that a factor, like volcanism, would exert a strong force, 
or that several factors could act in concert and strengthen 
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warming or cooling effects would be higher during the long 
preindustrial period (1876 years) than during the industrial 
period (134 years).

A support for the role of ocean variability for decadal 
and multidecadal variabilities in NHTA and GTA is that 
there seems to be common cycle periods for the detrended 
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and LOESS(0.1–0.4) smoothed NHTA and GTA series of 7, 
9–12 years, 14 years, 17–18 years, and 20–23 years. Seip et al. 
(2019) found significant cycles of 7, 13, and 20 years for the 
AMOC, AMO, and NAO.

With a high-resolution lead-lag method, Seip et al. 
(2018), we identified eight common cycle periods with 
an average length of 251 ± 110 years for the LL(0.2) 
smoothed NHTA series and 16 cycle periods with an 
average length of 131 ± 39 years for LL(0.1) smoothed 
series (16 cycles shown in Fig. 4f.) Although not per-
fect, the cycle periods can also be identified in the time 
series representation. We believe that among the potential 
mechanisms that could cause persistent cycles and func-
tion as a pacemaker for cycle periods is ocean variability 
series. Ocean variability series show series with several 
cycle periods superimposed, e.g., Arzel and Huck (2020), 
and Arzel et al. (2018) and both the Arzel papers and 
Seip and Grøn (2019b) offer explanations for how they 
are created. Thus, hypothesis H3, was only partially 
supported. Several studies included ocean variability to 
explain variabilities in NHTA and GTA, but also added 
potential factors like volcanism. Such additional factors 
may contribute to decadal and multidecadal variations, 
but it is less likely that they can function as pacemakers 
for centennial or multicentennial variations.

Environmental policy consequences  The public often 
expresses concerns over annual temperature events, 
like very cold or very warm years. However, the impor-
tant issue that should be communicated is that the cold 
periods are, on average, still a little warmer than previ-
ous cold years and the warm periods are a little warmer 
and last longer than previous warm periods. Periods 
less than about 20 years with steep changes in tempera-
tures were as frequent during the pre-industrial period 
as they are now, but there are many more periods with 
steep increases in temperature than periods with steep 
decreases in temperature.

6 � Conclusion

Extreme decadal and multidecadal changes in Northern 
Hemisphere temperature anomaly during time windows 
less than about 20 years were as steep during the first 
part of the Common Era, years 1–1880, as during the last, 
industrial era. However, decadal and multidecadal warm-
ing periods were more frequent during the latter period. 
Decadal and multidecadal variabilities in the IND period 
are superimpositions on a persistent increase caused by 
increasing greenhouse gas concentrations, e.g., CO2, in the 
atmosphere. Subtracting the effects of green house gases, 
temperature variabilities after 1880 were always less than 
during the preindustrial era. After 1971, there is only one 
year (2008) where the decadal period shows a negative 
slope. The year 2008 (a year in the last hiatus period) is 
also designated as a tipping point for the snow cover in the 
Tibetan plateau as well as related to other tipping points. 
Furthermore, it is the year with maximum changes in CO2 
during the IND era. Of the seven candidate causes for dec-
adal or multidecadal changes in NHTA, we suggest that 
our results support variability in the ocean as a dominating 
cause during the Common Era because the NHTA shows 
signals that a pace maker mechanism is present.
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Fig. 4   NHTA change around midpoint years that gave maximum 
changes over a 11-year period. Note that the change is calculated as 
the difference in NHTA values between the last and the first year in 
the periods. a Pre-industrial period 1–1880, max slope around the 
year 20 (15–25). b Industrial period 1881–2019. The decadal slope 
is shown for the year with steepest slope, 1933 (1928–938) and for 
the year 2014 (2009–2019). c Slopes as a function of window length 
for pre- and post-1880. The black line shows maximum slopes for a 
second order polynomial function fitted to the NHTA for the indus-
trial period and representing the effects of GHG. d Ratio between 
significant positive slopes and significant negative slopes for pre- 
and post-1880. Droplines show crossing point at year 22. e Running 
11 years window for temperature slopes T t+11 - Tt . f NHTA series 
LOESS(0.1–0.4) smoothed and detrended. See-saw curve shows 
cycle periods
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