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Abstract

Although recent decades have been the warmest since 1850, and global mean temperatures during
2015 and 2016 beat all instrumental records, the rate of increase in global surface air temperature
(GSAT) significantly decreased at the beginning of the 21st Century. In this context, we examine
the roles of ice melting and associated increase in sea-water mass, both of which significantly
increased at the same time as GSAT decreased. Specifically, we show that (1) the slowdown of the
rate of increase in GSAT between the specific periods 1992-2001 and 2002-2011 exists in all three
climate records analyzed and is statistically significant at the 5% level amounting between 0.029
and 0. 036 °C/yr and leaving an energy of 14.8 to 18.4 10" J/yr available; (2) the increase of the
atmosphere-related ice melt between these two periods amounts to 316 Gt/yr which requires 10.5
10" J/yr, i.e. between 57% and 71 % of the energy left by the slowdown; and (3) the energy budget
shows therefore that the heat required to melt this additional 316 Gt/yr of ice is of the same order as
the energy needed to warm the atmosphere during the decade 2002-2011 as much as during the
previous one, suggesting a redistribution of heat within the atmosphere-cryosphere system.
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1. Introduction: The slow-down of therate of increase in global surface air temperature

Global annual mean surface air temperature (GSAT) has increased over the last 200 years, with
each of the past 3 decades being warmer than the previous ones (Stocker et al. IPCC, 2013). The
IPCC attributes global warming primarily to CO, emissions related to fossil fuels and secondarily to
net land use changes. Although the last decade is the warmest decade in the instrumental record
dating back to 1850 (WMO, 2015), and CO, continues to rise (reaching more than 400 ppmv in
2015, Tans and Keeling, 2014), the rate of increase in GSAT has shown an apparent pause or hiatus
between 2000 and 2012 (Keenlyside et al., 2008; Easterling and Wehner, 2009; Hansen et al., 2010;
Yan et al., 2016). The IPCC (Stocker et al., 2013) reports a rise of GSAT of 0.26 °C per decade for
the period 1984-1998 and 0.05 °C per decade for the period 1998-2012, a decrease of 0.21°C per
decade. The exceptional 2015 and 2016 GSATs appear to have put an end to the hiatus (Hansen et
al., 2017). There were however many discussions about whether the slowdown of the rate of
increase in GSAT is real or not. A detailed analysis of the different definitions of hiatus and of
different data sets (Medhaug et al., 2017) has attempted “reconciling controversies about the global
warming hiatus”. Nonetheless, decadal variability of the climate remains an important and as yet
unresolved issue.

Several factors have been suggested as possible contributors to this slowdown of the rate of increase
in GSAT. Explanations can be grouped into two categories:one dealing with reduced external
forcing and the other dealing with internal variability. Among the first category, we can cite solar
activity decay (Stauning, 2014), increased stratospheric aerosol optical depth due to moderate
volcanic activity (Santer et al., 2014; Ridley et al., 2014) and enhanced coal burning in Asia(Neely
et al., 2013), reduced stratospheric water vapor concentrations (Solomon, 2010), and lesser CFC and
methane emissions (Estrada et al., 2013). In the second category, there are: a global phenomenon of
unforced origin (Dieng et al., 2017a), natural variability coinciding with a lesser increase of the sum
of anthropogenic and natural forcings (Kaufmann et al., 2011), and offset of anthropogenic
warming by natural climate variations in the Atlantic and tropical Pacific (Keenlyside et al., 2008).
Nevertheless, increased heat absorption by the oceans seems to be the favored explanation. NOAA
data (Levitus et al., 2012) show slower warming of the ocean's 700 m upper layer during the first
decade of the 21* century which relates to the slower atmospheric warming through the ocean
atmosphere coupling. However, as global heat absorption by the ocean (mostly down to 2000 m)
has not diminished significantly, heat redistribution within the ocean must explain the upper layer's
slower warming, via a greater heat transfer to the deeper ocean (Yan et al., 2016). Model
simulations suggest also that such an increase of deep-ocean heat uptake, related to changes in the
decadal ocean circulation variability with more frequent occurrences of cold La Nina (Foster and
Rahmstorf, 2011), could be at the origin of the warming slowdown (Meehl et al., 2011). Similarly,
the eastern tropical Pacific surface cooling (Kosaka and Xie, 2013; Held, 2013; Trenberth and
Fasullo, 2013), attributed to stronger Pacific trade winds (England et al., 2014), could have caused
the slowdown through increased subsurface ocean heat uptake. In addition, the recurrent salinity
anomaly in the subpolar North Atlantic (Chen and Tung, 2014) could have initiated the transport of
heat to deeper layers in the Atlantic and the Southern Oceans.

It is likely that heat has been added to the deep ocean over the last decade but quantifying the
amount remains difficult. Indeed, uncertainties in data processing and systematic errors within the
observations do not allow sufficiently accurate measurements (Abraham et al., 2013; Dieng et al.,
2015a, Yan et al., 2016). Moreover,, the ocean's thermal expansion rate has increased much less
rapidly since 2003 (Dieng et al., 2015a; Llovel et al., 2014; von Schuckmann et al., 2014; Cazenave
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et al., 2014), in spite of a possible bias towards low values on the upper-ocean warming (Durack et
al., 2014). The expansion rate was 1.6+0.25 mm/yr with a sea level rise at about 3.1+0.4 mm/yr
from 1993 to 2003 (Cazenave et al., 2009), whereas from 2003 to 2012 it was down to about 1
mm/yr (Llovel et al. (2014) estimated it 0.9+0.15 mm/yr over 2005-2013) with a sea level rise at
3.3+0.4 mm/yr (Cazenave et al., 2014) and is almost stable since 2004. The mass component of the
sea level rise went consequently from 1.5 mm/yr to 2.3 mm/yr. Thus, the ocean's thermal expansion
is reduced by 0.6mm/yr while the mass component increases by 0.8mm/yr (pretty close to the 0.61
mm/yr of Dieng et al., 2017b), pointing to a relationship between the warming slowdown and
global ice melt. Heat accumulation in the deeper ocean (below 700 m) may, however, reduce this
net mass contribution increase to sea level rise to 0.4 mm/yr (this would happen if, instead of
2.3+£0.4 mm/yr over the period 2003-2012, the mass increase in the ocean were 1.9+0.1 mm/yr as in
Cazenave et al. (2009) for the period 2003-2008; there will even be no increase if the value of
1.5+0.4 mm/yr for 2003-2013 (Purkey et al., 2014) is used). Finally, we acknowledge that the
thermal expansion depends on the temperature of the water being warmed as well as on the amount
of heat added, but a very large temperature change , which is not observed, would be required to
change the thermal expansion coefficient significantly.

Our examination of the rate of change of surface warming in the time spans 1992-2001 and 2002-
2011 and our analysis of some components of the Earth's energy budget show that a partial energy
redistribution between the atmosphere and the cryosphere has taken place. Consequently, we
suggest (within acknowledged uncertainties) that the hiatus may be partly explained by a change in
the partitioning of incoming energy and, importantly, that the rate of global warming (as in energy
accumulation) has remained constant over the past several decades.

2. Localization of the lowdown of therate of increasein GSAT

In an attempt to demonstrate the existence of a pause and to refine its localization, we have done
regression analyses (Supporting Information S1) over different time sub-periods between 1984 and
2014 using three different data sets (Table 1 and Supporting Information S2 and Table SM1):
HadCRUT4, Cowtan-Way and Karl et al.

These datasets are updated continuously. The median of the 100 ensemble member of the
HadCRUT 4.3.0.0, version 2.0 of Cowtan-Way, the new analysis Karl data
(ftp://ftp.ncdc.noaa.gov/pub/data/scpub201506/) and the Mean of these three data sets are used in
our calculation. From all data and publications available, we can demonstrate that there is a
slowdown of the rate of increase in GSAT in all data sets we analyzed (Tables 1 and SM1).

About the localization of the pause, using a double linear regression, our best fit of the full data sets
finds the pause period starting at the turn of the 21% century. The warming rate in HadCRUT4 is
indeed respectively 0.236+0.042°C per decade in the 1984-2002 period and 0.008+0.049°C per
decade in the 2002-2014 period (Table 1 and Fig. 1a). During the pause (2002-2014), the null
hypothesis of a zero warming rate cannot thus be excluded. Moreover, the trend of the time series
built from the difference of the two series, i.e. the series before and after 2002 is statistically
different from zero at better than the 0.01 significant level. This means that the trends of the
individual time series are significantly different, a result that parallels the acceleration of land ice
melting as we will show. When 1998 is taken as the starting point of the pause, the result is strongly
influenced by the fact that this is an exceptionally warm year (with its historically strongest El
Nino) followed by two rather cool ones before the temperature rises again to reach the plateau in
2002-2003. The larger 2000-2014 trend (0.116+£0.067 °C per decade) of the new analysis by Karl et
al is at least partly explained by the inclusion of the cold year 2000 and the warm year 2014 in the
time series. If the period 2002-2011 is indeed used, a trend of 0.018+0.078 °C per decade is found
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(Table 1). In regression analyses over the periods 1984-1999 and 1999-2014 in HadCRUT4, with
1999 as a common point between the two periods, the difference between the respective trends of
these two periods disappears (Fig. SM1). The same is true when 1984-2000 is compared to 2000-
2014 and even more so if 2015 and 2016 are included. These, along with observed ice melt
acceleration, are the reasons for us choosing 2002 rather than 1998 as the starting year of the pause
period.

Finally, we selected the 2002-2011 period because it corresponds to the time span when a definite
pause is observed, as compared to the 1992-2001 interval. This time frame is relevant also because
the quality of observational data sets has been discussed in various publications. Moreover, the 5t
IPCC report shows that important changes took place in the cryosphere from one period (1992-
2001) to the other (2002-2011). Accordingly, our statistical model (Supporting Information S1)
shows that the rate of increase in HadCRUT4 GSAT is 0.328+0.117°C/decade from 1992 to 2001
and -0.031£0.095 °C/decade from 2002 to 2011; in Cowtan-Way GSAT, it is respectively 0.340+
0.106 and 0.0396+0.134°C/decade, and in Karl, 0.305+0.110 and 0.018 £0.078°C/decade. By
way of synthesis, a similar analysis was done on the mean of the three data sets leading to a trend of
0.325+£0.110 °C/decade from 1992 to 2001 and of 0.0086+ 0.089 °C/decade from 2002 to 2011
(Table 1 and Figure 1b)

3. Changesin temperature, energy and ice melting

The pause can be analyzed in a direct way by considering the observed slowdown of the rate of
increase in GSAT (now given in °C/yr to fit the data on energy and on ice), i.e. 0.0359+0.0151°C
per year (based on HadCRUT4), 0.0301+£0.015 (based on Cowtan-Way),a minimum of
0.0288+0.0138 (based on Karl et al.), or 0.0316+0.0147 (based on the Mean of the three data sets),
and seeing if it might be related to the energy left available by the pause and the ice melt
acceleration.

From the first law of thermodynamics and assuming that the energy would warm the atmosphere
globally, the relationship between the changes in temperature AT and sensible heat AQ can be

written:

AT =AQ/(CM,) with C,=1005Jkg™'K™ and M, =510x10""kg

C,. is the specific heat of the atmosphere at constant pressure and M, the mass of the atmosphere.

The warming drop during 2002-2011 relative to 1992-2001 estimated from HadCRUT4, Cowtan-
Way, Karl et al. and Mean of these data sets would therefore leave respectively 18.4+7.7, 15.447.7,
14.8+7.1, or 16.2+7.5 10" J per year available (Table 2 and Supporting Information S4 and S5).
With a latent heat of fusion of ice of 334 10° J kg'l, neglecting the energy required to warm the ice
up to its melting point (the specific heat of ice is only 2.1 10° Jkg'K™), such energy could
potentially melt respectively 5514+231, 462+230,442+212 or 4851226 Gt of ice (Table 2). Given
the uncertainties, these values are 40 to 74 % larger than the difference in the atmospheric-related
melted ice (316 Gt) between the period before 2002 and the period after, as shown from
observations in section 4 and Table 3.

4. Observed ice melt

From literature, the total mass loss of ice during the 1992-2002 period, is estimated to be just above
500 Gt per year (Table 3). Between 2002 and 2011, it is estimated at about 1200 Gt per year
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(roughly 600 from continental ice and 600 from sea ice; Table 3). Assuming all this ice has melted
with the ice fusion latent heat of 334 10° J kg™, we conclude that 39.91 10" J per year or 4.43 % of
the average energy gained by the Earth each year (900 10" J) would have been consumed for this
ice melt over the 2002-2011 period. Part of the ice melt may be due to the atmosphere, but it cannot
easily be estimated.

The Greenland ice sheet mass loss has increased during the past two decades (Ice sheet Mass
Balance Inter-comparison Exercise, Shepherd et al., 2012, Forsberg et al., 2017); it is estimated
with high confidence at 21558 Gt per year (Stocker et al., 2013) over the 2002-2011 period against
34440 Gt per year over the 1992-2001 period (Table 3). Given the uncertainties, the full range of
the changes from one period to the other is 181+70 Gt per year. There is good reason to attribute a
similar amount of the loss to melt-runoff and to outlet glacier discharge. The energy for iceberg
melting is provided essentially by the ocean and it is likely that the heat needed to melt the surface
of the ice-sheet is provided by the atmosphere. Assuming that the atmosphere is at the origin of half
of the mass loss (Stocker et al., 2013), the melting over the 2002-2011 pause period would amount
to 107429 Gt per year and the additional melting compared to the 1992-2001 period would be
90+35 Gt per year (Table 3). These values are rather conservative: the Greenland ice sheet could
lose up to two thirds of its mass in the near future (Rignot et al., 2011; X. Fettweis, personal
communication).

Because this ice melt acceleration in the 2000s could possibly be related to a change in the surface
albedo, we verified whether the deposits of black carbon (soot) carried to northern high latitudes by
aerosols from fossil fuel and biomass burning have increased during that period. The measurements
by Dobherty et al. (2010) show that black carbon deposits on the Arctic decreased between the mid-
1980s and the late 2000s. No major deposit occurred in the 21* century before that of the 2012 early
summer from large Siberian and north-American forest fires which resulted in a widespread
surface melt of the Greenland ice sheet in July 2012 (Keegan et al., 2014). Thus black carbon
deposit can be ruled out as a cause of the melting acceleration observed in the Arctic region since
2000. Dust deposits of possible mineral origin are also shown to potentially reduce the albedo in
the last years according to measurements by Dumont et al. (2014). As they find that a sizeable
albedo reduction occurs only after 2009, mineral dust deposits are also ruled out as a possible cause
of the ice melt acceleration over our entire period of interest. However, MODIS (MODerate
resolution Imaging radioSpectrometer) albedo data (Box et al., 2012) indicate a significant ice sheet
areal-averaged albedo decline of -0.056+0.007 during the northern hemisphere summer over the
period 2000-2011. This albedo decline is due mainly to the expansion of the ablation zone (covered
by bare ice in summer) resulting from a general atmospheric circulation change in recent summers
that favors an advection of warm air from the South. Surface temperature warming enhances snow
grain metamorphism in the accumulation area and due to scarce snow deposit and warming induced
surface melting, ponds form on the sheet (as also on sea ice) significantly decreasing its albedo and
thus augmenting the melting of the ice via the well documented albedo feedback. In fact, the
persistent feedback of enhanced surface melting (Box et al., 2012), below-normal summer snowfall
(Box et al., 2013) and the darkening of the surface since 2009 have contributed to an acceleration of
the Greenland ice sheet melt.

It is likely that the Antarctica average rate of ice loss has increased during the last two decades. It
was 14775 Gt per year with a low confidence level (Stocker et al., 2013) during the 2002-2011
period (Table 3), and it was due to ocean heat flux. Compared to 30+67 Gt per year from 1992 to
2001, this represents an increase of 117£101 Gt per year. There is a very high confidence that these
losses are mainly from the northern Antarctic Peninsula and the Amundsen Sea sector of West
Antarctica, and a high confidence that they result from the acceleration of outlet glaciers, surface
melting being currently negligible in Antarctica (Stocker et al., 2013). Moreover, because of the
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importance of the ocean heat flux on the changes of floating ice shelves, surface melting associated
to the atmosphere over the pause period is finally considered to be only 20+17 Gt per year and its
change from 1992-2001 to 2002-2011 to be only 10+8 Gt per year (Table 3).

Note that the values of ice loss in Greenland and Antarctica used here are similar to those estimated
by others. In Rignot et al. (2011), the acceleration of ice loss between 1992 and 2009 amounts to
21.9 + 1 Gt/yr* for Greenland, 14.5 + 2 Gt/yr” for Antarctica, and 36.3 + 2 Gt/yr” for the combined
total whereas our values are respectively 18+7, 1210 and 30+12 Gt/yr”. In Shepherd et al. (2012),
the total mass loss for Greenland and Antarctica amounts to 100+£92 Gt/yr from 1992 to 2000,
298+58 from 2000 to 2011 and 213+72 for the whole period 1992-2011. This compares well with
our values (64+68, 362+95 and 213+123 Gt/yr), although our uncertainty is larger than in Rignot et
al. and in Shepherd et al. (note also that the time intervals are not strictly the same).

Global glacier decline is unprecedented in the early 21* century (Zemp et al., 2015). From an
interpolation of the data given in IPCC and the update of Marzeion et al. (2012 and 2017), the total
mass loss from all glaciers (excluding those on the periphery of ice sheets) is estimated at 240434
Gt per year over the 2002-2011 period. This is an increase of 67 Gt per year relative to 173+43 Gt
per year of the period 1992 to 2001. Following Marzeion (personal communications), we will
consider that the totality of these melts is induced by the energy transferred from the atmosphere
(Table 3).

Ice melt is one of the most important feedback mechanisms that characterize the climate system
response to radiative forcing, sea-ice extent changes, in particular, changing the Earth's surface
albedo significantly. There is very high confidence that the Arctic sea ice extent decreased over the
1979-2012 period (Comiso and Hall, 2014) (Fig. 2 where September sea ice is taken only as an
example) while the annual Antarctic sea ice extent increased over the 1979-2012 period (Stocker et
al., 2013). Over the 1979-2010 period, the Arctic sea-ice extent decreased by 52 10° km?/yr, three
times more than the Antarctic sea ice extent increase (17 10° kmz/yr). Meanwhile, the Arctic sea ice
volume decreased by 275 km’/yr (PIOMAS, 2016), one order of magnitude more than the Antarctic
sea ice volume gain of 30 km’/yr (Holland et al., 2014), this gain being compatible with the natural
variability of the climate system (Zunz et al., 2013).

The 5™ IPCC report notes that the decadal extent of annual Arctic sea ice has decreased not only in
the summer and autumn, but in every season, and in every successive decade since 1979 (high
confidence). Moreover, the extent of Arctic perennial and multiyear ice decreased with very high
confidence between 1979 and 2012. As we did when attempting to locate the global warming
slowdown (see above), we used a regression strategy to trace the acceleration of Arctic sea-ice
vanishing. As illustrated by the sea-ice extent in September (Fig. 2), 1998 appears to be a
significant bifurcation point in also the annual trend with 40,300 km” per year of sea-ice vanishing
before 1998 and 154,600 km? after. Data from Fetterer et al. (2014) (and NSIDC, 2016a) show such
a decrease in the Arctic sea ice area (extent) in September, from 4.26 (6.62) 10° km? in 1998 to0 2.16
(3.63) 10° km® in 2012 (September is used only to better illustrate the change in Arctic sea ice).
2001 is characterized by an anomalously large ice area (extent) of 4.56 (6.78) 10° km? but is
followed by an area (extent) of 4 (6) 10° km? in 2002. From then, the decline starts to be steadier at
least up to 2012 (in 2013, 2014, 2015, the ice extent is respectively 5.35, 5.29 and 4.68 10° km?
indicating a slower acceleration of the Arctic sea ice melt). Figure 2, illustrates clearly that the
September Arctic sea ice extent started to decline more rapidly at the turn of the 20™ century (i.e.
between 1998 and 2002). This coincides with the beginning of the pause.

Not only is the surface covered by ice decreasing, but the Arctic sea-ice is becoming continuously
younger, i.e. thinner and melting more easily each summer. The thinning of the sea-ice cover and its
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disappearance considerably change the energy budget exchange between the ocean, the ice and the
atmosphere and could therefore have played an important role in the acceleration of the Arctic sea-
ice melting and possibly in the existence of the pause. Modelling experiments (Holland et al., 2006)
show that “ice retreat accelerates as thinning increases the open water formation efficiency for a
given melt rate and the ice albedo feedback increases short wave absorption”. As at long time scale,
the total sea ice area is approximately linearly related to Arctic surface air temperature (Mahlstein
and Knutti, 2012), it is likely that there is an air temperature threshold for the acceleration of
September sea ice disappearance. Melt-pond formation (Polashenski et al., 2012; Schroder et al.,
2014; Lecomte et al., 2014) and the related albedo feedback could be another factor at the origin of
faster Arctic sea ice melting at the beginning of the 21* century.

Sea-ice volume evaluations in the Arctic are less precise than those of sea-ice extent because of
uncertainties in the ice thickness (Zygmuntowska et al., 2014). However, calculations based on the
data available (Massonnet et al., 2012, 2013; Fetterer et al., 2014; PIOMAS, 2016) show that sea-
ice volume loss started to accelerate around 1998 with 152 km’® per year total disappearance rate
during the 1979-1998 period compared to 545 km® per year during the 1999-2011 period.
Concurrently, it can be shown that the Arctic lost 620+ 60 km’ per year during the 2002-2011
period as compared to 296 + 66 from 1992 to 2001. With an ice density of 920 kg/m’, this leads to a
total sea-ice mass loss of 272160 and 57055 Gt per year respectively. In the Arctic, it is
reasonable to assume that 50% of the annual sea ice melt is due to heat transferred from the
atmosphere. Indeed, observations (Perovich et al., 2014) and modeling (Lecomte et al., 2013) show
an Arctic surface melt about equal on average to the bottom melt. Over the pause period the total
atmosphere-related Arctic ice melt would thus have amounted to 285+ 28 Gt per year, which
represents a 149+ 41 Gt increase as compared to the period before 2002 (the contribution of
Antarctica sea ice melt is assumed to be negligible).

In summary (Table 3), over the 2002-2011 period, 1172115 Gt of ice vanished each year on
average, i.e. 663 Gt more than the 509+107 Gt per year of the 1992-2001 period. Considering that
this ice vanishing is caused in roughly equal amounts by the atmosphere and by the oceans, the
additional atmosphere-related melting is 31677 Gt of ice per year (Table 3).

The amount of energy left available in the atmosphere from the slowdown of the rate of increase in
GSATwhich is 18.4+7.7 10" T per year (HadCRUT4 data), 15.4+7.7 10" J per year (Cowtan-Way
data), 14.8+7.1 10" J per year (Karl et al data) and 16.2+7.5 10" J per year (Mean of the three data
sets) (Table 2) is comparable to the 10.5+2.5 10'° J per year needed for the additional melting of
316+77 Gt of ice per year. The energy associated to the global surface warming slowdown during
the 2002-2011 period as compared to the 1992-2001 period could thus be related, at least partly, to
the concomitant ice melt acceleration, the remnant missing energy being transferred to ocean.

5. No pausein thetotal of atmospheric warming plusice melting

The beginning of the 21% century has witnessed four, almost simultaneous phenomena: acceleration
of the arctic sea ice disappearance (including a shrinking of its annual maximum), increase of the
rate of ice sheet and glacier melting (Zemp et al., 2015), increase of sea level rise (Cazenave et al.,
2014; Cazenave and Remy, 2011) and the appearance of a slump in the warming trend of the
atmosphere. These are the reasons why, in order to obtain a proper idea of the heat gain by the
atmosphere, we suggest adding the heat necessary to melt ice sheets, high altitude glaciers as well
as sea ice, to the heat content increase due to the atmosphere's temperature increase. Figure 3
illustrates the energy redistribution between the atmosphere and the cryosphere, showing that, while
the heat content of the atmosphere alone looks stable after the turn of the 21% century, no such
behavior is observed when the ice melting heat is added. When compared to the slope of the
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atmospheric heat, it appears that the ice melt increase compensates the pause in the atmosphere's
temperature rise and restores a quasi linear behavior for the total energy involved in the
atmosphere-cryosphere system. As shown in Figure 3, the trend of the energy curves is a steady
increase from 7.8 to 24.4 10" J per year, with a relative uncertainty that decreases markedly from
13 to 4 % and the variance increases significantly from 76 to 96 %.

6. Discussion and Conclusions

From statistical analysis of the data from HadCRUT4, Cowtan-Way, Karl et al. and Mean of these
data sets, we have shown that there is definitely a slowdown of the rate of increase in their GSAT
which is significant at better than the 0.1 level of significance. For example, this slowdown in the
Mean data set amounts 0.316+0.147 °C per decade which is significant at the 0.06 level.

According to our calculations (Table SM2), the heat gained by the Earth since the beginning of the
21% century (assumed to be 9 10%' ] per year from Stocker et al. (2013) over the period 2002 to
2011; Supporting Information S4 and S5) is redistributed as follows (unlike the IPCC distribution
characterizing the 1971-2010 period with a heat gain of 6.85 10*' J per year):

e Instead of 1% of the total energy gained by the Earth (9 10" J per year) being used to warm
the atmosphere, observations between 2002 and 2011 give 0.28 % for the 0.05 °C per
decade of IPCC, 0.21% for the 0.0396°C per decade of Cowtan-Way, 0.1% for the
0.018°C per decade of Karl et al. and only 0.04% for the 0.0086°C per decade of the Mean
data set.

e [fthe atmosphere had continued to warm between 2002 and 2011 as it did between 1992 and
2001, it would have needed respectively 2.0 %, or 1.7 % or 1.64 % or 1.8 % of the total
energy gaind by the Earth more than it was actually used, depending whether HadCRUT4,
or Cowtan-Way or Karl et al. or the Mean data set is used..

e Instead of 3% for the ice melt, it is 4.34 % (39.1 10" J per year) that must be available to
melt 1172 Gt of ice per year between 2002 and 2011. If the melting had continued as it was
between 1992 and 2001 (509 Gt of ice per year), it would have required only 1.9 % (17 10"
J per year) of the total energy gained by the Earth, i.e. 2.44 % (22.1 10" J per year) less than
the amount effectively required to melt the observed ice loss of 1172 Gt .

e Assuming that the melting of 652 Gt of ice per year during the time span 2002-2011,
roughly half of the total annual 1172 Gt ice melt during this period, is atmosphere related,
the energy taken from the atmosphere would be 2.41 % (21.7 10" J per year), not very
different from the energy required to melt the additional 663 Gt of ice per year (2.44 %)
resulting from the ice melt acceleration.

e  The energy associated to the global warming slowdown during the 2002-2011 period as
compared to the 1992-2001 period when expressed as a percentage of the total energy
gained by the Earth is respectively from HadCRUT4 (2.04 %), Cowtan-Way (1.7 %) , Karl
et al. (1.6 %) and the Mean data set (1.8 %). These are actually comparable to the 1.17 %
(10.5 10" J per year) energy required to melt 316 Gt of ice per year, an estimate of what the
atmosphere may do.

e Accordingly, the share of the ocean and the continents together is barely modified.

Given the remaining uncertainties in the data used, the problem of the pause-hiatus is not totally
solved and several explanations remain possible. Among these, it is our conjecture that the
acceleration of the arctic sea ice melt can have played an important role in the initiation of the
pause. Accordingly, the exceptional warming observed for 2014, 2015 and 2016 (Hansen and Sato,
2016) seems be concomitant with a sea ice melt slow down since 2013, except for the
unprecedented sea ice extent low anomaly of the autumn 2016 and winter 2017 months (NSIDC,
2016b).
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In IPCC (Stocker et al., 2013), scenario RCP8.5 leads to a vanishing of the Northern Hemisphere
September sea ice by about 2060 while the extrapolation of today's Arctic sea ice melting makes it
vanish within the next 30 years, as our estimate also shows (Table 3 and Overland and Wang,
2013). This is why, in addition to missing estimates of external influences on the climate in model
simulations claimed by Schmidt et al. (2014), we recommend that careful attention be paid to the
acceleration of the ice melting from the period before the beginning of the 21* century to after, in
particular concerning the Arctic sea ice (volume), Greenland and the high altitude glaciers. To
improve our understanding, the El Nifio contribution to the exceptional warming of 2015-2016 must
be properly estimated. Indeed, according to the Met Office (2017), the particularly strong El Nifio
event contributed about 0.2°C to the annual average for 2016, which was about 0.77+ 0.1 °C
above the average of the 1961-1990 period. Without El Nifio, 2016 would then have been like 2014
and within the errors of the last 15 years. Thus, it is hard to claim that the pause has ended, it might
simply have been interrupted by a strong El Nifio and could soon resume.

We propose that the “global warming hiatus” is a redistribution of the heat taken up by the Earth, a
redistribution which counts ice melting among the beneficiaries. However, it does not prevent other
causes to be also considered to explain the decrease of the warming rate over the first decade of the
21% century, e.g. an increase of the transfer of heat from the upper oceanic layer to the deep ocean
even if a signature in the deep ocean heat uptake is difficult to find (Dieng et al., 2015b), and/or a
missing or incorrect radiative forcing (an increase of volcanic activity, a decrease of solar activity),
and/or the natural variability of the Earth system at the decadal to secular time scales (Dieng et al.,
2016).
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~ Table 1. Different rates of warming (°C/decade) in the global annual mean surface temperature over the last 30 years.
The HadCRUT4 data (Morice et al., 2012), Cowtan and Way (2014) and Karl et al. (2015) are used.
O time s.e. . . s.e. . Slowdown . slmificet
. trend tratio time interval trend tratio s.e. tratio level of
interval trend trend (°C/decade) low d
P ﬁ slow down
| ' 1984-1998 0.266 0.072 3.7 1998-2014 0.062 0.039 1.6* 0.204 0.082 249 0.03
1984-2002 0.236 0.042 5.7 2002-2014 0.008 0.049 0.2%* 0.228 0.065 3.53 0.005
H 1992-2001 0.328 0.117 2.8 2002-2011 -0.031  0.095 0.3** 0.359 0.151 2.38  0.05
1992-2001 0.340 0.106 3.2 2002-2011x 0.0396 0.134 0.3** 0.301 0.154 1.95 0.08
1992-2001 0.305 0.110 2.8 2002-2011xx  0.018 0.078 0.2*%* 0.288 0.138 2.08 0.07
1992-2001 0.325 0.110 2.9 2002-2011xxx 0.0086 0.089 0.1** 0.316 0.147 2.14  0.06
@ * trend different from O only at the 0.15 significant level.
*x trend not significantly different from 0.
First 3 lines data from HadCRUT4
X data from Cowtan-Way (2014)
XX new data from Karl et al. (2015)
H XXX mean of the three data sets

s.e.: standard error
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Table 2. Decrease of the rate of warming between 1992-2001 and 2002-2011 and the consequences.

1cle

HadCrut4 Cowtan-Way Karl et al. Mean of data sets
Rate of warming 2002-2011 (°C/yr) -0.0031+0.0095  0.00396+0.0134 0.0018+0.0078 0.0009+0.009
Slowing down from 1992-2001 (°C/yr) 0.0359+0.015 0.0301+£0.0154 0.0288+0.0138 0.0316+0.0147
Energy left (10" J/yr) 18.4+7.7 15.4+7.7 14.8+7.1 16.2+7.5
Equivalent in ice melt (Gt/yr) 5514231 462+230 4424212 4854226
Equivalent in % of Accelerated ice melt (316 Gt/yr) 174 146 140 153
Energy for ice melt (10.5 10" J/yr) in % of Energy left
(%) 55 68 71 65
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~ Table 3. Average ice loss and melt (Gt/yr) for the periods 1992-2001 and 2002-2011.
O Ice loss Ice melt from atmosphere
° ﬁ 1992-2001 2002-2011 % of ice 2002-2011 (2002-2011)-(1992-2001)
loss
H Gt/yr Gt/yr Gt/yr Gt/yr
; l Greenland (IPCC, 2013) 34440 215+58 50 107+29 90+35
Antarctica (IPCC, 2013) 30+67 147+75 14 20+17 10+8
Glaciers (Rignot et al., 2011) 17343 240+34 100 240+34 67+55
Sea ice Arctic (PIOMAS,
2016) 272460 570+55 50 285+28 149+41
Total 509107  1172+115 652+55 31677
'U Energy for fusion (10" J/yr) 17435 39.143.8 207418 10.542.5
Energy for fusion (Wm™) 0.011 0.024 0.014 0.007
% of the Energy gained by the
O Earth (900 10° J/yr) 4.34 2.40 1.17
H 900 10" J/yr=0.56 Wm™
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Figure Captions

Figure 1. Increase of global annual mean surface temperature (a) from 1984 to 2014 with
respectively 1998 and 2002 as the turning point, the temperature anomalies being from
HadCRUT4 (Morice et al., 2012); (b) from 1992 to 2001 and 2002 to 2011, the data being the
Mean of HadCRUT4, Cowtan-Way and Karl et al. data sets. The linear regressions and
explained variances are indicated.

Figure 2. Decrease of September Arctic sea ice extent (Massonnet et al., 2012; Fetterer et al.,
2014, NSIDC, 2016a) between 1979 and 1998 and between 1998 and 2013 with the
corresponding linear regressions and the explained variances.

Figure 3. Energy added to the atmosphere and cryosphere since 1980. The energy for the
atmosphere is calculated from the HadCRUT4 temperature data; the energy absorbed by the
cryosphere is calculated from the loss of mass from Greenland, Antarctica, mountain glaciers
and sea ice melting.
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