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47  Abstract

48

49  Human-induced atmospheric composition changes cause a radiative imbalance at the top-of-
50  atmosphere which is driving global warming. This Earth Energy Imbalance (EEI) is a fundamental
51 metric of climate change. Understanding the heat gain of the Earth system from this accumulated
52  heat — and particularly how much and where the heat is distributed in the Earth system - is
53  fundamental to understanding how this affects warming oceans, atmosphere and land, rising
54  temperatures and sea level, and loss of grounded and floating ice, which are fundamental concerns
55  for society. This study is a Global Climate Observing System (GCOS) concerted international
56  effort to update the Earth heat inventory, and presents an updated international assessment of ocean
57  warming estimates, and new and updated estimates of heat gain in the atmosphere, cryosphere and
58 land over the period 1960-2018. The study obtains a consistent long-term Earth system heat gain
59  over the past 58 years, with a total heat gain of 393 £ 40 ZJ, which is equivalent to a heating rate
60  0f0.42 £ 0.04 Wm™. The majority of the heat gain (89%) takes place in the global ocean (0-700m:
61  53%; 700-2000m: 28%; > 2000m: 8%), while it amounts to 6% for the land heat gain, to 4%
62  available for the melting of grounded and floating ice, and to 1% for atmospheric warming. These
63  new estimates indicate a larger contribution of land and ice heat gain (10% in total) compared to
64  previous estimates (7%). There is a regime shift of the Earth heat inventory over the past 2 decades,
65  which appears to be predominantly driven by heat sequestration into the deeper layers of the global
66  ocean, and a doubling of heat gain in the atmosphere. However, a major challenge is to reduce
67  uncertainties in the Earth heat inventory, which can be best achieved through the maintenance of
68 the current global climate observing system, its extension into areas of gaps in the sampling, as
69  well as to establish an international framework for concerted multi-disciplinary research of the
70  Earth heat inventory. Earth heat inventory is published at DKRZ (https://www.dkrz.de/) under the
71 doi: https://doi.org/10.26050/WDCC/GCOS_EHI EXP (von Schuckmann et al., 2020).

72

73

74  Introduction

75

76  The state, variability and change of Earth’s climate are to a large extent driven by the energy
77  transfer between the different components of the Earth system (Hansen, 2005; Hansen et al., 2011)
78  (Hansen et al., 2005). Energy flows alter clouds, and weather and internal climate modes can
79  temporarily alter the energy balance for periods of sub-monthly to several decades. The most
80  practical way to monitor climate state, variability and change is to continually assess the energy,
81  mainly in the form of heat, in the Earth system (Hansen et al., 2011). All energy entering or leaving
82  the Earth climate system does so in the form of radiation at the top-of-the-atmosphere (TOA, Loeb
83 etal, 2012). The difference between incoming solar radiation and outgoing radiation, which is the
84  sum of the reflected shortwave radiation and emitted longwave radiation, determines the net
85 radiative flux at TOA. Changes of this global radiation balance at TOA - the so-called Earth Energy
86  Imbalance (EEI) - determines the temporal evolution of Earth climate: If the imbalance is positive
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87  (i.e. more energy coming in than going out), energy in the form of heat is accumulated in the
88 climate system resulting in global warming, or cooling if the EEI is negative. The various facets
89 and impacts of observed climate change arise due to the EEI, which thus represents a crucial
90 measure of the rate of climate change (von Schuckmann et al., 2016). In particular, EEI is less
91  subject to decadal variations associated with internal climate variability than global surface
92  temperature and therefore represents a more robust measure of the rate of climate change that is
93  more indicative of the time-evolution of the Earth’s radiative forcing.
94
95 In the context of climate change, anthropogenic radiative forcing of the climate system has given
96 rise to an Earth’s energy imbalance, primarily from increases in atmospheric greenhouse gas
97  concentrations (Myhre, G. et al., 2013). The Earth system responds to an imposed radiative forcing
98  through a number of feedbacks, which operate on various different timescales. Conceptually, the
99 relationships between radiative forcing, EEI and surface temperature change can be expressed as
100 (e.g. Gregory and Andrews, 2016):
101 N =F — ol
102
103  Where N is Earth’s energy imbalance (W m), F is the radiative forcing (W m), T is the global
104  surface temperature anomaly (K) relative to the equilibrium state, and o is the net feedback
105  parameter (W m? K!), which represents the combined effect of the various climate feedbacks.
106  Essentially, o can be viewed as a measure of how efficient the system is at restoring radiative
107  equilibrium for a unit surface temperature rise. Thus, N, represents the difference between the
108  applied radiative forcing and Earth’s radiative response through climate feedbacks associated with
109  surface temperature rise. Observation-based estimates of N are crucial both to our understanding
110  of past climate change and for refining projections of future climate change (e.g. Gregory and
111 Andrews, 2016; Kuhlbrodt and Gregory, 2012). The long atmospheric lifetime of carbon dioxide
112  means that F, N and T will remain positive for centuries, even with substantial reductions in
113  greenhouse gas emissions and lead to substantial committed sea-level rise (Nauels et al., 2017;
114 Palmer et al., 2018).
115
116  Time-scales of the Earth climate response to perturbations of the equilibrium Earth energy balance
117  at TOA are driven by a combination of climate forcing and the planet’s thermal inertia: The Earth
118  system tries to restore radiative equilibrium through increased thermal radiation to space via the
119  Planck response, but a number of additional Earth system feedbacks also influence the planetary
120  radiative response (e.g. Lembo et al., 2019; Myhre et al., 2013). Time-scales of warming or cooling
121 of the climate depend on the imposed radiative forcing, the evolution of climate and Earth system
122 feedbacks with ocean and cryosphere in particular leading to substantial “thermal inertia” (e.g.
123  Clark et al., 2016; Marshall et al., 2015). Consequently, it requires centuries for Earth's surface
124  temperature to respond fully to a climate forcing. In addition to forcing of the climate system,
125  perturbations to the energy balance at TOA arise from internal climate variations. For example,
126  at time scales from interannual to decadal periods, the phase of the El Nifio Southern Oscillation
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127  contributes to both positive or negative variations in EEI (e.g. Loeb et al., 2012). At multi-decadal
128  and longer time scales, systematic changes in ocean circulation can significantly alter the EEI as
129  well (Baggenstos et al., 2019).

130

131 Contemporary estimates of the magnitude of the Earth’s energy imbalance range between about
132 0.4-1.0 W m(depending on estimate method and period, see Table 1), and are directly attributable
133  toincreases in carbon dioxide and other greenhouse gases in the atmosphere from human activities
134  (Ciais et al., 2013). Since the period of industrialization, the EEI has become increasingly
135 dominated by the emissions of radiatively active greenhouse gases, which perturb the planetary
136  radiation budget and result in a positive EEI. As a consequence, excess heat is accumulated in the
137  Earth system, which is driving global warming (Hansen et al., 2005; 2011). The majority (about
138  90%) of this positive EEI is stored in the ocean and can be estimated through the evaluation of
139  ocean heat content (OHC). According to previous estimates, a small proportion (~3%) contributes
140  to the melting of arctic sea ice and land ice (glaciers, Greenland and Antarctica). Another 4% goes
141  into heating of the land and atmosphere (Rhein et al., 2013).

142

143  Knowing where and how much heat is stored in the different Earth system components from a
144  positive EEIL and quantifying the Earth heat inventory is of fundamental importance to unravel the
145  current status of climate change, as well as to better understand and predict the implications of
146  climate change, and to design the optimal observing networks for monitoring the Earth heat
147  inventory. Moreover, quantifying this energy gain is essential for understanding the response of
148  the climate system to radiative forcing, and hence to reduce uncertainties in climate predictions.
149  The rate of OHC as a key component for the quantification of the EEI, and the observed surface
150  warming has been used to estimate the equilibrium climate sensitivity (e.g. Knutti and Rugenstein,
151 2015). However, further insight into the Earth energy inventory, particularly to further unravel on
152  where the heat is going can have implications on the understanding of the transient climate
153  responses to climate change, and consequently reduces uncertainties in climate predictions.

154

155  There are different approaches to estimate the absolute value of the EEI and its changes over time
156  (see Table 1). In this paper, we focus on the inventory of heat stored in the Earth system. The first
157  four sections will introduce the current status of estimate of heat storage change in the ocean,
158  atmosphere, land and cryosphere, respectively. Uncertainties, current achieved accuracy,
159  challenges, and recommendations for future improved estimates are discussed for each Earth
160  system component. In the last chapter, an update of the Earth heat inventory is established based
161  on the results of sections 1-4.

162

163

164

165
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Period EEI estimate (W/m*) | Reference
1960-2015 04+0.1 Cheng et al., 2017
1993-2008 0.8-09+0.1 Trenberth et al., 2011; Trenberth and Fasullo, 2011; Hansen et

al., 2011;

Balmaseda et al., 2013b
1993-2008 0.57+0.1 Hansen et al., 2001
1993-2015 04+0.1 von Schuckmann et al., 2017
2001-2010 0.50 +0.43 Loeb et al., 2012
2001-2011 0.5-1 Trenberth et al., 2014
2005-2010 0.58 £0.15 Hansen et al., 2011
2005-2013 0.7+0.1 Dieng et al., 2017
2005-2015 0.7-09 £0.1 Trenberth et al., 2016,

Johnson et al., 2016
2005-2016 0.7+0.1 von Schuckmann et al., 2018

Table 1: Estimate of the Earth Energy Imbalance as published in recent scientific literature, and based on
estimates using satellite derived estimates of net flux at the Top Of the Atmosphere (TOA), and the rate of
change of ocean heat content.

1. Heat stored in the oceans

The storage of heat in the ocean leads to ocean warming and is a major contributor to sea-level
rise through thermal expansion (WCRP, 2018)(WCRP, 2018). Ocean warming is altering ocean
stratification and ocean mixing processes (Capotondi et al., 2012), affects ocean currents (Hoegh-
Guldberg, O., 2018; Rhein et al., 2018; Yang et al., 2016), impacts tropical cyclones (Hoegh-
Guldberg, O., 2018; Trenberth et al., 2018; Woollings et al., 2012; Yang et al., 2016) and is a
major player in ocean deoxygenation processes (Breitburg et al., 2018) and carbon sequestration
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181 into the ocean (Bopp et al., 2013; Frolicher et al., 2018). Together with ocean acidification and
182  deoxygenation, ocean warming can lead to dramatic changes in ecosystems, biodiversity,
183  population extinctions, coral bleaching and infectious disease, change in behavior (including
184  reproduction), as well as redistribution of habitat (e.g. Garcia Molinos et al., 2016; Gattuso et al.,
185  2015; Ramirez et al., 2017). Implications of ocean warming are also widespread across Earth’s
186  cryosphere (e.g. Mayer et al., 2019; Polyakov et al., 2017; Serreze and Barry, 2011; Shi et al.,
187  2018), and have in turn impacted the ocean itself (e.g. Jacobs et al., 2002). Examples include the
188  imbalance of floating ice shelves and marine terminating glaciers from basal ice melt (Straneo and
189  Cenedese, 2015; Wilson et al., 2017); the retreat and speedup of ice sheet outlet glaciers in
190 Greenland (Straneo et al., 2019b) and in Antarctica (Shepherd et al., 2018a) and of tidewater
191  glaciers in South America and in the High Arctic (e.g. Gardner et al., 2013), as well as thinning of
192  floating ice shelves in the Antarctic Peninsula (e.g. Pritchard et al., 2012).

193

194  Opportunities, but also challenges of Ocean Heat Content (OHC) estimates depend on the
195  availability of in situ subsurface temperature measurements, particularly for global-scale
196  evaluations. Early subsurface ocean temperature measurements before 1900 had been obtained
197  from ship-board instrumentation during two large expeditions, i.e. one Captain James Cook’s
198  expedition in the Southern Ocean (1772—1775), and the global-scale Challenger expedition (1873—
199  1876) (e.g. Roemmich and Gilson, 2009). Since then and up to the mid-1960s, subsurface
200 temperature measurements relied on so called ship-board Nansen-Bottle and mechanical
201  bathythermograph (MBT) instruments (e.g. Abraham et al., 2013), only allowing limited global
202 coverage and data quality. The inventions of the conductivity-temperature-depth (CTD)
203  instruments in the mid-50s and the Expendable Bathythermograph Observing (XBT) system about
204  ten years later increased the oceanographic capabilities for widespread and accurate (in the case of
205 the CTD) measurements of in situ subsurface water temperature (e.g. Abraham et al., 2013; Goni
206 etal., 2019).

207

208  With the implementation of several national and international programs, and the implementation
209  of the fixed moorings in the tropical ocean in the 1980s, the Global Ocean Observing System
210  (GOOS, https://www.goosocean.org/) started to grow. Particularly the global World Ocean
211 Circulation program (WOCE) during the 1990s obtained a global baseline survey of the oceans
212 from top-to-bottom (King et al., 2001). However, measurements were still limited to fixed point
213  measurement platforms, major shipping routes and Naval and research vessel cruise tracks, leaving
214 large parts of the ocean under-sampled. In addition, detected instrumental biases in both MBTs
215  and XBTs further challenged the global scale ocean heat content estimate (Ciais et al., 2013; Rhein
216  etal, 2013), but significant progress has been made recently to correct the biases and provide high-
217  quality data for climate research (Boyer et al., 2016; Cheng et al., 2016; Goni et al., 2019). Satellite
218  altimeter measurements of sea surface height began in 1992, and are used to complement in situ
219  derived ocean heat content estimates, either for validation purposes (Cabanes et al., 2013), or to
220 complement the development of global gridded ocean temperature fields (e.g. (Guinehut et al.,
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221 2012; Willis et al., 2004). Indirect estimates of OHC from remote sensing through the global sea
222  level budget became possible with the satellite-derived ocean mass information in 2002 ((Dieng
223  etal,2017; Llovel et al., 2014; Loeb et al., 2012; Meyssignac et al., 2019; von Schuckmann et al.,
224 2014).

225

226  After the Oceanobs conference in 1999, the international Argo profiling float program was
227  launched with first Argo float deployments in the same year (Riser et al., 2016; Roemmich and
228  Gilson, 2009). By the end of 2006, Argo sampling had reached its initial target of data sampling
229  roughly every 3 degrees between 60°S-60°N. However, due to technical evolution, only 40% of
230  Argo floats provided measurements down to 2000 m depth in the year 2005, but that percentage
231  increased to 60% in 2010 (von Schuckmann and Le Traon, 2011). The starting point of a ‘best
232  estimate’ for near-global-scale (60°S-60°N) OHC is either defined in 2005 (e.g. von Schuckmann
233  and Le Traon, 2011), or in 2006 (e.g. (Wijffels et al., 2016). The improvement for Argo-based
234  estimates of OHC is tremendous, and has led to major advancements in climate science,
235  particularly on the discussion of the EEI (e.g. Hansen et al., 2011; Johnson et al., 2018; Loeb et
236  al., 2012; von Schuckmann et al., 2016; Trenberth and Fasullo, 2010). The near-global coverage
237  of the Argo network also provides an excellent test bed for the long-term OHC reconstruction
238 extending back well before the Argo period (Cheng et al., 2017). Moreover, these evaluations
239  allow further observing system recommendations for global climate studies, i.e. gaps in the deep
240  ocean layers below 2000m depth, in marginal seas, in shelf areas and in the polar regions (e.g. von
241 Schuckmann et al., 2016), and their implementations are underway (e.g., Johnson et al., 2019 for
242 deep Argo).

243

244  Different research groups have developed gridded products of subsurface temperature fields for
245  the global ocean using statistical models (e.g. Good et al., 2013; Ishii et al., 2017; Levitus et al.,
246 2012) or combined observations with additional information from climate models (Cheng et al.,
247  2017). An exhaustive list of the pre-Argo products can be found in for example Abraham et al.,
248  2013; Boyer et al., 2016; Group, 2018; Meyssignac et al., 2019. Additionally, specific Argo-based
249  products are listed on the Argo webpage (http://www.argo.ucsd.edu/). Although all products rely
250  more or less on the same database, near-global OHC estimates show some discrepancies which
251  result from the different statistical treatments of data gaps, the choice of the climatology and the
252 approach used to account for the MBT and XBT instrumental biases (Boyer et al., 2016). Although
253  reduced, the Argo-based products also show differences, which are discussed to result from
254  different treatments of currently under-sampled regions (e.g. von Schuckmann et al., 2016). Ocean
255  reanalysis systems have been also used to deliver estimates of near-global OHC (e.g; (Meyssignac
256 et al., 2019; von Schuckmann et al., 2018), and their international assessments show increased
257  discrepancies with decreasing in situ data availability for the assimilation (e.g. Palmer et al., 2017;
258  Storto et al., 2018) Climate models have also been used to study global and regional ocean heat
259  changes and the associated mechanisms, with observational datasets providing valuable
260  benchmarks for model evaluation (Cheng et al., 2016, 2019; Gleckler et al., 2016).
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261

262 International near-global OHC assessments have been performed previously (e.g. Abraham et al.,
263  2013; Boyer et al., 2016; Meyssignac et al., 2019; WCRP, 2018). These assessments are
264  challenging, as most of the gridded temperature fields are research products, and only few are
265  distributed and regularly updated operationally. The initiative relies on the availability of data
266  products, their temporal extensions, and direct interactions with the different research groups. As
267  a consequence, a complete and holistic view on all available international temperature products
268  can be only achieved through a concerted international effort, and over time. In this study, we did
269 not achieve a holistic view of all available products, but we assay a starting point for future
270  international regular assessments of near-global OHC. For the first time, we propose an
271  international ensemble mean and standard deviation of near-global OHC (Fig. 1) which is then
272  used to build an Earth climate system energy inventory (section 5). However, future evolution of
273  this initiative is needed to include all missing in situ-based products, ocean reanalyses, as well as
274  satellite-based indirect estimates.

275
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277  Figure 1: Ensemble mean time series and ensemble standard deviation (2-sigma, shaded) of global ocean
278  heat content anomalies relative to the 2005-2018 climatology for the 0-300m (light blue), 0-700m (blue),
279  0-2000m (dark blue) and 700-2000m depth layer. The ensemble mean is an outcome of an international
280  assessment initiative, and all products used are referenced in the Figure caption of Fig. 2. The trends over
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the period 1960-2018 (1993-2018; 2005-2018) amount to 0.2 (0.4; 0.4) W/m’ for 0-300m; 0.3 (0.6; 0.6)
Wim? for 0-700m; 0.5 (0.9; 0.9) W/m’ for 0-2000m; 0.2 (0.3; 0.4) W/m’ for 700-2000m depth layers,
respectively. All trends range between about £0.1 W/m’. Note that values are given for the ocean surface.

Products used for this assessment are referenced in the caption of Fig. 2. Estimates of OHC have
been provided by the different research groups under homogeneous criteria. All estimates use a
coherent ocean volume limited by the 300m isobath of each product. All estimates are limited to
60°S-60°N (called ‘near-global’ hereinafter), and only annual averages have been used. The
assessment is based on three distinct periods to account for the evolution of the observing
system, i.e. 1960-2018 (i.e. ‘historical’), 1993-2018 (i.e. ‘altimeter era’) and 2005-2018 (i.e. ‘Argo-
era’). All time series reach the end 2018 — which was one of the principal limitations for the
inclusion of some products. Our final estimates of OHC at upper 2000m in different periods are
the ensemble average of all products, with the uncertainty range defined by the standard
deviation (2-sigma) of the corresponding estimates used.
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Figure 2: Trends of global ocean heat content as derived from different temperature products (colors).
References are given in the figure legend, except for IPRC (http://apdrc.soest.hawaii.edu/projects/Argo/),
CMEMS (CORA & ARMOR-3D, http://marine.copernicus.eu/science-learning/ocean-monitoring-
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301 indicators)CAR2009 (http://www.marine.csiro.au/~dunn/cars2009/) and NOC (National Oceanographic
302  Institution, Desbruyéres et al., 2016. The ensemble mean and standard deviation (2-sigma) is given in black,
303  respectively. The shaded areas show trends from different depth layer integrations, i.e. 0-300m (light
304  turquoise), 0-700m (light blue), 0-2000m (purple) and 700-2000m (light purple). For each integration
305  depth layers, trends are evaluated over the three study periods, i.e. historical (1960-2018), altimeter era
306  (1993-2018) and Argo era (2005-2018). See text for more details on the international assessment criteria.
307  Note that values are given for the ocean surface.

308

309

310

311 The first and principal result of the assessment (Fig. 1) is an overall increase of the trend for the
312 more recent two study periods e.g., the altimeter era (1993-2018) and Argo era (2005-2018)
313  relative to the historical era (1960-2018). The trend values are all given in the caption of Fig. 1. A
314  major part of heat is stored in the upper layers of the ocean (0-300m and 0-700m depth). However,
315  heat storage in the intermediate layer (700-2000m) increases at a comparable rate as reported for
316  the 0-300m depth layer, the rate of change jumps from 0.2 (0.4; 0.4) W/m? for 0-300m to 0.5 (0.9;
317 0.9) W/m? for the 0-2000m depth layer over the study periods 1960-2018 (1993-2018; 2005-2018).
318  There is a general agreement between the 15 international OHC estimates (Fig. 2). However, for
319  some periods and depth layers the standard deviation reaches maximal values up to about 0.3
320 W/m? All products agree on the fact that ocean warming rates have increased in the past decades,
321  and doubled since the beginning of the altimeter era (1993-2018 compared with 1960-2018) (Fig.
322  2). Moreover, there is a clear indication that heat sequestration into the deeper ocean layers took
323  place over the past 6 decades.

324

325  For the deep OHC changes below 2000m, we adapted an updated estimate from Purkey and
326  Johnson (2010) (PG10) from 1991 to 2018, which is a constant linear trend estimate (1.15 +/- 0.57
327  Zl/year, 0.07 +/- 0.04 W/m?). Some recent studies strengthened the results in PG10 (Desbruyéres
328 etal., 2016; Zanna et al., 2019). Desbruyéres et al., (2016) examined the decadal change of the
329  deep and abyssal OHC trends below 2000m in 1990s and 2000s, suggesting that there has not been
330 a significant change in the rate of decadal global deep/abyssal warming from the 1990's to the
331 2000's and the overall deep ocean warming rate is consistent with PG10. Using a Green Function
332  method, Zanna et al. (2019) reported a deep ocean warming rate of ~0.06 Wm during the 2000s,
333  consistent with PG10 used in this study. Zanna et al. (2019) shows a fairly weak global trend
334  during the 1990s, inconsistent with observation-based estimates. This mismatch might come from
335  the misrepresentation of surface-deep connections in ECCO reanalysis data and the use of time-
336 mean Green functions in Zanna et al. (2019). Furthermore, combining hydrographic and deep-
337  Argo floats, a recent study (Johnson et al., 2019) reported an accelerated warming in the South
338  Pacific Ocean in recent years, but a global estimate on the OHC rate change over time is not
339 available yet.

340
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341  Before 1990, we assume zero OHC trend below 2000m, following the methodology in IPCC-ARS
342  (Rhein et al., 2013). The zero-trend assumption is made mainly because there are too few
343  observations before 1990 to make an estimate of OHC change below 2000m. But it is a reasonable
344  assumption because OHC700-2000m warming is fairly weak before 1990 and heat might not have
345  penetrated down to 2000m. Zanna et al. (2019)also shows a near zero OHC trend below 2000m
346  from 1960s to 1980s. The derived time series is for the Earth energy inventory in section 5.

347

348

349

350 2. Heat available to warm the atmosphere

351

352  Warming of the Earth’s surface and its atmosphere is one prominent effect of climate change,
353  which directly affects society. Atmospheric observations clearly reveal a warming of the
354  troposphere over the last decades (e.g., Santer et al., 2017; Steiner et al., 2019) and changes in the
355  seasonal cycle (Santer et al., 2018). Changes in atmospheric circulation (e.g., Cohen et al., 2014;
356  Fuetal., 2019) together with thermodynamic changes (e.g., Fischer and Knutti, 2016; Trenberth
357 etal., 2015) will lead to more extreme weather events and increase high impact risks for society
358 (e.g., Coumou et al., 2018; Zscheischler et al., 2018). Therefore, a rigorous assessment of the
359  atmospheric heat content in context with all Earth’s climate subsystems is important for a full view
360 on the changing climate system.

361  The atmosphere transports vast amounts of energy laterally and strong vertical heat fluxes occur
362  at the atmosphere’s lower boundary. The pronounced energy and mass exchanges within the
363  atmosphere and with other climate components is a fundamental element of Earth’s climate
364  (Peixoto and Oort, 1992). In contrast, long-term heat accumulation in the atmosphere is limited by
365 its small heat capacity (von Schuckmann et al., 2016). In a globally averaged and vertically
366 integrated sense, heat accumulation in the atmosphere arises from a small imbalance between net
367  energy fluxes at the top of the atmosphere (TOA) and the surface (denoted s). The heat budget of
368  the vertically integrated and globally averaged atmosphere (indicated by the global averaging
369  operator <.>) reads as follows:

0AE
370 < T >=<Radrps > —< F, > —< Fpow > —< Fpg >, D
371 where, in vertical pressure (p) coordinates, the vertically integrated atmospheric energy content
372  AE per unit surface area [Jm] reads

373 AE = f;TSOAé(c,,T +O+L.q+K)dp, (2)

374  while in mean-sea-level altitude (z) coordinates, used for the observational datasets, it can be
375  written as

376 AE = fZZTOA p(c,T +g(z—2z) + L.q + %VZ) dz. (3)

11

suolssnasig



Earth System
Science

Data

https://doi.org/10.5194/essd-2019-255
Preprint. Discussion started: 20 March 2020
(© Author(s) 2020. CC BY 4.0 License.

Open Access

377 In Equation 1, AE represents the total atmospheric energy content, Radro4 the net radiation at top-
378  of-the atmosphere, Fnet surface energy flux defined as the sum of net surface radiation and latent
379  and sensible heat flux, Fiq.ow the latent heat flux associated with snowfall (computed as the product
380  of latent heat of fusion and snow fall rate), and Fpr is the difference of surface enthalpy fluxes
381  arising from global evaporation and precipitation.

382  Fuow represents a heat flux that is directed in the opposite direction than the associated mass flux:
383 it warms the atmosphere by additional latent heat release and cools the underlying surface. This is
384  analogous to the energetic effect of sea ice export from the Arctic. Finow cools the high latitude
385  ocean with rates up to 5 Wm, but its global average value is smaller than 1 Wm™ (Mayer et al.,
386  2017). Snowfall is also an important contributor to the heat and mass budget of ice-sheets and sea
387  ice (see section 4).

388  Fpr represents the net heat flux arising from the different temperatures of rain and evaporated
389  water. This flux can be sizeable regionally, but it is small in a global average sense (warming of
390 the atmosphere ~0.3 Wm™ according to Mayer et al., 2017).

391  Equations 2 and 3 provide a decomposition of the atmospheric energy content AE, where g is the
392  acceleration of gravity, ¢, the specific heat for moist air at constant volume, ¢, the specific heat at
393 constant volume, p the air density, 7 is air temperature, p the air density, @s the surface
394  geopotential above surface, K kinetic energy, V wind speed, L. the temperature-dependent
395 effective latent heat of condensation (and vaporization) L, or sublimation L, (the latter relevant
396  below 0 °C), and ¢ the specific humidity of the moist air. We neglect atmospheric liquid water
397  droplets and ice particles as separate species, as their amounts and especially their trends are small.

398 In the AF derivation from the observational datasets based on Equation 3, we accounted for the
399 intrinsic temperature dependence of the latent heat of water vapor by assigning L. to L, if ambient
400 temperatures are above 0 °C and to L, (adding in the latent heat of fusion L) if they are below —
401 10 °C, respectively, with a gradual (half-sine weighted) transition over the temperature range
402  between. The reanalysis evaluations, following Equation 2, similarly approximate L. by using
403  values of L,, Ls, and Ly, though in slightly differing forms. The resulting differences in AHC
404 anomalies from any of these choices are negligibly small, however, since the latent heat
405 contribution at low temperatures is itself very small.

406  Similarly, the AE estimations from the observations neglected the kinetic energy term K in
407  Equation 3 (fourth term), while it accounted for the sensible heat energy (sum of the first two
408 terms, internal heat energy and gravity potential energy) and the latent heat energy (third term).
409  This as well leads to negligible differences to the use of Equation 2, since the kinetic energy content
410  and trends at global scale are more than three orders of magnitude smaller than from the sensible
411 heat content.

412  Turning to the datasets used, atmospheric energy accumulation can be quantified using various
413  data types, as summarized in the following. Atmospheric reanalyses combine observational
414  information from various sources (radiosondes, satellites, weather stations, etc.) and a dynamical
415  model in a statistically optimal way. This data type has reached a high level of maturity, thanks to
416  continuous development work since the early 1990s (e.g., Hersbach et al., 2018). Especially
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417  reanalysed atmospheric state quantities like temperature, winds, and moisture are considered to be
418  of high quality and suitable for climate studies, although temporal discontinuities introduced from
419  the ever-changing observation system remain a matter of concern (Berrisford et al., 2011; Chiodo
420 and Haimberger, 2010).

421  Here we use the current generation of atmospheric reanalyses as represented by ECMWF’s fifth-
422  generation reanalysis ERAS (Hersbach et al., 2018, 2019), NASA’s Modern-Era Retrospective
423  analysis for Research and Applications version 2 (MERRAZ2; Gelaro et al., 2017), and JMA’s 55-
424  year-long reanalysis JRASS (Kobayashi et al., 2015). All these are available over 1980 to 2018;
425  the latter is the only one also covering the timeframe 1960 to 1979. We additionally used a different
426  version of JRASS that assimilates only conventional observations, which away from the surface
427  only leaves radiosondes as data source (JRAS5C). The advantage of this product is that it avoids
428  potential spurious jumps associated with satellite changes. Moreover, JRA55C is fully independent
429  of satellite-derived Global Positioning System (GPS) radio occultation (RO) data that are also
430  separately used and described below together with the observational techniques.

431  The datasets from three different observation techniques have been used for complementary
432  observational estimates of the atmospheric heat content. We use the Wegener Center (WEGC)
433  multi-satellite RO data record, WEGC OPSv5.6 (Angerer et al., 2017), as well as its radiosonde
434  (RS) data record derived from the high-quality Vaisala sondes RS80/RS92/VS41, WEGC Vaisala
435  (Ladstédter et al., 2015). WEGC OPSv5.6 and WEGC Vaisala provide thermodynamic upper air
436  profiles of air temperature, specific humidity, and density from which we locally estimate AF
437  according to Equation 3 (Kirchengast et al., 2019). In atmospheric domains not fully covered by
438  the data (e.g., in the lower part of the boundary layer for RO or over the polar latitudes for RS) the
439  profiles are vertically completed by collocated ERAS5 information. The local vertical energy
440  content results are then averaged into regional monthly means, which are finally geographically
441  aggregated to global atmospheric heat content (AHC). Applying this estimation approach in the
442  same way to reanalysis profiles sub-sampled at the observation locations accurately leads to the
443  same AHC anomaly time series records as the direct estimation from the full gridded fields based
444  on Equation 2.

445  The third observation-based AHC dataset derives from a rather approximate estimation approach
446  using the microwave sounding unit (MSU) data records (Mears and Wentz, 2017). Because the
447  very coarse vertical resolution of the brightness temperature measurements from MSU does not
448  enable integration according to Equation 2 or 3, this dataset is derived by replicating the method
449  used in IPCC ARS WGI Assessment Report 2013 (Rhein, M., Rintoul, S., Aoki, S., Campos, E.,
450 Chambers, D., Feely, R., Gulev, S., Johnson, G., Josey, S., Kostianoy, A., Mauritzen, C.,
451  Roemmich, D., Talley, L., and Wang, 2013; Chap. 3, Box 3.1 therein). We used the most recent
452 MSU Remote Sensing System (RSS) V4.0 temperature dataset (Mears and Wentz, 2017),
453  however, instead of MSU RSS V3.3 that was used in the [IPCC ARS (Mears and Wentz, 2009a,
454  2009b; updated to version 3.3). In order to derive global time series of AHC anomalies, the
455  approach simply combines weighted MSU lower tropospheric temperature and lower stratospheric
456  temperature changes (TLT and TLS channels) converted to sensible heat content changes via
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457  global atmospheric mass, and an assumed fractional increase of latent heat content according to
458  water vapor content increase driven by temperature at a near-Clausius-Clapeyron rate (7.5 %/°C).

459  Figure 3 shows the resulting global AHC change inventory over 1980 to 2018 in terms of AHC
460 anomalies of all data types (top), mean anomalies and time-average uncertainty estimates including
461  long-term AHC trend estimates (middle), and annual-mean AHC change estimates (bottom). The
462  mean anomaly time series (middle left), preceded by the small JRA-55 anomalies over 1960-1979
463  isused as part of the overall heat inventory in Section 5 below. Results including MSU in addition
464  are separately shown (right column), since this dataset derives from a fairly approximate
465  estimation as summarized above and hence is given lower confidence than the others deriving from
466  rigorous AHC integration & aggregation. Since it was the only dataset for AHC change estimation
467  in the [IPCC ARS report, bringing it into context is considered relevant, however.

468  The results clearly show that the AHC trends have intensified from the earlier decades represented
469 by the 1980-2010 trends of near 1.8 TW (consistent with the trend interval used in the [IPCC ARS
470  report). We find the trends about 2.5 times higher over 1993-2018 (about 4.5 TW) and about three
471  times higher in the most recent two decades over 2002-2018 (near 5.3 TW), a period that is already
472  fully covered also by the RO and RS records (which estimate around 6 TW). The year-to-year
473  annual-mean changes in AHC, reaching amplitudes as high as 50 to 100 TW (or 0.1 to 0.2 Wm??,
474  if normalized to the global surface area), indicate the strong coupling of the atmosphere with the
475  uppermost ocean. This is mainly caused by ENSO interannual variations that lead to substantial
476  reshuffling of heat energy between the atmosphere and the uppermost ocean layer down to about
477 300 m (Johnson et al., 2019).

478
479
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Figure 3: Annual-mean global AHC anomalies over 1980 to 2018 of four different reanalyses and two (left)
or three (right, plus MSU) different observational datasets shown together with their mean (top), the mean
AHC anomaly shown together with four representative AHC trends and ensemble spread measures of its
underlying datasets (middle), and the annual-mean AHC change shown for each year over 1980 to 2018
for all datasets and their mean (bottom). The in-panel legends identify the individual datasets shown (top
and bottom) and the chosen trend periods together with the associated trend values and spread measures
(middle), the latter including the time-average standard deviation and minimum/maximum deviations of
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489 3. Heat available to warm land

490

491  The present global energy imbalance due to the release of greenhouse gasses from the combustion
492  of fossil fuels and from land use changes since about 1850 CE (Irving et al., 2019; Loeb et al.,
493  2016) has perturbed the prevailing flow of energy among climate subsystems (Hansen et al., 2011;
494  Lembo et al., 2019; von Schuckmann et al., 2016). Such modifications in the dynamics of the
495  climate system are perceived by society and the ecosystem as climate change. Thus, estimating the
496  energy content of each Earth’s climate subsystems is crucial to be able to assess the potential

497  evolution of the climate system.

498  Although it had been previously estimated that about 93% (Gleckler et al., 2016; Hansen et al.,
499  2011; Levitus et al., 2012) of the global excess energy is absorbed by the ocean and the fraction
500 of energy flowing into the land surface is much smaller, the land component of the Earth's energy
501  budget is important because several land based processes playing a crucial role in the future
502  evolution of climate are sensitive to the magnitude of the available land heat. These radiatively
503 relevant processes include the stability and extent of the continental areas occupied by permafrost
504  soils. Alterations of the thermal conditions at these locations have the potential to release long-
505  term stored COz and CHa4, and may also destabilize the recalcitrant soil carbon (Bailey et al., 2019;
506  Hicks Pries et al., 2017). Both of these processes are potential "tipping points" (Lenton et al., 2019,
507  2008; Lenton, 2011) leading to possible positive feedbacks on the climate system (Leifeld et al.,
508  2019; MacDougall et al., 2012). Increased land energy is related to decreases in soil moisture that
509 may enhance the occurrence of extreme heat events (Jeong et al., 2016; Seneviratne et al., 2006,
510 2014, 2010; Xu et al., 2019). Such extreme events have demonstrated negative health effects in
511  the most vulnerable sectors of the human and animal population (Matthews et al., 2017;
512 McPherson et al., 2017; Sherwood and Huber, 2010; Watts et al., 2019). Given the importance of
513  properly determining the fraction of EEI flowing into the land component, recent works have
514  examined the CMIP5 simulations and revealed that Earth System Models (ESMs) have
515  shortcomings in modelling the land heat content of the last half of the 20th century (Cuesta-Valero
516 et al., 2016). Numerical experiments have pointed to an insufficient depth of the Land Surface
517  Models (LSMs) (MacDougall et al., 2008, 2010; Stevens, 2007) and to a zero heat-flow bottom
518  boundary condition (BBC) as the origin of the limitations in these simulations. A LSM of

519 insufficient depth limits the amount of energy that can be stored in the subsurface. The zero heat-
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520 flow BBC neglects the small, but persistent long-term contribution from the flow of heat from the
521  interior of the Earth, that shifts the thermal regime of the subsurface towards or away from the
522  freezing point of water, such that the latent heat component is misrepresented (Hermoso de
523  Mendoza et al., 2018). Although the heat from the interior of the Earth is constant at time scales
524  of a few millennia, it may conflict with the setting of the LSM initial conditions in ESM

525  simulations.
526  Borehole Climatology

527  The main premise of borehole climatology is that the subsurface thermal regime is determined by
528  the balance of the heat flowing from the interior of the Earth (the bottom boundary condition) and
529  the heat flowing through the interface between the lower atmosphere and the ground (the upper
530 boundary condition). If the thermal properties of the subsurface are known, or if they can be
531  assumed constant over short-depth intervals, then the thermal regime of the subsurface can be
532  determined by the physics of heat diffusion. The simplest analogy is the temperature distribution
533  along a (infinitely wide) cylinder with known thermal properties and constant temperature at both
534  ends. If upper and lower boundary conditions remain constant (i.e. internal heat flow is constant,
535  and there are no persistent variations on the ground surface energy balance), then the thermal
536  regime of the subsurface is well known and it is in a (quasi) steady state. However, any change to
537  the ground surface energy balance would create a transient, and such a change in the upper
538  boundary condition would propagate into the ground leading to changes in the thermal regime of
539  the subsurface (Beltrami, 2002). These changes in the ground surface energy balance propagate
540 into the subsurface and are recorded as departures from the quasi-steady thermal state of the
541  subsurface. Borehole climatology uses these subsurface temperature anomalies to reconstruct the
542  ground surface temperature changes that may have been responsible for creating the subsurface
543  temperature anomalies we observe. That is, it is an attempt to reconstruct the temporal evolution
544  of the upper boundary condition.ste! Ground Surface Temperature Histories (GSTHs) and Ground
545  Heat Flux Histories (GHFHs) have been reconstructed from borehole temperature profile (BTP)
546  measurements at regional and larger scales for decadal and millennial time-scales. (Barkaoui et
547  al., 2013; Beck, 1977; Beltrami, 2001; Beltrami et al., 2006; Beltrami and Bourlon, 2004; Cermak,
548  1971; Chouinard and Mareschal, 2009; Davis et al., 2010; Demezhko and Gornostaeva, 2015;
549  Harris and Chapman, 2001; Hartmann and Rath, 2005; Hopcroft et al., 2007; Huang et al., 2000;
550  Jaume-Santero et al., 2016; Lachenbruch and Marshall, 1986; LANE, 1923; Pickler et al., 2018;
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Roy et al., 2002; Vasseur et al., 1983). These reconstructions have provided independent records
for the evaluation of the evolution of the climate system well before the existence of
meteorological records. Because subsurface temperatures are a direct measure, which unlike proxy
reconstructions of past climate do not need to be calibrated with the meteorological records, they
provide an independent way of assessing changes in climate. Such records, are useful tools for
evaluating climate simulations beyond the observational period (Beltrami et al., 2017; Cuesta-
Valero et al., 2016, 2019; Garcia-Garcia et al., 2016; Gonzalez-Rouco et al., 2006, 2009; Jaume-
Santero et al., 2016; MacDougall et al., 2010; Stevens et al., 2008), as well as for assessing proxy

data reconstructions (Beltrami et al., 2017; Jaume-Santero etl., 2016).
Land Heat Content Estimates

Global continental energy content has been previously estimated from geothermal data retrieved
from a set of quality-controlled borehole temperature profiles. Ground heat content was estimated
from heat flux histories derived from BTP data (Beltrami, 2002a; Beltrami et al., 2002, 2006).
Such results have formed part of the estimate used in AR3, AR4 and ARS IPCC reports (see Box
3.1, Chapter 3 (Rhein et al., 2013). A continental heat content estimate was inferred from
meteorological observations of surface air temperature since the beginning of the 20th century
(Huang, 2006). Nevertheless, all global estimates were performed nearly two decades ago. Since,
those days, advances in borehole methodological techniques (e.g., Beltrami et al., 2015; Cuesta-
Valero et al., 2016; Jaume-Santero et al., 2016), the availability of additional BTP measurements,
and the possibility of assessing the continental heat fluxes in the context of the FluxNet
measurements (Gentine et al., 2019) requires a comprehensive summary of all global ground heat

fluxes and continental heat content estimates.

Earth System
Science

Data

Reference Time period Heat Flux (mWm™>) Heat Content (ZJ) Source of Data
Beltrami (2002a) 1950-2000 33 7.1 Geothermal
Beltrami (2002) 1950-2000 39.1 (3.5) 9.1(0.8) Geothermal
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Beltrami (2002) 1900-2000 34.1(3.4) 15.9 (1.6) Geothermal

Beltrami (2002) 1765-2000 20.0 (2.0) 25.7(2.6) Geothermal

Huang (2006) 1950-2000 6.7 Meteorological

Gentine et al (2020) 2004-2015 240 (120) - FluxNet, Geothermal,
LSM

Cuesta-Valero et al [ 1950-2000 70 (20) 16 (3) Geothermal

(2020)

Cuesta-Valero et al [ 1950-2000 60 (30) 14 (6) Geothermal

(2020)

Cuesta-Valero et al [ 1950-2000 60 (20) 13 (5) Geothermal

(2020)

Cuesta-Valero et al | 1993-2018 129 (28) 14 (3) Geothermal

(2020)

(Cuesta-Valero et al, | 2004-2015 136 (28) 6 (1) Geothermal

(2020)

Table 2. Ground surface heat flux and global continental heat content. Uncertainties in parenthesis.
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579  Figure 4: Global mean ground heat flux history (black line) and 95% confidence interval (gray shadow)
580  from BTP measurements from Cuesta-Valero et al. (2020). Results for 1950-2000 from Beltrami et al.
581  (2002) (green bar) are provided for comparison purposes.
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584  Figure 5: Global cumulative heat storage within continental landmasses since 1960 CE (black line) and
585  95% confidence interval (gray shadow) from GHF results displayed in Fig.4. Data obtained from Cuesta-
586  Valero et al. (2020).
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587  The first estimates of continental heat content used borehole temperature versus depth profile data.
588 However, the dataset in those analyses included borehole temperature profiles of a wide range of
589  depths, as well as different data acquisition dates. That is, each borehole profile contained the
590 record of the accumulation of heat in the subsurface for different time intervals. In addition the
591  borehole data were analyzed with a single model and a single constant value for each subsurface

592  thermal property.

593  Although the thermal signals are attenuated with depth, which may partially compensate data
594  shortcomings, uncertainties were introduced in the analysis and may have affected the estimates.
595 A continental heat content estimate was carried out using gridded meteorological product of
596  surface air temperature by (Huang, 2006). Such work yielded similar values as the estimates from
597  geothermal data (see Table 2). This estimate, however, assumed that surface air and ground
598  temperatures are perfectly coupled, and used a single value for the thermal conductivity of the
599  ground. Studies have shown that the coupling of the surface air and ground temperatures is
600 mediated by several processes that may influence the ground surface energy balance, and therefore,
601  the air-ground temperature coupling (Garcia-Garcia et al., 2019; Melo-Aguilar et al., 2018;
602  Stieglitz and Smerdon, 2007). In a novel attempt to reconcile continental heat content from soil
603  heat-plate data from the FluxNet network with estimates from geothermal data and a deep bottom-
604  boundary land surface model simulation, (Gentine et al., 2019) obtained a much larger magnitude
605  from the global land heat flux than all previous estimates. Cuesta-Valero et al. (2020) has recently
606 updated the estimate of the global continental heat content using a larger borehole temperature
607  database that includes more recent measurements and a stricter data quality control. This work
608 takes into account the differences in borehole logging time as well as restricts the data to the same
609  depth range for each borehole temperature profile, ensuring that the subsurface accumulation of
610  heat is synchronous. In addition to the standard method for reconstructing heat fluxes with a single
611  constant value for each subsurface thermal property, Cuesta-Valero et al. (2020) also developed a
612 new approach that considers a range of possible subsurface thermal properties, several models,
613  each at a range of resolutions yielding a more realistic range of uncertainties for the fraction of the

614  EEI flowing into the land subsurface.
615

616
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617  Conclusion

618  Global land heat content estimates from FluxNet data, geothermal data and model simulations
619  point to a marked increase in the amount of energy flowing into the ground in the last few decades
620 (Fig. 4,5 and Table 2). These results are consistent with the observations of ocean, cryosphere and
621  atmospheric heat storage increases during the same time period and with EEI at the top of the

622  atmosphere.

623

624 4. Heat utilized to melt ice

625

626  The energy uptake by the cryosphere is given by the sum of the energy uptake within each one of
627  its components: sea-ice, Greenland and Antarctic ice sheets, glaciers other than those that are part
628  of the ice sheets (‘glaciers’, hereafter), snow and permafrost. Within any component, in turn,
629  changes in energy are a result of phase changes (through the latent heat supplied to melt ice or that
630 released by freezing) and/or to any warming or cooling not associated with a phase change. An
631  explicit derivation of the energy change associated with changes in the different cryosphere
632  components and an estimate of the energy uptake for each component between 1960 and 2017 is
633  given in (Straneo et al., 2019a). Here we summarize the method, the data and model outputs used
634  for the estimates, but we refer to this study for more in depth details.

635

636  The cryosphere changes between 1960 and 2017 are dominated by changes occurring in the two
637  polar ice sheets, Arctic sea-ice and glaciers worldwide. Contributions from snow and permafrost
638  are neglected because they are small and/or associated with large uncertainties. We also neglect
639 any contribution from Antarctic sea-ice for which no clear trend in sea-ice extent has been
640  observed over the period of interest (Parkinson, 2019). In addition, for the components considered,
641  we neglect changes in the temperature of the remaining ice since the energy change associated
642  with these is negligible compared to the energy associated with the ice loss. As a result, the energy
643  change within each component is equal to the energy needed to melt the ice (i.e. warm it to the
644  freezing temperature and then supply the latent heat needed to melt the ice). For simplicity, and
645  consistent with previous estimates (Ciais et al., 2013), we use a constant latent heat of fusion of
646  3.34x10° J/kg, a specific heat capacity of 4000 J/kg C and a constant density of ice of 920 kg/m?.

647

648  For Antarctica, we separate contributions from grounded ice loss and floating ice loss building on
649  recent separate estimates for each. Grounded ice loss from 1992 to 2017 is based on a recent study
650 that reconciles mass balance estimates from gravimetry, altimetry and input-output methods from
651 1992 to 2017 (Shepherd et al., 2018b) . From 1972 to 1991, we use the estimates from Rignot et
652  al. (2019) which combined modeled surface mass balance with ice discharge estimates from the
653  input/output method. Ice shelf thinning rates 1994 to 2017, based on new satellite altimetry
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654  reconstructions (Adusumilli et al., 2019; Straneo et al., 2019a), provide an estimate of the floating
655 ice loss. In particular, these show that the floating ice loss from Antarctica since the 1990s exceeds
656  the grounded ice loss. For Greenland, we combine mass balance estimates from a number of recent
657  studies (Mankoff et al., 2019; Shepherd et al., 2018a), with estimates of tidewater glacier retreat,
658  floating ice loss and firn layer temperature changes. For glaciers we combine estimates from the
659  Randolph Glacier Inventory, for glaciers outside of Greenland and Antarctica, based on direct and
660  geodetic measurements (Zemp et al., 2019), with estimates based on a glacier model forced with
661  an ensemble of reanalysis data (Marzeion et al., 2015) and GRACE based estimates (Bamber et
662 al., 2018). An additional contribution from uncharted glaciers or glaciers that have already
663  disappeared is obtained from Parkes and Marzeion (2018) Greenland and Antarctic peripheral
664  glaciers are derived from Zemp et al., (2019) and Marzeion et al. (2015). Finally, while estimates
665  of Arctic sea-ice extent exist over the satellite record, sea-ice thickness distribution measurements
666  are scarce making it challenging to estimate volume changes. Instead we use the Pan-Arctic Ice
667 Ocean Modeling and Assimilation System (PIOMAS )(Schweiger et al., 2011; Zhang and
668  Rothrock, 2003) which is validated with all available thickness and concentration data (from
669  submarines, oceanographic moorings, and satellites; see Kwok (2018) and against multi-decadal
670 records constructed from satellite (e.g. Laxon et al. 2013) and in-situ observations (Schweiger et
671 al., 2011). A longer reconstruction using a slightly different model version, PIOMAS-20C
672  (Schweiger et al., 2019), is used to cover the 1960 to 1978 period that is not covered by PIOMAS.
673

674  These reconstructions reveal that all four components contributed similar amounts (between 2-5
675  ZJ) over the 1960-2017 period amounting to a total energy uptake of 14.2 +/- 1.6 ZJ over this
676  period (Straneo et al., 2019a). Compared to earlier estimates, and in particular the 8.83 ZJ estimate
677  from (Ciais et al., 2013), this larger estimate is a result both of the longer period of time considered
678  and, also, the improved estimates of ice loss across all components and, especially, the ice shelves
679  in Antarctica. Approximately half of this energy uptake is associated with the melting of grounded
680 ice, while the remaining half is associated with the melting of floating ice (ice shelves in Antarctica
681  and Greenland, Arctic sea-ice).

682

683

684 5. The Earth heat inventory: Where does the energy go?

685

686  The Earth has been in radiative imbalance, with less energy exiting the top of the atmosphere than
687  entering, since at least about 1970 and the Earth has gained substantial energy over the past 40
688  decades (Hansen, 2005; Rhein et al., 2013)(Hansen, 2005; Rhein et al., 2013). Due to the
689  characteristics of the Earth system components, the ocean with its large mass and high heat
690 capacity dominates the Earth heat inventory (Cheng et al., 2016, 2017; Rhein et al., 2013; von
691  Schuckmann et al., 2016). The rest goes into grounded and floating ice melt, and warming the land
692  and atmosphere.

693
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698  Figure 6: Earth heat inventory (energy accumulation) in ZJ (1 ZJ = 10°' J) for the components of the
699  Earth’s climate system relative to 1960 and from 1960 to 2018 (assuming constant cryosphere increase for
700  the years 2017 and 2018). See section 1-4 for data sources. The upper ocean (0-300m, light blue line, and
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701 0-700m, light blue shading) account for the largest amount of heat gain, together with the intermediate
702 ocean (700-2000m, blue shading), and the deep ocean below 2000m depth (dark blue shading). Although
703  much lower, the second largest contributor is the storage of heat on land (orange shading), then followed
704 by the gain of heat to melt grounded and floating ice in the cryosphere (gray shading). Due to its low heat
705  capacity, the atmosphere (magenta shading) makes a smaller contribution. Uncertainty in the ocean
706  estimate also dominates the total uncertainty (dot-dashed lines derived from the standard deviations (2-
707  sigma) for the ocean, cryosphere and land. Atmospheric uncertainty is comparable small). The dataset for
708  the Earth heat inventory is published at DKRZ (https://www.dkrz.de/) under the doi:
709  hitps.://doi.org/10.26050/WDCC/GCOS EHI EXP.

710

711

712  In agreement with previous studies, the Earth heat inventory based on most recent estimates of
713  heat gain in the ocean (section 1), the atmosphere (section 2), land (section 3) and the cryosphere
714  (section 4) shows a consistent long-term heat gain since the 1960s (Fig. 6). Our results show a total
715  heat gain of 398 £ 40 ZJ over the period 1960-2018, which is equivalent to a heating rate of 0.42
716 £ 0.04 Wm applied continuously over the surface area of the Earth (5.10 x 1014 m?) over the
717  past 58 years (assuming constant trend for cryosphere change for the years 2017 and 2018). The
718  corresponding value for the period 1960-2016 amounts to 361 + 40 ZJ and 0.40 + 0.04 Wm™. The
719  major player in the Earth inventory is the ocean, particularly the upper (0-700m) and intermediate
720  (700-2000m) ocean layers (see also section 1, Fig. 2). Over the total period length 1960-2018,
721  these two ocean layers accounted for 53% and 28% (Fig. 6). The deep ocean layer adds another
722 8%, so that the full-depth ocean contributes with 89% to the Earth heat inventory over the past 6
723  decades. Atmospheric warming amounts to 1% in the Earth heat inventory, the land heat gain with
724 6% and the heat gain in the cryosphere with 4%. These results show general agreement with
725  previous estimates (e.g. Rhein et al., 2013), except for the ocean and land components: there is an
726  increased amount of heat gain estimated for land, and a correspondingly lower heat storage change
727  in the ocean estimated over the period 1960-2018.

728

729  We further analyse whether there is a change in where heat is stored in the Earth system over time.
730  In particular, several papers have discussed a decline in the magnitude of EEI and the ocean heat
731 gain during the 2000s, potentially linked to internal changes such as variations in Earth surface
732  temperature rise or periods of strong climate variability (Dewitte et al., 2019; Smith et al., 2015).
733  In agreement to the results obtained in section 1, there is an increased sequestration of heat into
734 the deeper layers of the ocean. Compared to the periods 1960-2018 and 2000-2018, the Earth heat
735  inventory for the upper ocean (0-700m) component is reduced by 5%, and 4% more heat is gained
736  in the intermediate layers, and 2% in the deep ocean layer (Fig. 7). Moreover, there is an increase
737  in heat gain in the atmosphere by 1%, i.e. a doubling of the atmospheric heat gain. Whether this
738  observed regime shift in the Earth heat inventory is due to short-term (interannual to decadal scale)
739  variations, or a consequence of unprecedented changes in the Earth system components from
740  climate change needs further future evaluations.

741
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1960-2018 2000-2018

B Ocean (upper) Land
! Ocean (intermediate) B Cryosphere
742 B Ocean (deep) B Atmosphere

743  Figure 7: Partition (in %) of the Earth heat inventory for the different components: ocean (upper: 0-700m,
744  intermediate: 700-2000m, deep: > 2000m), land, cryosphere (grounded and floating ice) and atmosphere,
745  for two different periods 1960-2018 and 2000-2018. Rates of change in ZJ/year over the period from the
746  time series in Fig. 6 have been used to obtain the partitions.

747

748

749  Immediate priorities include the maintenance and extension of the global climate observing system
750  to assure a continuous monitoring of the Earth heat inventory, and to reduce the uncertainties. For
751  the global ocean observing system, the core Argo sampling needs to be sustained, and
752  complemented by remote sensing data. Extensions such as into the deep ocean layer need to be
753  further fostered, and technical developments for the measurements under ice and in shallower areas
754 need to be sustained. For the land component, a global monitoring program is urgently needed for
755  the systematic measurement of land temperatures and ensuring a continuity of continental heat-
756  gain estimates. Such an initiative should focus on areas with poor borehole temperature data
757  coverage such as Africa, South America and the Arctic regions. In addition, repeating
758  measurements at the same sites should be done whenever possible, as data taken after a decade or
759  more at the same location would help to reduce uncertainties in the estimates.

760

761  For the atmosphere, the continuation of operational satellite- and ground-based observations is
762  important but foremost sustaining and enhancing a coherent long-term monitoring system for the
763  provision of climate data records of essential climate variables. GNSS radio occultation (RO)
764  observations and reference radiosonde stations within the Global Climate Observing System
765 (GCOS) Reference Upper Air Network (GRUAN) are regarded as climate benchmark
766  observations. Operational RO missions for continuous global climate observations need to be
767  maintained and expanded, ensuring global coverage over all local times, as backbone of a global
768  climate observing system. Finally, sustained remote sensing for all of the cryosphere components
769  is key to quantifying future changes. For sea-ice, both area and thickness are essential, as well as
770  albedo. For ice sheets and glaciers, reliable measurements of ice thickness and extent, gravity,
771 snow/firn thickness and density are essential to quantify changes in mass balance of grounded and
772  floating ice. In all cases, remote sensing measurements have to be calibrated and validated by in
773  situ measurements.
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774

775 A continuous effort to regularly update the Earth heat inventory is important to quantify how much
776  and where heat is stored in the climate system accumulated from climate change. The estimate of
777  the Earth heat inventory is a multi-disciplinary task, and can only be achieved through concerted
778  international effort. A regular quantification of the Earth heat inventory will not only deliver
779  insight on the status of global climate change, but also provide a fundamental tool for the
780 improvement and validation of climate projections. Moreover, the quantification of the Earth heat
781  inventory needs to evolve in the future to include further estimates such as for example from ocean
782  reanalyses, indirect estimates from remote sensing, as well as the inclusion of measurements of
783  the EEI at the Top of the Atmosphere.

784

785

786

787  Data availability: The time series of the Earth heat inventory are published at DKRZ
788  (https://www.dkrz.de/) under the doi: https://doi.org/10.26050/WDCC/GCOS_EHI _EXP (von
789  Schuckmann et al., 2020). The data contain an updated international assessment of ocean warming
790  estimates, and new and updated estimates of heat gain in the atmosphere, cryosphere and land over
791 the period 1960-2018. This published dataset has been used to build the basis for Figure 6 and 7
792  of this manuscript. The ocean warming estimate is based on an international assessment of 15
793  different in situ data-based ocean products as presented in section 1. The new estimate of the
794  atmospheric heat content is fully described in section 2, and is backboned on a combined use of
795  atmospheric reanalyses, multi-satellite data records, and microwave sounding techniques. The land
796  heat storage time series as presented in section 3 relies on borehole data. The heat available to
797  account for cryosphere loss is presented in section 4, and is based on a combined use of model
798  results and observations to obtain estimates of major cryosphere components such as polar ice
799  sheets, Arctic sea-ice and glaciers.

800
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