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During the first decade of the 21* Century, the Earth’s surface warmed more
slowly than climate models simulated'. This surface-warming hiatus is attributed
by some studies to model errors in external forcing® *, while others point to heat

5-10

rearrangements in the ocean™ = caused by internal variability, the timing of

which cannot be predicted by the models'. However, observational analyses

1716 Here we show that the

disagree about which ocean region is responsible
hiatus could also have been caused by internal variability in the top-of-
atmosphere energy imbalance. Energy budgeting for the ocean surface layer
over a 100-member historical ensemble reveals that hiatuses are caused by
energy-flux deviations as small as 0.08 Wm™, which can originate at the top of
the atmosphere, in the ocean, or both. Budgeting with existing observations
cannot constrain the origin of the recent hiatus, because the uncertainty in
observations dwarfs the small flux deviations that could cause a hiatus. The
sensitivity of these flux deviations to the observational dataset and to energy

budget choices helps explain why previous studies conflict, and suggests that the

origin of the recent hiatus may never be identified.

The surface temperature of the Earth warmed more slowly over the period 1998-2012
than could be expected by examining either most model projections or the long-term
warming trend'. Even though some studies now attribute the deviation from the long-

718 the gap between observations and models

term trend to observational biases
persists. The observed trend deviated by as much as —0.17 °C per decade from the
CMIPS5 (Coupled Model Intercomparison Project Phase 5; ref. 19) ensemble mean
projection’ — a gap two to four times the observed trend. The hiatus therefore

continues to challenge climate science.
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Many studies propose that heat was drawn down from the surface into deeper ocean
layers by quasi-random decadal fluctuations known as internal variability. The trouble

12,14

with this proposition is that most major ocean regions — the Pacific ~' ", the Indian

Ocean', the Atlantic'’, the Atlantic and the Southern Ocean'?, and other

5-7,11,16

combinations of basins — have been named individually responsible for the

heat uptake.

Here we explain these conflicting results and point to alternative interpretations. We
develop a surface energy budget, which we apply to hiatuses in a 100-member
historical ensemble (‘the large ensemble’), generated with the coupled climate model
MPI-ESM1.1 (Methods; ref. 20). Using the surface energy budget, we quantify how
much deviation in energy flux occurs during a hiatus. For each hiatus in the ensemble,
we then determine its origin by quantifying energy contributions to the surface from
the ocean and from the top-of-atmosphere (TOA) radiative imbalance (Supplementary
Fig. 1). Finally, we use the energy budget to compare interpretations of the recent

. . .- . 92123
hiatus in existing observations™ .

We define hiatuses in the large ensemble as any 15-year period where the GMST
trend deviates by at least —0.17 °C per decade from the ensemble mean. This
definition is consistent with the gap between models and observations over the period
1998-2012 (Fig. 1), as described in the Intergovernmental Panel on Climate Change
Assessment Report 5 (ref. 1). Deviations in each ensemble member from the large-
ensemble mean represent internal variability, which can be cleanly separated from the
forced component (the ensemble mean) due to the ensemble’s unprecedented size.
There are hundreds of such hiatuses (364, or 2.4% of all 15,200 trends) — subject to
historical forcing but due entirely to internal variability — distributed across all time

periods in the ensemble (Fig. 1).

The origin of each hiatus can be deduced from energy budgeting for the ocean’s
surface layer (Supplementary Fig. 1), which dominates the thermal capacity of the
Earth’s surface and therefore mediates the decadal GMST response to flux
perturbations. We consider two main flux components acting on the ocean surface
layer over decadal timescales: the TOA component from above and the ocean
component from below (Fig. 2a). The TOA component is the top-of-atmosphere
radiative flux imbalance minus atmospheric heat uptake. The ocean component is the

total heat-content change below the ocean surface layer, defined at 100m depth. Both
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components are converted to ensemble anomalies (to isolate the internal variability
component) from values filtered over a 15-year sliding window (see Methods) and

warm the surface layer when positive.

The budget is constructed this way for two reasons. Firstly, the chosen boundary
fluxes (Fig. 2a) close the surface energy budget: the sum of the TOA component and
ocean component highly correlates with heat-content changes within the ocean
surface layer (r* = 0.97, slope=1.00; Supplementary Fig. 2). Other flux components
(Fig. 2a) are excluded because they are small, are connected with known energy
leakages, and because they do not improve budget closure (Methods; Supplementary
Fig. 2b). The TOA imbalance and ocean heat uptake dominate decadal internal
variability in the global energy budget of other CMIP5 models as well*’. Secondly,
the ocean surface layer is defined at 100m (as in refs. 24-26), because around this
depth the flux-divergence anomaly for a hiatus reaches a maximum (Fig. 2b) and is
therefore the most conservative choice for our analysis. Choosing a surface depth
beyond 100m further exceeds the globally averaged mixed layer, and so the

correlation between the energy budget and GMST trends sharply decays (Fig. 2b).

The energy budget allows us to determine the magnitude of flux anomalies associated
with each hiatus. From the slope of the regression between surface-layer flux-
divergence and GMST trends, we find that the expected flux-divergence anomaly for
a hiatus (a —=0.17 °C per decade anomaly) is merely —0.082 Wm™ (Methods). This
corresponds to an average cooling over the ocean’s top 100m of only —0.10 °C per
decade (Methods) but the effects of that cooling are amplified at the land surface®®,
Hiatuses caused only by the ocean tend to cool the land surface more effectively,
which means they generally require a lower flux-divergence anomaly than other
hiatuses to achieve the same cooling. Variation in the ratio of land to ocean surface-
cooling leads to variation around the expected flux-divergence anomaly: an interval of
—0.082 +0.038 Wm™ covers the 5-95% range for all hiatuses. These results suggest
that the total combined anomaly in TOA fluxes and ocean heat uptake that caused the
gap between observations and models during the hiatus could be on the order of 0.1
Wm™. Defining hiatuses as equal to the observed 19982012 anomaly from the long-
term observed trend (an anomaly of 0.04—0.07 °C per decade) would reduce the

threshold to just 0.02—0.03 Wm™.
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99  Across the large ensemble, the 0.082 Wm™ threshold in energy flux is frequently
100  exceeded by anomalous heat-content changes in all major ocean basins, especially in
101  the Atlantic, Pacific and Southern Oceans (Fig. 3b). However, these heat-content
102 changes are dominated by interbasin heat exchange, which does not contribute to the
103 surface-layer flux-divergence. In each major basin, the variations in heat content
104  below the surface layer cannot predict trends in GMST (Fig. 3a), and indeed would

105  falsely predict many more hiatuses than actually occur.

106  Even the global ocean heat uptake below 100m correlates poorly with GMST trends
107  (Fig 3a). The TOA component tends to oppose the ocean component’s contribution to
108  the energy budget, as demonstrated by the negative correlation in Figure 3c. The flux-
109  divergence anomaly, which has less than half the variability of either the TOA or

110  ocean component alone (Fig. 3b), is the only reliable predictor of GMST trends (Fig.
111 3a).

112 The role of the TOA and the ocean in each hiatus can be determined by comparing
113 their relative contributions to the flux-divergence anomaly. For hiatuses in the large
114 historical ensemble, the negative (cooling) anomaly is caused entirely by the TOA in
115  12% of cases and by the ocean in 24%. In the remainder (64%), the negative anomaly
116  is caused by the TOA and ocean acting together (bottom left quadrant of Fig. 3c).

117 TOA variability is therefore involved in 76% of all hiatuses.

118  Applying a similar analysis to observations should reveal the energetic origin of the
119  gap between models and observations during the recent hiatus (Supplementary Fig.
120 1). We convert two observation-based estimates of fluxes over 20002010 to

121  anomalies by subtracting the mean energy budget of the large ensemble for the same
122 period (Methods). These anomalies include both the effect of internal variability and
123 any potential effects of forcing differences between model and observations.

124 Choosing 2000-2010 means that we do not cover the full hiatus period (1998-2012)
125  and that the corresponding gap in GMST trend between models and observations is
126  reduced, because the warming rate increased after 2000 (ref. 18). However, this

127  choice allows us to construct temporally consistent energy budgets from multiple
128  sources and to take advantage of the improved quality of observations after 2000.
129 Although the budgets do not cover the full hiatus period, they do illustrate how

130  observational uncertainty affects interpretations of the hiatus. The first budget uses

131  WOA ocean observations>? and a recent estimate of TOA fluxes based on the CERES
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satellite data product, Argo floats and AMIP simulations®'. This first budget suggests
that the hiatus was caused purely by the reduced influx of energy at the TOA (orange
dot, Fig. 3¢c). The second budget, based on ocean reanalysis data from ORAS4 (refs.
9,23), suggests the hiatus was caused purely by increased heat uptake in the ocean
(green dot, Fig. 3c). The anomalies diagnosed from an ocean model forced with the
exceptional Pacific trade winds observed during the hiatus'? likewise suggest an

ocean origin (purple dot, Fig. 3c¢).

From our analysis of observational estimates, we are unable to exclude the TOA
anomaly as a possible cause of the recent hiatus. Referencing the observations to an
alternative energy budget (rather than that of the large ensemble) could shift the
absolute position of the green and orange crosses in Figure 3c. However, their relative

distance from one another and the size of their error bars would not change.

Interpretations of the hiatus are also sensitive to the energy budgeting method used,
and this may reveal why the results of previous studies conflict. For example, the
hiatus has been explained as the result of heat being transferred from the surface
ocean to the layers immediately below it, in the upper 300-350m (ref. 14, 16).
However, an energy budget that only accounts for heat exchange between the top
100m and depths up to 300-350m correlates poorly with GMST trends in the large
ensemble (r*=0.08, Supplementary Fig. 4). A poor correlation also results when we
exclude heat-content changes below the upper 700m (r°=0.14, Supplementary Fig. 4;
see ref. 15) and the upper 2000m of ocean (r*=0.36, Supplementary Fig. 4; see ref.
13). Heat-content changes up to as much as 4000m may be important for decadal
internal variability (Supplementary Fig. 4), despite claims to the contrary'®.
Furthermore, the pattern of surface-layer cooling overlying a warming trend may be
common during ocean hiatuses, but it also occurs in around half of hiatuses caused
purely by the TOA (Supplementary Fig. 5). During these TOA hiatuses, the
subsurface warming is caused by heat transfer from deeper layers. Energy budgets
that do not consider uptake across the whole ocean depth may therefore misrepresent

crucial energy fluxes and misdiagnose the hiatus.

The hiatus may also be misdiagnosed by misrepresenting the surface layer in energy

budgeting. For example, the surface layer has been defined at 300m ocean depth or

more> ¥ '%1% We perform energy budgeting in the large ensemble with a surface
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layer that extends to 300m instead of 100m and find that the flux-divergence
correlates comparatively poorly with GMST trends (r°=0.33 for 300m, Fig. 2b).

We conclude that the TOA may have been a source of significant internal variability
during the hiatus. Our conclusions are not an artefact of model-generated TOA
variability*® — the large ensemble produces TOA variability that is similar to that in
the observational record (Supplementary Fig. 6). Rather, our conclusions are based on
a simple yet robust principle, namely that the Earth’s surface layer has a small heat
capacity. The surface temperature can therefore be influenced by small variations in
the large yet mutually compensating fluxes that make up this layer’s energy budget.
Comparing the small variability in the TOA imbalance with the total TOA imbalance
under global warming®®>° obscures the significance of these small variations for the

hiatus.

Other observational studies associate the hiatus with heat-flux anomalies that range
from 0.21 Wm™ (ref. 30) to 0.50 Wm™ (ref. 11). But when we perform energy
budgeting for the surface layer in the large ensemble, we find that anomalies closer to
0.08 Wm™ can account for hiatuses as large as 0.17 °C per decade, and 0.02-0.03
Wm™ for a hiatus equal to the 1998-2012 anomaly from the observed long-term
trend. Because the flux-divergence anomaly is so small, ascribing the origin of the
recent hiatus to the TOA or ocean requires that each of their contributions to the
anomaly are known with considerable accuracy. However, the uncertainty in TOA
imbalance from satellite measurements is two orders of magnitude larger (~8 Wm™;
ref. 31) than the anomaly we calculate. Satellite data are commonly anchored with
ocean heat-content measurements, but the uncertainty range in TOA imbalance during
the 2000s still remains around 0.56 Wm™ (ref. 21), and even for the most recent
estimate based on improved ocean observations over 2005-2015, the range is 0.2

Wm? (ref. 32).

This is the true dilemma at the heart of the hiatus debate: the variability in ocean heat
content alone has no power to explain the hiatus, and the measure that can — the
surface-layer flux-divergence — is dwarfed by observational uncertainty. While there
are attempts to fill the gaps in observations with ocean reanalyses like ORAS4 (refs.

14,21
" and, as we

9, 23), the resulting data are of questionable integrity during the hiatus
show, disagree with the budget based on CERES*' and WOA®. Even if these

disagreements could be reconciled, the process of anchoring satellite observations
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with ocean heat uptake makes the contributions from TOA and ocean difficult to
disentangle, because their absolute difference is unknown. Therefore, unless the
uncertainty of observational estimates can be considerably reduced, the true origin of

the recent hiatus may never be determined.
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Figure 1 | Distribution of 15-year trends in global mean surface temperature (GMST) in the 100-
member ensemble. The coupled climate model MPI-ESM1.1 is forced with CMIPS5-prescribed
historical forcing from 1850 until 2005, and extended until 2015 with the RCP4.5 scenario (see
Methods). When the red line lies above the grey line, at least one ensemble member is experiencing a
hiatus, defined as a deviation of more than 0.17 °C per decade below the ensemble mean. This
deviation is the same as the gap between the CMIPS ensemble mean (black cross) and the observed
(yellow cross) GMST trends for the period 1998-2012. Contours represent the number of ensemble
members in bins of 0.05 °C per decade.
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Figure 2 | Surface energy budgets. a, The surface energy budget in the large ensemble. Red colouring
indicates the global mean surface temperature (GMST) and the components included in the surface-
layer flux-divergence. The smaller flux components in black are excluded because they do not improve
budget closure or the relationship with GMST trends. Numbers in brackets represent the variability of
each heat flux (Wm™), given as the root-mean-square of 15-year ensemble anomalies. b, Results from
surface budgets determined by increasingly deeper definitions of the ocean surface layer. For each
depth, a linear regression is performed for GMST trends against the surface-layer flux-divergence (both
as 15-year ensemble anomalies). Shown in black (top axis) is the expected deviation in flux-divergence
required to cause a hiatus, calculated from the regression slope. Shown in red (bottom axis) is the
correlation (r*) of each regression. The correlation rapidly deteriorates for definitions of the surface
layer below 100m.
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Figure 3 | Hiatuses and their origins in models and observations. a, Correlation between global
mean surface temperature (GMST) trends and heat fluxes in the large ensemble (as 15-year ensemble

anomalies). b, Frequency with which each component exceeds the expected threshold for a hiatus (—
0.082 Wm™). In a and b, grey bars represent changes in ocean heat content below the ocean surface
layer (100m) by basin, blue bars represent the ocean and TOA components, and the red bar is the
surface-layer flux-divergence (TOA + ocean components). ¢, Contributions to hiatuses from TOA and
ocean components. Positive values indicate fluxes that warm the surface. Small red dots represent
hiatuses in the large ensemble and small grey dots represent all other trends; the red dotted line is a

flux-divergence of —0.082 Wm™. Observational estimates and their 1-sigma error bars are compiled
from multiple sources that rely either on CERES*' and WOA data® (large orange dot) or ORAS4
data’? (large green dot), shown as anomalies from the large-ensemble mean over the 2000s (—0.66
Wm™ for the ocean and +0.77 Wm™ for the TOA component). The large purple dot represents results
from an ocean model forced with reanalysis-based winds as reported in ref. 12, converted to mean
fluxes over 15 years.
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Methods

The large historical ensemble in this study was generated by the Max Planck Institute
Earth System Model version 1.1 (MPI-ESM1.1), an incremental improvement of the
coupled ocean-atmosphere general circulation model submitted to CMIP5 in the LR
configuration®. The 100 ensemble members were generated under CMIP5 historical
forcing from 1850 until 2005, with extensions to 2015 under the RCP4.5 scenario™.
The ensemble’s internal variability of 15-year GMST trends (5-95% range of 0.30 °C
per decade) is slightly larger than an estimate for the CMIP5 ensemble (5-95% range
0f 0.26 °C per decade; ref. 33).

GMST trends are calculated from the slope of an ordinary least-squares linear
regression over a 15-year sliding window, to be consistent with the hiatus as

described in ref. 1. Ensemble anomalies are then calculated at each time step:

1 . . .
Xin = Xen — 750 2% X, n , where ¢ is the time-step and # is the ensemble member.

The composition of the energy budget is chosen to maximise the correlation of the
surface-layer flux-divergence with both GMST trends and changes in ocean surface-

layer heat content.

For the comparison with GMST trends (Supplementary Fig. 2) and most of this study,
any terms expressed as heat content (Joules) are converted to trend anomalies in the
same way as GMST, and then converted to units of Wm™ over the total surface area
of the Earth. All energy fluxes that are output from the model as Wm™ are first time-
integrated and then treated the same as heat content. This step ensures the same time-
filtering for all aspects of the energy budget, and thereby prevents the introduction of
significant errors. In the case of the net TOA imbalance, an energy-leakage constant
of 0.44 Wm™ is first estimated from 2000 years of the control run and then removed.
Leakage is energy destroyed by model errors; MPI-ESM1.1 has improved energy
conservation compared to its predecessor, MPI-ESM, and both have relatively small

leakage compared to models in the CMIP5 ensemble™.

The comparison between flux-divergence and ocean surface-layer heat content
(Supplementary Fig. 1) uses a slightly different approach. To test for exact changes in
heat content over a 15-year period, only the start and end states are relevant. The

least-squares method is however, influenced by the pathway from start- to end-states.
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Instead, a difference filter is calculated from the start- and end-years in the 15-year

sliding window, divided by the time difference of 14 years: AX; = 1—14 (Xt114 — X¢)-

The selected flux-divergence is the sum of two components: the TOA radiative
imbalance minus atmospheric heat uptake (trends in vertically integrated moist static
energy); and trends in ocean heat content below the ocean surface layer. This is the
simplest flux combination that matches the expected one-to-one relationship between
flux-divergence and change in surface-layer heat content (Supplementary Fig. 1). The
salient characteristic of the ocean surface layer for this study is the relationship
between heat-content changes within the layer and resulting changes in GMST. The
surface-layer depth of 100m is therefore chosen to maintain the high correlation
between the flux-divergence and GMST trends (Fig. 2b), but remains a conservative
choice for estimation of the flux-divergence threshold during hiatuses. Removing heat
changes that are related to phase changes (land-ice and sea-ice changes) or including
the heat flux from the soil does not improve the relationship with GMST trends

(Supplementary Fig. 2).

The expected surface-layer flux-divergence associated with a hiatus is calculated from
the slope of the regression between flux-divergence and GMST trends. The value we
calculate (-0.082 Wm™) is less than the flux-divergence required by uniform cooling
of =0.17 °C per decade in the top 100m of ocean: —0.150 Wm™. This is because the
layer cools on average by only —0.10 °C per decade during hiatuses, which matches
the theoretically expected cooling if the total anomaly of —-0.082 Wm™ were focussed
in the ocean surface layer. The error interval of £0.038 Wm™ is calculated from the 5-
95% range of all regression residuals of flux-divergence during hiatuses in the
ensemble. There is no significant relationship between the origin of hiatuses and

different periods in time (Supplementary Table 2).

The heat-content changes for individual basins are calculated from linear trends in
heat content below 100m. Basin boundaries are identical to those used in CMIP5 and

can be downloaded from the quality-control data in ref. 35.

Observational estimates in Figure 3c rely on a combination of data sources, which are
summarised below and quantified in Supplementary Table 1. The CERES/WOA
estimate for the 2000s is composed from the estimate of TOA fluxes in ref. 21, and an

estimate of heat uptake using WOA data®, including pentadal heat-content values for
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700m—2000m, yearly heat content values for the upper 700m, and a separate estimate
for deep-ocean warming’®. From the total heat uptake, we subtract the heat-content
trend for the first 100m in the WOA objective analysis data** (calculated from in-situ

temperature with a constant density and specific heat of 4x10° Joules m™°C™).

For this first budget, the 1-sigma error bars for the TOA estimate are taken from the
same source as the estimate itself*'. The error bars for the WOA ocean heat-content
trend are calculated as plus or minus the standard error of the slope parameter,
assuming that the errors in heat content are auto-correlated and behave like an AR(1)
process®*®. The auto-correlation coefficient for the errors is estimated from residuals
in heat-content data preceding the 2000s (1957-1999). A reduced degrees-of-freedom
is calculated from the auto-correlation coefficient and scales the estimate of the

standard error in heat content, which is calculated directly from the error estimates

provided with the WOA data®* (not from the regression residuals).

The ORAS4 ocean anomaly is calculated using an estimate for the total-depth heat
uptake in the 2000s (ref. 9) minus the trend for the top 100m, which is calculated
from the available ORAS4 potential temperature values with a constant density and
specific heat of 4x10° Joules m™°C™". The 1-sigma error bars are taken directly from
ref. 9. For this second budget, the corresponding TOA flux estimate and its error bars

are taken from ref. 23.

For both observation-based budgets, we remove the effect of ocean drift in the large
ensemble. A quadratic function is first fitted to ocean heat content over the 2000-year
control run®. Since each ensemble member starts from a different point in the control
run, the drift is estimated from the rate-of-change in the quadratic that corresponds to
each ensemble member’s midpoint. The resulting ensemble-mean drift of 0.01 Wm™

is removed from both the ocean component and the TOA component.

In ref. 12, the budget is given as anomalies from the control experiment in total heat-
content change for the top 125m of ocean and the remaining ocean. We convert these
values to 15-year fluxes over the total Earth surface. We assume that the anomaly

below 125m represents the ocean component, and the sum of surface and deep-ocean

components is equivalent to the TOA component.
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Code availability. The MPI-ESM1.1 model version was used to generate the large
ensemble and is available at http://www.mpimet.mpg.de/en/science/models/mpi-
esm.html. Computer code used in post-processing of raw data has been deposited with
the Max Planck Society:
http://pubman.mpdl.mpg.de/pubman/faces/viewltemFullPage.jsp?itemld=escidoc:235
3695.

Data availability. Raw data from the large ensemble were generated at the Swiss
National Computing Centre (CSCS) and Deutsches Klimarechenzentrum (DKRZ)
facilities. Derived data have been deposited with the Max Planck Society
(http://pubman.mpdl.mpg.de/pubman/faces/viewltemFullPage.jsp?itemld=escidoc:23
53695). Supplementary Figure 6 uses TOA flux reconstructions provided by R
Allan® (http://www.met.reading.ac.uk/~sgs01cll/flux/) and satellite observations
provided by the NASA CERES project’’ (http:/ceres.larc.nasa.gov). For
observational estimates in Figure 3¢, we make use of data provided by the NOAA
World Ocean Atlas* (https://www.nodc.noaa. gov/OC5/3M_HEAT CONTENT/) and
by the ECMWF Ocean Reanalysis System 4 (ref. 9;
http://icdc.zmaw.de/projekte/easy-init/easy-init-ocean.html).
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