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Abstract

Our decadal climate prediction system, which is based on the Max-Planck-Institute Earth System Model, is initialized from
a coupled assimilation run that utilizes nudging to selected state parameters from reanalyses. We apply full-field nudging
in the atmosphere and either full-field or anomaly nudging in the ocean. Full fields from two different ocean reanalyses are
considered. This comparison of initialization strategies focuses on the North Atlantic Subpolar Gyre (SPG) region, where
the transition from anomaly to full-field nudging reveals large differences in prediction skill for sea surface temperature
and ocean heat content (OHC). We show that nudging of temperature and salinity in the ocean modifies OHC and also
induces changes in mass and heat transports associated with the ocean flow. In the SPG region, the assimilated OHC signal
resembles well OHC from observations, regardless of using full fields or anomalies. The resulting ocean transport, on the
other hand, reveals considerable differences between full-field and anomaly nudging. In all assimilation runs, ocean heat
transport together with net heat exchange at the surface does not correspond to OHC tendencies, the SPG heat budget is not
closed. Discrepancies in the budget in the cases of full-field nudging exceed those in the case of anomaly nudging by a fac-
tor of 2-3. The nudging-induced changes in ocean transport continue to be present in the free running hindcasts for up to 5
years, a clear expression of memory in our coupled system. In hindcast mode, on annual to inter-annual scales, ocean heat
transport is the dominant driver of SPG OHC. Thus, we ascribe a significant reduction in OHC prediction skill when using
full-field instead of anomaly initialization to an initialization shock resulting from the poor initialization of the ocean flow.

1 Introduction

In decadal or near-term climate prediction, proper initializa-
tion with observations is important for improving forecast
quality (e.g., Cox and Stephenson 2007; Hawkins and Sutton
2009). A common approach is to nudge the forecast system
to a selection of state parameters from ocean and atmosphere
reanalyses. In the ocean, typically temperature and salinity
are chosen. In this assimilation step, for a long time, nudging
to anomalies instead of full fields of the ocean estimates was
favored to suppress drift and initial shocks in the forecasts
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(e.g., Smith et al. 2007; Keenlyside et al. 2008; Pohlmann
et al. 2009). However, the issue of drift may be tackled suc-
cessfully by a posteriori bias correction (e.g., Magnusson
et al. 2012) and the issue of initial shocks is not exclusive
to initialization from full-fields. A variety of reasons such
as application of independent, uncoupled atmosphere and
ocean reanalyses or application of a reanalysis product of
poor quality in the assimilation procedure can lead to an
imbalanced initial state in the coupled prediction system
that triggers initial shocks in the forecasts (e.g., Balmaseda
and Anderson 2009; Mulholland et al. 2015; Pohlmann et al.
2017). In this paper, we investigate how changing our dec-
adal prediction system from anomaly nudging to full-field
nudging in the ocean influences our prediction skill for sea
surface temperature (SST) and ocean heat content (OHC) in
the northern North Atlantic. In addition, we investigate the
impact on prediction skill when applying full-field nudging
with a different reanalysis data set since a strong sensitivity
of skill to the choice of the ocean reanalysis product was
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found in an older version of our prediction system (Kroger
et al., 2012).

In the field of decadal climate prediction, the North
Atlantic has been identified as a key region that reveals
pronounced forecast skill for different parameters such
as surface air temperatures or OHC (e.g., Pohlmann et al.
2009; van Oldenborgh et al. 2012; Miiller et al. 2012). High
forecast skill for both SST and OHC in the North Atlantic
subpolar gyre (SPG) region arises in part from the correct
initialization of the ocean flow (Matei et al. 2012; Robson
et al. 2012a, b; Yeager et al. 2012; Robson et al. 2013, 2014,
Msadek et al. 2014). Unfortunately, direct observations of
oceanic flow are sparse, therefore estimates of initial flow
conditions are not well constrained and vary considerably
due to the following reasons: First of all, ocean state esti-
mates or reanalyses (in the following we will use both terms
interchangeably) do not provide a coherent picture of the
ocean flow (e.g., Karspeck et al. 2015); on top of that, it
is unlikely that their flow characteristics are well adopted
by the prediction system in the assimilation step (Kroger
et al. 2012). Furthermore, the choice of the assimilation
technique, namely anomaly or full-field nudging, matters, as
was demonstrated for the assimilated long-term mean Atlan-
tic Meridional Overturning Circulation (AMOC) by Smith
et al. (2013b). Regarding the choice of the ocean reanalysis
product, a severe impact on re-forecasts of the AMOC was
already identified in different climate prediction systems
(e.g., Kroger et al. 2012; Huang et al. 2015).

In the German national project Mittelfristige Klimaprog-
nosen (“mid-term climate forecasts”’; MiKlip), a decadal cli-
mate prediction system has been established (Miiller et al.
2012; Pohlmann et al. 2013; Marotzke et al. 2016). So far,
three different generations have been realized: the base-
line0, the baselinel, and the prototype system [for details
see Marotzke et al. (2016) and references therein]. For all
stages the Max-Planck-Institute Earth System Model (MPI-
ESM, Giorgetta et al. 2013) was employed using different
initialization strategies (see Sect. 2). Both of our baseline
systems use anomaly initialization in the ocean and full-field
initialization in the atmosphere. In the prototype system,
we change to full-field initialization in the ocean, which has
been discussed as an alternative to anomaly initialization
in recent studies on decadal prediction, although with no
clear general recommendation for one or the other (Magnus-
son et al. 2012; Smith et al. 2013a; Hazeleger et al. 2013;
Polkova et al. 2014; Carrassi et al. 2014; Bellucci et al. 2015;
Volpi et al. 2016). In addition to the ocean state estimate
from ORAS4 (Balmaseda et al. 2013), which was already
used in baselinel, another state estimate, GECCO2 (Ko6hl
2015), was introduced to calculate initial ocean fields in the
prototype system.

So far, a systematic evaluation of the skill of the com-
pleted prototype system and a comparison to the baseline

@ Springer

systems is still pending, although there have been studies
that have partly tackled this question: With the caveat of
using only a subset of the currently available ensembles,
Kruschke et al. (2016) found no significant differences
between anomaly and full-field initialization with respect
to Northern Hemisphere winter storms. In addition, the ini-
tialization from GECCO?2 has been found to yield slightly
better results as compared to ORAS4, especially over the
Northeast Pacific (Kruschke et al. 2016). Also Thoma et al.
(2015) and Brune et al. (2017) have considered baselinel
and a subset of the prototype system in their comparison
studies but did not come up with a clear recommendation
for either full-field or anomaly initialization. Our study, on
the other hand, is based on the completed MiKlip baselinel
and prototype systems, which include 10-year-long multi-
ensemble hindcasts, ten members in case of baselinel and
30 members in case of prototype, performed every year from
1961 to 2014. The goal of our study is to better understand
how details in the initialization impact on processes in the
northern North Atlantic that govern the evolution of OHC
in that region and its predictability.

In Sect. 2, we provide a brief introduction to the applied
MiKlip systems, followed by a summary of the data base and
metrics that we use in the analysis. In Sect. 3, we investigate
the performance of the prototype system and compare results
to its predecessor baselinel. The comparison to baselinel
elucidates the role of anomaly versus full-field initializa-
tion in the ocean, the prototype system itself delivers addi-
tional insight into the dependency on the ocean reanalysis
product applied for the initialization. A heat budget analy-
sis in the North Atlantic SPG region is presented, which
points out how prediction of OHC depends on the ocean
flow and explains severe differences in the performance of
the MiKlip systems. A discussion and a summary follow in
Sects. 4 and 5.

2 Data and methodology

We analyze the two most recent generations of the MiKlip
decadal prediction system, the baselinel and prototype
systems. Since all prototype experiments are solely based
on the low-resolution version of MPI-ESM (T63 with 47
levels in the atmosphere and nominally 1.5° horizontal
resolution and 40 levels in the ocean; Giorgetta et al. 2013),
we consider only the low-resolution contribution from the
baselinel system. In the following we introduce briefly the
baselinel and prototype systems; a detailed introduction into
the MiKlip prediction system can be found in Marotzke et al.
(2016) and references therein. Table 1 provides an overview
of the experiments analyzed in this study.

In the baselinel system, a new initialization is intro-
duced, in which ocean information no longer stems from
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Table 1 Summary of

. . Experiment Generation Nudging in the Ocean
experiments analyzed in
this paper with names Of. ORAS4-ANOM Baselinel Temperature and salinity anomalies from ORAS4
experiments, cqrrespondmg . ORAS4-FULL Prototype Full temperature and salinity fields from ORAS4
MiKlip generations and details
of initialization GECCO2-FULL Prototype Full temperature and salinity fields from GECCO2

Initialization is based on a coupled assimilation run with nudging in ocean and atmosphere. Nudging in
the atmosphere always utilizes full fields from ERA-40 and ERA-Interim. All analyzed experiments are
based on MPI-ESM in low resolution and encompass ten ensemble members. More details can be found in

Sect. 2

an ocean-only run with MPI-ESM but from a state-of-the-
art ocean reanalysis (ORAS4; Balmaseda et al. 2013). In
addition, the atmosphere is initialized with state estimates
from atmospheric reanalyses ERA-40 (Uppala et al. 2005)
and ERA-Interim (Dee et al. 2011). An assimilation run
with the coupled model is performed, which delivers the
initial conditions for the hindcasts. In the baselinel assimila-
tion run, the model state is nudged towards 3-dimensional
ocean temperature and salinity anomalies added to the model
climatology and 3-dimensional full fields of temperature,
vorticity and divergence, as well as surface pressure in the
atmosphere. The restoring time scales are 10 days in the
ocean and 2 days to 15 min in the atmosphere depending on
the nudging variable. Initial conditions (in form of complete
restart data sets) are then extracted from the assimilation run
at the desired frequency. Ensemble hindcasts are realized by
using the lagged-initialization method, where initial condi-
tions from adjacent days are shifted to the respective start
date. Ten ensemble members of 10-year-long hindcasts are
performed starting every year at January 1st over the period
1961-2014.

In the prototype system, we apply full-field initialization
in the ocean. Two different initialization fields are used,
based on the ocean state estimates ORAS4 and GECCO2
(Kohl 2015). The atmospheric initialization is the same as
in baselinel. The ensemble size is extended from 10 to 15
ensemble members for each set of hindcasts since larger
ensembles lead to higher prediction reliability (Sienz et al.
2016). As in the baseline experiments, the lagged initiali-
zation method is used for the ensemble generation, again
10-year-long hindcasts are performed starting at the begin-
ning of every year over the period 1961-2014. We refer to
the investigated suites of assimilation runs and correspond-
ing ensemble hindcasts as ORAS4-ANOM (baselinel),
ORAS4-FULL (prototype-oras4) and GECCO2-FULL
(prototype-gecco2). We analyze ensemble hindcasts with
a common number of ten members (the first ten available
members) to assure consistency in our comparisons. For the
rest of the paper we refer to the ensemble hindcasts as hind-
casts, when particular ensemble members are considered it
will be noted. All diagnostics are based on annual or multi-
annual means.

In our skill analyses, we employ observational estimates
of SST from Hadley Centre Sea Ice and Sea Surface Temper-
ature (HadISST, Rayner et al. 2003) and OHC in the upper
700 m from NODC (National Oceanographic Data Center,
Levitus et al. 2012). For the rest of the paper we refer to
the observational estimates as observations, nevertheless,
it should be kept in mind that all data used in this study are
gridded.

For investigating the time evolution of heat content in the
northern North Atlantic and related heat flux processes, we
define an OHC index as the spatial integral between 50°N
and 60°N and between the North American and European
continents (75°W-9°E). The longitudinal extent from conti-
nent to continent allows for directly linking changes in OHC
to meridional transport processes in the ocean. We consider
this index to be a good estimate of the OHC evolution in the
SPG region. Our definition of the SPG region is very close
to the definition used by Miiller et al. (2015) (50°N-60°N,
60°W-10°W), and our findings regarding integrated OHC
changes are virtually the same for both definitions (not
shown).

Hindcast quality of the ensemble mean is assessed by
calculating skill based on either anomaly correlation coef-
ficients (ACCs) or mean squared errors (MSEs). ACCs and
MSEs are defined with respect to the observations. Given
a reference forecast, skill scores for our hindcasts can be
calculated from ACCs and MSEs (Murphy 1988; Mudelsee
2010), leading to a correlation skill score (CSS):

CSS = (ACChindcast - ACCreference)/ a- ACCreference)

and a mean squared error skill score (MSESS):

MSESS = 1 — MSE,,4e0s/MSE

In addition, the quality of the ensembles in terms of reli-
ability and sharpness is assessed by the continuous ranked
probability score (CRPS). The CRPS is a measure of the
integrated squared difference between the cumulative distri-
bution function of the forecasts and the step function located
at the observed value (e.g., Goddard et al. 2013). A skill
score for CRPSs (CRPSS) is calculated in the same way as
for MSEs. The skill assessments imply a lead time depend-
ent bias adjustment (ICPO 2011).

reference
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Typically, a simple prediction such as climatology derived
from the observations would serve as reference forecast, and
then a skill score would represent the improvement in quality
of one particular hindcast over the climatological forecast
model. However, we are also interested in direct compari-
sons of two hindcasts; in that case, one of the two hindcasts
is used as the reference forecast. In general, positive skill
scores denote an improvement in quality, negative values
denote a reduction. 95% significance levels for correlations
and skill scores are calculated by applying a non-parametric
statistical test. We choose a moving block bootstrap test with
a block length of 5 years to account for time dependencies
such as auto-correlation in our time series (e.g., Goddard
et al. 2013).

3 Results

We provide skill estimates for the two investigated genera-
tions of the MiKlip decadal prediction system based on skill
scores of hindcasts of SST and North Atlantic OHC. In addi-
tion, we analyze heat flux processes that drive changes in
OHC, what turns out to be crucial for the understanding of
skill differences in the prediction systems.

3.1 Sea surface temperature

We start with a comparison of the prediction quality of
global SST (Fig. 1), using MSESS of multi-year (lead years
2-5) ensemble-mean SST hindcasts. First, we compare pre-
diction skill between ORAS4-ANOM and a simple statisti-
cal model. The forecast of the statistical model is the cli-
matological state of the observations (climatology of SST
from HadISST; Rayner et al. 2003). Second, we focus on
possible skill improvement from anomaly to full-field ini-
tialization by directly comparing ORAS4-ANOM to both
ORAS4-FULL and GECCO2-FULL. Here, ORAS4-ANOM
hindcasts serve as reference forecast and the MSESSs reveal
the relative improvement or reduction in skill of each of
the full-field systems over ORAS4-ANOM. By choosing
MSESS of SST, we complement the skill estimate provided
by Marotzke et al. (2016), which is based on correlation
skill (for lead years 2-5) for global surface air temperatures.
Marotzke et al. (2016) reported skill improvement over un-
initialized predictions in the North Atlantic in all MiKlip
systems, but noted an overall lack of improvement from
ORAS4-ANOM to the full-field system.

The ORAS4-ANOM hindcasts show increased skill (posi-
tive values) over the climatological forecast model in the
Indian Ocean and in large parts of the Atlantic and West
Pacific Oceans (Fig. 1, upper). Reduced skill (negative
values) prevails in the rest of the Pacific Ocean and in the
Southern Ocean. Note that the MSESS based on SST agrees
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Fig.1 Mean squared error skill scores (MSESS) of ensemble hind-
casts of SST for start years 1960-2003 and lead years 2-5 in ORAS4-
ANOM (upper), ORAS4-FULL (middle) and GECCO2-FULL
(lower) computed with observations from HadISST; the reference
forecast in the case of ORAS4-ANOM is the climatology of Had-
ISST, in the cases of the full-field hindcasts the reference forecast is
ORAS4-ANOM; dots denote skill different from zero exceeding the
95% confidence level; MSESSs are computed with the MiKlip central
evaluation system (Illing et al. 2014)

well with the MSESS based on surface air temperature (not
shown). When compared to ORAS4-ANOM, both full-field
hindcasts show distinctive regions of increased skill and
of reduced skill. In the Southern Ocean, for both ORAS4-
FULL and GECCO2-FULL a significant improvement can
be identified in large parts of the Pacific sector, whereas
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the opposite is the case in the Atlantic sector. In the Indian
Ocean sector, hindcasts of Southern Ocean surface tempera-
tures with ORAS4-FULL (Fig. 1, center) generally perform
poorly compared to ORAS4-ANOM. Here, GECCO2-FULL
(Fig. 1, lower), in contrast, reveals extended areas with sig-
nificant improvement. In the Indian Ocean, ORAS4-FULL
predictions have improved significantly for large parts,
whereas changes from ORAS4-ANOM to GECCO2-FULL
appear indifferent and mostly insignificant. In the Pacific
Ocean, both full-field systems are characterized by a loss of
predictive skill in the northern hemisphere away from the
tropics and at the equator in the western part of the basin.
In the eastern part of the basin, however, both systems show
a moderate but still significant improvement over ORAS4-
ANOM in predicting equatorial surface temperatures.

Overall, in contrast to the remarkably strong and consist-
ent gain of skill in the entire tropical band from baseline0 to
baselinel (Pohlmann et al. 2013), low-latitude changes from
baselinel to both full-field systems are less pronounced and
point in both directions. In the Atlantic Ocean, in particu-
lar north of 30°N, the two full-field systems differ consid-
erably from each other. While changes in prediction skill
in the northern North Atlantic appear to be predominantly
positive for ORAS4-FULL, the skill significantly drops in
case of GECCO2-FULL. In order to better understand the
remarkable loss of prediction quality (in GECCO2-FULL)
in a region that usually reveals pronounced decadal fore-
cast skill, we now focus on the northern North Atlantic and
investigate the sub-surface and deeper ocean. The ocean
is the part of our prediction system where the assimilation
strategies differ.

3.2 Ocean heat content in the North Atlantic

Based on an older version of the MPI climate prediction
system, we previously identified a strong sensitivity of pre-
diction skill for upper layer OHC in the North Atlantic to the
choice of the ocean reanalysis product applied in the initiali-
zation (Kroger et al. 2012). The products used in that study
included the direct predecessors of ORAS4 and GECCO?2,
respectively.

Here, we focus on OHC in the North Atlantic SPG region
and look first at the evolution of the integrated heat con-
tent in that region depicted by the OHC index as defined
in Sect. 2 (Fig. 2). When calculating the integrated heat
content, in all experiments, we consider two different depth
ranges: The presented OHC indices cover either the upper
700 m (Fig. 2, left column) or the entire water column
(Fig. 2, right column). The full depths OHC indices are used
in the budget analysis in Sect. 3.4. In all cases, the integrated
OHC signal in the assimilation runs is very close to the sig-
nal in the respective original reanalyses which is a strong
indication of the efficiency of the nudging (ACCs > 0.99).

As areference, all panels in the left column of Fig. 2 contain
the observed OHC index in the upper 700 m from the NODC
data set (Levitus et al. 2012).

In the upper 700 m, all assimilation runs reveal an evo-
lution of the OHC index that is very close to the one from
NODC, resulting in high correlations with the observa-
tions for all investigated MiKlip systems: ACCs are 0.97
for both ORAS4-based assimilation runs and 0.91 for
GECCO2-FULL. When all depth levels are considered,
the OHC indices in both ORAS4-based assimilation runs
still reveal high coherence with the observations in the
upper 700 m, whereas the interannual to decadal vari-
ability in GECCO2-FULL no longer resembles the upper
layer NODC signal. However, such a comparison (between
different depth levels) does not provide further useful
information, in particular, estimates of the authenticity
of the full-depth signals can not be inferred. Comparing
(same depth) OHC indices in the assimilation runs alone,
on the other hand, does provide useful information: First,
the full-depth OHC evolution in the SPG region differs
substantially between GECCO2-FULL and the ORAS4-
based assimilation runs, and, second, the transient behav-
ior of the assimilated OHC signals in ORAS4-FULL and
ORAS4-ANOM is virtually the same, regardless of consid-
ering the upper 700 m or the entire water column.

A first estimate of prediction skill (for lead years 2-5)
is provided by correlating the hindcasted OHC signals in
the upper 700 m with the one from NODC (Fig. 2, left
column). High correlation can only be found in case of
ORAS4-ANOM with ACC = 0.7, whereas ORAS4-FULL
and GECCO2-FULL reveal only moderate correlations with
ACC = 0.29 and 0.3, respectively. The considerable rapid
warming in the 1990s, which was successfully predicted
in the case studies of Robson et al. (2012b), Yeager et al.
(2012), and Msadek et al. (2014), is best predicted by the
ORAS4-ANOM hindcasts.

Correlating the hindcasts with the corresponding assimi-
lation runs instead of the NODC observations should pro-
vide a better estimate of each system’s upper limit of predict-
ability, since we compare our hindcasts to an observational
estimate that is based on the same coupled model as our
hindcasts and that is used for initializing the retrospec-
tive forecasts. Correlations with the assimilation runs are
higher than those with NODC only in ORAS4-ANOM and
ORAS4-FULL (ACC = 0.75 and 0.32, as compared to 0.7
and 0.29, respectively). In GECCO2-FULL, in contrast, the
correlation disappears when the assimilation run is consid-
ered (ACC = 0). The same calculation for OHC integrated
over the entire water column (Fig. 2, right column) leads
to slightly higher ACC values of 0.81, 0.46 and 0.14 for
ORAS4-ANOM, ORAS4-FULL, and GECCO2-FULL,
respectively. Possible reasons are the increased size of the
volume over which the OHC signal is integrated, which
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would imply less high frequency variability, or the fact that
the deeper ocean reveals a higher level of predictability, or
both.

The drop in correlation skill for upper layer OHC in
GECCO2-FULL when the assimilation run is considered
instead of observations, may not be significant, but the coun-
terintuitive behavior already suggests that we need to take
a closer look at the assimilation run that is used for the ini-
tialization. As for all assimilation runs, the long-term OHC
signal in the GECCO2-FULL assimilation run agrees well
with the observations, both show a downward trend until
the mid-1990s and an upward trend thereafter; the initializa-
tion of OHC seems realistic. The GECCO2-FULL hindcasts,
in contrast, reveal an upward trend over the entire hindcast
period, which suggests that correct initialization of OHC is
not sufficient for its prediction, at least for lead years 2-5.
Correct initialization of heat flux into the SPG region, on the
other hand, may play a leading role for OHC prediction. The
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role of the involved heat flux processes will be investigated
in Sect. 3.4.

Next, we look at lead time dependent correlations (ACCs;
Fig. 3, left column) and corresponding correlation skill
scores (CSSs; Fig. 3, right column) of OHC in the SPG
region. Again, we calculate correlations with respect to
either observations (NODC; Fig. 3, top row) or the respec-
tive assimilation run for the upper 700 m (Fig. 3, center row)
and the entire water column (Fig. 3, bottom row). The CSSs
provide direct estimates of improvement (or deterioration) of
both full-field systems over ORAS4-ANOM since we treat
ORAS4-ANOM as reference forecast.

Regardless of whether the NODC data or the respec-
tive assimilation run is applied as observational estimate,
ORAS4-ANOM hindcasts perform best for all lead times;
all correlations are relatively high (ACCs > 0.5) and sig-
nificant. Both GECCO2-FULL and ORAS4-FULL, in con-
trast, reveal a strong drop in correlations in the first 2 years,
which indicates an initialization shock in these hindcasts.
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GECCO2-FULL performs worst for all lead times when
correlated with its own assimilation run. The performance
of ORAS4-FULL generally lies in between the two other
systems, with the exception of lead years 1-3 when consid-
ering the correlation with NODC. Here, ORAS4-FULL is
outperformed by GECCO2-FULL, but only the first 2 of the
3 lead years are significant.

While ORAS4-ANOM reveals significant correlations
continuously for 10 lead years, in both full-field systems
correlation skill re-emerges after several lead years of no
skill: in ORAS4-FULL skill re-emerges for lead years 7-10
and in GECCO2-FULL skill re-emerges only for lead year
10. When correlating the OHC hindcasts in the upper 700 m
with the corresponding assimilation runs, both ORAS4-
FULL and GECCO2-FULL lack significance in the years
after lead year 1, and only in case of ORAS4-FULL does
skill re-emerge for lead years 7-10. When the entire water

Lead time [years]

column is considered, no such re-emergence can be found
for either GECCO2-FULL or ORAS4-FULL, and correla-
tions are significant only for the first 2 and 3 lead years,
respectively.

The continuously best performance in terms of ACCs
in ORAS4-ANOM is also reflected in persistently negative
skill scores (CSSs) in GECCO2-FULL and ORAS4-FULL
(negative CSSs express an advantage of ORAS4-ANOM
over the full-field systems). Significance of negative CSSs
for lead years 1 and 2, for example, provides important
additional information since all three systems reveal
significant ACCs for this prediction horizon. Overall,
ORAS4-ANOM beats the hindcasts from GECCO2-FULL
for all lead years, whereas ORAS4-FULL is significantly
outperformed by ORAS4-ANOM only for particular lead
years. Depending on the depth range over that OHC is
considered, ORAS4-FULL is significantly outperformed
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by ORAS4-ANOM for lead years 1 to 6 when only the
upper 700 m are taken into account or for all lead years
except year 3 when considering the whole water column.

The drop in performance of GECCO2-FULL when cor-
relating with its own assimilation run instead of the observa-
tions from NODC is counterintuitive (Figs. 2 and 3). One
may expect the same or better results when the assimilation
run is used, because in terms of background state and cli-
mate modes the assimilation run is supposed to be a com-
promise between the observations and the prediction system
(in other words between the real world and the model world).
However, although based on the same coupled model, the
dynamics in the assimilation runs differ from those in the
hindcast runs since the assimilation adds nudging terms to
the tendency equations of temperature and salinity. There-
fore, it is conceivable that estimates from the assimilation
runs such as the evolution of OHC or ocean flow, are nei-
ther close to real observations or the solution of the uncon-
strained coupled model nor to be found in between the two.

We have computed additional skill scores of the upper
layer OHC in the SPG region, that is, MSESS and CRPSS
(Fig. 4). The assessment based on both MSESS and CRPSS
is qualitatively in line with the one based on ACCs. As
measured by both skill scores and regardless of using cli-
matology or one of the full field systems as reference fore-
cast, ORAS4-ANOM performs best for all lead years. Dif-
ferences are not always significant though. In particular,
when compared to ORAS4-FULL, ORAS4-ANOM is only
significantly better for lead year 1, whereas, when compared

to GECCO2-FULL, differences are significant for almost all
lead years. In summary, for the entire prediction horizon, the
ensemble mean of the ORAS4-ANOM hindcasts is not only
superior in predicting the observed variability but also in
resembling the observed magnitude of OHC as indicated by
the MSESS. Furthermore, as indicated by the CRPSS, the
ensemble properties are always better in the ORAS4-ANOM
hindcasts than in the full-field systems.

Overall, the observed changes in upper layer OHC
are well reproduced in all assimilation runs (including
GECCO2-FULL), allowing for proper initialization of upper
layer OHC (Fig. 2, left column). The corresponding hind-
casts, on the other hand, differ significantly in their ability
to reproduce the observed OHC signal, in particular when
comparing ORAS4-ANOM to the full-field systems. In order
to understand better these significant differences, we need
to understand better the processes in the MiKlip prediction
system that drive changes in OHC—a topic we take up next.

3.3 Atlantic meridional overturning circulation

Both SST and OHC in the North Atlantic are thought to be
influenced by variations in the Atlantic Meridional Over-
turning Circulation (AMOC) [see e.g., Knight et al. 2005].
Therefore, we look at the overall structure of the AMOC in
the assimilation runs similar to the analysis shown in Smith
et al. (2013a). We calculate long-term means of the zon-
ally integrated flow field in the Atlantic for ORAS4-ANOM
and both full-field systems (Fig. 5). ORAS4-ANOM reveals
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Fig.5 Long-term (1960-2011)
mean of the zonally integrated
flow field in the Atlantic

(Sv) from assimilation runs

of ORAS4-ANOM (upper),
ORAS4-FULL (middle) and
GECCO2-FULL (lower)
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pronounced North Atlantic deep water (NADW) and Ant-
arctic bottom water (AABW) cells in line with observational
estimates (Talley et al. 2003). These basin-wide mono-cells
are separated into multiple cells in the full-field assimilation
runs. While a strong cross-equatorial NADW cell is still
maintained in case of ORAS4-FULL, local cells dominate
the upper ocean’s overturning in case of GECCO2-FULL.
The AABW cell is split into local cells in both full-field
assimilation runs.

In order to assess the fidelity of our assimilation runs,
that is, the ability of our assimilation procedure to adopt
(from the reanalyses) mean state and variability of key cli-
mate parameters such as the AMOC (Kroger et al. 2012),
we compare the different representations of our assimilated
AMOC to the AMOCs in the original ocean reanalyses
ORAS4 and GECCO2, which were investigated by Karspeck
et al. (2015). For ORAS4, characteristics of the long term

20°N
LATITUDE

40°N 60°N 80°N

mean AMOC in the original reanalysis such as the depth
level of the NADW return flow or the lack of a basin-wide
AABW cell are better adopted by ORAS4-FULL than by
ORAS4-ANOM. For GECCO2, on the other hand, the full-
field assimilation fails to adopt the dominant mean state
features from its reanalysis, that is, GECCO2-FULL lacks
pronounced, basin wide NADW and AABW cells.
Localized circulation cells similar to those in
Fig. 5 (lower) were also found in the comparison of anom-
aly and full-field assimilations with the British Met Office
climate forecasting system and interpreted to be an artifact
of the full-field approach (Smith et al. 2013a). In our sys-
tem, localized overturning cells appear only partially due
to the transition from anomaly to full-field initialization;
differences between ORAS4-ANOM and ORAS4-FULL
are rather moderate, in particular in the upper ocean. Here,
the transition from applying full fields from one ocean state
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estimate (ORAS4) to applying full fields from another
(GECCO2) has a much stronger impact as can be seen
when comparing the two full-field assimilation runs alone.
A strong sensitivity of the assimilated AMOC to the ocean
reanalysis being used has already been found in a predeces-
sor of the current MPI climate forecast system (Kroger et al.
2012). Presumably, the diversity of mean AMOC states in
our assimilation runs already translates into a diversity of
mean transports of heat in the ocean. However, since we are
interested in transport processes that drive changes in OHC
in the North Atlantic (cf. Fig. 2), as a next step, we extend
our investigation from the time-mean ocean flow to mass
and heat transports associated with the transient ocean flow.

First aspects of the impact of ocean flow variability on
OHC are provided by a comparison of time series of the
AMOC and the advective heat transport at the southern and
northern boundaries of the SPG region (Fig. 6). In all assim-
ilation runs, the northward heat transport is always stronger
at 50°N than at 60°N; hence, ocean transport delivers a sur-
plus of heat into the SPG region at all times, which is well
in line with the climate state in the unconstrained MPI-ESM
(Jungclaus et al. 2013) and the observational estimate from
(Trenberth and Fasullo 2008).

In general, on annual to multi-annual scales, we find
relatively good correlations between mass and heat trans-
port, with ACCs of 0.42, 0.58, 0.36 at 50°N and 0.44,
0.57, 0.75 at 60°N for ORAS4-ANOM, ORAS4-FULL

and GECCO2-FULL, respectively. What is remarkable in
ORAS4-ANOM is a severe drop in the AMOC of more than
30% at 50°N in the 1990s, which is not accompanied by
a comparable drop in heat transport. Such a slowdown of
the AMOC in the northern North Atlantic (at 45°N) is also
present in the original ORAS4 reanalysis, which, further-
more, coincides with a change in sign of decadal AMOC
trends in ORAS4 and the North Atlantic Oscillation (NAO)
index (Karspeck et al. 2015). In contrast to ORAS4-ANOM,
ORAS4-FULL underestimates the flow reduction by a factor
of about 2.

High correlations between ORAS4-ANOM and ORAS4-
FULL are, nevertheless, omnipresent for both heat trans-
port and AMOC, including the overturning at the south-
ern boundary (ACCs: 0.91 and 0.83 for AMOC and heat
transport at 50°N and 0.94 and 0.88 at 60°N, respectively).
Eventually, we are interested in how ocean heat transport
impacts the heat budget in the SPG region. Therefore, in the
next section, we will deduce from the transports at 50°N and
60°N the heat flux divergence and compare it to the net flux
contributions at the surface.

3.4 Heat budget in the subpolar gyre
In the assimilation step, the nudging procedure introduces

additional (nudging) terms in the tendency equations of
temperature and salinity that constitute sources and sinks of
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these properties. The effect of these system modifications
becomes evident when we calculate the SPG heat budget
in the assimilation and hindcast runs (Fig. 7). We calculate
the heat budget for the entire water column, similar to the
approach from Robson et al. (2012a) and unlike Yeager et al.
(2012), who have only accounted for the upper 275 m in
their budget analysis. The heat budget is then the sum of net
heat flux at the ocean-atmosphere interface (surface heat
flux) and heat flux in the interior ocean due to advection
and mixing of temperature at lateral boundaries (ocean heat
flux). Here, we neglect lateral mixing because its contribu-
tion to heat flux changes is at least one order of magnitude
smaller than the contribution of the advective transport (not
shown).

The assumption of neglecting lateral mixing is supported
by the resulting heat budgets in the hindcast runs for lead
year 1, where local changes in heat content (also referred to
as OHC tendencies) are to first order balanced by the ocean

GECCO2—FULL hindcast (yr1)

heat flux convergence due to advection and the net heat flux
at the surface (right column of Fig. 7). OHC tendencies are
calculated by differentiating in time monthly means of OHC.
In all hindcast runs, in particular in the full-field systems,
strong variability of the ocean heat flux convergence coin-
cides with strong variability of the OHC tendencies while
fluctuations of the surface heat flux are rather moderate.
The ocean heat flux convergence appears to be the dominant
driver of OHC tendencies. Moreover, the resemblance of
ocean heat flux convergence in hindcasts and correspond-
ing assimilation runs points at persisting initial ocean flow
conditions in our prediction system (compare left and right
columns of Fig. 7).

In contrast to the heat budgets for the hindcast runs, our
heat budgets for the assimilation runs are not closed: Net
heat flux into the SPG region does not correspond to the
region’s heat content change (left column of Fig. 7). The
reason is that the additional nudging terms in the tendency
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equations for temperature and salinity impact on the heat
budget; nudging affects the heat budget in several ways:
First, OHC is directly altered by the induced changes in tem-
perature in each single grid box (changes due to sources and
sinks of heat) and, second, temperature and salinity changes
at the lateral boundaries lead to altered temperature gra-
dients across the boundaries and altered density structures
along the boundaries, the latter in turn lead to altered geo-
strophic in- and outflow (dynamical changes). On top of it,
the induced changes in temperature at the surface modify the
heat exchange between ocean and atmosphere.

Apparently, the sum of the effects from nudging leads to
a discrepancy in the budget. In particular in the full-field
assimilation runs, the low variability of the OHC tendencies
indicates that the strong variability of the net heat flux into
the SPG region has to be compensated by strong variability
of the nudging-induced heat sources and sinks in the inte-
rior. Again, as in the hindcast runs, the variability of the net
heat flux is in large parts governed by the variability of the
ocean heat flux convergence. To quantify the heat budget
discrepancy, that is, the net effect of heat sources and sinks
in the interior, we consider the root mean square (rms) dif-
ference between the sum of all heat fluxes and the OHC
tendencies. The resulting rms differences for the full-field
assimilation runs are 2-3 times higher than for the anomaly-
based assimilation run (1.1 and 1.05 x10'* J/s for ORAS4-
FULL and GECCO2-FULL, as compared to 0.44 x10'# J/s
for ORAS4-ANOM).

4 Discussion

The evolution of North Atlantic OHC is very similar in
both ORAS4-based assimilation runs (ORAS4-ANOM and
ORAS4-FULL, see Figs. 2 and 7, left column). The ocean
transport, in contrast to OHC, does not behave consistently
in the ORAS4-based assimilation runs, as indicated by the
related heat flux convergence signals in ORAS4-ANOM
and ORAS4-FULL, which differ considerably (Fig. 7, left

column). In addition, the variability of the heat flux conver-
gence in both full-field assimilation runs is too strong to be
balanced by rather moderate changes in net heat flux at the
surface and OHC in the interior. Hence, in the North Atlan-
tic, particular attention has to be paid to the initialization of
the ocean flow.

The resemblance of the ocean heat flux convergence in
hindcasts and corresponding assimilation runs is striking,
most prominently for forecast year 1 (Fig. 7). This is a strong
indication of memory in the prediction system, more specifi-
cally, of persistent in- and outflow conditions in the hindcast
runs, which were beforehand induced by the nudging proce-
dure in the assimilation runs. Correlations of hindcasts with
their corresponding assimilation runs provide an estimate
of the memory (Fig. 8). For ocean heat flux convergence
(Fig. 8, left), significant correlations can be found up to lead
year 2 in ORAS4-ANOM, lead year 4 in ORAS4-FULL and
lead year 5 in GECCO2-FULL (with the exception of lead
year 4). In contrast, we find little indication of longer-term
memory in the heat flux signal at the surface; only for lead
year 1 correlations are significantly different from zero
(Fig. 8, right).

In all hindcasts, OHC tendencies are clearly driven by
ocean heat transport as is already indicated for lead year 1
(Fig. 7, right column). Ocean heat transport continues to
play an important role over the entire prediction horizon.
In all systems and for all lead years, correlations with the
respective OHC response are significant and exceed values
of 0.6 (with the exception of lead year 9 in ORAS4-FULL)
(Fig. 9, left). Heat flux at the surface also co-varies with
the OHC tendencies, but correlations are generally lower
than for ocean heat transport and significant only in the
first pentad in ORAS4-ANOM, as opposed to the full-field
systems, where significance prevails in the second pentad
(Fig. 9, right). Overall, in all hindcasts, the dominant driver
of changes in OHC is the ocean heat transport. The low pre-
diction skill for SPG OHC in the full-field systems (Fig. 3)
points to the detrimental effect of the initial flow conditions
in these systems. The longer-lasting memory of the initial
ocean heat transport in ORAS4-FULL and GECCO2-FULL
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hindcasts (Fig. 8, left) adds to the poor performance of the
full-field systems.

In summary, the fast drop in prediction skill for OHC
in the SPG region in hindcasts that are based on full-field
initialization (Fig. 3) can be attributed to nudging-induced
ocean heat flux changes in the assimilation runs that are
still present in the hindcasts. These changes are much less
pronounced in ORAS4-ANOM leading to a significantly
better prediction skill. A similar or better skill for OHC was
found by Brune et al. (2017) for hindcasts initialized by an
oceanic ensemble Kalman filter using full-field temperature
and salinity profiles with identical atmospheric nudging as
in ORAS4-ANOM. In our full-field systems, the nudging-
induced ocean heat flux signals reveal strong fluctuations
that drive OHC tendencies in the hindcasts. In the corre-
sponding assimilation runs, these strong flux fluctuations
are compensated by strong fluctuations of heat sources and
sinks in the interior that are also induced by the nudging;
here, the residual contribution from ocean heat flux together
with a moderately fluctuating heat exchange at the surface
results in low variability of OHC tendencies. In hindcast
mode, on the other hand, the ocean heat flux driven OHC
tendencies show strong variability. As a consequence, the
predicted OHC tendencies bear little resemblance with those
in the assimilation runs.

It is not clear whether the direct modifications of OHC
in the assimilation runs play a minor role for the initialized
hindcasts or whether their importance is simply obscured by
the dominant effect of the particular changes in ocean heat
transport on OHC predictions, at least in the first pentad.
Re-emergence of significant skill for upper level OHC in the
second pentad in ORAS4-FULL, as compared to GECCO?2-
FULL, may either result from a better initialization of OHC
or simply indicate a faster reduction of the detrimental initial
flow conditions or be a consequence of both effects.

In this study, we have put the focus on the northern
North Atlantic, a key region in the field of decadal climate
prediction. Here, our prediction system initialized with
full fields is clearly outperformed by predictions based on
anomaly initialization when OHC is considered. For SST,

7

8 9 10 1 2 3 4 5 6 7 & 9 10
Lead time [years]

this statement only holds when comparing ORAS4-ANOM
to GECCO2-FULL. In other regions such as the central and
eastern equatorial Pacific, on the other hand, the quality of
SST predictions with both full-field systems is significantly
superior to the one based on anomaly initialization, which is
in line with the recent study of Bellucci et al. (2015) where
multi-model ensemble predictions with both anomaly and
full-field initialization were investigated. However, com-
pared to uninitialized hindcasts (historical simulations),
prediction skill in the equatorial Pacific is still poor in all
MiKlip systems as was already shown by Marotzke et al.
(2016) (as measured by surface air temperature correlation
skill for lead years 2-5; see their Fig. 1). Here, regardless
of using anomalies or full fields, initialization is not able to
improve forecast quality.

Initializations from both anomalies and full fields can
trigger initial shocks that excite spurious El Nifio South-
ern Oscillation (ENSO) signals (e.g., Pohlmann et al. 2017,
Sanchez-Gomez et al. 2016). Such spurious signals have led
to an overall lack of prediction skill in the equatorial Pacific
in the first generation of MiKlip (baseline() and could be
traced back to a spurious trend in the wind stress used for
producing the initialization fields (Pohlmann et al. 2017).
The spurious wind stress was discarded after baseline0.
Another way to reduce spurious ENSO signals in forecast
mode is to omit, in the assimilation step, nudging in the trop-
ics as was demonstrated by Sanchez-Gomez et al. (2016).
However, in order to perform better than uninitialized
forecasts also in regions such as the equatorial Pacific, we
believe that further identification and elimination of spurious
effects in the initialization is a more promising strategy than
reducing the initialization to limited areas.

In this study, initializations from full fields were identi-
fied to trigger initial shocks in ocean transport and related
heat advection that degrade upper OHC prediction skill in
the North Atlantic SPG region. A detailed analysis of related
drift processes in hindcast mode as, for example, provided
by Huang et al. (2015) or Sanchez-Gomez et al. (2016)
is beyond the scope of the paper. However, the relatively
slow adjustment time scales of the AMOC (multiple years
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and longer) in the hindcasts from Huang et al. (2015) and
Sanchez-Gomez et al. (2016) correspond well to the long
memory of ocean heat transport that we find in our system.
Here, we demonstrate how a simple budget analysis in the
assimilation run alone can be utilized to identify a peculiar
ocean heat transport that is the driver of unrealistic OHC
tendencies in forecasts. Before investing into an extensive
suite of hindcast experiments, it seems advisable to check
whether ocean heat transport and changes in OHC are to first
order balanced in the initialization.

5 Summary

We have investigated the effect of full-field versus anomaly
initialization on prediction skill for SST and North Atlantic
OHC by analyzing the two most recent generations of the
MiKlip decadal prediction system, the baselinel and proto-
type systems. Skill analysis of SST and OHC together with a
detailed investigation of the OHC budget in the North Atlan-
tic SPG region reveals:

e In the northern North Atlantic, SST hindcasts for
lead years 2-5 based on full-field initialization from
GECCO2, used in the prototype system, are significantly
outperformed by hindcasts based on anomaly initializa-
tion from ORAS4, used in the baselinel system.

e In the assimilation runs, full-field nudging induces pro-
nounced dynamical changes in the North Atlantic, result-
ing in altered transport of mass and heat.

e In the hindcasts, the dynamical changes are still present
in the first 4-5 lead years, result in an initialization shock,
and in turn severely degrade SPG OHC predictions.

e As a consequence, SPG OHC hindcasts based on full-
field initialization are significantly outperformed by hind-
casts based on anomaly initialization for almost all lead
years.
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