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Abstract. Large-scale fully coupled Earth system models

(ESMs) are usually applied in climate projections like the

IPCC (Intergovernmental Panel on Climate Change) reports.

In these models internal variability is often within the cor-

rect order of magnitude compared with the observed climate,

but due to internal variability and arbitrary initial conditions

they are not able to reproduce the observed timing of cli-

mate events or shifts as for instance observed in the El Niño–

Southern Oscillation (ENSO), the Pacific Decadal Oscilla-

tion (PDO), or the Atlantic Meridional Overturning Circula-

tion (AMOC). Additional information about the real climate

history is necessary to constrain ESMs; not only to emulate

the past climate, but also to introduce a potential forecast skill

into these models through a proper initialisation. We attempt

to do this by extending the fully coupled climate model Max

Planck Institute Earth System Model (MPI-ESM) using a

partial coupling technique (Modini-MPI-ESM). This method

is implemented by adding reanalysis wind-field anomalies

to the MPI-ESM’s inherent climatological wind field when

computing the surface wind stress that is used to drive the

ocean and sea ice model. Using anomalies instead of the

full wind field reduces potential model drifts, because of dif-

ferent mean climate states of the unconstrained MPI-ESM

and the partially coupled Modini-MPI-ESM, that could arise

if total observed wind stress was used. We apply two dif-

ferent reanalysis wind products (National Centers for En-

vironmental Prediction, Climate Forecast System Reanal-

ysis (NCEPcsfr) and ERA-Interim reanalysis (ERAI)) and

analyse the skill of Modini-MPI-ESM with respect to sev-

eral observed oceanic, atmospheric, and sea ice indices. We

demonstrate that Modini-MPI-ESM has a significant skill

over the time period 1980–2013 in reproducing historical cli-

mate fluctuations, indicating the potential of the method for

initialising seasonal to decadal forecasts. Additionally, our

comparison of the results achieved with the two reanalysis

wind products NCEPcsfr and ERAI indicates that in general

applying NCEPcsfr results in a better reconstruction of cli-

mate variability since 1980.

1 Introduction

Meteorological (atmosphere) forecast models continuously

assimilate available observational data to create initial con-

ditions from which the weather is predicted for the next few

days. The better the initial conditions are known, the better

is the forecast. Therefore, weather forecasts are initial value

problems. In contrast, Earth system models (ESMs) used

for climate projections documented in the Intergovernmental

Panel on Climate Change (IPCC) reports (e.g. Meehl et al.,

2007; Stocker et al., 2013) are forced with boundary con-

ditions like solar insolation, volcanic particles injected into

the stratosphere, and greenhouse gas concentrations (until

the Fourth Assessment Report, AR4) or so-called represen-

tative concentration pathways (RCPs) (for the Fifth Assess-

ment Report, AR5). Therefore climate projections are bound-

ary value problems. These fully coupled ESMs are able to re-

produce the internal variability of Earth’s climate to a certain

extent, but fail to simulate the observed timing of events as-

sociated with internal climate variability because they are un-

constrained by data assimilation. However, for climate pro-

jections beyond several decades or even further into the fu-

ture, the impact of certain emission scenarios exceeds the in-

ternal variability, and hence the climate-warming results are

reliable (Stocker et al., 2013).
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A classical, dynamic-atmosphere-only weather forecast

system cannot be used for monthly, yearly, or even decadal

predictions because it lacks the initialisation of slowly vary-

ing climate-system components (like the ocean) that are es-

sential for decadal predictability (Murphy et al., 2010). A

consequence of the internal dynamic of the atmosphere is

that small errors within coupled climate models grow to un-

desirable and erroneous fluctuations. These could be reduced

by an interactive coupled ensemble technique (e.g. Kirtman

and Shukla, 2002), but this method does not provide the nec-

essary knowledge of the system state and trajectory at the

start of a forecast. Therefore, ESMs can only be used for pre-

dictions with proper initialisation.

One method to improve the initialization of a fully cou-

pled model is to assimilate observational data into the ESM.

This forces the ESM and, in particular, the components with

a longer memory like the ocean close to the observed cli-

mate, which is fundamental for any prediction skill. Various

techniques and methodologies for the ocean initialisation are

possible. They can differ by the variables that are used (sea

surface temperature (SST), sea surface salinity (SSS), or sur-

face stress), the initialization procedure’s depth range (ocean

surface or at depth), and whether anomalies or full fields are

used. Servonnat et al. (2014) provides a short introduction

and summary of several applied methods. In this study we

describe results from a partial coupling technique applied to

the Max Planck Institute Earth System Model (MPI-ESM)

in which the ocean/sea ice component of the coupled model

is driven by time series of observed wind stress computed

using observed 10 m wind anomalies taken from reanalysis

(see Sect. 2 for the details). The method is similar to that

described in Ding et al. (2013, 2014b) but applied here to

the MPI-ESM and using 6-hourly winds instead of monthly

mean wind stress anomalies as used by Ding et al. (2013,

2014b). The method has potential for use as an initialisation

technique (Ding et al., 2013). However, for a method to be

useful as an initialisation technique it must have skill at re-

constructing the observed variability of the climate system

and it is the purpose of this manuscript to assess the surface

wind stress partial coupling technique in this respect (what

is hereafter referred to as Modini-MPI-ESM). The method

is described in detail in Sect. 2 and in Sect. 3 the model re-

sults are compared against observations using some impor-

tant historical climate indices. Finally, we conclude our study

in Sect. 4 (see Appendix Table A1 for a list of the abbrevia-

tions used throughout the text).

2 Model and experimental set-up

As basis for our model experiments we use the fully cou-

pled atmosphere–land-surface–ocean–sea ice model MPI-

ESM in the very same LR (atmospheric resolution) con-

figuration applied for the Coupled Model Intercomparison

Project Phase 5 (CMIP5) experiments. The ocean model

(called MPIOM ) has 40 vertical levels and a horizontal

resolution of about 12–150 km on a curvilinear orthogonal

grid with poles over Antarctica and Greenland. For the at-

mosphere model ECHAM6 the horizontal resolution is T63

(about 200 km) with 47 vertical levels including the upper

stratosphere up to 0.1 hPa (Müller et al., 2012). We modified

the ocean–sea ice component (called MPIOM) of this fully

coupled MPI-ESM to optionally incorporate external wind

forcing data when computing the surface wind stress used to

drive the ocean–sea ice component of MPI-ESM, building on

approaches adopted by Lu and Zhao (2012) and Ding et al.

(2013, 2014b).

In the present study we use two wind-forcing reanaly-

sis products: National Centers for Environmental Prediction,

Climate Forecast System Reanalysis (NCEPcsfr) (Saha et al.,

2010) and ERA-Interim reanalysis (ERAI) (Dee et al., 2011).

Both data products are available on a regular geographic grid

with a temporal resolution of 6 h from 1980 onwards. We

interpolate the data within the Max Planck Institute Ocean

Model spatially onto the curvilinear orthogonal grid of the

ocean model and temporally onto the exact model time step

(1.2 h for the LR–resolution). However, the coupling cycle

between the the atmospheric component ECHAM6 and the

oceanic component remains 24 h as in the original CMIP5

configuration.

The wind stresses τ over sea ice and open ocean are esti-

mated from the observed wind velocities using bulk formu-

lae according to Large and Yeager (2009). These formulae

consider the actual modelled sea ice and ocean-surface ve-

locities within MPIOM (Max Planck Institute Ocean Model)

and estimate the stress from the relative velocities between

reanalysis and the model ocean and sea ice, respectively.

This assimilation procedure allows switching between the

unconstrained fully coupled MPI-ESM and the partially cou-

pled Modini-MPI-ESM at any time. If the Modini-mode is

switched off, Modini-MPI-ESM calculates the wind stresses

according to the dynamics of the fully coupled MPI-ESM.

If the Modini mode is active the wind stress is overwritten

by that estimated from the reanalysis products. In this study

we limit our analysis to partially coupled model experiments,

which are restarted in 1980 from fully coupled MPI-ESM-

CMIP5 experiments and run until 2013. The applied atmo-

spheric forcing is identical to the historical-CMIP5 scenarios

until 2005, and is extended by the RCP4.5-emission scenar-

ios thereafter. It should be noted that SST is computed us-

ing the coupled model physics and is not directly constrained

in Modini-MPI-ESM. Likewise, ECHAM6 computes its own

wind field and only knows about the observed time series of

events through the SST that is given to it by the ocean model

and the influence of the specified radiative forcing.

It is possible to apply a full-field forcing, where the wind

stress is directly calculated from the reanalysis wind field vre:

vff(t)= vre(t). (1)
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However, we rather consider an anomaly forcing, where only

deviations from the long-term model mean (the model’s in-

herent climatology vCMIP5
clim ) are considered:

vaf(t)= vre(t)− vre
clim+ v

CMIP5
clim , (2)

where the MPI-ESM climatology vCMIP5
clim is estimated from

the three original ensemble members of the MPI-ESM

CMIP5 experiments (Giorgetta et al., 2013). This anomaly

forcing reduces model shocks and drifts compared to the al-

ternative full-field forcing when switching back and forth be-

tween the fully coupled MPI-ESM and the partially coupled

Modini-MPI-ESM mode.

We generated 15 ensemble members for Modini-NCEP

and 10 for Modini-ERAI. By analysing the ensemble mean

we filter out large parts of the internal model variability and

enhance the visibility of the model’s response to the external

wind and GHG (greenhouse gas) forcing. The individual en-

semble members are generated by lagged initialisations from

one of the three original CMIP5 experiments.

3 Model experiment evaluation

To estimate the ability of the partially coupled Modini-MPI-

ESM to track the time evolution of the observed climate sys-

tem compared to the fully coupled Earth system model MPI-

ESM, we consider several spatial and/or time dependent cli-

mate indices for ocean, atmosphere, and sea ice in both hemi-

spheres. For each of these control variables, the results of the

fully coupled MPI-ESM–CMIP5 experiment are compared

with the equivalent Modini-MPI-ESM outcomes. For com-

parisons we use not only the three original CMIP5 ensemble

members, but also seven additional realisations, which were

later performed at the Max Planck Institute (MPI).

3.1 Oceanic indices

3.1.1 Global SST distribution

We use the Met Office Hadley Centre’s sea ice and sea sur-

face temperature data set (HADIsst) (Rayner et al., 2003) to

estimate the skill of the Modini-MPI-ESM model. The cli-

matological differences between the observed and the ensem-

ble mean CMIP5-modelled SSTs are shown in Fig. 1a. The

largest differences of up to about 5 K are found in the North

Atlantic, the upwelling regions off the west coasts of Amer-

ica and Africa and in the Southern Ocean. These differences

are known biases of the MPI-ESM that are also common to

most other Earth system climate models (Jungclaus et al.,

2013). The wind forcing in the Modini-MPI-ESM (Fig. 1aN,

aE) reduces the temperature differences slightly in the South-

ern Ocean and in the northwestern Pacific (compared to the

reference 1aC), but otherwise no improvement is achieved.

In the Atlantic Ocean, the differences even increase slightly.

The global mean SST is about 2.8 % (3.6, 3.7 %) lower in

the CMIP5 (Modini-NCEP, Modini-ERAI) experiment, com-

pared with HADIsst.

This slight offset between the MPI-ESM and Modini-MPI-

ESM is a result of several factors: first, compared to our 6-

hourly wind forcing, the daily-averaged wind fields applied

in MPI-ESM smooth out storm track peak winds and inertial

oscillations are more efficiently generated (e.g. Weisse et al.,

1994; Jochum et al., 2012). Consequently, the 6-hourly wind

forced Modini-MPI-ESM has more surface mixing and po-

tentially cooler (global mean) SST. Second, we estimate the

wind stress according to the bulk formulae of Large and Yea-

ger (2009), taking into account the modelled surface veloc-

ities of ocean and sea ice. Finally, nonlinearities in coupled

climate models, e.g. in the ice sheet model or the bulk formu-

lae, might intensify deviations from a mean state, leading to

the slightly different climate states of MPI-ESM and Modini-

MPI-ESM.

Although the climatological temperature distribution does

not improve globally by the partial coupling, the correla-

tion between the modelled (CMIP5, Modini-NCEP, Modini-

ERAI) and the observed (reference) annual mean SSTs

show a clear global improvement compared to the CMIP5-

experiments (Fig. 1b) despite the fact no direct constraint is

placed on the model SST. In wide areas of the Pacific and

Indian oceans the correlation exceeds 0.5 (Fig. 1bN) and

are highly significant1 (see Fig. A1a in the Appendix). For

monthly mean values high (and significant) correlations are

confined to the equatorial Pacific as shown in the Appendix

Fig. A1b, c.

In general, the pattern associated with highest correlation

in the Modini cases is similar to what one would expect based

on the teleconnection pattern from the eastern/central tropi-

cal Pacific (compare, for example, with Fig. 3 in Kirtman and

Shukla, 2002), indicating that it is the success of the Modini

technique in the tropical Pacific that determines much of the

skill in other parts of the globe. This is consistent with Ding

et al. (2013, 2014a, b).

1The statistical significance p within this article has been calcu-

lated with a Pearson’s test using R: cor.text(x,y). Based on

a 95 % confidence level, we define them as follows,

p significance

≤ 0.001 high

≤ 0.01 strong

≤ 0.05 weak

> 0.05 none

against the null hypothesis. The existence of a potential

serial correlation (autocorrelation) is tested by estimat-

ing the correlation of the first derivative of the data R:

cor.text(diff(x),diff(y)). This checks whether

the change in one variable is correlated or a linear function of the

change in another.
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Figure 1. Model results with respect to SSTs for ensemble means.

Left: MPI-ESM-CMIP5 (10 ensemble members), centre: Modini-NCEP (15), right: Modini-ERAI (10).

(a) Mean difference between model and reference SST.

(b) Correlation between the model and the reference SST using detrended annual means for the periods from 1980 (CMIP5) and 1981

onwards (Modini-NCEP, Modini-ERAI), respectively. The boxes indicate the Niño3-region between 5◦ N–5◦ S and 170◦–120◦W. The cor-

responding p values and correlations for monthly means are shown in the Appendix, Fig. A1.

(c) Skill score using (not-detrended) yearly means referenced to HADIsst according to Eq. (3) for the periods from 1980 (CMIP5) and 1982

onwards (Modini-NCEP, Modini-ERAI), respectively.

(d) Like (c) but for monthly means.

(e) Comparison between observed (black, HADIsst) and 12-monthly-running mean of the Niño3 index (averaged sea surface temperature

anomalies) for CMIP5 (red), Modini-NCEP (green), and Modini-ERAI (orange). Thin lines indicate individual ensemble members, thick

coloured lines the ensemble means. El Niño events are characterised by strong positive temperature anomalies.
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We define a skill score E of a model-ensemble-mean

anomaly variable m̃, with respect to the corresponding ref-

erence anomaly r̃ as

E = 1−
σ 2(m̃− r̃)

σ 2(̃r)
(3)

with the variances σ 2(m̃−r̃)= 1
1−T

T∑
t=1

(m̃−r̃)2 and σ 2(̃r)=

1
1−T

T∑
t=1

(̃r)2. Estimating this skill for the yearly and monthly

mean SSTs (Fig. 1c, d) shows a significant improvement in

the equatorial Pacific for the Modini-NCEP experiment com-

pared to the reference CMIP5 experiment. As for the corre-

lation, the improvement for Modini-NCEP is larger than for

Modini-ERAI.

3.1.2 El Niño–Southern Oscillation (ENSO)

The ENSO describes fluctuations around the mean state of

the tropical Pacific, which are connected to droughts, floods,

and crop yields in several areas (mostly) around the Pa-

cific (Philander, 1990). One common way to measure ENSO

is the Niño3 index, which is defined as the mean SST-

anomaly within the area between 90◦–150◦W and 5◦ S–

5◦ N (e.g. Deser and Wallace, 1990; Trenberth, 1997). An

El Niño event is characterised by a strong positive temper-

ature anomaly in the equatorial Pacific. Very pronounced

events were observed during the boreal winters 1982/83 and

1997/98 (indicated by the black lines in Fig. 1e). The individ-

ual ensemble members of the fully coupled CMIP5 experi-

ment, have slightly enhanced amplitudes, but capture roughly

the timescales of the observed Niño3 index, indicating the

model’s internal variability (Fig. 1eC). However, the model

spread is large and the observed phase and the amplitude

cannot be reproduced without additional information. Conse-

quently the ensemble mean does not contain any information

about the ENSO anymore, indicated by the nearly flat thick

red line in Fig. 1eC.

Applying the partially coupled Modini wind forcing, this

changes significantly: the phase of the Niño3 index is well

reproduced in the Modini-NCEP and Modini-ERAI experi-

ments and the model spread is strongly reduced. Addition-

ally, Modini-NCEP (and to a lesser extend also Modini-

ERAI) is also able to reproduce the amplitude of the Niño3

index very well during the whole time period of the exper-

iment, and the correlation coefficients reach 0.76 (0.72) for

the monthly means from 1982 onwards. Even taking serial

correlation into account, the significance is high.

3.1.3 Pacific Decadal Oscillation (PDO)

As a third way to assess skill with SST, we turn to the PDO.

The PDO is defined as the first empirical orthogonal func-

tion (EOF) of (detrended) SST–anomalies north of 20◦ N in

the Pacific (Mantua et al., 1997). In general, EOFs consists

of a spatial pattern and a corresponding time series (the so-

called principal component (PC)). In the case of the PDO, the

time series corresponding to the leading EOF is defined as the

PDO index. A positive PDO phase is associated with a deep-

ened Aleutian low and therefore has impacts on air tempera-

tures and precipitation in North America. The fishery is also

affected as zoo- and phytoplankton are related to changes in

the ocean’s mixed layer depth. In general, the PDO has two

preferred timescales of variability, one of 20–30 years and

one of 50–70 years (Vuille and Garreaud, 2012). Therefore

the significance of the PDO within the about 30 model years

analysed within this study might be limited. We compute the

PDO index not from the spatial pattern (the leading EOF) of

the modelled SSTs, but from the spatial pattern of the ob-

served HADIsst (Fig. 2a), which reaches back to the 19th

century. The resulting PDO indices are shown in Fig. 2b.

In contrast to the Niño3 index, the model spreads are quiet

large for the Modini-NCEP and Modini-ERAI experiments.

As a consequence of different climate states in MPI-ESM

and Modini-MPI-ESM (see Sect. 3.1.1), there is also a spin-

up signal during the first 2 years until about 1982 in both

Modini experiments. While there is no significant correla-

tion between the CMIP5-experiments and the observed PDO,

Modini-NCEP (as well as Modini-ERAI) experiments show

a clear improvement in phase and amplitude, resulting in an

increased correlation coefficient of 0.62 from 1982 onwards

for both experiments between the model ensemble monthly

means and the observed time series. The correlation is highly

significant and serial correlation does not play a role for the

estimated PDO index in our experiments.

3.1.4 Atlantic Multidecadal Variability (AMV)

As a final SST-skill test we analyse the AMV (sometimes

also referred to as Atlantic Multidecadal Oscillation or

AMO). It is defined as the detrended SST mean between the

Equator and 70◦ N in the Atlantic sector between 80◦W and

the Greenwich meridian after removing the seasonal cycle

(e.g. Enfield et al., 2001). The comparisons between the ob-

served (Kaplan et al., 1998) and modelled AMVs are shown

in Fig. 3.

The modelled period is too short to represent the typi-

cal 80-year timescale of the AMV, but teleconnections with

ENSO (varying on an interannual timescale) might lead to

some skill (Enfield et al., 2001). A second caveat is the sig-

nificant SST offset in the North Atlantic (Fig. 1a), although

this might not prevent model skill with the SST variability

(rather than the absolute values).
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Figure 2. (a) Spatial pattern of the observed HADIsst regressed onto the PDO index. (b) PDO indices (6-month running means) for the ob-

served HADIsst (black) and the CMIP5 (red), Modini-NCEP (green), and Modini-ERAI (orange) experiments. Thin lines indicate ensemble

members, thick lines show the PDO indices computed from the ensemble SST means.
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Figure 3. Comparison between observed (black) and modelled detrended 6-month running mean AMV index with removed seasonal cycle

for CMIP5 (red), Modini-NCEP (green), and Modini-ERAI (orange). Thin lines indicate individual ensemble members, thick lines ensemble

means.

Indeed, we find a highly significant correlation of 0.35 for

the 6-month running mean Modini-NCEP experiment from

1982 onwards (Fig. 3). For Modini-ERAI the correlation is

somewhat lower (0.23). In both Modini experiments, serial

correlation is not important. But there is also a highly (se-

rially correlated) significant correlation (0.36) in the ensem-

ble mean of the CMIP5 experiments. This correlation can-

not be caused by anthropogenic forcing of the CMIP5 ex-

periments, because we estimate the correlation coefficient

from detrended time series. However, the prominent decrease

from 1991 onwards indicate, that volcanic eruptions have

an significant impact on the AMV (compare Sect. 3.2.2).

A proper representation of other atmospheric forcings like

stratospheric aerosols and ozone, which are also included in

CMIP5 experiments, might also lead to the comparable cor-

relation coefficients between MPI-ESM and Modini-MPI-

ESM.

3.1.5 Atlantic meridional overturning circulation

The Atlantic Meridional Overturning Circulation (AMOC)

is the stream function of the zonally integrated transport

and closely related to the global thermohaline circulation.

A mooring array known as the RAPID-MOCHA array, has

been deployed at 26◦ N between the Bahamas and the Canary

Islands. This array provides continuous measurements of the

strength and variability of this circulation since 2004 (Cun-

ningham et al., 2007; Send et al., 2011; Smeed et al., 2014).

The time series of this measured AMOC strength is avail-

able until October 2013. Figure 4 shows that the difference

in the vertically integrated stream function in the Atlantic be-

tween the CMIP5 and the Modini experiments is rather small.

However, the time series of Modini-NCEP and Modini-ERAI

show, despite the short time period, a remarkable agreement

in phase and amplitude with the RAPID monitoring. In par-
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M. Thoma et al.: Partially coupled ESM spin-up 57

CMIP5 Modini-NCEP Modini-ERAI

aC)

bC)

12

14

16

18

20

22

24

A
tl
a

n
ti
c
−

M
O

C
 (

S
v
)

1980 1990 2000 2010

Year

0

1000

2000

3000

4000

5000

6000

D
e

p
th

 (
m

)

−40 −20 0 20 40 60 80

Latitude

−5

0

0

0

5

5

10

10

15

15

20 aN)

bN)

12

14

16

18

20

22

24

A
tl
a

n
ti
c
−

M
O

C
 (

S
v
)

1980 1990 2000 2010

Year

0

1000

2000

3000

4000

5000

6000

D
e

p
th

 (
m

)

−40 −20 0 20 40 60 80

Latitude

−5−
5

0

0

0

5

5

10

10

15

15

2
0

aE)

bE)

12

14

16

18

20

22

24

A
tl
a

n
ti
c
−

M
O

C
 (

S
v
)

1980 1990 2000 2010

Year

0

1000

2000

3000

4000

5000

6000

D
e

p
th

 (
m

)

−40 −20 0 20 40 60 80

Latitude

−5−5

0

0

0

5

5

10

10

15

15

20

Figure 4. Comparison between observed (black, RAPID) and 12-monthly running mean of monthly mean modelled AMOC for CMIP5 and

Modini-MPI-ESM at 26◦ N. The black dot in the upper panels indicates the position of the RAPID array. Lighter colours belong to individual

ensemble members.

ticular, the significant weakening of the AMOC in 2009/2010

is quite well captured with Modini-ESM. The highly signifi-

cant correlation coefficients for the AMOC are 0.89 (Modini-

NCEP) and 0.94 (Modini-ERAI) and have an insignificant

serial correlation.

These results imply that a large part of the interannual vari-

ability in RAPID can be explained by wind forcing alone.

This is because MODINI-ESM knows about the observed

time series of interannual variability only through the wind

stress anomalies used to drive the ocean component. How-

ever according to Fan and Schneider (2011), this wind-driven

skill arises primarily from weather noise and is therefore not

predictable.

In contrast, the delayed AMOC response on decadal or in-

terdecadal timescales is related to the surface heat flux (Eden

and Willebrand, 2001; Eden and Jung, 2001) and would

therefore most likely not be captured by the wind-only forced

Modini-MPI-ESM.

3.2 Atmospheric indices

3.2.1 Surface air temperature (SAT)

The atmosphere is totally unconstrained in the Modini-MPI-

ESM. The external wind forcing interacts with the atmo-

sphere only indirectly via the SST response to the wind

stress. However, in large areas of the Pacific and Indian

Oceans a significant correlation between the annual means

of the modelled Modini-NCEP (Modini-ERAI) 2 m temper-

ature and the ERAI reanalysis (Fig. 5aN, aE, bN, bE) ex-

ists. The global average of these correlations is significantly

larger (0.40 and 0.31, respectively) than for the fully coupled

CMIP5 experiment (Fig. 5aC, 0.15). For the Modini-NCEP

experiment not only do large parts of the Pacific and the Arc-

tic oceans show correlations above 0.5 but, additionally, the

Table 1. Definition of regions to calculate the mean near-surface air

temperature in Fig. 6 and number of months applied to calculate the

running mean values for Fig. 6 and Table 2.

Region Longitude Latitude Months

Global 0–360◦E 80◦S–80◦N 3

Europe 10◦W–42◦E 36–62◦N 12

Africa 15◦W–52◦E 36◦S–35◦N 3

N America 136–75◦W 31–63◦N 12

S America 82–36◦W 51◦S–11◦N 3

Asia 37–145◦E 37–70◦N 12

Australia 113–155◦E 38–11◦S 12

2 m temperatures over the continents also have a significantly

positive correlation with the reanalysis data. Note that the

correlations between the model results and the NCEPcsfr re-

analysis data set (instead of the ERA-Interim data set) are

only slightly smaller (0.37 and 0.28, not shown). This indi-

cates that our Modini results are quite robust, with respect to

different reanalysis products.

3.2.2 Mean global and regional SAT temperatures

The global mean temperature rise is one of the most cited

values, with respect to climate change. Here, we compare the

skill of the original CMIP5 experiment and the Modini-MPI-

ESM to reproduce observed mean temperatures, represented

by the ERAI reanalysis. We compare the global mean as well

as temperatures for each continent separately; the individual

regions are defined in Table 1.

In general, the observed global temperatures increase dur-

ing the period from 1980 to 2013. However, temporary cool-

ing effects of the El Chichón and Mt Pinatubo eruptions

www.geosci-model-dev.net/8/51/2015/ Geosci. Model Dev., 8, 51–68, 2015
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Figure 5. Correlation (top) and corresponding p values (bottom) between modelled and observed (ERA-Interim) detrended yearly mean

atmospheric near-surface temperatures for the periods from 1980 and 1985 onwards for the CMIP5- and Modini-experiments, respectively.

in March 1982 and June 1991, respectively, as well as a

natural climate variability hiatus from about 2000 onwards

(e.g. Kosaka and Xie, 2013), superimpose the overall upward

trend during the modelled period. In the ensemble mean of

the CMIP5 experiments (Fig. 6, left) the temperature drop

of about 0.5 K after the enormous amount of volcanic parti-

cles injected into the stratosphere from Mt Pinatubo (e.g. Mc-

Cormick et al., 1995) is reproduced well. The smaller cool-

ing impact of the El Chichón eruption is also visible in the

global mean and on most continents. However, the observed

global interannual fluctuations, or on individual continents,

are not reproduced in the CMIP5 experiments. With respect

to this, Modini-MPI-ESM has a significant skill. For Aus-

tralia, South America, Africa, and globally, the mean temper-

ature from Modini-NCEP and Modini-ERAI does not only

feature the volcanically induced temporary coolings, but also

40–62 % percent of the observed interannual fluctuations are

well reproduced from 1982 onwards, indicated by signifi-

cant correlation coefficients (Table 2). For Europe, North-

America and Asia, however, the ensemble spread is quite

larger and therefore the weak correlations are insignificant

for the Northern Hemisphere continents. Note that the lower

mean global SST in Modini-MPI-ESM, compared to MPI-

ESM (Sect. 3.1.1), results in an artificial transition phase on

all continents during the first (approximately) 5 model years.

After 1985 the general (linear) trends (indicated by dotted

lines in Fig. 6) are very well reproduced with Modini-MPI-

ESM.

Table 2. Correlation coefficients (CC) and significance for a 95 %

confidence level for detrended and seasonal-cycle removed x run-

ning mean monthly temperatures from 1982 onwards. The value x

is given in Table 1. Serial correlation is taken into account for the

significance. Insignificant correlations are parenthesised.

Region Modini-NCEP Modini-ERAI

CC significance CC significance

Global 0.41 high 0.43 high

Europe (0.11) none (0.04) none

Africa 0.40 high 0.46 strong

N America (0.11) none (0.29) none

S America 0.63 high 0.60 high

Asia 0.18 high (0.15) none

Australia 0.54 high 0.43 high

3.2.3 Southern Annular Mode (SAM)

The SAM is a low-frequency mode of atmospheric variability

of the Southern Hemisphere. It is characterised by anomalies

in pressure over Antarctica and averaged over the latitude

band 40–50◦ S that vary out of the phase with each other on

monthly timescales and longer. The SAM is also sometimes

referred to as the Antarctic Oscillation (AAO). It has a sig-

nificant impact on the climate in Antarctica and other high-

latitude Southern Hemisphere land masses. In its positive

phase it is associated with strengthened westerlies, result-

ing in an unusual cold central Antarctica but also in higher

temperatures at the Antarctic Peninsula and is therefore pos-

sibly related to the thinning and breakup of the Larsen A and

Geosci. Model Dev., 8, 51–68, 2015 www.geosci-model-dev.net/8/51/2015/
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Figure 6. Average near-surface air temperature for different regions with removed seasonal cycle. Thin coloured lines indicate individual

ensemble members, thick coloured lines the ensemble means, dotted lines are linear trends for three time periods (until end of 1990, between

early 1991 and end of 1993, and from early 1994 onwards). Black lines indicates the corresponding references according to the ERA-Interim

reanalysis. See Table 1 for definition of regions and applied running-mean smoothing.

Larsen B ice shelves (e.g. Rott et al., 1996; Shepherd et al.,

2003).

Different SAM definitions exist: it is either calculated

from monthly mean anomalies of the normalised difference

in the zonal mean sea level pressure (SLP) between 40 and

65◦ S (Gong and Wang, 1999; Marshall, 2003) or is de-

fined as the leading principal component (PC) of the monthly

mean anomalies of the 850 hPa geopotential height anoma-

lies (GPHAs) south of 20◦ S (Thompson and Wallace, 2000).

As before (see Sect. 3.1.3), we do not project the modelled

GPHA onto the modelled leading EOF, but onto the spatial

pattern of the reanalysis data.

The results for 12-month running means using both SAM-

definitions are shown in Fig. 7. The difference between both

definitions is marginal. As expected, the CMIP5 experiments

show no significant correlation at all. For the Modini-NCEP

(Modini-ERAI) experiments the correlations of the 12-month

running-mean ensemble means show a correlation of 0.5

(0.48) and 0.44 (0.38) for the GPHA and SLP definitions,

respectively. These correlations are highly significant, tak-

ing serial correlation into account, and indicate that Modini-

MPI-ESM has a skill for the SAM climate indicator. This is

consistent with Mo (2000) and Ding et al. (2012), who found

a relationship between the SAM and the ENSO-variability

and Lu and Zhao (2012), who showed that there is a posi-

tive wind-stress feedback on the SAM. Readers are referred

to Ding et al. (2014a) for further discussion of tropical influ-

ences on the SAM which, in turn, since they are of tropical

origin, have the potential to be captured by Modini.

3.2.4 North Atlantic Oscillation (NAO)

The NAO is the most important climate indicator in the

Northern Hemisphere. It is often defined in terms of the fluc-

tuations in the difference of SLP between the Icelandic low

and the Azores high. It measures the strength and direction

of westerly winds and storm tracks across the North Atlantic

towards Europe. Here we apply two definitions of the NAO

index by Hurrell et al. (2003) and Li and Wang (2003). First,

the classical Hurrell index which is defined as the PC of the

leading EOF of the SLP anomalies over the Atlantic sec-

tor across 20–80◦ N and 90◦W–40◦ E. The latter estimates

the NAO index as the normalised difference in SLP between

20 and 90◦ N, averaged over the whole North Atlantic sector

from 80◦W to 30◦ E, and is (according to the authors) a more

faithful representation of the spatio-temporal variability as-

sociated with the NAO on all timescales. As for the PDO in

Sect. 3.1.3, we compute the NAO index not from the spa-

tial pattern (the leading EOF) of the modelled GPHAs, but

from the spatial pattern of the corresponding reference data

set (ERAI). We limit our analysis to the boreal winter (DJF)

NAO (for monthly mean SLPs), which has the strongest tem-

www.geosci-model-dev.net/8/51/2015/ Geosci. Model Dev., 8, 51–68, 2015
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Figure 7. Twelve-month running mean of the SAM calculated for the CMIP5 and Modini experiments from the monthly mean sea surface

pressure difference (top) and the 850 hPa geopotential height (bottom). Thin coloured lines indicate individual ensemble members, thick

coloured lines the SAM calculated from the ensemble mean sea surface pressure and geopotential height, respectively. Black lines indicate

the corresponding references according to the ERA-Interim reanalysis.

Table 3. NAO correlation coefficient (CC) and significance for a

95 % confidence level according to the definitions of Hurrell et al.

(2003) (H) and Li and Wang (2003) (L) for Modini-NCEP and

Modini-ERAI from 1982 and 1987 onwards. Serial correlation does

not play a role.

Modini-NCEP Modini-ERAI

CC Sign. CC Sign.

H 1982– 0.12 weak – none

L 1982– 0.21 high 0.11 weak

H 1987– 0.39 high 0.19 high

L 1987– 0.48 high 0.30 high

poral variance (e.g. Hurrell et al., 2003). Both indices are

shown in Fig. 8.

As expected, there is no correlation between the ob-

served and modelled NAO index for the CMIP5 experiments

(Fig. 8). But both Modini-MPI-ESM experiments show a sig-

nificant correlation, at least from 1987 onwards (Fig. 8, Ta-

ble 3). Serial correlation does not play a role for the winter

NAO.

In general, the NAO index according to Li and Wang

(2003) results in slightly higher correlation coefficients and

the NCEP-forcing reproduces the observed NAO index much

better than the ERAI-forcing. We conclude, that Modini-

MPI-ESM has some NAO-skill. One possible source of this

skill is a tropical forcing, which can influence the NAO

(Greatbatch et al., 2012; Vuille and Garreaud, 2012; Hurrell

et al., 2003).

3.3 Sea ice extent and volume

The sea ice model within MPIOM consists of a dynamic part,

based on a viscous-plastic rheology (Hibler, 1979), and a

thermodynamic part, based on a zero-layer model (Semtner,

1976, 1984). Although the MPIOM applies only a simpli-

fied single-ice-class approximation, the results of the fully

coupled MPI-ESM agree in general quite well with the ob-

served Arctic sea ice cover. According to Notz et al. (2013),

who compared the MPI-ESM output with the National Snow

and Ice Data Center–Climate Data Record (NSIDC-CDR)

data set, the model performs much better than its predeces-

sor ECHAM5/MPIOM. It even produces the most realistic

sea ice concentrations among all CMIP5 models (Riemann-

Campe and Gerdes, 2013).

The main spatial differences between the fully coupled

MPI-ESM and the Modini-ESM-MPI occur in the Sea of

Okhotsk in the Pacific sector, where MPI-ESM has much less

and Modini-ESM-MPI too much sea ice in terms of concen-

tration compared with OSISAF (Ocean and Sea Ice Satellite

Application Facility; not shown here).

Here we concentrate on the impact of the partially coupled

forcing on the Arctic sea ice extent (SIE) and sea ice volume

(SIV) time dependence. The seasonal cycles of both indica-

tors have a slight offset with respect to the reanalysis data

(Fig. 9). In general, the MPI-ESM model underestimated the

SIE (by about 14 % for CMIP5) and SIV (18 %). The Modini

forcing reduces this offset for the SIE to about 9 % on av-

erage, and performed best during the winter season. In con-

trast, the offset of the SIV seasonal cycle increases slightly

to about 25 %.

The observed decrease in SIE is about −5.1×

104 km2 yr−1 in March and even about −9.7× 104 km2 yr−1

in September (Fig. 10). The original CMIP5-experiments

and Modini-NCEP can only capture half of this SIE down-

ward trend and the SIE of Modini-ERAI shows no trend at

all during the modelled period.

However, both Modini-MPI-ESM experiments show a

very large (about 60 %) and significant correlation of the de-

Geosci. Model Dev., 8, 51–68, 2015 www.geosci-model-dev.net/8/51/2015/
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Figure 8. Winter-NAO index estimated according to the definition of Hurrell et al. (2003) (top) and Li and Wang (2003) (bottom). Thin

coloured lines indicate individual ensemble members, thick coloured lines indicate the NAO calculated from the ensemble mean sea surface

pressure. Black lines indicate the reference NAO calculated from ERA-interim surface pressure.

Table 4. SIE and SIV correlation coefficients from 1982 onwards

for Modini-NCEP and Modini-ERAI, based on detrended March

and September values. The significance is estimated for a 95% con-

fidence level, serial correlation does not play a role here.

Modini-NCEP Modini-ERAI

CC Sign. CC Sign.

SIE 3 0.62 high 0.62 high

SIE 9 0.58 high 0.62 weak

SIV 3 0.49 weak 0.15 weak

SIV 9 0.42 high 0.16 weak

trended SIE time series in March and September (Table 4).

Despite the anthropogenic forcing, the observed decrease in

SIV cannot be reproduced with MPI-ESM or Modini-MPI-

ESM (Fig. 11); however, the detrended time series still have

a significant correlation for the SIV, in particular for Modini-

NCEP (Table 4).

4 Conclusions

We extended the fully coupled climate Max Planck Insti-

tute Earth System Model (MPI-ESM) by assimilating surface

wind anomalies to force the oceanic component (MPIOM).

This is an easy-to-implement method, because ocean mod-

els already provide options for external wind forcing. The

resulting model is named Modini-MPI-ESM. In contrast to

a full three-dimensional ocean initialization with tempera-

ture and salinity (e.g. Matei et al., 2012), this method inter-

feres with the ESM only through the two-dimensional wind

stress anomalies at the ocean’s and sea ice’s surface, while

all other feedbacks exist as in the fully coupled MPI-ESM.

We are able to reproduce parts of the climate variability of

several major modes (e.g. ENSO, NAO, SAM) as well as

the response of the SST, SAT, and SIE. Even the meridional

overturning in the Atlantic (AMOC) comes close to observed

strength and variations. However, with respect to the AMV

variability, Modini-MPI-ESM shows only marginal improve-

ment compared to MPI-ESM. This method is a superior ap-

proach for ocean and sea ice reconstruction over the period

when good wind stress data are available. We avoid corrupt-

ing important feedbacks associated with heat and radiative

exchange between the ocean and the atmosphere. We also

avoid the too strong sensitivity of the ocean circulation in

models run under mixed boundary conditions (for further dis-

cussion of this issue see Griffies et al., 2009). Running the

coupled model this way for a number of decades is also a

possible way to initialise climate models for long-term pre-

dictions, which has been demonstrated by Ding et al. (2013)

with the coarser resolved Kiel Climate Model (KCM).

In general, Modini-MPI-ESM performs better (with re-

spect to the selected climate indicators) with the NCEPcsfr

wind forcing than the ERAI wind forcing. Both reanaly-

sis products aim to represent the observed historical cli-

mate as well as possible and, therefore, they assimilate a

huge amount of observational data. However, the wind speed

over the open ocean is relatively weakly constrained in these

products as less observations are available in this area com-

pared to temperature records over land for example. There-

fore these reanalysis products can differ depending on the

region and time frame and might have different strengths

and drawbacks. This effect might also increase for higher

resolved ESMs. Ding et al. (2014b) already demonstrated

with their partially coupled KCM that differences in the

wind stress products NCEP and ECMWF-40 Year Reanal-

ysis (ERA40) reanalysis wind-field anomalies (the predeces-

sors of NCEPcsfr and ERAI) result in two groups of ensem-

ble members separating in the 1960s and again in the 2000s

(see their Fig. 2b).

Although the performance of almost all ESMs is quite

poor with respect to the surface temperatures in the up-
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Figure 9. Mean seasonal cycle of sea ice extent (top) and sea ice volume (bottom) for CMIP5-MPI-ESM (red, 10 ensemble members),

Modini-NCEP (green, 15 ensemble members), and Modini-ERAI (orange, 10 ensemble members). Black lines indicate references according

to OSISAF (Andersen et al., 2012) and PIOMAS (Zhang and Rothrock, 2003; Schweiger et al., 2011) for SIE and SIV, respectively.
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Figure 10. Monthly means of Arctic sea ice extent (concentration ≥ 15 %) for March (top) and September (bottom) for the CMIP5-MPI-

ESM (10 ensembles members), Modini-NCEP (15), and Modini-ERAI (10). Light colours indicate individual ensemble members. Black line

shows OSISAF data (reprocessed until 2009 and operational since 2008) as reference.

welling regions and particularly in the Atlantic (compare

Fig. 1a), Modini-MPI-ESM shows skills at reproducing vari-

ations in the AMOC, the NAO, and the time series of the

Arctic SIE. The very high and significant correlation of the

AMOC since the availability of observations in 2005, leads to

the speculation that the 5-year oscillation modelled between

1985 and 2005 is not only a model result, but could have been

observed, too. Whether or not this skill can be transferred to

hindcast historical fluctuations of these parameters will be

subject to upcoming experiments.

We confined our analysis to an anomaly forcing. How-

ever, additional model experiments (not shown here) indi-

cate that using the total wind stress, rather than wind stress

anomalies, to drive Modini-MPI-ESM produces quite simi-

lar results. But keeping in mind that Modini-MPI-ESM can

be used as a tool for initialising a coupled model for making

decadal forecasts we favour the anomaly forcing, which re-

duces model drifts due to different mean climate states. How-

ever, a model drift cannot be eliminated completely as the

wind-stress overwriting interferes somewhat with the physi-

cal consistency in the coupled model processes and because

of the applied 6-hourly wind forcing, which results in a

stronger surface mixing and hence in deeper mixed ocean

surface layers at midlatitudes. This is quite obvious in our

analysis of the PDO and (to a lesser extent) in the AMV

which all show a spin-up phase of a few years. This result is
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Figure 11. Like Fig. 10, but for Arctic sea ice volume. Black line shows PIOMAS data as reference.

consistent with Lu and Zhao (2012), who also observed a cli-

mate bias with a similar partial coupling approach, although

their problems with drift arose mostly when they used the ob-

served wind in the bulk formulae to compute fluxes of heat

and moisture, something we do not do here.

The Modini initialisation provides an easy and straight-

forward method to initialise a coupled ESM by bringing the

model close to the observed state and trajectory, at least in

some sectors, notably in the Pacific. This essential forecast

prerequisite is achieved without any additional data assim-

ilation like the much more complex and sophisticated two-

step forecast procedure presented in Kröger et al. (2012) and

Matei et al. (2012) for the MPI-ESM, based on initialisations

with oceanic synthesis fields (Pohlmann et al., 2009). Us-

ing the KCM, Ding et al. (2013) already demonstrated that

the Modini approach has a potential forecast skill for climate

shifts in the Pacific. The initialisation of the climate system

in Modini-MPI-ESM could, perhaps, be improved further if

the surface heat and freshwater fluxes were adjusted using

observed time series, e.g. using a nudging technique as de-

scribed in Servonnat et al. (2014), a topic for future research.

We will investigate the performance of Modini-MPI-ESM as

an initialisation technique for decadal hindcasts (historical

forecasts) in upcoming experiments.
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Appendix A

CMIP5 Modini-NCEP Modini-ERAIaC)
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Figure A1. (a) Significance (p value) for the annual mean correlation between model and the reference SST, according to Fig. 1. (b) Cor-

relation between the model and the reference SST like in Fig. 1, but for monthly means. (c) Corresponding significance for monthly mean

correlations shown in (b).
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Table A1. Abbreviations.

AAO Antarctic Oscillation

AMO Atlantic Multidecadal Oscillation

AMOC Atlantic Meridional Overturning Circulation

AMV Atlantic Multidecadal Variability

CMIP5 Coupled Model Intercomparison Project Phase 5

ECHAM Acronym from ECMWF and Hamburg

ENSO El Niño–Southern Oscillation

EOF Empirical orthogonal function

ERA40 ECMWF-40 Year Reanalysis

ERAI ERA-Interim reanalysis

ESM Earth system model

GHG Greenhouse Gas

GPHA Geopotential height anomaly

HADIsst Met Office Hadley Centre’s sea ice and sea surface temperature data set

KCM Kiel Climate Model

IPCC Intergovernmental Panel on Climate Change

LR Low resolution

MOCHA Meridional Overturning Circulation and Heatflux Array

Modini Model initialisation by partially coupled spin-up

MPI Max Planck Institute

MPI-ESM Max Planck Institute Earth System Model

MPIOM Max Planck Institute Ocean Model

NAO North Atlantic Oscillation

NCEP National Centers for Atmospheric Prediction

NCEPcsfr National Centers for Environmental Prediction, Climate Forecast System Reanalysis

NSIDC-CDR National Snow and Ice Data Center–Climate Data Record

OSISAF Ocean and Sea Ice Satellite Application Facility

PC Principal component

PDO Pacific Decadal Oscillation

PIOMAS Pan-Arctic Ice–Ocean Modeling and Assimilation System Data Sets – (from the retrospective investigation)

RAPID Rapid Climate Change programme

RCP Representative concentration pathway

SAM Southern Annular Mode

SAT Surface air temperature

SST Sea surface temperature

SSS Sea surface salinity

SLP Sea level pressure

SIE Sea ice extent

SIV Sea ice volume

LR Atmospheric resolution: T63L47, default; ocean–sea ice resolution GR15L40, default ≈ 1.5◦
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