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Abstract

Global ocean hindcast simulations for the period 1871–2009 have been run with

the ocean-sea ice component of the Norwegian Earth System Model (NorESM-

O), forced by an adjusted version of the Twentieth Century Reanalysis version

2 data set (20CRv2 data set), as well as by the commonly used second version

of atmospheric forcing data set for the Coordinated Ocean-ice Reference Exper-

iments phase-II (CORE-II) for the period 1948–2007 (hereafter CORE.v2 data

set). The simulated Atlantic Meridional Overturning Circulation (AMOC) in

the 20CR and the CORE simulations have comparable variability as well as

mean strength during the last three decades of the integration. The simulated

AMOC undergoes, however, distinctly different evolutions during the period

1948–1970, with a sharply declining strength in CORE but a gradual increase

in 20CR. Sensitivity experiments suggest that differences in the wind forcing

between CORE and 20CR have major impact on the simulated AMOCs during

this period. It is furthermore found that differences in the air temperature be-

tween the two data sets do contribute to the differences in AMOC, but to a much
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lesser degree than the wind. An additional factor for the diverging AMOC in

the two decades following 1948 is the inevitable switching of atmospheric forcing

fields in 1948 in the CORE.v2-based runs due to the cyclic spin-up procedure

of the ocean model. The latter is a fundamental issue for any ocean hindcast

simulation. The ocean initial state mainly influence the actual value but to a

lesser degree also the temporal evolution (variability) of AMOC. It may take

about two decades for the AMOC to adjust to a new atmospheric state during

the spin-up, although a dynamically balanced ocean initial state tends to reduce

the adjustment time and the magnitude of the deviation, implying that an ocean

model run with atmospheric forcing fields extending back in time, like 20CRv2,

can be used to extend the reliable duration of CORE-type of simulations.

Keywords: Twentieth Century Reanalysis, Air-sea flux, AMOC, Hindcast

simulation, CORE-II

1. Introduction1

The global ocean has experienced significant changes during the 20th cen-2

tury (e.g., Broecker, 1999; Cane, 1997; Knight, 2005). Sparseness of indepen-3

dent, long-term observational ocean data is, however, a major obstacle for a4

comprehensive understanding of the formation, propagation and decay of hy-5

drographic and circulation anomalies, particularly during the early twentieth6

century. Century-scale ocean simulations with Ocean General Circulation Mod-7

els (OGCMs), driven by atmospheric forcing data sets (including river run off),8

is an avenue for adding information to available observations, and to identify the9

underlying mechanisms for observed and simulated changes. Examples of the10

latter include long-term changes of the ocean gyre and overturning circulations11

(Danabasoglu et al., 2014; Núñez-Riboni et al., 2012), changes in ocean heat12

content (e.g., Lee et al., 2011; Yeager et al., 2012), Southern Ocean dynamics13

and physics (e.g., Farneti et al., 2015; Downes et al., 2015), and regional and14

global sea level anomalies and trends (Griffies et al., 2014).15
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Heat, fresh water and momentum fields for the lower atmosphere are pro-16

vided by or can be deduced from atmospheric reanalysis products like the17

NCEP/NCAR Reanalysis data set (NNR) covering the period 1948 to present18

(Kalnay et al., 1996) and the ECMWF Reanalysis ERA-40 for the period 1957–19

2002 (Uppala et al., 2005). For the period 1948–2009, air-sea fluxes of momen-20

tum, heat, freshwater and their components (Large and Yeager, 2004, 2009) have21

been derived to facilitate intercomparisons of global ocean-ice models as part22

of the Coordinated Ocean-ice Reference Experiments (COREs; Griffies et al.,23

2009, 2012). The second version of atmospheric forcing data set for the CORE24

phase II (CORE-II), provides 6-hourly, daily and monthly inter-annually vary-25

ing fields on a T62 horizontal grid (Large and Yeager, 2009; denoted CORE.v226

data set in the following).27

CORE.v2 is a blend of reanalysis data and satellite-based products, with28

some of the atmospheric fluxes and state being recalibrated with a mix of satel-29

lite and in situ measurements. The climatological fluxes in CORE.v2 are be-30

lieved to be generally reliable and their spatial distributions do display expected31

features (Large and Yeager, 2009). As such, simulations forced with CORE.v232

demonstrate some skill in simulating the historic ocean state (e.g., Danabasoglu33

et al., 2014; Griffies et al., 2014). Data sets like NNR, ERA-40 and CORE.v234

are, however, limited to the second half of the 20th century.35

In the absence of a perfectly balanced ocean state and consistent atmo-36

spheric forcings, any large-scale ocean model has to be spun up for centuries37

to millennia, depending on the topic of research, in order to minimize artificial38

trends in water mass characteristics and circulation features. The spin-up of an39

ocean model typically requires repeated cycling of atmospheric reanalysis fields.40

This challenge shares similarities to the cold/warm-start problem with coupled41

climate models (Hasselmann et al., 1993; Weaver et al., 2000). The end result42

is that the first 10–20 years of ocean hindcast simulations might be discarded43

because of the artificial, non-continuous switch from the end to the start of a44
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given atmospheric forcing data set. Depending on the analysis at hand, the45

usefulness of ocean hindcast simulations may therefore be constrained to the46

period from the 1960s or the 1970s, despite the forcing may start in 1948 (as is47

the case for NNR or CORE.v2).48

The newly developed Twentieth Century Reanalysis version 2 provides an49

objective estimate of global, atmospheric surface fluxes and state spanning50

the period 1871–2009 at 3-hourly temporal and 2 degree spatial resolutions51

(20CRv2; Compo et al., 2011). 20CRv2 has therefore the potential to roughly52

double the duration for ocean hindcast simulations. Other data sets, like the53

Alfred Wegner Institute reanalysis (Kauker et al., 2008), are also available for54

the period prior to the 1950s. The latter is, however, limited to the North55

Atlantic/Arctic Ocean region.56

Uncertainties will always be a part of atmospheric reanalysis products, partly57

caused by inherent model deficiencies and certainly by the availability and58

the quality of observations. Comparisons between different reanalysis prod-59

ucts (Chaudhuri et al., 2013; Chou et al., 2004; Pawson and Fiorino, 1999), as60

well as comparisons between reanalysis products and satellite observations and61

modern in situ measurements (Chaudhuri et al., 2013; Li et al., 2013; Luis et al.,62

2006; Sterl, 2004), demonstrate this issue. It is therefore not possible to state63

that one reanalysis product is superior to other products in all aspects (Chaud-64

huri et al., 2013). One approach for adjusting a given reanalysis product is to65

calibrate it to a verified air-sea flux product, for instance based on the method66

proposed by Brodeau et al. (2010) in which ERA-40 is adjusted to the air-sea67

flux version 1 for CORE-I (CORE.v1).68

The inter-annually varying CORE.v2 data set is one of the most widely used69

forcing products in the ocean modeling community (e.g., Danabasoglu et al.,70

2014; Griffies et al., 2014). CORE.v2 is for this reason treated as a reference71

air-sea flux product in the analysis presented here. Accordingly, several of the72

20CRv2 forcing components are adjusted to ensure that the long-term mean of73
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the applied fluxes and fields agree with those of CORE.v2. The capabilities of74

the adjusted 20CRv2 data set, hereafter 20CRadj, together with corresponding75

simulations with CORE.v2, are then tested by forcing the isopycnic-coordinate76

ocean component of the Norwegian Earth System Model NorESM, NorESM-O77

(Bentsen et al., 2013).78

A few ocean modeling simulations are reported using the default 20CRv279

data set. For example, Lee et al. (2011) examined changes in the ocean heat80

content in the North Atlantic after the 1950s, and Müller et al. (2015) studied81

the prominent variations in the North Atlantic in the 1920s.82

In addition to providing a basic evaluation of an OGCM forced by 20CRadj,83

the main focus of this study is to assess the potential for using 20CRadj in anal-84

yses of inter-annual to multidecadal ocean climate variations. For the latter,85

the Atlantic Meridional Overturning Circulation (AMOC) has been taken as86

a proxy for the circulation, reflecting the ocean response to both wind stress87

(Huang, 1999; Munk and Wunsch, 1998) and buoyancy forcing through forma-88

tion of intermediate and deep water masses (e.g., Marshall and Schott, 1999;89

Orsi et al., 1999). The presented results are expected to be transferrable to90

circulation and hydrodynamic anomalies occurring on inter-annual to decadal91

time scales on a more general basis, covering a wide range of processes taking92

place in the upper portion of the water column.93

Figure 1 serves as an illustration of the analysis, displaying the temporal94

evolution of the maximum strength of AMOC between 20 ◦N and 50 ◦N in the95

whole water column and the global, net air-sea heat fluxes in runs with and with-96

out adjustment of the 20CRv2 data set compared with a standard CORE run:97

When NorESM-O is initialized from observation-based hydrography (WOA9898

and PHC3.0; Antonov et al., 1998; Boyer et al., 1998; Steele et al., 2001), an99

ocean state at rest and forced with 20CRadj (to be outlined below), AMOC100

exhibits inter-annual and decadal-scale variations around a mean value of about101

21 Sv (1 Sv = 106 m3 s−1) and with a relatively weak, long-term increase (panel102
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a). When the above procedure is repeated with the CORE.v2 forcing for the103

period 1948–2007, there is a sharp, initial drop in AMOC followed by a gradual104

recovery from the 1970s towards the end of the integration. Both the temporal105

evolution and the actual AMOC values of the two experiments are distinctly106

different, particularly during the first three decades. When NorESM-O is ini-107

tialized from observation-based hydrography in 1948 and forced by 20CRadj,108

forming a twin experiment with CORE.v2, there are still substantial differences109

between the 20CRadj and CORE runs. Note that there are also significant dif-110

ferences between 20CRadj simulations initialized in 1948 and 1871, which will111

be discussed in the following.112

If, on the other hand, the default 20CRv2 data set is used to drive the model,113

AMOC drops rapidly until 1890, followed by a gradual increase until the 1960s,114

thereafter leveling off at a value of about 19 Sv (panel c). In this case the 20CR115

simulation starting in 1948 follows the CORE simulation until the 1980s but116

diverges thereafter.117

The net air-sea heat fluxes in the 20CRadj simulations are weakly positive118

and follows the CORE simulation closely, as expected based on the construction119

of 20CRadj (Fig. 1b). The default 20CRv2 data set does, however, give rise to120

a rather strong, about 2 W m−2, heating of the ocean, distinctly different from121

that of CORE.v2.122

Figure 1 raises several issues. Firstly, the adjusted and non-adjusted 20CRv2123

simulations exhibit large differences in AMOC, particularly until the 1970s.124

Secondly, the non-adjusted 20CRv2 run shows 1.5–2 W m−2 accumulation of125

heat throughout the simulation, also throughout the 20th century, in contrast126

to observation-based estimates of the heat flux, e.g., 0.4 W m−2 based on ERA-127

40 forcing (Brodeau et al., 2010). Thirdly, the actual ocean initial state may128

influence not only the evolution of the AMOC during the first few decades129

of integration, but also the longer-term value. The short-term variability is,130

however, comparable for the considered integrations.131
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Whereas differences between the CORE.v2 and 20CRv2 data sets can be132

identified from an analysis of the various forcing fields, the role of the ac-133

tual ocean initial state remains a major obstacle in the absence of reliable,134

observation-based ocean states back in time. It is possible, however, that135

20CRadj, with long-term means adjusted to be consistent with CORE.v2, could136

provide an improved, dynamically balanced initial condition for CORE sim-137

ulations, and by that extend the useful period for CORE runs. Differences138

between and characteristics of CORE.v2 and 20CRv2, as well as the role of139

different ocean initial states, are addressed in the following.140

In Section 2 and in the Appendix, descriptions of the model and the design141

of the model experiments, together with a description of 20CRadj, are given.142

Section 3 presents the mean state of the simulated ocean and the long-term143

variability of the AMOC for the 20CR and CORE simulations. The impacts144

of ocean initial conditions and difference in atmospheric forcing between the145

20CRadj and CORE.v2 data sets are also examined in this section. Section 4146

summarizes and discusses the results.147

2. Model description and set-up of experiments148

2.1. Model description149

The global ocean-ice components of NorESM (Bentsen et al., 2013) are used150

in this study. The ocean model originates from the Miami Isopycnic Coordinate151

Model MICOM (Bleck and Smith, 1990; Bleck et al., 1992), but is extensively152

updated (Assmann et al., 2010; Bentsen et al., 2013; Danabasoglu et al., 2014).153

For the sea ice component, the Los Alamos Sea Ice Model version 4 (CICE4;154

Hunke and Lipscomb, 2008; Holland et al., 2012) is used. The sea ice and155

ocean components are configured on the same grid and fully coupled within the156

Community Earth System Model version 1 framework (Hurrell et al., 2013).157

For the experiments presented in this study, a tripolar grid is used with158

about 1◦ zonal resolution along the equator. The grid cells are optimized for159
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isotropic grid spacing except towards the equator where the meridional resolu-160

tion approaches 0.25◦. The Northern Hemisphere grid singularities are located161

in Canada and Siberia, while the Southern Hemisphere grid singularity is at162

the South Pole. The ocean model has 51 isopycnals and a surface mixed layer163

divided into two non-isopycnic layers. The isopycnic layers are referenced to a164

pressure at 2000 dbar (σ2-coordinates).165

The ocean model is initialized with zero velocity, and the initial potential166

temperature and salinity are taken from the January-mean climatology of the167

World Ocean Atlas (WOA98; Antonov et al., 1998; Boyer et al., 1998), but168

with the modified data of the Polar Science Center Hydrographic Climatology169

(PHC3.0; updated from Steele et al., 2001) in the Arctic (hereafter WOA/PHC).170

The sea ice model is initialized from an earlier spin-up of the ocean-ice model.171

The ocean-ice model is forced with momentum flux (wind stress), heat flux172

(radiative and turbulent components) and fresh water flux (precipitation, evap-173

oration and river runoff) fields. The turbulent momentum (wind stress), heat174

(latent and sensible) and moisture (evaporation) fluxes are computed by the bulk175

formulae of Large and Yeager (2004), applying the atmospheric state of 20CRadj176

(including air temperature, humidity, zonal and meridional winds, wind speed,177

and diagnosed air density, see Table 1), the prognostic surface temperature,178

ocean current and fractional sea-ice cover.179

The net shortwave radiation is derived from the solar insolation and albedo,180

and the net longwave radiation is calculated with the downwelling longwave181

radiation from the atmosphere and the black-body radiation from the ocean/sea-182

ice surface. The net shortwave and longwave radiations and the precipitation183

of CORE.v2 are used in the 20CRadj data set, but extending back to 1871184

with their climatology. The monthly varying river and coastal runoff data sets185

from 1948–2007 Dai et al. (2009) are used as the continental fresh water flux186

as documented by Danabasoglu et al. (2014), while climatological river runoff187

(Dai and Trenberth, 2002) is applied for the period 1871–1948 and 2008–2009.188

9
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Thus, all of the presented simulations follow the CORE-II protocol for ocean189

hindcast simulations (Danabasoglu et al., 2014; Griffies et al., 2009) except for190

modifications to the forcing data sets used (see Table 1).191

2.2. Constructions of atmospheric forcings192

Radiation fluxes, the atmospheric state and runoff from land are all required193

to calculate the air-sea fluxes of momentum, heat and freshwater. These fields,194

directly extracted from the ensemble mean of 56 20CRv2 members (hereafter195

named the default 20CRv2 data set), generate the evolution of AMOC and net196

surface heat fluxes shown in Fig. 1c,d. The simulated sea surface temperature197

(SST) is too warm and the simulated sea surface salinity (SSS) is too fresh198

compared to the climatologies WOA/PHC (not shown), which is closely related199

to the unbalanced ocean heat budget (Fig. 1d). Thus, the combination of the200

default 20CRv2 data set and the Large and Yeager (2009) bulk formulae fol-201

lowing the CORE-II protocol results in solutions that deviate from available202

observations.203

One possible way forward, and the approach adopted in this study, is to ad-204

just the default 20CRv2 according to satellite-based observations and CORE.v2205

(available from http://data1.gfdl.noaa.gov/nomads/forms/core/COREv2/206

CIAF_v2.html). The construction of 20CRadj is listed in Table 1 and a de-207

tailed description is provided in the Appendix.208

Two examples of the 20CRv2 and CORE.v2 forcing are shown in Fig. A.1.209

In the left panel, the 20CRv2 air temperature over the ocean is reduced by210

about 0.7 ◦C to match the mean value of CORE.v2. Differences in the surface211

wind between the two data sets are evident but not systematic (right panel).212

It is found that wind speeds derived directly from the ensemble mean wind213

components tend to be less than the mean of the wind speed from the indi-214

vidual ensemble members. This is particularly the case until the 1950s when215

observations are sparse (Müller et al., 2015). In this case, the wind components216
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shown in Fig. A.1b are kept in the 20CRadj while the mean wind speed of the 56217

ensemble members is used in the computation of air-sea momentum and heat218

fluxes, as described in Appendix A.2. Due to the weak observational constraint219

on the strength and the direction of the winds back in time, sensitivity runs are220

adopted to explore the response on AMOC to the two data sets.221

2.3. Set–up of experiments222

NorESM-O is forced by 20CRadj and is run for five full cycles covering the223

time period from 1871 to 2009, denoted 20CRref , yielding a total of 695 integra-224

tion years. Each but the first cycle is initialized by the ocean state at the end of225

the previous cycle. No restoring is applied to SST. However, in order to avoid226

model drift due to an unbalanced hydrological cycle, either governed by the ab-227

sence of two-way interactions across the air-sea interface due to the prescribed228

atmosphere or inherent ocean model deficiencies, salinity in the mixed layer229

(ML) is relaxed towards a monthly-mean SSS climatology (WOA/PHC). It is230

well established that the simulated AMOC is sensitive to the applied strength of231

salinity restoration (e.g., Behrens et al., 2013). Based on previous experience,232

we chose a piston velocity of 50 m per 300 days for the relaxation of salin-233

ity towards climatological SSS, which is a moderate restoring compared with234

the models participating in the CORE-II simulations (e.g., Danabasoglu et al.,235

2014).236

In a similar manner, COREref denotes the simulation based on the default237

CORE.v2 forcing (see Table 1 of Danabasoglu et al., 2014). COREref consists238

of ten cycles covering the period 1948 to 2007, yielding a total of 600 model239

years, a time span comparable to that of 20CRref . The model configuration in240

COREref and 20CRref are otherwise identical (see Table 2).241

By construction, most of the 20CRadj fields are a blend of the 20CRv2242

and CORE.v2 data sets, agreeing in the long-term mean value of CORE.v2243

but differing in the short-term variation. The 10 m winds differ significantly,244
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particularly over the tropical and southern oceans during the 1950s to the 1970s.245

Also the air temperature shows differences in the North Atlantic and the Arctic246

regions. Differences in wind speed and direction have direct influence on both247

the turbulent momentum and turbulent heat fluxes, while the air temperature248

alters the turbulent heat fluxes. Anomalous mechanical and buoyancy forcings249

exerted on the ocean by turbulent momentum and heat fluxes will influence the250

simulated ocean state, including the thermohaline circulation.251

In order to explore the differences in the simulated ocean states between252

20CRref and COREref , several sensitivity experiments are performed, see Ta-253

ble 2. The two starting years 1871 and 1948 add an additional uncertainty factor254

to the comparison. For this reason, 20CRref is also run for one cycle for the re-255

stricted time period 1948–2007, facilitating a direct comparison with COREref .256

This sensitivity experiment is named 20CRctrl. For consistency, the first cycle257

of the default CORE run, which is initialized in 1948 and ends in 2007, follows258

the same name convention and is named COREctrl in the following.259

Guided by the difference in the 10 m winds between the 20CRadj and CORE.v2260

(Fig. A.3), and by the air temperature differences particularly in the North At-261

lantic and the Arctic region (Fig. A.2), two sets of sensitivity experiments are262

run. In one set, denoted 20CRglCOREw, the CORE.v2 wind components are263

used in 20CRctrl. In the other set, the CORE.v2 air temperature in the North264

Atlantic north of 10 ◦S and the whole Arctic region is used in 20CRctrl, denoted265

20CRaaCOREt. To facilitate a gradual transition between the two air temper-266

ature fields in the latter, the CORE.v2 air temperature is linearly blended into267

the 20CRadj air temperature between 30 ◦S and 10 ◦S.268

3. Results269

Based on the experimental design outlined in Section 2.3, the obtained re-270

sults are presented in the following sections.271

12



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

3.1. Surface ocean properties272

The simulated SST and SSS (mean for the period 1948–2007 from the last273

forcing cycle) from 20CRref and COREref are compared in Fig. 2a–d to those274

from WOA/PHC. Large-scale regions with SST biases with amplitude of 0.5 ◦C275

and smaller-scale anomalies with amplitudes exceeding 1 ◦C are found in both276

experiments (Fig. 2a and b), despite the bulk formula for turbulent heat flux277

with prognostic SST and prescribed air temperature provides a negative local278

feedback to damp SST from drifting (Griffies et al., 2009). In the Northern279

Hemisphere, cold anomalies are particularly pronounced along the periphery of280

the Arctic Ocean, throughout most of the Nordic Seas, and in the central region281

of the North Atlantic subpolar gyre. Warm anomalies exist along the northern282

portion of the North Atlantic subpolar gyre and off the eastern coast of North283

America. The SST anomalies in 20CRref and COREref are comparable in pat-284

tern and magnitude with spatial correlation coefficient (r) above 0.99 and with285

their root mean square (rms) errors of 0.68 ◦C and 0.65 ◦C from observations,286

respectively.287

The simulated ocean salinity is governed by the applied surface fluxes, river288

input, formation and transport of sea ice, ocean dynamics and mixing, as well289

as the applied salinity (fresh water) restoring. As is shown in Fig. 2c and d,290

negative SSS biases in the northern hemisphere are mainly confined to the Arc-291

tic, north of Iceland and in the South Atlantic subpolar gyre, and prominent292

positive SSS biases exist mainly along oceanic boundaries. The SSS biases are293

commonly found in ocean models with a horizontal resolution of about 1◦ or less294

(Griffies et al., 2009), in which the boundary currents and mesoscale processes295

may not be adequately represented (Talandier et al., 2014).296

In both experiments, pronounced negative temperature and salinity anoma-297

lies are present in the central/southern portion of the North Atlantic subpolar298

gyre. Further south, off the east coast of North America, there is a region299

with negative temperature anomalies but with small/vanishing salinity anoma-300

13
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lies. Both of these anomalies are governed by a southward shift of the North301

Atlantic Current in the model.302

Observation-based and simulated ocean heat content anomalies in the upper303

700 m in the North Atlantic Ocean is presented in Fig. 3. There is a general304

match between the observed values (Levitus et al., 2012) and the 20CRref and305

COREref simulations between the second half of the 1960s and into the 1990s306

(r=0.93, 0.87 without detrending; rms errors are 0.44× 1022 J and 0.67× 1022 J307

for 20CRref and COREref , respectively, the latter relative to the observed heat308

content during 1955–2007). During the first pentad, COREref follows the ob-309

served heat content anomalies, whereas 20CRref is clearly closest to the obser-310

vations after 1995. It is hard based on this comparison to distinguish the degree311

of reliability of the 20CRref and COREref simulations.312

Whereas increased ocean heat content is expected during the second half of313

the past century as a result of the combined contribution from global warming314

and an upward swing in the Atlantic Multidecadal Variability (McCarthy et al.,315

2015; Ting et al., 2009), the variations shown in 20CRref between the 1870s until316

the 1940s are uncertain due to lack of adequate observations. Two versions of317

the Simple Ocean Data Assimilation (SODA) reanalysis product, version 2.2.4318

(Giese and Ray, 2011) and version 2.2.6 (Yang and Giese, 2013), have therefore319

been included to provide some ideas of the Atlantic Ocean heat content before320

the 1950s.321

The two SODA versions differ in two ways. Firstly, in SODA v2.2.4 the en-322

semble mean of the 20CRv2 is used to compute the air-sea fluxes, while SODA323

v2.2.6 yields the ensemble mean value of 8 individual runs forced by 8 out of324

56 randomly picked 20CRv2 members (Yang and Giese, 2013; B. Giese, per-325

sonal communication, 2015). In addition, SODA v2.2.6 only assimilates the326

ICOADS v2.5 SST (Woodruff et al., 2011). The latter choice has been made to327

reduce spurious climate signals originating from varying number and quality of328

hydrographic measurements (Yang and Giese, 2013).329
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The heat content in SODA v2.2.4 and 20CRref with default wind show com-330

parable magnitude and variations between 1875 and 1947 (r = 0.72), though331

the former has somewhat larger amplitudes. The two simulations also agree332

during the period after 1948. Interestingly, a common denominator between333

these two simulations is the use of the ensemble mean 20CRv2 wind. As dis-334

cussed in Appendix A.2 and illustrated in Fig. A.3, the ensemble mean wind335

gives an unrealistically strong trend at all latitudes, particularly until the 1950s,336

with direct implications for the simulated ocean state. It is therefore possible337

that the similarity between SODA v2.2.4 and 20CRref with the ensemble mean338

20CRv2 wind can be at least partly attributed to the applied forcing.339

Compared to SODA v2.2.4, SODA v2.2.6 shows a much reduced Atlantic340

Ocean heat content prior to the 1950s, resulting in a gradual increase in the341

ocean heat content throughout the integration. Reduced heat content is also342

seen when comparing 20CRref with ensemble mean 20CRv2 wind and 20CRref ,343

indicating that part of the difference between the two SODA realizations orig-344

inates from the incorporation of the 20CRv2 wind, with the lowest ocean heat345

content being found when individual member 20CRv2 winds, opposed to the346

ensemble mean wind, are used.347

The heat content in the two 20CRref simulations drops quickly during the348

first 20 years of integration and continues on a downward slope until the 1920s.349

At this time, the heat content in 20CRref reaches a value comparable to that350

of SODA v2.2.6. As will be demonstrated later, the initial drop in the heat351

content in the 20CRref runs is likely an artefact from the spin-up procedure,352

starting the new model cycle from the warm ocean state from the end of the353

previous cycle. The same argument, of course, applies to the initial drop in the354

ocean heat content of COREref . The similarity between the observed (Levitus)355

and COREref heat contents between 1948 and the mid 1960s could therefore be356

caused by an artefact of the integration procedure and should not be interpreted357

as COREref being superior to 20CRref .358
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An overall summary of the above is that 20CRref and COREref share many359

similar features in terms of SST, SSS and the upper (0–700 m) ocean heat360

content, and that 20CRadj represents a possible, extended forcing data set for361

OGCMs. The pronounced, downward trend in AMOC and the Atlantic Ocean362

heat content during the first 10–20 years in all of our simulations, and also363

present in the majority of the analyzed simulations in Danabasoglu et al. (2014),364

are likely a result of the cyclic spin-up procedure and should be treated with365

greatest caution. In general, the Atlantic Ocean heat content in 20CRref is366

closest to that of SODA v2.2.6, although substantial differences exist for the367

period 1871–1920.368

3.2. Simulated evolution of the AMOC369

Fig. 4a shows the simulated AMOC from 20CRref (five cycles) and COREref370

(every evenly numbered cycle from number 2 to 10). An alternative spin-up pro-371

cedure for CORE.v2 is also presented, named COREref∗. In this case, COREref372

is initialized from the 1948 state of 20CRref at each model cycle.373

Considering 20CRref and COREref first, prominent decadal to interdecadal374

variations are seen in both experiments. The two runs produce qualitatively375

similar cycle-to-cycle variations within each run, with time series correlations376

between each subsequent cycle pair generally approaching 0.99 (Table 3). Fur-377

thermore, after applying a third order Butterworth high-pass filter with a 5-year378

cutoff frequency, the AMOC of the 20CRref shows similar inter-annual varia-379

tions as the COREref (not shown), although some of the atmospheric fields of380

20CRadj use ensemble mean of 20CRv2 data set (e.g., air temperature, humidity381

and wind components).382

A prominent feature in Fig. 4a is that all experiments show a long-term383

increasing AMOC trend from cycle to cycle, with rms differences for each sub-384

sequent cycle pair ranging from 0.08 to 1.32 Sv (0.52 to 1.05 Sv) in 20CRref385

(COREref), see Table 3. However, the rms decreases in the last cycles, partic-386
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ularly in 20CRref . Here the rms of 20CRref drops from 1.13 to 0.08 Sv in the387

last three cycles.388

The large difference between 20CRref and COREref during the first two389

decades after 1948 is reduced when the CORE-simulation starts from the 1948390

ocean state of 20CRref (the COREref∗ experiment in Fig. 4). The evolution391

in COREref and COREref∗ is otherwise very similar with correlations generally392

above 0.96 from cycle to cycle.393

The above implies that the prominent divergence between 20CRref and394

COREref after 1948 is partly attributable to the imposed inconsistency between395

the ocean state at the start of each CORE-cycle and the applied atmospheric396

forcing. Similarly, the drop in the simulated AMOC after 1871 in each of the397

20CRref cycles can, at least partly, be attributed to the mismatch between the398

imposed ocean state in 2009 and the imposed 1871 forcing.399

Adjusting the AMOC time series in Fig. 4a by removing the individual 1988–400

2007 mean values from each cycle, illustrates that the ocean state at the onset401

of each cycle may influence the actual value but to a lesser degree the temporal402

evolution of AMOC (Fig. 4b). This finding is possibly dependent on the actual403

start year and atmospheric forcing, and will be addressed below.404

Fig. 4 furthermore supports that a spin-up procedure should include 300–405

400 model years before a quasi-repeatable simulation is obtained. In our case,406

differences between the fourth and fifth 20CRref cycle are particularly small and407

may therefore serve as a practical equilibrium state for studies of the overturning408

circulation. Other models or model versions may require shorter or longer spin-409

up times, so the above can only be taken as a rough guideline.410

An AMOC with decreasing strength during the 1950s–1970s and increasing411

strength thereafter are common features for ocean hindcast simulations and are412

found in most of the simulations participating in CORE-II (Danabasoglu et al.,413

2014). As indicated above, part of the initial drop in AMOC after 1948 in the414

CORE-experiments is likely caused by the spin-up procedure. The remaining415
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difference between 20CRref and COREref for the time period 1950–1970 must416

then be caused by differences between the two forcing data sets.417

3.3. Sensitivity experiments418

3.3.1. Initial conditions and atmospheric forcings419

In order to identify the underlying reasons leading to the prominent diver-420

gence just mentioned, control and sensitivity experiments with different initial421

conditions and atmospheric forcings have been run as described in Section 2.3422

and listed in Table 2. The experiments are, for simplicity, confined to the first423

model cycle and are presented in Fig. 5.424

One group of model experiments start in 1948 and are initialized from iden-425

tical observation-based temperature and salinity fields and an ocean state at426

rest (Fig. 5a), whereas two groups of experiments are initialized by the ocean427

states in 1948 extracted from the first cycle 20CRref and in the end of the fourth428

cycle of COREref (Fig. 5b and c). Although starting with different initial con-429

ditions, the presented time series show comparable inter-annual variations from430

the 1980s and onwards, but differences are present prior to the 1970s. The ini-431

tial divergences are clearly most prominent for the simulations starting from an432

ocean at rest (Fig. 5a). A simple estimate of the difference between 20CRref and433

20CRctrl shows that the initial condition contributes about 1.0 Sv to the diver-434

gence of the AMOC between 20CRref and COREref in the first cycle, while the435

difference between 20CRctrl and COREctrl indicates that atmospheric forcing436

contributes about 2.0 Sv.437

The contributions of mechanical (wind) and buoyancy (air temperature)438

forcing to the evolution of AMOC is discriminated by the two sensitivity ex-439

periments 20CRglCOREw (20CRadj with CORE.v2 winds) and 20CRaaCOREt440

(20CRadj with CORE.v2 North Atlantic and Arctic air temperature), see Fig. 5.441

For all initial conditions, AMOC in 20CRglCOREw follows COREctrl most442

closely, particularly during the first decade, but also from the 1980s. The differ-443
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ence between the 20CRadj and CORE.v2 wind fields is therefore central to the444

very rapid divergence between the two simulations after 1948.445

An example of how the wind forcing in 20CRadj and CORE.v2 influence the446

simulated SST is presented in Fig. 6. Firstly, the COREctrl SST is clearly lower447

than that of 20CRctrl in the tropical and subtropical regions of the Pacific and448

Indian Oceans, and partly in the tropical/South Atlantic, but is slightly warmer449

at high northern latitudes. Furthermore, the magnitude of the SST anomalies450

of 20CRglCOREw compared to 20CRctrl is quite similar to that of COREctrl451

(rms of SST anomalies are 0.33 ◦C and 0.34 ◦C, respectively), and the patterns452

of the SST anomalies matches closely (spatial correlation coefficient r of SST453

anomalies between 20CRglCOREw and COREctrl is 0.94).454

The simulated SST with substituted air temperature over the North Atlantic455

and the Arctic (Fig. 6d) shows, as expected, differences confined to this region,456

with positive SST anomalies in the subpolar North Atlantic and the Arctic457

Ocean, and negative SST anomalies at lower latitudes. The obtained anomalies458

are, however, about one order of magnitude weaker than those originating from459

the difference in wind forcing, with rms rms=0.032 ◦C compared to 0.33 ◦C of460

the latter.461

The imbalance of global mean heat flux in 20CRctrl is 0.26 W m−2 for the pe-462

riod 1958–2004 (Table 4), which is slightly less than the estimate of 0.4 W m−2
463

based on the ERA-40 forcing by Brodeau et al. (2010) for the same period. The464

net heat flux budget for the COREctrl is about half in magnitude (0.16 W m−2).465

The net heat fluxes in 20CRglCOREw (0.17 W m−2) and 20CRaaCOREt (0.26 W m−2)466

are in line with the COREctrl and 20CRctrl, respectively. During the period467

1951–1970, however, COREctrl has a larger net heat flux (0.3 W m−2) than that468

of 20CRctrl (−0.13 W m−2), which is likely a result of the simulated negative469

SST anomalies at lower latitudes in COREctrl (Fig. 6b) and hence enhanced net470

heat gain by the ocean in particular in the equatorial Pacific, Labrador Sea and471

Weddell Sea (Fig. 7b). 20CRglCOREw has the same net heat flux as COREctrl,472
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while the net heat budget in 20CRaaCOREt is slightly larger (−0.09 W m−2)473

than in 20CRctrl as a response to the imposed warmer air temperature of CORE474

in the North Atlantic and Arctic.475

To shed light on the role of (widely) different ocean initial states on the476

magnitude and the temporal evolution of AMOC, four sets of sensitivity exper-477

iments are presented in Fig. 8. The first set of integrations consists of the runs478

starting from observation-based hydrography and an ocean state at rest in 1948,479

corresponding to the time series in Fig. 5a. The remaining sets start from the480

ocean state from the first cycle of 20CRref when the AMOC is at its minimum481

value (in year 1891), at its maximum value (in year 1965), and from the ocean482

state of 20CRref in 1948 (corresponding to the time series in Fig. 5b). In all483

panels, 20CRref for the period 1948–2009 is shown in orange.484

As already documented, the strength of AMOC in COREctrl drops when485

the integration starts from observation-based hydrography and an ocean state486

at rest (Fig. 8a). A similar evolution is found when the initial ocean state is487

extracted from 20CRref in 1965 (Fig. 8d). On the contrary, when COREctrl488

starts from the ocean state of 20CRref in 1891, its AMOC is stable or increases489

only gradually throughout most of the integration (Fig. 8b). And finally, when490

the initial state is identical to the ocean state of 20CRref in 1948, COREctrl491

shows a gradual drop in magnitude until the 1970s (Fig. 8c). Transferred to the492

multi-cycle time series in Fig. 4, it is likely that the initial drop in AMOC at493

the start of each COREref cycle as well as the similar response in 20CRref are,494

at least partly, caused by the interplay between the actual ocean initial state495

and the applied atmospheric forcing.496

Furthermore, Fig. 8 shows that of the four sets of sensitivity experiments,497

20CRglCOREw follows the AMOC of COREref most closely throughout the498

integration, with largest deviations from the 1960s through the latter half of the499

1980s. Analysis of the Ekman-component in the Atlantic Ocean from 20CRadj500

and CORE.v2 wind reveals small differences (not shown). The influence of the501
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wind forcing on AMOC is therefore primarily through the wind-dependency on502

the heat fluxes (Fig. 7). Furthermore, the differences between 20CRctrl and503

20CRaaCOREt are small, typically around 0.5 Sv, in all of the integrations.504

Put together, the wind field, through the wind-dependency on the heat fluxes,505

is the main reason for the divergence between 20CRctrl and COREctrl.506

The relative importance of different initial conditions and atmospheric forc-507

ings can be quantified by computing the correlations and standard deviations508

among the sensitivity experiments (Fig. 9). The correlation and standard devia-509

tion between the 20CRctrl and 20CRref reflect the influence of initial conditions,510

while those between the 20CRctrl and other simulations describe the role of at-511

mospheric forcings. When the model is initialized from widely different ocean512

states (e.g., Fig. 9a and b), the deviation between 20CRctrl and 20CRref is 1–513

2 Sv during the first decades (dark blue lines), indicating the impact of initial514

conditions on the simulated strength of AMOC. It takes two to three decades515

(Fig. 9a and b) to converge to their “equilibrium” states, followed by fluctua-516

tions around these states.517

The correlations between 20CRctrl and 20CRref (brown lines) approach unity518

after only 1–5 years, demonstrating that the actual initial condition has only519

short-term influences on the variability of the simulated AMOC. This is also520

the case for COREref and COREref∗ in Fig. 4, which have different strengths521

but have comparable vatiations with correlations generally above 0.97.522

The influence of the atmospheric forcings are quite different (light blue and523

orange curves in Fig. 9). In spite of different initial conditions for these four524

groups of experiments, the standard deviations between the 20CRctrl with the525

other experiments (light blue curves) are quite similar, and the correlation co-526

efficients approach unity in the 1960s (orange curves). The above indicate that527

the atmospheric forcings impact both the value and the variability of the simu-528

lated AMOC independent of the actual initial conditions. The adjustment time529

of the simulated AMOC to changed atmospheric forcings is, generally, less than530
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5 years.531

3.3.2. Regional wind forcing532

The sensitivity experiments presented in Fig. 8 suggest that differences be-533

tween the 20CRadj and CORE.v2 wind forcing is one of the main contributing534

factor to the differences of the simulated AMOCs during the 1950s–1970s. The535

main mechanism is through altering the air-sea mechanical and buoyancy forc-536

ings. Differences in air temperature are less important.537

There are regional differences between the CORE.v2 and 20CRadj winds538

and observation-based winds as described in the Appendix A.2 (Fig. A.3 and539

A.4). To explore the impact of the spatial differences between the 20CRv2540

and CORE.v2 winds, three additional sensitivity experiments are run; one541

uses the CORE.v2 wind in the North Atlantic Ocean north of 10◦S (named542

20CRaaCOREw), one uses the CORE.v2 wind in the Southern Ocean south of543

40◦S (named 20CRsoCOREw), and the last one uses the CORE.v2 wind in the544

equatorial Pacific and Indian Oceans between 15◦S and 15◦N (20CRpiCOREw,545

see Table 5). The obtained responses are displayed in Fig. 10a.546

The 20CRpiCOREw experiment has negligible impact on the AMOC (but547

may influence studies addressing tropical dynamics), and the 20CRsoCOREw548

has only a weak influence on the drop in AMOC in 20CRglCOREw compared549

to 20CRctrl during the 1950s–1960s. The wind difference in the North Atlantic550

and Arctic regions has largest impact, accounting for about half of the difference551

in AMOC between 20CRctrl and COREctrl. Based on the limited availability552

of wind observations, it is hard to differentiate the degree of realism in the553

CORE.v2 and 20CRadj winds.554

There is a large increasing trend in the Southern Ocean wind in the 20CRv2,555

and this increasing trend is largely reduced but still persists in the adjusted556

20CRadj after 1950 (Figs. A.4 and A.3d,e). The influences on the simulated557

AMOC from scaled Southern Ocean winds are investigated, see Table 5 and558
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Fig. 10b. A uniform increase in the Southern Ocean wind speed by a factor559

1.5 (20CRso20CRw1.5) does not have a clear impact on the AMOC, whereas a560

decrease of the Southern Ocean wind speed by a factor 2 (20CRso20CRw0.5)561

weakens the AMOC by 0.5–1.5 Sv. AMOC therefore changes in a non-linear562

manner to the strength of the Southern Ocean winds. The pivotal study of Tog-563

gweiler and Samuels (1995) demonstrated that the “normal” Southern Ocean564

wind forcing (1.0× wind forcing) established an upper bound for the overturning565

strength. Recent studies found that eddies play fundamental role in compen-566

sating the directly wind-forced changes in Southern Ocean overturning (e.g.,567

Meredith et al., 2012; Munday et al., 2013; Farneti et al., 2015) and for the568

meridional overturning circulation in the northern hemisphere (Farneti and Del-569

worth, 2010; Gent, 2015). Due to the relatively coarse model resolution of about570

1◦ in our simulations, neither ocean eddies or boundary currents are sufficiently571

resolved, adding uncertainties to the simulated sensitivity to changes in the wind572

field. High-resolution modelling is, however, beyond the scope of this paper.573

4. Summary and discussion574

The 20CRv2 atmospheric states, with the exception of the wind and the575

sea level pressure fields which are kept unchanged, are adjusted to comply with576

the long-term mean of CORE.v2, resulting in an adjusted data set, 20CRadj,577

covering the period 1871–2009. Initial but realistic, long-term and global scale578

tests of 20CRadj are made by forcing the ocean component of NorESM following579

the CORE-II protocol. The simulated upper ocean climatologies (SST, SSS580

and 0–700 m heat content) are generally consistent with those derived from the581

default CORE-II simulations (Danabasoglu et al., 2014). The simulated AMOC582

from the first cycle of 20CRadj and CORE.v2 show comparable variability and583

mean ocean state during the last three decades of integration, but produce584

different trends and temporal variations for the period between the 1950s and585

the 1970s.586
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Sensitivity experiments suggest that differences in the wind forcing in the587

20CRadj and CORE.v2 forcing have major impacts on the simulated AMOC588

during the 1950s–1970s by altering the mechanical and buoyancy forcings at589

the air-sea interface. Differences in the air temperature between 20CRadj and590

CORE.v2 are less important for the simulated ocean properties. The non-591

continuous switching of atmospheric forcing field at the start of each integration592

cycle is a second factor for the diverging AMOC after the start of the integra-593

tions.594

The presented wind experiments, together with the clearly seen differences595

between the observation-based and reanalysis-based wind fields (Fig. A.3 and596

A.4), strongly indicate that the surface wind stress needs to be addressed in597

order to improve the reliability of the 20th century and the CORE ocean hindcast598

simulations.599

The inevitable switching of the atmospheric forcing at the start of each inte-600

gration cycle is a second non-trivial factor for the diverging AMOC after 1948 in601

the CORE-based and after 1871 for the 20CR-based simulations (Figs. 5 and 8).602

The adjustment time cannot be clearly defined, but our analysis indicate that603

typically two decades are required for the AMOC to adjust to the atmospheric604

forcings.605

As expected, the adjustment time tends to be shorter and the magnitude606

of the adjustment is smaller when the initial ocean condition is closer to a607

dynamically balanced ocean state (Fig. 8). This implies that it can be favorable608

to make active use of a model run with atmospheric forcing fields extending back609

in time, like 20CRv2, in order to extend the applicable length of CORE-type of610

ocean hindcast simulations.611

In general, great precautions should be taken when interpreting ocean vari-612

ations, such as the AMOC, during the first two decades of any ocean hindcast613

simulation. This recommendation might be model dependent and be dependent614

on the analysis being undertaken, but the transient state of the present climate615
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will inevitably influence the dynamics and thermodynamics of the modelled616

ocean at the start of a new model cycle.617
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S., Brunet, M., Crouthamel, R.I., Grant, a.N., Groisman, P.Y., Jones, P.D.,676

Kruk, M.C., Kruger, a.C., Marshall, G.J., Maugeri, M., Mok, H.Y., Nordli,677

Ø., Ross, T.F., Trigo, R.M., Wang, X.L., Woodruff, S.D., Worley, S.J., 2011.678

The Twentieth Century Reanalysis Project. Q. J. R. Meteorol. Soc. 137, 1–28.679

doi:10.1002/qj.776.680

Dai, A., Qian, T., Trenberth, K.E., Milliman, J.D., 2009. Changes in Con-681

tinental Freshwater Discharge from 1948 to 2004. J. Clim. 22, 2773–2792.682

doi:10.1175/2008JCLI2592.1.683

Dai, A., Trenberth, K.E., 2002. Estimates of Freshwater Discharge from Con-684

tinents: Latitudinal and Seasonal Variations. J. Hydrometeorol. 3, 660–687.685

doi:10.1175/1525-7541(2002)003<0660:EOFDFC>2.0.CO;2.686

Danabasoglu, G., Yeager, S.G., Bailey, D., Behrens, E., Bentsen, M., Bi, D.,687

Biastoch, A., Böning, C., Bozec, A., Canuto, V.M., Cassou, C., Chassignet,688

E., Coward, A.C., Danilov, S., Diansky, N., Drange, H., Farneti, R., Fernan-689

dez, E., Fogli, P.G., Forget, G., Fujii, Y., Griffies, S.M., Gusev, A., Heim-690

bach, P., Howard, A., Jung, T., Kelley, M., Large, W.G., Leboissetier, A.,691

27



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

Lu, J., Madec, G., Marsland, S.J., Masina, S., Navarra, A., George Nurser,692
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4 (a) Timeseries of the simulated AMOC (Sv) from 20CRref (or-960

ange) and COREref (blue). The 2nd, 4th, 6th, 8th and the 10th961

cycls of COREref are displayed. COREref* (green) is the same962

as COREref , but restarted in 1948 from the 1948 state from each963

cycle of 20CRref . (b) is as (a), but with the mean of 1988–2007964

removed from each cycle. . . . . . . . . . . . . . . . . . . . . . . 45965

5 Timeseries of AMOC from the first cycle of 20CRref , initialized966

from WOA/PHC and an ocean at rest in 1871 (orange). The967

other lines are from simulations starting in 1948 (from WOA/PHC968

and an ocean at rest) as detailed in Table 2. (b) and (c) are as969

(a), but with the starting condition in 1948 extracted from the970

first cycle of 20CRref and the fourth cycle of the COREref . . . . . 46971

6 Mean simulated SST (◦C) in 20CRctrl for the period 1951–1970972

(a), and the SST difference between COREctrl and 20CRctrl (b),973

20CRglCOREw and 20CRctrl (c), and 20CRaaCOREt and 20CRctrl974

(d). Note the colorbar in (d) is one order of magnitude smaller975

than in the other panels. . . . . . . . . . . . . . . . . . . . . . . . 47976

7 As Fig. 6, but for the simulated heat flux (W m−2) during 1951–977

1970. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47978

8 AMOC (Sv) as in Fig. 5 for the period 1948–2009, but with simu-979

lations initialized from WOA/PHC and an ocean at rest (a), and980

from the 1891 (b), the 1948 (c) and the 1965 (d) ocean states981

from 20CRref . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48982

9 As Fig. 8, but with 10-year running correlations in brown (orange)983

and the standard deviations in dark (light) blue between 20CRctrl984

and 20CRref (20CRctrl and the other simulations). Correlations985

below the 95% confidence level are shown as dashed lines. . . . . 49986

10 AMOC (Sv) of the sensitivity experiments initialized from WOA/PHC987

and forced by winds with the configurations listed in Table 2 and 5. 49988
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A.1 Timeseries of (a) global, annual mean air temperature (◦C) of the989

adjusted version of CORE.v2 (blue), the default 20CRv2 (purple)990

and the adjusted 20CRv2 (20CRadj; orange) averaged over the991

global ocean domain. In (b), the global mean zonal (U) and992

meridional (V ) surface wind components (m s−1) are shown for993

20CRv2 and CORE.v2. . . . . . . . . . . . . . . . . . . . . . . . 56994

A.2 (a) Average of the 20CRadj air temperature (◦C) for 1948–2009,995

and (b) the air temperature difference (◦C) between CORE.v2996

and 20CRadj. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56997

A.3 Hovmöller diagrams of zonal mean wind speed (m s−1) from (a)998

ICOADS (Woodruff et al., 2011), (b) WASWind (Tokinaga and999

Xie, 2011), (c) CORE.v2, (d) 20CRv2, and (e) 20CRadj. All data1000

are annual mean values except those south of 40◦S where only1001

austral summer mean data (December-January-February; DJF)1002

are included due to the scarcity of shipboard observations. Gray1003

shading indicates no data. . . . . . . . . . . . . . . . . . . . . . . 571004

A.4 Trend (N m−2 century−1) of the zonal component of the wind1005

stress between 1948–2007 in the simulations shown in Fig. 1: (a)1006

CORE.v2 winds, (b) 20CRv2 winds, and (c) 20CRadj winds. . . . 581007
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Table 1: Summary of the blended data sets which are derived from the ensemble mean version

of the 20th Century Reanalysis (20CRv2) and the corrected CORE version 2 (CORE.v2) data

sets and are used as the atmospheric forcing in the 20th century simulation. The radiation

(shortwave and longwave) and precipitation fields are climatological mean annual cycles prior

to 1984 and 1979, respectively.

Field
Temperal Coverage

Availability Description

Climatology Interannual

Air Temp (T) / 1871–2009 3-hourly Adjusted to the mean of CORE.v2 T

Humidity (Q) / 1871–2009 3-hourly Adjusted to the mean to CORE.v2 Q

Zonal wind / 1871–2009 3-hourly Kept as the original 20CRv2 u wind

Wind speed (wspd) / 1871–2009 3-hourly Mean of ensemble members wspd

Meridional wind / 1871-2009 3-hourly Kept as the original 20CRv2 v wind

Sea level pressure / 1871-2009 6-hourly Kept as the original 20CRv2 SLP

Shortwave rad. 1871–1983 1984–2009 daily From CORE.v2

Longwave rad. 1871–1983 1984–2009 daily From CORE.v2

Precipitation 1871–1978 1979–2009 monthly From CORE.v2

Air density / 1871–2009 6-hourly Diagnosed from SLP, T and Q

River Runoff
1871–1948

2008–2009
1948–2007 monthly From Dai et al. (2009) updated

Table 2: Setup of control and sensitivity experiments. Simulations are initialized from an

observation-based hydrography (WOA/PHC; Antonov et al., 1998; Boyer et al., 1998; Steele

et al., 2001) and an ocean state at rest or initialized from output of the 20CRref .

Experiment Period Cycle(s) Years Initial Condition Surface forcing

20CRref 1871–2009 5 695 WOA/PHC 20CRadj

COREref 1948–2007 10 600 WOA/PHC CORE.v2

COREref* 1948–2007 5 300 20CRref CORE.v2

20CRctrl 1948–2007 1 60 WOA/PHC, 20CRref 20CRadj

COREctrl 1948–2007 1 60 WOA/PHC, 20CRref CORE.v2

20CRglCOREw 1948–2007 1 60 WOA/PHC, 20CRref

20CRadj+global

CORE.v2 winds

20CRaaCOREt 1948–2007 1 60 WOA/PHC, 20CRref

20CRadj+N.Atlantic

+Arctic CORE.v2 T
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Table 3: Correlations and root mean square (rms) differences of the AMOC (Sv) between 1958

and 2007 for each consecutive cycle of 20CRref and every even number of cycle of COREref

shown in Fig. 4.

Exp. Quantity

Forcing cycle

1–2 2–3 3–4 4–5

(2–4) (4–6) (6–8) (8–10)

20CRref

corr 0.92 0.97 0.98 0.99

rms 1.32 1.13 0.47 0.08

COREref

corr 0.98 0.99 0.99 0.99

rms 0.52 1.05 0.71 0.55

Table 4: Global mean net heat flux (W m−2, positive downward) computed by using the

prognostic SST for different periods.

Experiment 20CRctrl COREctrl 20CRglCOREw 20CRaaCOREt

1958–2004 0.26 0.16 0.17 0.26

1951–1970 −0.13 0.30 0.30 −0.09

Table 5: Setup of sensitivity experiments with different configurations of the wind forcing.

The experiments are initialized from WOA/PHC with an ocean state at rest and integrated

for one cycle (1948–2007).

Experiment Surface forcing prescribed

20CRaaCOREw Use CORE.v2 wind in the Arctic and North Atlantic Ocean (north of 10 ◦S)

20CRsoCOREw Use CORE.v2 wind in the Southern Ocean (south of 40 ◦S)

20CRpiCOREw Use CORE.v2 wind in the Pacific and Indian Ocean (between 15 ◦S and 15 ◦N)

20CRso20CRw0.5 Decrease 20CRadj wind in the Southern Ocean by a factor of 0.5

20CRso20CRw1.5 Increase 20CRadj wind in the Southern Ocean by a factor of 1.5
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Figure 1: Timeseries of annual mean AMOC (Sv; panel a and c) and averaged net air-sea

heat flux (W m-2, positive downward; panel b and d) for the first cycle of CORE and 20CR

simulations, forced with CORE.v2 (blue) and the adjusted (a and b) and default (c and d)

version of 20CRv2 (orange). In addition, the 20CR simulation is initialized in 1948 from

observation-based hydrography (WOA/PHC; Antonov et al., 1998; Boyer et al., 1998; Steele

et al., 2001) and an ocean at rest (purple). In this and the following figures, the time series are

smoothed by a third order Butterworth low-pass filter with a 5-year cutoff frequency unless

otherwise mentioned.
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Figure 2: Difference between the simulated mean SST (◦C; top) and SSS (psu; bottom) for

the years 1948–2007 from the the last integration cycle, compared with the SST and SSS

climatologies from WOA/PHC. 20CR to the left and CORE to the right.
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Figure 3: Timeseries of annual ocean heat content anomalies in the upper 700 m in the

North Atlantic (0◦–60◦N; 7.5◦–75◦W), with the 1955–2006 mean removed, for the observation-

based estimate of Levitus et al. (2012) (black, and gray shading for the standard error), the

ocean reanalysis data sets SODA v2.2.4 and v2.2.6 (dashed and solid green; Giese and Ray,

2011; Yang and Giese, 2013) and the last cycle of 20CRref and COREref (orange and blue),

respectively.
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Figure 4: (a) Timeseries of the simulated AMOC (Sv) from 20CRref (orange) and COREref

(blue). The 2nd, 4th, 6th, 8th and the 10th cycls of COREref are displayed. COREref* (green)

is the same as COREref , but restarted in 1948 from the 1948 state from each cycle of 20CRref .

(b) is as (a), but with the mean of 1988–2007 removed from each cycle.
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Figure 5: Timeseries of AMOC from the first cycle of 20CRref , initialized from WOA/PHC

and an ocean at rest in 1871 (orange). The other lines are from simulations starting in 1948

(from WOA/PHC and an ocean at rest) as detailed in Table 2. (b) and (c) are as (a), but

with the starting condition in 1948 extracted from the first cycle of 20CRref and the fourth

cycle of the COREref .
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Figure 6: Mean simulated SST (◦C) in 20CRctrl for the period 1951–1970 (a), and the

SST difference between COREctrl and 20CRctrl (b), 20CRglCOREw and 20CRctrl (c), and

20CRaaCOREt and 20CRctrl (d). Note the colorbar in (d) is one order of magnitude smaller

than in the other panels.

Figure 7: As Fig. 6, but for the simulated heat flux (W m−2) during 1951–1970.
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Figure 8: AMOC (Sv) as in Fig. 5 for the period 1948–2009, but with simulations initialized

from WOA/PHC and an ocean at rest (a), and from the 1891 (b), the 1948 (c) and the 1965

(d) ocean states from 20CRref .
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Figure 9: As Fig. 8, but with 10-year running correlations in brown (orange) and the stan-

dard deviations in dark (light) blue between 20CRctrl and 20CRref (20CRctrl and the other

simulations). Correlations below the 95% confidence level are shown as dashed lines.
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Figure 10: AMOC (Sv) of the sensitivity experiments initialized from WOA/PHC and forced

by winds with the configurations listed in Table 2 and 5.
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Appendix A. Construction of the 20CRadj data set1008

In addition to the varying time spans, the default version of 20CRv2 differs1009

from CORE.v2 with respect to the spatial and temporal resolution. Different1010

strategies are adopted in adjusting 20CRv2 as discussed below.1011

For all fields but the wind components and the sea level pressure (SLP), it1012

is ensured that the adjusted 20CRv2 field has the same long-term mean (1979–1013

2009) as the corresponding CORE.v2 field when satellite-based data are avail-1014

able. The 20CRv2 includes the solar radiation fluxes (downwelling shortwave1015

and longwave radiation) and the atmospheric states given by air temperature,1016

humidity, wind, precipitation, and air density. River runoff data sets by Dai1017

and Trenberth (2002) and Dai et al. (2009) are used as the continental fresh1018

water flux according to the CORE-II protocol (Griffies et al., 2012).1019

Appendix A.1. Air temperature and humidity1020

There are systematic differences in air temperature between different reanal-1021

ysis products. The atmospheric state in CORE.v2 is based on NNR (Kalnay1022

et al., 1996). In CORE.v2, corrections are made to alleviate known surface air1023

temperature biases at high latitudes (Large and Yeager, 2009). The air tem-1024

perature in the default version of 20CRv2 is in general agreement with those1025

estimated from ERA-40 and NNR, but there are systematic warm biases at1026

high latitudes (Compo et al., 2011). In addition, the surface air temperature1027

is provided at 2 m height, whereas most of the bulk transfer coefficients are1028

calculated at the 10 m standard reference height (Large and Yeager, 2004).1029

For the time period 1948 to 2009, the global mean value of the 20CRv2

marine surface air temperature is about 0.7 ◦C higher than that of CORE.v2

(Fig. A.1a). The adjustment is done by extracting monthly mean climatologies

of 20CRv2 and CORE.v2 at each grid point for the period 1979 to 2009. We

chose this period because of the superior data coverage during the satellite era.
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The monthly climatology is then defined as

Tij,m =
1

K

K∑

k=1

Tij,m m = 1, 12

where i,j are the (horizontal) grid point indices, m is the month numbering, and

K = 31 is the number of years. Updated surface air temperature for 20CRv2 is

then derived by removing its monthly climatology and by adding the CORE.v2

climatology

T20CRadj
= T20CRv2 − T 20CRv2 + TCORE.v2

where T20CRv2 and T20CRadj
are the original and new surface air temperature,1030

and T 20CRv2 and TCORE.v2 are the 3-hourly climatologies from 20CRv2 and1031

CORE.v2, respectively, interpolated from the monthly climatology Tij,m.1032

The above method ensures that the global mean values of the surface air1033

temperature in 20CRadj and CORE.v2 are identical for 1979–2009 (Fig. A.1)1034

and, as a consequence, similar for 1948–2009. Short-term variations will, how-1035

ever, differ between the two data sets. Fig. A.2 shows the spatial distribution1036

of the mean surface air temperature of 20CRadj during 1948–2009 and its dif-1037

ference from CORE.v2 and 20CRadj is evident (Fig. A.2b). The adjustment of1038

the warm-biased 20CRv2 air temperature (Compo et al., 2011) towards a lower1039

mean value of the CORE.v2 air temperature between 1979–2009 leads to cold1040

air temperature at high latitudes between 1948–2009. In particular, CORE.v2 is1041

warmer than 20CRadj in the Arctic, in the Labrador Sea region, in the western1042

tropical Pacific, and in the Weddell Sea.1043

Specific humidity has been processed in a similar manner, and the adjusted1044

humidity is used in the 20CRadj data set. This adjustment does only weakly1045

change the humidity mean value for the time period 1948–2009 (not shown).1046

Appendix A.2. SLP and wind1047

The SLP describes, to a good approximation, the barotropic part of the total1048

flow, and wind is the key factor for the calculation of turbulent momentum, la-1049
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tent and sensible heat fluxes as well as influencing the magnitude of evaporation.1050

Both SLP and the wind components from 20CRv2, representing the dynamics1051

of the atmosphere, have been used in 20CRadj without modifications. The SLP1052

of the 20CRv2 data set generally agrees with that of the CORE.v2 data set in1053

terms of mean values and short-term variations during 1948–2009 (not shown).1054

The original 20CRv2 SLP field is therefore kept in the adjusted 20CRv2 data1055

set, though it is only used to diagnose the air density.1056

The 20CRv2 and CORE.v2 wind fields have distinct temporal and spatial1057

differences, particularly before the 1970s (Fig. A.1b and A.3c,d). Fig. A.1b1058

shows time series of the global averaged zonal and meridional wind components1059

for the two data sets. The overall wind is westward oriented with small differ-1060

ences between the data sets after 1970, but with stronger easterlies in CORE.v21061

during the 1950s and the 1960s.1062

The meridional component of the CORE.v2 wind is generally stronger (more1063

southerly) than that of 20CRv2. The Hovmöller diagrams (Fig. A.3c,d) show1064

a clearly increasing trend in the 20CRv2 ensemble mean wind speed on both1065

hemispheres. However, this increasing trend is spurious, resulting from poor1066

data coverage and subsequently poorly constrained synoptic activities in the1067

individual ensemble members (Müller et al., 2015). However, this issue, to our1068

knowledge, is ignored by previous ocean-ice model studies forced by the 20CRv21069

forcing fields (e.g., Lee et al., 2011)1070

A remedy to this issue is to perform hindcast simulations using many indi-1071

vidual ensemble members of 20CRv2. However, this approach is quite computa-1072

tionally expensive and is not explored here. Another workaround is to calculate1073

the ensemble mean of the wind speeds from the individual ensemble members,1074

and use the resulting ensemble mean wind speed in the estimation of the air-sea1075

momentum and heat fluxes. The latter is shown in Fig. A.3e, with a significantly1076

reduced trend in the wind speed as a result.1077

The zonal-mean wind speed of the CORE.v2 and the corrected wind speed of1078
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the 20CRv2 can be compared with the observation-based products (Fig. A.3a,b).1079

Figure A.3a is the Hovmöller diagram of the global zonal mean of the ship-1080

board and in situ measured wind speeds from the International Comprehen-1081

sive Ocean-Atmosphere Data Set (ICOADS; Woodruff et al., 2005, 2011). The1082

ICOADS winds show clear increasing trends on both hemispheres. Previous1083

studies have, however, found that the increasing trend in ICOADS wind can1084

largely be attributed to spurious effects caused by changes in the height of the1085

ship anemometer and the ratio of the anemometer-measured wind to Beau-1086

fort wind (Cardone et al., 1990; Peterson and Hasse, 1987). Only weak posi-1087

tive trends of approximately 0.1 m s−1 per decade are consistently reported by1088

applying various corrections to the ICOADS data set (Lindau, 2006; Thomas1089

et al., 2008; Tokinaga and Xie, 2011; Zieger et al., 2014), exemplified by the1090

Wave- and Anemometer-Based Sea Surface Wind (WASWind; Tokinaga and1091

Xie, 2011) shown in Fig. A.3b.1092

Compared with the wind speed of WASWind, the Southern Ocean winds in1093

both 20CRadj and CORE.v2 are too strong. Furthermore, the wind speed of1094

CORE.v2 is stronger than both the ICOADS and WASWind in the equatorial1095

region during the 1950s–1970s (not shown), while the 20CRadj wind speed at1096

the location of the northern and southern westerlies (at latitudes around 50◦)1097

is stronger than that of CORE.v2 and WASWind, and the northern westerlies1098

of the 20CRadj are confined to a narrower zonal band (Fig. A.3). In addition,1099

The northern westerlies of CORE.v2 are slightly weaker than that of WASWind1100

prior to 1960.1101

Fig. A.4 shows the trends of the zonal wind stress components used in the1102

model runs in Fig. 1. The wind stress trend computed as the mean of the in-1103

dividual ensemble members wind speed (Fig. A.4c) is clearly weaker than that1104

using the ensemble mean wind speed (Fig. A.4b),but each of them have stronger1105

trends compared with the CORE.v2 forcing (Fig. A.4a). Another notable fea-1106

ture in the CORE simulation is the positive trend of wind stress in the equatorial1107
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Pacific, and this is likely linked to the negative wind speed trend of CORE.v21108

in the equatorial Pacific (not shown), as the wind stress at low latitudes has1109

negative sign.1110

In summary, in the bulk formulae for the momentum flux ( ~τas), the heat

fluxes (Q) and the evaporation (E) (see formula 3 in Large and Yeager, 2009)





~τas = ρCD|∆~U |∆~U

E = ρCE(q − qsat(SST))|∆~U |
QE = ΛvE

QH = ρcpCH(θ − SST)|∆~U |

the ensemble mean wind components are used for the term ∆~U , while the mean1111

wind speed of the 20CRv2 individual ensemble members are used for |∆~U |,1112

without taking into account of the ocean currents. Since both CORE.v2 and1113

20CRadj have uncertainties in the wind components (Figs. A.1 and A.3), sensi-1114

tivity runs are performed to explore the sensitivity of AMOC to the two surface1115

wind fields as described in Section 3.3.1.1116

Appendix A.3. Radiation fluxes and precipitation1117

Cloud observations are not assimilated in 20CRv2, and therefore reanaly-1118

sis products such as the radiation fluxes and precipitation depending directly1119

on clouds may not be reliable (Taylor, 2000). The global averaged downward1120

shortwave and longwave radiation fluxes of 20CRv2 are larger than that of1121

CORE.v2 by about 18 W m−2 and 3 W m−2, respectively. The 20CRv2 has1122

about 0.15 mm day−1 excessive precipitation over the ocean domain compared1123

with CORE.v2. Therefore, radiation and precipitation from CORE.v2, which1124

is based on satellite observations, are used in 20CRadj.1125

Radiation fluxes in CORE.v2 are derived from the satellite-based ISCCP-FD1126

data (Zhang, 2004) with average biases about 1 W m−2 over the whole tropi-1127

cal Pacific and Atlantic (Large and Yeager, 2004). Precipitation in CORE.v2,1128

commonly referred to as GCGCS (Large and Yeager, 2009), is based on a blend1129
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of the Climate Prediction Center Merged Analysis of Precipitation (CMAP)1130

product (Xie and Arkin, 1996), the Global precipitation Climatology Project1131

(GPCP) data (Huffman et al., 1997), and the combined climatology from Ser-1132

reze and Hurst (2000) and Yang (1999) (S-H-Y). Since none of these products1133

agrees well with each other and each appears to be an outlier compared to the1134

others in some regions, different products are selected at different zonal bands1135

to blend into the resulting product GCGCS which reflects the data source from1136

south to north (GPCP, CMAP, GPCP, CMAP and S-H-Y) (Large and Yeager,1137

2009). Interannual varying radiation prior to 1984 and precipitation before 19791138

are not available. These fields are therefore extended back to 1871 by means of1139

annual cycles of the respective climatological daily and monthly means, which1140

are derived using data of CORE.v2 during 1984–2006 (Large and Yeager, 2009).1141

Appendix A.4. Air density1142

Air density is used in the calculation of bulk formulae of the turbulent fluxes1143

as described by, e.g., Large and Yeager (2009). It is suggested that a con-1144

stant, e.g. 1.22 kg m−3, should suffice for many purposes (Large and Yeager,1145

2004). However, air density significantly varies with latitude, so a constant1146

value tends to generate non-trivial and systematic biases. As an example, air1147

density in CORE.v2 typically ranges from about 1.15 kg m−3 in the tropical1148

region to 1.55 kg m−3 at high latitudes. A constant air density can therefore1149

introduce biases of as much as 6–27% in the bulk formulae for turbulent fluxes.1150

Preliminary 20CRv2 sensitivity experiments with constant versus varying air1151

density indicate that a constant air density of 1.22 kg m−3 resulted in anoma-1152

lous air-sea heat fluxes and lead to a rapid, 0.6 ◦C increase in the simulated,1153

global mean SST, with strongest signals in the tropical ocean.1154

Air density in 20CRadj is diagnosed offline based on pressure, humidity and1155

air temperature from 20CRadj, adopting the ideal gas law for humid air as given1156

by Large and Yeager (2004).1157
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Figure A.1: Timeseries of (a) global, annual mean air temperature (◦C) of the adjusted version

of CORE.v2 (blue), the default 20CRv2 (purple) and the adjusted 20CRv2 (20CRadj; orange)

averaged over the global ocean domain. In (b), the global mean zonal (U) and meridional (V )

surface wind components (m s−1) are shown for 20CRv2 and CORE.v2.

Figure A.2: (a) Average of the 20CRadj air temperature (◦C) for 1948–2009, and (b) the air

temperature difference (◦C) between CORE.v2 and 20CRadj.
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Figure A.3: Hovmöller diagrams of zonal mean wind speed (m s−1) from (a) ICOADS

(Woodruff et al., 2011), (b) WASWind (Tokinaga and Xie, 2011), (c) CORE.v2, (d) 20CRv2,

and (e) 20CRadj. All data are annual mean values except those south of 40◦S where only aus-

tral summer mean data (December-January-February; DJF) are included due to the scarcity

of shipboard observations. Gray shading indicates no data.
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Figure A.4: Trend (N m−2 century−1) of the zonal component of the wind stress between

1948–2007 in the simulations shown in Fig. 1: (a) CORE.v2 winds, (b) 20CRv2 winds, and

(c) 20CRadj winds.
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