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A Mass and Energy Conservation Analysis of Drift in
the CMIP6 Ensemble

March 19, 2021

Abstract1

Coupled climate models are prone to ‘drift’ (long-term unforced trends in state variables) due to incomplete2

spin-up and non-closure of the global mass and energy budgets. Here we assess model drift and the associated3

conservation of energy, mass and salt in CMIP6 and CMIP5 models. For most models, drift in globally-4

integrated ocean mass and heat content represents a small but non-negligible fraction of recent historical5

trends, while drift in atmospheric water vapor is negligible. Model drift tends to be much larger in time-6

integrated ocean heat and freshwater flux, net top-of-the-atmosphere radiation (netTOA) and moisture flux7

into the atmosphere (evaporation minus precipitation), indicating a substantial leakage of mass and energy8

in the simulated climate system. Most models are able to achieve approximate energy budget closure after9

drift is removed, but ocean mass budget closure eludes a number of models even after de-drifting and none10

achieve closure of the atmospheric moisture budget. The magnitude of the drift in the CMIP6 ensemble11

represents an improvement over CMIP5 in some cases (salinity and time-integrated netTOA) but is worse12

(time-integrated ocean freshwater and atmospheric moisture fluxes) or little changed (ocean heat content,13

ocean mass and time-integrated ocean heat flux) for others, while closure of the ocean mass and energy14

budgets after drift removal has improved.15
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1 Introduction16

In the climate modeling community, unforced trends in coupled model simulations are com-17

monly referred to as model drift. Given the potential for drift to contaminate forced signals18

in climate simulations, it has been a topic of interest throughout the phases of the Coupled19

Model Intercomparison Project (CMIP). For CMIP2+ (?), CMIP3 (?) and CMIP5 (?), drift20

represented a non-negligible fraction of historical forced trends in global depth-integrated21

quantities such as ocean heat content (OHC) and steric sea level over recent decades. For22

surface and atmospheric variables such as global mean temperature or precipitation (i.e.23

variables that are less influenced by the slowly evolving deep ocean) drift is less important,24

but on regional scales it can still represent a substantial fraction of recent historical trends25

(?).26

There are a number of causes of drift in coupled climate models. When a model simulation27

is initiated, an imbalance inevitably exists between the prescribed initial state (which is28

commonly estimated from observations) and the representation of physics in the model29

(i.e. the simulated ocean dynamics, advection and mixing). A coupling shock may also30

occur when the various model components (e.g. atmosphere, ocean, sea-ice) are first joined31

together, resulting in discontinuities in boundary fluxes (e.g. ?). In response, a model will32

typically drift from its initial state towards a quasi-steady state over time. The timescale33

over which the system reaches equilibrium depends on how long it takes anomalies to be34

advected or mixed through the deep ocean, which is typically many thousands of years35

(e.g. ?). The adjustment of the atmosphere and land surface is much faster. The most36

obvious solution to this issue would be to let the model run to equilibrium before performing37

any experiments of interest. The problem is that state-of-the-art coupled climate models38

are computationally expensive, which makes a ‘spin-up’ period of many thousands of years39

2
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. impractical. Instead, models are generally spun up for a few hundred years. Experiments40

will therefore exhibit changes/trends associated with incomplete model spin-up, as well as41

changes related to external forcing or internal climate variability. The overall reduction in42

drift from CMIP2+ to CMIP5 has been primarily attributed to longer spin-up times and43

more careful initialization of the coupled ocean-atmosphere system (?).44

In addition to incomplete model spin-up, drift is also caused by spurious mass or energy45

‘leakage’ into or out of the simulated climate system. This non-closure of the global mass46

and energy budgets arises due to small inconsistencies in the model treatment of energy (??)47

and/or water (??). In relation to the global energy budget, an essential characteristic is48

a close correspondence between the globally integrated net top-of-the-atmosphere radiation49

(netTOA) and OHC, because the latter represents Earth’s primary energy store (?). In50

CMIP5 models, the difference between the time-integrated global netTOA and changes in51

OHC is overwhelmingly characterized by an approximately time-constant bias that is insen-52

sitive to changes in model forcing (i.e., it is the same for all experiments; ?). This means53

it is generally possible to correct (or ‘de-drift’) output from a coupled model experiment by54

subtracting a drift signal taken from the corresponding control experiment. When calculat-55

ing this drift signal there is the potential to over-fit and thus remove low-frequency signals56

associated with internal variability, so there are a number of (somewhat subjective) decisions57

to be made about fitting a linear or higher-order polynomial (or high-pass filter) to either58

the full length or a shorter segment the control time series (?). Once the data have been59

de-drifted, most CMIP5 models are approximately energy conserving (?).60

The practice of de-drifting is commonplace in studies concerned with forced trends in model61

variables that have an obvious link to the slowly evolving deep ocean (e.g. OHC and steric62

sea level; ??), but it is less well understood and applied in the context of net time-integrated63

heat and water fluxes into the atmosphere and ocean. For instance, changes in meridional64

3
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. transports of ocean heat and freshwater can be inferred from cumulative surface heat and65

freshwater fluxes (e.g. ???) and changes in ocean salinity can be used to infer global water66

cycle changes (?), but only if there is approximate closure of the relevant global budgets. If67

model leakage causes a substantial mismatch between changes in global OHC and the time-68

integrated net ocean heat flux, for instance, then any inferred change in meridional ocean69

heat transport is invalid. If de-drifting does not restore budget closure for any particular70

model, then that model may need to be excluded from the analysis ensemble (e.g. ??).71

In this study, we extend the physically-based approach to drift analysis used by ? by72

considering both energy and mass conservation in the CMIP6 ensemble (?) before and after73

de-drifting. Relevant comparisons are made with the CMIP5 ensemble (?) in order to report74

on progress/improvements.75

2 Methods76

In order to assess drift in the CMIP6 and CMIP5 ensembles, we analyze data from the pre-77

industrial control (piControl) experiment. For each model, the drift in globally-integrated78

OHC is decomposed into a temperature and barystatic (mass-related; ?) component. This79

decomposition provides insights into the cause of the drift, and the temperature component80

can be compared against the time-integrated heat flux into the ocean to assess energy con-81

servation. To assess ocean mass and salt conservation, we compare the global ocean mass to82

the time-integrated surface freshwater flux and global mean salinity, respectively (remem-83

bering that the ocean integrated salt content should be constant). Similarly, atmospheric84

mass conservation is assessed by comparing the global mass of water in the atmosphere to85

the time-integrated moisture flux into the atmosphere (i.e. evaporation minus precipita-86

tion). Each quantity in the OHC decomposition and mass and energy conservation analysis87

is derived/defined below.88

4
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2.1 Ocean heat decomposition89

The amount of thermal energy stored in the global ocean is proportional to cpMT , where

cp (units J(kg K)-1) is the specific heat of seawater (a constant in the models), M (kg) the

mass of the ocean and T (K) the average temperature of the ocean. The rate of heat gain

or loss can therefore be represented as,

cp

[
M

dT

dt
+ T

dM

dt

]

where the left-hand term captures any gain or loss of heat related to a change in ocean

temperature and the right-hand term represents any gain or loss of heat related to a change

in ocean mass (the non-linear terms in the decomposition are negligible). For the purposes

of this study, we therefore decompose the globally integrated OHC anomaly (H) into a

temperature (HT ) and mass/barystatic (HM) component,

HT (t) = cp M0 ∆T (t) (1)

HM(t) = cp T0 ∆M(t) (2)

where X0 is the value of X at the first time step and ∆X the change in X since the first90

time step (i.e. ∆X = X(t) −X0).91

2.2 Conservation92

In an energy conserving coupled climate simulation, any change in the temperature com-

ponent of global OHC should (on annual and longer timescales) be in response to a time-

5
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. integrated net heat flux into the ocean,

dHT

dt
≈ dQh

dt
, Qh(t) =

∫ t

0

∫
Ao

qh(t, i, j) dAo dt (3)

where Ao(i, j) (m2) is the grid cell areas of the surface ocean and qh (W m-2) the net heat

flux into the ocean; this net heat flux includes the net surface heat flux and for a small

number of CMIP6 models an upward geothermal flux at the sea floor (Table S1). Similarly,

any change in the mass of the global ocean should be in response to a time-integrated net

freshwater flux,

dM

dt
≈ dQm

dt
, Qm(t) =

∫ t

0

∫
Ao

qm(t, i, j) dAo dt (4)

where qm (kg m-2 s-1) is the net freshwater flux into the ocean (including runoff).93

With respect to the atmosphere, the mass of global water vapor can be taken to represent

the total mass of atmospheric water (Ma), since the globally-integrated mass of condensed

water and ice in clouds is negligible (<1% of the total atmospheric water mass in the CMIP

models). Any change in the mass of atmospheric water should be in response to a time-

integrated net atmospheric moisture flux,

dMa

dt
≈ dQep

dt
, Qep(t) =

∫ t

0

∫
A

qep(t, i, j) dA dt (5)

where A(i, j) (m2) is the surface grid cell areas and qep (kg m-2 s-1) the net atmospheric

moisture flux (evaporation minus precipitation). There is a column-integrated but not global-

integrated water vapor CMIP diagnostic, so it was necessary to calculate the global value as

follows,

Ma(t) =

∫
A

w(t, i, j) dA (6)

6
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. where w (kg m-2) is the column-integrated atmospheric mass content of water vapor.94

The drifts in global oceanic mass, atmospheric mass and OHC are approximately linear (e.g.95

Figures 1 and 2), so the time derivatives defined above were calculated as a simple linear96

trend (using Ordinary Least Squares regression) over the length of the control simulation.97

Any significant residual in Equations 3, 4 or 5 indicates a spurious source/sink of heat or98

mass in the simulated climate system, which we refer to as model leakage.99

To put the magnitude of the model drifts into perspective, we compare them to estimates100

of current observed trends. For the global energy budget, we compare against estimates101

of the planetary energy imbalance, which range from 0.4–1.0 W m-2 for various estimation102

methods and time periods over the last couple of decades (??). This comparison is achieved103

by dividing the model energy drift by the planetary surface area of 5.1 × 1014 m2. For the104

ocean mass budget, we compare against the current barystatic sea level rise of 1.8 mm/year105

(or approximately 6.6 × 1014 kg/year). This value represents 58% of the estimated total106

(i.e. steric plus barystatic) global sea level rise during the altimetry era (3.1 mm/year107

from 1993–present), as per the findings of ?. Finally, for the atmospheric mass budget we108

compare against a constant relative-humidity warming rate of 1.68 × 1013 kg/year. This109

value represents the Clausius–Clapeyron response of 7% ◦C-1 to a trend in global average110

surface temperature of approximately 0.2 ◦C/decade over the 1990–2019 period (from the111

NOAA Merged Land Ocean Global Surface Temperature Analysis Version 5; ?) for an112

approximate average mass of water vapor in the CMIP atmospheres of 1.2 × 1016 kg.113

To compliment our analysis of energy and mass conservation in the CMIP oceans and at-

mospheres, we also consider energy conservation for the entire climate system by comparing

the time-integrated global netTOA (Qr) and ocean heat storage,

dHT

dt
≈ dQr

dt
, Qr(t) =

∫ t

0

∫
A

qr(t, i, j) dA dt (7)

7
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. where qr (W m-2) is the netTOA. Since the global ocean is the main energy reservoir for the114

climate system, changes in OHC should approximately balance the time-integrated netTOA115

on annual and longer timescales (??). It is estimated that 89% of the current planetary116

energy imbalance is absorbed by the ocean, with the rest primarily partitioned into melting117

ice and warming the land (?). Since this melting is not completely captured by the CMIP5118

and CMIP6 models (the models do not include dynamic ice sheets), a percentage even closer119

to 100% applies when comparing the model-derived netTOA and OHC.120

Finally, the ocean should also conserve salt. In particular, any change in global-mean salinity

(S) should be in response to a change in the global ocean mass (which in turn should be in

response to a time-integrated net freshwater flux; Equation 4). In order assess budget closure,

we relate a change in global-mean salinity (between time 0 and t) to an expected/equivalent

change in ocean mass (∆M) as follows:

∆M = M0

(
S0

St

− 1

)
. (8)

We note that while there is a net time-integrated salt flux into the ocean from rivers and/or121

sea ice in some models, its influence on global-mean salinity is negligible compared to the122

influence of ocean mass changes and is thus ignored in this study.123

2.3 Model diagnostics124

Each of the variables discussed in the equations above (Table 1) can be related to a CMIP125

diagnostic/s (Table 2). Detailed definitions for each diagnostic are available from the CMIP5126

standard output (?) and CMIP6 data request (?) documentation, with additional informa-127

tion regarding ocean diagnostics provided by ?. Tables S1-4 provide precise details of exactly128

which diagnostics and data file versions were used for each model in this study. We note that129

none of the models for which we present ocean surface heat or water flux results archived a130

8
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. heat flux correction (hfcorr) or water flux correction (wfcorr) diagnostic, respectively.131

Identifying the correct diagnostics for use in this study was mostly straightforward, except132

in the case of the global ocean mass. Almost all of the CMIP6 and CMIP5 ocean models133

apply a Boussinesq approximation, which means volume is conserved rather than mass (and134

sea water density is only considered in so far as it influences ocean dynamics). As such,135

steric processes (i.e. contraction/expansion of sea water due to temperature and/or salinity136

change) are represented as a change in density, from which an implied change in mass is often137

inferred and reported by modeling groups (the so-called Boussinesq ocean mass), as opposed138

to the real world where temperature and/or fresh water input leads to direct changes in139

ocean volume. To avoid any confusion, Boussinesq models in CMIP6 were asked to archive140

a global ocean mass variable (masso) equal to the reference density (rhozero) multiplied by141

the ocean volume (volo), as opposed to the Boussinesq ocean mass (?). A small number of142

modeling groups did not follow this direction (and it was not a requirement for Boussinesq143

models in CMIP5), so for those models we performed the density-times-volume calculation144

in order to obtain the variable M used in the equations above. All models for which a global145

ocean mass time series could be constructed were included in the final ensemble (Table 3).146

The small number of (mostly CMIP5) models that archived a virtual salt flux diagnostic147

were left out of the ensemble, as it is not clear from the CMIP documentation how those148

fluxes impact/modify the global ocean mass, salinity and surface water flux diagnostics.149

Monthly mean data were converted to annual mean (accounting for the different number of150

days in each month) prior to analysis and results for only the first member from each model151

ensemble is presented, because all ensemble members from a given model tended to produce152

similar results.153

The change in the definition of the global ocean mass diagnostic for CMIP6 means that for154

models that apply a Boussinesq approximation (which is almost all the models), neither the155

9
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. global mass nor volume diagnostics respond to steric processes – they both only respond to156

barystatic changes. It is possible to derive some steric information from the global average157

thermosteric sea level change diagnostic (zostoga), however another new development in158

CMIP6 is that the full steric sea level change (zossga) is not archived. That diagnostic would159

incorporate thermosteric changes, halosteric changes and the so-called non-Boussinesq steric160

effect, which relates to reorganization of ocean mass (?). In the absence of any diagnostic161

that fully captures steric changes, our analysis does not consider changes to the volume of162

the ocean.163

3 Results164

3.1 Example model165

In order to illustrate the various aspects of our analysis, the results for a typical model166

(ACCESS-CM2; ?) are shown in Figure 1. The first thing to note is the clear drift /167

non-zero trend in OHC (black curve, Figure 1a). If the model were energy conserving, the168

time series corresponding to the OHC temperature component anomaly (red curve), time-169

integrated ocean surface heat flux (orange curve) and time-integrated netTOA (gold curve)170

would approximately overlay one another, as per Equations 3 and 7. To put the magnitude171

of these drifts into perspective, the linear trend in those time series is 0.18 W m-2, 0.02172

W m-2 and 0.37 W m-2 respectively. These values (and the leakage of approximately 0.19173

W m-2 between the TOA and ocean storage) are trivial compared to the corresponding174

climatological energy flows in the climate system, but are not an insignificant fraction of the175

anthropogenic signal (i.e. the current planetary energy imbalance of 0.4–1.0 W m-2).176

Similar principles apply for the ocean mass budget (Figure 1b). The time series correspond-177

ing to the ocean mass anomaly (blue curve) and time-integrated freshwater flux (grey curve)178
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. approximately overlay one another, indicating approximate water conservation. The cor-179

responding linear trend is equivalent to a drop in global sea level of 0.2 mm/year, which180

is trivial compared to individual surface freshwater fluxes (e.g. the annual precipitation181

or evaporation flux) but is not an insignificant fraction of the estimated current rate of182

barystatic sea level rise (1.8 mm/year). Global mean salinity has been converted to an183

equivalent change in ocean mass (as per Equation 8; green curve) and it also approximately184

overlays the ocean mass time series, indicating approximate salt conservation. Finally, it is185

clear that the atmosphere does not conserve water (Figure 1c). The drift in the mass of186

atmospheric water vapor is negligible (linear trend of 3.2 × 1011 kg/year), but the drift in187

time-integrated water flux into the atmosphere (i.e. evaporation minus precipitation; -1.8 ×188

1014 kg/year) is not. While trivial compared to the individual annual fluxes of precipitation189

or evaporation, the magnitude of the drift in time-integrated atmospheric water flux is larger190

than our estimated observed trend in atmospheric water vapor (+1.68 × 1013 kg/year) and191

represents a loss of approximately 1.5% of total atmospheric water vapor every year.192

Given that the ACCESS-CM2 model does not conserve energy and atmospheric mass, it is193

important for data users to know whether conservation can be achieved after de-drifting.194

To test this, we quantify the drift signal by fitting a cubic polynomial to the full-length of195

various time series shown in Figure 1a-c. That signal is then subtracted from the original time196

series in order to produce corresponding de-drifted time series (Figure 1d-f). Approximate197

conservation is achieved for the energy and ocean mass budget after drift removal, but the198

atmospheric moisture budget time series still do not overlay one another. In a practical sense,199

this means that after de-drifting the mass and heat content of the global ocean responds200

appropriately to time-integrated changes in surface heat and freshwater fluxes, whereas the201

mass of water vapor in the atmosphere does not respond in a physically consistent manner202

to time-integrated changes in precipitation and evaporation. This is problematic for data203

users looking to infer anomalous atmospheric moisture transports (for instance) from regional204

11
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. changes in water vapor and evaporation minus precipitation. With this description of an205

example model in mind, we can expand our analysis to the entire CMIP6 (and CMIP5)206

ensemble.207

3.2 Drift and conservation208

3.2.1 Temporal evolution209

We begin our description of the CMIP6 ensemble by considering the temporal evolution of210

the drift in globally-integrated ocean mass and heat content (drift in atmospheric water vapor211

is negligible and thus not shown). Drift in both quantities is overwhelmingly characterized212

by linear trends that are relatively constant throughout the length of the control experiment213

(Figure 2a,c). To visualize any coherent drift signals other than the linear trends, detrended214

OHC and ocean mass time series were calculated (Figure 2b,d). The removed trend was215

estimated using Ordinary Least Squares regression on the annual mean time series. For216

most models, removal of the linear trends transforms the time series into stationary red217

noise, which is the expected regime under an equilibrium climate. However, some of the218

models show clear coherent signals, particularly in OHC. These signals could represent low219

frequency oscillations that are cut off by the control run length (i.e. multi-century variability220

in the models), but most appear to be an asymptotic progression to some stable ‘red noise221

plus trend’ state that is more indicative of incomplete spin-up (?). Of course, there is no way222

of testing this hypothesis unless the control simulation is run for long enough that either223

the second-order trend becomes zero (indicating the arrival at a stable state) or reverses224

(indicating oscillatory behaviour).225
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. 3.2.2 Energy budget226

Since the ocean is the biggest energy reservoir in the climate system, we anchor our energy227

budget analysis around the drift in OHC. Similar to ACCESS-CM2 (Figure 1a), the drift in228

OHC is dominated by the temperature (as opposed to barystatic) component for essentially229

all models (Figure 3). The direction of that drift has a positive bias across the ensemble,230

which was also true for the CMIP3 ensemble (?). This is important because it means the231

drifts will not cancel in the calculation of an ensemble mean. While there are fewer outliers232

in CMIP6, the ensemble median magnitude of the drift in OHC is similar for CMIP5 and233

CMIP6 (Table 4).234

Drift in OHC tends to be much smaller than for time-integrated netTOA, indicating a net235

leakage of energy in the simulated climate system (Figure 4a). In fact, while drift in OHC236

is typically a small but non-negligible fraction of the current planetary energy imbalance,237

the drift in time-integrated netTOA (and indeed the net system-wide energy leakage; Figure238

5) is larger than the observed planetary imbalance for a number of models. Most of this239

leakage occurs somewhere between the TOA and ocean surface, as ocean energy leakage (i.e.240

the discrepancy between the time-integrated heat flux into the ocean and change in OHC241

temperature component; Figure 4b) is relatively modest. Similar to OHC, the ensemble242

median magnitude of the drift in time-integrated heat flux into the ocean has changed very243

little from CMIP5 to CMIP6. In contrast, the magnitude of the drift in time-integrated244

netTOA is substantially smaller in CMIP6, which explains the reduced total system energy245

leakage in CMIP6 (Table 4).246

3.2.3 Mass budget247

Drift in the ocean mass budget shares many similarities with the energy budget. Firstly,248

like drift in OHC, the magnitude of drift in global ocean mass typically represents a small249

13
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. but non-negligible fraction of observed trends (Figure 4c) and has changed very little from250

CMIP5 to CMIP6 (Table 4). Drift in time-integrated surface freshwater flux on the other251

hand is larger than observed sea level trends for a number of models (Figure 4c), indicating252

substantial non-closure of the ocean mass budget. The ensemble median magnitude of the253

drift in freshwater flux is larger/worse in CMIP6, due in part to a number of large outliers254

(Table 4). Many models do a relatively good job of conserving salt (Figure 4d) and the255

magnitude of the drift in ocean salinity has been reduced in CMIP6 (Table 4).256

Given that atmospheric water vapor is not directly linked to the slowly evolving deep ocean,257

it is perhaps not surprising that the ensemble median drift magnitude (Table 4) represents258

a negligible fraction of estimated current trends (i.e. atmospheric variables tend not to259

exhibit much drift). The same cannot be said for the time-integrated moisture flux into260

the atmosphere (i.e. evaporation minus precipitation), which for most models is larger than261

estimated current trends in atmospheric water vapor (Figure 4e). In fact, for many models262

the gain or loss of water associated with the drift in time-integrated moisture flux represents263

an appreciable fraction of the total mass of atmospheric water vapor (1.2 × 1016 kg) every264

year. In the CMIP3 ensemble the drift in time-integrated atmospheric moisture flux was265

overwhelmingly negative (i.e. precipitation dominated over evaporation for most models; ?)266

but the CMIP5 (?) and CMIP6 models are relatively evenly distributed between positive267

and negative drifts (Figure 4e). As was the case for the freshwater flux into the ocean,268

the ensemble median magnitude of the drift in time-integrated atmospheric moisture flux is269

larger in CMIP6 than it was in CMIP5 (Table 4).270

3.3 De-drifting271

With the exception of atmospheric water vapor, we’ve shown that the magnitude of the272

drift in various global energy and mass budget terms typically represents a non-negligible273
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. fraction of estimated current observed trends (OHC, ocean mass and time-integrated ocean274

heat flux) or approaches/exceeds the magnitude of those trends (time-integrated netTOA,275

ocean freshwater flux and atmospheric moisture flux). To avoid contamination of analyzed276

trends it is therefore important to quantify and remove this drift from forced experiments,277

particularly as the direction of the drift is biased for some variables (e.g. Figure 3) and278

thus will not cancel when calculating ensemble statistics. Since the temporal evolution of279

these drifts is quasi-linear (with slight curvature likely related to incomplete spinup; Figure280

2) and insensitive to changes in model forcing (?), this can be achieved by fitting a simple281

polynomial (we fit a cubic, although a linear or quadratic fit yields similar results) to the282

control experiment and then subtracting the relevant segment of that polynomial from the283

forced data.284

An additional motivation for de-drifting relates to budget closure. We saw earlier that285

approximate energy and ocean mass budget closure was achieved after de-drifting for the286

ACCESS-CM2 model (Figure 1d-e), but non-closure of the atmospheric water budget re-287

mained (Figure 1f). In order to extend this budget closure analysis to the entire ensemble,288

we regress the various (decadal mean) de-drifted time series against one another to test for289

corresponding variability (Figure 6). For reference, the ACCESS-CM2 linear regression co-290

efficients were 0.99 (Qr vs. Qh), 0.98 (Qr vs. HT ) and 0.98 (Qh vs. HT ) for the de-drifted291

energy budget time series (Figure 1d); 0.89 (M vs. S), 1.02 (Qm vs. M) and 0.91 (Qm vs.292

S) for the ocean mass budget time series (Figure 1e); but only 0.39 (Ma vs. Qep) for the293

atmospheric water budget (Figure 1f).294

Looking at the regression coefficients across the ensemble, it is clear that like ACCESS-295

CM2 most CMIP6 models show approximate energy budget closure after de-drifting (i.e.296

regression coefficients close to 1.0; Figure 6a). Most CMIP5 models also achieve approximate297

energy budget closure, but there has been a small improvement between CMIP5 and CMIP6.298
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. Energy budget coefficients slightly less than 1.0 were common across the ensemble because299

the variance in the de-drifted time-integrated netTOA time series was typically marginally300

larger than the time-integrated heat flux into the ocean time series, which had a variance301

marginally larger than the OHC time series. The larger netTOA variance might be explained302

by the additional non-ocean heat stores represented in the models (e.g. continental energy303

storage; ?), but it is unclear why the time-integrated heat flux into the ocean would have a304

slightly larger variance than the OHC. In other words, while perfect/expected closure would305

normally be a regression coefficient of 1.0, for the comparisons against the time-integrated306

netTOA the expected coefficient might be slightly less than 1.0. See Figure S1 for energy307

budget regression coefficients for individual models.308

In contrast to the energy budget, even after drift correction there remain large discrepancies309

between the time-integrated surface freshwater flux and both ocean mass and salinity for310

a number of models (Figure 6b). The ensemble median closure has improved from CMIP5311

to CMIP6, but aside from the approximate closure between ocean mass and salinity the312

ocean mass budget closure across the CMIP6 ensemble falls short of that achieved for the313

energy budget (see Figure S2 for mass budget regression coefficients for individual models).314

Closure of the atmospheric mass budget after drift correction also eludes the models, with315

many showing essentially no meaningful relationship between variability in the de-drifted316

atmospheric water vapor and time-integrated moisture flux time series (Figure 6b).317

4 Discussion318

In the early coupled ocean-atmosphere models, drift was so large that it was necessary to319

constrain simulations via the use of offline flux adjustments (e.g. ?). This was still the case320

for most models participating in the first phase of CMIP (?), but with each subsequent CMIP321

iteration model drift improved to the point where no flux adjustment was required for most322
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. CMIP5 models to achieve drifts in global, depth-integrated quantities (e.g. OHC or steric323

sea level) of magnitude less than corresponding forced historical trends (?). Our analysis324

suggests that when it comes to globally integrated OHC, there has been little improvement325

from CMIP5 to CMIP6 (fewer outliers, but a similar ensemble median magnitude). This326

indicates that model drift still represents a non-negligible fraction of historical forced trends327

in global, depth-integrated quantities and existing advice regarding the need to de-drift data328

from forced experiments still applies (?).329

In order to better understand the component of model drift related to non-closure of the330

global energy and mass budgets, we compare drift in ocean state variables (global ocean331

mass, salinity and heat content) with time-integrated heat and freshwater fluxes at the332

ocean surface and TOA. We find that drift in OHC is typically much smaller than in time-333

integrated netTOA, indicating a leakage of energy in the simulated climate system. Most of334

this energy leakage occurs somewhere between the TOA and ocean surface and has improved335

(i.e. it has a reduced ensemble median magnitude) from CMIP5 to CMIP6 due to reduced336

drift in time-integrated netTOA. To put these drifts and leaks into perspective, the time-337

integrated netTOA and system-wide energy leakage approaches or exceeds the estimated338

current planetary imbalance for a number of models.339

A similar story is true for ocean mass conservation. Drift in ocean mass is typically a340

small but non-negligible fraction of observed trends in barystatic sea level, while the time-341

integrated freshwater flux is typically much larger and approaches/exceeds the magnitude342

of recent observed trends for some models. Unlike the global energy budget, the ensemble343

median drift magnitude in time-integrated ocean freshwater flux is worse for CMIP6 than it344

was for CMIP5. In contrast, most models do a relatively good job of conserving salt and the345

drift in ocean salinity is reduced/improved in CMIP6. Given the importance of modeling346

and understanding changes in the global water cycle, we also consider the atmospheric mass347
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. budget. While drift in the global mass of atmospheric water vapor is negligible relative to348

estimated current trends, the drift in time-integrated moisture flux into the atmosphere (i.e.349

evaporation minus precipitation) and the consequent non-closure of the atmospheric moisture350

budget is relatively large (and worse for CMIP6), approaching/exceeding the magnitude of351

current trends for many models.352

The causes of the energy and mass leaks we identify are many and varied, but must essen-353

tially belong to one of two categories. The first relates to deficiencies in model coupling,354

numerical schemes and/or physical processes. For example, the heat flux associated with355

water transport across the ocean boundary generally represents a global net heat loss for356

the ocean, because evaporation transfers water away at a temperature typically higher than357

precipitation adds water. The documented size of this global heat loss ranges from 0.15 W358

m-2 (?) to 0.30 W m-2 (?). In a steady state, this heat loss due to advective mass transfer is359

compensated by ocean mass and heat transport, which is in turn balanced by atmospheric360

transport. However, most atmospheric models do not account for the heat content of their361

moisture field, meaning they represent the moisture mass transport but not the heat content362

transport (?). Leakage in the simulated global heat budget therefore arises due to a basic363

limitation of the modeled atmospheric thermodynamics.364

The second category has nothing to do with deficiencies of the model itself and instead relates365

to potential issues with the data that is archived and made available to the research commu-366

nity. For example, in discussions about ocean heat budget closure with people familiar with367

the ACCESS-CM2 model (Ryan Holmes, personal communication), it was discovered that368

the discrepancy between the OHC temperature component anomaly (Figure 1a, red curve)369

and time-integrated ocean surface heat flux (Figure 1a, orange curve) could be explained by370

a minor mistake in the construction of the ocean surface heat flux CMIP diagnostic (hfds ;371

Table 2). In particular, the hfds diagnostic was missing contributions from the heat flux into372
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. the ocean associated with sea ice-ocean volume exchanges and frozen precipitation, as well373

as the effects of frazil ice formation below the surface layer of the model. When these terms374

are correctly included in hfds, there is closure between the OHC temperature component375

and time-integrated ocean surface heat flux. Given the high-level of model-specific knowl-376

edge (and access to data) required to precisely diagnose the cause of an apparent energy377

leak like this, a detailed examination of the underlying causes of non-conservation across the378

CMIP6 ensemble would be a difficult undertaking (and is beyond the scope of this study).379

A detailed assessment of energy and mass conservation is therefore best undertaken by the380

relevant modeling groups.381

While the causes of non-conservation are of interest to model developers, for CMIP data382

users it is more important to know whether closure of global energy and mass budgets can be383

achieved after de-drifting. In other words, does the state of a reservoir like the ocean (i.e. its384

mass and heat content) respond appropriately to a time-integrated change in boundary heat385

and water fluxes once drift has been removed? In this regard, we find that almost all CMIP5386

and CMIP6 models achieve approximate energy budget closure between the time-integrated387

netTOA flux, time-integrated ocean heat flux and OHC after de-drifting, whereas a number388

of models do not achieve ocean mass budget closure. The situation is even worse for the389

atmospheric water budget, with no models showing a strong relationship between variability390

in the global mass of atmospheric water vapor and time-integrated moisture fluxes into the391

atmosphere after de-drifting. In the case of the global energy and ocean mass budgets,392

CMIP6 closure represents an improvement over CMIP5. It appears that while progress in393

reducing the magnitude of global energy and ocean mass drifts is something of a mixed394

bag, the physical consistency between variations in surface fluxes and the ocean state after395

de-drifting has improved across the ensemble.396
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5 Data and code availability statement397

The CMIP5 and CMIP6 model output used in this study is publicly available through a dis-398

tributed data archive developed and operated by the Earth System Grid Federation (ESGF).399

The citation webpage for each unique model dataset (Table 3) provides a link to access the400

data from the relevant ESGF node. Following established best practices for reproducible401

computational research in the weather and climate sciences (?), the code we wrote to an-402

alyze those data has been uploaded to a Figshare repository (?) along with details of the403

associated software environment and data processing steps for each figure we present.404
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Tables417

variable description corresponding CMIP diagnostic/s

M mass of global ocean masso (or rhozero × volo)

T average temperature of global ocean thetaoga

S average salinity of global ocean soga

cp specific heat of sea water cpocean

qh net heat flux into ocean hfgeou + hfds

qm net freshwater flux into ocean wfo

Ao ocean surface grid cell area areacello

w column integrated mass of atmospheric water vapor prw

qr net TOA radiative flux rsdt - rsut - rlut

qep net moisture flux into atmosphere evspsbl - pr

A surface grid cell area areacella

Table 1: Variable definitions. For models where cpocean and/or rhozero were not provided,

default values of 4000 J (kg K)-1 and 1026 kg m-3 were used. See Table 2 for more details

on the CMIP diagnostics.
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variable name units time shape

areacella grid cell area (atmosphere) m2 static XY

areacello grid cell area (ocean) m2 static XY

cpocean specific heat capacity of sea water J (kg K)-1 static 0

evspsbl water evapotranspiration flux kg m-2 s-1 month XY

hfds net surface downward heat flux in sea water W m-2 month XY

hfgeou upward geothermal heat flux at sea floor W m-2 static XY

masso global sea water mass kg month 0

pr precipitation flux kg m-2 s-1 month XY

prw atmosphere mass content of water vapor kg m-2 month XY

rhozero reference sea water density kg m-3 static 0

rlut TOA outgoing longwave flux W m-2 month XY

rsdt TOA incoming shortwave flux W m-2 month XY

rsut TOA outgoing shortwave flux W m-2 month XY

soga global mean sea water salinity g/kg month 0

thetaoga global mean sea water potential temperature ◦C month 0

volo global sea water volume m3 month 0

wfo net water flux into sea water kg m-2 s-1 month XY

Table 2: CMIP diagnostics used in this study. The evaporation (evspsbl) diagnostic includes

transpiration and sublimation, while precipitation (pr) includes liquid and solid phases from

all types of clouds; TOA = top of atmosphere.
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institution CMIP5 models CMIP6 models

BCC BCC-CSM1.1 (?) BCC-CSM2-MR (?)

BCC-CSM1.1(m) (?) BCC-ESM1 (?)

BNU BNU-ESM (?)

CMCC CMCC-CESM (?)

CMCC-CM (?)

CMCC-CMS (?)

CNRM-CERFACS CNRM-CM6-1* (?)

CNRM-ESM2-1* (?)

CSIRO ACCESS1-0 (?) ACCESS-CM2 (?)

ACCESS1-3 (?) ACCESS-ESM1-5 (?)

E3SM-Project E3SM-1-0 (?)

E3SM-1-1 (?)

EC-Earth-Consortium EC-Earth (?)

EC-Earth-Veg (?)

HAMMOZ-Consortium MPI-ESM-1-2-HAM (?)

IPSL IPSL-CM5A-LR (?) IPSL-CM6A-LR (?)

IPSL-CM5A-MR (?)

IPSL-CM5B-LR (?)

MIROC MIROC4h (?)

MIROC-ESM (?)

MIROC-ESM-CHEM (?)

MOHC HadGEM3-GC31-LL (?)

UKESM1-0-LL* (?)

MPI-M MPI-ESM-LR (?) MPI-ESM1-2-LR (?)

MPI-ESM-MR (?) MPI-ESM1-2-HR (?)

MPI-ESM-P (?)

NASA-GISS GISS-E2-1-G (?)

GISS-E2-1-G-CC (?)

NCC NorESM1-M (?)

NorESM1-ME (?)

NOAA-GFDL GFDL-CM3 (?) GFDL-CM4 (?)

GFDL-ESM2G (?)

GFDL-ESM2M (?)

Total 22 19

Table 3: Models used in the study. The first ensemble member was used for all models,

which was ‘r1i1p1’ for CMIP5 and typically ‘r1i1p1f1’ for CMIP6 (* indicates ‘r1i1p1f2’ was

the first member). Citations are for the piControl experiment dataset.
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variable CMIP5 CMIP6

dQr/dt (W m-2) 0.48 [0.20–1.63] 0.24 [0.06–0.41]

dQh/dt (W m-2) 0.09 [0.07–0.17] 0.13 [0.09–0.34]

dHT/dt (W m-2) 0.05 [0.01–0.21] 0.05 [0.01–0.09]

total leakage (W m-2) 0.47 [0.18–1.62] 0.19 [0.05–0.42]

non-ocean leakage (W m-2) 0.57 [0.36–2.02] 0.46 [0.23–0.71]

ocean leakage (W m-2) 0.06 [0.01–0.10] 0.17 [0.11–0.26]

dQm/dt (1015 kg yr-1) 0.08 [0.00–0.60] 0.84 [0.19–122]

dM/dt (1015 kg yr-1) 0.02 [0.00–0.12] 0.04 [0.01–0.12]

dS/dt (1015 kg yr-1) 0.10 [0.04–0.16] 0.03 [0.01–0.09]

dQep/dt (1012 kg yr-1) 368 [5.15–1030] 1008 [66.4–1479]

dMa/dt (1012 kg yr-1) 0.10 [0.03–0.46] 0.19 [0.03–0.25]

Table 4: Drift in the CMIP5 and CMIP6 ensembles. The ensemble median [interquartile

range] drift magnitude, calculated as the linear trend over the full length of the piControl

experiment, is shown. Bold values indicate where drift in one of the CMIP projects is clearly

smaller than the other (defined as a median drift magnitude at least 50% smaller). Drift in

ocean salinity was calculated by first converting to an equivalent change in ocean mass (as

per Equation 8).
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Figure Captions418

Figure 1. Annual-mean, globally-integrated energy and mass budget terms for the ACCESS-

CM2 pre-industrial control experiment. The time series in panels (a), (b) and (c) represent

the anomaly with respect to the first year, while the de-drifted time series in panels (d),

(e) and (f) were calculated by fitting and then subtracting a cubic polynomial from the

corresponding time series in panels (a), (b) and (c). Ocean salinity was converted to an

equivalent change in ocean mass as per Equation 8 and a ten-year running mean was applied

to the de-drifted time series.

Figure 2. Annual-mean, globally-integrated ocean heat content (OHC) and ocean mass for

the CMIP6 pre-industrial control experiment. Each time series represents the anomaly with

respect to the first year and a ten-year running mean has been applied. The thin black

dashed lines correspond to a trend magnitude of 0.4, 0.2 and 0.1 Wm-2 respectively in panel

(a) and 1.8, 0.9 and 0.45 mm/year in panel (c). For reference, 0.4 Wm-2 is the lower bound of

current estimates of the planetary energy imbalance and 1.8 mm/year the estimated current

rate of barystatic sea level rise.

Figure 3. Drift in globally-integrated ocean heat content (OHC; dH/dt) and its temperature

(dHT/dt; Equation 1) and barystatic (dHm/dt; Equation 2) components. Values represent

the linear trend over the entire length of the pre-industrial control experiment for CMIP5

(to the left of vertical dividing line) and CMIP6 (to the right). For comparison, the current

planetary energy imbalance is shaded (estimates range from 0.4-1.0 Wm-2).
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. Figure 4. Drift in ocean and atmosphere state variables and boundary fluxes related to

energy, mass and salt conservation. Each marker represents the linear trend over the full

length of the pre-industrial control experiment, with CMIP5 and CMIP6 models designated

with open and solid shapes, respectively. The colors represent models from the same insti-

tution (Table 3). Drift in ocean salinity was calculated by first converting to an equivalent

change in ocean mass (as per Equation 8; see panel d) and the time-integrated moisture

flux into the atmosphere (panel e) has not been plotted against the change in atmospheric

water vapor because the water vapor trends are negligible in comparison. The thick dashed

lines indicate a 1-to-1 relationship (i.e. conservation) and estimates of the magnitude of the

current planetary energy imbalance (estimates range from 0.4-1.0 Wm-2; shading in panels

a and b), barystatic sea level rise (1.8 mm/year; thin dashed lines in panels c and d) and

trend in the global mass of atmospheric water vapor (thin dashed lines in panel e) are shown.

Figure 5. Energy leakage between the time-integrated netTOA and change in ocean heat

content. Values represent the linear trend over the entire length of the pre-industrial control

experiment for CMIP5 (to the left of vertical dividing line) and CMIP6 (to the right). For

comparison, the magnitude of the current planetary energy imbalance is shaded (estimates

range from 0.4-1.0 Wm-2). The MIROC models have a total leakage of approximately -3.5

W m-2, with offsetting ocean and non-ocean leakages of approximately -41.5 and 38.0 W

m-2 respectively.

Figure 6. Mass and energy conservation after drift removal. For each model, linear regression

coefficients were calculated between pairs of decadal-mean de-drifted time series of interest

including the time-integrated netTOA (Qr), time-integrated heat flux into ocean (Qh),

time-integrated moisture flux into atmosphere (Qep), time-integrated freshwater flux into
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. ocean (Qm), temperature component of globally integrated OHC (HT), ocean mass (M),

ocean salinity (S) and mass of atmospheric water vapor (Ma). Each box shows the ensemble

quartiles for the coefficients, while the whiskers extend to show the rest of the distribution,

except for points determined to be outliers (values beyond 1.5 times the inter-quartile range).

Values for each model (including the small number of outliers beyond the plot bounds) are

given in Figures S1 and S2.
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Figures419

Figure 1: Annual-mean, globally-integrated energy and mass budget terms for the ACCESS-

CM2 pre-industrial control experiment. The time series in panels (a), (b) and (c) represent

the anomaly with respect to the first year, while the de-drifted time series in panels (d),

(e) and (f) were calculated by fitting and then subtracting a cubic polynomial from the

corresponding time series in panels (a), (b) and (c). Ocean salinity was converted to an

equivalent change in ocean mass as per Equation 8 and a ten-year running mean was applied

to the de-drifted time series.
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Figure 2: Annual-mean, globally-integrated ocean heat content (OHC) and ocean mass for

the CMIP6 pre-industrial control experiment. Each time series represents the anomaly with

respect to the first year and a ten-year running mean has been applied. The thin black

dashed lines correspond to a trend magnitude of 0.4, 0.2 and 0.1 Wm-2 respectively in panel

(a) and 1.8, 0.9 and 0.45 mm/year in panel (c). For reference, 0.4 Wm-2 is the lower bound of

current estimates of the planetary energy imbalance and 1.8 mm/year the estimated current

rate of barystatic sea level rise.
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Figure 3: Drift in globally-integrated ocean heat content (OHC; dH/dt) and its temperature

(dHT/dt; Equation 1) and barystatic (dHm/dt; Equation 2) components. Values represent

the linear trend over the entire length of the pre-industrial control experiment for CMIP5

(to the left of vertical dividing line) and CMIP6 (to the right). For comparison, the current

planetary energy imbalance is shaded (estimates range from 0.4-1.0 Wm-2).
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Figure 4: Drift in ocean and atmosphere state variables and boundary fluxes related to en-

ergy, mass and salt conservation. Each marker represents the linear trend over the full length

of the pre-industrial control experiment, with CMIP5 and CMIP6 models designated with

open and solid shapes, respectively. The colors represent models from the same institution

(Table 3). Drift in ocean salinity was calculated by first converting to an equivalent change

in ocean mass (as per Equation 8; see panel d) and the time-integrated moisture flux into the

atmosphere (panel e) has not been plotted against the change in atmospheric water vapor

because the water vapor trends are negligible in comparison. The thick dashed lines indi-

cate a 1-to-1 relationship (i.e. conservation) and estimates of the magnitude of the current

planetary energy imbalance (estimates range from 0.4-1.0 Wm-2; shading in panels a and

b), barystatic sea level rise (1.8 mm/year; thin dashed lines in panels c and d) and trend in

the global mass of atmospheric water vapor (thin dashed lines in panel e) are shown.
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Figure 5: Energy leakage between the time-integrated netTOA and change in ocean heat

content. Values represent the linear trend over the entire length of the pre-industrial control

experiment for CMIP5 (to the left of vertical dividing line) and CMIP6 (to the right). For

comparison, the magnitude of the current planetary energy imbalance is shaded (estimates

range from 0.4-1.0 Wm-2). The MIROC models have a total leakage of approximately -3.5

W m-2, with offsetting ocean and non-ocean leakages of approximately -41.5 and 38.0 W

m-2 respectively.
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Figure 6: Mass and energy conservation after drift removal. For each model, linear regression

coefficients were calculated between pairs of decadal-mean de-drifted time series of interest

including the time-integrated netTOA (Qr), time-integrated heat flux into ocean (Qh),

time-integrated moisture flux into atmosphere (Qep), time-integrated freshwater flux into

ocean (Qm), temperature component of globally integrated OHC (HT), ocean mass (M),

ocean salinity (S) and mass of atmospheric water vapor (Ma). Each box shows the ensemble

quartiles for the coefficients, while the whiskers extend to show the rest of the distribution,

except for points determined to be outliers (values beyond 1.5 times the inter-quartile range).

Values for each model (including the small number of outliers beyond the plot bounds) are

given in Figures S1 and S2.
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