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Abstract: Meridional heat transport (MHT) is analyzed in ensembles of coupled climate models
simulating climate states ranging from the Last Glacial Maximum (LGM) to quadrupled
CO  2  . MHT is partitioned here into atmospheric (AHT) and implied oceanic (OHT)
heat transports. In turn, AHT is partitioned into dry and moist energy transport by the
meridional overturning circulation (MOC), transient eddy energy transport (TE) and
stationary eddy energy transport (SE) using only monthly averaged model output that
is typically archived. In all climate models examined, the maximum total MHT
(AHT+OHT) is nearly climate-state invariant, except for a modest (4%, 0.3PW)
enhancement of MHT in the Northern Hemisphere (NH) during the LGM. However, the
partitioning of MHT depends markedly on the climate state and the changes in
partitioning differs considerably among different climate models. In response to CO  2
quadrupling, poleward implied OHT decreases while AHT increases by a nearly
compensating amount. The increase in annual-mean AHT is a smooth function of
latitude but is due to a spatially inhomogeneous blend of changes in SE and TE which
vary by season. During the LGM, the increase in wintertime SE transport in the NH
mid-latitudes exceeds the decrease in TE resulting in enhanced total AHT. Total AHT
changes in the SH are not significant. These results suggest that the net top of
atmosphere radiative constraints on total MHT are relatively invariant to climate forcing
due to nearly compensating changes in absorbed solar radiation and outgoing
longwave radiation. However, the partitioning of MHT depends on detailed regional
and seasonal factors.
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We thank all three Reviewer’s and the Editor for their thorough and thoughtful critiques. 

We list the reviewer’s/editor’s comments in red and our responses in black. 

 

EDITOR COMMENTS:  

 

While two of the three reviewers recommend major revision, few if any of their 

comments require major changes to the computations, so i have settled on minor revision 

instead.  An exception might be the concern that one of the reviewers has regarding 

models that do not conserve energy adequately, but I feel that some additional text 

addressing this concern would be sufficient, with more emphasis on what additional 

considerations are required if there is inadequate conservation in the underlying model. 

Please see our response to Reviewer 1 major point 2 for an extensive discussion. 

In short, we apply adjustments to account for lack of energy and mass conservation in 

climate models. This technique appears to be working in the model used to validate our 

technique (NCAR CESM) which does not conserve mass and energy on the output grid 

that we use to validate our technique. 

 

 

Perhaps most importantly, all three reviewers, from different perspectives, feel that the 

references to the literature are not fully adequate and make suggested additions that you 

should consider carefully.  

We thank all three Reviewers for pointing us toward pertinent literature that we 

neglected to cite in the original manuscript. We have added citations to the theoretical 

work on Bjerknes compensation (as requested by Reviewer 1), model simulations that 

have addressed mechanisms of MHT invariance (as requested by Reviewer 2) and the 

studies that diagnose transient eddy heat transport as a residual (as requested by Reviewer 

3). 

 

I also sympathize with the comments of the reviewer who has focused on the technical 

aspects of the flux decomposition and does not understand exactly what is distinctive 

about the methodology here in the context of the existing literature. 

Please see response to Reviewer 3 major point 1. In short, we agree that similar 

residual methods have been used to diagnose transient eddy energy and moisture 

transports in single model studies (we now cite these studies). Our work applies these 

techniques across a large model ensemble and employs a different technique to adjust for 

conservation of mass and energy. 

 

Following one of the reviewers, I also think you want to avoid raising Stone's 

prescription as a straw man which you then show is inadequate in some cases.  Few 

readers, i suspect, will come to this paper with a preconception that Stone's argument is 

Response to Reviewers Click here to access/download;Response to
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fundamental rather than an approximation in a limited parameter range.  I guess the goal 

should be to help delineate the parameter regime in which it is useful.   

Thank you for this suggestion. We have backed off using Stone’s argument as a 

straw man. Please see our extensive response to Reviewer 2’s criticism and the revised 

discussion section. 

 

I am also sympathetic to the concerns that the density of acronyms in some paragraphs 

make the discussion difficult to follow, 

We have added written out key acronyms in selected paragraphs throughout the 

manuscript to remind the reader of the acronym’s meaning. We hope this improves the 

manuscript’s readability.   

 and that the captions should have clear warnings when subpanels in the same figures 

have different ranges in their vertical axes.   

We have revised the axes on all 10 main manuscript figures to achieve more 

consistency between figures and subpanels. In the revised figure captions, we also warn 

of differences in axis.  

Concerning the length of the paper, I won't enforce J.Climate's length limit, but I think 

most readers would prefer a more succinct summary and conclusions section, performing 

some triage to emphasize the major messages.  

We have reduced the repetitive discussions. We appreciate the Editor’s leniency 

on the length limit and hope that the reader will benefit from having the partitioning 

technique, observational comparison, model results and discussion of mechanisms in a 

single manuscript. 

 

  



Reviewer 1 -- Major comments: 

1. Long sentences: it seems that the authors like to use long sentences in this work, which 

seriously reduce the readability of this manuscript. For example,  

 

Abstract: statement in line 18-21, 35 words; line 21-25, 44 words. 

This sentence has been split into two sentences in the revised manuscript. 

Introduction: line 42-45; 

While this sentence is long, we feel it appropriately introduces the concept and the 

numerous modifiers are necessary for scientific accuracy. 

 line 49-53; 

This sentence has been split into two sentences in the revised manuscript. 

 

 line 54-59; 

 

This sentence uses a colon to introduce series of items and is grammatically correct. 

line 60-62;  

     This sentence is not very long. 

line 121-124. 

   This sentence has been split into two sentences in the revised manuscript. 

 

Data and methods: line 298-290;  

This sentence (lines 284-290) has been split into two sentences in the revised 

manuscript. 

 

line 305-308; 

This sentence has been rewritten in the revised manuscript. 

 

line 309-312. 

This sentence has been rewritten in the revised manuscript. 

 

Section 3: line 327-330;  

This sentence has been rewritten in the revised manuscript. 

 

line 333-336;  

This sentence uses a colon to separate two independent clauses and is grammatically 

correct. 

 

line 390-393.  



 

This sentence has been split into three sentences in the revised manuscript. 

 

Section 6: line 522-525;  

Although this sentence is long, we believe all the modifiers are necessary to point the 

reader to the scientific result we are highlighting.  

 

Section 7: line 568-571; 

This sentence has been split into two sentences in the revised manuscript. 

 

2. Section 2c: Conservation of energy is critical to the validation of the technique used in 

this work. CESM coupled model is doing very well in both the energy conservation and 

mass conservation. We knew it, since we also have check the conservation problem 

carefully in our previous studies. However, many coupled models used in CMIP5, as far 

as I know, are not doing well in the conservations of energy and mass. The portioning 

technique itself used in this work has no problem, but it is not suitable to the models that 

mass and energy are not conserved. Therefore, I strongly suggest that only the models 

with good conservation can be used in this study, and other models without conservation 

should be excluded! I think this should a fundamental rule. Since the MHT (AHT and 

OHT) is an integrated quantity, conservations of energy and mass are particularly 

important to them. I cannot believe the mixture of “right” and “wrong” results. 

 

We agree that conservation of mass and energy pose potential problems for the 

calculation of and partitioning of MHT in both climate models and observations. Our 

MHT and AHT partitioning technique makes two adjustments to account for the lack of 

energy and mass conservation in both models and observations (as described in the data 

and methods section of the manuscript): 

Energy conservation: The global mean TOA radiative imbalance is removed by making 

a spatially invariant adjustment to the net radiation at all locations prior to calculating 

MHT via Eq. 2. Similarly, the global mean net surface energy flux is removed by making 

a spatially invariant adjustment to the net surface energy flux at all locations prior to 

calculating the (implied) OHT. This procedure produces AHT and OHT curves that are 

equal to zero and both poles independent of whether the integral in Eq. 2 is performed 

starting at the North Pole or the South Pole. This approach inherently assumes that the 

lack of energy conservation in climate models and observational data sets is spatially 

homogeneous. While there is no formal justification for this assumption, we know of no 

work that has analyzed the spatial structure of energy losses in climate models or the 

spatial decorrelation length scale of uncertainty in observational radiation data. The 

spatial structure of non-energy conserving processes is vital to understanding their impact 

on the calculation of MHT and AHT: processes that are globally homogenous (such as 

absolute calibration of satellite measurements) have no impact on MHT, while processes 

that vary at the gridpoint scale make a modest contribution to AHT error. Processes that 

violate energy conservation that project on a regional scale (i.e. that project onto the 

equator-to-pole scale) make the largest contribution to AHT error  (see Wunsch (2005) 

for a thorough discussion).             



 As noted by the Reviewer and expanded on by Lucarini and Ragone (2011), pre-

industrial control simulations in coupled climate models have unrealistically large energy 

imbalances of order 1 W m-2.  In the 10 year long CESM pre-industrial simulation that 

was used to validate our partitioning technique (Section 2C of the manuscript), the global  

mean TOA radiative imbalance is 1.2 W m-2 with a 0.5 W m-2 imbalance in the 

atmosphere and 0.7 W m-2 in the ocean (diagnosed from the net energy flux at the 

surface). We note that this global mean imbalance seems to differ from that reported by 

Forster et al. (2013) for CESM1 and it is unclear if the difference is due to the relatively 

short duration of the run we analyzed or differences in the exact model parameters used.  

The energy imbalance in the CESM control run that we analyzed is typical for the CMIP5 

pre-industrial simulations analyzed in this study which, on average, have an absolute 

global TOA imbalance of 0.8 W m-2 and an atmospheric imbalance of 1.0 W m-2. It is 

reassuring, then, that the AHT in CESM calculated using a spatially invariant adjustment 

is virtually identical to that calculated explicitly from the model output. This agreement 

suggests that the lack of energy conservation in the CESM is not due to errors that occur 

on the equator-to-pole scale, and we see no reason why this should not be the case for 

other CMIP5 models.   

 Additionally, Hobbs et al. (2016) found that the lack of energy conservation is 

nearly time and climate state invariant in each GCM especially in the atmosphere. Below, 

we compare the global mean atmospheric energy in balance in the preindustrial 

simulation compared to that in the 4XCO2 and LGM simulation in the same model (Fig. 

R1). The clustering of all simulations near the 1:1 line suggests that the lack of energy 

conservation in each model is nearly unchanged across the simulations analyzed. Thus, 

we do not expect the lack of energy conservation to impact our calculations of the 

changes in AHT partitioning. 

 

  



Figure R1. The global mean energy imbalance in the atmosphere in the (abscissa) 

4XCO2 simulations (red) and LGM simulations (blue) compared to that in the 

preindustrial simulation in the same model (ordinate). The 1:1 line is shown in 

black. 

 While we appreciate the Reviewer’s concern that some climate models have very 

large pre-industrial global mean energy imbalances (three models have absolute values > 

3 W m-2) we are reluctant to discard these models from our MHT calculations without an 

additional understanding of the nature and spatial structure of the non-energy conserving 

processes. Specifically, it is possible that some models have a small global energy 

imbalance as a result of compensating non-conservative processes that are regional in 

nature and, thus, would have substantial impacts on the MHT calculation. Therefore, we 

are reluctant to use global mean energy imbalance as a litmus test for the validity of the 

MHT calculation. 

 We also note that the lack of energy conservation in climate models is small 

compared to the observational uncertainty on satellite measurements of global TOA 

energy imbalance that are used to calculate observational based MHT. The raw CERES 

data has a net global mean energy imbalance of order 5 W m-2 (Loeb et al. 2009). We use 

the CERES EBAF data which makes reasonable adjustments to the parameters in the 

CERES retrieval algorithm to best match the global mean energy imbalance implied from 

decadal ocean heat uptake (central estimate of 0.71 W m-2). The spatial structure of these 

adjustments and the associated uncertainty in calculated MHT and AHT are active areas 

of research and debate that are beyond the scope of the present manuscript. Because the 

largest source of uncertainty in the satellite observations is believed to be absolute 

calibration error, it is likely that the satellite-derived global mean energy imbalance is not 

more problematic than that in models (at least, as far as AHT calculations are concerned). 

We mention this here just to point out that the lack of energy conservation in climate 

models is not unique to models; it is a pervasive and unresolved issue in climate science. 

We believe we have dealt with this issue to best of our ability given our current 

understanding of the underlying issues.    

Mass conservation: We adjust for lack of mass conservation in the atmosphere by 

removing the (mass weighted) vertical average moist static energy (separately for latent, 

sensible and potential energy) at each latitude. This technique was developed by 

Donohoe and Battisti (2012) and expanded on by Liang et al. (2018). In short, that 

technique calculates energy flux divergences in the atmosphere by calculating the MSE 

contrast between the poleward and equatorward moving air and implicitly balances the 

mass budget of the atmosphere.  We find this technique preferable to the conventional 

mass adjustment by a barotropic wind correction (Trenberth and Stepanaiak, 2003) which 

has been demonstrated to depend on the reference state of the atmosphere and the 

consistency of reference state across the ocean and atmosphere (Mayer  et el. 2017). The 

validation of this technique in CESM (Section 2c) suggests that our methodology is 

working extremely well for both energy and moisture transport.  

 

3. This work is lack of some fundamental understanding of compensation physics. Previous 

theoretical studies have suggested that, in a world with energy and mass conservation, 



the changes in AHT and OHT have to compensate with each other. The compensation 

rate is determined by internal parameters of the Earth system. In a world without 

conservations, the changes in AHT and OHT do not have to compensate with each other, 

and they tend to be collaborated, for example, in a world with strong global warming 

forced by 4xCO2. Please refer to the recent works listed below:  

 

We apologize for failing to cite these very relevant publications and thank the 

Reviewer for pointing us toward this set of papers. We discuss these works in the 

Discussion section of the revised manuscript and where the concept of diffusion of moist 

static energy is used.  

 

1) Liu, Z., C. He, and F. Lu, 2018: Local and Remote Responses of Atmospheric and 

Oceanic Heat Transports to Climate Forcing: Compensation versus Collaboration. J. 

Climate, 31, 6445-6460. doi: 10.1175/JCLI-D-17-0675.1. 

Discussed and cited in reference to the compensation of AHT and OHT expected in the 

limit of efficient atmospheric dynamics. 

2) Liu, Z., H. Yang, C. He, and Y. Zhao, 2016: A theory for Bjerknes compensation: the 

role of climate feedback. J. Climate, 29(1), 191-208. doi: 10.1175/JCLI-D-15-0227.1. 

Cited when the concept of MSE diffusion is first introduced. 

 

3) Yang, H., Y. Zhao, and Z. Liu, 2016: Understanding Bjerknes compensation in 

atmosphere and ocean heat transports using a coupled box model. J. Climate, 29(6), 

2145-2160, doi: 10.1175/JCLI-D-15-0281.1. 

Discussed and cited in the discussion of the relative roles of radiation and MHT in 

damping external forcing. 

4) Yang, H., Y. Zhao, Q. Li, and Z. Liu, 2015: Heat transport in atmosphere and ocean over 

the past 22,000 years. Nature Scientific Reports, 5: 16661. doi: 10.1038/srep16661 

Discussed and cited in the discussion of the relative roles of radiation and MHT in 

damping external forcing. 

4. Under 4xCO2, an increase in poleward TE in the SH storm track region (30S-60S) 

occurs during all seasons. The reason to this change is not answered in this work. Please 

deliberate it. 

Thank you for pointing this out. The meridional temperature gradient increases 

slightly in this region (during all seasons) as a result of delayed Southern Ocean warming 

(see Figure R2 below for annual mean plot). Because moisture is preferentially loaded in 

the lower latitudes, the moisture (and moist static energy) gradient is enhanced relative to 

the pre-industrial. We speculate that the increased poleward transient eddy (TE) moisture 

transport follows the enhanced moisture gradient in this region. We have added a brief 

discussion to the revised manuscript. 

 



 
Figure R2. The meridional structure of the surface temperature change in the 

4XCO2 simulations. Thin lines show individual models and the thick line shows the 

ensemble average. Note that the equator-to-pole temperature gradient decreases 

throughout the Northern Hemisphere but increases in the region from 30S to 60S. 

 

 

5. The compensation changes in the component of AHT are also noticed earlier in Yang 

and Dai (2015) (Effect of wind forcing on the meridional heat transport in a coupled 

model: equilibrium response. Climate Dynamics, 45(5): 1451-1470, doi: 

10.1007/s00382-014-2393-0.) For example, the good compensation changes between the 

mean dry static energy (DSE) and mean latent energy (LE) within the tropics (because 

stronger HC means the stronger equatorward convergence of the water vapour), and the 

perfect compensation between the mean and eddy DSE transports in the extratropics (as 

a result of the equatorward shift of the Ferrell Cell and enhancement of atmospheric 

baroclinicity in the mid-high latitudes, particularly over the North Atlantic).  

 

Cited in the revised manuscript in discussion of the moist/dry partitioning changes in 

the tropical MOC. 

 

6. By analyzing ensembles of CMIP5 models, the authors should also notice that the 

Earth’s climate is trying to maintain the balance between two hemispheres. If the ocean 

in the NH is colder than that in the SH (may be due to the reduced northward heat 

transport cross the Equator in the Atlantic), the atmosphere would respond to the ocean 

with colder temperature in the SH than in the NH by transporting more heat northward 

cross the equator over the Pacific. It is pity that the authors did not delve into the 

compensation changes between two hemispheres. 

 

We agree that the inter-hemispheric energy transport is a fascinating topic which 

several of the authors on our paper have published on in the recent past. Unfortunately, 



length limitations excluded us from addressing this issue in the current work where we 

chose to focus on the equator-to-pole scale. For the Reviewer’s interest, we include a 

figure analysing the seasonal cycle of atmospheric energy transport across the equator 

and its changes under external forcing. We note that our analysis focused on the seasonal 

cycle of cross equatorial energy transport which is an order of magnitude larger than the 

annual mean hemispheric energy imbalance and has been linked to the width of the 

tropical precipitation (Donohoe et al., 2019). The changes in transient eddy energy 

transport (TE) across the equator under 4XCO2 appear to be comparable in magnitude to 

changes in energy transport by the meridional overturning circulation (MOC). We 

continue to analyse this fascinating result. 

 

Figure R3.  (Top left) Seasonal cycle of AHTEQ partitioned into transient eddies 

(red), stationary eddies (green), and MOC in CMIP PI models (solids lines) and 

reanalysis (dotted lines). (Top right) As in top left but including changes under 

4XCO2 in CMIP models. (Bottom panel) The dry versus moist AHTEQ in the MOC 

over the seasonal cycle in PI simulations (blue) and 4XCO2 simulations (red).  

 

7. All figures need to be re-plotted. The biggest problem in all these figures is that the 

range of y-axis appears to be arbitrary, which is not convenient to the comparison 

between different subplots. For examples: 

a. Fig. 1: Range of y-axis in Fig. 1a can be [-6.0, +6.0], with the 0-line in the middle of the 

figure. Range of y-axis in Fig. 1b can be [-0.6, +0.6], to be exactly 10% of the Fig. 1a. 

This will be easier for comparison between the mean value and the changes. Fig. 1c: y-

axis, [-200, 100]; Fig. 1d, y-axis, [-20, 10]. 



 Figures 1 now show the y-axis range that you have suggested. Thank you 

b. Fig. 2a: y-axis, [-8.0, +8.0]; Fig. 2b: y-axis, [-0.8, +0.8]; Fig. 2d: y-axis, [-200, +100]; 

Fig. 2e: y-axis, [-20, +10];  

 Figures 2a, 2b and 2d now show the y-axis ranges you have suggested. Your 

suggested range for 2e would exclude a substantial number of models and so we have 

opted to use a range of [-30,+15], which gives a consistent location of the zero axis 

between panels d and e. 

   

c. Fig. 3a: y-axis, [-6.0, +6.0]; Fig. 3b: y-axis, [-6.0, +6.0]. 

 The Reviewer’s suggested y-axis ranges have been implemented for panel 3a. We 

prefer to have a narrower range of y-axis values for the moisture transport to highlight the 

correspondence between the residual and high frequency calculations (the point of the 

figure) in panel b but have symmetrized the positive and negative range from [-4,+4] as 

suggested by the Reviewer. 

 

d. Fig. 4, for all subplots, please use the same range for y-axis as [-8, +8] for better 

comparison. 

 Done. 

e. Other figures from Fig. 5 to Fig 10, please adjust y-axis range for a better and easier 

comparison. 

 We have revised the y-axis to be symmetric (about zero in all panels) and to reach a 

compromise for figures that use axes that are consistent across panels and figures that 

highlight the salient features of each field.  

 

Cited works:  

Donohoe, A, A.R. Atwood and M.P. Byrne 2019, Controls on the Width of Tropical 

Precipitation and Its Contraction Under Global Warming, GRL., 46, 9958-9967. 

Donohoe, A., and D. Battisti, 2012: What determines meridional heat transport in climate 

models? J. Climate, 25, 3832–3850. 

Liang, M., A. Czaja, R. Graversen, and R. Tailleux, 2018: Poleward energy transport: is the 

standard definition physically relevant at all time scales? Climate Dyn., 50, 1785–1797 

Lucarini, V., and F. Ragone, 2011: Energetics of IPCC4AR4 climate models: energy balance and 

meridional enthalpy transports. Rev. Geophys., 49, RG1001. 

Loeb, N. G., B. A. Wielicki, D. R. Doelling, G. L. Smith, D. F. Keyes, S. Kato, N. Manalo-

Smith, 

 and T. Wong, 2009: Towards optimal closure of the earth’s top-of-atmosphere radiation budget.  

J. Climate, 22, 748–766. 

 

Mayer  et el. 2017, Toward consistent diagnostics of the coupled atmosphere and ocean 

energy budgets. J. Climate, 30, 9225-9248. 

javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)


Trenberth, K. E., and D. P. Stepaniak, 2003b: Seamless poleward atmospheric energy transports 

and implications for the hadley circulation. J. Climate, 16, 3706–3722.  

Wunsch, 2005: The total meridional heat flux and the oceanic and atmospheric partition, J. 

Climate, 18, 4374-4380. 

Forster et al. 2013: Evaluating adjusted forcing and model spread for historical and future 

scenarios in the CMIP5 generation of climate models, JGR Atmospheres, 118, 1139-1150. 

 

 

 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

Reviewer 2: 

(i) I think the authors have overinterpreted Stone’s arguments, or at least they present 

them initially as if they have more general applicability than they in fact do. His 

arguments are largely based on a one-dimensional energy-balance model, and assume 

that the meridional heat transport has a very large-scale structure. His results actually say 

very little about the magnitude of the meridional heat flux. There is certainly no a priori 

reason that the distribution of TOA radiation should be tightly constrained – it would 

certainly change if the Earth’s rotation rate changed, or if the atmosphere were much 

thinner, for both would have a large impact on the magnitude of the meridional heat 

transport and so the net TOA radiation. Even the structure of the heat transport will 

change if the rotation rate changes sufficiently (admittedly we are not looking at such 

cases here) or if cloudiness changes significantly. Only the incoming solar radiation is 

truly constrained by Earth–Sun geometry, and it is the atmosphere’s efficiency in heat 

transport that keeps the TOA radiation more or less constant in the climates that we see or 

have seen on Earth. The authors do point out later that ’Stone was wrong in the sense. . . ’ 

but that feels like knocking down a straw man. 

 

We thank the Reviewer for these comments that have made us reread and 

reconsider Stone’s arguments. We agree with the Reviewer that our original text 

overinterpreted Stone’s work. Specifically, Stone points out that in the observed climate 

system, the large-scale gradient of planetary albedo and thermal emission (OLR) have 

nearly canceling impacts on the MHT and, thus, the magnitude of MHT appears to only 

depend on Earth-Sun geometry (and global mean planetary albedo). We misinterpreted 

this argument to apply more generally to speak to changes in TOA radiation and their 

impact on MHT. We have removed this straw man argument from the revised 

manuscript. 

 

 

(ii) The above considerations actually make the issue of ‘Bjerknes compensation’ (where 



it does occur) more interesting because there has to be a dynamical reason for it – one 

cannot simply posit that it is a principle based on some rather general considerations. 

These topics, and some of those in the present manuscript, are discussed more in Farneti 

and Vallis (JC, 2013), and the results presented here are largely consistent with theirs. 

For example, the conclusion on P27 that it is adjustments in the atmospheric circulation 

that smooth the temperature response and keep MHT nearly climate-state invariant is 

similar to the last sentence of their abstract. The compensation in both cases arises 

largely because of the transient eddies give rise to an efficient (effectively diffusive or 

super diffusive) heat transport that compensates for whatever other process is giving rise 

to a thermodynamic anomaly. 

 

This is a fascinating discussion and we largely agree with the interpretation of the 

Reviewer (and have added a citation and statement of general agreement with Farneti and 

Vallis to the revised manuscript). However, there are some components of the argument 

that “MHT is nearly climate state invariant because of efficient atmospheric dynamics” 

that continue to perplex us. For example, if the climate is forced at the equator-to-pole 

scale, an efficient diffusivity suggests the majority of the forcing is balanced by changes 

in MHT. In the linear one-dimensional framework, the MHT change would be equal to 

the forcing at the equator-to-pole scales times D/(D+B) where D is the effective 

diffusivity at the equator-to-pole scale (6D/a2 when cast as a second order Legendre 

expansion) and B is the linear dependence of OLR on temperature. In physical terms, if 

the MHT is more efficient than the radiative damping, then the majority of the forcing is 

balanced by the MHT changes as opposed to radiative feedbacks since the MHT changes 

can be accomplished with small changes in the temperature gradient. We speculate that 

some of the simulations analyzed in this work have substantial radiative forcing at the 

equator-to-pole scale and, thus, the lack of change in MHT is unanticipated under the 

assumption of efficient dynamics. 

 

Stone (1978) analysis found two regimes in which MHTMAX was insensitive to 

changes in the effective diffusivity. The first regime is the high efficiency regime in 

which D is strong enough to nearly flatten the temperature and OLR gradient such that 

the MHTMAX asymptotically approaches the equator-to-pole ASR gradient (ASR* in the 

terminology of the present manuscript) as D approaches infinity. Our previous analysis 

suggest that the observed climate system (and that modeled by GCMs) is not close to this 

regime; MHTMAX would approach 8.2 (9.0) PW in the NH (SH) in the limit of infinitely 

efficient dynamics and the observed MHTMAX  of 5.3 PW in each hemispheres is about 

2/3 of the way toward this limit (Donohoe and Battisti, 2012). Stone’s other regime of 

MHT insensitivity was termed the intermediate efficiency regime whereby an increase in 

MHT causes a decrease in sea ice. The reduced sea ice decreases the equator-to-pole 

gradient of planetary albedo which would decrease ASR* and thus be a negative 

feedback on the initial MHT perturbation. We believe this regime is an artifact of  

Stone’s overemphasis of the contribution of surface albedo changes to the planetary 

albedo in his one-dimensional model; modern analysis suggest that the meridional 

gradient of surface albedo only contributes about 0.4 PW to MHTMAX (Donohoe and 

Battisti, 2012). Therefore, we do not believe the near invariance of the MHTMAX in the 



intermediate dynamical efficiency regime applies to the observed system or 

comprehensively GCMs. 

 

The above points lead to a paradox of how MHT appears to be nearly climate 

state invariant. We believe the observed system is closer to an intermediate regime where 

dynamics are more efficient but comparable in magnitude to the efficiency of radiative 

damping. In this regime, MHTMAX should be sensitive to both external radiative forcing 

and changes in the effective diffusivity of the system. We have expanded our discussion 

of these points and how we think the diffusion of moist static energy framework 

potentially resolves these issues in the revised manuscript’s discussion section. 

 

 

(iii) This perspective also provides an explanation for the result that, although the 

individual models differ from each other in their heat transport, within each model the 

meridional heat transport varies little. Essentially each model has a different heat 

diffusivity, although all of them are large. As the climate changes the meridional heat 

transport in each model is constrained to be fairly constant, but it is constrained to 

different values in different models. Perhaps this is just another way of expressing what 

the authors say at the end of their section 7. If so, the authors could make it a bit clearer 

or if not say why not. 

 

Thanks for this comment. We agree with the Reviewer’s statement that models 

each have a different heat diffusivity but in each the diffusivity is large. However, we 

believe that the primary reason that models differ in their mean-state MHT is the inter-

model differences in the meridional structure of ASR due to differences in cloud radiative 

effect (Donohoe and Battisti, 2012). This point is best seen from a plot of the inter-model 

spread (across the preindustrial mean states) of MHTMAX versus ASR* (Figure R3). Since 

ASR* is either balanced dynamically by MHTMAX or radiatively by OLR*, a crude 

measure of the efficiency of energy transport (EFF) is the ratio of ASR* to MHTMAX. If 

all models had the same EFF, the individual models would all lie along a single dashed 

line (lines of efficiency 0.4, 0.5, 0.6 and 0.7 are shown by the dashed lines) and MHTMAX 

would be determined by ASR* only. If MHTMAX was determined by inter-model 

differences in EFF, the individual modes would spread across the dashed lines. Figure R4 

shows that the models tend to lie within a relatively narrow range of EFF values, and the 

spread in MHTMAX is primarily determined by ASR* (correlation coefficient of 0.81 in 

the NH and 0.86 in the SH). In contrast, inter-model difference in EFF are only weakly 

correlated with MHTMAX (R=0.29 in the NH and 0.19 in the SH) suggesting that inter-

model differences in planetary albedo primarily determine MHTMAX. 

 



 
Figure R4. Inter-model spread of MHTMAX versus ASR* in the CMIP5 preindustrial 

models. Squares show the Northern Hemisphere (NH) and circles show the 

Southern Hemisphere (SH) values. Dashed line show constant ratios (0.4,0.5,0.6, 0.7 

and 0.8) of MHTMAX to ASR* defined as the heat transport efficiency.  

  

In response to 4XCO2, EFF increases in all models in the NH but does not change 

robustly in the SH. The inter-model spread in changes in MHTMAX is strongly correlated 

with changes in ASR* (R =0.86 in NH and 0.92 in the SH) and not significantly 

correlated with changes in EFF, suggesting that changes in planetary albedo associated 

with cloud and sea-ice feedbacks determine the inter-model spread in MHT changes more 

so than changes in dynamical efficiency as was found by Hwang and Frierson (2011). 

 

We have revised and reordered the discussion Section of the revised manuscript 

and hope that our argument is clearer. 

 

(iv) Another study that looks at the variation of heat transport since the LGM and that 

perhaps deserves reference is that of Yang et al (2005, Scientific Reports), with other 

papers by the same set of authors addressing related problems. 

 

Thank you for pointing out this reference which we believe was meant to Yang 

(2015). We have cited this reference and one other by the same set of authors in the 

revised manuscript. Please see the response to Reviewer 1 major points 3 and 5. 

 

(v) A comment is that the authors say (p28) that ‘An emerging body of work has argued 

that, in response to external forcing, atmospheric motions move energy from regions 

that are inefficient at radiating energy to space to regions that are efficient at radiating 

energy to space by diffusing moist static energy.’ I’d agree with that, but is it harsh 

to ask what else could happen? Almost any system in which heat is transported from 

hot to cold will behave in a similar way — a bar of metal that is heated somewhere, 



insulated somewhere else but open to air in a third location will do the same.  

The twist is the presence of moisture and so the use of moist static energy. 

Partitioning between moist and dry energy transport is actually rather interesting.  

 

We agree with the Reviewer that the exact nature of the down-gradient transport 

rule (e.g. diffusion of temperature versus MSE, the possible spatial structure of the 

diffusion coefficient, etc.) is unclear given the present literature. In general, a transport 

rule that moves energy from warm to cool regions in both the climatological and 

anomalous sense will give qualitatively similar results regarding MHT and its changes.  

However, previous work by some of the co-authors (Armour et al. 2019) has argued that 

diffusion of MSE can explain the enhanced AHT under the transient response to 

increased CO2 in the presence of polar amplified warming whereas diffusion of 

temperature cannot. Additionally, MSE diffusion has been shown to explain the spatial 

structure of changes in the hydrological cycle (Siler et al. 2018). Therefore, we believe 

evidence is beginning to suggest that MSE diffusion has more explanatory power than 

temperature diffusion. 

 

As the overall climate warms or cools one might expect the partitioning between moist 

and dry energy transport to be anti-correlated, since moisture can transport more energy 

in a warmer climate. But if the heat transport is varying because the ocean heat transport 

is varying, because of some natural variability on decadal timescales for example, then 

one might expect the moist and dry eddy transports to vary in unison. Is this the case? 

(The answer may be out of scope, which would be okay.) 

 

Thanks very much for the suggestion. We agree that additional work on the co-

variability of moist and dry AHT in response to internal variability versus forced changes 

would be useful. Below is a preliminary analysis of the spatial temporal structure of the 

correlation between interannual variability of moist and dry energy transport by the 

eddies (stationary and transient) for the ERA and NCEP reanalysis. As the Reviewer 

suspected, the moist and dry transports do vary in unison over the storm track regions of 

both hemispheres. This result seems consistent between the ERA and NCEP reanalysis. 

We are hoping to continue analysis of this problem   

 



 
Figure R5. Correlation between inter-annual variability of moist and dry energy 

transport by eddies for each latitude and month. Both sets of reanalysis cover the 

1979-2018 time period.  

 

(vi) The figures are rather overwhelming, especially Figs 4, 5, 6, 7, 8, 9 and 10, with a 

total of 66 panels! If the authors feel that all are necessary then I have no objection. But 

they may wish to consider whether this is the best strategy if they want other people to 

actually read their paper. 

 

We prefer to keep all the components in these figures as we feel different readers 

will be interested in different components. We have remade the axes ranges in these 

figures to make them more approachable. Additionally, the underlying data is available in 

an online repository should a reader be interested in specific points. 

 

(vii) Acronyms are overused. Even when defined (as they mostly are), the use of 

nonstandard acronyms makes the manuscript hard to follow. OLR, LGM, TOA and GCM 

are common enough not to cause discomfort, but TE, SE, MHT, AHT, ASR, PI, 

EBAF. . . ? Heavily acronymed paragraphs (and there are many) become difficult to 

parse. It would be better to write at least some of them out in full and use acronyms 

only for the ones that are used most heavily or that will be familiar to most readers. 

Thank you for this suggestion. We have written out some of the less well known 

acronyms in full in selective sentences throughout the revised manuscript to remind the 

reader of the acronym’s meaning. We hope this improves the manuscript’s readability.  
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Reviewer #3: This manuscript diagnoses the energy transports in CMIP5 GCMs in 

preindustrial, 4xCO2, and Last Glacial Maximum simulations and compares the PI 

results to those inferred from two reanalysis products.  The claim of a novel technique for 

the energy transport calculations was intriguing but ultimately unfounded; all of the 

methods are pretty much standard in the literature.  And there were other important 

problems with the methodology and how it is presented.  The actual results seem 

reasonable overall, but I'm not sure if they're especially important.  As such, major 

revisions are necessary. 

 

Major comments 

 

1. What is novel about these calculations? 

 

The abstract and introduction refer to a ``novel'' technique to infer the transient eddy 

terms using monthly mean data.  But the technique ultimately used, namely inferring the 

transient term as a residual from the boundary fluxes and the time-mean terms, is well 

established.  See e.g. 

[hill_mechanisms_2015,xiang_contrasting_2018,rencurrel_exploring_2018,rencurrel_effi

ciency_2019], and almost surely others.  Is there some detail about the calculation that 

I've missed?  If not, this phrasing is inappropriate.  I suppose it's possible that no prior 

studies have shown an explicit validation of the eddies-as-residual calculation against the 

explicit calculation.  So that's useful.  But the fact that it works is not exactly surprising. 

 

This eddies-as-residual calculation is also a particular case of a broader methodology that 

the authors use elsewhere ubiquitously: given two terms that are constrained to sum up to 

a third term, and if term two and term three are known, then term one can be inferred by 

subtracting term two from term three.  The authors make use of this extensively for the 

partitioning of total energy transport between the atmosphere and ocean and of the 

atmospheric energy transport between dry static energy and moisture components.  As 

have many previous studies.  Further reason that the "novel" framing is problematic. 

 

Thank you for pointing out these previous studies that have used a conceptually 

similar methodology for backing out the transient eddy transports as a residual within a 

single GCM. We agree with the Reviewer that our previous claim of a “novel” technique 

is unjustified and have removed these statements from the abstract and text of the revised 

manuscript. We have also added citations to previous studies which have used this 

conceptual technique within a single model. 

We do, however, emphasize that the current work is the first study (to our 

knowledge) to diagnose changes in the partitioning of MHT consistently across an 

ensemble of climate model simulations. Additionally, our technique differs from previous 

studies in the treatment of the mass budget used to calculate the MOC AHT and also in 

the calculation of the atmospheric energy tendency (with respect to a fixed atmospheric 

pressure). We believe it is important to document the specifics of these calculations for 

replicability purposes, especially given how well our technique reproduces the transient 



eddy energy and moisture fluxes produced from the direct (high temporal frequency) 

model output in CESM (Section 2c).  

 

2. Methodology could be more succinct and better organized 

 

This relates to the preceding comment.  The diagnostics being presented --- inferred total 

transports from TOA and surface fluxes, partitioning into mean vs. eddy terms and 

moisture vs. DSE terms, are all pretty much standard in the literature.  But they are 

described in a confusing order and, I believe as a result, in places in excessive detail. 

 

For example, the first equation presents MHT not as the sum of OHT and AHT but as the 

sum of OHT and the atmospheric mean and eddy components.  Then Eq. 2 switches 

focus to MHT as due to the net TOA radiative flux, and then Eq. 3 jumps back to the 

calculation of AHT as the sum of mean and eddy terms.  Subsection 2b is then quite 

repetitive of things from 2a, in particular lines 239-241, 265-267, and 268-276. 

 

An alternative organization for the authors to consider would be: explain all of the 

transports from a theoretical perspective first, followed in a separate sub-section by the 

details of how they are actually computed in the models and reanalyses.  And within the 

energy transports description, start with the MHT, then its partitioning into OHT and 

AHT (and the neglected storage terms), then the partitioning of AHT into the mean and 

eddy terms, and then the partitioning of the atmospheric terms into dry vs. moist 

components. 

 

We thank the Reviewer for the thoughtful suggestion of reorganizing the 

discussion. However, we prefer the organization of the methods section as written; it is 

the result of many drafts and much discussion amongst the co-authors on how to structure 

the methods to so they are in line with the order the results are presented. The switching 

between the dynamics and radiative perspectives in the first three equations is intentional 

and is meant to give the reader an appreciation of the different pieces of information and 

quantities used to dissect MHT in the presentation of results (Section 3) and in the 

discussion. The first equation is essentially the equation suggested by the Reviewer 

(MHT = AHT+OHT, note the underbrace in that equation) but additionally broken down 

into the atmospheric components. We elected not to present Eq. 1 this as two separate 

equations to make the presentation succinct.  Eq. 1 as written represents the thrust of our 

work as we focus on the atmospheric partitioning and do not further decompose the OHT.  

Thereafter, the presentation in the discussion is ordered by the conceptual methodology 

used to partition MHT from observations followed by the conceptual methodology used 

to partition MHT in models. Although the same quantities are discussed in both of these 

subsections, the details of how the terms are calculated differ and are important to 

document.    

 

3. Neglected annual-mean heat storage during initial, transient century 

 

The 4xCO2 results are averages over years 50-100; the LGM results are averages over 



``the last 50 years of the simulations,'' but I didn't see the simulation length anywhere.  So 

this may or may not be relevant for the LGM, but it certainly is for the 4xCO2: 

atmospheric energy transports, ocean heat uptake patterns, and ocean heat transports 

evolve throughout the first, transient century after an imposed forcing.  This means that 

the equilibrium responses may differ materially from those inferred in the initial century, 

and more importantly that annual-mean heat storage changes (particularly for the ocean) 

can be nontrivial and need to be accounted for when computing energy transports.  See in 

particular [he_transient_2019]. 

This issue was explicitly addressed in the original (and revised) manuscript, 

specifically in regard to the disequilibrium under 4XCO2 (excerpts pasted below): 

 

and 

 

In the revised manuscript, we also remind the reader that:  

“It is unclear whether the increase in poleward AHT and decrease in implied OHT under 

4XCO2 would also be a feature of the fully equilibrated 4XCO2 climate (Chengfei, 
2019).” 

  

4. Comparing pre-industrial simulations to present-day obs 

 

Strictly speaking the comparison between the models and observations+reanalyses is 

apples to oranges: the models are preindustrial, the obs/reanalyses are present-day.  As 

such, the difference between them cannot be unambiguously claimed to be due to model 

bias.  That would require analysis of the CMIP5 historical simulations, averaged over the 



same time period as used for the obs+reanalyses.  (To be fair, I don't expect this to make 

a huge difference.) 

Thank you for raising this point. We chose to use the PI simulations because we 

wanted an equilibrium climate state to allow a calculation of the role of ocean heat 

transport without the complication of transient heat uptake. We agree with the Reviewer 

that this complicates the comparison with observations. Below, we show the AHT and 

OHT at the latitude of MHTMAX in the pre-industrial (black) and historic simulations 

(red) akin to Fig. 2c of the manuscript. The “historic” simulations are averaged from 

2000-2016 to correspond to the observational analysis and only the subset of models that 

have the necessary model output for historical simulations are included. Solid black lines 

connect the PI and historical values calculated from the same model. Overall, there is 

very little mean model difference in the MHTMAX between the PI and historical 

simulations (ensemble mean difference < 0.04 PW in both hemispheres) and the mean 

absolute difference in MHTMAX is also fairly small (0.06 PW in the NH and 0.03 in the 

SH) with no single model difference exceeding 0.11 PW. Interestingly, the ensemble 

average implied poleward OHT in the SH is reduced by 0.10 PW in the historic period 

compared to pre-industrial, and the AHT is greater by nearly the same amount. We 

speculate that this results from transient heat uptake in the Southern Ocean in response to 

historical forcing. In the NH, differences in AHT and OHT between the preindustrial and 

historic period are less uniform between models and have a small mean absolute value 

<0.07 PW (the NORESM is an exception; in that model, AHT and OHT change by 

0.6PW in opposite directions). We have added a brief discussion of these points to the 

Section 4 of the revised manuscript.   



 

Figure R6. Atmosphere and Ocean energy transport contributions at the latitude of 

MHTMAX in the historic period (red, averaged from 2000-2016) and in the 

preindustrial simulation (black). Squares are for the Northern Hemisphere and 

circles show the Southern Hemisphere values. The lines connect values from the 

same climate model.  

 

 

5. Different set of models for 4xCO2 and LGM simulations 

 

From Tables 1 and 2, the models used for the LGM calculations is not a proper subset of 

the 4xCO2 models.  To bolster the credibility of the claims about differences between the 

responses to either perturbation more, the manuscript should present somewhere a 

discussion of the results averaged over that subset of models (if I'm reading the tables 

correctly, CCSM4, CNRM CM5, MPI ESM P, and MRI CGCM3) that performed both 

simulations. 



The reviewer is correct: output was not available for us to calculate all the energy 

transport terms for all three climate states (LGM, PI and 4XCO2) from seven  CMIP5 

models (listed in Table 2). [We inadvertently left MIROC ESM, GISS E2R and MPI 

ESM LR off of Table 1 in the original manuscript (a previous set of analysis did not 

include 4XCO2 simulations for these models but they are included in the manuscript 

plots).] Figures 1 and 2 include only results from these seven. This information has been 

added to the revised figure caption. 

To test the robustness of the 4XCO2 changes to the subset of models used, we show 

below in Figs. R7 and R8 the ensemble average 4XCO2 changes in all 20 models used for 

the 4XCO2 analysis (solid lines) and the subset of seven models that have LGM 

simulations (dashed lines). These figures demonstrate that the 4XCO2 changes in MHT, 

AHT, OHT and the partitioning of the AHT into SE, MOC, and TE are robust across the 

subset of models used for the LGM.   

 

 

Figure R7. Ensemble mean change in MHT (black), AHT (red) and OHT (blue) 

under 4XCO2 in all CMIP5 models with 4XCO2 simulation (solid) and the subset of 

seven models with LGM simulations (dashed). 



 

 

Figure R8. Ensemble mean change in AHT (black) subdivided into changes in MOC 

(blue), stationary eddies (SE, blue) and transient eddies (TE, red) under 4XCO2. 

The solid line shows the ensemble mean of all CMIP5 models with 4XCO2 

simulation and the dashed line of the ensemble mean of the subset of seven models 

with LGM simulations. 

 

 

Minor comments 

============== 

 

- Section 1: The introduction jumps back and forth between results 

We introduce a single result (the near invariance of MHT) in the introduction in 

addition to a summary of pertinent literature to frame the research questions. We would 

be more than happy to address specific concerns the Reviewer may have in our 

presentation.  

 

- 70: "participating the" 

Changed to “participating in the”. 

 

- 73-76: This makes it sound like it is one contiguous simulation spanning LGM to PI to 

4xCO2  

Rewritten to indicate these are separate climate simulations.  



 

- 90: "lion's share" is too colloquial for an academic paper in my opinion.  Likewise for 

"eye-catching" on line 508. 

Eye-catching has been changes to “striking” in the revised manuscript. We 

believe “lion’s share” as defined in Miriam Webster dictionary is appropriate wording for 

the intended meaning here.  

 

- 114: "letent" 

 

Fixed. 

 

- 113-115: Phrasing is a bit imprecise, because in the Tropics the poleward sensible heat 

transport anomaly wins out over the equatorward latent heat transport anomaly, whereas 

in the mid-latitudes the poleward latent heat transport anomaly wins out over the 

equatorward sensible heat transport anomaly 

 

Changed to “changes in latent heat transport are opposed by changes in sensible heat 

transport in both regions, resulting in a modest change in total AHT. 

 

- 164-165: It should be made clear that whether AHT or OHT is the "residual" is 

arbitrary: one could compute the implied AHT from the sum of the TOA and surface 

fluxes, and compute OHT as MHT minus AHT.  (In fact, one could just as well compute 

AHT and OHT directly and then add them to "infer" MHT.) 

 

Rewritten to say that AHT is calculated from the difference between TOA and surface 

fluxes. 

 

- 183: Earth's 

 

Fixed. 

 

- 192: Strictly speaking, Eq. 2 doesn't include the subtraction of the global mean, unless 

the ASR and OLR terms are taken to be the local anomalies from the global mean. 

 

This point is discussed in text following the equation. We prefer to keep the equation 

compact and discuss the correction in the text. 

 

- 222: Even if they are the dominant contributor to the eddy flux, it's incorrect to refer to 

the transient term solely as due to baroclinic eddies. 

 



Agree. We have changed this to read: “that is primarily associated with baroclinic 

synoptic eddies”. 

 

- 297-299: Note that the interpolation from the model-native vertical coordinates to 

regular pressure levels can introduce budget residuals, although for these zonal-mean 

transports it doesn't appear to be a large term. 

Noted in the revised manuscript: “We note that the output is interpolated to 

pressure levels from the model's native vertical coordinate akin to the CMIP archived 

data. This choice was made to test if the interpolation introduces energy budget 

residuals.” 

 

 

- 577-579 vs. 591-592: These feel contradictory: the first makes the case that the local 

TOA radiative response can be large, invalidating Stone's appeal to a fixed overall 

pattern, and the second says that that overall meridional pattern is, indeed, modestly 

changed. 

The distinction is that the local net radiation can change substantially, but that the 

changes at the equator-to-pole scale are modest. We have rewritten the former sentence to 

clarify that this statement refers to local radiative changes. We have also backed off on 

our criticism of Stone (1978) following the suggestions of Reviewer 2.   

 

- 654: [held_nonlinear_1980], not Held 1980. 

Fixed. 

 

- 682: "he" 

Fixed. 

 

- 695: At first glance, the footnote "2" looks like the storage term is being raised to the 

second power. 

Footnote moved to the next sentence to avoid confusion. 

 

- Figures: Zonally integrated energy transports incorporate the local surface area at each 

latitude and its decrease moving poleward.  So it's unnecessary (and potentially 

misleading) to plot them vs. sin(latitude) rather than simply latitude. 

  

Thank you for the comment. Figures 1 and 2 use an abscissa of sin(latitude) while 

the remainder of the figures use latitude. This choice was made because these figures, and 

the accompanying text in the manuscript, relate the TOA radiation and its changes to the 

total meridional heat transport. The net radiation needs to be spatially weighted to make 

this comparison and we prefer to use the same abscissa in the panels of this figure 



showing the resultant energy transports (upper panels) for consistency and ease of 

comparison.     
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ABSTRACT

2



Meridional heat transport (MHT) is analyzed in ensembles of coupled cli-

mate models simulating climate states ranging from the Last Glacial Maxi-

mum (LGM) to quadrupled CO2. MHT is partitioned here into atmospheric

(AHT) and implied oceanic (OHT) heat transports. In turn, AHT is par-

titioned into dry and moist energy transport by the meridional overturn-

ing circulation (MOC), transient eddy energy transport (TE) and stationary

eddy energy transport (SE) using only monthly averaged model output that

is typically archived. In all climate models examined, the maximum total

MHT (AHT+OHT) is nearly climate-state invariant, except for a modest (4%,

0.3PW) enhancement of MHT in the Northern Hemisphere (NH) during the

LGM. However, the partitioning of MHT depends markedly on the climate

state and the changes in partitioning differs considerably among different cli-

mate models. In response to CO2 quadrupling, poleward implied OHT de-

creases while AHT increases by a nearly compensating amount. The increase

in annual-mean AHT is a smooth function of latitude but is due to a spatially

inhomogeneous blend of changes in SE and TE which vary by season. During

the LGM, the increase in wintertime SE transport in the NH mid-latitudes ex-

ceeds the decrease in TE resulting in enhanced total AHT. Total AHT changes

in the SH are not significant. These results suggest that the net top of atmo-

sphere radiative constraints on total MHT are relatively invariant to climate

forcing due to nearly compensating changes in absorbed solar radiation and

outgoing longwave radiation. However, the partitioning of MHT depends on

detailed regional and seasonal factors.
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1. Introduction41

The total (ocean plus atmosphere) meridional heat transport (MHT) across a latitude circle by the42

coupled (ocean-atmosphere) climate system must, on long timescales, be balanced by the net top43

of atmosphere (TOA) radiative deficit spatially integrated over the polar cap bounded by a latitude44

circle (e.g. Vonder Haar and Oort 1973). This constraint offers two conceptually different but45

numerically equivalent frameworks for diagnosing and analyzing MHT. In a dynamic framework,46

MHT is equal to the vertically and zonally integrated net transport of energy across the latitude47

circle by atmospheric and oceanic motions due to the contrasts in energy content of equatorward48

and poleward flowing air/water (Lorenz 1953; Oort 1971). In an energetic framework, MHT is49

equal to the net TOA radiative deficit integrated over the extratropics or, equivalently, the net50

radiative excess integrated over the tropics. The hemispheric scale radiative imbalance results51

from the equator-to-pole gradient of absorbed solar radiation (ASR) being steeper than that of52

outgoing longwave radiation (OLR, Trenberth and Stepaniak 2004; Oort and Haar 1976).53

In a seminal paper, Stone (1978) argued that the observed maximum poleward MHT in each54

hemisphere (MHTMAX ) is primarily dictated by Earth-Sun geometry and relatively insensitive to55

the details of the atmospheric state due to nearly canceling contributions of the equator-to-pole56

gradient in planetary albedo and OLR. More recent work has demonstrated that the large-scale57

distribution of net TOA radiation can vary substantially between different climate models be-58

cause cloud properties fundamentally control the ASR distribution (Donohoe and Battisti 2011)59

but have a modest impact on OLR. As a result, MHTMAX differs by as much as 20% between60

different climate models in simulations of the pre-industrial climate due to differences in cloud61

distributions/properties (Donohoe and Battisti 2012). However, several studies have demonstrated62

that within a single model MHTMAX is nearly invariant to the state of the oceanic circulation (Far-63
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neti and Vallis 2013; Enderton and Marshall 2009), in the interannual variability (Vellinga and64

Wu 2008) and across paleoclimate states (Yang et al. 2015b). These results raise two key ques-65

tions. First, how does MHT and its partitioning vary across climate states within ensembles of66

comprehensive, coupled global climate models (GCMs), given that clouds (and other forcings and67

feedbacks) can cause substantial changes in net TOA radiation? Second, what dynamical processes68

in the atmosphere and ocean contribute the MHT changes under climate forcing?69

Here we consider MHT and its changes as simulated by an ensemble of comprehensive climate70

models participating in the Coupled Model Intercomparison Project phase 5(CMIP5; Taylor et al.71

2012). We examine MHT within three different climate states: the climate at the Last Glacial72

Maximum (LGM), the climate under pre-industrial (PI) CO2 conditions, and the climate with CO273

levels set at four times the pre-industrial concentration (4×CO2). Earth’s simulated global-mean74

surface temperature differs by approximately 10◦C between the LGM simulations and the end of75

the 150-year long 4×CO2 simulations owing to the substantial increase in CO2 and the elimination76

of large Northern Hemisphere ice sheets. Nonetheless, the ensemble average MHTMAX is nearly77

invariant between the simulated LGM, PI and 4×CO2 climate states (Fig. 1A) changing by only78

4% in the Northern Hemisphere (NH) and by only 2% in the Southern Hemisphere (SH). This79

result suggests that while cloud properties and their changes play an important role for the inter-80

model spread of MHTMAX in climate models when forced by identical (pre-industrial) forcings81

(Donohoe and Battisti 2012), the large-scale distribution of net TOA radiation, and thus MHT, is82

nearly invariant over a wide range of climate states (Fig. 1), just as Stone (1978) speculated.83

The smooth, monotonic decrease in both (annual-mean) ASR and OLR from the equator to pole84

mandates that MHT be a smooth and continuous function of latitude peaking in magnitude in85

the mid-latitudes of each hemisphere (Trenberth and Stepaniak 2003b). Yet the atmospheric and86

oceanic circulations that accomplish the total MHT have a rich spatial structure (Trenberth and87
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Caron 2001; Armour et al. 2019). In the deep tropics the atmosphere and ocean make comparable88

contributions to MHT (Fig. 2A), each dominated by the mass-overturning circulation in the atmo-89

spheric Hadley cells and wind-driven oceanic cells respectively (Held 2001). In the extratropics90

(poleward of 30◦ latitude) the atmosphere does the lion’s share of the MHT and is comprised of91

the following transport processes: (i) transient eddies which dominate energy transport in the mid-92

latitude with latent- and sensible-heat transports that peak on the equatorward and poleward side93

of the storm track, respectively; (ii) stationary eddies in the subtropics associated with monsoons94

that transport latent heat during the summer in both hemispheres and, (iii) orographically and dia-95

batically (i.e. land-ocean contrast) forced stationary eddies in the NH winter that transport sensible96

heat polewards on the poleward flank of the storm track (Fig. 3; Masuda 1988).97

How do these different circulations adjust to produce a nearly-invariant and meridionally-smooth98

pattern of MHT across radically different climate states? Previous studies point to compensating99

changes in the various components that comprise total MHT:100

• Oceanic and atmospheric energy transports. If TOA radiation is climate-state invariant,101

changes in meridional (implied) oceanic heat transport (OHT) must be compensated by102

changes in meridional atmospheric heat transport (AHT), as originally proposed by Bjerknes103

(1964). This principle has been demonstrated using idealized models in which ocean basin104

geometry (Enderton and Marshall 2009) and the planetary rotation rates (Vallis and Farneti105

2009) are changed; in both cases, distinct changes occurred in ocean circulations and OHT106

but MHT (= OHT + AHT) remained nearly unchanged due to compensating AHT changes.107

In other modeling studies, the compensation between OHT and AHT is imperfect (i.e. MHT108

changes) due to large changes in sea-ice cover (Enderton and Marshall 2009) or in cloud109

cover (Liu et al. 2018a) such that changes in ASR are not balanced by those in OLR.110
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• Latent and sensible energy transport in the atmosphere. In response to global warming, the111

moistening of the atmosphere results in an increase in moisture transport (Held and Soden112

2006) in both the deep tropics (equatorward transport in the surface branch of the Hadley cell)113

and mid-latitudes (poleward transient eddy transport). Climate models show that changes114

in latent heat transport are opposed by changes in sensible heat transport in both regions,115

resulting in a modest change in total AHT (Hwang and Frierson 2010; Armour et al. 2019).116

• Transient and stationary eddy transports in the atmosphere. Model simulations suggest that117

in response to the enhanced topography of the Laurentide ice sheet during the LGM, AHT by118

atmospheric stationary eddies increases (Li and Battisti 2008) but that transient eddy AHT119

simultaneously decreases, despite the enhanced meridional temperature gradient (Donohoe120

and Battisti 2009), leaving AHT and total MHT nearly unchanged.121

Despite these compensation mechanisms, it is not clear why the equator-to-pole gradient in net122

TOA radiation is so constant as to produce nearly invariant MHT over a wide range of climates.123

Additionally, it is not clear why total MHT remains invariant when there are large changes in the124

mix of processes responsible for AHT (Trenberth and Stepaniak 2003a; Armour et al. 2019).125

Traditionally, the partitioning of AHT requires that the transient eddy energy transport be calcu-126

lated from high temporal resolution (i.e. six hourly) data – a computationally expensive calculation127

to perform across an ensemble of models. For this reason, the change in AHT partitioning under128

climate forcing has been diagnosed in single model studies (Wu et al. 2011; Enderton and Mar-129

shall 2009; Yang et al. 2015a) but not across a full ensemble of models. Changes in AHT due130

to increased CO2 differ substantially across climate models due to the inter-model spread in the131

spatial structure of cloud feedbacks and ocean heat uptake (Trenberth and Fasullo 2010; Hwang132

and Frierson 2010; Hwang et al. 2011; Zelinka and Hartmann 2012; Frierson and Hwang 2012;133
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Huang and Zhang 2014; Armour et al. 2019). Therefore, AHT changes identified within a single134

model might not isolate robust physical mechanisms from those contingent on the specific cloud135

parametrization within a single model.136

The primary goal of this work is to partition the mean state and forced changes in MHT in large137

ensembles of coupled GCMs in order to identify (i) model biases in the mix of processes contribut-138

ing to total MHT and (ii) changes in the partitioning of MHT in response to climate forcing that139

are robust across the models. We describe a methodology that allows AHT to be partitioned into140

different circulations (overturning, stationary eddies, transient eddies) and thermodynamic (latent,141

sensible, potential) contributions from standard monthly mean climate model output. Conceptu-142

ally similar methodologies have been used in single model studies (Hill et al. 2015; Xiang et al.143

2018; Rencurrell and Rose 2018; Rencurrel and Rose 2020). Here, we apply this methodology144

across 20 different CMIP5 GCMs to consistently partitioning AHT and diagnose robust features145

and changes between LGM, pre-industrial, and 4×CO2 climates.146

This manuscript is organized as follows. In Section 2a we discuss the calculation of MHT147

partitioning in the modern climate using satellite data and reanalysis products. In Section 2b we148

introduce the methodology for partitioning AHT in climate models using monthly mean output149

and in Section 2c we demonstrate the accuracy of this method using high temporal output from a150

climate model. In Section 3, we provide an overview of the results, focusing on the near-invariance151

of total MHT from the LGM to 4×CO2 and how this result is achieved from dynamical and152

radiative perspectives. In Section 4, we compare the MHT partitioning in climate models to the153

observational estimates. In Sections 5 and 6, we analyze the simulated MHT partitioning changes154

under 4×CO2 and LGM conditions, respectively. A summary and conclusion follows.155
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2. Data and methods156

We partition MHT into OHT and AHT components, and further decompose AHT into merid-157

ional overturning circulation (MOC), stationary eddy (SE) and transient eddy (TE) contributions:158

MHT = OHT+MOC+SE+TE︸ ︷︷ ︸
AHT

. (1)

Our method partitions the MHT and the various components of AHT based on standard monthly159

mean climate model output whereas the observed AHT is calculated directly from high temporal160

resolution three-dimensional atmospheric reanalysis products:161

• Observations: We calculate the vertically and zonally integrated atmospheric energy trans-162

ports (≡ AHT) from two different high temporal (6-hourly) and spatial resolution reanalysis163

products (see below) that permit an explicit calculation of the TE contribution. Total MHT is164

calculated from satellite TOA radiation and the OHT is diagnosed as a residual as in Trenberth165

and Caron (2001).166

• Models: We diagnose the total MHT from monthly mean TOA radiation, the implied OHT167

from the monthly mean surface energy fluxes and AHT from the difference between TOA168

and surface energy fluxes. We then calculate the AHT associated with the time invariant169

meridional overturning circulations and stationary eddies (MOC and SE) from monthly mean170

model output and diagnose the TE contribution as a residual.171

The observational and model approaches differ because of the contrasting reliability and availabil-172

ity of model and observational data. Observationally based surface energy fluxes are not reliable173

at the global scale whereas they are standard output from climate models. The direct calculation174

of three dimensional transient eddy energy transports that we use in the observations requires six-175

hourly atmospheric data which is readily available in reanalysis data, but is not usually output in176
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climate model simulations because of the enormous storage requirements. The details of these177

approaches are outlined below.178

a. Partitioning of MHT, AHT and OHT in observations179

We begin by discussing the calculation of annual mean oceanic and energy transports in an180

equilibrium climate state with no energy tendency (storage) in the atmosphere or ocean – thus181

providing the constraint of energy balance in the atmosphere and ocean. The total MHT at any182

latitude is equal to the energy transport required to balance the TOA radiative imbalance spatially183

integrated over the polar cap bounded by that latitude:184

MHT(θ) =−2πa2
∫ 90

θ

cos(Θ) [ASR(Θ)−OLR(Θ)]dΘ, (2)

where a is the radius of Earth, θ is latitude, and the cosine in the integrand accounts for spherical185

geometry. TOA radiation data is taken from the climatology of the Clouds and Earths Radiant186

Energy Systems (Wielicki et al. 1996) Energy Balance and Filled product (Loeb et al. 2009) ver-187

sion 4.0 from March of 2000 to December 2016. In theory, global-mean energy balance ensures188

that MHT(θ ) is independent of whether the TOA radiative imbalances are integrated from θ to189

the North Pole (as written in Eq. 2) or from the South Pole to θ (with negative sign omitted). In190

practice, there is a non-zero global-mean value of (ASR-OLR) that must be subtracted from the191

integrand above to ensure that MHT goes to zero at both poles; we assume this energy imbalance192

is spatially invariant and thus subtract a constant value at all latitudes, but note this as an important193

caveat to the calculation of climatological MHT in both observations and models. For the CERES194

EBAF data, the global radiative imbalance is equal to the long-term ocean heat uptake calculated195

from ARGO data of +0.65 W m−2 (Johnson et al. 2009). We use this same approach (i.e. Eq. 2)196

to calculate MHT in coupled climate models where the ensemble mean absolute values of global197
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mean TOA net radiative imbalance in PI models is ≈ 0.5 W m−2 TOLucarini and Ragone ((simi-198

lar that in CMIP3 models 2011) which translates to a ±0.1 PW adjustment of MHTMAX . Energy199

imbalance in the PI control simulations could arise from either not reaching full equilibration or200

from a lack of energy conservation, primarily within the atmospheric model component (Hobbs201

et al. 2016). Because energy non-conservation appears to be largely invariant over time and across202

forcing scenarios of CMIP5 models (Hobbs et al. 2016), we expect the calculation of heat transport203

changes to be largely unaffected by this issue.204

We calculate the AHT as the vertically (mass-weighted) and zonally-integrated meridional trans-205

port of moist static energy, MSE = cpT +Lq+gZ where T is the atmospheric temperature, cp is206

the specific heat of air at constant pressure, L is the latent heat of vaporization of water, q is the207

specific humidity, g is the acceleration of gravity, and Z in the geopotential height. We use two208

different atmospheric reanalyses products for our calculations: (i) the NCEP reanalysis product209

(Kalnay et al. 1996), which has a horizontal spectral resolution of T62 and 17 vertical levels, and210

(ii) the ERA interim reanalysis product (Dee et al. 2011), which has a horizontal resolution of 1.5◦211

and 37 vertical levels. We use 6-hourly fields to calculate the energy transport for each month over212

the 2000-2016 time period, averaging the results over all years to define the climatological AHT213

(for each month). The velocities and MSE are subdivided into the zonal and time mean, transient214

eddy, and stationary eddy components (as in Priestley 1948; Lorenz 1953). In this framework, the215

vertically and zonally integrated total energy transport is:216

AHT(θ) =
2πacos(θ)

g

∫ Ps

0
[V̄ ]
[
MSE

]︸ ︷︷ ︸
MOC

+[V ∗MSE∗]︸ ︷︷ ︸
SE

+

TE︷ ︸︸ ︷[
V ∗′MSE∗

′
]
+

TOC︷ ︸︸ ︷
[V ]′ [MSE]′︸ ︷︷ ︸

Transients

d p, (3)

where V is the meridional velocity and the vertical integral is over pressure (p) from the TOA217

to the surface; square brackets [ ] denote zonal averages, overbars ( ) denote time averages218
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over each month of analysis, asterisks (∗) are departures from the zonal average, and primes (′)219

are departures from the time average. The calculation is performed at each latitude (θ ). The220

first term is the product of the time and zonal mean meridional velocity and MSE and represents221

the meridional overturning circulation energy transport (MOC) by way of the vertical gradient222

in MSE. We account for conservation of mass in the MOC energy transport by removing the223

vertically-averaged MSE (Marshall et al. 2013) as opposed to using a barotropic wind correction224

(Trenberth and Stepaniak 2003a) because the resultant MOC has been shown to be more physically225

relevant on monthly time scales (Liang et al. 2018). The second term is the stationary eddy energy226

transport (SE) which is poleward when the time average eddy (i.e. monthly mean, anomaly from227

zonal mean) poleward velocity occurs in a warm (or wet) sector. The first two terms can be228

calculated from monthly mean data.229

The third term is the transient eddy energy transport (TE) due to the temporal covariance of230

V and MSE that is primarily associated with baroclinic synoptic eddies. The fourth term is the231

energy transport associated with the covariance of the zonal mean overturning circulation and the232

vertical stratification that has previously been referred to as the transient overturning circulation233

(TOC; Marshall et al. 2013); it is two orders of magnitude smaller than the MOC in the deep234

tropics and two orders of magnitudes smaller than the eddy terms in the mid-latitudes. Thus,235

herein we will ignore the TOC in our discussion of AHT and refer to the sum of the TOC and236

transient eddy energy transport simply as TE although we note that the term ”transients” would be237

a more technically accurate word choice. The moist and dry components of AHT, SE, MOC and238

TE are calculated from Eq. 3 by replacing the total MSE with the moist (Lq) and dry (CpT +gZ)239

components, respectively.240

OHT is calculated as the residual of the MHT determined from TOA radiation via Eq. 2 and241

the AHT calculated from the atmospheric reanalysis via Eq. 3 as in Trenberth and Caron (2001).242
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Stated otherwise, the satellite-derived TOA radiation and reanalysis-derived AHT convergence243

constrains the surface energy fluxes (as a residual) at each latitude via the atmospheric energy244

balance. The oceanic energy balance requires that the surface heat fluxes are balanced by the245

ocean heat transport divergence and, thus, the implied OHT(θ ) is the spatial integral from the pole246

to θ .247

b. Partitioning of MHT and AHT using monthly average coupled climate model output248

We partition AHT in the CMIP5 models using monthly mean data because the six-hourly output249

needed to calculate the transient eddy energy transport in Eq. 3 is not readily available for all250

models. However, the implied OHT at each latitude can be calculated accurately from the surface251

heat flux (SHF), which is composed from standard model output. The OHT is the spatial integral252

of the SHF over the polar cap bounded by that latitude:253

OHT(θ) =−2πa2
∫ 90

θ

cos(Θ) [SHF(Θ)]dΘ, (4)

a statement that (in equilibrium) the surface heat flux out of the ocean, beyond a latitude circle,254

is balanced by poleward ocean energy transport into the region. SHF is the net (radiative plus255

turbulent) downward energy flux at the surface:256

SHF = SW ↓ −SW ↑+LW ↓ −LW ↑︸ ︷︷ ︸
Surface Radiation

−Sensible ↑ −Latent ↑︸ ︷︷ ︸
Turbulent

, (5)

where SW and LW refer to the shortwave and longwave radiative fluxes with arrows denoting257

downwelling and upwelling radiation at the surface. We note that Eq. 4 is valid when the ocean is258

in equilibrium. When the system is not in equilibrium (i.e. the ocean is accumulating energy), Eq.259

4 expresses the implied OHT which is the sum of OHT and the spatial integral of the tendency in260

ocean heat content. Thus, our comparison of OHT diagnosed from Eq. 4 in the PI and LGM (equi-261
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librium) simulations versus the 4×CO2 (transient) simulations do not constrain changes in OHT262

since the latter includes the impact of transient ocean storage. However, the change in AHT that263

accompanies changes in implied OHT is independent of whether the implied OHT change results264

from lateral ocean energy transport or transient ocean heat content changes since the atmosphere265

only responds to the associated SHF.266

Total MHT is calculated as in the observations from the net TOA radiation via Eq. 2. AHT is267

then constrained by Eq. 1 as the residual of MHT and OHT calculated from TOA radiation and268

SHFs, respectively. Stated otherwise, the difference between TOA radiation and the (downward)269

SHF constrains the net (radiative plus diabatic) heating of a column of atmosphere which can be270

spatially integrated to calculate AHT. As in the observations, the AHT by the SE and MOC is271

calculated from the the monthly mean fields of V and MSE via Eq. 3. The energy transport by272

transients (TE + TOC) is calculated as the residual of the atmospheric energy transport by the273

stationary circulation (SE + MOC) and the total AHT. As noted in our discussion of the observed274

AHT partitioning, TOC is much smaller than TE and we herein refer to the energy transport by275

the transients (calculated as a residual in the models) as TE for simplicity even though the TOC is276

also included in the calculation.277

We next describe how to calculate the moist and dry components of AHT from monthly mean278

model output. The latent heat transport at any given latitude (AHTmoist(θ )) equals the integral of279

evaporation, E minus precipitation, P, polewards of that latitude, multiplied by the latent heat of280

vaporization (L):281

AHTmoist(θ) =−2πa2
∫ 90

θ

cos(Θ) [L(E(Θ)−P(Θ))]dΘ. (6)

The dry contribution to total AHT can then be calculated from the residual of total AHT and282

AHTmoist . The moist and dry transport in the SE and MOC is calculated in the same manner as283
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the observations, by replacing MSE in Eq. 3 with the moist (Lq) and dry (cpT +gZ) components.284

TEmoist is calculated as the residual of the total AHTmoist in Eq. 6 minus the sum of the latent heat285

transport by the steady atmospheric circulations (SEmoist and MOCmoist):286

TEmoist = AHTmoist− (SEmoist +MOCmoist) . (7)

TEdry is the difference between the total TE and TEmoist .287

The above discussion pertains to the calculation of annual-mean AHT and OHT where (in an288

equilibrium climate) ocean and atmospheric energy content changes are negligible. On seasonal289

time scales, we must account for the tendency in atmospheric energy content in our calculation290

of AHT and seasonal storage of energy in the ocean in the interpretation of implied OHT. The291

implementation of these considerations is discussed in detail in the Appendix.292

c. Validation of partitioning technique293

The AHT partitioning method used on climate models uses monthly averaged model output294

and relies on the closure of the atmospheric energy budget to diagnose the transient eddy energy295

transport as the residual of that demanded by TOA radiation and surface fluxes minus the energy296

transport by the stationary circulation. Here, we analyze the closure of the atmospheric energy297

budget in a single climate model using high-frequency atmospheric fields alongside climatological298

energy fluxes at the TOA and surface as a validation of the accuracy of the methods based on299

monthly mean fields proposed above..300

We run a 10 year PI simulation in the NCAR CESM coupled model and output the time averaged301

product of instantaneous (i.e. at each dynamic time step) V and T (V T ), V and Q (V Q), and V302

and Z (V Z) as a three dimensional field (pressure level, lat,lon). The output is interpolated to303

pressure levels from the model’s native vertical coordinate akin to the CMIP archived data. This304
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choice was made to test if the interpolation to pressure levels introduces energy budget residuals.305

The transient MSE transport (TEdirect) is calculated as the difference between the time averaged306

products minus the product of the time average fields:307

TEdirect =
2πacos(θ)

g

∫ Ps

0
cp
(
V T −V T

)
+L

(
V Q−V Q

)
+g
(
V Z−V Z

)
d p. (8)

There is excellent agreement between TE energy transport calculated from the residual of total308

AHT and the stationary energy transport (solid red line in top panel Fig. 3) and the direct calcula-309

tion of TE energy transport from the high frequency fields via Eq. 8 (dashed red line). Similarly,310

TEmoist calculated from the monthly mean fields via Eq. 7 (solid red line in bottom panel Fig.311

3) is in excellent agreement with that calculated by Eq. 8 (dashed red line). These statements312

are equivalent to the statement that the energy and moisture budgets of the atmosphere in CESM313

are both closed. These results suggest that the residual method used in this manuscript accurately314

diagnoses the TE energy and moisture transport.315

d. Climate model experiments analyzed316

We analyze MHT partitioning in three different experiments performed as part of the CMIP5317

suite of experiments: (i) Pre-industrial (PI) control simulations run to equilibrium; (ii) Abrupt318

carbon dioxide quadrupling (4×CO2) from the PI base state; and (iii) LGM simulations forced319

by reduced greenhouse gas concentrations, prescribed ice sheet topography and orbital parameters320

from 21,000 years ago (Braconnot et al. 2007a). We analyze all model simulations that are publicly321

available and that report all (monthly mean) output fields required for our analysis: precipitation,322

TOA radiation, radiative and turbulent energy fluxes at the surface and three dimensional atmo-323

spheric winds, temperature, geopotential height and specific humidity. In total, output from 20324

different models are included in the PI and 4×CO2 analyses and seven different models are in-325
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cluded in the LGM analyses. PI and LGM climatologies are calculated from the last 50 years of326

the simulations; climatologies for the 4×CO2 simulations are calculated using years 50-100 after327

quadrupling.328

3. Near-invariance of total meridional heat transport from the LGM to 4×CO2329

We now provide an overview of the MHT changes over the ensemble of climate simulations330

spanning the Last Glacial Maximum (LGM) to 4×CO2 as viewed from the dynamics and radia-331

tive perspectives. We consider transport changes to be robust when the ensemble mean change332

exceeds two standard deviations of the mean change1. This criteria roughly corresponds to a 95%333

confidence interval of ensemble mean changes in a two tailed t-test.334

In the ensemble average, total MHT in the LGM and 4×CO2 simulations is nearly identical335

to that in the PI simulations: the CMIP5 ensemble average change in MHT is not significantly336

different from zero at all latitudes in the 4×CO2 simulations and outside of the NH mid-latitudes337

in the LGM (Fig. 1b). However, while the total ensemble mean MHT is climate-state invariant338

(excluding the LGM changes in the NH) the component contributions to MHT vary substantially339

and robustly across simulations. Compensating changes are seen in the broadest sense– from a340

dynamics perspective (in the partitioning of MHT between AHT and OHT) and from a radiative341

perspective (in the changes in the equator-to-pole gradient of OLR and ASR). The changes in342

MHTMAX in each model under 4×CO2 and LGM forcing are shown in Tables 1 and 2 respectively.343

MHTMAX changes within a single model can depart from the ensemble mean change by as much344

as 0.3 PW in both hemispheres due to inter-model differences in the (spatial structure of) cloud345

radiative feedbacks (see Fig. 6d of Zelinka and Hartmann 2012).346

1The standard deviation of the mean change is the standard deviation of the change across models divided by the square root of the number of

models.
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From a dynamics perspective there is a robust increase in poleward atmospheric heat transport347

(AHT) under 4×CO2 (Fig. 2b) in both hemispheres (Hwang and Frierson 2010) with nearly348

compensating decreases in implied poleward ocean heat transport (OHT, see Fig. 11B in Held and349

Soden 2006). The changes in implied OHT are due to the spatial pattern of transient ocean heat350

uptake that preferentially occurs in the high latitude oceans (Marshall et al. 2015; Armour et al.351

2016). It is unclear whether the increase in poleward AHT and decrease in implied OHT under352

4×CO2 would also be a feature of the fully equilibrated 4×CO2 climate (Chengfei et al. 2019).353

We can visualize the degree of compensation between AHT and OHT changes by co-plotting the354

magnitude of AHT and OHT at the latitude of maximum MHT (Fig. 2c) in both the NH (squares)355

and SH (circles); in this space, lines of constant MHTMAX have slope of -1 and are shown by356

the colored contour lines. Changes in AHT and OHT (denoted by dashed lines and arrows) under357

4×CO2 (red) relative to the PI are primarily along lines of constant MHTMAX in both the ensemble358

average and in individual models indicating near perfect compensation between AHT and OHT.359

AHT and OHT changes in the LGM simulations (blue lines and arrows in Fig. 2c) also compensate360

for each other but the compensation is not perfect as indicated by the drift of the blue lines across361

lines of constant MHTMAX . MHTMAX increases robustly in the NH under LGM forcing and thus362

the ensemble-mean increase in poleward AHT in the NH is unaccompanied by compensating OHT363

changes.364

From a radiative perspective, the MHT can only change if the equator-to-pole gradient of net365

radiation at the top of atmosphere (TOA) changes. In all three sets of simulations, the broad scale366

structure of absorbed solar radiation (ASR) and outgoing longwave radiation (OLR) are nearly367

unchanged (c.f. the red and blue lines in Fig. 1d) suggesting that the magnitude of MHT is con-368

strained by Earth-Sun geometry to zeroth order in accordance with Stone (1978). Furthermore,369

changes in the equator-to-pole gradient of ASR and OLR nearly compensate for each other (Fig.370
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1d and 2e). For example, in response to 4×CO2, extratropical ASR and OLR both increase (rel-371

ative to their global mean values) as the high-latitude surface albedo decreases (Donohoe and372

Battisti 2011) and polar amplification (e.g Holland and Bitz 2003) enhances OLR via the Planck373

feedback leaving the net TOA radiative deficit over the extratropics nearly unchanged.374

Donohoe and Battisti (2012) introduced a metric to formalize this radiative compensation over375

the polar cap bounded by the latitude (θMAX ) where MHT = MHTMAX in each hemisphere. Let376

ASR∗ be the the spatial integral of the deficit of ASR (relative to the global mean) poleward of377

θMAX and OLR∗ be the deficit of OLR over the same region, then MHTMAX = ASR∗- OLR∗. Fig.378

2F shows that ASR∗ and OLR∗ each change by order 1PW in response to LGM and 4×CO2 forcing379

with the most notable change being the robust increase of both quantities by more than 1PW in380

the NH in the LGM simulations (blue squares). However, the changes in ASR∗ and OLR∗ mostly381

compensate for one another (the changes denoted by the lines with arrows are almost parallel to the382

contour lines of constant MHTMAX ) and, thus, MHTMAX is nearly climate-state invariant despite383

large changes in the individual radiative components that constrain MHT. The only significant384

(ensemble mean) change in MHTMAX occurs in the NH under LGM conditions where the increase385

in ASR∗ exceeds that in OLR∗ (the solid blue line connecting squares has slope less than 1 in Fig.386

1f). Interestingly, the net TOA radiation during the LGM changes substantially regionally with387

decreases of ≈60 W m−2 over the Laurentide ice sheet (not shown) and zonal means decreases388

of ≈10 W m−2 (c.f. the dashed and solid blue lines in Fig. 1d near 60◦N) due to reduced ASR389

over the bright surface. However, there is a compensating increase in net TOA radiation poleward390

of 70◦N due to decreased OLR associated with surface cooling that results in a near cancellation391

of OLR∗ and ASR∗. These results show that despite large regional scale net radiative changes,392

the equator-to-pole scale net TOA radiation, and thus MHTMAX , is approximately invariant across393

vastly different climate states.394
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We have seen that MHTMAX is nearly climate-state invariant because there is near compen-395

sation from both dynamical and radiative perspectives. From a dynamics perspective AHT and396

OHT changes nearly compensate. From a radiative perspective, ASR∗ and OLR∗ changes nearly397

compensate. We now look at a more detailed view of AHT changes partitioned into dynamic398

circulation changes and thermodynamic energy components.399

4. Partitioning of heat transport: comparison of models and observations400

We begin with a brief comparison between models and observations of the dynamic (TE, SE,401

MOC) and thermodynamic (moist, dry) AHT partitioning, in both the annual mean and the solsti-402

tial season DJF and JJA (Fig. 4). We note at the onset that the comparison between PI simulations403

and the observed climate system over the 2000-2016 time period is not an apples-to-apples com-404

parison since the PI simulations represent a equilibrium climate state whereas the observed system405

is in transient adjustment to anthropogenic forcing. Comparison between PI and historic simula-406

tions find generally small (magnitudes less than 0.1 PW) differences in MHT and its partitioning407

between AHT and OHT. However, in all models the implied ocean heat transport (OHT) in the408

southern hemisphere is approximately 0.1 PW smaller over the 2000-2016 time period in the his-409

toric run as compared to that in pre-industrial simulation in the same model while AHT is larger410

by approximately the same amount. We speculate that this results from transient ocean heat uptake411

in the Southern Ocean in response to historic anthropogenic forcing and this would bias the ob-412

served OHT low relative to the PI simulations should the same process be occuring in nature. The413

annual mean AHT at the latitude of maximum poleward transport (AHTMAX ) in CMIP5 PI con-414

trol simulations generally exceeds the observationally based estimates; AHTMAX exceeds the ERA415

reanalysis calculation in 19 (out of 20) models in the NH and in 17 models in the SH. Similarly,416

AHTMAX exceeds the NCEP reanalysis calculation in 17 models in the NH and in all models in the417
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SH. This is primarily due to greater poleward TE during the winter season (red lines in Fig. 4b,c)418

and secondarily due to less equatorward energy transport in the Ferrel cell (mid-latitude MOC) in419

the models compared to the observational estimate (primarily in the winter). This is somewhat of420

a puzzle because the strength of the Ferrel cell is generally thought to be a direct consequence of421

TE energy transport (Peixoto and Oort 1992). Interestingly, the annual-mean SE energy transport422

in models is biased low relative to the observations throughout the NH, a result that is remarkably423

consistent between the different reanalysis products. This model bias stems from too weak trans-424

port of sensible energy during the boreal winter (c.f. the dashed and solid green lines in Fig. 4b)425

and too weak moisture transport in the monsoonal systems during the boreal summer (Fig. 4c).426

In the tropics, energy transport by the meridional overturning circulation (MOC) varies substan-427

tially between CMIP5 models and the ensemble average is biased low compared to the observa-428

tions (Fig. 4a-c) in both the NH (by 17% and 29% of the ERA and NCEP values, respectively) and429

SH (by 27% and 14% of the ERA and NCEP values, respectively). This bias results from too little430

transport into the subtropics of the winter hemisphere at the latitude of maximum MOC (about431

20◦N in Boreal winter and 20◦S in Austral winter; Fig. 4b,c). In the deep tropics (nearby the432

equator) the TE is in the same sense as the MOC but it is much stronger in the models than in the433

observations; TE is 40% of the MOC transport near the equator in the models. In contrast, trans-434

port by TE is negligible near the equator in both observational data sets (Donohoe et al. 2013b).435

This model-observational mismatch is entirely due to dry TE (c.f. the dashed and solid red lines436

in Fig. 4e,f).437

Appendix Fig. A1 shows a comparison of annual mean MHT partitioned into AHT and implied438

OHT in models and observations where the observational estimates of OHT are calculated from the439

difference of the CERES derived MHT and the NCEP/ERA reanalysis derived AHT. Observational440

MHT is within the model spread of MHT in both hemispheres despite the large inter-model spread441
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in MHT. However, in general, models have stronger than observed poleward AHT and weaker442

than observed poleward OHT especially in the SH. Because our observed OHT is derived from the443

residual of MHT and AHT and has no direct observational constraint we are reluctant to speculate444

on the dynamical cause of this apparent model bias.445

The reader may be concerned that the model-observation mismatches highlighted above result446

from the different methodologies used to partition AHT in models and observations. There are447

two possible sources of methodological differences: (1) any sub-6 hourly co-variances will not448

be accounted for in the observational TE potentially leading to a low bias and (2) any non-energy449

conserving process in the models (e.g. Lucarini and Ragone 2011) may lead to inconsistencies450

between the MHT diagnosed from energetic requirements versus those from dynamic processes451

biasing the TE transport calculated as a residual in unknown ways. However, we note that biases452

in MOC and SE are comparable in magnitude to those in TE and the former two contributions453

are calculated in exactly the same way in models and observations. This suggest that there are454

genuine, large differences in the partitioning of MHT between CMIP models and observations.455

5. Energy transport partitioning changes under 4×CO2456

Here we focus on the dynamical and thermodynamic contributions that contribute to the increase457

in poleward AHT under 4×CO2. In Figures 5 to 7 we present the PI and 4×CO2 analyses for the458

annual mean, DJF, and JJA, respectively. Each figure shows the MOC, SE, and TE contributions to459

AHT, and each contribution is in turn split into its dry and moist components. The left-hand panels460

show the two climatologies, and the right-hand panels show the differences. Each of the twenty461

ensemble members is plotted, together with the ensemble mean. In what follows, we highlight462

several specific aspects of the analyses that we have found noteworthy. For those interested in463
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exploring specific questions, the heat transport partitioning for all model are available in the online464

repository: https://atmos.uw.edu/~aaron/cmip_AHT_partition/.465

The annual-mean total poleward AHT increases in both hemispheres 4×CO2 and the change in466

AHT is smooth function of latitude (Fig. 5b). However, the changes in the dynamical components467

of AHT have a rich meridional structure. Some of the component changes are robust across the468

ensemble members whereas others vary in sign and magnitude across the ensemble. Notably, for469

each model the component changes sum to a smooth increase in total poleward AHT (Fig. 5b,d).470

The robust changes in AHT partitioning under 4×CO2 are:471

• An increase in poleward heat transport by transient eddies (TE) in the SH storm track regions472

(30◦S - 60◦S). This occurs during winter and summer (Fig. 6h and 7h). The ensemble-mean473

increases are due entirely to a robust increase in TE moisture transport. Changes in TE dry474

transport are ambiguous with nearly an equal number of models simulating increases and475

decreases. There is a robust compensating increase in the equatorward energy transport in the476

thermally indirect Ferrel cell as would be expected from the robust increase in low-level eddy477

heat flux convergence on the poleward flank of the storm track, forcing ascent. The meridional478

temperature gradient increases slightly in this region (not shown) during all seasons due to479

delayed Southern Ocean warming. As a result, the meridional moisture gradient increases480

owing to nearly constant relative humidity and the non-linearity in Clausius Clapeyron. We481

speculate this strengthened meridional moisture gradient causes the enhanced poleward TE482

moisture transport.483

• An increase in poleward moisture transport by stationary eddies in the subtropics of both484

hemispheres (10◦S-40◦S and 10◦N-50◦N) during summer (Fig. 6f and 7f). In the climatology,485

stationary waves associated with monsoon systems (Hurley and Boos 2015) are responsible486
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for the maximum in moisture transport by stationary eddies that peaks near 25◦ latitude in487

the summer hemisphere. The increased moisture transport by stationary eddies in the 4×CO2488

ensemble represents an intensification of these climatological transports (Fig. 6f and 7f) that489

are likely due to an increase in ambient atmospheric moisture (Hori and Ueda 2006).490

• Large, nearly compensating changes in tropical moist and dry energy transport. In the PI491

climatology, the meridional overturning circulation transports moisture (≈ 4 PW of latent492

energy) into the summer hemisphere in the lower branch of the Hadley cell and dry energy493

(≈ 6 PW of sensible + potential) out of the summer hemisphere in the upper branch of the494

Hadley cell with a net energy transport (≈ 2 PW) away from the summer hemisphere. Under495

4×CO2, the moistening of the surface and upward extension of the Hadley circulation as the496

tropopause rises results in an enhancement of the dry and moist energy transport in the MOC497

(Fig. 5j, 6j and 7j) with small net changes (Held and Soden 2006; Yang and Dai 2015).498

• Increases in poleward stationary eddy heat transport (SE) in the Southern Ocean (≈ 60◦S.499

These changes are most prevalent during JJA and are entirely due to changes in sensible500

energy transport (Fig. 7e).501

There are several changes in AHT that differ markedly among ensemble members. Most notably,502

the changes SE and TE in the NH mid-latitudes during DJF (Fig. 6f,h). At 45◦N during DJF, the503

poleward SE increases by 0.2 ± 0.7 PW and the poleward TE increases by +0.4 ± 0.6 PW, where504

the stated ± values are 2σ across the 20 ensemble members. The inter-model spread in TE and505

SE changes are strongly (R=-0.71) negatively correlated, resulting in a total AHT change of 0.6506

± 0.3 PW. This result suggests that the change in total AHT is more tightly constrained (by TOA507

radiation and SHF constraints) than the response of the individual circulation components. This508

implies a mechanism of compensation between the SE and TE changes.509
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The total mid-latitude TE change is a tug of war between moist and dry components (Fig. 5h).510

The poleward latent energy transport increases in all models (mean = 0.4 PW) and the dry TE511

transport decreases (mean = -0.1PW) in the majority of models but with remarkable spread (0.6512

PW). In the mid-latitudes in all seasons, inter-model differences in dry TE tend to reduce the inter-513

model spread of total AHT changes and make the resultant total AHT changes a smoother function514

of latitude.515

TE contribute more to cross equatorial AHT during the solstice seasons under 4×CO2 (Fig. 6a516

and 7a). As discussed in Section 4, TE near the equator is larger in CMIP5 PI than in observational517

estimates. Under 4×CO2 the MOC still accomplishes the majority of AHT but the amplitude of518

the TE during the solstitial seasons is approximately 60% of MOC. In DJF, the changes in TE near519

the equator under 4×CO2 are comparable in magnitude to the change in MOC (Fig. 6b). This520

result raises concerns with attributing ITCZ shifts to changes in cross equatorial AHT demanded521

by the hemispheric scale energetics which assume the tropical AHT changes are due to MOC522

changes (Schneider et al. 2014; Donohoe et al. 2013b).523

6. Energy transport partitioning changes under Last Glacial Maximum conditions524

CMIP5 models robustly and unanimously simulate an increases in MHT in the NH in their LGM525

simulations (Fig. 8b – ensemble mean = +0.3PW) primarily due to increases in AHT (mean =526

+0.2 PW). AHT increases in 5 of the 7 models and decreases in the 2 models that have substantial527

increases in poleward OHT (Fig. 2b). In contrast, changes in MHT and AHT in the SH are528

close to zero in the ensemble average (Fig. 8a,b). The most striking change during the LGM is the529

(≈+0.7PW) enhancement of the NH SE around 55◦N during DJF (Fig. 9f) that is seen in all models530

and in the ensemble mean; it is associated with the atmospheric stationary wave that is generated531

by the Laurentide ice sheet (e.g. Li and Battisti 2008) and transports sensible heat poleward (Fig.532
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9f) in the mid and upper troposphere (not shown). In DJF, the increase in SE is compensated by533

a (≈-0.7PW) decrease in TE that is displaced slightly equatorward of the SE change (Fig. 9b).534

The TE decrease is due to decreases in the poleward transport of both dry and moist energy (Fig.535

9h). While a decrease in moisture transport by transient eddies is expected in a colder climate, the536

simultaneous decrease in dry TE is counter-intuitive in a climate with an enhanced equator-to-pole537

temperature gradient, where one might expect stronger storm tracks based on baroclinic instability538

(Eady 1949). However, eddy kinetic energy has been shown to decrease in most LGM simulations539

because the stationary wave generated by the Laurentide ice sheet reduces the upper level seeding540

of storms in the Atlantic domain (Donohoe and Battisti 2009). In the net, the DJF AHT in the NH541

is nearly unchanged during the LGM due to the compensation between SE and TE changes.542

Interestingly, the ensemble-mean increase in AHT in the NH mid-latitudes during the boreal543

summer is primarily a result of enhanced poleward TE centered around 40◦N (ensemble average544

change = 0.7PW; Fig. 10f) combined with smaller magnitude increase in SE centered around 50◦N545

(ensemble average change = 0.3PW; Fig. 10 h).546

In the SH, the total AHT and its partitioning is relatively unchanged in the LGM simulations547

(Figs. 8 a,b). The only significant change is a decrease in poleward moist TE that compensates for548

the increase in poleward dry TE which is most prevalent in the austral winter (Fig. 10h). The total549

TE change is not significantly different from zero. Moist-dry compensation of energy transport550

changes is also seen in the MOC. In JJA in the cross equatorial moist MOC into the NH decreases551

under LGM conditions with a nearly compensating decrease in dry MOC into the SH (Fig. 10i,j).552

Interestingly, the moist and dry changes in MOC transport during DJF are not simply a scalar553

change in the climatological transports (with the same underlying latitudinal structure); there is554

southward shift of the distribution during the LGM that is most evident in DJF (Fig. 9i,j) due to a555

southward Hadley cell (and ITCZ) shift.556
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7. Summary and conclusions557

Despite the large inter-model spread in climatological MHT in CMIP5 pre-industrial models,558

the ensemble mean MHT is in close agreement with the MHT observed in the NH (Donohoe and559

Battisti 2012) and biased low on average in the SH (Trenberth and Fasullo 2010) with the inter-560

model spread spanning the observational value. However, the partitioning of MHT in models is561

somewhat different from the partitioning in observations: (i) SH OHT is too weak in all climate562

models (Fig. A1); (ii) NH mid-latitude TE is larger in climate models than that observed; and (iii)563

SE is weaker in the models than in observations especially in boreal winter (Fig. 4). Additionally,564

in the deep tropics, TEs provide a modest contribution to AHT in climate models whereas AHT565

is almost entirely by the MOC in the observations. Remarkably, the inter-model spread in total566

MHT poleward of 50◦ in both hemispheres is small compared with the enormous spread in the567

component contributions (SE and TE) suggesting that relative weighting of the different transport568

processes is less constrained than is their net impact on the net TOA radiation. Furthermore, the569

large inter-model spread in MHT is primarily accomplished by inter-model differences in the TE570

sensible energy transport.571

Total poleward meridional heat transport (MHT) is nearly invariant in an ensemble of models572

spanning from the LGM to the PI to a world with CO2 quadrupled above PI levels; for example,573

the mean absolute magnitude of MHT change is 0.3 (0.1) PW and 0.2 (0.1) PW in the NH and SH574

respectively in response to LGM (4×CO2) forcing. However, the partitioning of MHT between575

AHT and implied OHT and between the various atmospheric circulations (SE, TE and, MOC) and576

energetic (moist and dry) contributions changes substantially with climate forcing. Some of the577

changes in MHT partitioning are robust across the ensemble of climate models including: (i) TE578

latent heat transport increases in a warmer/moister world with nearly compensating decreases in579
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TE sensible heat transport, (ii) the Hadley cell exports more sensible energy from the tropics to580

the subtropics in a warmer climate and imports more moisture into the tropics in the lower branch581

of the Hadley circulation, (iii) subtropical stationary waves associated with summer monsoons582

transport more moisture in a warmer world due to enhanced ambient humidity, (iv) implied OHT583

decreases under 4×CO2 (due to high latitude ocean heat uptake) with a nearly compensating in-584

crease in AHT in both hemispheres and (v) in response to LGM topography (e.g. the Laurentide585

ice sheet), NH stationary eddy sensible heat transport increases during the boreal winter. Other586

changes in the partitioning of MHT vary substantially between climate models including the net587

(moist plus dry) change in transient eddy energy transport with warming and the change in mid-588

latitude stationary eddy energy transport under 4×CO2. Overall, the changes in MHT are small589

and spatially smooth but the partitioning of those changes between circulations is larger in magni-590

tude, highly variable in space, and differs between climate models (e.g. Fig. 5b and 8b).591

Stone (1978) and Farneti and Vallis (2013) both speculated the MHTMAX is insensitive to592

changes in climate state because the atmosphere is efficient at transporting energy. The com-593

pensating changes between energy transports in the different dynamical components (AHT, OHT,594

SE, TE, MOC) and between latent and sensible heat seen here are consistent with the notion of595

efficient atmospheric energy transport (Liu et al. 2018b). However, in a system with efficient596

dynamics, radiative forcing at the equator-to-pole scale is primarily balanced by MHT changes597

(Yang et al. 2016, 2015b). The lack of MHT changes under LGM forcing – which is substantial598

at the equator-to-pole scale (Braconnot et al. 2007b) – seems at odds with the paradigm of effi-599

cient dynamics. Additionally, radiative feedbacks have substantial structure at the equator-to-pole600

scale (Feldl and Roe 2013; Armour et al. 2013) which would also be expected to result in changes601

in MHT in the limit of efficient dynamics since the homogenization of temperature results in spa-602
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tially variant radiative response. We offer a possible explanation to reconcile this apparent paradox603

below.604

An emerging body of work has argued that, in response to external forcing, atmospheric mo-605

tions move energy from regions that are inefficient at radiating energy to space to regions that are606

efficient at radiating energy to space (Roe et al. 2015; Feldl and Roe 2013; Frierson and Hwang607

2012) by diffusing moist static energy (Armour et al. 2019) – the sum of latent and sensible energy608

in the atmosphere. In the MSE diffusion framework, temperature changes in the deep tropics have609

a larger (factor of three) impact on AHT than equal magnitude temperature changes in the high610

latitudes (Liu et al. 2016) because of the exponential nature in the water vapor dependence on611

temperature at fixed relative humidity. This framework provides two complimentary perspectives612

on the near invariance of MHT in a changing climate:613

• The temperature response in regions of weaker (negative) radiative feedbacks will be greater614

than that in regions of stronger (negative) radiative feedbacks resulting in smaller regional615

differences in the net radiative response (e.g. the temperature response times the feedback)616

(Armour et al. 2019) resulting in small changes in the MHT.617

• Although forcing yields temperature changes that are polar amplified (because radiative feed-618

backs are less negative in the high latitudes, Armour et al. 2013, 2019) changes in moisture619

are greater in the tropics than in the polar regions. As a result, the meridional profile of the620

change in MSE is relatively flat Frierson et al. (2006) and there is little change in MHT.621

The MSE diffusion framework provides an explanation for why TOA net radiation changes in622

response to climate forcing are substantial at local scales yet are nearly immutable at the equator-623

to-pole scale. For example, in the LGM simulations there is a substantial (≈ 10 W m−2) zonal624

mean decrease in net radiation at the TOA over the Laurentide ice sheet (where the reduction in625
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ASR exceeds that in OLR locally) but a nearly equal-magnitude increase in net radiation poleward626

of 70◦N where the decrease in OLR associated with cooling is unaccompanied by compensating627

ASR changes (Fig. 2e) over the perennial sea ice. Even in the presence of substantial regional-628

scale solar forcing, adjustments in the atmospheric circulation spatially smooth the temperature629

response resulting in temperature and OLR changes in regions outside of the localized forcing630

which oppose the energetic input by the forcing. As a result, the equator-to-pole gradient in ASR631

and OLR (ASR∗ and OLR∗) show large magnitude, but nearly compensating changes (i.e. the632

near unit slope of changes in Fig. 2f) that render the MHT nearly climate-state invariant. In more633

general terms, dynamics are incredibly efficient at counteracting forcing at small scales and do so634

by smoothing temperature outside the region of forcing. The resultant spatially averaged radiation635

changes are constrained by the regions of most efficient radiative damping (Pierrehumbert 1995).636

Thus, although dynamics may be more efficient than the spatial average radiative damping of the637

climate system, the large scale climate forcing is primarily balanced by radiative feedbacks in the638

region of most efficient radiative damping, leaving the MHT nearly unchanged.639

From a dynamics perspective, the component circulations (OHT, AHT, SE, TE, MOC, moist,640

and dry) that comprise MHT vary remarkably between models and across the ensemble of sim-641

ulations analyzed here. The near invariance of total MHT is accomplished by several different642

compensating component changes which we list and discuss below:643

Implied OHT versus AHT change: In response to 4×CO2 the reduction in implied OHT644

associated with high latitude ocean heat uptake is nearly compensated for by an increase645

in AHT. This near compensation is expected given that changes in OHT and ocean heat646

uptake modify the energy input to the atmospheric column in nearly the same way that the647

climatological solar insolation impacts the atmospheric column to drive MHT: the majority of648
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the ASR measured at the TOA is absorbed at the surface which heats the surface and, in turn,649

heats the atmosphere via upward turbulent energy fluxes. In this sense, one would expect the650

AHT to respond to changes in implied OHT the same way it responds to a spatially localized651

radiative heating.652

Moist versus dry energy transport changes: Compensating changes in moist and dry AHT653

are seen in both the mid-latitude TEs and the tropical Hadley cells (MOC) as the atmosphere654

warms and moistens (cools and drys). In both regions, the climatological moisture transport655

is enhanced with warming. These changes are expected from unchanged atmospheric cir-656

culations with increased moisture. The enhanced moisture content of the lower troposphere657

and slight increase in gross moist stability of the tropical atmosphere with warming (Chou658

and Chen 2010; Ma et al. 2012; Wu and Tan 2013) leads to compensating changes in MOC659

tropical moisture import and dry static energy export in the surface and upper branches of660

the Hadley cell respectively with little net change (Hill et al. 2015). In the mid-latitudes,661

the opposing changes in TE moist and dry transports with warming result from an enhanced662

mid-latitude meridional gradient of moisture (which results from the non-linear Clausius-663

Clapeyron equation) and reduced meridional temperature gradient (Held and Soden 2006).664

Stationary versus transient eddy heat transport changes: The ensemble mean response665

to the Laurentide ice sheet in the LGM features an increase in SE and a decrease in TE in666

the NH. Additionally, although the change in SE in response to 4×CO2 differs markedly be-667

tween models, for each model the change in TE opposes the change in SE. As a result, the668

net change in AHT is both smaller in magnitude and spatially smoother than the component669

changes. Donohoe and Battisti (2009) argue that the poleward deflection of the LGM jet over670

the Laurentide ice sheet steers storms away from the Atlantic storm track, thereby reducing671
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the seeding of storms and the zonally averaged storminess. This result suggest that enhanced672

stationary wave amplitude can directly reduced the zonal mean transient eddy strength by673

steering storms away from the baroclinic zone that support storm growth (Kaspi and Schnei-674

der 2013).675

Transient eddy versus meridional overturning circulation heat transport changes: In the676

mid-latitudes, changes in the MOC in the Ferrel cell oppose changes in TE. Similarly, in the677

tropics during the solstice seasons, models have stronger TE out of the summer hemisphere678

than observed but weaker MOC than observed. We note that this compensation between MOC679

and TE is expected on theoretical grounds by the following mechanism. Vertical motion in680

the atmosphere is thermodynamically constrained such that the adiabatic cooling/heating bal-681

ances the TE divergence/convergence minus the radiative damping to space. Thus, stronger682

mid-latitude TE cause enhanced upwelling on the poleward flank of the storm track and, by683

mass continuity, an enhanced MOC in the Ferrel cell with equatorward AHT. Similarly, the684

mid-latitude TE implicitly impacts the strength of the Hadley cell in even the most basic ax-685

ially symmetric theory (Held and Hou 1980) by way of the diabatic cooling induced by TE686

divergence in the subtropics. The compensation between MOC and TE helps explain why687

changes in MHT are small and meridionally smooth because the vertical motion in the over-688

turning circulation responds to the residual of the radiative fluxes and TE divergence. This689

mechanism seems to play an important role in moderating the strength of MHT in idealized690

models where radiation is modeled as a Newtonian cooling (Held and Suarez 1994) but we691

suspect plays a smaller role in an atmosphere with realistic radiative processes.692

TE changes are central to all the compensating changes seen in this work and we hypothesize693

that the adjustment of TE is paramount to maintaining the near invariance of MHT by the follow-694
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ing mechanism: TE responds to changes in the spatial gradients of atmospheric diabatic heating695

independent of what process gives rise to the heating anomaly. Therefore, a regional change in696

radiative forcing, implied OHT divergence or SE divergence will lead to gradients in atmospheric697

heating that are efficiently smoothed out by TE. Thus, models may differ in simulating the lo-698

cal radiative response to forcing, the mechanical response of SEs or ocean heat uptake but these699

inter-model differences will be compensated by changes in TE that will act to smooth out the700

net radiative response. In this sense, TE render the large scale MHT insensitive to the details of701

radiation and dynamics by homogenizing the net radiative changes at the equator-to-pole scale.702
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APPENDIX717

A1. Methodology for partitioning MHT, AHT and OHT over the seasonal cycle718

We describe the additional steps that are taken to calculate the climatological seasonal cycle719

of the various components of energy transport which involves taking into account the energy and720

moisture storage in the atmospheric column. For example, the AHT into a polar cap is balanced by721

the net radiative input at TOA, minus the downward surface energy flux (SHF) and the atmospheric722

column energy tendency (Storageatmos):723

AHT(θ)seasonal =−2πa2
∫ 90

θ

cos(Θ)(ASR−OLR−SHF−Storageatmos)dΘ, (A1)

which is derived from the combination of Eqs. 1, 3 and 4 with the addition of Storageatmos. The724

atmospheric energy storage is derived from the monthly mean, three-dimensional atmospheric725

temperature and humidity:726

Storageatmos =
1
g

∫ Ps

0

d
dt

(cpT +Lq)d p. (A2)

Note that the geopotential term (gZ) does not appear in the integrand because an atmosphere in727

hydrostatic balance can only raise its center of gravity by thermal expansion and this contribution728

is accounted by use of the heat capacity at constant pressure (Trenberth 1997). The time derivative729

in the integrand is calculated from the centered finite difference of temporally-adjacent monthly730

data; the surface pressure (Ps) in the limit of the integral is set to annual-mean values to maintain731

consistency with the mass balance used in the calculation of the MOC (Liang et al. 2018).732

In principle, energy conservation demands that the globally-averaged TOA radiation is equal to733

the sum of SHF and Storageatmos thus ensuring that AHT(θ )seasonal in Eq. A1 is independent of734

whether the integral is performed from θ to the North Pole or (the negative of that) from the South735
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pole to θ . In practice, we remove the global mean of each term2 prior to calculating the implied736

AHT to ensure zero transport through the poles. These global mean corrections are of order 1737

W m−2 for the net diabatic heating of the atmosphere which corresponding to an uncertainty in738

AHTMAX of 0.2 PW.739

Similar adjustments for the atmospheric moisture tendency are made in the calculation of the740

poleward moisture transport from P-E:741

AHT(θ)moist, seasonal =−2πa2
∫ 90

θ

L cos(Θ)

(
E(Θ)−P(Θ)− 1

g

∫ Ps

0

d
dt

q(Θ)d p
)

dΘ. (A3)

Additional caution must be taken when interpreting the implied OHT from the surface heat742

fluxes via Eq. 4 on seasonal timescales because the surface heat flux is balanced by the sum of743

ocean heat transport divergence and ocean heat content changes, the latter of which has magni-744

tudes of order 300 W m−2 over the entire extratropics seasonally. On seasonal and inter-annual745

timescales, the surface energy budget in the extratropics is primarily a balance between SHF and746

the tendency in ocean heat content (Fasullo and Trenberth 2008b; Donohoe et al. 2013a). Hence,747

the implied OHT from Eq. 4 is more aptly termed the ocean heat transport plus storage. For this748

reason, we will only discuss OHT in the annual mean. The seasonal cycle in OHT can be calcu-749

lated by subtracting the seasonally averaged surface heat flux from the tendency of the vertically750

integrated ocean heat content where the latter is calculated using the three dimensional ocean tem-751

perature output as in Donohoe et al. (2013a) and Armour et al. (2016). This endeavor is beyond752

the scope of the current work.753

2The global mean TOA radiation and SHF are each of order 10 W m−2 on seasonal timescales (Fasullo and Trenberth 2008a) due to the

eccentricity of the Earth’s orbit about the Sun, while the sum of global mean TOA radiation, SHF and Storageatmos is energetically constrained to

be zero.
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The seasonal SE and MOC atmospheric energy transport (and their moist/dry partitioning) are754

calculated using Eq. 3 with monthly-mean fields. The total AHT by the TE for each month is755

calculated as the residual of total AHT from Eq. A1 and the SE and MOC contributions. The756

moist TE transport is calculated from the residual of the total AHTmoist, seasonal using Eq. A3 and757

the moist SE and MOC transports. Lastly, the dry TE transport is calculated as the residual of the758

total TE AHT and the moist TE transport.759
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TABLE 1: MHTMAX in each model’s PI simulation and its change under 4×CO2 forcing.

Northern Hemisphere Southern Hemisphere

PI MHTMAX ∆ MHTMAX PI MHTMAX ∆ MHTMAX

ACESS1.0 5.28 0.00 4.75 -0.10

BCC CSM1 5.69 +0.05 5.27 +0.06

CAN ESM2 5.46 +0.13 5.55 -0.14

NCAR CCSM4 5.57 -0.06 5.32 +0.20

CNRM CM5 5.41 -0.03 5.01 -0.12

CSIRO MK5 5.16 +0.33 4.71 -0.29

FGOALS S2 5.52 -0.11 5.45 +0.09

GISS E2R 5.21 +0.11 4.89 -0.05

GFDL CM3 6.03 -0.15 5.57 -0.31

GFDL ESMG 5.86 +0.11 4.89 -0.26

GFDL ESM2M 5.77 +0.15 4.91 -0.21

INMCM4 5.38 -0.02 5.17 -0.02

IPSL CM5A 5.42 -0.08 6.04 -0.14

IPSL CM5B 5.42 +0.14 5.89 +0.00

MIROC5 4.90 +0.10 4.72 -0.16

MIROC ESM 5.41 -0.15 5.59 +0.24

MPI ESM P 5.97 -0.13 5.77 -0.30

MPI ESM LR 5.90 +0.23 5.78 +0.31

MRI CGCM3 5.76 0.00 5.08 +0.02

NOR ESM1 5.63 -0.15 5.31 +0.09

Ensemble mean 5.54 +0.03 5.26 +0.07

46



TABLE 2: MHTMAX in each model’s PI simulation and its change under LGM forcing.

Northern Hemisphere Southern Hemisphere

PI MHTMAX ∆ MHTMAX PI MHTMAX ∆ MHTMAX

MRI CGCM3 5.76 0.00 5.08 -0.14

NCAR CCSM4 5.57 +0.48 5.32 -0.30

CNRM CM5 5.41 0.00 5.01 +0.06

IPSL CM5 LR 5.11 +0.30 6.06 +0.27

MIROC ESM 5.41 +0.57 5.59 +0.10

MPI ESM P 5.97 +0.27 5.77 +0.22

GISS E2 R 5.21 +0.46 4.89 +0.07

Ensemble mean 5.49 +0.30 5.39 +0.04
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LIST OF FIGURES933

Fig. 1. (A) Ensemble averaged total (ocean plus atmosphere) annual mean meridional heat transport934

(MHT) in pre-industrial (PI; black), abrupt carbon dioxide quadrupling (4×CO2; red) and,935

last glacial maximum (LGM; blue) CMIP5 simulations. Only the seven models that span all936

three simulations are included in the ensemble average. (B) The changes in MHT between937

the 4×CO2 and PI simulations (red), and between the LGM and PI simulations (blue). (C)938

Ensemble averaged annual- and zonal- mean radiation in PI (black), 4×CO2 (red) and, LGM939

(blue). Solid lines show the net solar radiation at TOA (absorbed solar radiation; ASR)940

and dashed lines show the outgoing longwave radiation (OLR). The global mean has been941

removed from ASR and OLR to emphasize the meridional gradients. (D) The changes in942

ASR (solid) and OLR (dashed), with global mean removed, between the 4×CO2 and PI943

simulations (red), and between the LGM and PI simulations (blue). . . . . . . . . 49944

Fig. 2. (A) Annual-mean meridional heat transport (MHT; solid) partitioned between the atmo-945

sphere (AHT; dashed) and ocean (OHT; dotted) in pre-industrial (PI; black), abrupt carbon946

dioxide quadrupling (4×CO2; red) and, last glacial maximum (LGM –blue) CMIP5 simu-947

lations. Thin lines show individual models and thick lines show the ensemble-average. (B)948

The changes in MHT (solid), AHT (dashed) and, OHT (dotted) between the 4×CO2 and949

PI simulations (red), and between the LGM and PI simulations (blue). (C) Scatter plot of950

OHT and AHT at the latitude where MHT achieves its maximum value (MHTMAX ) in each951

hemisphere. Squares show the Northern Hemisphere (NH) and circles show the Southern952

Hemisphere. Larger, filled markers represent the ensemble means. The dashed lines with953

arrows show the changes between the PI and 4×CO2 (red), and between the PI and LGM954

(blue) simulations, respectively, using the same model. Colored contours show lines of con-955

stant MHTMAX with colors in the colorbar below. (D) Annual and zonal mean radiation956

in PI (black), 4×CO2 (red) and, LGM (blue): ASR (solid) and OLR (dashed). The global957

mean has been removed from all fields to emphasize the meridional gradients. (E) Changes958

in ASR (solid) and OLR (dashed) between the 4×CO2 and PI simulations (red), and be-959

tween the LGM and PI simulations (blue). (F) Scatter plot of contribution of ASR gradients960

(ASR∗; abscissa) and OLR gradients (OLR∗; ordinate) to MHTMAX . Symbols, lines and961

colorbar are as in panel C. . . . . . . . . . . . . . . . . . . . 50962

Fig. 3. (Top panel) Comparison of the zonally and vertically integrated transient eddy energy trans-963

port in CESM calculated using the residual method (section 2b – solid red lines) and the964

direct method (section 2a - dashed red lines). (Top panel) The total annual mean atmo-965

spheric energy transport. (Bottom panel) The annual mean atmospheric moisture transport.966

51967

Fig. 4. (Top panels) Atmospheric meridional heat transport calculated from atmospheric reanalysis968

(solid line, ERA; dotted line, NCEP) and CMIP5 PI simulations (dashed) with thin line rep-969

resenting individual models and thick lines showing the ensemble-average. The total moist970

static energy transport is partitioned into component circulation contributions: meridional971

overturning circulation (MOC; blue), stationary eddies (green) and transient (red). (Bottom972

panels) The transient contribution to meridional energy transport broken down into moist973

(latent, blue) and dry (potential + sensible, red) contributions. The left panels show annual974

mean, the middle panels show DJF and and right panels show JJA) . . . . . . . . 52975

Fig. 5. (Left panels) Annual mean atmospheric energy transport in CMIP5 PI (solid lines) and976

4×CO2 (dashed lines) simulations and (right panels) the changes between 4×CO2 and PI.977

(Top row) The partitioning of energy transport into atmospheric circulations type: MOC978

(blue), stationary eddies (green) and transient eddies (red) with total shown in black. (Sec-979

ond row) The partitioning of energy transport by energy type: dry (potential plus sensible,980
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red) and moist (latent; blue). The bottom three rows show the moist and dry contributions981

within each circulation type: (third row) stationary eddies, (fourth row) transient eddies and982

(bottom row) MOC. Note that the range on the y-axis differs between the left hand panels983

and the all the right hand panels have the same range on the y-axis. . . . . . . . . 53984

Fig. 6. As in Figure 5 except for December-January-February (DJF). Note that the range on the985

y-axis has been doubled relative to Figure 5 in the moist/dry partitioning (panels C and D),986

the MOC transport (panels I and J) and the climatological stationary eddy transport (panel E) . 54987

Fig. 7. As in Figure 5 except for June-July-August (JJA). . . . . . . . . . . . . . 55988

Fig. 8. As in Fig 5, except for PI (solid) and LGM (dashed) in the left columns and LGM-PI changes989

in the right columns. . . . . . . . . . . . . . . . . . . . . 56990

Fig. 9. As in Fig. 8 except for December/January/February. Note that the range on the y-axis has991

been doubled relative to Figure 8 in the moist/dry partitioning (panels C and D), the MOC992

transport (panels I and J) and the climatological stationary eddy transport (panel E) . . . . 57993

Fig. 10. As in Fig. 8 except for June/July/August. . . . . . . . . . . . . . . . 58994
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FIG. 1: (A) Ensemble averaged total (ocean plus atmosphere) annual mean meridional heat transport (MHT) in pre-industrial (PI;
black), abrupt carbon dioxide quadrupling (4×CO2; red) and, last glacial maximum (LGM; blue) CMIP5 simulations. Only the
seven models that span all three simulations are included in the ensemble average. (B) The changes in MHT between the 4×CO2
and PI simulations (red), and between the LGM and PI simulations (blue). (C) Ensemble averaged annual- and zonal- mean
radiation in PI (black), 4×CO2 (red) and, LGM (blue). Solid lines show the net solar radiation at TOA (absorbed solar radiation;
ASR) and dashed lines show the outgoing longwave radiation (OLR). The global mean has been removed from ASR and OLR to
emphasize the meridional gradients. (D) The changes in ASR (solid) and OLR (dashed), with global mean removed, between the
4×CO2 and PI simulations (red), and between the LGM and PI simulations (blue).
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FIG. 2: (A) Annual-mean meridional heat transport (MHT; solid) partitioned between the atmosphere (AHT; dashed) and ocean
(OHT; dotted) in pre-industrial (PI; black), abrupt carbon dioxide quadrupling (4×CO2; red) and, last glacial maximum (LGM
–blue) CMIP5 simulations. Thin lines show individual models and thick lines show the ensemble-average. (B) The changes in
MHT (solid), AHT (dashed) and, OHT (dotted) between the 4×CO2 and PI simulations (red), and between the LGM and PI
simulations (blue). (C) Scatter plot of OHT and AHT at the latitude where MHT achieves its maximum value (MHTMAX ) in each
hemisphere. Squares show the Northern Hemisphere (NH) and circles show the Southern Hemisphere. Larger, filled markers
represent the ensemble means. The dashed lines with arrows show the changes between the PI and 4×CO2 (red), and between the
PI and LGM (blue) simulations, respectively, using the same model. Colored contours show lines of constant MHTMAX with colors
in the colorbar below. (D) Annual and zonal mean radiation in PI (black), 4×CO2 (red) and, LGM (blue): ASR (solid) and OLR
(dashed). The global mean has been removed from all fields to emphasize the meridional gradients. (E) Changes in ASR (solid)
and OLR (dashed) between the 4×CO2 and PI simulations (red), and between the LGM and PI simulations (blue). (F) Scatter plot
of contribution of ASR gradients (ASR∗; abscissa) and OLR gradients (OLR∗; ordinate) to MHTMAX . Symbols, lines and colorbar
are as in panel C.
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FIG. 5: (Left panels) Annual mean atmospheric energy transport in CMIP5 PI (solid lines) and 4×CO2 (dashed lines) simulations
and (right panels) the changes between 4×CO2 and PI. (Top row) The partitioning of energy transport into atmospheric circulations
type: MOC (blue), stationary eddies (green) and transient eddies (red) with total shown in black. (Second row) The partitioning of
energy transport by energy type: dry (potential plus sensible, red) and moist (latent; blue). The bottom three rows show the moist
and dry contributions within each circulation type: (third row) stationary eddies, (fourth row) transient eddies and (bottom row)
MOC. Note that the range on the y-axis differs between the left hand panels and the all the right hand panels have the same range
on the y-axis.
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FIG. 6: As in Figure 5 except for December-January-February (DJF). Note that the range on the y-axis has been doubled relative to
Figure 5 in the moist/dry partitioning (panels C and D), the MOC transport (panels I and J) and the climatological stationary eddy
transport (panel E)
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FIG. 7: As in Figure 5 except for June-July-August (JJA).
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FIG. 8: As in Fig 5, except for PI (solid) and LGM (dashed) in the left columns and LGM-PI changes in the right columns.
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FIG. 9: As in Fig. 8 except for December/January/February. Note that the range on the y-axis has been doubled relative to Figure 8
in the moist/dry partitioning (panels C and D), the MOC transport (panels I and J) and the climatological stationary eddy transport
(panel E)
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FIG. 10: As in Fig. 8 except for June/July/August.
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