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Abstract 19 

The Earth climate system has an intrinsic mechanism to maintain its energy conservation by 20 

impelling opposite changes in meridional ocean and atmosphere heat transports, in response to 21 

climate change or variability. This mechanism is briefed as the Bjerknes compensation (BJC). We 22 

set up a global coupled two-hemisphere box model in this study, and obtain an analytical solution to 23 

the BJC of this system. In the two-hemisphere model, the thermohaline circulation is 24 

interhemispheric and parameterized by the density difference between two polar boxes. The 25 

symmetric poleward atmosphere heat and moisture transports are considered and parameterized by 26 

the temperature gradient between tropical and polar boxes. Different from the BJC in the one-27 

hemisphere box model that depends only on the local climate feedback, the BJC here is determined 28 

by both local climate feedback and temperature change. The asymmetric thermohaline circulation 29 

leads to a better BJC in the Northern Hemisphere than in the Southern Hemisphere. Furthermore, an 30 

analytical solution to the probability of a valid BJC (i.e., negative BJC) is derived, which is 31 

determined only by the local climate feedback. The probability of a valid BJC is usually very high 32 

under reasonable climate feedback, which is also found to be robust in the real world based on 33 

observational data, implying that the Earth climate system maintains it energy balance very well 34 

during the past one hundred years. 35 

  36 
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1.   Introduction 37 

Meridional heat transport (MHT) of the Earth climate system plays a critical role in maintaining 38 

the balance of global climate. In the mid-latitudes around 35N/S, up to 5.5 PW (1 PW=1015 W) 39 

energy can be transported poleward from the tropics through the joint efforts of atmosphere and ocean 40 

(Trenberth and Caron, 2001). There are two fundamental questions regarding the MHT: one is the 41 

partitioning of poleward energy transport between the atmosphere and ocean in terms of mean 42 

climatology, and the other is the relationship between the changes of atmosphere heat transport 43 

(AHT) and ocean heat transport (OHT) in terms of climate change and climate variability. The first 44 

question has been widely explored in the past two decades (e.g., Held, 2001; Czaja and Marshall, 45 

2006; Vallis and Farneti, 2009; Farneti and Vallis, 2013). The second question was first proposed by 46 

Bjerknes (1964), which stated that as long as the net radiation at the top of the atmosphere (TOA) and 47 

ocean heat content do not vary apparently, the changes in AHT and OHT should be of the same 48 

magnitude with opposite signs, that is, the so-called Bjerknes compensation (BJC) occurs. Under the 49 

perfect BJC, the total MHT of the Earth system should remain unchanged. Though the idea of BJC 50 

was proposed in the 1960s, the intrinsic mechanism controlling the BJC is only disclosed in recent 51 

years (Liu et al, 2016, 2018; Yang et al, 2016; Zhao et al., 2016). 52 

Although it remains to be validated by observational data, the BJC has been well recognized in 53 

various models, ranging from earlier simple energy balance models (EBMs) (e.g., Lindzen and 54 

Farrell, 1977; Stone, 1978; North, 1984) to the state of the art coupled general circulation models 55 

(GCMs) (e.g., Zhang and Delworth, 2005; Shaffrey and Sutton, 2006; Swaluw et al., 2007; Kang et 56 

al., 2008, 2009; Vellinga and Wu, 2008; Vallis and Farneti, 2009; Frierson and Huang, 2012; 57 

Donohoe et al., 2013; Farneti and Vallis, 2013; Rose and Ferreira, 2013). The BJC is usually valid on 58 

decadal and longer timescales (Zhao et al., 2016). To quantify the extent of the compensation, the 59 

BJC rate is defined as the ratio of the changes in AHT and OHT. Regional climate feedback is the 60 
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most critical factor in determining the BJC (Stone, 1978; Langen and Alexeev, 2007; Enderton and 61 

Marshall, 2009; Rose and Ferreira, 2013). In Liu et al. (2016) and Yang et al. (2016), we derived an 62 

analytical solution to the BJC rate, showing explicitly that the BJC is only determined by the local 63 

climate feedback, and independent of temperatures, circulations and heat transports of atmosphere 64 

and ocean themselves. We concluded that the constrain of the energy conservation of the climate 65 

system is the intrinsic mechanism to the occurrence of BJC, whose magnitude is determined by the 66 

climate feedback. 67 

Previous simple model’s studies on the BJC use a single hemisphere model that was first 68 

proposed by Stommel (1961). In Stommel’s model, the thermohaline circulation (THC) is 69 

parameterized to be proportional to the meridional density contrast between tropical and polar boxes 70 

(e.g., Nakamura et al., 1994; Marotzke and Stone, 1995; Yang et al., 2016), transporting mass and 71 

heat from the tropics to the Northern Hemisphere (NH) subpolar ocean. In reality, the THC spans the 72 

two hemispheres, transporting mass and heat all the way from the Southern Ocean to the NH subpolar 73 

ocean. This structure of the THC leads to asymmetric heat transports between the two hemispheres, 74 

and it may result in different BJC in the two hemispheres. Therefore, in this work a two-hemisphere 75 

box model is used to study the BJC. The two-hemisphere model was first proposed by Rooth (1982), 76 

which is thought to be dynamically superior to the Stommel’s model by many researchers (e.g., Scott 77 

et al., 1999; Longworth et al., 2005) for  theoretical studies of the multi-equilibrium and stability of 78 

the THC.  79 

In the two-hemisphere model, the THC is parameterized by the density difference between two 80 

polar boxes (Scott et al., 1999). What would the BJC be in the two-hemisphere box model? What are 81 

the similarities and differences of BJC between the two hemispheres, considering the asymmetric 82 

THC between the NH and Southern Hemisphere (SH)? We attempt to untangle these questions in this 83 
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paper. Based on Rooth’ model, we design a 9-box coupled model spanning both hemispheres in this 84 

study (Fig. 1); it also considers the asymmetric THC in the two hemispheres. Different from the 4-box 85 

model in Yang et al. (2016), the latitude range of the two-hemisphere box model in this study extends 86 

from 70°S to 75°N, and is divided into three regions as the NH extratropics, tropics and SH 87 

extratropics. 88 

Two BJC rates are derived for the NH and SH, respectively. Different from that in the one-89 

hemisphere model, the BJC here depends on both local climate feedback and surface temperature 90 

pattern. Yet, the BJC in the NH is still consistent with that in the one-hemisphere box model (Liu et 91 

al., 2016; Yang et al., 2016), that is, a positive (negative) feedback in the NH causes 92 

overcompensation (undercompensation) and the BJC rate can be reasonably estimated based merely 93 

on the climate feedback. The BJC in the SH, however, tends to be always overcompensated regardless 94 

the sign of the local climate feedback. The asymmetric THC leads to different BJC behaviors between 95 

the two hemispheres. We also derive a formula for the probability of a valid BJC. It is found that the 96 

probability of a valid BJC depends only on the local climate feedback, and independent of 97 

temperature changes. The probability of a valid BJC is very high under reasonable climate feedback 98 

parameters, in both box model and observations.  99 

This work complements previous theoretical studies of the BJC in a one-hemisphere model (Liu 100 

et al., 2016; Yang et al., 2016). This paper is organized as follows. In section 2, the 9-box model is 101 

introduced and the BJC for both hemispheres is derived. In section 3, perturbation experiments are 102 

performed to validate the BJC in the two hemispheres. In section 4, the probability of a valid BJC is 103 

derived theoretically. In section 5, the BJC is evaluated based on observational data. Summary and 104 

discussion are given in section 6.  105 

 106 
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2.   Two-hemisphere box model and the BJC 107 

2.1   Basic equations 108 

The 9-box coupled model consists of six ocean boxes and three atmosphere boxes (Fig. 1). The 109 

atmosphere model spans globally. The ocean model includes the THC explicitly, covering the region 110 

from 70S to 75N. The atmosphere and ocean boxes are separated into three zones by latitudes 45N 111 

and 30S, respectively. Here, the NH preference of the intertropical convergence zone (ITCZ) is 112 

considered, since the tropical box (30S-45N) is not symmetric about the equator, with its central 113 

latitude near10N. The net radiative forcing at the TOA is negative in the extratropical boxes and 114 

positive in the tropical box. The atmosphere is assumed to be always in equilibrium with the surface 115 

ocean. The ocean model was originally designed by Stommel (1961), and then applied in many 116 

studies in different forms (e.g., Marotzke, 1990; Huang et al., 1992; Nakamura et al. 1994; Tziperman 117 

et al., 1994; Marotzke and Stone, 1995; Yang et al., 2016; Zhao et al., 2016). The ocean model used 118 

in this work is a two-hemisphere model (Rooth, 1982), which was widely used in later studies on the 119 

interhemispheric THC’s multi-equilibrium and stability (e.g., Rahmstorf, 1996; Scott et al., 1999; 120 

Longworth et al., 2005). More details can be found in the publications mentioned above. In this work, 121 

the ocean is further divided into the upper ocean and lower ocean; so the ocean model has six boxes, 122 

which can explicitly describe the overturning THC. The final forms of the equations for the 6-box 123 

ocean system can be written as follows: 124 

𝑚1𝑇1̇ = 1𝜀𝑐𝜌0𝐷1 [(𝐴1 − 𝐵1𝑇1) + 𝜒(𝑇2 − 𝑇1)] + 𝑞(𝑇2 − 𝑇1)                                                                            (1a) 125 𝑚2𝑇2̇ = 1𝜀𝑐𝜌0𝐷1 [(𝐴2 − 𝐵2𝑇2) − 𝜒(𝑇2 − 𝑇1) + 𝜒(𝑇3 − 𝑇2)] + 𝑞(𝑇3 − 𝑇2)                                                     (1b) 126 𝑚3𝑇3̇ = 1𝜀𝑐𝜌0𝐷1 [(𝐴3 − 𝐵3𝑇3) − 𝜒(𝑇3 − 𝑇2)] + 𝑞(𝑇6 − 𝑇3)                                                                            (1c) 127 𝑚4𝑇4̇ = 𝑞(𝑇1 − 𝑇4)                                                                                                                                         (1d) 128 𝑚5𝑇5̇ = 𝑞(𝑇4 − 𝑇5)                                                                                                                                         (1e) 129 
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𝑚6𝑇6̇ = 𝑞(𝑇5 − 𝑇6)                                                                                                                                         (1f) 130 𝑚1𝑆1̇ = 𝑆0𝛾𝜀𝑤𝐷1 [(𝑇1 − 𝑇2)] + 𝑞(𝑆2 − 𝑆1)                                                                                                          (2a) 131 𝑚2𝑆2̇ = 𝑆0𝛾𝜀𝑤𝐷1 [(𝑇2 − 𝑇1) − (𝑇3 − 𝑇2)] + 𝑞(𝑆3 − 𝑆2)                                                                                     (2b) 132 𝑚3𝑆3̇ = 𝑆0𝛾𝜀𝑤𝐷1 [(𝑇3 − 𝑇2)] + 𝑞(𝑆6 − 𝑆3)                                                                                                         (2c) 133 𝑚4𝑆4̇ = 𝑞(𝑆1 − 𝑆4)                                                                                                                                       (2d) 134 𝑚5𝑆5̇ = 𝑞(𝑆4 − 𝑆5)                                                                                                                                       (2e) 135 𝑚6𝑆6̇ = 𝑞(𝑆5 − 𝑆6)                                                                                                                                       (2f) 136 

where 𝑚𝑖 is the ratio of each ocean-box volume with respect to box 1, 𝑚1 = 1, 𝑚2 = 𝐿2𝐿1 , 𝑚3 =137 𝐿3𝐿1 , 𝑚4 = 𝐷2𝐷1 , 𝑚5 = 𝐿2𝐷2𝐿1𝐷1 , and 𝑚6 = 𝐿3𝐷2𝐿1𝐷1 . 𝐴𝑖 and 𝐵𝑖 (𝑖 = 1, 2, 3) are area-weighed net incoming 138 

radiation (𝑊𝑚−2) and climate feedback (𝑊𝑚−2𝐾−1), respectively. 𝜒 and 𝛾 are the bulk coefficients 139 

of atmosphere heat and moisture transports, respectively, which are related to the mean atmospheric 140 

circulations and eddy activities in the mid-to-high latitudes. 𝑐 is the seawater specific heat capacity; 141 𝜌0 is seawater density; 𝑆0 is constant reference salinity (35 psu); 𝑞 is the volume transport by the 142 

THC. Relative ocean coverages in all three areas are approximated to be the same, indicated by 𝜀 =143 𝐺1 𝐺01⁄ . Here, 𝐺01 is the entire area of atmosphere box 1, and 𝐺1 are the area of corresponding ocean 144 

box 1. 𝜀𝑤 indicates the ratio of ocean and catchment area, 𝜀𝑤 = 𝐺1′ 𝐺01⁄ , where 𝐺1′  is the ocean and 145 

catchment area of the ocean basin. Table 1 lists all the parameters used in this study, mainly based on 146 

previous box-model studies (Nakamura et al. 1994; Marotzke and Stone, 1995; Yang et al., 2016) and 147 

coupled model simulations (Yang et al., 2017), as well as observations (Rayner et al., 2003; Carton 148 

and Giese, 2008). 149 

The volume transport 𝑞 by the THC is assumed to be linearly proportional to the density 150 

difference between the two extratropical boxes, as in Rooth (1982) and Scott et al. (1999): 151 

𝑞 = 𝜅[𝛼(𝑇3 − 𝑇1) − 𝛽(𝑆3 − 𝑆1)]                                                                                                 (3) 152 
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where 𝜅 (𝑠−1) is a hydraulic constant; 𝛼 and 𝛽 are the thermal and haline expansion coefficients of 153 

seawater, respectively. The THC is simplified as a meridionally enclosed circulation, sinking in the 154 

NH extratropics and rising in the SH extratropics. Accompanying the mass transport, meridional heat 155 

transport is northward in the upper ocean and southward in the lower layer. Thus, the meridional OHT 156 

for the whole ocean depth is calculated as the difference of the heat transport in the upper and lower 157 

oceans. In the NH and SH, they are parameterized, respectively, as follows: 158 

𝑂𝑡𝑛 = 𝜀𝑐𝜌0𝐷1𝐺01𝑞(𝑇2 − 𝑇4),      𝑂𝑡𝑠 = 𝜀𝑐𝜌0𝐷1𝐺01𝑞(𝑇3 − 𝑇5).                                                 (4) 159 

Based on the widely used Budyko-type model (Budydo, 1969), the meridional AHTs in the NH 160 

and SH mid-latitudes can be simply written as follows:  161 

𝐹𝑎𝑛 = 𝜒𝐺01𝑇𝑠𝑛,     𝐹𝑎𝑠 = 𝜒𝐺01𝑇𝑠𝑠.                                                                                              (5) 162 

Here, 𝑇𝑠𝑛 = 𝑇2 − 𝑇1 and 𝑇𝑠𝑠 = 𝑇2 − 𝑇3, denoting the upper ocean meridional temperature gradient in 163 

the NH and SH, respectively. This parameterization is appropriate for the atmosphere in mid-to-high 164 

latitudes (Stone and Yao, 1990). 165 

The net radiation flux at the TOA has a simple linear relation to surface temperature, which is 166 

widely employed in EBMs: 167 

𝐻01 = 𝐴1 − 𝐵1𝑇1,     𝐻02 = 𝐴2 − 𝐵2𝑇2 ,     𝐻03 = 𝐴3 − 𝐵3𝑇3.                                                  (6) 168 

The surface heat fluxes at the air-sea interface are: 169 

𝐻1 = 1𝜀𝑐𝜌0𝑚1𝐷1 [(𝐴1 − 𝐵1𝑇1) + 𝜒𝑇𝑠𝑛],                                                                                      (7a) 170 𝐻2 = 1𝜀𝑐𝜌0𝑚2𝐷1 [(𝐴2 − 𝐵2𝑇2) − 𝜒(𝑇𝑠𝑛 + 𝑇𝑠𝑠)],                                                                         (7b) 171 
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𝐻3 = 1𝜀𝑐𝜌0𝑚3𝐷1 [(𝐴3 − 𝐵2𝑇3) + 𝜒𝑇𝑠𝑠].                                                                                      (7c) 172 

Note that in (6) and (7), a positive (negative) value of 𝐵𝑖 represents a negative (positive) climate 173 

feedback. 174 

The Budyko-type model can also be applied to the meridional moisture transport in the 175 

atmosphere. In other words, the moisture transport is also assumed to be linearly proportional to the 176 

meridional temperature gradient and parameterized as follows, 177 

𝐹𝑤𝑛 = 𝛾𝐺01𝑇𝑠𝑛,     𝐹𝑤𝑠 = 𝛾𝐺01𝑇𝑠𝑠,                                                                                          (8) 178 

which should be balanced by the net freshwater loss (gain) at low (high) latitudes.  179 

 180 

2.2   Equilibrium state 181 

The ocean heat budget as a whole is only determined by the net radiative forcing at the TOA: 182 

∑ 𝑚𝑖𝑇�̇�6𝑖=1 = ∑ 𝑚𝑖𝐻𝑖3𝑖=1 = 1𝜖𝑐𝜌0𝐷1 ∑ 𝐻0𝑖3𝑖=1  .                                                                              (9) 183 

For the steady state, the total energy in the whole coupled box model is conserved, that is,  184 

∑ 𝑚𝑖𝐻𝑖3𝑖=1 = ∑ 𝐻0𝑖3𝑖=1 = 0,                                                                                                     (10) 185 

which depicts that the ocean uptake in the tropical latitudes is equal to the ocean heat release in the 186 

extratropical latitudes.  187 
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Without external freshwater source, the total salt content of the ocean in the box model is 188 

conserved: 189 

∑ 𝑚𝑖𝑆�̇�6𝑖=1 = 0 .                                                                                                                           (11) 190 

The equilibrium states of temperature and salinity, as well as AHT and OHT, can be obtained by 191 

letting the temporal tendency be 0 (𝑇�̇� = 𝑆�̇� = 0): 192 

𝐵1𝑇1 + 𝐵2𝑇2 + 𝐵3𝑇3 = 𝐴1 + 𝐴2 + 𝐴3                                                                                      (12) 193 𝑇1 = 𝑇4 = 𝑇5 = 𝑇6,     𝑆1 = 𝑆4 = 𝑆5 = 𝑆6                                                                                (13) 194 𝑂𝑡𝑛 = −𝐺01(𝐻01 + 𝜒𝑇𝑠𝑛),     𝑂𝑡𝑠 = −𝐺01(𝐻03 + 𝜒𝑇𝑠𝑠)                                                           (14) 195 𝐹𝑎𝑛 = 𝜒𝐺01𝑇𝑠𝑛,     𝐹𝑎𝑠 = 𝜒𝐺01𝑇𝑠𝑠                                                                                              (15) 196 𝐹𝑡𝑛 = 𝑂𝑡𝑛 + 𝐹𝑎𝑛 = −𝐺01𝐻01,     𝐹𝑡𝑠 = 𝑂𝑡𝑠 + 𝐹𝑎𝑠 = −𝐺01𝐻03                                                 (16) 197 

where 𝐹𝑡𝑛 and 𝐹𝑡𝑠 are total MHT in the NH and SH mid-latitudes, respectively. Note that 𝑂𝑡𝑛 (𝑂𝑡𝑠) is 198 

actually obtained by subtracting 𝐹𝑎𝑛 (𝐹𝑎𝑠) from the total heat transport 𝐹𝑡𝑛 (𝐹𝑡𝑠), instead of being 199 

directly calculated using Eq. (4). We also see that under the equilibrium condition, the ocean boxes 4-200 

6 can be represented by ocean box 1. The 6-box ocean is reduced to the 3-box ocean, just as Rooth’s 201 

3-box model. 202 

Using the parameters in Table 1, the equilibrium climate is obtained and listed in Table 2, which 203 

are consistent with values in previous box model studies (Nakamura et al. 1994; Marotzke and Stone, 204 

1995; Scott et al., 1999; Longworth et al., 2005; Yang et al., 2016), coupled climate model results 205 

(Yang et al., 2017) and observations (Rayner et al., 2003; Carton and Giese, 2008). For example, the 206 

poleward surface temperature gradient is about 23C in the NH, which generates a northward AHT of 207 

about 3.7 PW. The ocean mass transport by the THC is 14.0 Sv, which causes a northward OHT of 208 



BoxModel9BJC20210323.docx, Shi and Yang, 3/29/21 11 

about 1.3 PW in the NH. These amounts of AHT and OHT are also in line with the observations 209 

(Trenberth and Caron, 2001). The gradients of meridional temperature and salinity are independent of 210 

the initial values, and only depend on parameters of the system. This mean climate is obtained with a 211 

strong negative feedback in the tropics (−𝐵2 = −1.7) and weak positive feedback in the extratropics 212 

(−𝐵1 = 0.6 and −𝐵3 = 0.5), based on the HadISST data (see details in section 5). Note that the mean 213 

climate is sensitive to model parameters. Under the global uniform climate feedback (−𝐵1 = −𝐵2 =214 −𝐵3 = −1.7), the mean THC is about 12.9 Sv, corresponding to a northward OHT of about 1.24 PW. 215 

We want to stress that slight difference in the mean state with different climate feedback does not 216 

affect the conclusions of this work. 217 

 218 

2.3   Analytic solution of the BJC 219 

Assuming there is a perturbation in the system, the changes in the heat transport components are: 220 

∆𝑂𝑡𝑛 = −𝐺01(−𝐵1∆𝑇1 + 𝜒∆𝑇𝑠𝑛),     ∆𝑂𝑡𝑠 = −𝐺01(−𝐵3∆𝑇3 + 𝜒∆𝑇𝑠𝑠).                                  (17) 221 ∆𝐹𝑎𝑛 = 𝜒𝐺01∆𝑇𝑠𝑛,     ∆𝐹𝑎𝑠 = 𝜒𝐺01∆𝑇𝑠𝑠.                                                                                   (18) 222 

The constraint of the global total energy conservation in the Earth’s system (Eq. (10)) requires 223 

that the temperature changes among the three boxes follow the relationship: 224 

𝐵1∆𝑇1 + 𝐵2∆𝑇2 + 𝐵3∆𝑇3 = 0                                                                                                   (19) 225 

The local climate feedback 𝐵𝑖 must be in a reasonable range to maintain the stability of the 226 

coupled box model. This requires an overall negative feedback at least satisfying: 227 
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−(𝐵1 + 𝐵2 + 𝐵3) < 0                                                                                                               (20) 228 

The BJC rate 𝐶𝑅, defined as the ratio of AHT change and OHT change, can be obtained using: 229 

𝐶𝑅𝑛 ≡ ∆𝐹𝑎𝑛∆𝑂𝑡𝑛 = − (∆𝑇2−∆𝑇1)∆𝑇2−(1+𝐵1𝜒 )∆𝑇1,     𝐶𝑅𝑠 ≡ ∆𝐹𝑎𝑠∆𝑂𝑡𝑠 = − (∆𝑇2−∆𝑇3)∆𝑇2−(1+𝐵3𝜒 )∆𝑇3.                                              (21) 230 

Here, 𝐶𝑅𝑛 and 𝐶𝑅𝑠 are compensation rates for the NH and SH, respectively. The lower ocean plays no 231 

role in the equilibrium BJC. It is apparent that in the two-hemisphere box model, the BJC rate 232 

depends largely on relative temperature changes in the surface ocean. This is different from the BJC 233 

rate derived in the one-hemisphere box model (Yang et al., 2016), in which the BJC rate is 234 

independent of temperature changes of the system. In the one-hemisphere box model, 
∆𝑇2∆𝑇1 = − 𝐵1𝐵2 is a 235 

constant due to the constraint of 𝐵1∆𝑇1 + 𝐵2∆𝑇2 = 0, and 𝐶𝑅 = − 11+𝐵1𝐵2/𝜒(𝐵1+𝐵2) depends only on 236 

the internal climate parameters 𝐵 and 𝜒. In the two-hemisphere box model, however, temperature 237 

changes among the three boxes become more complex as formulized in Eq. (19), and 
∆𝑇2∆𝑇1 is no longer 238 

a constant. 239 

In fact, the two-hemisphere box model can be readily reduced to the one-hemisphere box model 240 

if the SH box (or the NH box) and the tropical box are combined. In this case, Eq. (21) can be re-241 

written as follows, 242 

𝐶𝑅𝑛 = − 11+𝐵1𝐵𝑠/𝜒(𝐵1+𝐵𝑠) ,     𝐶𝑅𝑠 = − 11+𝐵3𝐵𝑛/𝜒(𝐵3+𝐵𝑛),                                                            (22) 243 

where  244 

𝐵𝑠 ≡ 𝐵2 + 𝛥𝑇3𝛥𝑇2 𝐵3 ,     𝐵𝑛 ≡ 𝐵2 + 𝛥𝑇1𝛥𝑇2 𝐵1                                                                                   (23) 245 
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are the combined climate feedbacks for the tropical-NH boxes and tropical-SH boxes, respectively. 246 

Eq. (19) is then reduced to 𝐵1∆𝑇1 + 𝐵𝑠∆𝑇2 = 0 or 𝐵3∆𝑇3 + 𝐵𝑛∆𝑇2 = 0. Mathematically, 𝐶𝑅𝑛 and 𝐶𝑅𝑠 247 

have symmetric forms about the equator, which are similar to the formula derived for the one-248 

hemisphere box model in Yang et al. (2016), that is, 𝐶𝑅 = − 11+𝐵1𝐵2/𝜒(𝐵1+𝐵2). The physics behind this 249 

is simple: if the two hemispheres are perfectly symmetric about the equator, the BJC situations in the 250 

NH and SH should also be identical to that in the one-hemisphere box model. We want to emphasize 251 

again that the simpler form of the BJC in the one-hemisphere box model is independent of the climate 252 

change and heat transport change themselves, and depends only on internal climate parameters 𝐵𝑖 and 253 𝜒, which can then be thought as an eigen mode of the coupled climate system, as pointed out in Liu et 254 

al. (2016) and Yang et al. (2016). 255 

The BJC establishes a link between the change in AHT and that in OHT. This link is valid at the 256 

decadal and longer timescales (Zhao et al., 2016), because the conservation of global total energy is 257 

required as a necessary condition that can easily fail for short timescale changes. The BJC implies 258 

how and to what extent the AHT responds to the OHT change, or more generally, how the 259 

atmospheric meridional motion responds to the ocean change. The analytical solution of BJC, Eq. 260 

(21) or (22), provides a simple and practical approach to scale the overall response in the atmosphere, 261 

given the relative temperature changes of ocean and local climate feedback in different regions.  262 

Eq. (21) or (22) suggests that the AHT change can perfectly compensate the OHT change in the 263 

mid-latitudes if 𝐵1∆𝑇1 = 0 (𝐵3∆𝑇3 = 0) for the NH (SH), that is, 264 

𝐶𝑅𝑛 = −1,     𝐶𝑅𝑠 = − 11+𝐵2𝐵3/𝜒(𝐵2+𝐵3),     if 𝐵1∆𝑇1 = 0.                                                         (24) 265 

𝐶𝑅𝑛 = − 11+𝐵1𝐵2/𝜒(𝐵1+𝐵2),     𝐶𝑅𝑠 = −1,     if 𝐵3∆𝑇3 = 0.                                                         (25) 266 
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The physical mechanism behind this situation is simple: for example, 𝐵1∆𝑇1 = 0 means that the TOA 267 

net heat flux in the NH extratropics (Box 1 in Fig. 1) does not change in response to certain 268 

perturbation, so that any ocean heat gain in the extratropics through the horizontal OHT has to be 269 

exported completely to the tropics via horizontal AHT, in order to maintain an equilibrium climate in 270 

the extratropics, that is, a perfect compensation occurs. In other words, due to the lack of energy gain 271 

(or loss) in the vertical direction at the TOA (𝐵1∆𝑇1 = 0), the horizontal energy inflow and outflow 272 

have to be exactly balanced in the atmosphere and ocean. This was discussed in details in Yang et al. 273 

(2016). Note that both 𝐶𝑅𝑛 and 𝐶𝑅𝑠 can be −1, i.e., perfect compensation can occur simultaneously in 274 

both the NH and SH if 𝐵1 = 𝐵3 = 0. This situation requires −𝐵2 < 0, i.e., the whole system needs an 275 

overall negative feedback for its stability, so that ∆𝑇2 = 0 based on Eq. (19). Therefore, there is no 276 

net heat flux change anywhere at the TOA. Significant changes in both the ocean and atmosphere 277 

circulations can still occur (∆𝑇1 ≠ 0, ∆𝑇3 ≠ 0).  278 

Eqs. (24) and (25) represent the best scenario of the BJC. Schematic diagram showing this best 279 

scenario is given in Fig. 2. Figure 2a shows an anomalous equatorward OHT is perfectly compensated 280 

by an anomalous poleward AHT, which can result in a symmetric change with warming in the tropics 281 

and cooling in the extratropics. This pattern can be found in observations (Fig. 5b). Figure 2b shows 282 

an anomalous southward OHT is perfectly compensated by an anomalous northward AHT in both 283 

hemispheres, which can result in a dipole change with cooling in the NH and warming in the tropics 284 

and SH. This pattern can also be found in observations (Fig. 5c). Note that the changes in AHT 285 

(OHT) in the NH and SH do not have to be the same in magnitude, so the temperature changes in 286 

difference regions can be very different. Also note that in this scenario, the asymmetric THC does not 287 

cause any difference in the BJC in the NH and SH, because the zero TOA flux change requires the 288 

opposite but the-same-magnitude changes in OHT and AHT, regardless of the direction and 289 

magnitude of the background circulation. 290 
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 291 

3.   Validating the BJC in perturbation experiments 292 

In this section, we validate the theoretical formulae of Eq. (21) using box model perturbation 293 

experiments. Perturbing freshwater in the system does not affect the global total energy budget of the 294 

coupled box model, as discussed in Yang et al. (2016). Therefore, the precondition for a valid BJC is 295 

satisfied. Two freshwater perturbation experiments are performed, in which a constant freshwater flux 296 

is hosed into the NH extratropics (box 1), that is, a negative salinity tendency (ℎ = −5 ×297 10−10 psu/s, corresponding to a 0.5-Sv freshwater flux in box 1) is added in the salinity tendency 298 

equation of 𝑆1 (Eq. 2a). In Exp. 1, we consider a global uniform climate feedback (−𝐵1 = −𝐵2 =299 −𝐵3 = −1.7) for simplicity. Exp. 2 is the same as Exp. 1, except for a non-uniform climate feedback 300 

(−𝐵1 = 0.6, −𝐵2 = −1.7, −𝐵3 = 0.5) as listed in Table 1. Each experiment has its own control run 301 

that has no external forcing. Other parameters are the same in these experiments. By comparing Exp. 302 

1 and Exp. 2, we will see explicitly how the climate feedback and regional temperature changes affect 303 

the BJC. 304 

The equilibrium changes in the two experiments, with respect to their own control runs, are 305 

shown in Fig. 3. The BJC values calculated from 
∆𝐹𝑎∆𝑂𝑡 directly and from Eq. (21) are shown in Fig. 3a. 306 

The direct calculation of BJC (
∆𝐹𝑎∆𝑂𝑡) is nearly equal to the theoretical value as expected. Figures 3b-c 307 

show detail changes in temperature and heat transport. Under the globally uniform negative climate 308 

feedback, the changes in Exp. 1 are simple and clear (Fig. 3b): in response to the 0.5-Sv freshwater 309 

hosing in the NH extratropical box, the THC there is weakened by about 12% (1.6 Sv), leading to a 310 

11% (0.132 PW) reduction of the OHT, a cooling in the NH extratropics (Δ𝑇1 = −0.35℃), a weak 311 

warming in the tropics (Δ𝑇2 = +0.13℃), and an even weaker warming in the SH (∆𝑇3 = +0.02℃), 312 

i.e., a dipole change in the upper-ocean temperature. The northward AHT is enhanced by about 2% 313 
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(0.077 PW) due to the increased poleward temperature gradient (Δ(𝑇2 − 𝑇1) = +0.48℃), which 314 

undercompensates the weakened OHT, because the negative climate feedback in the extratropics 315 

causes an additional heat gain (0.055 PW) from the TOA. The BJC rate in the NH is roughly −0.6 316 

(Fig. 3a). The warming in the SH extratropics (Δ𝑇3 = +0.02℃) is much weaker than that in the 317 

tropics (Δ(𝑇2 − 𝑇3) = +0.11℃). As a result, the AHT is enhanced southward (-0.018 PW). The OHT 318 

is increased northward (0.014 PW) because it is mainly determined by the temperature contrast 319 

between the two extratropical boxes (Δ(𝑇3 − 𝑇1) = +0.37℃). The BJC in the SH is about −1.3 (Fig. 320 

3a), indicating an overcompensation there. 321 

Under non-uniform climate feedback, particularly considering the positive feedbacks in the two 322 

extratropical boxes, the temperature changes in Exp. 2 are much stronger than those in Exp. 1. The 323 

OHT change is weaker and the AHT change is stronger than those in Exp. 1 (Fig. 3c vs. Fig. 3b). The 324 

THC in the NH extratropical box is weakened by about 9% (1.2 Sv), leading to a 5% (0.067 PW) 325 

reduction of the OHT, a strong cooling in the NH extratropics (Δ𝑇1 = −0.95℃; due to positive 326 

feedback in the extratropics) and a weak cooling in the tropics (Δ𝑇2 = −0.21℃). The northward AHT 327 

is enhanced by about 3% (0.12 PW) due to the increased poleward temperature gradient 328 

(Δ(𝑇2 − 𝑇1) = +0.74℃), which overcompensates the weakened OHT, because the positive climate 329 

feedback in the extratropics causes an additional heat loss (0.053 PW) out of the TOA. The BJC rate 330 

in the NH is −1.79 (Fig. 3a). The cooling in the SH extratropics (Δ𝑇3 = −0.50℃) is also stronger 331 

than that in the tropics due to positive feedback (Δ(𝑇2 − 𝑇3) = +0.29℃). As a result, the AHT is 332 

enhanced southward (-0.048 PW). The OHT in the SH is increased northward (0.02 PW) because of 333 

the enhanced temperature contrast between the two extratropical boxes (Δ(𝑇3 − 𝑇1) = +0.45℃). The 334 

BJC in the SH is about −2.4 (Fig. 3a), indicating a strong overcompensation there. 335 
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Although mathematically 𝐶𝑅𝑛 and 𝐶𝑅𝑠 have the identical form as shown in Eq. (22) and they can 336 

also be identical in the situation of Fig. 2, they are very different as revealed in Exps. 1 and 2 under 337 

non-zero climate feedbacks. This can only be attributed to the asymmetric THC in the two 338 

hemispheres. Physically, the role of THC in 𝐶𝑅𝑛 and 𝐶𝑅𝑠 can be understood as follows. The 339 

asymmetric THC leads to a much stronger mean OHT in the NH than in the SH (1.28 PW vs. 0.05 340 

PW; Table 2), because the vertical temperature difference in the NH is much bigger than that in the 341 

SH (23C vs. 0.8C; Table 2) (Eq. (4)). This background state implies that under certain small 342 

perturbation, there would be a much stronger OHT change in the NH than in the SH (Figs. 3b-c). For 343 

the atmosphere, the mean AHT is much stronger than the mean OHT. And the AHT changes in the 344 

NH and SH are usually comparable, because they are determined by the comparable poleward surface 345 

temperature gradient in the two hemispheres (Eq. (5)), which are also comparable to the OHT change 346 

in the NH. Therefore, the relative changes in the AHT and OHT in the NH are comparable, that is, a 347 

reasonable BJC in the NH can be expected. In the SH, the AHT change tends to be stronger than the 348 

OHT change, which would always result in an overcompensation regardless of the sign of climate 349 

feedback (Fig. 3b). The overcompensation can be exacerbated if there is a positive climate feedback 350 

in the SH (Fig. 3c), because the positive feedback affects the atmosphere more seriously than 351 

affecting the ocean. 352 

The BJC in the NH (𝐶𝑅𝑛) is more predictable, consistent with the suggestion by the theoretical 353 

formula 𝐶𝑅 = − 11+𝐵1𝐵2/𝜒(𝐵1+𝐵2) derived in the one-hemisphere box model (Yang et al., 2016); that is, 354 

there should be undercompensation (|𝐶𝑅𝑛| < 1) for global negative feedback, or overcompensation 355 

(|𝐶𝑅𝑛| > 1) if there is a positive climate feedback somewhere, as validated in Exp.1 and Exp. 2 (Fig. 356 

3a). However, the BJC in the SH (𝐶𝑅𝑠) cannot be estimated merely based on the climate feedback. 357 

The changes of temperature patterns are critical to detailed BJC values in a global coupled system. 358 
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However, if we only concern whether or not the BJC would occur in a global coupled system, or the 359 

probability of a valid BJC, the temperature change patterns do not matter anymore.  360 

 361 

4.   Probability of a valid BJC 362 

To know how much the BJC in general depends on temperature changes of different regions, as 363 

well as the climate feedback, we plot 𝐶𝑅𝑛 and 𝐶𝑅𝑠 using Eq. (21) in Fig. 4. Note that 𝐶𝑅𝑛 and 𝐶𝑅𝑠 are 364 

actually determined by the ratio of temperature changes (
∆𝑇2∆𝑇1 and 

∆𝑇2∆𝑇3). The contours of 𝐶𝑅𝑛 and 𝐶𝑅𝑠 in 365 

Fig. 4 consist of a cluster of straight lines that avoid the singular point of (0, 0), in which 
∆𝑇2∆𝑇1 (or 

∆𝑇2∆𝑇3) is 366 

constant along each line. Since mathematically 𝐶𝑅𝑛 and 𝐶𝑅𝑠 have the identical form, only one of them 367 

needs to be plotted. The dashed green lines in Fig. 4 represent the situations of 
∆𝑇2∆𝑇1 = 1 and 

∆𝑇2∆𝑇1 = (1 +368 𝐵1χ ), and the area enclosed by these two lines shows the regime where the BJC fails, i.e., 𝐶𝑅𝑛 > 0 369 

(denoted by warm colors in Fig. 4). In fact, 𝐶𝑅𝑛 = 0 when 
∆𝑇2∆𝑇1 = 1, and 𝐶𝑅𝑛 = ±∞ when 

∆𝑇2∆𝑇1 = (1 +370 𝐵1χ ). Therefore, in the phase space of temperature change, theoretically the probability that the BJC 371 

fails can be defined as the ratio of the area within the green lines to the total area of the square, that is, 372 

𝑝 = {(1 − 𝑘) 4⁄ ,                        − 𝐵 ≤ 0    (1 − 1𝑘) 4⁄ ,                 0 ≤ −𝐵 ≤ 2     (3 + 𝑘) 4⁄ ,                       − 𝐵 ≥ 2    ,                                                                            (26) 373 

where 𝑘 = 1/(1 + 𝐵) is the slope. Here, we define a non-dimensional parameter, 𝐵 = 𝐵1𝜒 , showing 374 

the relative strength of the local climate feedback (𝐵1) with respect to the meridional atmospheric 375 

transport coefficient (𝜒) in the same latitude band. Therefore, the probability of a valid BJC is 376 (1 − 𝑝) ∗ 100%, which is then determined only by the internal climate parameters and is independent 377 

of temperature change.  378 
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Figure 4 shows that generally, under a reasonable climate feedback, the probability of a valid 379 

BJC is more than 80% (blue region). Under an extremely negative climate feedback (−𝐵 → −∞), the 380 

probability of BJC is no less than 75% (Fig. 4d), no matter how the temperature changes, while under 381 

an extremely positive climate feedback (−𝐵 → ∞), the probability of a valid BJC can be as low as 382 

25% (Fig. 4h). Figures 4d and 4h represent two extreme situations, which are unrealistic but provide 383 

us useful information for understanding the BJC limit. A strong local negative feedback can 384 

efficiently dissipate local heat gain (or loss) in the vertical through the TOA, so that a more freedom 385 

of AHT change is allowed in response to OHT change, which could reduce the probability of BJC by 386 

as much as 25% (Fig. 4d). A strong local positive feedback, instead, can exacerbate seriously the heat 387 

imbalance through the vertical process, so that the AHT and OHT have to change cooperatively (Liu 388 

et al., 2018), in order to maintain the local energy balance, resulting in probability of BJC failure 389 

being as high as 75% (Fig. 4h). Under a neutral climate feedback (−𝐵 → 0), the BJC would be valid 390 

for nearly all temperature changes (Figs. 4a, e), with the probability of a perfect compensation (i.e., 391 𝐶𝑅 = −1) nearly 100%. In a more realistic situation with the local negative climate feedback close to 392 

the atmosphere heat transfer coefficient (−𝐵 = −1 ⇒ 𝑘 = 12 ⇒ 𝑝 = 18), the probability of a valid BJC 393 

is 87.5% (Fig. 4b). In contrast, under a realistic local positive climate feedback (−𝐵 = 1 ⇒ 𝑘 ⟶394 ∞ ⇒ 𝑝 = 14), the probability of a valid BJC is 75% (Fig. 4f). With enhanced local climate feedback, 395 

the probability of a valid BJC decreases, which is about 83% for −𝐵 = −2 (Fig. 4c) and 50% for 396 −𝐵 = 2 (Fig. 4g). Figure 4 also shows that the probability of a valid BJC is much higher under 397 

negative feedback than under positive feedback. 398 

In general, in a coupled box model system under the constraint of global energy conservation, 399 

the compensation changes in AHT and OHT are rather robust, regardless of the relative temperature 400 

changes in different latitude zones. The critical factor in determining the BJC rate is still the local 401 

climate feedback, as emphasized in our previous studies (Liu et al., 2016; Yang et al., 2016). How 402 
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robust the BJC would be in a real world depends on what the climate feedback is in the reality. We 403 

will discuss this briefly next.  404 

 405 

5.   Evaluating the BJC in the real world 406 

To evaluate the robustness of the BJC in the real world, we use the sea surface temperature 407 

(SST) data set of HadISST (Rayner et al., 2003) from the UK Met Office Hadley Centre to calculate 408 

the climate feedback and BJC. It is monthly data with a horizontal resolution of 11, and spans the 409 

period of 1870-2020. We use the annual mean data in our calculation. The long-term trend over 1870-410 

2020 is removed, and then a low-pass filter of 30-year running mean is applied. The de-trended low-411 

frequency data are within the frame of global energy conservation.  412 

Figure 5 shows the evolution of SST anomaly (SSTA) averaged over different latitude bands 413 

during 1870-2020, and the SSTA patterns averaged over two periods of 1910-1925 and 1970-1990. 414 

The 60-80 years’ multi-decadal variation is clearly seen in the SSTA at all latitudes (Fig. 5a). The 415 

SSTA patterns over the two negative phases of the multi-decadal variation are quite different. For the 416 

period of 1910-1925 (Fig. 5b), the Atlantic SSTA had a roughly unanimous cooling, while the Pacific 417 

SSTA showed a tri-polar structure, with a warming in the central-eastern tropical Pacific and cooling 418 

in the extratropics. For the period of 1970-1990 (Fig. 5c), the SSTA in most region of the Pacific 419 

showed a cooling, while the Atlantic SSTA showed a dipole structure, with cooling in the NH and 420 

warming in the SH and Southern Ocean. Note that in the early period of the 20th century, the ocean 421 

data coverage was very sparse (Deser et al., 2010). The SSTA pattern shown in Fig. 5b may not be 422 

accurate. Notwithstanding, the SSTA patterns in Figs. 5b and 5c are qualitatively consistent with the 423 

schematic diagrams in Figs. 2a and 2b, respectively. The SSTA evolution, patterns and their 424 
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mechanisms have been studied comprehensively (Deser et al., 2010), and are not the focus of this 425 

paper. The purpose of Fig. 5 is to provide a general picture on the observational data used in this 426 

study.  427 

To estimate the BJC in the reality, the climate feedback needs to be determined first. Based on 428 

the global energy conservation of Eq. (19), we can determine the climate feedback in different latitude 429 

bands. More specifically, we can obtain the relative magnitude of climate feedback in different 430 

regions. In fact, Eq. (19) can be generalized as follows, 431 

∑ 𝐵𝑖∆𝑇𝑖𝑛𝑖=1 = 0.                                                                                                                       (27) 432 

Eq. (27) forms homogeneous linear equations for 𝐵𝑖, provided that ∆𝑇𝑖 is given based on 433 

observations. Unfortunately, there is no non-zero solution to 𝐵𝑖 in these homogeneous linear 434 

equations. However, if we happen to know one 𝐵𝑗 in a specific latitude band, the 𝐵𝑖 in the other 435 

regions can be easily obtained. Eq. (27) can be re-written as follows, 436 

∑ 𝐵𝑖𝐵𝑗 ∆𝑇𝑖𝑛𝑖=1,𝑖≠𝑗 = −∆𝑇𝑗.                                                                                                           (28) 437 

Eq. (28) are non-homogeneous linear equations, and there are non-zero solutions to 𝐵𝑖. If 𝐵𝑗 is 438 

known, 𝐵𝑖 can be determined exactly. If 𝐵𝑗 is unknown, the ratio 
𝐵𝑖𝐵𝑗 can be determined at least. Eq. 439 

(28) is simple, clean and clear in physical mechanism, but is powerful in determining the climate 440 

feedback parameters in every latitude band, as long as adequate surface temperature data are 441 

available.  442 

A multivariable linear regression model is used to calculate coefficients 
𝐵𝑖𝐵𝑗. Based on the time 443 

series shown in Fig. 5a, we obtain 
𝐵1𝐵2 = −0.35 and 

𝐵3𝐵2 = −0.27. Here, all of the 150-year data are 444 

used for the calculation. 
𝐵1𝐵2 and 

𝐵3𝐵2 could vary slightly by about 10% if different lengths of data are 445 
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used; and these values suggest that the sign of the tropical climate feedback (𝐵2) tends to be opposite 446 

to those of the extratropics (𝐵1, 𝐵3). Note that in Fig. 5, ∆𝑇1, ∆𝑇2 and ∆𝑇3 are area-averaged quantities 447 

based on the regions slightly different from those defined in the box model (Fig. 1), so the area-448 

weighted quantities 𝐵1, 𝐵2 and 𝐵3 here are also region-dependent. We want to emphasize that the 449 

fundamental principles, i.e., all formulae in this work, are independent of how the regions are defined.  450 

In this work, we choose −𝐵2 = −1.7, so that −𝐵1 = 0.6 and −𝐵3 = 0.5. Previous studies 451 

suggested a strong negative feedback in the tropics and weak positive feedback in the extratropics 452 

(e.g., Soden et al., 2008; Jonko et al., 2010; Vial et al., 2013; Yang et al., 2017). The overall global 453 

climate feedback is negative, ensuring the stability of the current climate. The negative tropical 454 

feedback is mainly due to the strong negative feedback between the outgoing longwave radiation 455 

(OLR) and surface temperature (in association with high clouds), which dominates the positive 456 

feedback between shortwave radiation and surface temperature (Jonko et al., 2010; Vial et al., 2013; 457 

Yang et al., 2017). The positive feedback in the extratropics is mainly due to the strong positive 458 

feedback between the shortwave radiation and surface temperature, which overcomes the strong 459 

negative feedback between the OLR and surface temperature (Soden et al., 2008; Vial et al., 2013; 460 

Yang et al., 2017). The feedback parameter 𝐵2 we choose here and 𝐵1and 𝐵3 estimated based on the 461 

HadISST using Eq. (28) are consistent with those estimated using the so-called radiative kernel 462 

technique (Soden et al., 2008; Jonko et al., 2010). 463 

The BJC situation based on the HadISST is shown in Fig. 6. Using Eq. (26), the calculated 464 

theoretical probabilities of a valid BJC under the weak positive feedback −𝐵1 = 0.6 and −𝐵3 = 0.5 465 

are 91% and 93%, respectively (Figs. 6a, b). The temperature anomaly pairs of (∆𝑇1, ∆𝑇2) and (∆𝑇2, 466 ∆𝑇3) are also scattered in Figs. 6a and 6b, respectively. We see that most of the circles are in the 467 

regime of a valid BJC. Figure 6c shows distributions of 𝐶𝑅𝑛 calculated using ∆𝑇1, ∆𝑇2 and 𝐵1 (blue 468 
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bars) and 𝐶𝑅𝑠 calculated using ∆𝑇3, ∆𝑇2 and 𝐵3 (cyan bars). The occurrence of a valid BJC based on 469 

HadISST is greater than 90% for both hemispheres. The mean 𝐶𝑅𝑛 (𝐶𝑅𝑠) for the NH (SH) is -1.50 (-470 

1.30). The “good” compensation (𝐶𝑅 ∈ (−0.5, −1.5)) occurs more than 50% for both hemispheres. 471 

Using the theoretical formulae Eq. (21), the estimated BJC based on the HadISST data suggests the 472 

robustness of compensation changes in AHT and OHT in the reality.  473 

 474 

6.   Summary and discussion 475 

Using a coupled two-hemisphere model, we investigate the BJC in the presence of an 476 

interhemispheric thermohaline circulation. First, we obtain an analytical solution to the BJC, which is 477 

determined by both local climate feedback and temperature change. This is different from the BJC in 478 

a one-hemisphere model, which only considers local climate feedback. Second, we derive a formula 479 

for the probability of a valid BJC, i.e., the possibility for a negative BJC (𝐶𝑅 < 0). We illustrate that 480 

the probability of a valid BJC depends only on the local climate feedback and is independent of 481 

temperature change. The probability of a valid BJC is usually higher than 80% under reasonable 482 

choice of climate feedback parameters. Third, the BJC and the probability of a valid BJC are 483 

evaluated using observational data of the HadISST; and both are found to be robust. This implies that 484 

the Earth climate system has been maintaining its energy balance very well during the past 150 years. 485 

The progresses of this work with respect to previous studies (e.g., Marotzke, 1990; Nakamura et 486 

al. 1994; Tziperman et al., 1994; Marotzke and Stone, 1995; Liu et al., 2016, 2018; Yang et al., 2016) 487 

are the two-hemisphere box model used and the formula to the probability of a valid BJC. This model 488 

is one step closer to the reality. For example, in the one-hemisphere box model, the BJC is 489 

independent of the heat transports themselves, which  fail to resemble the full range of behaviors 490 
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suggested by complex general circulation models, as pointed out by Rose and Ferreira (2013). The 491 

two-hemisphere box model proposed by Rooth (1982) is dynamically superior to the one-hemisphere 492 

model (Longworth et al., 2005), by considering an interhemispheric THC. In the two-hemisphere box 493 

model, the BJC does depend on the pattern of temperature change. However, under reasonable choice 494 

of climate feedback parameters, the relative temperature changes in different regions do not affect the 495 

BJC too much, as suggested by the probability of a valid BJC. The fundamental mechanism revealed 496 

in the one-hemisphere box model remains valid in a global system to some extent. 497 

The BJC is one of the fundamental mechanisms that constrain the global climate change. This 498 

mechanism may be crucial to the overall Earth’s climate stability, and may shed light on a potential 499 

self-restoring mechanism in a complex climate system. The BJC also suggests a remote climate 500 

change in response to a local forcing, such like the teleconnection between the SH ocean-atmosphere 501 

system and the polar amplification in the NH (Liu et al., 2018). The present-day’s Earth climate is 502 

experiencing a rising global mean temperature and a diminishing cryosphere in the high latitudes and 503 

over mountains. Knowing the BJC in the real world has a realistic significance for us to assess future 504 

climate change and the possible changing teleconnections between the two hemispheres in the future. 505 

The coupled box model has many limitations. The linear relationship between the AHT and 506 

poleward surface temperature gradient is appropriate for the atmosphere in the mid-to-high latitudes 507 

(Stone and Yao, 1990), but not accurate in the low latitudes. The ocean model is constructed based on 508 

Rooth’s (1982) box model and considers an interhemispheric THC, but it does not consider the effects 509 

of wind forcing and vertical mixing in the Southern Ocean on the THC (e.g., Toggweiler and Samuels 510 

1995, 1998). Moreover, the wind-driven circulation (WDC) is not included in the ocean model. In 511 

reality, the WDC has roughly an symmetric structure about the equator, which transports heat 512 

poleward in collaboration with the AHT. The southward OHT by the WDC is important in the SH, 513 
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which dominates over the northward OHT by the THC and leads to roughly symmetric poleward 514 

OHTs by global oceans (Trenberth and Caron, 2001). The role of WDC OHT in the global total 515 

meridional heat transport has been examined through many different numerical models (e.g., Vallis 516 

and Farneti, 2009). However, how the WDC would affect the BJC theoretically in a box model 517 

remains to be explored in-depth. Will the WDC lead to a symmetric BJC in the two hemispheres, or 518 

cause a failure of the BJC in the SH? Actually, Fig. 6 suggests that the WDC might not be critical to 519 

the BJC of the global coupled system, since the HadISST has included the effect of the WDC. Still, a 520 

theoretical study on WDC’s role in the BJC is needed. 521 

 522 
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Table 1   Parameters used in this study.  621 

Symbol Physical Meaning Value 𝐴1, 𝐴2, 𝐴3 Net incoming radiative fluxes at boxes 1, 2, 3 -55, 80, -30 𝑊𝑚−2 

𝐵1, 𝐵2, 𝐵3 Local climate feedback parameters in boxes 1, 2, 3 -0.6, 1.7, -0.5, 𝑊𝑚−2𝐾−1 

𝐿1, 𝐿2, 𝐿3 Meridional scale of north, tropical and south boxes 30°, 75°, 40° 
𝐷1, 𝐷2 Depths of upper and lower boxes 400, 4000 m 

𝑐𝜌0 Heat capacity of a unit water volume 4106 𝐽𝑚−3𝐾−1 

𝑆0 Reference salinity 35.0 psu 

α Thermal expansion coefficient 2.510-4 𝐾−1 

β Haline contraction coefficient 7.510-4 𝑝𝑠𝑢−1 

𝐺01 Entire surface area north of 45N 1.251014 𝑚2 

ϵ 
Ratio of ocean area of box G1 to box G01 (i.e., G1/G01), ϵ ≤ 1 

0.2 

ϵ𝑤 
Ratio of ocean and catchment area to G01, ϵ ≤ ϵ𝑤 ≤ 1 

0.3 

κ Hydraulic constant 3 × 10−6 𝑠−1 

γ Atmosphere moisture transport efficiency 1.610-10 𝑚𝑠−1𝐾−1 

χ Atmosphere heat transport efficiency 1.7 𝑊𝑚−2𝐾−1 

 622 

  623 
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Table 2   Properties of the reference mean climate based on the parameters in Table 1. For mass and 624 

heat transports, the positive (negative) value represents northward (southward). The subscripts n and s 625 

represent the NH and SH, respectively. 1 Sv=106 m3/s, and 1 PW=1015 W. 626 

Symbol Physical Meaning Value 𝑇1, 𝑇2, 𝑇3, 𝑇4, 𝑇5, 𝑇6, Temperature for boxes 1-6 2.6, 25.6, 3.4, 2.6, 2.6, 2.6 C 

𝑆1, 𝑆2, 𝑆3, 𝑆4, 𝑆5, 𝑆6, Salinity for boxes 1-6 35.0, 35.6, 34.4, 35.0, 35.0, 35.0 psu 

𝑇𝑠𝑛, 𝑇𝑠𝑠 Meridional temperature contrast 𝑇2 − 𝑇1, 𝑇2 − 𝑇3 23.0, 22.2 C 

𝑆𝑠𝑛, 𝑆𝑠𝑠 Meridional salinity contrast 𝑆2 − 𝑆1, 𝑆2 − 𝑆3 0.6, 1.2 psu 

𝑞 Meridional ocean mass transport by THC 14.0 Sv 

𝐹𝑎𝑛, 𝐹𝑎𝑠 Atmosphere heat transport in NH and SH 3.7, -3.6 PW 

𝑂𝑡𝑛, 𝑂𝑡𝑠 Ocean heat transport by THC 1.3, 0.05 PW 

𝐹𝑡𝑛, 𝐹𝑡𝑠 Total meridional heat transport 5.0, -3.6 PW 

𝐹𝑤𝑛, 𝐹𝑤𝑠 Atmosphere moisture transport 0.34, -0.33 Sv 

  627 
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Figure captions: 628 

 629 

Figure 1    Schematic diagram of the coupled box model. The model consists of three atmospheric 630 

boxes and six ocean boxes that are denoted by , , …, . Boxes 1 and 4 represent the upper 631 

and lower layers of the northern extratropical ocean, respectively; boxes 2 and 5, of the tropical 632 

ocean, respectively; and boxes 3 and 6, of the southern extratropical ocean, respectively. 𝐷1 and 633 𝐷2 are the depths of upper and lower ocean layers, respectively. 𝐿1, 𝐿2 and 𝐿3 are the meridional 634 

scales of ocean boxes. 𝐻1, 𝐻2 and 𝐻3 are ocean heat gains through the surface, and 𝐻01, 𝐻02 and 635 𝐻03 are the net heat radiation at the top of atmosphere (TOA). 𝐸1 and 𝐸3 are the net freshwater 636 

gains in the northern and southern extratropics, respectively, and 𝐸2 is the net freshwater loss in 637 

the tropics. 𝑂𝑡1 - 𝑂𝑡6 illustrate the heat transports through thermohaline circulation among 638 

different ocean boxes, denoted by solid blue arrows. 𝐹𝑎𝑛 and 𝐹𝑎𝑠 are the meridional atmosphere 639 

energy transports; 𝐹𝑤𝑛 and 𝐹𝑤𝑠 are the meridional atmosphere moisture transport; the subscripts n 640 

and s denote northward and southward, respectively. 641 

 642 

Figure 2    Schematic diagram showing the perfect compensation, in which 𝐵1 = 𝐵3 = 0 so that 643 

Bjerknes compensation (BJC) rates in both hemispheres are equal to 1. Note that the changes in 644 

AHT and OHT in the Northern Hemisphere (NH) and Southern Hemisphere (SH) do not have to 645 

be of the same magnitude. (a) An anomalous equatorward OHT is perfectly compensated by an 646 

anomalous poleward AHT, which can result in a neutral change in the tropics and cooling in the 647 

extratropics of both hemispheres. (b) An anomalous southward OHT is compensated by an 648 

anomalous northward AHT in both hemispheres, which can result in a dipole change of cooling in 649 

the NH and warming in the SH.  650 

 651 
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Figure 3   Equilibrium response of climate changes to freshwater hosing in box 1. (a) shows the BJC 652 

values in two experiments. Filled bars represent BJC from 
∆𝐹𝑎∆𝑂 , and unfilled bars, from Eq. (21). 653 

(b)-(c) are for Exp.1 and Exp.2, respectively. In Exp.1, uniformly negative feedback (−𝐵1 =654 −𝐵2 = −𝐵3 = −1.7) is considered. In Exp. 2, weak positive feedbacks are given in the 655 

extratropical boxes (−𝐵1 = 0.6, −𝐵3 = 0.5) and a strong negative feedback is given in the tropics 656 

(−𝐵2 = −1.7). Orange arrow shows the AHT change, and dark blue arrows show the OHT 657 

changes due to THC. Positive (negative) value represents northward (southward) transport. Grey 658 

arrow shows the vertical heat transport change at the surface and top of the atmosphere, and 659 

positive (negative) value represents upward (downward) transport. 660 

 661 

Figure 4    Pattern of BJC rate in the phase space of temperature change based on Eq. (21). The x-662 

axis represents the temperature change in the tropical box T2, and the y-axis represents the 663 

temperature change in the extratropical box (T1 or T3). The shaded contours show CRn or CRs, 664 

which are actually determined by the ratio of temperature changes in different boxes, i.e., T1/T2 665 

or T3/T2; therefore, the contours consist of a cluster of straight lines that all avoid the singular 666 

point of (0, 0). The smaller area between two dashed green lines is the domain with CR > 0, i.e., 667 

the domain with no compensation. The upper (lower) panels are for CR under the negative 668 

(positive) climate feedback. (a)-(d) are for –B= –0.05, –1.0, –2.0, and –20, respectively; (e)-(h), 669 

for –B=0.05, 1.0, 2.0, and 20, respectively. Here, B=B1/ or B3/ is a non-dimensional parameter 670 

showing the relative strength of climate feedback with respect to the atmospheric heat transport 671 

coefficient. Note that B=0.05 represent the situations with nearly no climate feedback, and 672 

B=20 represent the situations with infinitely strong negative and positive feedbacks.  673 

 674 

Figure 5    Time series and patterns of sea surface temperature anomaly (SSTA; units: 0.1C) using 675 

the HadISST data. (a) SSTA time series averaged over 30N-90N (blue curve), 30S-30N (black 676 



BoxModel9BJC20210323.docx, Shi and Yang, 3/29/21 34 

curve) and 90S-30S (red curve). The dashed vertical green lines indicate two periods of 1910-677 

1925 and 1970-1990. (b) and (c) are SSTA patterns averaged over the periods of 1910-1925 and 678 

1970-1990, respectively, indicated by the two pairs of dashed green lines in (a). Annual mean data 679 

are used here. The long-term trend over the period 1870-2020 is first removed, followed by a 30-680 

year running mean. 681 

 682 

Figure 6    Pattern of BJC rate in the phase space of temperature change and BJC distribution based 683 

on annual mean lowpass-filtered HadISST data. (a) and (b) are the same as those in Fig. 4, except 684 

that the climate feedback values B1 and B3 are obtained from the HadISST data. The units for 685 

temperature anomaly are 0.1C. In (a), –B=B1/=0.35, where –B1=0.6. Blue open circles represent 686 

T1 vs. T2. In (b), –B=B3/=0.3, where –B3=0.5. Cyan open circles represent T3 vs. T2. Here 687 

 =1.7. (c) is the BJC distributions for CRn (blue bars) and CRs (cyan bars). The x-axis denotes the 688 

probability in percentage (%), and the y-axis shows the value of CRn or CRs.  689 
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Figure 2

Schematic diagram showing the perfect compensation, in which B1=B3=0 so that Bjerknes
compensation (BJC) rates in both hemispheres are equal to -1. Note that the changes in AHT and OHT in
the Northern Hemisphere (NH) and Southern Hemisphere (SH) do not have to be of the same magnitude.
(a) An anomalous equatorward OHT is perfectly compensated by an anomalous poleward AHT, which
can result in a neutral change in the tropics and cooling in the extratropics of both hemispheres. (b) An



anomalous southward OHT is compensated by an anomalous northward AHT in both hemispheres,
which can result in a dipole change of cooling in the NH and warming in the SH.
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Figure 4

Pattern of BJC rate in the phase space of temperature change based on Eq. (21). The x-axis represents
the temperature change in the tropical box ΔT2, and the y-axis represents the temperature change in the
extratropical box (ΔT1 or ΔT3). The shaded contours show CRn or CRs, which are actually determined by
the ratio of temperature changes in different boxes, i.e., ΔT1/ΔT2 or ΔT3/ΔT2; therefore, the contours
consist of a cluster of straight lines that all avoid the singular point of (0, 0). The smaller area between
two dashed green lines is the domain with CR > 0, i.e., the domain with no compensation. The upper
(lower) panels are for CR under the negative (positive) climate feedback. (a)-(d) are for –B= –0.05, –1.0,
–2.0, and –20, respectively; (e)-(h), for –B=0.05, 1.0, 2.0, and 20, respectively. Here, B=B1/X or B3/X is a
non-dimensional parameter showing the relative strength of climate feedback with respect to the
atmospheric heat transport coe�cient. Note that B=±0.05 represent the situations with nearly no climate
feedback, and B=±20 represent the situations with in�nitely strong negative and positive feedbacks.



Figure 5

Time series and patterns of sea surface temperature anomaly (SSTA; units: 0.1⁰C) using the HadISST
data. (a) SSTA time series averaged over 30⁰N-90⁰N (blue curve), 30⁰S-30⁰N (black curve) and 90⁰S-30⁰S
(red curve). The dashed vertical green lines indicate two periods of 1910-1925 and 1970-1990. (b) and (c)
are SSTA patterns averaged over the periods of 1910-1925 and 1970-1990, respectively, indicated by the



two pairs of dashed green lines in (a). Annual mean data are used here. The long-term trend over the
period 1870-2020 is �rst removed, followed by a 30-year running mean.

Figure 6

Pattern of BJC rate in the phase space of temperature change and BJC distribution based on annual
mean lowpass-�ltered HadISST data. (a) and (b) are the same as those in Fig. 4, except that the climate
feedback values B1 and B3 are obtained from the HadISST data. The units for temperature anomaly are
0.1⁰C. In (a), –B=B1/X=0.35, where –B1=0.6. Blue open circles represent ΔT1 vs. ΔT2. In (b), –
B=B3/X=0.3, where –B3=0.5. Cyan open circles represent ΔT3 vs. ΔT2. Here x =1.7. (c) is the BJC
distributions for CRn (blue bars) and CRs (cyan bars). The x-axis denotes the probability in percentage
(%), and the y-axis shows the value of CRn or CRs.
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