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ABSTRACT 17 

The Atlantic Meridional Overturning Circulation (AMOC) exhibits significant multicentennial 18 

oscillations (MCO), playing a crucial role in long-term climate variability. In this study, we use a 19 

simplified two-dimensional ocean model to extend previous theoretical and coupled model studies on 20 

AMOC MCO, providing clearer physical insights and bridging the gap between idealized and high-21 

complexity numerical models. Our results demonstrate that stochastic salinity forcing effectively 22 

excites AMOC MCO, with the oscillation primarily driven by the tropical-subpolar advection 23 

feedback. Through sensitivity experiments, we find that the period of the AMOC MCO is largely 24 

controlled by the strength and vertical structure of the climatological AMOC: a stronger AMOC 25 

shortens the oscillation period, whereas a deeper AMOC maximum extends it. Under weak AMOC 26 

conditions, the oscillation timescale can extend to millennial scales. Additionally, we explore the 27 

influence of wind-driven circulation and find that while it has little effect on the MCO period, it 28 

slightly modifies the amplitude of variability by suppressing low-frequency components and 29 

enhancing high-frequency fluctuations. The use of a simplified model enables a systematic 30 

exploration of key physical mechanisms governing AMOC MCO, offering valuable insights into 31 

long-term climate variability. 32 

KEYWORDS: Atlantic Meridional Overturning Circulation, Multicentennial Oscillation, Two-33 

Dimensional Ocean Model, Stochastic Forcing, Wind-driven Circulation 34 

 35 
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1. Introduction 37 

The Earth’s climate system exhibits variability across a wide range of timescales. Extensive proxy 38 

records from tree rings, ice cores, and lakebed or seabed sediments indicate the presence of 39 

centennial-to-millennial-scale climate variabilities in the climate system (Chapman and Shackleton 40 

2000; McDermott et al. 2001; Proctor et al. 2002; Newby et al. 2014; Askjær et al. 2022). The 41 

multicentennial oscillation (MCO) may have influenced the evolution of historical human 42 

civilizations and the rise and fall of dynasties (Hodell et al. 1995; Binford et al. 1997). In-depth 43 

studies on the MCO not only has profound implications for the understanding of ancient civilizations, 44 

but also enhances our capability of the long-term future climate projection (Collins and Sinha 2003). 45 

Since external forcings are relatively stable during the Holocene period, internal variability may 46 

be the dominant component of the multicentennial variability. Studies also suggested that during the 47 

past two millennia the forced signal accounts for only 10–35% of the total variance of signals lasting 48 

over 10 years (Moffa‐Sánchez et al. 2019). Among the components of the Earth system, the ocean, 49 

due to its immense thermal inertia, is capable of sustaining long time-scale internal variabilities. As a 50 

crucial part of ocean circulation, the Atlantic Meridional Overturning Circulation (AMOC) has a 51 

timescale that can extend to thousands of years, making it a potential driver of the MCO. 52 

Consequently, understanding the multicentennial variability of AMOC has become a significant 53 

research focus in the field of long-term climate variability (Stocker and Mysak 1992; Rahmstorf 54 

2002; Oppo et al. 2003; Rahmstorf 2006; Msadek and Frankignoul 2009; Srokosz et al. 2012; Kissel 55 

et al. 2013; Thornalley et al. 2013; Chabaud et al. 2014). 56 

In the absence of long-term direct observations of AMOC at this timescale, studies on the AMOC 57 

have predominantly relied on models of varying complexity (Stommel 1961; Welander 1982; 58 

Mikolajewicz and Maier-Reimer 1990; Stocker et al. 1992; Mysak et al. 1993; Roebber 1995; 59 

Walland et al. 2000; Askjær et al. 2022; Cao et al. 2023). Recent studies have demonstrated that the 60 

generation and maintenance of AMOC MCO can be investigated more clearly using simple 61 

theoretical models. For instance, a four-box ocean model considering only salinity has been employed 62 

to identify and explain the oscillation mechanism of AMOC MCO from a linear perspective (Li and 63 

Yang 2022). This study revealed that the oscillation period is associated with the turnover time of the 64 

ocean, which is in turn determined by the AMOC strength and the volume of upper ocean. Stochastic 65 

freshwater forcing can trigger this oscillation. Subsequent research expands on this by examining the 66 

stabilizing role of temperature in AMOC MCO, and refining the advection feedback mechanism by 67 
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incorporating both the salinity and temperature. Specifically, to fulfill the AMOC MCO, both positive 68 

feedbacks from perturbation advection of mean salinity and mean advection of temperature anomaly 69 

and negative feedbacks from mean advection of salinity anomaly and perturbation advection of mean 70 

temperature are needed, and they have to work together organically.  71 

Early studies using both two-dimensional and three-dimensional ocean models have produced the 72 

AMOC MCO (Mikolajewicz and Maier-Reimer 1990; Mysak et al. 1993). However, these studies 73 

primarily focused on the effect of mean advection mechanism of salinity anomaly, neglecting the 74 

perturbation advection mechanism of mean salinity. Some two-dimensional models explored 75 

variations in oscillation periods related to diffusive thermal and saline processes, but did not 76 

deliberate how changes in diffusion coefficients affect the AMOC structure (Mysak et al. 1993; 77 

Schmidt and Mysak 1996). Later, complex coupled models are used to investigate the AMOC MCO, 78 

with its origin emerging as a key topic. Different models give the varying explanations regarding the 79 

origin of the AMOC MCO. The AMOC MCO could be originated in the North Atlantic (Yang et al. 80 

2024b), the Arctic Ocean (Jiang et al. 2021; Meccia et al. 2022; Mehling et al. 2022), or the Southern 81 

Ocean (Park and Latif 2008; Delworth and Zeng 2012). More recently, coupled model studies argue 82 

that the North Atlantic related processes dominate the origin of AMOC MCO and highlight the role of 83 

positive feedback of perturbation advection of mean salinity, which was overlooked in earlier 84 

modeling efforts (Yang et al. 2024b). 85 

This work is part of our serial studies on the AMOC MCO. We use the two-dimensional ocean 86 

model, trying the fill the gap between theoretical models and the coupled models and providing 87 

clearer physical explanations with more sensitivity experiments. Our previous theoretical studies on 88 

the AMOC MCO using box models (Li and Yang 2022; Yang et al. 2024a) have pinpointed the main 89 

positive and negative feedback processes leading to the AMOC MCO. Building on this foundation, 90 

the two-dimensional ocean model can capture more detailed features, providing a more 91 

comprehensive depiction of AMOC variability. Compared to coupled climate models, the two-92 

dimensional model significantly reduces computational costs and a large amount of sensitivity 93 

experiments can be easily conducted, which facilitate an in-depth exploration of the effects of various 94 

parameters and forcing conditions on the AMOC MCO. 95 

The paper is organized as follows. Section 2 introduces the two-dimensional ocean model, and 96 

how to obtain a reasonable AMOC. Section 3 examines the role of stochastic freshwater forcing in 97 

triggering the AMOC MCO and analyzes the advection feedback mechanism. Section 4 investigates 98 
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the factors influencing the period of AMOC MCO, including the strength and structure of AMOC. 99 

Furthermore, the study explores the impact of wind-driven circulation on the MCO in Section 5. 100 

Section 6 is summary and discussion. By employing the simplified ocean model, this study seeks to 101 

provide novel insights into the multicentennial variability of the climate system and highlight the 102 

critical role of AMOC in shaping historical climate patterns. 103 

 104 

2. Two-dimensional ocean model 105 

A simple two-dimensional ocean model is used to study the AMOC MCO in this work. This 106 

zonal-averaged two-dimensional model is based on that used by Marotzke et al. (1988), but is 107 

supplemented by horizontal mixing and diffusion terms in this work. The model equations are written 108 

as follows: 109 

𝐴𝑉
𝜕4𝜓
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Here, 𝐴𝑉 and 𝐴𝐻 are vertical and horizonal eddy viscosity coefficients, respectively. 𝐾𝑉 and 𝐾𝐻 are 113 

vertical and horizonal diffusion coefficients, respectively. 𝛼 and 𝛽 are thermal contraction and saline 114 

expansion coefficients, respectively. 𝜓 is the mass streamfunction representing the AMOC in this 115 

model, which is diagnosed from temperature (𝑇) and salinity (𝑆) distributions. 𝑣 = −
𝜕𝜓

𝜕𝑧
 and 𝑤 =

𝜕𝜓

𝜕𝑦
, 116 

which are meridional and vertical velocity, respectively. 𝑇 and 𝑆 are calculated through time-forward 117 

integration, forced by the surface buoyance boundary condition. The lateral boundary conditions are 118 

assumed be of no normal flow for 𝜓 and no heat (salt) flux for 𝑇(𝑆). The bottom boundary conditions 119 

are of non-slip for 𝜓 and also no flux for 𝑇 and 𝑆.  120 

For the spin-up experiment, the restored surface boundary conditions are used for both T and S: 121 

𝑄𝐻 =
𝛥𝑍

𝜏
(𝑇0 − 𝑇),    QS =

𝛥𝑍

𝜏
(𝑆0 − 𝑆)                                                    (4a) 122 

𝑇0 = 𝑇𝐿 + 𝑇∗ (1 + cos
𝜋𝑦

𝐿
),    𝑆0 = 𝑆𝐿 + 𝑆∗ (1 + cos

𝜋𝑦

𝐿
)                                    (4b) 123 
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For the all-subsequent experiments after the spin-up, the mixed boundary conditions, i.e., restored 124 

surface condition for 𝑇 and flux condition for 𝑆 are used: 125 

𝑄𝐻 =
𝛥𝑍

𝜏
(𝑇0 − 𝑇),    𝑄𝑆 = 𝑄𝑆(𝑦)                                                           (4c) 126 

where 𝛥𝑍 is the depth of the top layer of the ocean, 𝑇0 and 𝑆0 are prescribed sea surface temperature 127 

(SST) and salinity (SSS), 𝑇𝐿 = 0℃ and 𝑆𝐿 = 35 𝑝𝑠𝑢 are the reference temperature and salinity of the 128 

polar regions, respectively, 𝑆∗ = 1 𝑝𝑠𝑢, 𝑇∗ = 12.5℃. 𝜏 is relaxation timescale for heat and salinity, 129 

which is given as 1 year in this work. 𝐿 is the meridional length of the hemispheric basin. Once the 130 

equilibrium 𝑆 is obtained through the spin-up experiment, the virtual surface salinity flux 𝑄𝑆(𝑦) in 131 

(4c), which maintains this equilibrium, can be diagnosed from the surface salinity distribution. The 132 

meridional integration of 𝑄𝑆(𝑦) is zero, ensuring the salinity conservation.  133 

In this study, the model domain extends from 70°S to 70°N, with a depth of 5000 m and a width 134 

of 6000 km. This configuration is used to simulate the thermohaline circulation in the Atlantic Ocean. 135 

The spin-up experiment is integrated for 5000 years with a time step of 30 days. The parameter 136 

settings of the model are shown in Table 1. In this study, the AMOC index is defined as the maximum 137 

streamfunction in the North Atlantic spanning 20°–70°N and 200–3000 m. 138 

 139 

TABLE. 1. Simple model parameters in this study 140 

Symbol Physical meaning Value 

L, W, D Hemispheric basin length, width and depth 7770 km, 6000 km, 5000 m 

,  
Thermal expansion and haline contraction 

coefficient 
1.468×10-4/C, 7.61×10-4/psu 

M  N Horizontal and vertical grid points 32  17  

AV, AH Vertical and horizontal eddy viscosity coefficient 15 m2 s-1, 2.0×109 m2 s-1  

KV, KH Vertical and horizontal diffusion coefficient 2.1×10-4 m2 s-1, 3×103 m2 s-1  

 141 
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After the 5000-year spin-up integration under the restored surface boundary condition (Eqs. (4a-142 

b)), a 5000-year control experiment is then conducted under the mixed boundary condition (Eq. (4c)), 143 

with the parameters listed in Table 1. The 5000 years integration ensures the model reaching its 144 

equilibrium state. The equilibrium temperature, salinity and streamfunction are shown in Figure 1. 145 

The equilibrium gradients of temperature and salinity are greater in the upper layers and smaller in the 146 

deeper layers. Under symmetric boundary conditions, the maximum temperature is in the equatorial 147 

region, while the maximum salinity is between the equator and 30°N, extending downward to about 148 

1500 m (Figs. 1a-b). The AMOC exhibits a single-cell structure spanning from pole to pole (Fig. 1c), 149 

consistent with previous studies (Marotzke et al. 1988; Stocker et al. 1992; Yang and Neelin 1993), 150 

and closely resembling the climatological AMOC in coupled models (Hirschi et al. 2020; Yang et al. 151 

2024b). The AMOC has the maximum value of about 20 Sv at 40°N that locates at the depth of 1500 152 

m. Note that a non-uniform vertical axis is used in Figs. 1a-c, to exhibit more clearly the upper 153 

structure of temperature, salinity and AMOC, in which the upper ocean is exaggerated. For reference, 154 

the AMOC on regular vertical axis is plotted in Fig. 1d. 155 
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 156 

FIG. 1. Equilibrium (a) Temperature (units: °C), (b) Salinity (units: psu) and (c)-(d) Streamfunction (units: Sv; 1 157 

Sv = 106 m3 s-1) in the control run. Note that (c) and (d) are the same, except using different vertical axis. Gray 158 

dotted lines in (c)-(d) cross the point of the maximum value of the streamfunction, which divide the ocean basin into 159 

4 sub-basins: the upper and lower subpolar ocean in the Northern Hemisphere, the upper and lower ocean in the 160 

tropics and Southern Hemisphere, representing the deep-water formation region of the AMOC and the regions for 161 

the upper northward (lower southward) branch of the AMOC, respectively. 162 

 163 

3. MCO in the two-dimensional model 164 

a. Stochastic experiment 165 
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The AMOC can exhibit multicentennial oscillation when the model is forced by stochastic 166 

freshwater flux. With the inclusion of stochastic freshwater, Eq. (3) is rewritten as follows: 167 

𝜕𝑆

𝜕𝑡
+ 𝑣

𝜕𝑆

𝜕𝑦
+ 𝑤

𝜕𝑆

𝜕𝑧
= 𝐾𝐻

𝜕2𝑆

𝜕𝑦2
+ 𝐾𝑉

𝜕2𝑆

𝜕𝑧2
+ 𝑁                                                (5) 168 

where 𝑁 represents the external stochastic forcing, which is generated by a first-order autoregressive 169 

model: 170 

𝑁𝑘+1 = 𝑎𝑁𝑘 + 𝑏𝐺𝑘                                                                    (6) 171 

The perturbation 𝑁 in the k+1 year is generated from the k year and a standard Gaussian random 172 

variable 𝐺𝑘. Here, 𝑎 is set to 0, 0.368 and 0.905 respectively, corresponding to e-folding times of the 173 

autocovariance function of 0 (white noise), 1 year and 10 years (red noise), respectively. Meanwhile, 174 

𝑏 is set to 0.28, 0.35 and 0.084 psu yr-1, which are chosen to constrain the magnitude of AMOC 175 

variability within 5 Sv.  176 

For the experiments with stochastic forcing, the stochastic freshwater flux is added only in the 177 

subpolar region of the Northern Hemisphere (around 40N ~ 50N). The climatological state of the 178 

control run is used as the initial condition. The stochastic experiments are integrated for 5000 years. 179 

For each form of noise pattern (white and red noises), 50 ensemble experiments are conducted with 180 

50 different noises that are generated in advance. The last 4500 years annual mean data are used for 181 

analyses. 182 

Multicentennial oscillation can be successfully excited by the stochastic freshwater forcing. 183 

Figure 2 shows the timeseries of AMOC index, which exhibits sustained MCO under stochastic 184 

forcing. Regardless of the forms of noise pattern, the MCO is always remarkable, except that the 185 

AMOC under white noise forcing (Fig. 2a) exhibits slightly more high-frequency component than the 186 

AMOC under red noise forcing (Fig. 2c). Here, we would like to emphasize that no temporal filter has 187 

been applied to the AMOC timeseries in Fig.2. The SSS and SST in the subpolar North Atlantic vary 188 

almost synchronously with the AMOC index (Fig. 3a), also exhibiting a remarkable MCO. The SSS 189 

changes lead the AMOC by approximately 5–10 years (Fig. 3b), suggesting the driving effect of SSS 190 

on the AMOC. The MCO is the first principal mode, because in the two-dimensional ocean model 191 

there is no wave dynamics, and thus variabilities from interannual to multi-decadal timescale are 192 

automatically filtered. 193 
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 194 

FIG. 2. (a) Time series of AMOC index (units: Sv) in the two-dimensional ocean model, under white-noise 195 

forcing. The AMOC index is defined by the maximum streamfunction in the North Atlantic. (b)-(c) are the same as 196 

(a), but forced by red noises with 1-year and 10-year e-folding time, respectively. In (a)-(c), thin gray curves 197 

represent 50 individual experiments, while ensemble means are represented by thick gray curves. Thick red, blue 198 

and green curves represent one realization of 50 ensemble experiments. For clearness, only 2000 years data are used 199 

to plot the timeseries. No temporal filter is applied to these curves. 200 

 201 

 202 

FIG. 3. (a) Time series of anomalous AMOC index (black, units: Sv), anomalous sea surface salinity (SSS) 203 

(blue, units: psu) and sea surface temperature (SST) (red, units: C) in the two-dimensional ocean model, under 204 

white-noise forcing. The SSS and SST are averaged over 40-50N. A temporal filter with 60-year running mean is 205 

applied to these curves. (b) Lead and lag correlation coefficients of SSS (blue) and SST (red) anomalies on the 206 

AMOC index. Negative lag means the AMOC lags SSS/SST anomalies (units: years). Data used here are the same 207 

experiment as in Fig. 2a. 208 
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 209 

 210 

FIG. 4. Power spectra (units: dB) of (a) the noise and (b) the AMOC index. (c) The ratios of the AMOC 211 

spectrum to the noise spectrum (units: dB), i.e., signal-noise ratio (SNR), with peaks around 0.2-0.5 cphy (200-500 212 

years) that are specified by pale-gray shadow. Thick red, blue and green curves represent the ensemble mean of 50 213 

realizations that forced by white noise, red noises with 1-year and 10-year e-folding time, respectively, and pale 214 

shadows of red, blue and green demonstrate the spread of the 50 realizations. The x-coordinate represents frequency 215 

with unit of cycles per hundred year (cphy). 216 

 217 

The MCO is further examined by power spectrum of the forced AMOC index (Fig. 4). The ratio 218 

of the AMOC spectrum (Fig. 4b) to the spectrum of stochastic freshwater flux (Fig. 4a) is shown in 219 
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Fig. 4c, which illustrates that the AMOC responds most efficiently to the noise with a period between 220 

250-500 years. The forms of noise (white noise or red noise) do not affect the MCO period, but do 221 

affect the MCO amplitude marginally (Fig. 4c), with that under white noise forcing stronger than that 222 

under red noise forcing. Note that the power spectrum analyses in Fig. 4 are for 50 ensemble 223 

experiments, not just for one realization shown in Fig. 2. In general, Fig. 4 suggests that the MCO in 224 

the two-dimensional ocean model may be an intrinsic feature of the Atlantic Ocean, independent of 225 

external forcing. This finding aligns closely with conclusions from previous theoretical research using 226 

4-box ocean model (Li and Yang 2022). 227 

 228 

b. Evolution of MCO in the simple model 229 

In this section, evolutions of salinity and temperature anomalies with the AMOC over 230 

multicentennial cycle are analyzed. Figure 5 illustrates the lead/lag regression coefficients of salinity 231 

anomalies on the AMOC index, overlaid with climatological potential density calculated from 232 

temperature and salinity. Positive and negative regression coefficients at a lag of n years indicate the 233 

presence of positive and negative salinity anomalies, respectively, in the corresponding regions when 234 

salinity anomalies lag the AMOC by n years. For the convenience next, we state positive/negative 235 

regression coefficient as positive/negative salinity anomaly. Lag -150 and 0 years can be roughly 236 

regarded as the peak years of the negative and positive AMOC anomalies, given the MCO period of 237 

about 300 years. Data used in Fig. 5 are from the same one realization of 50 ensemble experiments 238 

under white noise forcing (Fig. 2a). 239 

When the AMOC is at the positive peak (Fig. 5f), there is a clear maximum positive salinity 240 

anomaly in the upper ocean near 50°N, corresponding to the strongest North Atlantic Deep Water 241 

(NADW) formation and AMOC. The positive anomaly extends downward from the surface ocean 242 

north of 30°N to the deep ocean, and is then advected southward by the lower branch of the AMOC 243 

(Figs. 5g-i). To the south of the subpolar region, there is generally negative anomaly above 1500 m in 244 

the tropical ocean, which is advected northward by the upper branch of the AMOC, and can 245 

ultimately result in the phase change in the subpolar ocean (Figs. 5g-l). Similarly, during the 200-0 246 

years when salinity anomalies lead the AMOC (Figs. 5a-f), negative salinity anomalies appear north 247 

of 50°N, with the AMOC in its weak phase. Concurrently, positive salinity anomalies in the tropical 248 

upper ocean propagate northward, increasing the density in the NADW formation region and resulting 249 

in phase change in the AMOC. The upper-ocean dipole structure of salinity anomalies persists 250 
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throughout its evolution, exhibiting a periodicity of phase transitions spanning multiple centuries. 251 

This structure circulates in the tropical-subpolar North Atlantic, while in the South Atlantic, salinity 252 

anomalies do not reflect evolution synchronously with the AMOC. 253 

 254 

FIG. 5. Lead and lag regression coefficients of salinity anomalies on the anomalous AMOC index (shading; 255 

units: psu per Sv). Negative lag means the AMOC lags the salinity anomalies (units: years). Contours show the 256 

climatological potential density (units: kg m-3). The regression coefficients were tested and found to be statistically 257 

significant at the 95% confidence level. Orange dashed arrows in (c), (g), and (l) show schematically the downward 258 

and southward movements of salinity anomalies. Data used in here are from one realization of 50 ensemble 259 

experiments under white noise forcing. 260 

 261 

The temperature anomalies exhibit similar evolution to that of salinity anomalies (Fig. 6). The 262 

upper-ocean dipole structure of temperature anomalies is also obvious in the tropical-subpolar North 263 

Atlantic throughout its evolution. When the AMOC is in its negative phase (Figs. 6a-d), positive 264 

temperature anomaly is transported to the subpolar ocean, which tends to reduce the NADW 265 

formation and thus the AMOC. At lag 0 year, the positive temperature anomaly in the subpolar ocean 266 

reaches the maximum, concurrent with the strongest AMOC (Fig. 6f). Combined with Fig. 5f, we can 267 

conclude that it is the salinity anomalies that dominate the evolution of the AMOC, while the 268 
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temperature anomalies tend to compensate the effect of the salinity anomalies on the AMOC. 269 

Comparing Fig. 6 with Fig. 5, it is noted that the most pronounced temperature anomaly in the tropics 270 

occurs at intermediate depths (Figs. 6f–i), whereas the most significant salinity anomaly is found in 271 

the upper ocean (Figs. 5f–i). This reflects constraining effect of the surface restoring boundary 272 

condition on the surface SST variability.  273 

 274 

FIG. 6. Same as Fig. 5, but for temperature anomalies on the AMOC index (shading; units: °C per Sv). 275 

 276 

To see more clearly the propagation of salinity and temperature anomalies, we average the 277 

anomalies vertically over three different depths and then calculate their lead/lag regression 278 

coefficients on the AMOC index anomaly. Figure 7 illustrates the local development of anomalies in 279 

the upper ocean of subpolar North Atlantic (Fig. 7a), the northward propagation of anomalies in the 280 

intermediate tropical ocean (Fig. 7b), as well as the southward propagation of anomalies in the deep 281 

ocean (Fig. 7c). In the upper and intermediate ocean (Figs. 7a-b), the most remarkable signal is 282 

between 35-65N, showing a local periodic evolution without a robust connection with signals in the 283 

lower latitudes. The maximum positive regression coefficient in the subpolar region occurs when the 284 

salinity anomalies lead the AMOC by a couple of years (denoted by orange dot in Figs. 7a-b). 285 
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Meanwhile, the maximum negative signals in the tropical ocean show a systemically northward 286 

propagation (denoted by white dashed arrows in Figs. 7a-b), with the signals lagging the AMOC 287 

sequentially by about 15-20 years from surface ocean to intermediate ocean. In the deep ocean, 288 

anomalies propagate southward from subpolar to the South Atlantic, which occurs when the AMOC 289 

leads by about 20 years (white dashed arrow in Fig. 7c).  290 

 291 

FIG. 7. Lead and lag regression coefficients of vertically averaged salinity anomalies on the low-pass filtered 292 

AMOC anomaly (shading; units: psu per Sv). (a) Averaged over 0-300 m, (b) averaged over 300-1500 m and (c) 293 

averaged over 1500-4500 m. The orange dot in (a)-(b) denotes the position of the maximum regression coefficient. 294 

The dashed white arrows in (a)-(c) show schematically the meridional propagations of salinity anomalies. Negative 295 

lag means the AMOC lags the salinity anomalies (units: year). The regression coefficients were tested and found to 296 

be statistically significant at the 95% confidence level. 297 

 298 

Here we would like to emphasize that both the downward and southward propagation of the 299 

anomalous signal in the subpolar ocean (e.g., Figs. 5c, 5g, 7c), and the northward propagation of the 300 
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anomalous signal in the tropical ocean (Figs. 7a, b) play as negative feedback in the AMOC MCO. 301 

These anomalous signals are fulfilled by the mean circulation. The local development of signals in the 302 

subpolar ocean (Fig. 7a) needs process having positive feedback, which can be provided by the 303 

perturbation advection of mean salinity gradient (Mikolajewicz and Maier-Reimer 1990; Mysak et al. 304 

1993).  305 

Figure 8 shows the mean salinity pattern as well the lead/lag regression of the anomalous 306 

circulation on the AMOC index. It is noticed that during the weak phase of the AMOC (Figs. 8a-d), 307 

the southward velocity anomalies hinder the northward transport of saline water from the tropics to 308 

the subpolar ocean, amplifying the negative salinity anomalies in the subpolar ocean, and leading to 309 

the further weakening of the AMOC. Similarly, during the strong phase of the AMOC (Figs. 8e-h), 310 

the northward velocity anomalies enhance the northward transport of saline water, contributing to the 311 

local development of the salinity anomalies in the subpolar ocean and the further strengthening of the 312 

AMOC. This perturbation advection of mean salinity provides a positive feedback mechanism in the 313 

AMOC MCO. A similar process applies to the mean temperature (figure not shown) simultaneously, 314 

but acts as a negative feedback mechanism. The positive and negative feedbacks identified here are 315 

consistent with recent theoretical studies using box models (Li and Yang. 2022; Yang et al. 2024a), as 316 

well as the studies using coupled models (Yang et al. 2024b).  317 

 318 

FIG. 8. Lead and lag regression coefficients of circulation on the AMOC index anomaly (vectors; units: cm/s 319 

per Sv). Negative lag means the AMOC lags the anomalous circulation (units: years). The vertical component w of 320 
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vectors is amplified by 10 times, in order to see the overturning circulation more clearly. Shading shows the 321 

climatological salinity. The regression coefficients were tested and found to be statistically significant at the 95% 322 

confidence level. 323 

 324 

4. Determinant factors of the AMOC MCO 325 

In this section we investigate how the strength and structure of climatological AMOC affect the 326 

period of the MCO. The AMOC strength and structure are defined by the value and position of the 327 

streamfunction maximum in the North Atlantic, respectively. The climatological AMOC in the 328 

control run (Fig. 1c) has the strength of about 20 Sv and the structure that the maximum is located at 329 

depth of about 1500 m (denoted by the horizontal gray dotted line in Fig. 1c). This 1500-m isobath 330 

roughly divides the ocean into the upper ocean and the lower ocean. Previous theoretical studies 331 

suggested that the MCO period can be roughly considered as the water’s turnover time of the ocean 332 

basin (Li and Yang 2022), which is proportional to the total volume of upper ocean and inversely 333 

proportional to the mean strength of AMOC. This recognition from theoretical studies is hardly 334 

verified in coupled climate models because it would be too resource-consumed to conduct sensitivity 335 

experiments, however, it will be easily examined using two-dimensional model in this work.  336 

The strength and structure of climatological AMOC can be readily regulated by eddy viscosity 337 

coefficients (𝐴𝑉, 𝐴𝐻) and diffusion coefficients (𝐾𝑉, 𝐾𝐻) in the two-dimensional ocean model. The 338 

climatolgical AMOC in the control run (Fig. 1c) is obtained under values in Table 1. By deliberately 339 

chosing the values of 𝐴𝑉, 𝐴𝐻, 𝐾𝑉 and 𝐾𝐻 (Table 2), we can have four different equilibriums (Fig. 9): 340 

(1) the strong and shallow AMOC, with the strength of about 30 Sv and the location of the maximum 341 

at about 1000 m depth (Fig. 9a3); (2) the weak and shallow one, with the strength of about 10 Sv and 342 

the location of the maximum at about 1000 m (Fig. 9b3); (3) the strong and deep one, with the 343 

strength of about 30 Sv and the location of the maximum at about 3000 m (Fig. 9c3); (4) the weak 344 

and deep one, with the strength of about 10 Sv and the location of the maximum at about 3000 m 345 

(Fig. 9d3). Here the “strong (weak)” and “shallow (deep)” are defined in relative to the AMOC in the 346 

control run (Fig. 1c).  347 

 348 

TABLE. 2. Parameter settings in different equilibrium experiments, in which the AMOC has different 349 

strength and structure 350 
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 351 

Corresponding to four different AMOC, the temperature and salinity have four different structures 352 

too (Figs. 9a1-d1, 9a2-d2). A stronger AMOC (Figs. 9a3, c3) is usually consistent with a more saline 353 

subpolar ocean (Figs. 9a2, c2). A deeper penetration of the downward branch of AMOC (Figs. 9c3, 354 

d3) is also consistent with a deeper downward mixing of subpolar surface water (Figs. 9c2, d2). The 355 

effect of temperature on the AMOC (Figs. 9a1-d1) always offsets that of salinity on the AMOC (Figs. 356 

9a2-d2), which structure appears to be shaped as a result of the AMOC behavior.  357 

 358 

FIG. 9. Same as Fig. 1, but for four different equilibrium states of ocean buoyancy and the AMOC: (a) Strong-359 

Shallow, (b) Weak-Shallow, (c) Strong-Deep, (d) Weak-Deep. Panels from upper to bottom show the equilibrium 360 

temperature, salinity, and AMOC, respectively.  361 

Experiments AMOC 𝐴𝑉 (m2 s-1) 𝐴𝐻 (m2 s-1) 𝐾𝑉 (m2 s-1) 𝐾𝐻 (m2 s-1) 

Ctrl 20 Sv, 1500 m 15 2.0×109 2.1×10-4 3.0×103 

Strong-Shallow 30 Sv, 1000 m 2 4.0×108 1.75×10-4 7.0×103 

Weak-Shallow 10 Sv, 1000 m 3 2.0×109 6.5×10-5 3.0×103 

Strong-Deep 30 Sv, 3000 m 600 3.0×108 6.65×10-4 6.0×103 

Weak-Deep 10 Sv, 3000 m 1000 2.0×109 1.43×10-4 3.0×103 



AMOC_MCV_2DModel_20250326, Yang et al., 3/25/2025 

 

19 

 362 

Figure 10 illustrates the response of the AMOC to both white-noise and red-noise forcings in four 363 

different situations. Consistent with theoretical studies (Li and Yang 2022; Yang et al. 2024a), a 364 

stronger climatological AMOC leads to a shorter turnover time of ocean basin and thus a shorter 365 

MCO. Similarly, a shallower AMOC also leads to a shorter MCO due to a smaller upper ocean 366 

volume. Specifically, the principal oscillation period of AMOC in experiment Strong-Shallow is 367 

about 100 years (red curve, Figs. 10b, d), much shorter than the 300-year period in control run (black 368 

curve, Figs. 10b, d) and 400-year period in experiment Weak-Shallow (blue curve, Figs. 10b, d). 369 

Similarly, the principal period of AMOC in experiment Strong-Deep is about 400 years (green curve, 370 

Figs. 10b, d), much shorter than the 1000-year period in experiment Weak-Deep (orange curve, Figs. 371 

10b, d). The ratios of period among them are approximately 120/450 for the shallow cases and 372 

410/1120 for the deep cases, which roughly align with the ratios of climatological AMOC strength of 373 

10.02/29.9 for shallow experiments and 10.12/29.7 for deep experiments. As far as the effect of 374 

AMOC structure is concerned, the principal oscillation period of AMOC in Strong-Shallow (red 375 

curve, Figs. 10b, d) is only one fourth of that in Strong-Deep (green curve, Figs. 10b, d), because of 376 

much smaller upper-ocean volume in the former than that in the latter. It is interesting to notice that 377 

the millennial oscillation appears in experiment Weak-Shallow, which is shown more clearly in 378 

experiments under red-noise forcing (orange curve, Fig. 10c).  379 

Power spectra of the AMOC in red-noise experiments closely resemble those in white-noise 380 

experiments (Figs. 10b, d). However, in red-noise experiments, high-frequency variabilities of the 381 

AMOC are significantly reduced compared to those in white-noise experiments (Figs. 10a, b). This 382 

results in a clearer millennial oscillation in the former than in the latter. 383 
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 384 

FIG. 10. (a) Time series of AMOC index (units: Sv) in control run (black) and four sensitivity experiments, 385 

forced by white-noise freshwater flux. No temporal filter is applied to the AMOC index. (b) Signal-to-noise power 386 

spectra (units: dB) of the AMOC. Thick curves represent the ensemble mean of 50 realizations that forced by white 387 

noise. Pale shadows demonstrate the spread of the 50 realizations. Red, blue, green and orange curves are for 388 

experiments Strong-Shallow, Weak-Shallow, Strong-Deep and Weak-Deep, respectively. Vertical dashed lines mark 389 

the location of peak frequency. (c)-(d) are same as (a)-(b), but for experiments forced by red-noise with an e-folding 390 

time of 10 years. The x-coordinate in (b)-(d) represents frequency with unit of cycles per hundred years (cphy).  391 

 392 

5. Role of wind-driven circulation 393 

In reality the AMOC consists of the buoyancy-driven thermohaline circulation and the wind-394 

driven circulation in the tropical-extratropical ocean. Although the wind-driven component plays a 395 

minor role in the AMOC, its role in the internal low-frequency oscillation still needs to be evaluated. 396 

This can be easily done by using the simplified ocean model. Here we simply introduce Ekman 397 

velocity into the meridional velocity of Eqs. (2)-(3) to incorporate the effect of wind forcing: 398 

𝑣1 = 𝑣0 + 𝑣𝑒                                                                              (7) 399 
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where 𝑣0 is the meridional velocity in Eqs. (2)-(3) that only include the thermohaline effect, 𝑣𝑒 is 400 

Ekman velocity in Ekman layer. The meridional Ekman transport 𝑉𝐸 = −
𝜏𝑥

𝜌0𝑓
, where 𝜏𝑥 is zonal wind 401 

stress. 𝜏𝑥 can be parameterized by surface wind speed, which can be obtained from surface air 402 

temperature based on the thermal wind relation (Vallis 2017). Neglecting the minimal difference 403 

between surface air temperature and SST, we can finally have: 404 

𝜏𝑥 = 𝜌𝑎𝐶𝐷|𝑢|𝑢 ≈
𝑔ℎ𝜌𝑎𝐶𝐷|𝑢|

𝑓𝑇0

𝜕𝑆𝑆𝑇

𝜕𝑦
                                                            (8) 405 

Therefore, 406 

𝑉𝐸 = −
𝜏𝑥

𝜌0𝑓
≈ −

𝑔ℎ𝜌𝑎𝐶𝐷|𝑢|

𝑓2𝜌0𝑇0

𝜕𝑆𝑆𝑇

𝜕𝑦
~ − 𝜏0

𝜕𝑆𝑆𝑇

𝜕𝑦
                                                   (9) 407 

𝑣𝑒 ≈
𝑉𝐸

𝐷𝑒
~ −

𝜏0

𝐷𝑒

𝜕𝑆𝑆𝑇

𝜕𝑦
                                                                                     (10) 408 

where 𝑢 is zonal wind speed, 𝜌0 and 𝜌𝑎 are reference density of ocean and atmosphere, respectively, 409 

ℎ is the height of the atmospheric boundary layer, 𝐶𝐷 is the drag coefficient, 𝑇0 is reference SST. 410 

Thus, the relationship between Ekman transport and SST is established. Here, we define a “bulk” 411 

wind stress parameter 𝜏0 =
𝑔ℎ𝜌𝑎𝐶𝐷|𝑢|

𝑓2𝜌0𝑇0
, representing the resultant effect of the atmospheric boundary 412 

layer on the ocean surface, which can be tuned deliberately to obtain a reasonable (or control the 413 

strength of) wind-driven circulation. Notice that we assume a uniform 𝑣𝑒 in the Ekman layer 𝐷𝑒 in 414 

Eq. (10), neglecting the effect of Ekman spiral. In this work, 𝐷𝑒 is given as a constant of 50 m. 415 

Eqs. (8)-(10) suggest that a poleward SST gradient (−
𝜕𝑆𝑆𝑇

𝜕𝑦
> 0) leads to an easterly wind (𝜏𝑥 <416 

0), and thus a northward Ekman transport (𝑉𝐸 > 0). Physically, we can simply understand this as 417 

follows: high (low) temperature in the tropics (extratropics) drives a normal clockwise Hadley Cell, 418 

and therefore generates easterlies in the tropics due to the Coriolis effect on the lower southward 419 

branch of the Hadley Cell, which in turn drives a northward Ekman flow. A stronger poleward SST 420 

gradient will result in a stronger northward Ekman transport, which, in turn, would reduce the 421 

poleward SST gradient. This is negative feedback between the SST gradient and the wind-driven 422 

circulation. 423 

Using the climatological SST in the control run of Section 2 (Fig. 1a), the initial value of 𝑣𝑒 can 424 

be obtain. With the time-forward integration of the model, 𝑣𝑒 can affect 𝑇, 𝑆 and thus 𝜓, and in turn, 425 

be renewed using calculated 𝑇 at later time-step. This is actually an air-sea coupling process, 426 
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providing with that the atmosphere responses to the ocean changes instantly. Similar to the 427 

procedures in experiments having only thermohaline circulation, a 5000-year control run with 428 

addition of wind-driven circulation is first performed, and then white-noise stochastic experiments are 429 

integrated for 5000 years. 50 ensemble experiments are conducted with 50 different white noises. The 430 

last 4500 years annual mean data are used for analyses. 431 

Figure 11a illustrates the equilibrium AMOC after incorporating the wind-driven circulation. The 432 

wind-driven overturning circulation shown in Fig. 11b is obtained by subtracting the AMOC in Fig. 433 

1c from Fig. 11a, which exhibits a symmetric structure to the equator. Under the bulk wind stress 434 

parameter 𝜏0 of around 5×103 m3 °C-1 s-1, the wind-driven overturning circulation has the maximum 435 

value of about 5 Sv, occupying the upper 1000 m ocean, consistent with the reality in the tropical 436 

Atlantic. The inclusion of wind-driven circulation does not lead to remarkable changes in both the 437 

strength and structure of the thermohaline component of AMOC, if the wind-driven circulation is 438 

managed well. However, a southward transport emerges in the upper ocean of Southern Hemisphere, 439 

forming a weak, reversed overturning circulation (Fig. 11a).  440 

Inclusion of the wind-driven circulation does not affect the period and amplitude of the AMOC 441 

MCO either. Figure 11c shows that the power spectra curves of the AMOC with/without the wind-442 

driven circulation are nearly identical. However, under closer inspection it appears that the oscillation 443 

amplitude of on multicentennial timescales (0.2–0.5 cphy) is weakened slightly, while oscillation 444 

amplitude on shorter timescales (>1.0 cphy) is enhanced slightly, when the wind-driven circulation is 445 

included. This occurs because there is a simple ocean-atmosphere coupling with the inclusion of the 446 

Ekman dynamics, which amounts to include an atmosphere process with a fast timescale, tending to 447 

promote high-frequency variabilities while suppress low-frequency variabilities.  448 

In fact, there would be no MCO at all if there is only wind-driven overturning circulation in the 449 

ocean, confirmed by experiment with only wind-driven circulation considered (Fig. 12). In 450 

experiment of Fig. 12, we suppress the thermohaline circulation by simply configuring the parameters 451 

as 𝐴𝑉=10 m2 s-1, 𝐴𝐻=5×108 m2 s-1, 𝐾𝑉=1.0×10-5 m2 s-1 and 𝐾𝐻=1.0×103 m2 s-1. The symmetric wind-452 

driven overturning cell is obtained (Fig. 12a), which closely resembles the residual circulation shown 453 

in Fig. 11b. Just as expected, the power spectrum of the wind-driven cell shows no specific peak in 454 

centennial-millennial timescale (Fig. 12b).  455 
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 456 

FIG. 11. (a) Equilibrium AMOC in the control run with the wind-driven circulation included (units: Sv), (b) 457 

difference between (a) and the AMOC in Fig. 1c, i.e., the wind-driven overturning circulation (units: Sv), and (c) 458 

power spectra of the AMOC forced by white noise freshwater flux (units: dB). Blue (black) curves represent the 459 

AMOC with (without) the wind-driven component. The pale shading represents the spread of 50 ensemble 460 

experiments. Vertical dashed lines mark the location of peak frequency. 461 
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 462 

FIG. 12. (a) Equilibrium wind-driven overturning circulation in experiment without thermohaline circulation 463 

(units: Sv), and (b) power spectrum of the wind-driven overturning circulation forced by white noise freshwater flux 464 

(units: dB). Black curve represents the ensemble mean of 50 realizations and the pale shading represents the spread 465 

of 50 ensemble experiments. 466 

 467 

6. Summary and discussion 468 

In this study, we investigate the AMOC MCO using a simplified two-dimensional ocean model. 469 

Our goal is to bridge the gap between theoretical models and complex coupled climate models by 470 

providing clearer physical insights and allowing for more extensive sensitivity experiments. The 471 

model successfully simulates sustained AMOC MCO under stochastic freshwater forcing. The 472 

oscillation is primarily driven by the tropical-subpolar advection feedback. The results suggest that 473 

AMOC MCO is an intrinsic feature of the Atlantic Ocean. Sensitivity experiments indicate that the 474 

period of the AMOC MCO is primarily controlled by the strength and structure of the climatological 475 

AMOC. Specifically, a stronger AMOC leads to a shorter oscillation period, consistent with a faster 476 

turnover time of the ocean. A deeper AMOC maximum results in a longer oscillation period due to 477 

the larger effective ocean volume involved in the overturning circulation. Under sufficiently weak 478 

AMOC conditions, the oscillation timescale can extend to millennial scales. 479 

The AMOC MCO is sustained through a combination of positive and negative feedbacks. 480 

Perturbation advection of mean salinity plays a positive feedback role in the subpolar deep-water 481 



AMOC_MCV_2DModel_20250326, Yang et al., 3/25/2025 

 

25 

formation region, which enhances AMOC anomalies and sustains the oscillation. Mean advection of 482 

salinity anomaly plays a negative feedback role, gradually damping AMOC anomalies and driving 483 

phase transitions. Temperature anomalies tend to counteract the salinity-driven density anomalies, 484 

reinforcing the dominance of salinity in AMOC variability. 485 

Including a wind-driven overturning circulation has little effect on the AMOC MCO period but 486 

slightly modifies its amplitude. Specifically, it tends to suppress low-frequency variability while 487 

enhancing high-frequency variability, consistent with the introduction of an atmospheric process with 488 

a faster timescale. Our results also reaffirm that North Atlantic-originated processes dominate the 489 

AMOC MCO (Yang et al. 2024b). While Arctic Ocean-originated freshwater transport and sea-ice-490 

related processes influence the salinity budget, their effects largely compensate for each other, 491 

reducing their net impact on AMOC variability. This challenges previous studies that emphasize the 492 

Arctic’s control over AMOC MCO (Jiang et al. 2021; Meccia et al. 2022; Mehling et al. 2022). 493 

Our study employs a zonal-mean two-dimensional ocean model, which removes wave dynamics 494 

and filters out high-frequency internal variability associated with eddy and gyre dynamics. This 495 

design ensures that low-frequency variability, such as the AMOC MCO, emerges more clearly, 496 

making it easier to identify the underlying mechanisms. While this simplification is useful for 497 

isolating key processes, it also implies that certain dynamical interactions, such as eddy-driven 498 

salinity transport, are not explicitly resolved. Future studies using three-dimensional models may help 499 

assess the role of these missing dynamics. 500 

Our results demonstrate that model parameters strongly influence the AMOC MCO period and 501 

amplitude. The critical parameters include eddy viscosity and diffusivity coefficients, which regulate 502 

the strength and structure of the AMOC, and thus the properties of MCO (Mysak et al. 1993; Schmidt 503 

and Mysak 1996). Surface boundary conditions, such like use of fixed or interactive surface 504 

freshwater flux, can also alter the feedback mechanisms sustaining AMOC variability. While our 505 

sensitivity experiments provide useful constraints, further work is needed to explore how different 506 

parameterizations affect AMOC MCO in fully coupled models. 507 

Our analysis reveals that the positive and negative phases of the AMOC MCO are not symmetric. 508 

This asymmetry likely arises because the MCO is stochastically excited. Additionally, nonlinearities 509 

in the response of the oceanic circulation to salinity and temperature anomalies may contribute to 510 

asymmetry. Future work could investigate whether this asymmetry persists in fully coupled models 511 

and whether it has implications for predictability. 512 
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Our findings align with recent theoretical studies that emphasize the positive salinity advection 513 

feedback as a key driver of AMOC MCO (Li and Yang 2022; Yang et al. 2024a). They also suggest 514 

that Atlantic-only models, despite their simplifications, may capture the most essential processes 515 

governing low-frequency AMOC variability (Yang et al. 2024b). Compared to box models, the two-516 

dimensional simple model can reveal more detailed features, while compared to coupled models, it 517 

significantly reduces computational costs. However, due to the challenges in simulating the deep-518 

water formation process in the Southern Ocean within a simple model, the equilibrium state and its 519 

relevance to three-dimensional or coupled models require further exploration. Current efforts with a 520 

three-dimensional planetary geostrophic ocean model are on the way, aiming to investigate the 521 

AMOC MCO in an extended version of the “simple model”, thereby offering a deeper understanding 522 

of the coupled model simulations and theoretical research of AMOC MCO.  523 
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