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Abstract:  13	  

 14	  

A decrease in oceanic oxygen is predicted to accompany ocean heat uptake and increased 15	  

stratification in the warming climate. The extent of the oxygen minimum zone (OMZ) in the 16	  

eastern tropical Pacific is sensitive to ocean deoxygenation due to its nonlinear dependence on 17	  

the regional oxygen inventory. We use a combination of idealized and sophisticated models to 18	  

illustrate the physical and biogeochemical mechanisms behind the interannual and decadal 19	  

variability of the tropical Pacific OMZ. Oxygen variability is simulated using a simplified, three-20	  

dimensional ocean biogeochemistry model, which reproduces the expansion of tropical Pacific 21	  

OMZ since the 1980s. Changes in solubility and apparent oxygen utilization tend to compensate 22	  

one another on interannual timescales due to their co-variation with El Nino Southern Oscillation 23	  

(ENSO). Heat content, respiration and upwelling of thermocline water are also influenced by the 24	  

ENSO cycles and associated circulation changes. Furthermore, regional oxygen budget analysis 25	  

reveals the subtle interplay between the lateral and vertical ocean circulation in controlling the 26	  

physical oxygen supply to the eastern tropical Pacific. A simple autoregressive model is 27	  

constructed to illustrate the role of decadal thermocline ventilation, integrating anomalies in 28	  

physical supply and biological consumption. We argue that this reddening of interannual climate 29	  

variability through the finite memory of thermocline waters is behind the multi-decadal 30	  

variability of OMZ, which can explain the observed oxygen decline in this region during 1980-31	  

2000.   32	  

33	  
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1. Introduction 34	  

 35	  

Dissolved oxygen plays crucial roles in numerous biogeochemical and ecological processes in 36	  

the oceans. The oxygen content of the seawater controls oxidation reactions and the abundance 37	  

of trace metals [Morel and Price, 2003] and the marine nitrogen cycling [Codispoti, 1995]. 38	  

These processes regulate macro and micro-nutrient content of the surface ocean, potentially 39	  

limiting its biological productivity. Low oxygen conditions also severely impacts on the 40	  

physiology of marine organisms [Portner and Knust, 2007].  Understanding the changing 41	  

oceanic oxygen therefore has ecological and economic implications as well as our predictive 42	  

capabilities of ocean biogeochemical cycles.  43	  

 44	  

Model simulations predict that the ocean’s oxygen content is sensitive to the climate warming, 45	  

suggesting 1 to 7% decline of global oxygen inventory by the year 2100 [Keeling et al., 2010]. In 46	  

a warming climate, ocean heat uptake decreases the solubility of oxygen. Furthermore, an 47	  

increased thermal stratification weakens the downward transport of well-oxygenated surface 48	  

waters into the interior ocean [Bopp et al., 2002; Keeling, 2002; Plattner et al., 2002]. These two 49	  

mechanisms reinforce one another to deplete the subsurface oxygen, which is a qualitatively 50	  

robust feature of ocean climate models, however they disagree on the absolute magnitude of 51	  

oxygen loss and the relative roles of solubility and ventilation changes [Keeling et al., 2010].  52	  

 53	  

Regions of low oxygen waters, called oxygen minimum zones (OMZs), may be especially 54	  

vulnerable to ocean deoxygenation.  The size of OMZ is particularly sensitive to the decline of 55	  

oxygen inventory due to the unique distribution of low oxygen waters in the present climate 56	  
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[Deutsch et al., 2011].  The volume of seawater around the suboxic threshold (5µM) sharply 57	  

declines as a function of oxygen concentration. For example, a uniform, 1% decline of oxygen 58	  

concentration (~1.8µM) leads to a doubling of the suboxic volume (O2 < 5µM). Such a global-59	  

scale oxygen decline is likely to leave disproportionately large imprint on the suboxic OMZ in 60	  

the tropical Pacific and Indian Oceans, due to its strong sensitivity to the ambient oxygen 61	  

concentration.  62	  

 63	  

Ocean time series observations have shown strong decadal fluctuation superimposed over the 64	  

long-term decline of oxygen in the North Pacific [Deutsch, 2005; Emerson et al., 2004; Ono et 65	  

al., 2001; Whitney et al., 2007]. The tropical Pacific OMZ has expanded in depth since 1980s 66	  

[Stramma et al., 2008] and coastal hypoxic waters have come up closer to the surface [Bograd et 67	  

al., 2008]. Changes in equatorial upwelling and thermocline depth have multiplicative effects on 68	  

the depths of hypoxic water through its control over the biological oxygen consumption, and this 69	  

produces decadal-scale changes in the suboxic volume that are significantly correlated with the 70	  

leading mode of physical climate variability of the North Pacific, namely Pacific Decadal 71	  

Oscillation (PDO) [Deutsch et al., 2011]. Furthermore, observed physical supply of oxygen to 72	  

the tropical Pacific OMZ via subsurface zonal jets may have declined over the past several 73	  

decades [Stramma et al., 2010]. Thus, the rapid expansion of OMZ since the 1980s could be 74	  

driven by the combination of long-term ocean changes as well as natural climate variability, 75	  

which modulates both the physical oxygen supply and biological oxygen loss.  76	  

 77	  

The overall objective of this paper is to simulate and understand the behavior of tropical Pacific 78	  

OMZ for the past several decades. This paper is structured as follows. In section two, we 79	  
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describe the model architecture and experimental design. Simulated oxygen distribution and 80	  

temporal changes are compared against observations. In section three, we characterize the 81	  

temporal variability of oxygen and its sub-components in the tropical North Pacific. We then 82	  

identify the links between physical climate and specific biogeochemical processes through 83	  

oxygen budget analysis. In section four, we construct a simple predictive model to explore the 84	  

mechanisms for the low-frequency variability of oxygen inventory. In section five, we 85	  

summarize our findings and conclude.  86	  

 87	  

88	  
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2. Model description 89	  

 90	  

We employ a global ocean biogeochemistry model based on MITgcm [Marshall et al., 1997a; 91	  

Marshall et al., 1997b] configured for the 1º x 1º global topography in longitude-latitude grid 92	  

with 23 vertical levels. We simulate tracer transport and biogeochemistry in offline mode, using 93	  

pre-computed circulation fields from the German ECCO product [Stammer, 2002]. At this 94	  

resolution, the model cannot resolve mesoscale eddies and their effects are parameterized using 95	  

the isopycnal thickness diffusion scheme [Gent and McWilliams, 1990]. Surface mixed layer 96	  

processes are parameterized following the KPP scheme [Large et al., 1994].  97	  

 98	  

Ocean biogeochemistry is simulated using the OCMIP-2 scheme [Najjar et al., 1992] with 99	  

modified parameters for the production of dissolved organic matter and the exponent for vertical 100	  

decay of sinking particulate matter. The model transports five prognostic tracers: dissolved 101	  

inorganic carbon, alkalinity, dissolved inorganic phosphorus (DIP), dissolved organic 102	  

phosphorus (DOP) and dissolved oxygen (O2). Biological uptake of DIP is calculated by the 103	  

restoring of surface DIP concentration toward the monthly climatology above the depth level of 104	  

75m. Of the DIP uptake, 20% turns into dissolved organic matter and the remaining 80% sinks 105	  

down as particulate organic matter.  The Martin exponent of 1.0 is used for the parameterization 106	  

of the vertical attenuation of sinking particles, and the dissolved organic matter decays back to 107	  

inorganic nutrient and carbon with the e-folding timescale of 6 months. Remineralization of 108	  

sinking organic matter and dissolved organic matter consumes oxygen according a globally 109	  

uniform stoichiometric ratio, P:C:-O2= 1:110:170. When the model requires respiration in the 110	  

regions where oxygen concentration is very low (<4µM), the oxygen utilization is turned off in 111	  
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order to prevent negative oxygen concentration. Air-sea gas transfer of carbon and oxygen is 112	  

calculated using the gas transfer coefficient that is proportional to the square of surface wind 113	  

speed [Wanninkhof, 1992].  114	  

 115	  

The model is initialized from the annual mean climatology based on the World Ocean Atlas for 116	  

dissolved inorganic phosphorus and dissolved oxygen [Garcia et al., 2006] and Global Ocean 117	  

Data Analysis Project [Key, 2004] for dissolved inorganic carbon and alkalinity. In order to bring 118	  

the model to the state of dynamic equilibrium, the model is integrated for 2,000 years using the 119	  

monthly mean climatological circulation fields. The climatological circulation field is computed 120	  

by taking the monthly averages of the circulation fields between 1962 and 2002. The spin-up 121	  

period of 2,000 years was required to eliminate the model drift in the global inventory of all 122	  

tracers.  123	  

 124	  

Starting from the spun-up condition, the model is further integrated for 50 years from January 125	  

1952 to December 2001 using time-varying circulation field. The first 10 years are discarded as 126	  

the model may contain some initial adjustment. Then the simulated oxygen variability and 127	  

related physical and biogeochemical fields are recorded at monthly frequency resulting in 128	  

monthly, three-dimensional fields. 129	  

 130	  

  131	  
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3. Results 132	  

 133	  

At this point, the modeled oxygen distribution is compared against the climatology on annual 134	  

mean basis. Figure 1 compares the distribution of climatological oxygen field interpolated 135	  

 136	  

 On the isopycnal surface σθ=26.8 close to the base of the ventilated thermocline in the North 137	  

Pacific, the model spin-up captures the large-scale climatological oxygen distribution including 138	  

near saturation condition at the isopycnal outcrop, relatively high values in the ventilated 139	  

subtropical thermocline, and strong O2 depletions in the poorly ventilated tropics (Figure 1). The 140	  

low-O2 waters are more voluminous and less zonally elongated than observed, a common feature 141	  

of coarse-resolution GCMs. We therefore do not focus on the specific shape or distribution of 142	  

oxygen minimum zone in this study, but rather we use the oxygen inventory and the total volume 143	  

of low-oxygen water as the integrative metrics of oxygen variability. Specifically, the rest of our 144	  

analysis will focus on the domain enclosed by the 5S and 115W line, which contains the majority 145	  

of suboxic/hypoxic waters in the tropical North Pacific (Figure 1b, while line).  146	  

 147	  
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 148	  

Figure 1. Climatological distribution of oxygen interpolated on the isopycnal surface σθ=26.8 based on 149	  

(top) World Ocean Atlas 2010 and (bottom) the spinup simulation. The white line marks the control 150	  

volume enclosing the low-oxygen water in the simulated tropical Pacific.  151	  

 152	  

  153	  
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When forced by varying circulation, the thickness of the OMZ in the eastern tropical Pacific 154	  

varies substantially over time (Figure 2a). The thickening of the low oxygen condition is 155	  

previously reported based on the historic observations [Stramma et al., 2008], but its behavior 156	  

before 1980s is opposite such that the thickness of the low-oxygen water slightly declined. In this 157	  

manuscript, we focus on the temporal variability of oxygen minimum zone by subtracting the 158	  

long-term trend. Figure 2b shows the time evolution of the suboxic/hypoxic volume diagnosed 159	  

from the model simulation. The de-trended fractional change in the suboxic/hypoxic volume is 160	  

normalized by the respective time-mean values over the simulation interval (1962-2002). Three 161	  

oxygen thresholds are used to calculate the volume of low-oxygen waters including 5µM, 20µM 162	  

and 40µM. Between early 1980s and late 1990s, the volumetric size of suboxic zone (<5µM) is 163	  

more than doubled. The amplitude of the variability becomes greater as lower oxygen thresholds 164	  

are used due to the nonlinear relationship between suboxic volume and regional oxygen 165	  

inventory [Deutsch et al., 2011].  166	  

 167	  
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 168	  

Figure 2. Hovmollar diagram (a) of dissolved oxygen and (b) time series of the low O2 volumes in the 169	  

eastern tropical Pacific region north of 5°S and east of 115°W, bounded by the coastlines in the north and 170	  

the east (see Figure 1, white box). In panel a, an area-weighted average value of oxygen is computed at 171	  

each depth. The thin white line shows the extent of the low-oxygen (20µM) waters. The lowest oxygen 172	  

concentration is centered at the depth of 450m, and its thickness clearly varies over time. In panel b, 173	  

volumes are plotted normalized by their long-term average value, for O2 thresholds of 5, 20, and 40 µM.  174	  
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 175	  

To diagnose the mechanisms responsible for the O2 variability in this region, we construct a 176	  

control volume in the region bounded by 5°S and 115°W line within the depth range of 185m to 177	  

710m. In the climatological sense, this region receives the net horizontal convergence of mass, 178	  

balanced by the net vertical divergence. Climatological upwelling rate at the top of the control 179	  

volume is approximately 1.1Sv. This upwelling water is mainly fed by the zonal flow coming 180	  

from the west, dominated by the intense subsurface jet under the equator. This zonal advection 181	  

also supplies oxygen to this region, balanced by the respiratory oxygen utilization. Each of these 182	  

fluxes can vary significantly over time, as shown in the oxygen budget that is discussed in 183	  

section 3.  184	  

 185	  

 186	  

Figure 3.  Schematic diagram of the control volume in the tropical North Pacific and the processes 187	  

relevant to the regional oxygen balance.  Lateral boundary of the domain is depicted by the white box in 188	  

Figure 1.  189	  

 190	  
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3.1 Solubility and AOU variability 191	  

 192	  

Oxygen budget of the control volume reveals important features of the oxygen variability. Multi-193	  

decadal variability shows an increase in the oxygen inventory before 1980s and then a decrease 194	  

after early 1980s, superimposed with significant interannual variability in both saturation and 195	  

AOU components (Figure 4).  196	  

 197	  

 198	  

Figure 4. Time series of de-trended oxygen inventory anomalies in the control volume as a function of 199	  

time. The thick solid line (black) is the net oxygen change, which can be decomposed into the oxygen 200	  

saturation (red) and the AOU (blue) components. The AOU component is multiplied by (-1) so as to 201	  

positively correlate with the net oxygen change.  202	  
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Oxygen inventory can be separated into two components, the solubility and AOU components, 204	  

using the potential temperature, salinity and oxygen fields. Oxygen saturation is a known 205	  

function of temperature and salinity [Garcia and Gordon, 1992], and AOU is defined as the 206	  

difference between oxygen saturation and oxygen.  207	  

𝐴𝑂𝑈 = 𝑂!!"# 𝑆,𝑇 − 𝑂!    (1) 208	  

AOU is an estimate of the integrated effect of respiration along the ventilation pathways 209	  

assuming that the water parcels were in saturation with the overlying atmosphere at the time of 210	  

water mass formation.  211	  

 212	  

On the interannual timescale, the solubility and AOU changes tend to mutually compensate, 213	  

leading to a relatively weak oxygen variability. The net effect is slightly dominated by the AOU 214	  

component but its amplitude is significantly weaker than the amplitude of AOU component itself. 215	  

For example, there is a sharp peak around 1982-83 with anomalously high oxygen inventory, 216	  

which coincides with an intense El-Nino event. This spike is primarily driven by anomalously 217	  

low AOU, partially compensated by the relatively low solubility. The correlation coefficient 218	  

between solubility and AOU components is 0.75, which is significant at 99% confidence interval. 219	  

What causes the compensation between the solubility and AOU component on the interannual 220	  

timescale? To understand this behavior, we must examine the relationship between the solubility, 221	  

heat content, AOU.  222	  

 223	  

The solubility of oxygen is primarily and inversely related to the temperature of seawater. As a 224	  

result, the oxygen saturation inventory is almost perfectly anti-correlated to the heat content of 225	  

the water mass (Figure 5). In turn, the variability of heat content is closely related to the 226	  
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dominant mode of climate variability in the tropical Pacific, the El-Nino Southern Oscillation 227	  

(ENSO). During an El-Nino event, zonal tilt of thermocline decreases, causing the regional 228	  

thermocline to deepen in the eastern equatorial Pacific. The regional depression of thermocline 229	  

due to El-Nino events leads to an increase in the regional heat content and a decrease in the 230	  

oxygen saturation.  231	  

 232	  

Figure 5. Time series of the oxygen saturation (blue dash) and the negative of heat content (dot) 233	  

integrated over the control volume. The red solid line is the negative of Nino3.4 index. R-value reflects 234	  

the correlation between oxygen saturation and negative of Nino3.4 SST index.  235	  

 236	  
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Nino3.4 SST index. Simultaneous correlation between the regional oxygen saturation and 240	  

Nino3.4 index is -0.56 (P<0.01) and increases to -0.65 when oxygen saturation and leads the 241	  
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warm water volume and the El-Nino event. Since the control volume is focused over the low-243	  

oxygen region of the eastern tropical Pacific, we find mixed influences of local thermocline 244	  

depth and the warm water volume, leading to a shorter lag time in this specific analysis. 245	  

 246	  

The AOU variability is also related to ENSO (Figure 6), albeit with a lower correlation than for 247	  

O2
sat.  The AOU time series shows the peaks corresponding to most El-Nino events but it also 248	  

shows multi-decadal behavior that is not captured by the Nino3.4 index. In a Lagrangian sense, 249	  

AOU is the time integral of biological oxygen utilization rate (OUR) along the ventilation 250	  

pathway. Thus, AOU variability may reflect the integrated effect of OUR over the ventilation 251	  

time, which may explain the relatively weak correlation with the surface climate variability.  252	  

 253	  

 254	  

Figure 6. Time series of the negative of AOU (blue dash) and Nino3.4 index (red solid). The R-value 255	  

reflects simultaneous correlation between the two.  256	  
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 257	  

AOU variability are also associated with changes the water mass ages. We also simulated an 258	  

ideal age tracer along with the biogeochemistry. On the interannual timescale, ideal age tracer is 259	  

moderately anti-correlated with Nino3.4 index (R=-0.34), indicating a link between tropical 260	  

thermocline ventilation and climate variability. In a La-Nina condition, zonal advection and 261	  

upwelling are stronger in the eastern tropical Pacific, leading to the stronger upwelling of older 262	  

waters. Conversely, an El-Nino condition weakens the upwelling of older waters, leading to a 263	  

relatively younger age. This mechanism can partly explain the anti-correlatin between AOU and 264	  

Nino3.4 index.  265	  

 266	  

As summarized in Figure 7, there is a strong influence of El-Nino Southern Oscillation on the 267	  

interannual variability of oxygen inventory in the eastern tropical North Pacific though both 268	  

solubility and AOU. In general, there is a positive correlation between the two components, 269	  

leading to a zeroth-order mutual compensation. Most data points remains within ±2µM range. 270	  

These components are loosely coupled to the ENSO cycle. During El-Nino events, marked by 271	  

red circles, the regional thermocline is depressed, and the temperature-solubility relation 272	  

decreases the oxygen inventory due to the increased regional heat content. However, this 273	  

thermodynamic response is accompanied by the decline in AOU with a slightly greater 274	  

magnitude. This is caused by the weakened upwelling and depressed thermocline, which weaken 275	  

the nutrient supply for biological productivity, decreasing the sinking organic flux and OUR. 276	  

Also, the weaker upwelling prevents the old waters from upwelling into this region. These 277	  

processes working in concert decrease the AOU during El-Nino events. This is indicated by the 278	  

cluster of red circles in the lower left quadrant of Figure 7. The net effect is controlled by the 279	  
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relatively small residual between the AOU and solubility change. There are many overlapping 280	  

data points near the center of the domain, that are either El-Nino, La-Nina or neutral. Simple 281	  

correlation analysis cannot explain the multi-decadal variability of thermocline oxygen.  282	  

 283	  

Figure 7. Phase diagram of oxygen saturation and AOU anomalies in the control volume at the eastern 284	  

tropical North Pacific. The background contours indicate the oxygen concentration, which is the 285	  

difference between oxygen saturation and AOU. Each data points come from de-trended anomalies. Color 286	  

and pattern of data points indicate the different ENSO states based on the Nino3.4 index, which warm 287	  

SST periods (El-Nino) months in red, and cool SST periods (La Nina) in blue. Most data points remains 288	  

within ±2µM range.  289	  

 290	  
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3.2 Budget analysis: physical oxygen supply 293	  

 294	  

Thermocline oxygen shows a strong multi-decadal variability, which modulates the interannual 295	  

variability primarily driven by the ENSO cycle. The recent expansion of the tropical Pacific 296	  

OMZ since 1980s may be a part of the underlying multi-decadal variability. What drives this 297	  

multi-decadal variability? As a first step to address this question, we perform a regional oxygen 298	  

budget analysis for the eastern tropical Pacific box (Figure 3). We diagnose the resolved and 299	  

parameterized oxygen transport convergence as well as biological oxygen consumption in the 300	  

region. 301	  

 302	  

We diagnose the transport fields at every time step during the model simulation, and the 303	  

transport fields are associated with the resolved circulation (uO2) and sub-grid scale 304	  

parameterization terms (F) including Gent-McWilliams scheme [Gent and McWilliams, 1990]. 305	  

The control volume is located well below the euphotic layer, and so the only biological oxygen 306	  

tendency is the loss due to respiration of sinking particulate matter and of dissolved organic 307	  

matter. The growth of oxygen inventory is balanced by the transport convergence and the 308	  

biological oxygen sink. Mathematically, our oxygen balance can be written as follows.  309	  

!
!"

𝑂!𝑑𝑉 = − 𝒖𝑂! ∙ 𝒅𝑨− 𝑭 ∙ 𝒅𝑨− 𝑂𝑈𝑅𝑑𝑉  (2) 310	  

 311	  

The LHS is the growth term, and the first two terms of the RHS represent the transport 312	  

convergence. The last term reflects the volume-integrated OUR, measuring the integrated effect 313	  

of respiration. Each term is calculated at every time step during the simulation, and the 314	  

respective monthly mean fields are recorded for analysis. Figure 8 shows the time series of each 315	  
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term in Eq 2 for the simulation period including the seasonal cycle and long-term trend. We are 316	  

able to reconcile more than 99% of the regional oxygen budget in the control volume. On 317	  

average, the transport convergence supplies oxygen to this region, compensated by the biological 318	  

consumption. However, the compensation between physical supply and biological consumption 319	  

do not occur on the monthly timescale, leading to the fluctuation of oxygen inventory.  320	  

 321	  

Figure 8 Time series of oxygen budget components including (blue solid) transport 322	  

convergence, (red solid) respiration and (black thick solid) the growth term. Green dash line 323	  

represents the small residual.    324	  

 325	  
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transport clearly dominates the overall transport variability and oxygen growth (R=0.97), while 328	  

sub-grid scale transport convergence is much less variable and is not significantly correlated to 329	  

the oxygen growth (R=-0.17).  330	  

 331	  

 332	  

Figure 9. Time series of de-trended and de-seasonalized oxygen tendency anomalies due to 333	  

(black solid) resolved advection, (blue dash) sub-grid scale parameterization and (red dash) 334	  

respiration.  335	  

 336	  

Advective transport convergence has horizontal and vertical components whose respective root-337	  

mean-square values are 820 kmols-1 and 680 kmols-1. The horizontal and vertical components are 338	  

both important, and they partially compensate each other with a correlation coefficient of -0.56. 339	  

Oxygen flux variability generally reflects the mass transport in and out of the control volume, 340	  

rather than changes in O2 at the boundaries of the box.  341	  
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Figure 10 illustrates the time-varying behavior of the mass flux across the upper boundary of the 343	  

control volume (z=185m) and the mass flux across the zonal boundary (115°W line). The rate of 344	  

upwelling is negatively correlated with the time derivative of the Nino3.4 SST with the 345	  

correlation coefficient of -0.64. This indicates that the upwelling rate is weak when an El-Nino 346	  

event is developing, and the upwelling gets strong when La-Nina is developing. This behavior is 347	  

consistent with the recharge-discharge oscillator theory. As discussed in the previous section, the 348	  

thermocline depth varies in quadrature with the eastern tropical SST, and the upwelling rates co-349	  

vary with thermocline depth. In contrast, the zonal advection is correlated with both the Nino3.4 350	  

SST itself and its time derivative with the correlation coefficient of -0.41 and -0.30 respectively. 351	  

During an El-Nino event, the Walker circulation gets weaker and so is the equatorial trade wind. 352	  

The subsurface oceanic jet is in part driven by the zonal pressure gradient maintained by the 353	  

trade wind, which may provide a first-order description of the negative correlation.  354	  

 355	  

The horizontal and vertical components of oxygen transport tend to partially compensate one 356	  

another, and the net physical oxygen supply is controlled by the relatively small residual (Figure 357	  

11). The upwelling and zonal advection have opposite influences on the physical oxygen supply 358	  

to the control volume. While zonal advection brings in higher oxygen concentration from the 359	  

western tropical Pacific, the upwelling tends to advect older, oxygen-depleted waters from 360	  

below. The net oxygen supply to the region appears to depend on the subtle balance between the 361	  

two major influences, and it is difficult to predict the variability of physical oxygen supply.  362	  

 363	  
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 364	  

Figure 10. (a) Time series of (red dash) the negative of upwelling rate and (blue solid) the time derivative 365	  

of the Nino3.4 SST index. (b) Time series of (red dash) the negative of zonal mass flux and (blue solid) 366	  

the Nino3.4 SST index.  367	  
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 369	  

Figure 11. Phase diagram of zonal and vertical oxygen advection anomalies. Each dot reflects de-trended 370	  

and de-seasonalized oxygen transport convergence from the monthly mean model output. Color indicates 371	  

the sense of net oxygen supply. Red circle indicates oxygen convergence (gain) in the control volume, 372	  

and the blue circle indicates oxygen divergence (loss).  373	  

 374	  

3.3 Budget analysis: biological oxygen consumption 375	  

 376	  

In our simulation, OUR is calculated from the restoring of surface macro-nutrient, and a simple 377	  

remineralization profile using a power function. Thus, the OUR variability is controlled by the 378	  
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associated with the drawdown of surface nutrients during the growing seasons. When the mean 381	  

seasonal cycle is removed, the interannual variability of OUR is negatively correlated with the 382	  

Nino3.4 index. When an El-Nino condition is developing, the upwelling of subsurface nutrient is 383	  

suppressed (Figure 10a). As a result, anomalously weak export production occurs, which 384	  

decreases the OUR throughout the water column. Conversely, developing La-Nina condition 385	  

enhances the nutrient upwelling to the surface, leading to the enhanced oxygen consumption 386	  

under La-Nina conditions [Deutsch et al., 2011]. The correlation coefficient between the de-387	  

seasonalized OUR and Nino 3.4 index is -0.73 (P<0.01).  388	  

 389	  

Figure 12. Time series of (red dash) the de-trended and de-seasonalized OUR (multipled by -1) 390	  

and (blue solid) the Nino3.4 SST index.  391	  

 392	  
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advection. Upwelling tends to bring up old, oxygen-depleted waters vertically, which is 396	  

counteracted by the zonal influx of oxygen-rich waters from the western Pacific. Because of this 397	  

compensation, the correlation between physical oxygen supply and the ENSO cycle is very weak 398	  

(R=-0.24). The rate of oxygen consumption (OUR) is significantly correlated with the ENSO 399	  

cycle (R=-0.73), and this climatically modulated rate of biological oxygen consumption controls 400	  

the time rate of change in AOU.  401	  

 402	  

The relationships between sources and sinks of oxygen and tropical climate variability diagnosed 403	  

above arise from subsurface ocean circulation dynamics on primarily interannual timescales. 404	  

Physical oxygen supply and biological oxygen consumption do not show decadal variability 405	  

themselves, and yet the oxygen inventory clearly contains low-frequency variability at longer, 406	  

decadal timescales. In the next section, we use a conceptual model of thermocline oxygen to 407	  

illustrate how low-frequency variability of the oxygen inventory can arise from the integration of 408	  

interannual fluctuations.  409	  

  410	  
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4. A conceptual model for the multi-decadal oxygen variability 411	  

 412	  

Building on the budget analysis of the thermocline oxygen, we now aim to understand the 413	  

decadal variability of oxygen in the tropical North Pacific. We postulate that (1) climate 414	  

variability modulates the rate of oxygen change, rather than the inventory, and that (2) the 415	  

decadal ventilation of thermocline waters effectively integrates the climate forcing to generate 416	  

low-frequency variability. Ito and Deutsch [2010] demonstrated that the ventilation of 417	  

thermocline waters integrates out the interannual fluctuations in climate forcing, naturally 418	  

producing low-frequency variability consistent with the observed oxygen time series data. Here, 419	  

we apply that conceptual model to the tropical thermocline. First, we assume that the evolution 420	  

of oxygen anomaly is forced by the advective oxygen supply and biological oxygen 421	  

consumption. Second, we assume that the thermocline oxygen has a finite memory due to the 422	  

relatively slow mean ventilation. Based on these two assumptions, we can write down a single 423	  

equation governing the time evolution of oxygen anomaly (O2’) which we define as the deviation 424	  

of the regional oxygen inventory after removing the background, linear trend:  425	  

   (3) 426	  

 427	  

The first term on the RHS can be interpreted as the effects of mean ventilation and turbulent 428	  

mixing, which leads to the decay of oxygen anomalies over a finite timescale. The magnitude of 429	  

λ is determined by the lag-1 autocorrelation of de-trended oxygen inventory anomalies. The 430	  

model is driven by the two forcing terms, fADV and fOUR, which are the anomaly time series of 431	  

resolved advective oxygen supply and biological oxygen sink. We diagnose these terms based on 432	  

€ 

dO2 '
dt

= −λO2 '+ fADV (t) − fOUR (t)
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the regional oxygen budget calculated from the GCM output shown in the previous section. 433	  

Then, Eq 3 can be discretized and numerically integrated by stepping forward O2’ in time.  434	  

 435	  

Figure 13 shows the results from the simple model and compares them against the simulated 436	  

oxygen variability from the GCM.  The skill of the simple model is reasonably good (R=0.70) in 437	  

reproducing the GCM output. The models skill is higher in the earlier part of the simulation 438	  

(R=0.88 before 1980s), but decreases as error accumulates over time in the model integration.  439	  

 440	  

Figure 13. Results from the simple models of oxygen inventory. Variability of regional oxygen inventory 441	  

is expressed as the fluctuation of domain mean oxygen concentration. Black solid line is the diagnostic 442	  

from GCM. Blue solid line is integrated with advective tendency only and red solid line is integrated with 443	  

respiratory tendency only. Red dash line is integrated with both advective and respiratory oxygen 444	  

tendencies.  445	  
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An important result from this modeling exercise is to recognize that the decadal oxygen 447	  

variability can be generated from the forcing terms, fADV(t) and fOUR(t), which varies on 448	  

interannual and shorter timescales. These forcing terms do not exhibit strong decadal variability 449	  

themselves but when they are integrated over the thermocline ventilation timescale, they can 450	  

produce low-frequency variability due to the long memory of thermocline waters.  451	  

 452	  

The success of the simple model indicates that the climate-driven OMZ variability might be 453	  

predicted using a few climate processes. Eq 3 can be integrated with a component of the forcing 454	  

suppressed. Blue solid line in Figure 13 shows a case in which the effect of OUR variability is 455	  

suppressed. In this specific case, the variability of oxygen is entirely transport-driven. 456	  

Interestingly, resulting oxygen variability is much smaller in amplitude than the diagnostic from 457	  

the GCM (black solid line). Conversely, Eq 3 can be integrated with the OUR variability only. 458	  

The biologically-driven oxygen variability (Figure 13, red line) shows much larger variability, 459	  

closer to the diagnostic from the GCM. Thus, we conclude that OUR variability, despite having 460	  

smaller variance than physical transport, plays the dominant role in generating the low-frequency 461	  

variability of the thermocline oxygen. OUR variability is strongly correlated with the ENSO 462	  

cycle (R=-0.73), thus it is possible to calculate the approximate trajectory of oxygen variability 463	  

by integrating the index for ENSO. While upwelling-driven productivity changes are clearly 464	  

related to the ENSO cycle, the driving mechanism for the transport-driven oxygen variability is 465	  

not yet fully understood (e.g. Gnanadesikan et al., 2012).  466	  

  467	  
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5. Discussion 468	  

 469	  

Natural climate variability significantly modulates the variability of the OMZ through a number 470	  

of processes including the regional heat inventory, biological respiration and the ventilation by 471	  

subsurface ocean circulation. We used a hierarchy of models to better understand the mechanism 472	  

controlling the variability of the tropical Pacific OMZ. Global biogeochemistry simulation is 473	  

performed in the offline mode using the German ECCO product, and simulated oxygen cycling 474	  

is analyzed in detail. Our particular simulation captures the expansion of OMZ after 1980s. 475	  

Interannual variability of OUR is strongly correlated with the ENSO cycle as it regulates the 476	  

upwelling supply of nutrients to the surface euphotic layer. This effect is partially compensated 477	  

by the change in heat content associated with fluctuations in the thermocline depth. During an 478	  

El-Nino event, thermocline deepens in the eastern tropical thermocline, simultaneously 479	  

decreasing the solubility and sinking organic flux. The former decreases the thermocline oxygen 480	  

inventory and the latter increases it. The net effect is a slight increase in the oxygen inventory. 481	  

This physical-biogeochemical mechanism is driven by the fluctuations in the upwelling and 482	  

thermocline depth. We identified significant transport variability of oxygen into the eastern 483	  

tropical Pacific associated with the lateral subsurface circulation due to the equatorial zonal jet. 484	  

However, there is a significant compensation between the horizon transport and vertical transport 485	  

of oxygen, and the transport-driven oxygen variability is relatively weak in comparison with the 486	  

biologically driven variability.  487	  

 488	  

A highly idealized model driven by ENSO-induced respiration variability can capture the overall 489	  

decadal variability of the hindcast model. Relatively slow ocean ventilation integrates the 490	  
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energetic interannual and shorter timescale variability of regional physical and biogeochemical 491	  

processes, leading to the pronounced decadal variability of thermocline oxygen [Ito and Deutsch, 492	  

2010]. The results of this paper suggest that the reddening of the ENSO-driven respiration 493	  

anomalies leads to the PDO-like behavior of the tropical Pacific OMZ [Deutsch et al., 2011]. As 494	  

the climate warms and the upper ocean will be more stratified in the future, it is possible that the 495	  

long-term change in OUR may be controlled by the weakened nutrient supply to the euphotic 496	  

layer, which leads to an increase in thermocline oxygen.  497	  

 498	  

There are several caveats in our model simulations. The oxygen budget analysis in the tropical 499	  

Pacific OMZ highlights the importance of advective oxygen supply maintained by the zonal jets 500	  

in the equatorial current system. But our model does not fully resolve the equatorial current 501	  

system and its variability. Similarly, mesoscale eddies are not explicitly resolved in our 502	  

simulation but they are crudely parameterized. Eddy stirring and bolus transport may play 503	  

important role in the physical supply of oxygen and nutrients to the tropical Pacific. Additional 504	  

work, such as a suite of sensitivity experiments at a higher resolution, would be necessary in 505	  

order to isolate the different physical processes contributing to the variability of OMZ. While the 506	  

physical circulation fields are constrained by a suite of observational data, the ocean observations 507	  

are sparse especially before the age of satellite oceanography. Our analysis was able to identify 508	  

primary mechanisms controlling the variability of suboxic volume and regional oxygen 509	  

inventories on interannual to decadal timescales. Future work is needed to address the longer 510	  

time-scale evolution of the tropical OMZ.  511	  

 512	  

 513	  
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 517	  

Figure captions 518	  

 519	  

Figure 1. Climatological distribution of oxygen interpolated on the isopycnal surface σθ=26.8 520	  

based on (top) World Ocean Atlas 2010 and (bottom) the spinup simulation. The white line 521	  

marks the control volume enclosing the low-oxygen water in the simulated tropical Pacific.  522	  

 523	  

Figure 2.  Hovmöllar diagram (a) of dissolved oxygen and (b) time series of the low O2 volumes 524	  

in the eastern tropical Pacific region north of 5°S and east of 115°W, bounded by the coastlines 525	  

in the north and the east (see Figure 1, white box). In panel a, an area-weighted average value of 526	  

oxygen is computed at each depth. The thin white line shows the extent of the low-oxygen 527	  

(20µM) waters. The lowest oxygen concentration is centered at the depth of 450m, and its 528	  

thickness clearly varies over time. In panel b, volumes are plotted normalized by their long-term 529	  

average value, for O2 thresholds of 5, 20, and 40 µM.  530	  

 531	  

Figure 3.  Schematic diagram of the control volume in the tropical North Pacific and the 532	  

processes relevant to the regional oxygen balance. Lateral boundary of the domain is depicted by 533	  

the white box in Figure 1.  534	  

 535	  

 536	  
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Figure 4. Time series of de-trended oxygen inventory anomalies in the control volume as a 537	  

function of time. The thick solid line (black) is the net oxygen change, which can be decomposed 538	  

into the oxygen saturation (red) and the AOU (blue) components. The AOU component is 539	  

multiplied by (-1) so as to positively correlate with the net oxygen change.  540	  

 541	  

Figure 5. Time series of the oxygen saturation (blue dash) and the negative of heat content (dot) 542	  

integrated over the control volume. The red solid line is the negative of Nino3.4 index. R-value 543	  

reflects the correlation between oxygen saturation and negative of Nino3.4 SST index.  544	  

 545	  

Figure 6. Time series of the negative of AOU (blue dash) and Nino3.4 index (red solid). The R-546	  

value reflects simultaneous correlation between the two.  547	  

 548	  

Figure 7. Phase diagram of oxygen saturation and AOU anomalies in the control volume at the 549	  

eastern tropical North Pacific. The background contours indicate the oxygen concentration, 550	  

which is the difference between oxygen saturation and AOU. Each data points come from de-551	  

trended anomalies. Color and pattern of data points indicate the different ENSO states based on 552	  

the Nino3.4 index, which warm SST periods (El-Nino) months in red, and cool SST periods (La 553	  

Nina) in blue. Most data points remains within ±2µM range.  554	  

 555	  

Figure 8 Time series of oxygen budget components including (blue solid) transport 556	  

convergence, (red solid) respiration and (black thick solid) the growth term. Green dash line 557	  

represents the small residual.    558	  

 559	  
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Figure 9. Time series of de-trended and de-seasonalized oxygen tendency anomalies due to 560	  

(black solid) resolved advection, (blue dash) sub-grid scale parameterization and (red dash) 561	  

respiration.  562	  

 563	  

Figure 10. (a) Time series of (red dash) the negative of upwelling rate and (blue solid) the time 564	  

derivative of the Nino3.4 SST index. (b) Time series of (red dash) the negative of zonal mass 565	  

flux and (blue solid) the Nino3.4 SST index.  566	  

 567	  

Figure 11. Phase diagram of zonal and vertical oxygen advection anomalies. Each dot reflects 568	  

de-trended and de-seasonalized oxygen transport convergence from the monthly mean model 569	  

output. Color indicates the sense of net oxygen supply. Red circle indicates oxygen convergence 570	  

(gain) in the control volume, and the blue circle indicates oxygen divergence (loss).  571	  

 572	  

Figure 12. Time series of (red dash) the de-trended and de-seasonalized OUR (multipled by -1) 573	  

and (blue solid) the Nino3.4 SST index.  574	  

 575	  

Figure 13. Results from the simple models of oxygen inventory. Variability of regional oxygen 576	  

inventory is expressed as the fluctuation of domain mean oxygen concentration. Black solid line 577	  

is the diagnostic from GCM. Blue solid line is integrated with advective tendency only and red 578	  

solid line is integrated with respiratory tendency only. Red dash line is integrated with both 579	  

advective and respiratory oxygen tendencies.  580	  

 581	  

 582	  

583	  
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