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The maintenance and variation of the Pacific Equatorial Undercurrent (EUC) are thought to be controlled by the zonal pressure gradient force (ZPGF). However, a recent study found that a large-scale circulation associated with Rossby waves can also lead to EUC variation, implying that the structures and timing of the influential winds and the underlying wind-driven mechanisms need to be revisited. Here, we use the adjoint-sensitivity method to obtain the crucial winds that can most efficiently influence EUC variations. The obtained adjoint sensitivities (denoting the sensitive winds) are confined to 15°S–15°N and exhibit a funnel-shaped pattern with high symmetry about the equator. The remote winds, which occur 4 to 11 months prior, can lead to EUC variations at the basin scale; in contrast, the near-term winds (occurring not earlier than 4 months) lead only to local EUC variations. Accordingly, we find that wind-initiated equatorial Kelvin waves, equatorial Rossby waves, and the reflected waves at both the western and eastern boundaries superimpose onto each other to result in EUC variations. Specifically, when the travel time is longer than 4 months, the waves can form a negative-positive-negative sea surface height anomaly (SSHA) pattern between 15°S and 15°N in the central-eastern tropical Pacific, indicating the joint effect of both types of waves; they also form a positive SSHA in the western equatorial Pacific, indicating the dominance of the Kelvin wave therein. These mechanisms are complementary to the canonical ZPGF mechanism, which provide a clear theoretical basis for EUC variation studies.
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1 Introduction

The Equatorial Undercurrent (EUC) in the Pacific Ocean (Cromwell et al., 1954) flows eastward along the equator with a thickness of ~200 m and a width of about 400 km. It is generally centered at 50 to 200 m depth and slopes upward to the east along the equatorial thermocline (Kessler et al., 1998), with a zonal mass transport of 30–40 Sv (1 Sv=1 ×106 m3 s-1; Johnson et al., 2002; Izumo, 2005; Halpern et al., 2015). As the strongest subsurface current in the equatorial current system, the EUC transports warm, high-salinity, nutrient-rich, and CO2-rich water eastward, maintaining the zonal balance of water mass and heat in the equatorial Pacific Ocean (e.g., McCreary, 1976; Pennington et al., 2006; Qin et al., 2015; Coats and Karnauskas, 2018). The EUC can also modulate the El Niño and Southern Oscillation (ENSO) by its variations in heat/mass transport (e.g., Johnson et al., 2000; Izumo, 2005; Lyu et al., 2020). Therefore, depicting the strength of the EUC and understanding its variability are of great significance to exploring the dynamics and climate impacts of the equatorial current system (Hu et al., 2015).

The trade winds in the tropical Pacific have always been deemed the leading predictor of the EUC in previous studies. For example, Pedlosky (1987) argued that the relation of EUC transport (EUCT) to wind stress (τ) should be EUCT~ τ7/8 under inertial nonlinear theory, which is similar to the quasi-linear relationship by Yu and Mcphaden (1999). Liu and Philander (1995) demonstrated that the EUC tends to fade when the tropical easterly wind disappears in a model simulation. Using a reconstruction of EUC strength with the TAO array, Izumo (2005) shows that weakened equatorial trade winds in the western and central Pacific can reduce the EUC strength to the east of the trade wind after 3 months. Drenkard and Karnauskas (2014) also revealed a regime in the eastern Pacific where weakened trade winds reduced EUC strength.

The EUC is primarily driven by the accumulated water in the west Pacific, which drives the subsurface eastward pressure gradient force (EPGF). Therefore, the wind-driven EPGF has long been considered as the canonical mechanism for EUC variation (Stommel, 1959; Pedlosky, 1987). Using current measurement data, Firing et al. (1983) verified that the disappearance of EUC during the summer of 1982 was due to the local weakening or reversal of the EPGF caused by the basin-wide adjustment of the sea surface slope to the strong westerly wind anomalies in the western and central Pacific, similar to the observations by Johnson et al. (2000). Yu and Mcphaden (1999), using TAO array data, argued that the momentum balance of the EUC is primarily between the EPGF and the zonal wind induced stresses, and that the zonal wind dominantly contributes to the EUC variations. However, studies usually focused on specific meridional sections of the EUC. Possibly due to the lack of coherent observations of EUC in the entire Equatorial Pacific, the wind patterns that cause basin-wide variations of the EUC and the underlying mechanism were not well explored. Reviewed from this aspect, previous studies usually overgeneralized the spatial pattern, timing, and locations of the effective zonal wind.

Recently, Lyu et al. (2020) proposed a different mechanism for the interannual variation of the EUC. Based on the Scientific Observing Network of the Chinese Academy of Sciences (CASSON), the authors found that the EUC was significantly enhanced at three mooring sites (142°E, 1°S), (142°E, 0°) and (140°E, 2°N) in the summer of 2016 relative to that in 2015. Using a 1.5-layer reduced-gravity ocean model, they found that the EUC at those mooring sites is strengthened by the southern part of a counterclockwise circulation straddling the equator. Furthermore, it is revealed that the counterclockwise circulation is associated with Rossby waves generated by the reflection of equatorial Kelvin waves, which are triggered by easterly wind perturbations between 5°S and 5°N in the central-eastern Pacific basin approximately half a year prior to the EUC enhancement. Lyu et al. (2020)’s mechanism for the EUC variation can be considered as Rossby wave-associated “circulation” mechanism, which can be regarded as a complement to the canonical west-east pressure gradient mechanism. However, the anomalous circulation in their study is obviously regional, since their EUC sites are confined to the western boundary.

Nonetheless, Lyu et al. (2020) provided an interesting and important perspective on the mechanisms of EUC variation, which, however, also raises some questions:

1) Is their mechanism specific for EUCT variation near the western boundary? Is it applicable to other longitudes, times, and conditions?

2) For the EUCT in other certain sections, what pattern, from what locations, and how soon, will the wind most efficiently influence the EUC?

3) Are the expected winds able to cause EUC variation only locally, or can they lead to EUC variation in the basin scale? What are the underlying mechanisms?

Therefore, to better understand EUC variability, it is critical to depict in detail its sensitivity to wind at various temporal and spatial scales.

In this study, the adjoint model is employed to study the sensitivity of the EUCT to wind stresses in different regions and with different leading times. The adjoint model is the reversed propagator of the tangent linear model, which is a differential version of the original nonlinear model (Errico, 1997; Verdy et al., 2014). In sensitivity analysis, the adjoint model gets some unique advantages compared with the forward perturbation experiment (seen in Figure S1). The adjoint model can calculate the partial derivatives of all state variables relative to a targeted function around a time-dependent ‘‘forward’’ model trajectory, which can provide the sensitivities of each concerned variable at all grids (including both spatial and time grids) under the quasi-linear assumption. In contrast, a traditional forward perturbation experiment by the nonlinear model can only indicate the system responses to one predetermined perturbation in a specific location and leading time. Therefore, the adjoint model has been widely applied in understanding the dynamic mechanisms of sensitivity problems (e.g., Marotzke et al., 1999; Zhang et al., 2011; Verdy et al., 2014; Jones et al., 2018). Since the derived sensitivity to state variables usually determine the most effective descent direction [i.e., the optimal perturbation by Köhl and Vlasenko (2019)] in minimizing a misfit function, the adjoint model can also be used in the state estimation by 3D/4D Var data assimilation (e.g., Mazloff et al., 2010; Wang et al., 2021) and state prediction (Köhl and Vlasenko, 2019). For example, Mazloff et al. (2010) derived an Eddy-Permitting Southern Ocean State Estimate by MITgcm and its adjoint model. Köhl and Vlasenko (2019) used the obtained adjoint sensitivities to construct a theoretical prediction model for atmospheric temperature. In addition, the adjoint of the tracer equations can also reveal the origins of the passive tracers and thus the circulation (Fukumori et al., 2004).

In the present study, we adopt the adjoint model from the German contribution to the Estimation of the Circulation and Climate of the Ocean (GECCO) system; as a result, the specific locations and structures of the winds affecting the EUCT variations (denoted the sensitive winds) are determined objectively. Consequently, the underlying mechanisms of wind-driven EUCT variations are identified, which provides new insights into the remote and local wind effects on EUCT variations.

The rest of the paper is organized as follows. In Section 2, we introduce the model configuration and the adjoint framework. A detailed analysis of the adjoint sensitivity is given in Section 3, including the distribution of the adjoint sensitivity, the influence of the sensitivity-like wind forcing perturbation on the EUCT, and the dynamic mechanisms. Finally, a summary and discussion are presented in Section 4.



2 Model and Methodology


2.1 Model Configuration

The model used in this study comprises the Massachusetts Institute of Technology ocean circulation model (MITgcm; Marshall et al., 1997a) and its adjoint component (Marotzke et al., 1999), which are assembled in the 4D-Var (adjoint) synthesis of GECCO (Köhl and Stammer, 2008). GECCO is configured on 1°×1° horizontal grids and 23 unevenly spaced vertical levels, with vertical intervals ranging from 10–100 m in the upper layers and 200–500 m in the deep layers. The model covers a quasi-global ocean over ±80° latitude with realistic bottom topography based on the Earth Topography 5-arc-min grid (ETOPO5) dataset (Smith and Sandwell, 1997). Vertical mixing is represented by the K-Profile Parameterization (KPP) scheme (Large et al., 1994), with the background diffusivities and viscosities of 10-5 m2 s-1 and 10-3 m2 s-1, respectively (Köhl et al., 2007). Gent-McWilliams (GM) and Redi’s eddy parameterization schemes (Redi, 1982; Gent and Mcwilliams, 1990) are implemented, with both diffusivities being 800 m2 s-1.

The model is integrated forward for 30 years with a 3600-second time step, initiated with climatological temperature and salinity from the World Ocean Atlas 2013 (WOA13; Locarnini et al., 2013; Zweng et al., 2013) and forced by long-term climatology of 6-hourly surface heat flux, wind stress, and freshwater flux fields, which are obtained from the National Centers for Environmental Prediction (NCEP; Kalnay et al., 1996). As such, we produce a climatological ocean with only annual cycles. The integration of the first 20 years is the spin-up stage, while the outputs in the last 10 years are used to validate the seasonal variability of the EUCT, and those in the last 2 years are used for the adjoint-sensitivity calculation.



2.2 Adjoint Sensitivity Framework

An adjoint model calculates backward time-evolution of the linear sensitivity of the target function to the prognostic and input variables of the original model. The theoretical framework of adjoint sensitivity has been explained in detail by previous overviews (e.g., Errico, 1997; Junge and Haine, 2001). A brief description is given below for readers who may not be familiar with the adjoint method.

As for an ocean general circulation model, the model equations can be denoted simplistically as:



where Mt refers to the nonlinear forward operator working on the state vector x at initial time t = 0, and y = xT means the state vector at final time T.

For a small perturbation δx0 at the initial time, its evolution at the final time T in the nonlinear system can be written as:



where Lt = ∂Mt/∂x0 represents the linearized dynamical operator. Equation (2) is a Taylor series expansion for the first order and is a linear model whose coefficients are determined by slopes tangent to the trajectories of the state variables in the forward model. Thus, it is also called a tangent linear model, which describes the linearized evolution of a state perturbation.

To obtain the adjoint sensitivity, a scale function J (i.e., the cost function) about the state variable y is defined according to the study interest, i.e., J= J(y). For the small perturbation δx0, the difference of the cost function δJ can be expressed as the inner product of the sensitivity and the state perturbation under the tangent linear assumption, i.e.



By the tangent linear operator Lt in Equation (2), Equation (3) changes to



where  is the corresponding adjoint operator of Lt. Equivalently, by the equations (3) and (4), the adjoint sensitivity of the cost function of state variables can be obtained as:



Notably, Equation (5) has a crucial advantage over Equation (2). Because to obtain the sensitivities when using Equation (2), we have to run the tangent linear model by perturbing each δx0 element one by one over the concerned region; in contrast, using Equation (5), the adjoint model  is applied to  at one integration, and as such, every time-stepping backward will yield the required sensitivity to all x0 elements. The schematic diagram of the relationship between the adjoint model and nonlinear model is shown in Figure S2. In practice, the target function can be feasibly defined, such as the area-mean sea surface temperature (Zhang et al., 2011), Atlantic heat transport (Marotzke et al., 1999), forecast errors in synoptic studies (Errico, 1997), and model-observation deviations in particular used in 4D-Var data assimilation and parameter estimation (Köhl & Stammer, 2008; Liu et al., 2012; Köhl & Vlasenko, 2019).

In this work, the adjoint model of GECCO synthesis is generated via automatic/algorithmic differentiation with the Transformation of Algorithms in FORTRAN (TAF; Giering and Kaminski, 1998; Heimbach et al., 2005). The last two years of the climatological forward run with well-simulated annual cycles of the EUCT are chosen as the “neutral’’ background for the adjoint calculation. Due to the high seasonality of the EUCT (as seen in Figures 1, 2, the EUCT usually peaks in July), the target function J is defined as the monthly mean EUCT at 165°E in July of the second year:






Figure 1 | Vertical structures of the climatological mean (contours; m s-1) and seasonal anomalies (color shading; m s-1) of the zonal velocity at 165°E derived from GECCO in boreal (A) spring, (B) summer, (C) autumn, (D) winter. (E–H) same as (A–D), but from HYCOM. The solid lines represent the eastward velocity, and the dashed lines represent the westward velocity. The green dashed box represents the target section in the EUCT’s calculation. The interval of the contours is 0.03 m s-1. Note the nonlinear shading levels in the color bar, and the climatological zonal velocity of HYCOM is averaged between 1994 and 2013.






Figure 2 | (A) The annual cycle of EUCT (Sv) from GECCO and HYCOM, in which the blue shading marks the standard deviations of EUCT from HYCOM. Note that the EUCT from HYCOM is calculated in the area 3°S–3°N, 85 m–310 m. (B) The zonal velocity (m s-1) at (165°E, 0°N) averaged in 100–300 m from TAO/TRITON observation, HYCOM, and GECCO, in which the pink shading marks the standard deviations of zonal velocity from TAO/TRITON observation. Note that the climatological zonal velocities of HYCOM and TAO/TRITON are averaged between 1994 and 2013.



where u is the monthly mean zonal velocity and the area 3°S–3°N, 87.5 m–310 m represents the EUC’s core (Figure 1). Then, the adjoint sensitivities of J to the control variables (the wind stresses τx and τy specifically), i.e., ∂J/∂τx and ∂J/∂τy, going backward in time (at 10-day interval) from July of the second year to January of the first year, are calculated. With a two-year climatological background of the adjoint model, the sensitivity results can reflect the impacts of both local and remote wind forcing on the EUCT. We also defined the target function J as the EUCT at 180°E and 140°W, and obtained similar results to that at 165°E, which will be discussed later.




3 Results


3.1 The Modeled EUC and Its Variations

Due to lack of sectional observations of the EUC, we employ the eddy-resolving Hybrid Coordinate Ocean Model (HYCOM) reanalysis dataset (Bleck, 2002) to evaluate the GECCO-modeled EUC structure in terms of both the climatological state and seasonal anomalies of zonal velocity at 165°E (the selected target longitude). As shown in Figure 1, the modeled eastward-flowing EUC peaks in the subsurface layer, near 200 m, on the equator. The westward-flowing South Equatorial Current (SEC) south of 3°N and the eastward-flowing North Equatorial Countercurrent (NECC) near 5°N are also roughly reproduced, reflecting that GECCO is capable of reproducing the basic equatorial current system. However, due to the coarser resolution and the climatological air forcing, GECCO cannot reproduce the more refined features of these equatorial currents. For example, the EUC exhibits a broader scale and weaker magnitudes than that in HYCOM. In addition, the NECC is not distinctive as a single current but merges with the EUC to its northern side.

Whereas, the seasonal variability of the equatorial current system in the GECCO simulation is analogous to that in the HYCOM simulation. In boreal summer (May to July), the positive anomalies of modeled zonal velocity are distributed from the surface to 400 m within 3°S–3°N, leading to enhancement of the EUC and weakening of the SEC near the equator (Figure 1B). Meanwhile, at the latitudes of the NECC, the zonal velocity shows negative anomalies. In boreal winter (November to January), reversed velocity anomalies are exhibited, indicating the seasonal weakness of the EUC. In the other two seasons, the zonal velocity anomalies are also reversed. For example, in spring, the zonal velocity anomalies are negative from the surface to half the EUC depth (near 150 m) within 6°S–6°N but change to positive in the lower layer, which thus leads to a weak variation of the EUC. Comparably, HYCOM exhibits quite similar anomalies in the equatorial current system in four seasons but with some differences in the finer structures due to the higher resolution.

The seasonal variations of the EUC velocity at a single point and EUCT integrated over a certain meridional and vertical range are also compared with HYCOM and the direct velocity observations from the Tropical Atmosphere Ocean/Triangle Trans-Ocean Buoy Network (TAO/TRITON) array (McPhaden and Taft, 1988) (Figure 2). Here, the EUCT is integrated along the section (3°S–3°N, 87.5–310 m) at 165°E, the time-mean transport in the region of EUC core (the green dashed-line box in Figure 1). It shows that the simulated EUCT peaks in June and drops in the winter months, consistent with the performance of HYCOM and previous studies (Philander et al., 1987; Johnson et al., 2002). In addition, compared with the TAO/TRITON observations, a similar seasonal variation of the EUC velocity is found but with weaker strength. As discussed above, this discrepancy may be attributed to the coarse resolution and climatological forcings. On the one hand, the coarse-resolution makes GECCO linear in its ocean dynamics, highly laying a good condition for its adjoint component to calculate the linear sensitivity. On the other hand, GECCO can roughly reproduce the basic structure of the EUC and its seasonal variations, providing the acceptable background state for the adjoint calculation. Therefore, GECCO is valid in exploring the linear sensitivity of the EUC to wind forcing.



3.2 Patterns of Sensitivities of EUC to Winds

For ease of explanation, July of the second year (the target month) is denoted as month 0, and the months ahead of a year are denoted as months –11 to –1. The two components of the monthly-mean adjoint sensitivities (i.e., ∂J/∂τx and ∂J/∂τy) before month –11 are very weak and discarded; thus, only those from month –11 to month –1 are retained for analysis (Figures 3, 4). The physical interpretation of the displayed sensitivity is that if the wind stress is disturbed with one standard unit over a 1°×1° grid box for one month, the EUCT in month 0 changes by the given sensitivity value. Therefore, a positive or negative sensitivity value indicates that the EUCT in month 0 increases or decreases if there is a positive change in the wind stress in the corresponding month and location. Some basic information is reflected in the sensitivity patterns.




Figure 3 | Monthly adjoint sensitivity (Sv/Nm-2) of the EUCT in July to the zonal wind stress from previous 11 to 1 months (marked as A–F, respectively). Note that the representative values of color bars are gradually increasing with different months.






Figure 4 | Same as Figure 3, but for meridional wind stressfrom previous 11 to 1 months (marked as A–F, respectively).



First, sensitivities to both zonal and meridional wind stress are primarily confined to the tropical Pacific (15°S–15°N) except near the western boundary (20°S–30°N) in month –11 to –9. The meridional scopes extend broader in the western equatorial Pacific Ocean. The magnitudes of the sensitivities are generally strongest on the equator and decrease off the equator. More significantly, the adjoint sensitivity to zonal wind stress is much larger than that to meridional wind stress, suggesting the dominant effects of zonal wind forcing on EUCT variations. The structures indicate that it is the wind forcing in the tropical Pacific Ocean that has critical impacts on EUCT variations, in agreement with canonical views (e.g., McPhaden, 1981).

Second, the sensitivities exhibit highly symmetrical structures of the equator. For ∂J/∂τx, taking month –11 as an example, the symmetrical negative sensitivities extend equatorward from west to east, where the central axis is aligned with the equator, exhibiting a funnel-shaped pattern on both sides of the equator. The positive sensitivity, stuck in the middle of the funnel, is restricted in the western-to-central Pacific basin. Furthermore, outside of the negative sensitivity, positive phases are symmetrically distributed but with much weaker strength, exhibiting wave-like patterns meridionally. Similar distributions are also found in other months. For ∂J/∂τy equatorial symmetry also appears but with opposite signs between the north and south. The funnel-shaped pattern indicates that the nonzero wind stress curls of the optimal winds, as well as the nonzero divergence or convergence, may be critical for EUC variations.

Third, when approaching the target month, the magnitudes and the spatial scales of both sensitivities change accordingly. In detail, with more leading months, the sensitivities are distributed more remotely. At month –11, the meridional scope of the sensitivities extend nearly 20° off the equator but contract to nearly 10° after month –7. The zonal extents also contract from the whole Pacific Ocean in month –11 to the western basin near the target section (165°E) in month –1, indicating that local winds may be more critical for EUCT variations when they occur close to the target month. The magnitudes of the two sensitivities of ∂J/∂τx and ∂J/∂τy increase synchronously, indicating higher sensitivity to wind forcing in closer months. Obviously, the changing patterns in various leading months reflect that the wind perturbations in both remote and local regions are effective for EUCT variation. Both components display westward phase propagation from month –11 to month –1, implying that equatorial wave processes may be used to explain how sensitive wind affects the EUC.

As a whole, the adjoint sensitivity provides precise insight into where, when, and what wind perturbations can enhance the EUC. Specifically, the expected wind perturbation manifests as a funnel-shaped and highly symmetric pattern in the tropical Pacific Ocean, and propagates westward along with time. Taking advantage of the adjoint model, the derived specific pattern of optimal winds should be more effective than any other pattern of winds in inducing EUC variations. In the following subsection, we investigate how the specific sensitive winds impact the EUC. Note that because the adjoint model solves a set of equations that are linearized around the background ocean state, adjoint-derived sensitivities are a linear approximation to the nonlinear response of ocean state (Verdy et al., 2014). In our study, the linearity assumption is shown to hold well and is demonstrated by the nonlinearity check in wind perturbation experiments with different perturbation ratio (Figure S3).



3.3 Impacts of the Sensitive Winds


3.3.1 On the EUC Along the Target Section (165°E)

Here, experiments are conducted by superimposing sensitivity-like wind perturbations in various leading months. In the following, we describe the procedure for producing sensitivity-like wind perturbations. First, to constrain the upper magnitudes of the wind perturbations, the maximum wind velocity perturbation is set to be proportional to the maximum wind velocities by a factor of δ and prescribed at the grid point of the maximum | ∂J/∂τx |. Then, the zonal and meridional perturbations of wind (ΔU, ΔV) at each grid can be written as:





where U0 is the original zonal wind velocity in the corresponding months at 30°S–30°N. Finally, the wind perturbations at all the model grids, with the same patterns for the adjoint sensitivities, are prescribed by the factor δ (Those wind perturbations are called ‘optimal winds’). Here, δ is set to 20% for all experiments. Although it is the wind velocity vector that is perturbed, the wind stress vector perturbation exhibits almost the same pattern (not shown).

Considering the various sensitive wind patterns in the leading months, to distinguish the effectiveness of both the remote and local sensitive wind forcing, three numerical experiments are conducted, by superimposing the sensitivity-like wind perturbations on the original wind field at months –11, –6, and –2. Those three experiments are representative of the long-term, medium-term, and short-term wind forcings. As shown in Figure 5, these wind perturbations show major funnel-like patterns with distinctive curls along the equatorial Pacific Ocean. Note that those wind forcings only drive the ocean for one month, and then, the model is integrated forward under the same configuration as the background simulation till the end.




Figure 5 | Horizontal distributions of the sensitivity-like wind velocity perturbations (vectors; m s-1) and the corresponding wind curl (color shading; s-1) at (A) month –11, (B) month –6, and (C) month –2. The outlined regions in (B) indicate the independent perturbations used to investigate the dynamical mechanisms in subsection 3.4.3.



To quantify the impacts of the sensitivity-like wind perturbation, the changes in EUCT as a function of time are calculated by equation (6) (figure not shown). The monthly mean EUCT decreases instantly after the wind perturbations and increases during the following months. At the target month (month 0), the EUCT anomalies are all positive for the three experiments, meaning the EUCT is enhanced by the wind perturbations. The increased EUCT at month 0 in the experiment of month –11 is smaller than that in the other two situations, which may be due to the weaker amplitudes of the sensitivity-like wind perturbations (Figure 5) and longer response period, and the nonlinearity may also be a factor of the relatively weak response of EUC to the optimal perturbation on the wind fields 11 month ago. The different intensities of the increases in EUCT at month 0 also indicate the various effects of remote and local wind forcing on the EUC variations. The results here verify that the sensitivity-like structures in the wind perturbations can indeed increase the EUCT at the target section and target month as set in the cost function, coinciding with the physical meanings of the adjoint sensitivity. This also, in turn, validates the correctness of the sensitive wind patterns achieved by the adjoint model in GECCO.



3.3.2 On the EUC at Basin Scale and in the Right Layers

As introduced in the Introduction, the EUC is a basin-wide subsurface current flowing eastward along the equatorial thermocline covering the whole Pacific Ocean. Therefore, driving the enhancement of the EUCT in a single section (165°E) does not necessarily demonstrate that the sensitive wind perturbations may also lead to the enhancement of EUC at the basin scale. To further investigate whether the EUC can also be enhanced in the basin scale and the right subsurface layers by those sensitivity-like wind perturbations, we show the horizontal distribution of the resulting zonal velocity anomalies averaged over the EUC depths, i.e., potential density layers σθ = 23.0 to 26.2 (Johnson et al., 2002), of the three experiments (Figures 6–8). Here the zonal velocity anomaly is defined as the difference between the perturbed state caused by the sensitive wind and the unperturbed state.




Figure 6 | Evolution of the zonal velocity anomalies (m s–1) averaged between σθ = 23.0 and 26.2 from previous 10 months to the target month (marked as A–F, respectively) due to the sensitivity-like wind velocity perturbation at month –11. The zonal velocity anomaly is defined as the bias between the unperturbed state and the perturbed state caused by the sensitive wind. The target section is marked with a green line.






Figure 7 | Same as Figure 6 but due to the sensitivity-like wind velocity perturbation at month -6 and (A–D) represent different previous months.






Figure 8 | Same as Figure 6 but due to the sensitivity-like wind velocity perturbation at month –2 and (A–D) represent different previous months.



The responses to remote and local wind forcings are different. The wind perturbations at month –11 (i.e., the long-term wind, Figure 6) and month –6 (i.e., the medium-term wind, Figure 7) are examples of remote wind forcing, while that at month –2 (i.e., the short-term wind, Figure 8) is an example of local wind forcing. As responses to the remote wind forcing (Figures 6,  7), the resulting subsurface zonal velocity anomalies in the following first several months of the wind perturbations exhibit a basin scale and nearly symmetrical distribution about the equator over the entire equatorial Pacific Ocean; meridionally, the anomalous velocities can reach 20°S–20°N; however, the meridional extension shrinks along with time. Approaching month 0, the structures of the eastward velocity anomalies are relatively simple: they extend from the western boundary to nearly the eastern boundary of the equatorial Pacific, covering the whole basin; they are confined to approximately 3°S–3°N in the western Pacific Ocean but gradually expand to a slightly wider meridional range eastward. This demonstrates that the remote wind forcing-resulting EUC enhancement is indeed at the basin scale.

We further confirm this feature with the zonal and meridional sections of the zonal velocity anomalies in the target month for the two experiments (Figures 9A, B, D, E). In the target month (month 0) and the target section (165°E), the enhanced EUC (i.e., positive zonal velocity anomalies) is primarily located at EUC depths, which are centered at 150 m, and rang between depths of 100 and 300 m; in addition, they are primarily confined within 3°S–3°N (Figures 9A, B), the exact positions of the EUC. From west to eastward, the enhancement is also mainly confined in the thermocline (i.e., between σθ = 23.0 and 26.2; Figures 9D, E), approximately coinciding with the right layers of the EUC in the equatorial Pacific. Therefore, it confirms that the zonal velocity response to the sensitive wind takes place in the right subsurface layer and the basin scale rather than only at the target section of 165°E. Notably, we also conduct numerical experiments driven by remote sensitivity-like wind perturbations in other months (including months –11 to –4) and achieve similar results.




Figure 9 | (A–C) Meridional sections at 165°E and (D–F) zonal sections averaged over 3°S–3°N of the zonal velocity anomalies (m s–1) at the target month (i.e., month 0) due to the sensitivity-like wind perturbations at month –11, month –6, and month –2, respectively. The contours in (D–F) represent potential densities with an interval of 0.4 kg m–3.



However, when the wind perturbs the ocean near the target month (i.e., the local and short-term wind), the responses of the zonal velocity are different. For the experiment driven by the sensitivity-like wind perturbations at month –2 (Figure 8), the resulting zonal velocity anomalies evolve as wave-like fluctuations along the equator. In the target month, the EUC velocity anomalies are positive only in the western equatorial Pacific Ocean around the target section; eastward, they manifest as a negative-and-positive alternating pattern. This means that the EUC enhancement driven by the local wind occurs only near the target section. As further shown in the zonal and meridional sections (Figures 9C, F), the zonal velocity anomalies are positive and centered near 120 m in the 165°E section; however, they change to negative in the eastern equatorial Pacific along the equatorial thermocline. This clearly demonstrates that the EUC enhancement to the sensitivity-like wind perturbation at month –2 does not occur along the basin-scale EUC axis; rather, it is confined to the region of the target section. In addition, with additional experiments, it is found that when the lead period of the wind forcing is less than 4 months, the EUC responses show a pattern similar to that at month –2 (figures not shown). This demonstrates that the local wind (specifically, preceding less than 4 months) cannot induce basin-scale EUC variation; rather, it can induce only local EUC variation.

In other words, when the lead time of wind forcing is 11 to 4 months (medium to long term), the wind can modulate the EUC variations at a basin scale. This is because, since the EUC is a consecutive basin-scale current, the initial oceanic responses need time (at least 4 months) to adjust to fit the EUC structure at a basin-wide scale. Comparatively, a sensitive wind leading by less than 4 months (local and short-term) can result only in a local variation of the EUC, because the response period is too short to generate a wide-range variation.




3.4 New Mechanisms for Wind-Driven EUC Variations


3.4.1 The Kelvin Wave-Driven Mechanism

In equatorial dynamics, sea surface height anomalies (SSHAs) are closely associated with thermocline variations and have been widely used to track the propagation of equatorial waves (e.g., Delcroix et al., 1991; Bosc and Delcroix, 2008; Chen et al., 2015; Chen et al., 2019; Lyu et al., 2020). Generally, positive SSHAs can characterize downwelling oceanic wave signatures due to water convergence in the upper layer, whereas negative SSHAs can characterize upwelling oceanic wave signatures due to water divergence in the upper layer (Bosc and Delcroix, 2008). In particular, downwelling equatorial Kelvin waves (DKs) and upwelling equatorial Rossby waves (URs) are associated with eastward current anomalies at the equator. Analogously, upwelling equatorial Kelvin waves (UKs) and downwelling equatorial Rossby waves (DRs) are related to westward current anomalies at the equator.

To illustrate the underlying dynamical mechanisms for the sensitivity-like wind perturbation-induced EUC variations, in the following, we show the time evolutions of the resulting SSHA and subsurface zonal velocity anomalies driven by wind perturbation at month –6. At month –6, the significant wind anomaly just north of the equator at approximately 180°E, which has a negative wind curl, induces a region of positive SSHA (Figure 10A); this SSHA is associated with anticyclonic circulation, manifesting as a downwelling Rossby wave (denoted DR1 in Figure 11A). Another downwelling Rossby wave south of the equator between 160°W and 110°W (denoted as DR2 in Figure 11A) is generated by the corresponding wind curl therein (Figure 10A). In the following month, the DRs propagate westward, leading to a remarkable westward current anomaly at 165°E at the equator (Figure 11A). In the evolution to month –3, the western parts of both DR1 and DR2 approach the western boundary and start to be reflected as a downwelling Kelvin wave (DK1) that travels eastward along the equator and is associated with eastward zonal currents (Figure 11B). In the following months, while the old Kelvin wave propagates eastward, new Kelvin wave signals are continuously generated near the western boundary by the reflection of the two Rossby waves, forming a basin-scale Kelvin wave-like structure with a basin-scale zonal current anomaly (Figures 11C, D). The eastward current anomaly contributes to the basin-wide EUC increase.




Figure 10 | (A) Color shading represents the response of SSHA (m) to sensitive wind velocity perturbation at month –6, and the contours denote the corresponding wind velocity perturbation curl (10–5 s-1). (B) same as (A), but the contours represent the corresponding wind perturbation divergence. The contour interval is 01×10–5 s-1 in (A), and 0.0375×10–5 s-1 in (B). In addition, the level green lines correspond to ±3°, and the vertical green line represents the target section.






Figure 11 | Time evolutions of both the SSH anomalies (color shading; m) and zonal velocity anomalies averaged between σθ = 23.0 and 26.2 (vectors: m s–1) at (A) 5 month, (B) 3 month, (C) 1 month previously, and (D) the target month in response to the sensitivity-like wind velocity perturbations at month –6. UK, DK, UR, and DR denote an upwelling Kelvin wave, a downwelling Kelvin wave, an upwelling Rossby wave, and a downwelling Rossby wave, respectively. Note that the representative values of the color bars and reference vectors gradually decrease with different months. And the target section is marked as the green line.



These processes indicate that the specific equatorial Kelvin waves can be considered as a driving mechanism for the EUC variation at the basin scale. Note that the ‘Kelvin wave-like structure’ mentioned in this subsection does not necessarily denote a single Kelvin wave but can consist of a series of Kelvin waves. For example, at month 0, the oldest Kelvin wave (DK1) is centered at the equatorial central Pacific Ocean, while a successive Kelvin wave (DK2) is centered still near the western boundary (Figure 11D).



3.4.2 The Rossby Wave-Driven Mechanism

Apart from the Kelvin wave-driven mechanism, the Rossby wave-associated circulation anomalies can also be regarded as a mechanism for the EUC variations. At month –6, a negative SSHA (i.e., an upwelling Kelvin wave, denoted the UK in Figure 11A) is generated by the equatorial easterly anomaly (which has negative divergence) within ±3° in the central-eastern Pacific Ocean (between 150°W and 80°W, shown in Figure 10B). In the following month, the UK continues to propagate eastward (shown in Figure 11A). Then, from months –5 to –3, the UK reflects at the eastern boundary to generate two equatorial URs between 170°W and 80°W. At month 0, the cyclonic circulations associated with the two URs at the equator display an eastward current anomaly near the equator, promoting a nearly basin-wide (mostly in the central to eastern equatorial Pacific) EUC increase as well.

Therefore, the basin-wide EUC variations are verified to be modulated by basin-wide equatorial Kelvin waves and Rossby waves. The Kelvin wave- and Rossby wave-driven mechanisms complement the canonical EPGF mechanism. If both mechanisms take effect, the waves usually manifest as a meridional negative-positive-negative SSHA pattern between 15°N and 15°S, as shown in the central-eastern tropical Pacific in Figure 11D. In particular, the upwelling Rossby waves correspond to the poleward meridional pressure gradient force (MPGF), indicating that the MPGF at the equator can be an indicator of EUC variation. By simplifying the primitive equations using scaling analysis, Chen et al. (2018) showed that the northward pressure gradient is important to EUC formation, confirming the viewpoint of the Rossby wave mechanism in our study. However, under the downwelling Kelvin wave-driven mechanism, the ZPGF does not need to be eastward; rather, it can be toward both east and west from the high-pressure center of each Kelvin wave based on the dynamics of a typical equatorial Kelvin wave (Boyd, 2018).

Notably, a similar final pattern of combined equatorial waves with an ultimate increment of the EUC can also be found in other experiments, with the original Rossby and Kelvin waves excited by sensitivity-like wind perturbations leading by no less than 4 months (figure not shown). Generally, the horizontal scale of the original responding waves is not as large as that of the basin; however, during their propagation and reflection, they usually adjust into a basin-scale pattern, resulting in an eastward current anomaly that eventually extends across the whole Pacific Ocean. Note that the equatorial waves are associated with the meridional or zonal pressure gradient anomalies, and circulation anomalies as well, thus these waves are not part of the EUC. And although the scale of waves in our study is large, they still have the characteristics of propagation, thus waves and circulations can be separated essentially. However, when the variations of both the EUC and waves happen on the basin scale, the waves and the circulations are not separated easily, particularly from in-situ observations.

The results indicate that the timing and original structure of the wind play crucial roles. This is because a specific wind pattern is required to generate the proper Rossby waves and Kelvin waves at the equator, both of which need appropriate time to form a basin-scale structure that favors the enhancement of the EUC. As long as the wind structure meets such a condition, the resulting Kelvin and Rossby waves will eventually lead to basin-scale EUC enhancement. This is why we obtain the funnel-shaped structure of sensitivity and why the sensitive winds vary with location and month. In other words, the EUC varies due to equatorial wave-associated zonal currents that are generated by winds with specific patterns, locations and timing. This mechanism highlights the importance of the spatial pattern of the wind perturbations to induce the Rossby waves and Kelvin waves, which are responsible for the EUC increase, and the waves are associated with the wind stress curl off the equator and wind divergence at the equator.



3.4.3 Kelvin and Rossby Waves Caused by Regional Wind Perturbations

As mentioned above, the sensitivity-like wind perturbations as a whole indeed increase the EUC at the target month at the basin scale. However, the real wind cannot conform to the integral pattern of the sensitivity-like wind perturbations. Therefore, it would be interesting to know whether regional wind perturbations with the sensitive pattern are also able to cause EUCT responses via Kelvin and Rossby wave-driven mechanisms. To do so, we select the anticyclonic and cyclonic wind perturbations as regional independent winds. Taking the wind perturbations in month –6 as an example, we conduct additional experiments that are driven by the monthly climatological wind superimposed by the four independent wind perturbations (shown in Figure 5B, denoted as R1–R4).

As shown in Figure 12, the SSHA at month 0 driven by the four independent wind perturbations displays a meridional negative-positive-negative pattern from 15°N to 15°S in general, similar to that driven by the integral wind perturbations (Figure 11D), which results in basin-scale EUC enhancement. During the evolution process, the wave signatures of the equatorial DK and the equatorial UR propagate in a similar way (not shown). The differences lie in the amplitudes of the EUC variation caused by the independent regional wind perturbations, which are weaker than those induced by the integral perturbations, due to less initial wind forcing. Overall, the experiments demonstrate that the sensitive wind perturbations derived by the adjoint method can increase the EUC not only jointly but also separately. Therefore, if realistic wind anomalies exhibit a similar pattern with any independent components, the EUC could be consequently enhanced.




Figure 12 | Same as Figure 11, but the responses of SSHA (color shading; m) and zonal velocity anomalies (vectors: m s–1) at month 0 due to the regional sensitivity-like wind perturbations (A) R1, (B) R2, (C) R3, and (D) R4 (shown in Figure 5B) exerted at month –6.






3.5 Results at Other Sections (180°E and 140°W)

In the above sensitivity calculation, we set 165°E as the target section and hence the target function J. What about other sections? Would setting a different longitude as the target section change the conclusions? Here, we demonstrate that this selection does not change the revealed mechanisms above. We set the target EUCT at 180°E and 140°W and repeated the above sensitivity calculation and experiments. The sensitive wind exhibits a symmetrical ribbon-shaped pattern (Figure 13), similar to that for the 165°E section (Figure 5B). In detail, the easterly wind anomaly is primarily located in the central-eastern Pacific Ocean along the equatorial band, and the westerly wind anomaly is located in the western Pacific Ocean along and just south of the equator. The meridional range of the sensitive wind is slightly narrower for the 180° section experiment (within 10°S–10°N) than for the 165°E section experiment. The sensitive winds are also associated with specific patterns of wind curls (Figure 13) and divergences (not shown), causing the generation of Rossby and Kelvin waves.




Figure 13 | Horizontal distributions of the sensitivity-like wind velocity perturbations (vectors; m s-1) and corresponding wind curl (color shading; s-1) at month –6. (A) and (B) represent the target sections at 180°E and 140°W, respectively.



During the following months, the anomalous oceanic signals propagate in a way similar to that described for the 165°E case (Figure 14). Eventually, at month 0, the meridional negative-positive-negative pattern of SSHA is formed in the central to eastern tropical Pacific Ocean, meaning that both the Rossby and Kelvin wave-driven mechanisms are responsible for the EUC increase therein; however, in the western equatorial Pacific, the Kelvin wave-driven mechanism dominates, manifesting as a high SSHA to the western boundary. In contrast, the westward propagation of URs (i.e., equatorial negative SSHAs) seems to depend on the locations of the target section. For example, for the 140°W case, the URs are mainly distributed in the eastern basin of the target section, where the Rossby wave-driven mechanism dominates.




Figure 14 | Same as Figure 11 but for the target sections at (A–D) 180°E and (E–H) 140°W.



In summary, regardless of the longitude of the target section, a basin-scale EUC variation can always be obtained by the adjoint-derived sensitive winds as long as the winds lead by more than 4 months. It should be caused by the zonal continuity of the EUC.




4 Summary and Discussion

It has long been thought that the primary driving factor for the EUC maintenance and variation is the easterly trade winds via the zonal pressure gradient force (ZPGF). Recently, Lyu et al. (2020) found that variation of the EUC in the western Pacific is controlled by a large-scale circulation that is associated with a Rossby wave initiated approximately half a year before in the central-eastern Pacific basin. This implies that the structures and time of the winds and the underlying wind-driven mechanisms need to be systematically investigated. In the present study, using the adjoint-sensitivity method based on GECCO synthesis, we obtain the spatially and temporally varying sensitive winds that can most efficiently influence the EUC variations and provide new driving mechanisms.

At various leading times, the adjoint sensitivities (optimal winds) are confined to the tropical oceans (15°S–15°N) and exhibit a funnel-shaped pattern with high symmetry around the equator. From month –11 to month –4, the adjoint sensitivity is mainly concentrated in the central-eastern Pacific Ocean, showing a remote wind effect, while for shorter lead times, i.e., months –3 to –1, the majority of sensitivity is confined to the western equatorial Pacific Ocean near the target section 165°E. The remote winds (at months –11 to –4) can lead to EUC variations at the basin scale, while the local winds lead to only local EUC variations.

Based on the above sensitive winds, we derive new mechanisms for EUC variations, i.e., basin-scale equatorial Kelvin wave-driven and Rossby wave-driven mechanisms. The wind-forced initial equatorial Kelvin waves, Rossby waves, and the reflected waves at both the western and eastern boundaries superimpose with each other and lead to EUC variations. Specifically, the URs and DKs, associated with the eastward current anomalies at the equator, are responsible for the EUC variation. When the travel time is longer than 4 months, the waves can form a negative-positive-negative SSHA pattern between 15°S and 15°N in the central-eastern tropical Pacific, indicating the influence of both mechanisms. The presence of a positive SSHA in the western equatorial Pacific indicates the dominance of the Kelvin wave-driven mechanism. These mechanisms can be regarded as complementary to the canonical ZPGF mechanism for basin-scale EUC variation.

In the present work, the adjoint sensitivity of wind forcing has clearly displayed the spatial patterns, locations, and leading times of the critical wind perturbations, which can excite the EUC increase at a basin scale rather than a particular section only. The evolutions of oceanic responses indicate that the wind-driven Kelvin and Rossby waves are associated with the basin-scaled EUC changes. In addition, the results for the cost function at the other sections also reveal the similar physical regime, enriching our conclusions for the total Pacific EUC. Therefore, the three problems raised in the Introduction have been solved. However, we note that the aforementioned optimal sensitive winds are obtained by the adjoint-sensitivity method; hence, the winds are ideal rather than real. The advantage of the obtained ideal winds is that they can clearly and simply explain the underlying dynamical mechanisms, while it is difficult to strip the driving processes and hence the mechanism from the real complex winds. Therefore, the identified new wind-driven mechanisms provide a clear theoretical basis for the EUC variation studies. In addition, we demonstrate that the individual components of the whole optimal wind pattern (i.e., the R1–R4 parts) can separately result in basin-scale EUC variations, indicating that, if the real winds partly fit the ideal winds, the EUC may still be influenced. Here, we quickly test if it is instructive to explain the significant seasonal variations of the EUC, which is usually strongest in June–July (Figure 2). We assume that the basin-scale enhancement of EUC in June–July is on average caused by equatorial winds of 6–8 months before, i.e., the winds of October–December in the last year. We calculate the climatological anomaly of wind curl of October–December using the Quick Scatterometer (QuikSCAT) satellite data and show its comparison with the sensitivity-like wind curl at month –6 in Figure 15. It displays that, the realistic wind anomaly exhibits a similar distribution at the tropic ocean, especially at the northern equator, despite of the inevitable differences on the southern side. Specifically, the negative wind curl along the central-eastern Pacific Ocean is consistent with the R4 component, and positive values at the western Pacific Ocean fit with R1 partly. It indicates that those regional winds may be (partly) responsible for the EUC enhancement during June-July. Thus, the adjoint-sensitivity patterns provide a benchmark for searching the potentially influential winds that may be responsible for the EUC variations. In this sense, the results provide useful guidance for the possible wind-driven processes of the seasonal to interannual variations of the EUC.




Figure 15 | The comparison of the (A) sensitivity-like wind curl (s-1) at month–6 and (B) the wind curl anomalies averaged at winter months (October to December) during 2000-2008 from the QuikSCAT satellite data.



Both the obtained Kelvin wave-driven mechanism and the Rossby wave-driven mechanism have implications for explaining some of the observed phenomena of the EUC. First, even though the EUC is considered as a basin-scale continuous eastward current forced by the EPGF, it is often observed that there is no basin-scale EPGF from west to east; rather, the ZPGF can be negative in some sections and positive at other sections (Johnson et al., 2000). The canonical ZPGF does not explain this phenomenon. In contrast, this may be explained by the Kelvin wave-driven mechanism because the ZPGFs associated with the Kelvin wave are opposite on the sides of the pressure center of the wave, while the associated zonal currents maintain a consistent direction. Second, the Rossby wave-driven mechanism, which is associated with the meridional pressure gradient, may be used to explain the observed meridional shift of the EUC, or the asymmetry feature of the EUC about the equator. For example, Lyu et al. (2020) found from observations that the strengths of the EUC at different latitudes (142°E, 1°S), (142°E, 0°) and (140°E, 2°N) vary differently; the monthly meridional shift of the EUC core was also observed (Johnson et al., 2002, their Figure 8). The asymmetric nature of the EUC was simulated by a simple ideal-fluid model in the case of asymmetric wind forcing (Huang and Jin, 2003). This phenomenon may also be explained by the different arrival times or strength of Rossby waves on both sides of the equator, though detailed studies are required to confirm these hypotheses.

Finally, we would like to show that the linear wave dynamics could be the right one because the adjoint sensitivity is calculated based on the tangent linear ocean dynamics. To prove that the adjoint sensitivity is confined dynamically to the linear dynamics, we also use a highly non-linear system with a horizontal resolution of 1/6°×1/6°, the adjoint-based TOOSSE (Two Oceans One Sea State Estimate; Wang et al., 2021), to calculate the EUCT’s sensitivity to wind forcing. The resulted patterns are very similar to GECCO (see Figures S4, 5). It indicates that the same (linear) wind-driven mechanisms for EUC variations are contained in both linear and nonlinear systems. It means that GECCO can be used to derive those underlying mechanisms. Of course, GECCO cannot be used for deriving nonlinear mechanisms (such as Mesoscale eddy processes) for wind-driven EUC variations.
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Supplementary Figure 1 | The difference between adjoint sensitivity and traditional forward perturbation sensitivity from Jones et al. (2018).

Supplementary Figure 2 | Schematic diagram of the relationship between the adjoint model and nonlinear model.

Supplementary Figure 3 | Responses of EUCT in July to the wind perturbations with various magnitudes at month –6, via varying the wind perturbation ratio from -0.35 to 0.35 at an interval of 0.1.

Supplementary Figure 4 | Adjoint sensitivity (Sv/Nm-2) of the EUCT at 142°E in July of the second year to monthly zonal wind stress from previous 11 to 1 months (marked as A–F, respectively) derived by GECCO.

Supplementary Figure 5 | Same as Figure S4, but derived from TOOSSE from previous 11 to 1 months (marked as A–F, respectively).
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