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Abstract

:

The heat budget of the equatorial Pacific mixed layer during El Niño formation was studied based on reanalysis (GLORYS2V4) and model data for the modern climate. The focus of the study is on the so-called El Niño diversity, i.e., the existence of different types of events that are characterized by different locations and intensities, as well as significantly different teleconnection all around the world. The analysis of the processes that participate in the formation of different El Niño types may serve for a better understanding of the El Niño dynamic and contribute to improving its forecast. Two classifications, based on the location and intensity of the events, were considered: strong/moderate and Eastern Pacific (EP)/Central Pacific (CP). The analysis did not reveal a significant difference in the heat budget of the mixed layer between strong and EP El Niño events, as well as between moderate and CP events. The major difference in the generation mechanism of strong (EP) and moderate (CP) El Niño events consists of the magnitude of heating produced by ocean heat budget components with higher heating rates for strong (EP) events. The evolution of sea surface temperature anomalies (SSTA) is governed primarily by oceanic advection. The vertical advection (due to the thermocline feedback) is the main contributor to SSTA growth in the eastern Pacific regardless of El Niño’s type. In the Central Pacific, horizontal advection is more important than vertical one, with a stronger impact of meridional processes for both strong and moderate regimes. Furthermore, the evaluation of the CMIP5 model’s skill in the simulation of the processes responsible for the formation of different El Niño types was carried out. The analysis of the heat budget of the mixed layer in the CMIP5 ensemble demonstrated that the most successful models are CCSM4, CESM1-BGC, CMCC-CMS, CNRM-CM5, GFDL-ESM2M, and IPSL-CM5B-LR. They are capable of reproducing the most important contribution of the advection terms in the SSTA tendency, keeping the major role of the thermocline feedback (and vertical advection) in the eastern Pacific, and do not overestimate the contribution of zonal advective feedback. These models are recommended to be used for the analysis of El Niño mechanism modification in the future climate.
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1. Introduction


El Niño–Southern Oscillation (ENSO) is a major mode of inter-annual variability in the tropical Pacific. The global effects of ENSO, especially its warm phase (El Niño), take the form of anomalous meteorological conditions worldwide [1,2,3,4,5], leading to severe damage to nature and the economy of many countries. These impacts tend to be more significant during extreme El Niño events with high positive sea surface temperature anomaly (SSTA), such as very strong events of 1982–1983, 1997–1998, and 2015–2016.



For a long time, the El Niño phenomenon was considered to occur only in the eastern Pacific [6], but recently, large SST anomalies were detected in the central Pacific [7,8,9]. This fact highlighted the significant diversity of El Niño events and led to the definition of two different types of ENSO: Eastern Pacific (EP) and Central Pacific (CP). According to another approach suggested by Takahashi and Dewitte [10], El Niño events are separated according to their intensity into two dynamical regimes, strong and moderate, which differ from each other not only in terms of their intensity but also have different generation mechanisms with a stronger role of atmospheric nonlinearity in the formation of strong events.



The SSTA evolution in the equatorial Pacific related to ENSO is determined by two major processes: the zonal advection and the thermocline depth fluctuations. These processes correspond to three positive types of feedback [11]: the thermocline, the zonal advective, and upwelling (Ekman pumping) feedbacks. The zonal advective feedback is associated with the advection of mean SST by anomalous zonal current (  −   u   ′     ∂   T  ¯    ∂ x    ). When positive SSTA appears in the eastern equatorial Pacific, it causes the weakening of the Pacific trade winds due to reduced zonal SST gradient. Furthermore, the eastward advection of warm waters across the tropical Pacific increases and amplifies the initial warming. The upwelling feedback consists of the vertical advection of mean temperature by anomalous vertical current (  −   w   ′     ∂   T  ¯    ∂ z    ). The initial SSTA causes the weakening of upwelling and thus reduces the vertical advection of cold water from the deep layers of the ocean toward the surface. The thermocline (or Ekman pumping) feedback is expressed via the vertical advection of anomalous subsurface temperature by the mean upwelling (  −   w  ¯    ∂   T   ′     ∂ z    ). The thermocline deepening in response to positive SSTA results in the upward motion of warmer water, which enhances the initial warming. These positive forms of feedback may lead to a never-ending warm (or, in the case of negative initial SSTA, cold) state of the ocean–atmosphere system. So, negative feedback is needed to revert the system to a neutral state. The ocean–atmosphere net heat flux tends to dampen SSTA in response to temperature changes [11,12]. The mentioned feedbacks were shown to contribute differently to the generation of two El Niño types. The thermocline feedback plays a key role in the evolution of El Niño events with the maximum SSTA variability in the eastern Pacific, while the zonal advective feedback is responsible for SSTA growth in the central Pacific [9,13,14,15]. Zonal advective feedback also plays an important role in the development of strong El Niño events [16], being an important contributor to the SSTA growth both in the central and eastern Pacific [14,17]. Upwelling feedback was demonstrated to play a secondary role in the formation of both types of El Niño [9].



The analysis of the heat budget of the Pacific upper ocean mixed layer during the El Niño generation was considered in numerous studies [18,19,20,21]. This method was demonstrated to explicitly separate the contribution of different forms of feedback to the SSTA growth and therefore to reveal the dominant factor governing SSTA evolution. However, most previous studies focused on El Niño phenomena without differentiation into two types. Several studies considered the upper ocean heat budget for two types of El Niño [10,22], but only strong and moderate regimes were analyzed, while the EP/CP classification is more commonly used in the investigations of El Niño diversity. In the current studies, we used both classifications (strong/moderate and EP/CP) and compared them in terms of the El Niño formation mechanism. In order to evidence the difference in the processes responsible for SSTA generation, we not only analyzed the heat budget components during various El Niños but also made the projection of these components onto SSTA patterns in the eastern and central Pacific that allowed us to emphasize the ratio between the main ocean–atmosphere feedbacks in both regions during EP/CP and strong/moderate El Niños.



Moreover, the new reanalysis GLORYS2V4 [23] was used in the current study, which benefits from high spatial resolution, advanced bias correction scheme, and data assimilation, and thus has a strong agreement with observations. Therefore, this reanalysis may provide a more correct assessment of components of mixed layer heat budget during the generation of two types of El Niño.



Many studies highlighted that El Niño is affected by the mean state of the tropical Pacific [11,24,25,26]. In the context of observed global warming, it is expected that the ENSO characteristics, as well as its generation mechanism, may modify accordingly to the changes in the mean state of the ocean–atmosphere system of the tropical Pacific. To evaluate the possible changes in the future climate, modeling studies are required. However, the state-off-the-art coupled general circulation models demonstrate a very large spread in their assessment of the ocean mixed upper layer heat budget even for the modern climate [27,28]. Moreover, the previous studies [10,22] mostly focused on the investigation of the specific models without a comparison of the model’s skill in simulating the ENSO feedbacks within the CMIP model ensemble. The current study provides the analysis of the heat budget in the model’s ensemble that aims to select the best models for further estimates of modification of the ENSO generation mechanism in future climate.



Therefore, the current investigation expands the previous research on the El Niño generation mechanism in terms of heat budget components. The novelty consists of the use of new reanalysis GLORYS2V4; in the application of two El Niño classifications (EP/CP and strong/moderate) and their comparison; and in the evaluation of CMIP model ensemble skill in simulating the heat budget of upper ocean mixed layer under El Niño conditions. The analysis of the processes that participate in the formation of different El Niño types may serve for a better understanding of the El Niño dynamic and contribute to improving its forecast. The selected models, the most successful in reproducing the upper ocean heat budget, are recommended to be used in the analysis of El Niño mechanism modification in the future climate.



The paper is organized as follows: We first describe datasets and methods used in this study (Section 2) then we assess the contribution of advective and non-advective processes to SSTA evolution for different types of El Niño based on reanalysis (Section 3.1) and models data (Section 3.2), discussing the results. Finally, we summarize the main conclusions (Section 4).




2. Materials and Methods


2.1. Data


The monthly GLORYS2V4 reanalysis (Global Ocean Reanalysis and Simulation version 4) [22] from Mercator Ocean data was used for zonal and meridional velocity components and sea water potential temperature within the upper 50 m ocean layer. This reanalysis has high-resolution horizontal (0.25° × 0.25°) and vertical (18 levels in the upper 50 m) grids. Vertical velocity was calculated using the zonal and meridional velocity components under the continuity assumption.



To estimate the ocean heat budget in the models, the historical scenario outputs of 16 global climate models from Coupled Model Intercomparison Project Phase 5 (CMIP5) were used (Table 1). The CMIP5 models were selected based on their capacity to distinguish the two ENSO regimes (Eastern Pacific and Central Pacific events) following the results obtained in [29]. We also analyzed the output of the Russian climate model INM-CM version 5.0 (Table 1). The previous version of the INM-CM model (INM-CM4) has participated in the CMIP5 phase, but following the analysis carried out in [29], it cannot explicitly separate the two types of El Niño. Therefore, we use the advanced version of this model (INM-CM5), which simulates the EP and CP El Niño rather successfully, in our study.




2.2. El Niño Definition


Following [30], an El Niño event was detected when the principal component (PC1) of the first EOF mode of SSTA in the tropical Pacific (10° S–10° N, 120° E –70° W) is greater than or equal to its 75 percentile over at least 5 consecutive months, regardless of the season.



ENSO diversity is characterized by the E and C indices [30], defined as follows:


  C =     P C   1   −   P C   2      2    ,  



(1)






  E =     P C   1   +   P C   2      2    ,  



(2)




where     P C   1     and     P C   2     are the normalized principal components of the first two EOF modes of SST anomalies in the tropical Pacific. These two indices describe major temperature variability modes of the equatorial Pacific.



The selected El Niño events were then divided into two dynamical regimes: strong and moderate following [10,31]. In the E and C indices’ phase space, strong El Niño events are characterized by high positive values of the E index, while moderate events are mostly located along the C-index axis with positive values. Takahashi and Dewitte [10] showed that for observations, moderate events may be defined as those for which the E index does not exceed 1.5–1.8 °C; otherwise, the event is classified as strong. This threshold was obtained using k-mean cluster analysis [32] in the E-C phase space with k = 2, applied for the El Niño culmination phase. The threshold for the models was adapted for each model, taking into account the model SST variability.



The detected El Niño events were also classified into Eastern (EP) or Central (CP) Pacific events according to the SSTA spatial patterns. In this study, we did not use the common method based on Niño-3 and Niño-4 indices [17] that have fixed spatial coordinates because, as was shown in [29], some models demonstrate a strong shift in the tropical Pacific SST variability patterns. Instead, we used the criterion based on E and C indices, which allows us to catch the area of maximum SST variability in the models. An El Niño event was defined as EP when the E value is greater than C for at least 3 consecutive months, including the event peak; when the C value is greater than the E value, an El Niño event is classified as CP. Within the EP/CP classification, we did not analyze the cases of mixed events without predominance of one of the indices.



To determine the spatial SSTA patterns associated with EP and CP events, a multiple linear regression of the SSTA onto E and C indices was applied. The E-pattern explains most of the SST variability in the eastern Pacific, and the C-pattern explains the SST variability in the central Pacific. ENSO variability is a combination of these two modes [30]. The patterns also allow us to characterize the El Niño amplitude: the E-pattern represents strong warm events, while the C-pattern corresponds to moderate warm events and cold events (La Niña) [9,33]. The E and C patterns obtained from GLORYS2V4 reanalysis are shown in Figure 1.




2.3. The Heat Budget of the Ocean Upper Mixed Layer


To highlight the main processes contributing to ENSO-related SSTA formation, the heat budget of the upper ocean mixed layer was analyzed. A similar approach was used in a number of studies [10,14,16,17,18,19,21,34]. The fixed depth (50 m) of the mixed layer was considered to simplify calculations of the heat budget since it allows neglecting the entrainment process of heat into the mixed layer. We are motivated by previous investigations that have demonstrated the mixed layer heat budget is not sensitive to the lower depth choice [35,36], while An and Jin [19] calculated the nonlinear advection terms using both fixed and varying depth of the mixed layer, and obtained similar results. We have also compared the results obtained for two depths of the mixed layers (50 and 100 m) and revealed no significant differences (not shown).



The ocean mixed layer heat budget is formulated as follows:


    ∂ [   T   ′   ]   ∂ t   =   A D V   X Y   +   A D V   Z   + N D H +   Q ′   n e t   + R ,  



(3)




where     T   ′     is the temperature anomaly. The advection is separated into horizontal     ( A D V   X Y   )   and vertical     ( A D V   Z   )   components:


    A D V   X Y   ≡   −   u   ′     ∂   T  ¯    ∂ x   −   v   ′     ∂   T  ¯    ∂ y   −   u  ¯    ∂   T   ′     ∂ x   −   v  ¯    ∂   T   ′     ∂ y     ,  



(4)






    A D V   Z   ≡   −   w   ′     ∂   T  ¯    ∂ z   −   w  ¯    ∂   T   ′     ∂ z     ,  



(5)




where T is the water temperature and u, v, and w are the horizontal, meridional, and vertical components of the velocity, respectively. Square brackets indicate vertical averaging over 50 m layer [10,18]. The over-bar represents the climatological monthly mean; the prime indicates anomalies. The non-linear dynamical heating is defined as in [10]:


  N D H ≡   −   u   ′     ∂   T   ′     ∂ x   −   v   ′     ∂   T   ′     ∂ y   −   w   ′     ∂   T   ′     ∂ z   +     u   ′     ∂   T   ′     ∂ x    ¯  +     v   ′     ∂   T   ′     ∂ y    ¯  +     w   ′     ∂   T   ′     ∂ z    ¯    ,  



(6)




with the seasonality of non-linear advection removed by adding the last three terms.



The term     Q ′   n e t     corresponds to the SSTA changes produced by the net ocean–atmosphere heat fluxes anomaly, including the anomalous short-wave solar radiation, the outgoing long-wave radiation, the latent heat flux, and the sensible heat flux. R represents the residual term from the heat budget Equation (3), which includes computation errors and unresolved processes like turbulent mixing or change in temperature associated with the freshwater flux.



The climatic mean values were calculated for the period 1992–2015 for the reanalysis and 1850–2005 for the models. The linear trend was first removed from the data. To calculate spatial and temporal derivatives, we used a second-order centered-difference scheme. Therefore, when the temperature tendency is computed between the time steps n − 1 and n + 1, the advective terms are calculated at the time step n.



The horizontal fields of tendency terms (horizontal and vertical advection and NDH) of the heat budget Equation (3) were then projected onto the E and C spatial patterns following [10] as (example for the E mode):


        ∂ T ′   ∂ t     E   =   1     N   x     N   y       ∫  120 ° E   290 ° E      ∫  2 ° S   2 ° N        ∂   T   ′     ∂ t   ( x , y , t ) ⋅ E ( x , y )       d x d y ,  



(7)




where         ∂ T ′   ∂ t     E     is the projection of the heat budget components (horizontal and vertical advection and NDH) onto the spatial E-pattern (E(x,y)), and     N   x     and     N   y     are the numbers of the grid points in zonal and meridional directions, respectively. This operation gives us the contribution of each heat budget component to the E and C modes, the two main modes of SST variability of the equatorial Pacific. The projections are then averaged over the equatorial Pacific (2° S–2° N, 120° E–70° W). Since the method is based on the analysis of processes in the areas of maximum SST variability (obtained from EOF distribution) instead of regions with fixed coordinates (Niño-3 and Niño-4), we avoid the problem of model biases consisting in a significant shift of the SSTA maximum as compared to observations [29]. Moreover, this method allows us to compare the results obtained for modern and future climate conditions (which is the purpose of further investigation) by taking into account the possible shifts of the SST variability areas in the future climate.



To assess the differences between the various types of events, we applied composite analysis. We separately analyzed two periods corresponding to El Niño formation (generation phase) and strengthening (development phase). This approach allows us to assess the processes responsible for SSTA generation and further strengthening. In observations, the generation phase covers the period from January (0) to July (0), and the development phase lasts from July (0) to January (1); 0 denotes the year before the El Niño peak, 1—the year after the peak. In the model datasets, El Niño peaks may occur not only during the boreal winter, so we used non-fixed periods corresponding to the generation and development phases in reanalysis: from 11 up to 5 months and 5 up to 0 months before the month of the peak, respectively.



The scheme representing the stages of the applied method is presented on Figure 2.





3. Results and Discussion


3.1. Observations


The analyzed period for the reanalysis (1992–2015) contains eight El Niño events, which were subdivided into types according to the two El Niño classifications (strong/moderate and EP/CP). Two El Niño events (1997–1998 and 2015–2016) are characterized by very high E index values, exceeding a threshold of 1.8 °C for the strong events (3.9 °C and 2.1 °C, respectively). On the other hand, during the El Niño event of 2009–2010 with rather high SSTA, the E index values did not reach the threshold. Therefore, two strong (1997–1998 and 2015–2016) and six moderate (1994–1995, 2002–2003, 2004–2005, 2006–2007, 2009–2010, and 2014–2015) events were defined for the analyzed period. Following the EP/CP classification, five historical El Niño events (1994–1995, 2002–2003, 2004–2005, 2009–2010, and 2014–2015) were identified as CP, and only the event of 1997–1998 was defined as EP. The events of 2006–2007 and 2015–2016 both cannot be explicitly classified as EP or CP.



Due to a rather short period covered by GLORYS2V4 reanalysis (1992–2015), we analyzed a few cases of the events of each type. The heat budget of the upper ocean mixed layer was estimated based on a longer reanalysis in [10,16,37]. However, in these studies, a different method of El Niño separation was used without projection onto E and C patterns. Therefore, in the first step, we compared the heat budget components without projections obtained from GLORYS2V4 to the results of [16,20,21,37]. It was demonstrated that the magnitude of advective terms for two historical El Niño (1997–1998 and 2015–2016) is in good agreement with those obtained in [16]. Note that in [16], the heat budget was considered for the region Niño3.4. In [21], the heat budget components were analyzed in different Niño regions. We revealed that the ratio between the ocean–atmosphere feedbacks, as well as their temporal evolution and spatial distribution, is similar to the one obtained from GLORYS2V4 in our study, except for weaker thermocline feedback in [21]. In [20] the zonal advective feedback is the main contributor to the temperature anomaly evolution, while the role of thermocline feedback is also slightly less than in our results. The differences in the thermocline feedback magnitude may arise from the way this term is expressed in the heat budget equation or from the reanalysis biases. However, all mentioned studies show a strengthening of the thermocline feedback and a reduction in zonal advective feedback in the eastern Pacific. The study [37] states that the main SSTA growth contributors are two linear vertical feedbacks, which are followed by meridional processes and zonal advective feedback; their results as a whole agree with our findings.



As the results obtained from GLORYS2V4 are in good agreement with those obtained from longer time series, in the further analysis, we present our results based on GLORYS2V4 only but compare them to the previous findings. The GLORYS2V4 results are also used to evaluate the models.



The projections of temperature tendency terms onto E and C patterns during El Niño development, obtained from GLORYS2V4, are shown in Figure 3. Regardless of the event’s type, the temperature tendency is positive during both analyzed periods (January (0)–July (0) and July (0)–January (1)). Both horizontal and vertical linear advection contribute to the SSTA growth, with the key role of vertical advection in the E-mode during the year before the El Niño peak (January (0)–January (1)), which agrees with the results of [10]. In the C-mode, the impact of horizontal and vertical advection is comparable, except for the strengthening of     A D V   X Y     for the strong events. The relative importance of horizontal advection increases toward the central Pacific, where this term intensifies during the development phase (after July (0)); in the eastern Pacific,     A D V   X Y    , on the contrary, weakens in the development phase (July (0)–January (1)). Nonlinear dynamic heating (advection of temperature anomalies by anomalous current) does not significantly contribute to SSTA changes, especially for the moderate events; for the strong events, this term is negative during the generation phase (January (0)–July (0)), after that NDH becomes positive. This term was shown to decrease cooling during El Niño decay [10,38]. The nonlinear advection is also a source of ENSO asymmetry, explaining stronger SSTA amplitude during warm phases [39].



The major difference between strong and moderate El Niño events consists of the magnitude of total heating rate and temperature tendency terms, which is much higher during the strong events. This difference is mostly associated with the linear advection (first of all, vertical advection—    A D V   Z     and, to a lesser extent, horizontal advection—    A D V   X Y    ), which is consistent with the results of earlier studies [10,22]. Anomalous heat flux     Q ′   n e t     provides a significant reduction in SSTA growth because of increased cloudiness over the warmer water. Therefore, this term is the main source of El Niño damping. The residual term R closes the budget, with an opposite to     Q ′   n e t     sign.



The temperature anomalies are greater during strong events than during moderate ones and have higher SSTA growth rates during the generation phase than during the development phase. Moderate events are characterized by a more even heating tendency during the whole year before the El Niño peak.



During the strong events, the SST begins to increase earlier (in the spring of the year before the peak), and the anomalies have a longer generation period than during the moderate events (usually begin between August and October). Therefore, for some moderate events, the first period (January (0)–July (0)) does not represent the generation phase of El Niño but corresponds to the end of the previous La Niña or neutral state.



In the second period (July (0)–January (1)), the ratio between     A D V   X Y    ,     A D V   Z    , and NDH remains almost the same for strong and moderate El Niño regimes except for the higher relative effect of horizontal advection in the C-mode for strong events. The residual term R has high negative values for strong El Niño events in the second period in order to counterbalance the strong advection-induced heating, while R remains positive during moderate events.



We applied the same method of heat budget analysis to another El Niño classification that is commonly used in the research considering El Niño diversity and based on the location of SSTA: EP and CP types. It was revealed that for historical El Niño events considered in the study, there is no obvious difference in the ratio between the components of the heat budget for two analyzed classifications: strong events coincide with EP type and moderate events with CP type (not shown), except for the events of 2006–2007 and 2015–2016 which were defined as mixed. Particularly, the advective terms projections for EP (CP) events are similar to those for strong (moderate), respectively. The main difference is the higher impact of zonal advective feedback on temperature evolution for EP events as compared to strong events. However, this difference is statistically insignificant because of a small number of analyzed El Niño events in observations.



Therefore, we further present the detailed analyses of the heat budget components only for strong and moderate regimes. However, the specifics of the processes in the eastern and central Pacific are taken into account via the analysis of the projections of heat budget components onto E and C patterns.



To clarify the mechanism of the contribution of vertical and horizontal advection to the formation of anomalous SST during various El Niño events, the projections of each advective term (advection of temperature by ocean currents) were analyzed to evidence the ratio between the key feedbacks during El Niño generation and development phases (Figure 4).



For strong events, the main contributor to the SSTA tendency is the term   −   w  ¯    ∂   T   ′     ∂ z     associated with the thermocline feedback; the impact of this term increases in the E-mode (Figure 4a,b), so the relative impact of the thermocline feedback increases in the eastern Pacific as the thermocline depth variations have a greater impact on the SST in this region due to a shallower thermocline [11,38]. The dominance of the thermocline feedback in the SSTA generation in the eastern Pacific is confirmed by many studies [9,11,17,22,26,40,41]. Meridional advection of temperature anomalies by the mean current   −   v  ¯    ∂   T   ′     ∂ y     also plays an important role in SSTA growth, especially in C-mode. This anomalous advection corresponds to the recharge of the heat toward the equator, which plays an important role in the ENSO dynamics as formulated in the recharge–discharge theory [42]. Another vertical term   −   w   ′     ∂   T  ¯    ∂ z     associated with the upwelling feedback also plays an important role with a higher contribution into E-mode. The term   −   u   ′     ∂   T  ¯    ∂ x     associated with zonal advective feedback contributes to the temperature growth only in the El Niño generation phase. In contrast, during the development phase, this term tends to reduce the heating rate. Zonal advection of anomalous temperature by the mean current     u  ¯    ∂   T   ′     ∂ x     plays an important role in C-mode during the El Niño development phase. The term   −   w   ′     ∂   T   ′     ∂ z    , corresponding to the nonlinear vertical advection, was demonstrated to contribute mostly to El Niño damping, consistent with [43].



As for moderate events (Figure 4c,d), the magnitude of advective term projections is smaller than for the strong ones. The thermocline feedback (  −   w  ¯    ∂   T   ′     ∂ z    ) plays an important role during El Niño enhancement (July (0)–January (1)) with a higher contribution to the E-mode. Meridional advection of anomalous heat   −   v  ¯    ∂   T   ′     ∂ y     also represents a significant source of temperature growth, but only during the development phase (July (0)–January (1)). Zonal advective feedback stays positive during the development phase of El Niño in contrast to the strong events. Upwelling feedback is a minor contributor to the heating process. Non-linear horizontal advection terms   −   u   ′     ∂   T   ′     ∂ x   , −   v   ′     ∂   T   ′     ∂ y     also play a significant role during moderate events generation phase.



We have compared our results obtained from GLORYS2V4 reanalysis with the ones of Takahashi and Dewitte [10], who calculated projections onto the E index for strong and moderate El Niño using the Drakkar data. Our results are similar to their estimates in terms of the ratio between the heat budget terms and their dynamics (enhancement of vertical advection and weakening of horizontal advection in the second period). However, our heating terms have a higher magnitude due to fewer cases of analyzed events that are classified as extreme El Niños (1997–1998 and 2015–2016).



In summary, strong (EP) and moderate (CP) El Niño events differ from each other mainly in the heating rate and the development phase duration, as moderate events tend to begin later. Vertical advection plays a key role in the Eastern Pacific (E-mode) predominantly due to the thermocline feedback, regardless of the El Niño type. In the Central Pacific (C-mode), horizontal advection becomes more important, with a strong impact on meridional processes, for both strong and moderate regimes.




3.2. Models


As mentioned in the previous section, the number of El Niño events in observations is rather limited, which complicates the analysis of the difference between the El Niño types due to a small number of events of each type. To resolve this problem, the analysis of long model runs containing a larger number of the events is commonly used (e.g., [22,29]). In the current research, we analyze the simulation of the ocean mixed layer heat budget in the ensemble consisting of 16 CMIP5 models and the INM-CM5 model (see Section 2). At first, we detected El Niño events in the models using PC1 value (see Section 2). In this step, we considered all El Niño events regardless of the peak timing (in reanalysis, the peak usually occurs in boreal winter). The number of El Niño events over the analyzed period (155 years) varies significantly among the models (Table 2). In the second step, we excluded from the analysis the events without a clear peak or with a peak occurring in boreal summer because these events may be associated with some unrealistic interactions between SSTA dynamics and the seasonal cycle. We also did not analyze the weak events in case of their development in the year following strong El Niño as it is difficult to separate the processes of decaying of the previous event and development of the new event.



To separate the selected events into strong and moderate types, we performed k-mean clustering within each model dataset using peak values of the E-index. The threshold separating two clusters varies among the models in a wide range from 1.5 °C to 3.3 °C (Table 2). Only half of the models demonstrate the bimodal distribution of the El Niño peaks in E-C phase space. The events that cannot be definitely classified as strong or moderate (mostly the events with E-index close to the threshold) were excluded from further analysis. The analysis of Table 2 demonstrates that all models generated more moderate than strong events, except for GFDL-ESM2M.



The classification into EP and CP types was based on the predominance of the E/C index during the El Niño peak. The ratio between these two types also varies significantly among the models (Table 2), but the majority of the models tend to reproduce more EP events.



Furthermore, the composites of the upper ocean layer heat budget components were calculated for strong and moderate EP/CP events in the models and compared to the reanalysis. Two periods—El Niño generation and development phases—were considered analogically to the reanalysis. However, the periods were not fixed in calendar months as model peaks of El Niño may occur in various months (not obligatory in December–January as in reanalysis). Therefore, we defined two periods as follows: the generation phase contains the months from 11 up to 5 before the peak of the event (corresponding to the period January (0) to July (0) in reanalysis), and the development phase contains the months from 5 up to 0 before the peak (correspond to the period July (0) to January (1) in reanalysis).



In Figure 5, the components of the heat budget equation are presented (for all El Niño events without separation into types). For all models, the main contributors to the SSTA growth are the advection terms, except for MIROC5, where zonal advection leads to the SSTA reduction (negative term) and is compensated by unrealistic heating related to NDH (Figure 5). We revealed that these biases in MIROC5 are related to strong negative   −   v   ′     ∂   T  ¯    ∂ y     term in the meridional advection and strong positive   −   v   ′     ∂   T   ′     ∂ y     term in NDH (not shown). Thus, we suppose that MIROC5 cannot reproduce the ocean dynamics during El Niño development correctly and excluded this model from further analysis.



As a second step of model validation, we analyzed the projection of tendency terms onto the E and C patterns separately for strong and moderate events during two periods—generation and development phases (Figure 6) and compared these projections with the ones obtained from reanalysis. About half of the models underestimate the contribution of the vertical advection to the total SSTA growth. The term     A D V   Z     in reanalysis provides the major SSTA growth in the E-mode (Figure 6) and remains significant in the C-mode. The models BCC-CSM1-1, CESM1-CAM5, CMCC-CESM, GISS-E2-H, and GISS-E2-R do not reproduce the dominant contribution of the vertical advection to the E-mode, especially for strong El Niño events. Some models (FIO-ESM, GFDL-CM3, INM-CM5-0, and MRI-CGCM3) underestimate the role of     A D V   Z     in the total heating rate. Only five models (CESM1-BGC, CMCC-CM, CNRM-CM5, GFDL-ESM2M, and IPSL-CM5B-LR) simulate the main contribution of     A D V   Z     to the total heating as in reanalysis.



As for zonal advection, only BCC-CSM1-1 fails to reproduce the heating provided by this term; two more models (GISS-E2-H and GISS-E2-R) simulate negative     A D V   x y     during El Niño generation phase, but this term becomes positive during the development phase. The other 13 models agree with the reanalysis in the simulation of the SSTA growth due to zonal advection. All analyzed models reproduce the damping effect of NDH, but three of them (BCC-CSM1-1, INM-CM5-0, and MRI-CGCM3) demonstrate too weak cooling due to this term as compared to reanalysis.



Several models significantly underestimate the heating induced by advection, both horizontal and vertical. BCC-CSM1-1 reproduces very high positive values of the residual term Res relative to reanalysis. It should be noted that for the models, we considered the residual term as a sum of net surface heat flux     Q ′   n e t     and the residual term R from Equation (3). We revealed that in reanalysis, the large     Q ′   n e t     values tend to be balanced by high R values with the opposite sign (Figure 3), while the major heating tendency is provided by the advection. Therefore, we did not separate     Q ′   n e t     and R in the model analysis, focusing on the correct simulation of advection terms. As mentioned above, BCC-CSM1-1 simulates a much smaller magnitude of advective tendency terms than Res. It thus produces the El Niño related warming due to non-advective factors likely associated with the strong contribution of the radiative heating to the SSTA growth. Unresolved processes in the mixed layer are another possible source of high Res values. Several models (CMCC-CM, FIO-ESM, GFDL-CM3, GISS-E2-H, GISS-E2-R, and INM-CM5-0) also overestimate the heating effect provided by the residual term and reproduce insufficient advective heating, but all these models show higher relative impact of advective processes to the El Niño generation as compared to BCC-CSM1-1.



In reanalysis, the heating provided by advection exceeds the total SSTA growth during El Niño development and is compensated by high negative values of the residual term Res that closes the heat budget. Only a few models (CMCC-CESM, CMCC-CMS, GFDL-ESM2M, IPSL-CM5B-LR, and, to a lesser extent, MRI-CGCM3) reproduce the SSTA damping by negative Res values, as in observations. CCSM4, CESM1-BGC, CESM1-CAM5, and CNRM-CM5 also demonstrate heating due to advection stronger than the total heating rate, although the compensating damping in these models is provided by NDH, while Res does not significantly decrease the SSTA. All mentioned models, however, correctly reproduce the advection as a key factor of SSTA growth.



We analyzed two classifications of El Niño: strong/moderate regimes and EP/CP events. However, our analysis did not reveal significant differences in the upper ocean heat budget between strong and EP events, as well as between moderate and CP events in the considered models. Therefore, we did not present the composite schemes for the EP/CP classification.



We have also examined the contribution of the key feedbacks to the SSTA evolution in the models. In observations, the thermocline feedback provides the strongest heating effect with the maximum contribution in the eastern Pacific (see Figure 4). All models, except for BCC-CSM1-1, GISS-E2-R, and INM-CM5-0, reproduce this feature (not shown). The upwelling feedback is adequately simulated by the analyzed models, although BCC-CSM1-1 and INM-CM5-0 make this feedback the main contributor to the     A D V   Z     term instead of the thermocline feedback. This is due to vertical heat advection in these models being primarily related to the weakening of upwelling, while the thermocline deepening is not reproduced correctly and has a rather small impact on the SSTA evolution. The zonal advective feedback provides SSTA growth in all models, but the contribution of this feedback to the El Niño total heating is higher than in the reanalysis. Two models fail to reproduce the zonal advective feedback correctly: in INM-CM5-0 contribution of this term is too weak, while in GISS-E2-R, it is overestimated.



The correct ratio between the thermocline feedback and the zonal advective feedback in the generation of SSTA during El Niño is simulated by two models of the ensemble: CESM1-BGC and IPSL-CM5B-LR. The term   −   v  ¯    ∂   T   ′     ∂ y     representing the heat recharge toward the equator is reproduced by all analyzed models.



The SSTA decrease in the reanalysis is mainly provided by the nonlinear vertical advection   −   w   ′     ∂   T   ′     ∂ z    . However, in a majority of the models, the damping occurs via nonlinear horizontal advection, especially in the C-mode. About half of the models simulate the cooling effect due to   −   w   ′     ∂   T   ′     ∂ z    , but only in IPSL-CM5B-LR, MRI-CGCM3 this term is the main source of SSTA reduction.



Thus, after the heat budget terms assessment, we selected six models that reproduce processes within the ocean’s upper mixed layer during El Niño generation and development in the most appropriate way. These models are CCSM4, CESM1-BGC, CMCC-CMS, CNRM-CM5, GFDL-ESM2M, and IPSL-CM5B-LR.





4. Conclusions


The ocean mixed layer heat budget was analyzed to understand the role of the main ocean–atmosphere feedbacks in the El Niño generation mechanism based on the GLORYS2V4 reanalysis and compared to the results of previous studies based on longer ocean reanalysis. The ensemble of 16 CMIP5 models and the INM-CM5 model was evaluated in order to assess the model’s skill in reproducing the ocean mixed layer heat budget during El Niño generation.



The El Niño diversity was taken into account accordingly to two classifications: strong/moderate regimes and Eastern/Central Pacific types of the events, and the comparison of these classifications was carried out. The analysis did not reveal the significant differences in the generation mechanism between strong and EP events, as well as between moderate and CP events both in reanalysis and models.



The major difference between the two types of El Niño consists of the higher magnitude of total heating rate and temperature tendency terms for the strong El Niño events as compared to moderate, whereas more intense advective heating generates a stronger SSTA. The total heating rate is higher in the first half of the year before the peak of strong El Niños, while during the moderate events, it is more even for the generation and development phases.



Both for strong and moderate events, advection ensures the SSTA rise in E and C modes. The vertical advection plays a key role in the SSTA growth in the eastern Pacific regardless of the event’s type, primarily due to the contribution of the thermocline feedback. Upwelling feedback is important for the generation of strong events, while for moderate events, it plays a minor role. The horizontal advection becomes significant in the central Pacific for the strong events, with more effective heating produced by meridional advection of temperature anomalies, while zonal processes play a secondary role. Zonal advective feedback provides heating only during the generation phase of strong El Niño events, while for moderate events, this feedback stays positive up to the peak. Nonlinear dynamic heating contributes to the ocean cooling in the central Pacific, while it leads to the heating in the Eastern Pacific during the development phase of strong El Niño events. For moderate El Niños, NDH does not play a significant role in the evolution of the SSTA. The surface heat fluxes mostly provide the SSTA damping, although they are balanced by other unresolved processes.



The main limitation of the current study is associated with a rather short period covered by the used reanalysis that results in a small number of the El Niño events of each type that were included in the composites. Partially, this limitation was compensated by the comparison of heat budget components obtained from GLORYS2V4 with previous results based on longer reanalysis with a larger number of El Niño events. The comparison demonstrated good agreement between our results and previous results in terms of the ratio between the heat budget terms and their dynamics.



Noteworthy, in current research, for the first time, the two different classifications of El Niño were considered, while the projections of the heat budget components onto E and C patterns allowed to specify the SSTA generation mechanism in the eastern and central Pacific.



One of the main purposes of the study was to evaluate the skill of an ensemble of 16 CMIP5 and INM-CM5 models in reproducing the evolution of the ocean mixed layer heat budget during the El Niño generation with a focus on the relative contribution of the main ocean–atmosphere feedbacks into the SSTA growth. We found that most of the analyzed models tend to correctly reproduce the main processes in the ocean mixed layer responsible for the generation of SSTA in the equatorial Pacific during El Niño, although they are not always successful in the simulation of the ratio between the main feedbacks. The best models are those that reproduce the most important contribution of the advection terms in the SSTA tendency, keep the major role of the thermocline feedback (and vertical advection) in the eastern Pacific, and do not overestimate the contribution of zonal advective feedback. Thus, we selected 6 CMIP5 models that are able to reproduce the mechanisms of SSTA formation during El Niño with the differentiation of the processes involved in the generation of strong and moderate regimes: CCSM4, CESM1-BGC, CMCC-CMS, CNRM-CM5, GFDL-ESM2M, and IPSL-CM5B-LR. These models are suitable for further investigations of El Niño mechanism changes in future climate.



The findings of the study may contribute to a better understanding of the El Niño diversity in terms of the processes governing its generation and may be useful to identify the type of developing event relying on the contribution of various feedbacks. The evaluation of the model’s skill in reproducing these processes carried out for the first time in the current investigation for the model ensemble, provides a useful tool for further investigation of the modification of the El Niño associated ocean heat budget anomalies in the future climate. Another prospective research direction consists of the evaluation of the next model’s generation (CMIP6 phase), which will probably increase the number of the models capable of accurately simulating the heat budget components and is therefore suitable for estimating El Niño modification in future climate events.
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Figure 1. Spatial structures (patterns) of the linear regressions of the sea surface temperature anomalies onto the C and E indices associated with the moderate (C-pattern) and strong (E-pattern) El Niño regimes based on the GLORYS2V4 reanalysis data. The units are (°C). 






Figure 1. Spatial structures (patterns) of the linear regressions of the sea surface temperature anomalies onto the C and E indices associated with the moderate (C-pattern) and strong (E-pattern) El Niño regimes based on the GLORYS2V4 reanalysis data. The units are (°C).
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Figure 2. Scheme of calculation stages carried out in the study. The blue rectangles correspond to the used datasets. Red font marks the data processing operations. 
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Figure 3. Projections of temperature tendency term and the ocean mixed layer heat budget components onto E and C patterns (°C/month); the composite scheme for strong (a,b) and moderate (c,d) El Niño events during generation (January (0)–July (0)) (a,c) and development phases (July (0)–January (1) (b,d)). 
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Figure 4. Projections of the ocean mixed layer heat budget advective components onto E and C patterns during the generation and development phases of El Niño (°C/month); the composite scheme for strong (a,b) and moderate (c,d) events during El Niño generation (January (0)–July (0) (a,c)) and development phases (July (0)–January (1) (b,d)). 
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Figure 5. (a) Heat budget tendency terms (°C/month) during El Niño generation (top panel) and development (bottom panel) phases for reanalysis and models; (b) composites of tendency terms for strong and moderate El Niño events for MIROC5 during generation and development phases. 
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Figure 6. Projections of temperature tendency and the ocean mixed layer heat budget components onto E and C patterns (°C/month) for reanalysis and models; the composite scheme for moderate and strong El Niño events during generation (January (0)–July (0)) and development (July (0)–January (1)) phases. 
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Table 1. Information on global climate models used in the study.
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Model Name

	
Organization

	
City, Country

	
Number of Grid Cells

	
Number of Levels




	
Longitude

	
Latitude






	
BCC-CSM-1.1

	
Beijing Climate Center (BCC), China

Meteorological Administration (CMA)

	
Beijing, China

	
360

	
232

	
40




	
CCSM4

	
National Center for Atmospheric Research (NCAR)

	
Boulder, Colorado, USA

	
384

	
320

	
60




	
CESM1-BGC




	
CESM1-CAM5




	
CMCC-CESM

	
Centro Euro-Mediterraneo sui Cambiamenti Climatici/Euro-Mediterranean Center on

Climate Change (CMCC)

	
Lecce, Italy

	
182

	
149

	
31




	
CMCC-CM




	
CMCC-CMS




	
CNRM-CM5

	
Centre National de Recherches

Meteorologiques (CNRM), Centre Europeen de Recherche et de Formation Avanceeen Calcul Scientifique (CERFACS)

	
Toulouse, France

	
362

	
292

	
42




	
FIO-ESM

	
The First Institute of Oceanography (FIO), State Oceanic Administration (SOA)

	
Qingdao, China

	
320

	
384

	
40




	
GFDL-CM3

	
National Oceanic and Atmospheric

Administration (NOAA), Geophysical Fluid Dynamics Laboratory (GFDL)

	
Washington, D.C.,USA

	
360

	
200

	
50




	
GFDL-ESM2M




	
GISS-E2-H

	
National Aeronautics and Space Administration (NASA) Goddard Institute for Space Studies (GISS)

	
New York, USA

	
144

	
90

	
26




	
GISS-E2-R

	
32




	
IPSL-CM5B-LR

	
Institut Pierre Simon Laplace (IPSL)

	
Guyancourt, France

	
182

	
149

	
31




	
MIROC5

	
Japan Agency for Marine-Earth Science and Technology

	
Yokosuka, Japan

	
256

	
224

	
50




	
MRI-CGCM3

	
Meteorological Research Institute (MRI)

	
Tsukuba, Japan

	
368

	
360

	
51




	
INM-CM5-0

	
Institute of Numerical Mathematics (INM)

	
Moscow, Russia

	
720

	
720

	
40











 





Table 2. Number of identified El Niño events (total and for each type of El Niño) and strong El Niño threshold values for the analyzed models.






Table 2. Number of identified El Niño events (total and for each type of El Niño) and strong El Niño threshold values for the analyzed models.





	Model Name
	Total Number
	Events Selected
	Strong
	Moderate
	EP
	CP
	E-Index Threshold Values, °C





	BCC-CSM1-1
	51
	40
	7
	16
	13
	6
	1.6–1.7



	CCSM4
	42
	42
	7
	30
	12
	14
	2.6–2.8



	CESM1-BGC
	41
	38
	7
	17
	11
	10
	1.8–2.3



	CESM1-CAM5
	46
	45
	7
	33
	13
	12
	2.0–2.2



	CMCC-CESM
	38
	35
	4
	21
	9
	9
	2.0



	CMCC-CM
	39
	35
	3
	21
	12
	3
	2.7–3.3



	CMCC-CMS
	44
	40
	3
	23
	8
	7
	2.2–2.5



	CNRM-CM5
	50
	48
	4
	37
	9
	11
	2.1–2.2



	FIO-ESM
	46
	43
	5
	18
	13
	9
	1.9



	GFDL-CM3
	45
	42
	9
	25
	11
	7
	1.7–2.0



	GFDL-ESM2M
	36
	36
	11
	13
	12
	12
	1.5–2.1



	GISS-E2-H
	46
	42
	5
	25
	8
	7
	1.6–1.8



	GISS-E2-R
	45
	40
	7
	19
	19
	7
	1.5–2.2



	IPSL-CM5B-LR
	42
	35
	10
	17
	17
	8
	1.6–2.0



	MIROC5
	33
	30
	3
	21
	7
	12
	1.7–2.7



	MRI-CGCM3
	45
	41
	3
	25
	15
	9
	1.7–2.0



	INM-CM5-0
	39
	34
	3
	20
	9
	6
	2.0–2.7
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