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Ningaloo Niño is a well-known ocean-atmosphere coupled climate event in the southeastern Indian Ocean that interacts with large-scale atmospheric circulations at the interannual time scale. When a Ningaloo Niño develops, remarkably enhanced precipitation anomalies occur primarily off the coast of northwestern Australia (NWA) rather than over the offshore area of western Australia (WA), where the most significant sea surface temperature warming prevails. This enhanced NWA precipitation manifests as jointly intensified stratiform and convective precipitation accompanied by an increase in high cloud cover. Further analyses of the column-integrated moist static energy (MSE) budget reveal that during Ningaloo Niño events, positive vertical MSE transport moistens and heats the atmosphere in the WA region. However, these moistening and heating effects are mostly offset by the inhibitory effect of the negative horizontal MSE advection, leading to the relatively weak and nonsignificant variation in local precipitation anomalies off the WA coastal region. In contrast, off the coast of the NWA region, the recharge of column-integrated MSE, which is induced by the significant positive radiative and surface heating, horizontal MSE advection, and vertical MSE advection, contributes to the heaviest austral summer precipitation associated with Ningaloo Niño. Therefore, the distinct MSE transport processes result in the particular rainfall pattern in which the most enhanced rainfall is associated with Ningaloo Niño events over the NWA region.
Keywords: Ningaloo Niño, precipitation, moist static energy, tropical convection, surface heat flux, interannual variability
INTRODUCTION
Ningaloo Niño/Niña is the dominant mode of interannual variation in the southeastern Indian Ocean (Feng et al., 2013; Kataoka et al., 2014; Tozuka et al., 2014; Zhang et al., 2018). This phenomenon is characterized by the positive (negative) sea surface temperature (SST) anomalies (SSTAs) off the coast of western Australia (WA) and typically matures in austral summer (December-January-February, DJF). The pronounced SST warming causes devastating consequences to coral and biodiversity (Feng et al., 2013; Pearce and Feng, 2013; Wernberg et al., 2013; Zinke et al., 2014). The development of the Ningaloo Niño is attributed to remote atmospheric and oceanic forcing from the Pacific Ocean (Feng et al., 2013; Kataoka et al., 2014; Tozuka et al., 2014; Zhang et al., 2018) or local air-sea interactions in the tropical southeastern Indian Ocean (Marshall et al., 2015; Kataoka et al., 2017; Kataoka et al., 2018; Tozuka and Oettli, 2018; Zhang et al., 2018). Although Ningaloo Niño events are significantly correlated with El Niño-Southern Oscillation (ENSO), the Indian Ocean dipole (IOD) and the Interdecadal Pacific Oscillation (Feng et al., 2013; Pearce and Feng, 2013; Kataoka et al., 2014; Tozuka et al., 2014; Zhang et al., 2018; Zhang and Han, 2018; Kusunoki et al., 2020; Tanuma and Tozuka, 2020), recent studies have demonstrated that Ningaloo Niño/Niña events independently exert a substantial influence on the regional climate and marine ecosystems along the WA coast (Tozuka et al., 2014; Kataoka et al., 2018; Zhang et al., 2018).
The surface heat and radiation influxes play a vital role in anomalous Ningaloo Niño-related SST warming (Tozuka and Oettli, 2018; Zhang et al., 2018; Guo et al., 2020a). Li et al. (2019) indicated that the majority of the decadal SST variability is attributed to surface heat fluxes in the southeast Indian Ocean (SEIO). They found that warm SSTA was associated with positive cloud-radiation-SST feedback, which acted to promote or maintain the SST warming. Surface turbulent heat flux is the most vital process in promoting and damping the SST in most Ningaloo Niño events (Guo et al., 2020a; Guo et al., 2020b). Tozuka and Oettli (2018) revealed that an asymmetrical cloud-shortwave radiation-SST feedback induced by abnormal cloud activity contributed to the increase/decrease in the WA SSTAs associated with Ningaloo Niño/Niña. Due to an increase in the amount of clouds off the coast of WA, less incoming solar radiation reaches the ocean, suppressing the existing SST warming (Zhang et al., 2018; Li et al., 2019). Therefore, the interannual variation in clouds plays an important role in the development of Ningaloo Niño.
The interannual variation in cloud cover exhibits a linear relationship with the precipitation in the tropics (e.g., Richards and Arkin, 1981; Vuille and Keimig, 2004). Previous studies revealed that the enhanced rainfall over WA is accompanied by warming SSTAs in its vicinity during Ningaloo Niño events (Doi et al., 2013; Doi et al., 2015; Kataoka et al., 2014; Tozuka et al., 2014; Li et al., 2019; Su et al., 2019). Marshall et al. (2015) attributed the enhanced rainfall to the warmer SST that was induced by the weakened surface wind during the initiation stage of Ningaloo Niño. Doi et al. (2015) also emphasized that the enhanced rainfall over the WA coastal region was closely related to the warming SSTA in situ. However, the most remarkable Ningaloo Niño-related precipitation anomalies are observed over the northwest Australia (NWA) coastal region near the vicinity of the Intertropical Convergence Zone rather than over the warmest SSTA region near the WA coast (Tozuka et al., 2014, in their Figure 7; Marshall et al., 2015, in their Figure 3; Doi et al., 2015, in their Figure 5). Such precipitation anomalies cannot be explained by the warming of the local SSTAs. In addition, the abnormal rainfall and associated cloud formation play essential roles in the local SSTA change; therefore, the cause of the abnormal rainfall over the SEIO is critical for understanding the overall perspective of Ningaloo Niño events. To this end, we investigated the mechanism of the Ningaloo Niño-related rainfall anomalies over the WA and NWA coastal regions.
The column-integrated moist static energy (MSE) budget is widely used to study the large-scale climatic impacts on tropical convective rainfall at various time scales, e.g., the Madden Julian Oscillation (Benedict and Randall, 2007; Maloney, 2009; Kiranmayi and Maloney, 2011; Arnold et al., 2013; Sobel et al., 2014), the convective coupled equatorial waves (Sumi and Masunaga, 2016; Feng et al., 2020a; Feng et al., 2020b), and the climatology of tropical rainfall (Back and Bretherton, 2006; Schneider et al., 2014; Bui et al., 2016). Column-integrated MSE mainly represents a thermodynamic reference of the atmospheric column. The increase in the column-integrated MSE denotes an import of MSE from the surrounding environment, which destabilizes the atmospheric column by heating and moistening processes and by inducing deep convective rainfall later. Conversely, the decrease in the column-integrated MSE indicates that the troposphere is stabilized by cooling and drying processes accompanied by an export of the MSE to the affected area. The MSE changes correspond to a recharge-discharge paradigm regulating the occurrence of tropical rainfall (Maloney, 2009). In addition, the column-integrated MSE budget equation includes the surface heat and radiation flux, and the role of surface heat forcing can be qualitatively assessed (Neelin and Held, 1987). In the present study, the MSE budget is used to explore the mechanism of Ningaloo Niño-related precipitation variations.
The remainder of the paper is organized as follows. The datasets and methods in this study are briefly introduced in Data and Methodology. Precipitation and Large-Scale Atmospheric Circulation Anomalies Associated With the Ningaloo Niño characterizes the features of the observed precipitation and its related atmospheric circulation variations in association with Ningaloo Niño events. Possible Mechanism of the Ningaloo Niño-Related Precipitation Variations demonstrates the mechanisms of precipitation variability off the WA coast using the column-integrated MSE budget. The conclusions and discussion are presented in Conclusion and Discussion.
DATA AND METHODOLOGY
Data
The atmospheric reanalysis data, including three-dimensional wind, air temperature, specific humidity, surface heat and radiation fluxes, were obtained from the European Center for Medium-Range Weather Forecasts (ECMWF) ERA5 reanalysis dataset (Hersbach and Dee, 2016). These data are available at a horizontal resolution of 0.5° × 0.5° and extend from 1,000 to 100 hPa with 27 vertical pressure levels. The ERA5 data cover the study period from 1981 to 2018. The monthly data are used to provide monthly averaged atmospheric fields including horizontal wind, atmospheric moisture, etc. As the advection terms in MSE budget equation (introduced in Column-Integrated Moist Static Energy Budget) are nonlinear, four times daily data were also used to calculate the MSE budget. The monthly SST with a horizontal resolution of 1° × 1° from 1981 to 2018 was extracted from the NOAA Optimum Interpolation SST v2 data (Reynolds et al., 2002). The Tropical Rainfall Measuring Mission (TRMM) 3A25 version 7 product is also adopted to provide the monthly averaged surface precipitation rate over the tropical ocean and conditional convective or stratiform rainfall rate (Huffman et al., 2007). The rain rate data have a horizontal resolution of 0.5° × 0.5° and a period of 1998–2013. Global Precipitation Climatology Project (GPCP) monthly rainfall data version 2.3 at a horizontal resolution of 2.5° × 2.5° are also included (Adler et al., 2018). In addition, two datasets for outgoing longwave radiation (OLR), namely, the NOAA OLR (Liebmann and Smith, 1996; NOAA, 1996) and the High-Resolution Infrared Radiation Sounder (HIRS) OLR Version 2.2 (Lee et al., 2007), are used to validate the rainfall variation. The NOAA OLR with a horizontal resolution of 2.5° × 2.5° from 1981 to 2013 and HIRS OLR of 1° × 1° from 1981 to 2018 are both monthly averaged. The cloud fraction data were obtained from the Cloud Feedback Model Intercomparison Program (CFMIP) provided by the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) from 2007 to 2017 (Webb et al., 2017). The original horizontal resolution of the cloud fraction variables is 1° × 1°, but they are interpolated into a 2.5° × 2.5° horizontal resolution to achieve robust statistical stability. In this dataset, clouds with cloud top pressures lower than 680 hPa (higher than 440 hPa) are classified as low (high) clouds, and clouds with cloud top pressures between 680 and 440 hPa are defined as middle clouds.
Methodology
Definition of the Ningaloo Niño Event
A conventional Ningaloo Niño event starts in October, matures in austral summer (DJF), and finally decays in March (Kataoka et al., 2014). Empirical orthogonal function (EOF) analysis has been frequently utilized to examine the temporal and spatial characteristics of Ningaloo Niño events (Kataoka et al., 2014; Marshall et al., 2015). Thus, we used the EOF approach on the monthly SSTAs from December 1981 to December 2018 over the domain of 100°–120°E, 12°–34°S to distinguish the Ningaloo Niño events. The first EOF (EOF1), which explains 53.8% of the total variance), captures the Ningaloo Niño SST pattern with the warmer-than-normal SST off the WA coast (Figure 1A). The second EOF accounts for only 16.1% of total variance (not shown). The normalized time series of the first principal component (PC1) well resembles the remarkable variability of the Ningaloo Niño index (NNI) calculated by the averaged SSTA in the region of 108°E-coast, 28°S–22°S (see the black box in Figure 1A; Kataoka et al., 2014), with simultaneous correlation coefficients of +0.88 (Figure 1B). Therefore, PC1 effectively provides a benchmark to denote the interannual variation in the Ningaloo Niño events.
[image: Figure 1]FIGURE 1 | (A) The first EOF (EOF1) mode of the SST anomalies (shading: K) off WA during the period of 1981–2018 and (B) the normalized corresponding first principal component (PC1, red solid curve) and the Ningaloo Niño Index (NNI, blue dashed curve) averaged for the region (108°E-coast, 28°S–22°S) marked by the black box in (A). The correlation coefficient between PC1 and NNI is 0.88, which is statistically significant at the 99% level. (C) Austral summer (December-February) mean precipitation rate (shading: mm hr−1) and SST anomalies (contour: K) obtained by regressing against PC1 during 1998–2013. The gray crosses indicate precipitation rate anomalies above the 90% significance level by a Student t test. The solid and dashed boxes indicate the WA (108°E-coast, 28–22°S) and NWA (109–117°E, 20–15°S) coastal regions, respectively. (D) Linear regression coefficients of the austral summer (DJF) mean PC1 with the GPCP precipitation (mm day−1; 1981–2018), HIRS OLR (W m−2; 1981–2018) and NOAA OLR (W m−2; 1981–2013) averaged over the WA (red bars) and NWA (blue bars) coastal regions.
Column-Integrated Moist Static Energy Budget
The MSE is defined as [image: image], where g is the gravity acceleration (9.8 m s−2), z is the geopotential, cp is the heat capacity at constant pressure (1004 J kg−1 K−1), T is the air temperature, L is the latent heat of vaporization, and q is the specific humidity. The stratification of MSE represents the stability of the atmosphere. The derivation of the MSE budget equation begins from the definition of the apparent heat source and apparent moisture sink on a reanalysis grid (Yanai et al., 1973):
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where [image: image] is the dry static energy and a prime symbol denotes a subgrid-scale process. QR is the radiative heating rate, c is the rate of condensation, and e is the rate of re-evaporation. Combining Eqs 1 and 2, we obtain the following:
[image: image]
Since the three-dimensional radiative heating rate is not provided in the reanalysis dataset, Eq. 3 is integrated from the sea surface up to the tropopause [image: image] following Neelin and Held (1987), yielding
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In Eq. 4, the terms on the right-hand side represent horizontal MSE advection (HADV), vertical MSE advection (VADV), total radiative and surface heating and moistening, and vertical MSE transport by subgrid-scale processes, respectively. The third term [image: image] is calculated as the sum of the net upward radiative flux at the sea surface [image: image], the net downward radiative flux at the tropopause [image: image], and the latent and sensible heat fluxes [image: image] from the ocean to the atmosphere (see Eq. 5). The last term on the right-hand side [image: image] denotes the strength of convective activities by measuring the subgrid-scale MSE transport. This term cannot be directly calculated from the reanalysis dataset; thus, it is usually calculated as the residual of the total MSE tendency and all other terms. The long-term mean of the total MSE tendency term on the left-hand side is relatively small compared to the other terms (shown later); thus, the intensity of convective transport [image: image] is approximately balanced with the internal [image: image] and surface [image: image] forcing terms. Consequently, the contributions to convective activity are separated into horizontal advection, vertical advection, and total heating and moistening including radiation and surface fluxes.
The MSE budget equation describes the balance of large-scale atmospheric forcing and convective activity. Such a balance is valid over a certain area because convections are still randomly distributed in the area with MSE recharge. Therefore, area averaging should be used to interpret the budget results. It should be noted that the horizontal and vertical advection terms are nonlinear. As a result, these terms were calculated using four times daily data and then averaged to monthly averaged values for further examination. The calculation of MSE budgets from reanalysis datasets remained uncertain because of the parameterization schemes in the numerical models. Thus, the ERA-Interim reanalysis dataset, which provides similar MSE budgets, was also utilized to validate the results (not shown).
PRECIPITATION AND LARGE-SCALE ATMOSPHERIC CIRCULATION ANOMALIES ASSOCIATED WITH THE NINGALOO NIÑO
Figure 1C shows the linear regression of PC1 with the austral summer (DJF) mean precipitation and SSTAs (the crosses indicate regression coefficient above the 90% significance level by a Student t test). The regression map of the SSTA during the Ningaloo Niño events (Figure 1C, contour) is slightly different from that of the EOF1 mode, while both show that the maximum SSTAs appear along the WA coast with a warm tongue extending northwestward to the equator (Figure 1A). Notably, significant positive precipitation anomaly is primarily observed over the region off NWA (109°E–117°E, 20°S–15°S; dashed box), while the counterpart over the WA coastal region (108°E-coast, 28°S–22°S; solid box, identical to the region used to calculate NNI) is nonsignificant (Figure 1C). Figure 1D confirms the more enhanced rainfall over the NWA coastal region by averaging the regression coefficients over these two regions. In previous studies, Tozuka et al. (2014) and Li et al. (2019) indicated that local SSTA induced the precipitation anomaly during Ningaloo Niño. However, the location between the warmest SSTA (WA region) and the most enhanced rainfall (NWA region) is mismatched, as illustrated in Figure 1C, implying that the rainfall anomaly pattern cannot be fully explained by the enhancement of local ascending motion due to higher SSTA. Such a mismatch generally signifies the importance of the internal atmospheric processes in regulating the rainfall anomaly pattern. Therefore, the present study mainly investigates rainfall mechanisms by comparing the MSE budgets in the NWA and WA coastal regions to understand the fundamental processes affecting such precipitation patterns. The results were not sensitive to the selection of the area after a test by slightly enlarging or narrowing the two study areas (not shown).
Figure 2 depicts the relationships between the Ningaloo Niño and the precipitation variation over the WA and NWA coastal regions at the interannual time scale. For the WA and NWA regions, the area-averaged total precipitation anomalies show a significant positive correlation with the Ningaloo Niño, with correlation coefficients of +0.65 and +0.58, respectively, exceeding the 95% statistical significance level (Figure 2A). However, the regression coefficient for the NWA region is 1.5 times greater than that for the WA region, indicating that the NWA precipitation is more sensitive to the intensity of the Ningaloo Niño events. Similar to the total precipitation rate, both the convective and the stratiform rain rates increase over the WA and NWA coastal regions when Ningaloo Niño events occur; however, those over the NWA coast are more sensitive to Ningaloo Niño events (Figures 2B, C). Another quantity describing the spatial coverage of convective and stratiform rain is the convective and stratiform rain ratio, which is calculated as the number of observed pixels categorized as stratiform and convective rainfall divided by the total number of observed pixels in each grid. The results are identical to those for the convective and stratiform rain rates (not shown), suggesting that the rain rate and coverage over NWA are both more sensitive to Ningaloo Niño events, ultimately resulting in a remarkable increase in the total rainfall anomaly in situ.
[image: Figure 2]FIGURE 2 | Scatter plot of austral summer (DJF) mean (A) total precipitation rate, (B) convective precipitation rate, and (C) stratiform precipitation rate averaged over the WA (red dots) and NWA (blue dots) coastal regions during 1998–2013. The horizontal axis is the value of PC1. The red (blue) solid line denotes the linear regression for the WA (NWA) coastal region, and the regression equation and its associated correlation coefficients are shown on the top in each panel.
On the other hand, the variations in cloud cover usually correspond to the variability of the precipitation rate. The cloud variation displays similar features over the WA and NWA coastal regions (Figure 3). For the total cloud cover, there is no significant change over either region during Ningaloo Niño events (Figure 3A). However, low cloud anomalies have a negative correlation with Ningaloo Niño, while high cloud and middle cloud anomalies have a positive correlation (Figures 3B–D), and the variations in low and high cloud covers are statistically significant in both regions. This result indicates that remarkable increases in high cloud amounts and decreases in low cloud amounts appear over the NWA coastal region, consistent with the occurrence of deeper convections that induce significantly enhanced convective rainfall there.
[image: Figure 3]FIGURE 3 | Linear regressions of the austral summer (DJF) mean (A) total cloud cover (%), (B) low cloud cover (%), (C) middle cloud cover (%), and (D) high cloud cover (%) against PC1 during 2007–2017. The gray crosses indicate the variable anomalies above the 90% significance level by a Student t test. The solid and dashed boxes indicate the WA (108°E-coast, 28–22°S) and NWA (109–117°E, 20–15°S) coastal regions, respectively.
According to the study of Tozuka and Oettli (2018), the high cloud and low cloud conditions exhibit different sensitivities to the background of positive and negative SSTA in the WA region. A linear decrease in low cloud cover occurs when the NNI is negative, while an increase in high cloud cover occurs when the NNI is positive. This asymmetric variation in cloud cover is important for the surface radiation variation. Considering the radiation budget is not the primary factor affecting the rainfall pattern, as discussed below, only a linear relationship between the SSTA and cloud cover is considered in this study. Notably, the relatively short period of the observed cloud cover data from CFMIP may lead to uncertainty in the linear interpretation. The results were validated using the ERA5 data with an extended period from 1981 to 2018 (not shown). The similar outcomes suggest that the Ningaloo Niño-related variations in cloud cover are robust features that do not show sensitivity to the study period.
Figure 4 depicts the large-scale atmospheric circulation anomalies at different pressure levels associated with Ningaloo Niño events. In association with the warming Ningaloo Niño-related SSTAs, an anomalous cyclone is observed in the lower troposphere, and the northerly anomalies mainly control the region off the WA coast (Figure 4A), consistent with the results of previous studies (Benthuysen et al., 2014; Tozuka et al., 2014; Marshall et al., 2015; Kataoka et al., 2017). Such anomalous low-level northerlies enhance the Leeuwin current, which brings warm water from the equator to WA, favoring an increase in the SSTAs in the WA coastal region along with coastal downwelling anomalies (Benthuysen et al., 2014; Kataoka et al., 2014; Tozuka et al., 2014; Marshall et al., 2015). Since the maximum moisture anomalies are positioned northwest of the NWA coastal region, the anomalous low-level northwesterly, related to the cyclone, acts to bring warmer and more humid air to the NWA coastal region (Figure 4B; in agreement with Zhang et al., 2018). Note that the ascending motion over the NWA coastal region is much stronger than that over the WA coastal region (Figure 4C), consistent with the stronger convective precipitation over the NWA coastal region. In the upper troposphere, an anomalous anticyclone is observed at higher latitudes, and the NWA coastal region is dominated by remarkable southwesterly wind anomalies and significant divergence (Figure 4D). The baroclinic circulations with anomalous anticyclones in the upper troposphere and anomalous cyclones in the lower troposphere, which correspond with anomalously enhanced precipitation near the equator over the NWA coastal region, recall the classical Matsuno-Gill response (Matsuno, 1966; Gill, 1980).
[image: Figure 4]FIGURE 4 | Same as in Figure 3 but for (A) precipitation (shading: mm hr−1) and 850-hPa wind (vector: m s−1), (B) 700-hPa specific humidity (shading: g kg−1) and wind (vector: m s−1), (C) 500-hPa vertical velocity (shading: 10−3 Pa s−1) and wind (vector: m s−1), (D) 200-hPa divergence (shading: 10−7 s−1) and wind (vector: m s−1) during 1981–2018 except precipitation during 1998–2013. The gray crosses indicate the variable anomalies above the 90% significance level by a Student t test. The solid and dashed boxes indicate the WA (108°E-coast, 28–22°S) and NWA (109–117°E, 20–15°S) coastal regions, respectively.
In summary, enhanced precipitation anomalies are found over the NWA and WA coastal regions during Ningaloo Niño events, but the heaviest rainfall anomalies with strengthened deep convection activity appear off the NWA coast. In the next section, the column-integrated MSE budget diagnosis is used to clarify why the heaviest rainfall occurs over the NWA coastal region rather than over the WA coastal region, where the greatest SST warming prevails.
POSSIBLE MECHANISM OF THE NINGALOO NIÑO-RELATED PRECIPITATION VARIATIONS
The column-integrated MSE budget is analyzed to explore the mechanisms of the Ningaloo Niño-related precipitation variations, and the results are shown in Figure 5. The HADV terms over the tropical and subtropical regions exhibit opposite signs during Ningaloo Niño events (Figure 5A). Over the tropical region, the horizontal MSE advection is positive, meaning that the horizontal advection brings more moisture and heat from the equator. In contrast, the horizontal MSE advection is negative at higher latitudes south of 20°S, cooling and drying the entire troposphere. This cooling and drying stabilize the atmosphere and prevent the occurrence of deep convections over the WA coastal region. The positive vertical MSE advection dominates the western coast of the Australian continent, and the significantly positive vertical MSE advection is mainly confined to the region south of 20°S (Figure 5B), suggesting that the vertical MSE advection remarkably increases over the WA coastal region when the Ningaloo Niño develops. Over the NWA coastal region, the vertical MSE advection is positive with weaker magnitude. The total radiative and surface heating (<QR>) in the atmospheric column is significantly positive over the NWA coastal region, indicating that the increase in the net radiative and heat income contributes to the heaviest rainfall. Over the WA coastal region, significant positive radiative and heat income occurs only offshore (Figure 5C). The pattern of the subgrid-scale transport term mirrors the <QR> term with an opposite sign (Figure 5D). Based on Eq. 5, the subgrid-scale transport is a measurement of upward MSE transport by convective activity; thus, the subgrid-scale transport pattern corresponds well to the pronounced enhancement of rainfall over the offshore areas of NWA and WA.
[image: Figure 5]FIGURE 5 | Same as in Figure 4 but for (A) column-integrated horizontal advection of MSE (HADV, W m−2), (B) column-integrated vertical advection of MSE (VADV, W m−2), (C) total heat and radiative forcing (<QR>, W m−2) and (D) MSE transport by the subgrid-scale processes (W m−2). The gray crosses indicate the corresponding variable anomalies above the 90% significance level by a Student t test. The solid and dashed boxes indicate the WA (108°E-coast, 28–22°S) and NWA (109–117°E, 20–15°S) coastal regions, respectively.
To quantitatively evaluate the relative contributions of the MSE budget terms to the precipitation variation, Figure 6 presents the regressed MSE budget terms averaged over the NWA and WA coastal regions onto PC1. The subgrid-scale MSE transport term [image: image] over the NWA coastal region is approximately three times greater than that over the WA coastal region, suggesting that more vigorous convective precipitation causes the strengthened MSE expense over the NWA coastal region. Compared to the other terms, the MSE tendency term [image: image] is negligible (Figure 6); thus, the subgrid-scale MSE expense is balanced with the other three terms. For the WA coastal region, the vertical MSE advection is twice that for the NWA coastal region, meaning that more MSE accumulates through the large-scale vertical motion in this region. However, the MSE recharge driven by the vertical MSE advection is greatly offset by the negative horizontal MSE advection over the WA coastal region; meanwhile, the <QR> term is relatively small. In contrast, all three terms are positive over the NWA coastal region, highlighting a greater MSE recharge rate for the development of stronger deep convections. These results suggest that the column-integrated MSE budget is controlled by different dynamic and thermodynamic processes over the WA and NWA coastal regions, especially the horizontal and vertical MSE advection terms.
[image: Figure 6]FIGURE 6 | Linear regression coefficients of the austral summer (DJF) mean PC1 with the MSE budget terms (W m−2; 1981–2018) and the precipitation rate (mm hr−1; TRMM 1998–2013) averaged over the NWA (blue bars) and WA (red bars) coastal regions.
To investigate the detailed physical processes causing the differences in the MSE budget terms over the WA and NWA coastal regions, we further decompose these terms to investigate the MSE recharge-discharge processes. Figure 7 shows the zonal advection (XADV) and meridional advection (YADV) components of the horizontal MSE advection. Over the southeastern Indian Ocean, significant positive and negative zonal MSE advection appears in the lower latitudes and subtropics (Figure 7A). The meridional MSE advection is the mirror image of the zonal MSE advection with an opposite sign, although its amplitude is relatively weak (Figure 7B). Therefore, the zonal MSE advection term is the primary contributor to the horizontal MSE advection over the WA and NWA coastal regions. The negative horizontal MSE advection over WA is dominated by the negative zonal MSE advection, while the positive counterpart over NWA is principally contributed by the positive zonal MSE advection (Figure 7C). The vertical-resolved horizontal advection at each pressure level was also calculated to reveal the detailed processes behind the vertically integrated horizontal advection terms (not shown). Since the tropical MSE budget is mainly dominated by moisture in the troposphere, the enhanced northwesterlies in the tropics can transport warmer and moister air to the NWA from the relatively wetter tropical eastern Indian Ocean (Figure 4B) and then cause MSE recharge over the NWA coastal region. In the subtropics, however, the anomalous upper-level easterly brings dry air from the Australian continent to the WA region and leads to negative MSE advection, which prohibits the enhancement of convective rainfall.
[image: Figure 7]FIGURE 7 | Linear regressions of the austral summer (DJF) mean (A) column-integrated zonal advection of MSE (XADV, W m−2) and (B) column-integrated meridional advection of MSE (YADV, W m−2) against PC1 during 1981–2018. The gray crosses indicate the variable anomalies above the 90% significance level by a Student t test. The solid and dashed boxes indicate the WA (108°E-coast, 28–22°S) and NWA (109–117°E, 20–15°S) coastal regions, respectively. (C) Linear regressions of PC1 with the XADV and YADV terms averaged over the NWA (blue bars) and WA (red bars) coastal regions.
The difference in the vertical MSE advection can be explained by the vertical profile of vertical velocity and MSE anomalies (Figure 8). The enhanced ascending motion anomaly over the WA coastal region displays a bottom-heavy structure with the maximum vertical velocity near 750 hPa, but the NWA coastal region shapes a top-heavy structure with the strongest ascending motion at 500 hPa (Figure 8A). Since the vertical distributions of MSE anomalies are concentrated in the lower troposphere (Figure 8B), the vertical motion with a bottom-heavy structure favors the import of MSE from the surrounding environment and develops shallow convections (Back and Bretherton, 2006; Bui et al., 2016), which support weaker rainfall enhancement (Figure 1C) and fewer deep cloud formations (Figure 3D) over the WA region. Over the NWA coastal region, the top-heavy vertical velocity is induced the export of MSE by the large-scale vertical motion, finally leading to much stronger deep convective rainfall (Figures 1C, 3D).
[image: Figure 8]FIGURE 8 | Linear regressions of the vertical profile of the austral summer (DJF) mean PC1 with (A) vertical velocity (10−3 Pa s−1) and (B) MSE (J kg−1) averaged over the NWA (blue line) and WA (red line) coastal regions during 1981–2018.
Although the <QR> term is relatively smaller than the horizontal and vertical advection terms (Figure 6), its pattern is similar to that of the subgrid-scale vertical MSE transport in most regions, but they have opposite signals (Figures 5C,D). Therefore, we further decompose the <QR> into the latent heat (LH), the sensible heat (SH), and the net radiation income (Rnet) components to explore their relative contributions (Figure 9). No significant linear relationships exist between the Ningaloo Niño and the surface LH and SH fluxes over the WA coastal regions (Figures 9AFigures 9B). Thus, both the area-averaged surface LH and SH fluxes are trivial compared to the net radiative heating (Rnet) (Figure 9D). While over the NWA coastal region, LH flux is greater than that over WA coastal region. It should be noted that significant column radiative heating mainly occurs over the tropics, but the stronger radiative heating over the NWA region corresponds to more vigorous convective rainfall (Figure 9C). It should also be noted that the maximum column radiative heating occurs in the equatorial region. The radiative heating rate is fundamentally determined by the incipient strength of solar radiation, while the cloud amount modulates only the regional distribution of radiation heating.
[image: Figure 9]FIGURE 9 | Linear regressions of the austral summer (DJF) mean (A) latent heat flux (W m−2), (B) sensible heat flux (W m−2), and (C) net radiative heating rate of the entire atmosphere (W m−2) during 1981–2018. The gray crosses indicate the variable anomalies above the 90% significance level by a Student t test. The solid and dashed boxes indicate the WA (108°E-coast, 28–22°S) and NWA (109–117°E, 20–15°S) coastal regions, respectively. (D) Latent heat flux, sensible heat flux and net radiative heating rate terms averaged over the NWA (blue bars) and WA (red bars) coastal regions.
CONCLUSION AND DISCUSSION
In this study, we investigated the interannual variability of Ningaloo Niño-related rainfall anomalies off the western and northwestern coasts of Australia as well as the associated dynamic mechanisms. During Ningaloo Niño events, the most pronounced rainfall enhancement occurs off the NWA coast. Over the ocean off the WA coast where the most significant SST warming prevails, the precipitation anomaly is also enhanced, but it is much smaller than that over the NWA coastal region. The remarkable enhancement of the Ningaloo Niño-related precipitation anomalies is accompanied by a decrease in low cloud cover and an increase in high cloud cover over both regions. In addition, the differences in cloud cover between WA and NWA verify the differential rainfall distribution in which deeper convections with heavier rainfall are favored over the NWA coastal region. The vertical velocity exhibits a top-heavy structure over the NWA coastal region and a bottom-heavy structure over the WA coastal region. Such vertical motions also correspond to the features of the observed rainfall and clouds.
The column-integrated MSE budget is used to investigate the atmospheric internal and external forcings of the enhanced rainfall over the NWA and WA coastal regions. The column-integrated MSE tendency consists of four major terms: horizontal MSE advection, vertical MSE advection, forcing in each atmospheric column including radiative heating and surface heat exchange, and subgrid-scale vertical transport. The results reveal that the negative horizontal MSE advection over the subtropics is the critical physical process responsible for the occurrence of the enhanced precipitation over the NWA coastal region. Although the vertical MSE advection over the WA is stronger than that over the NWA, the MSE is almost offset by the negative horizontal MSE advection, indicating that the horizontal winds prohibit the MSE recharge over the WA coastal region. Such a negative horizontal MSE advection is closely associated with the anomalous upper-level easterly blowing from the drier Australian continent to the WA coastal region. In contrast, over the NWA coastal region, the positive horizontal MSE advection, vertical MSE advection, and radiative and surface heating contribute to the MSE recharge and then induce the most enhanced precipitation there. Hence, the diverse MSE transport processes give rise to the enhanced precipitation pattern off the WA and NWA coasts during Ningaloo Niño events.
Kataoka et al. (2018) stressed the role of local intrinsic air-sea interactions in the development of the Ningaloo Niño. They revealed that a local positive SSTA enhances atmospheric deep convection and then results in more precipitation over the NWA coastal region via positive air-sea feedback. Anomalous positive precipitation enhances LH release to change the atmospheric circulation and lead to the low sea level pressure (SLP) anomalies off WA and the alongshore-northerly wind anomalies through the Matsuno-Gill response. Then, the anomalous northerly wind, in turn, enhances the warming SST in the WA coastal region. However, the present study demonstrated that the strengthened rainfall over the NWA coastal region was directly caused by internal atmospheric forcing (i.e., moisture and heat transport and direct radiative heating), which corresponds to the large-scale atmospheric anomalous circulation rather than local SH fluxes that are related to the oceanic thermal state. While the anomalous atmospheric circulation can be induced by local SSTA in the southeastern Indian Ocean (Tozuka et al., 2014; Li et al., 2019), it remains vague to separate the cause and effect of the enhanced precipitation and the Matsuno-Gill-like wind anomaly. Moreover, the background SST may also affect the rainfall pattern in which enhanced convection occurs at lower latitudes with warmer background SST. Numerical experiments are required to address the detailed processes of the convection-circulation interaction during Ningaloo Niño.
The present study suggests that the surface sensible and latent heat fluxes are negligible to moistening and heating in the entire troposphere during Ningaloo Niño events. However, the sensible and latent heat fluxes increase with the negative PC1 but decrease with the positive PC1 (not shown); hence, they are not linearly correlated with the Ningaloo Niño events. This result is similar to the asymmetric cloud-shortwave radiation-sea surface temperature feedback, which is considered to play a vital role in warming the Ningaloo Niño-related SST (Tozuka and Oettli, 2018). In addition, surface flux data from a reanalysis dataset are dubious since they are sensitive to the parameterization schemes in the numerical model. Surface heat flux data obtained by direct measurements should be used to validate this result, and an in-depth analysis of all the surface fluxes should be conducted to confirm this asymmetric relationship between the surface heat fluxes and Ningaloo Niño events. Furthermore, a variety of coastal Niño events, i.e., the Dakar Niño (Oettli et al., 2016) and the Benguela Niño (Richter et al., 2010), have been reported in recent years. A comparison of the rainfall mechanism during these coastal Niño events would be beneficial to understand the complex air-sea interaction during these events.
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