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CMIP6 projections of future MJO changes under steepened moisture gradient conditions over the Indo-Pacific warm pool 
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Abstract
The Madden-Julian oscillation (MJO) has remarkable impacts on global weather and climate systems. Understanding its changes under a warming climate provides insights into how MJO-related phenomena may change accordingly. This study examines the future changes in MJO projected by 23 Coupled Model Intercomparison Project Phase 6 (CMIP6) models that produce a realistic MJO propagation in their historical runs. Results from the multi-model mean show a ~17% increase in MJO precipitation amplitude, a ~9% increase in propagation speed, a ~2-day decrease in MJO period, and a ~5° eastward extension. Analysis of the lower tropospheric moisture budget suggests the dominant role of an increased meridional advection of mean moisture caused by the steepening of mean moisture over the Indo-Pacific warm pool in a warming climate. This leads to a stronger positive moisture tendency to the east of MJO convection, and hence a more eastward MJO propagation with strengthened amplitude and faster speed. 

Plain Language Summary
The Madden-Julian oscillation (MJO) is the dominant mode of intraseasonal variability in the tropics and is characterized as an eastward-propagating convection system that usually initiates in the Indian Ocean and terminates in the Pacific. As the MJO propagates, it influences weather and climate systems globally. Previous studies have provided some insight into how the MJO may change in a warming climate based on a single model or a limited number of model simulations (some of them have difficulties reproducing realistic MJO propagation). This study quantitatively examines future changes in the MJO using models from the Coupled Model Intercomparison Project Phase 6 (CMIP6) database that realistically simulate the eastward MJO propagation. Most models project that MJO-related convection will be stronger, and the MJO will propagate faster and extend further eastward in a warming climate. The above changes are primarily due to an increase in mean moisture that peaks near the Equator over the Indo-Pacific warm pool.

1. Introduction
The Madden-Julian oscillation (MJO, Madden & Julian, 1971, 1972) is the dominant planetary-scale intraseasonal mode of climate variability in the tropics and is characterized by an eastward propagation of convection-circulation coupled system in the Indo-Pacific region with a period of approximately 30-60 days. The MJO has a strong influence on global weather and climate phenomena via teleconnections (e.g., Henderson et al. 2016; Zhang 2013) and is hence considered a major source for subseasonal-to-seasonal (S2S) predictability. Previous studies based on observational records and model simulations have shown that the MJO is projected to change substantially in a warming climate (see detailed review by Maloney et al. 2019). For example, Roxy et al. (2019) showed that the expansion of the Indo-Pacific warm pool during the twentieth and early twenty-first centuries as a result of anthropogenic warming leads to significant changes in the MJO life cycle from 1981-1999 to 2000-2018: MJO-related convective activity has changed to having a shorter duration over the Indian Ocean from an average of 19 days to 15.4 days, and longer duration over the Maritime Continent (MC) and the western Pacific from an average of 17.5 days to 23 days. In addition, several studies examined the changes in MJO precipitation and circulation using CMIP models and showed a projected increase in the amplitude of the MJO thermodynamic field (precipitation) and little change or a decrease in the amplitude of the MJO dynamic field (circulation) due to an increase in the vertical moisture gradient and static stability (e.g., Bui and Maloney 2018, 2019a, 2019b, 2020; Rushley et al. 2019). Other MJO characteristics are also projected to change in a warmer climate: eastward extension, increased propagation speed, a shorter timescale, and more frequent MJO events than the current climate (e.g., Arnold et al. 2013, 2015; Chang et al. 2015). 
Although previous studies have investigated MJO changes under anthropogenic warming scenarios, the robustness of those results is constrained by several limitations: 1) discontinuous satellite data records in the latter half of the twentieth century; 2) a limited number of model simulations being examined, i.e., the model studies are generally based on a single or only a few models; 3) oversimplified configurations in the numerical model experiments; 4) “poor” simulation of basic MJO characteristics in the older generation of models (e.g., CMIP3 and CMIP5) such as too weak an amplitude, too fast a propagation, and an exaggerated MC barrier effect (e.g., Ahn et al. 2017; Kim et al. 2014). The newly available CMIP6 database has the potential to help mitigate the above limitations, as they show significant improvement in MJO simulations compared to their older generations. There is considerably improved and coherent eastward propagation over the MC due to the reduced dry moisture bias in the mean states (Ahn et al. 2020), more realistic amplitudes of MJO precipitation and zonal winds (Orbe et al. 2020), and reduced inter-model spreads of the MJO characteristics (Chen et al. 2022). 
In this study, we perform a systematic and quantitative examination of future MJO changes in a set of 23 CMIP6 model simulations that have realistic MJO propagation. Changes in MJO amplitude, propagation speed, and zonal extension and their uncertainties will be discussed with a multi-model comparison. The underlying mechanisms of the changes will be explored based on the moisture budget analysis given that the MJO propagation and maintenance are largely controlled by the physical processes that give rise to the moisture anomalies (e.g., Adames et al. 2020; Sobel and Maloney 2013). This study provides new insights including quantitative estimates of projected future changes in various characteristics using newly developed/modified metrics, examination of model uncertainties in MJO changes in a large set of model databases, and attribution of MJO changes to mean moisture trends. This study also sets a foundation for a better understanding of how MJO impacts may change in the future.

2. Data and Method
2.1 CMIP6 Simulations and verification data
This study uses the daily output from 23 CMIP6 climate model simulations (Eyring et al. 2016; Table S1 in the supporting information) which contain a realistically simulated MJO in their historical runs. These models were selected originally from 35 CMIP6 models by applying the propagation metric defined by Ahn et al. (2020) when it is greater than 0.75. This metric was designed to indicate the robustness of MJO propagation over the MC and is calculated as the normalized 0-25-day lag-regression coefficient over MC area (100°-150°E) in models against observations. Therefore, the CMIP6 models selected in our study produce a realistic MJO propagation. The observed precipitation is derived from the Tropical Rainfall Measuring Mission 3B42 Version 7 (TRMM, Huffman et al. 2007) from 1998 to 2018. To examine future MJO projections, we use the SSP585 scenario from the ScenarioMIP runs (O’Neill et al. 2016) which follows the RCP8.5 global forcing pathway (i.e., radiative forcing of 8.5 W/m2 by the end of the 21st century) with SSP5 socioeconomic conditions. The periods of the historical and projected future simulations are 1979-2014 and 2065-2100, respectively. 
Only one ensemble member of each model (Table S1 in the supporting information) is used for a consistent comparison. Daily precipitation is used for the quantitative examination of changes in basic MJO characteristics. Specific humidity and horizontal winds derived from a subset of models (16/23) are used in the moisture budget analysis given limited data availability. All model outputs are interpolated to a horizontal grid of 2.5°×2.5° to produce consistent multimodel analyses. Anomalies are derived by first removing the first three harmonics of the annual cycle, and then applying a 25-90 day bandpass filter to extract the intraseasonal signals. The current study focuses on the boreal winter from October to March when the MJO is most active (e.g., Lu and Hsu 2017). 
2.2 Moisture Budget Analysis
Following Ahn et al. (2020), an integrated moisture budget analysis between 850-700hPa is performed given that the MJO-associated moisture anomaly peaks at ~700hPa (Adames and Wallace 2015; Kiladis et al. 2005):

where , , , and  indicate specific humidity, zonal, meridional, and pressure velocity, respectively.  and  represent precipitation and evaporation. 

3. Results
3.1 Quantitative examination of future changes in MJO characteristics 
3.1.1 Propagation and spectral properties of future MJO 
Hovmöller diagrams of 10°S-10°N averaged precipitation anomalies are constructed respectively for the historical and future period in each model (Figure 1), along with the TRMM precipitation. Day 0 corresponds to the day when the standard deviation of precipitation anomaly averaged over the eastern Indian Ocean (85°-95°E, 5S°-5°N) is greater than 1. The eastward MJO propagation is realistically simulated. Results of the multi-model-mean (MMM, Figures 1a-b) indicate an overall stronger MJO precipitation with an eastward extension (more discussion in the following sections).
[bookmark: _Hlk124330920]Wavenumber–frequency power spectra of 10°S–10°N averaged un-filtered precipitation for observation and CMIP6 models are compared in Figure S1 along with their future projections. In observations, spectral peaks within the 25–100-day period at wavenumbers 1–3 are seen, consistent with previous studies (e.g., Ahn et al. 2017). Some CMIP5 models showed biases in simulating the eastward power of the MJO, which peaks at a much lower frequency/longer period (>100-day period) such as in BCC-CSM1-1, CanESM2, GFDL-ESM2M, HadGEM2-CC, HadCM3, and ACCESS1-0 (Ahn et al. 2017). This bias is still seen in some CMIP6 models, especially in ACCESS-ESM1-5, CESM2, CESM2-WACCM, EC-Earth3-Veg, HadGEM3-GC31-MM, KACE-1-0-G, MRI-ESM2-0, and NorESM2-MM. Most CMIP6 models project the future MJO to peak at a shorter period and larger spatial scale (smaller zonal wavenumber), consistent with results found in previous studies (Adames et al. 2017; Arnold et al. 2013, 2015).
3.1.2 MJO amplitude
Future changes in the MJO amplitude, propagation speed, and zonal extension are now measured in each model by quantitative metrics.
The standard deviation of the precipitation anomalies in the Hovmöller diagrams is calculated from -20 to 20 days with a longitudinal span of 30°E-160°W (green box in Figure 1a,b) as a representative of the MJO precipitation amplitude. The difference between the future and historical values normalized by the historical basis is used to measure the relative change of the MJO amplitude (Figure 2a). Most models analyzed in this study tend to project a stronger amplitude of the MJO precipitation in the future. The change is especially profound in CESM2, CESM2-WACCM, and NESM3 with an average amplitude increasing above ~30%. In contrast, some models (ACCESS-ESM1-5, BCC-CSM2-MR, CAMS-CSM1-0, and MPI-ESM1-2-LR) show a modest increase or even a decrease in the MJO precipitation. The MMM MJO precipitation amplitude is 0.71 mm/day in the current climate and will increase to 0.83 mm/day in the future, which is a ~17% increase.
Although studies generally agree that MJO precipitation amplitude will be increasing in a warmer climate (e.g., Adames et al. 2017; Bui and Maloney 2019a,b) as shown in this study, changes in MJO circulation amplitude are more uncertain. Several studies have shown stronger MJO circulations (Carlson and Caballero 2016; Pritchard and Yang 2016), while many others showed either ambiguous (Liu et al. 2013; Subramanian et al. 2014) or weakened MJO circulation intensity (Adames et al. 2017; Bui and Maloney 2018, 2019a,b; Wolding et al. 2017). Here, we revisit the amplitude change in MJO-related low-level circulation in CMIP6 models (Figure S2). The models agree with the observed patterns that low-level easterly (westerly) wind is generated to the east (west) of enhanced MJO convection. The amplitude metric defined in this study is then calculated on the filtered 850hPa zonal wind (Figure S3). The MMM suggests a ~10% increase in low-level MJO circulation in a warmer climate which is especially profound in CESM2-WACCM. CAMS-CSM1-0, CNRM-CM6-1, CNRM-ESM2-1, EC-Earth3, FGOALS-g3, and MPI-ESM1-2-HR, on the other hand, project a decrease in MJO circulation. Future investigation is needed to examine the uncertainty of MJO circulation amplitude changes, such as how it is sensitive to the different quantification metrics of MJO circulation as we note that a contradictory result is found between this study and Wang et al. (2022).  The main difference is that Wang et al. (2022) used the filtered variance of 850hPa zonal wind regardless of its dependence on MJO propagation.
3.1.3 MJO propagation extension
A metric adopted from Ahn et al. (2020) is used to measure the extension magnitude of the MJO propagation. It is calculated as the average of precipitation positive anomalies over 0-20 days, 120°-170°E in Hovmöller diagrams (dashed black box in Figure 1a). Differences between the future and historical runs normalized by the historical values are shown in Figure 2b. It is found that 19/23 (~83%) models suggest a more eastward extended MJO propagation in the future, especially in CESM2 and CESM2-WACCM. CAMS-CSM1-0, EC-Earth3-Veg, MIROC-ES2L, and NorESM2-MM, on the other hand, project a westward retreatment of the MJO propagation. The MMM of propagation extension magnitude suggests ~28% more precipitation in the easternmost reach of the MJO. The eastward extended propagation feature is further tested using the metric developed by Zhang and Ling (2017) with slight modifications such as varying reference longitudes by models. Their metric is to quantify the ending longitude of the MJO propagation calculated using the Hovmöller diagrams (e.g., Figure 1) as follows: First, draw a set of slopes that passes across the maximum precipitation center at day 0 with different phase speeds from 3 m/s to 7 m/s with an interval of 0.1 m/s. Then, identify the longest segment along the slope that has precipitation anomaly greater than 0.5 mm/day. Lastly, compare the segment selected for each slope and find the one that has the largest averaged precipitation amplitude and the longest longitudinal distance between the starting and the endpoint. The endpoint of the selected slope is used as another propagation extension metric and the corresponding results are shown in Figure 2c to test the robustness of Figure 2b. The results are generally consistent between the two metrics (significant correlation at 0.51) that most CMIP6 simulations are projecting a more eastward extended MJO propagation except for EC-Earth3, HadGEM3-GC31-MM, MIROC-ESM2L, and NorESM2-LM. The MMM is 138.26°E for the historical run, and 143.8°E for the future run, indicating about 5° more eastward extension of the MJO precipitation in the warming climate.
3.1.4 MJO propagation speed
MJO phase speed is quantified using the phase speed of the slope that was selected in the “extension” discussion. This metric shows that MJO propagates with an average speed of 5.81 m/s in the historical runs, and 6.31 m/s in the future runs, which is ~9% increase. The relative MJO phase speed change in the individual model is shown in Figure 2d. 17/23 (~74%) models project faster MJO propagation in the warming climate. Especially in CESM2-WACCM, CNRM-CM6-1, FGOALS-g3, and MPI-ESM1-2-HR, the MJO is projected to propagate over 20% faster than that in the current climate.  The MJO period is used as another metric to estimate the MJO propagation speed which is calculated from the wavenumber-frequency power spectra (Figure S1). It is the sum of the power-weighted period divided by the sum of power over the 25-100-day period for zonal wavenumbers 1-3 (Figure 2e). In the historical runs, the MMM MJO period is 38.7 days, which decreases to 36.6 days in future runs. This ~5% shorter MJO period indicates a faster MJO propagation in the future which is consistent with the results estimated from the phase speed metric. 
3.2 Plausible mechanisms based on moisture mode hypothesis
We now investigate plausible physical mechanisms associated with the future changes in MJO from a moisture mode perspective. Figures 3a-c show the Hovmöller diagrams of 10°S-10°N averaged MMM precipitation and moisture tendency anomalies associated with the historical MJO, the future MJO, and their differences. The enhanced MJO convection is tightly coupled with strong positive moisture tendency (i.e., moisture recharging) to its east which leads to eastward MJO propagation (e.g., Rushley et al. 2022). This positive moisture tendency is significantly intensified in the warming climate over 10°S-10°N, 120°E-160°W from day -5 to day 5 which has a large model agreement (not shown) and thus provides a more favorable condition for the MJO to propagate eastward. A significant correlation is found between the increased moisture recharge averaged over the above region (red boxes in Figures 3a-c) and increased MJO precipitation amplitude at 0.82. The increased moisture recharge is also significantly correlated with a more eastward MJO propagation at 0.61.  
[bookmark: _Hlk124330981]To further understand the mechanism of the intensified moisture tendency, the individual moisture budget terms are calculated by averaging over 10°S-10°N, 120°E-160°W from day -5 to day 5 where a significant change in moisture tendency is identified. The results show a dominant contribution of enhanced meridional advection to the intensified positive moisture tendency, consistent with observation (Figure S4), while changes in zonal advection and the residual terms including vertical moisture advection, precipitation, and evaporation play an opposite role in the moisture tendency changes. The longitudinal variation of each budget term is given in Figure S4, which shows the contribution of each moisture term to the total moisture tendency with respect to MJO convection over the MC. In both the current and future climates, the meridional advection of moisture dominates the positive moisture tendency anomaly to the east of MJO convection, and the negative tendency anomaly to the west, followed by the contribution from zonal advection. The cancellation effect of positive zonal advection over 110°-140°E and negative zonal advection over farther east leads to the negative contribution to the total moisture tendency and their change as found in Figure 3d.
The mean state moisture and its meridional gradient are then compared in Figure 4 between the historical and future runs to understand the positive change in meridional moisture advection in a warming climate given that the meridional advection is dominated by the advection of mean state moisture by MJO wind (e.g., Ahn et al. 2020; Kang et al. 2021). The results indicate a significant increase in the mean moisture in a warming climate with the largest magnitude near the Equator. This pattern leads to a steepening of the meridional gradient of mean moisture in the tropics, especially over the Indo-Pacific warm pool and eastern Pacific and hence a stronger meridional advection of moisture. The above processes favor stronger moisture recharging to the east of enhanced MJO convection assuming the MJO wind remains unchanged, leading to the more eastward extension of MJO in the warming climate (Figures 1 and 2). In addition to its impacts on MJO extension, the steepening of the meridional moisture gradient also positively contributes to the faster MJO phase speed with a correlation between increased moisture tendency and increased phase speed at 0.49. This is consistent with the relationship that MJO phase speed is proportional to the meridional gradient of mean moisture (Adames and Kim 2016). The intensification of MJO precipitation amplitude, on the other hand, has been documented to be largely attributed to the increased vertical moisture gradient in the lower troposphere in response to surface warming (e.g., Wolding et al. 2017) and is verified by this study (not shown).  

4. Summary and Discussion
This study quantitatively examines the future changes in MJO and their mechanisms in 23 CMIP6 models. In general, the multi-model mean projects a ~17% increase in MJO precipitation amplitude (model ranges from -10% to 70%), ~10% increase in MJO circulation amplitude (ranges from -20% to 80%), ~9% increase in propagation speed (ranges from -30% to 40%), ~2 days shorter period (ranges from 5-day decrease to 2-day increase), and ~5° eastward extension (ranges from 20° westward retreatment to 20° eastward extension). The more eastward extension and faster phase speed may be attributed to the steepening of the meridional gradient of mean moisture over the Indo-Pacific warm pool in a warming climate that leads to stronger moisture recharging during the MJO propagation.
This study uses a variety of metrics for quantifying the future changes in MJO propagation and phase speed and their uncertainty. The results showed that models generally have large consistency in projecting future MJO changes and the uncertainty mainly arises from the different metrics being used to quantify the changes. For example, in FGOALS-g3 and MPI-ESM1-2-LR, the MJO propagation speed is faster in the future climate, yet the MJO period is longer, suggesting an opposite projection of MJO phase speed by different metrics. The different propagation extension metrics also show different projections in EC-Earth3-Veg and NorESM2-LM/MM. The causes of the uncertainty of future MJO changes merit further investigation. It is also important to examine how sensitive the projected MJO is to the model projection of the mean state changes. This is motivated by the studies showing that MJO projections are largely dependent on the projected sea surface temperature patterns (e.g., Maloney and Xie 2013; Takahashi et al. 2011).  
Here, we diagnosed future projected changes in the MJO to help lay a foundation for a more detailed assessment of S2S predictability in our changing climate. Studies have shown that the MJO significantly modulates precipitation extremes in many regions around the globe including Indonesia, the western Pacific, Brazil, and the Western U.S. (e.g., Jones et al. 2004; Muhammad et al. 2021; Vasconcelos et al. 2018; Wang et al. 2023). Zhou et al. (2020) indicated that the most eastward extended MJO and its teleconnections would lead to larger impacts on precipitation over California in the future climate. How MJO-associated precipitation extremes may change in the future as a result of the MJO and mean state changes will be examined in our future study.
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[bookmark: OLE_LINK188][bookmark: OLE_LINK122][bookmark: OLE_LINK123][bookmark: OLE_LINK45]FIG. 1. Lag-longitude diagram of 10°S-10°N averaged 25-90-day filtered precipitation anomalies for TRMM, MMM (a) historical and (b) future MJO based on time series averaged over 85°-95°E, 5°S-5°N greater than one standard deviation. (c)-(vv) are similar to (a) and (b) except for historical and future MJO in individual CMIP6 models. The green box (30°E-160°W, -20 to 20 days) in (a) and (b) shows the region used for calculating the MJO amplitude metric. The black dashed box (120°-170°E, 0-20 days) in (a) and (b) indicates the region used for calculating the MJO propagation extension metric.
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FIG. 2. Future changes in (a) MJO precipitation amplitude, (b)-(c) propagation extension, (d) propagation speed, and (e) period projected by each model and the MMM (open circles).
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[bookmark: OLE_LINK124][bookmark: OLE_LINK125][bookmark: OLE_LINK46]FIG. 3. (a)-(b) Same as Figure 1, but for MMM filtered precipitation anomalies (shading) and 850-700hPa vertically integrated moisture tendency anomalies (contour,  interval) in historical and future climates, respectively. (c) Difference between (b) and (a), which represents the future change in MJO precipitation (shading) and moisture tendency (contour,  interval). Dots and hatch in (c) denote the significant difference in precipitation and moisture tendency, respectively, at the 0.05 significance level. The red box in each plot denotes the region (120°E-160°W, -5 to 5 days) where the calculation of contribution from each moisture budget term is conducted. (d) 850-700hPa integrated moisture budget (unit: ) averaged over the red box in (a)-(c) where the change in moisture tendency is significant.
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[bookmark: OLE_LINK126][bookmark: OLE_LINK127][bookmark: OLE_LINK61]FIG. 4. (a) Historical and (b) future 850-700hPa integrated mean state moisture and (c) their difference. (d) Future changes in meridional gradient of mean moisture. Dots in (c) and (d) indicate the difference at the 0.05 significance level.
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