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Introduction 
In the supporting material, we provide a detailed description of the procedures used to compute the velocity potential MJO (VPM) index for the ECMWF interim reanalysis (ERA-I) data (Text S1) and Minerva T1279 retrospective forecasts (Text S2).  The respective spatial structures of the leading two EOFs in Figs. S1 and S2 are discussed and compared.  Figs. S3 and S4 show Minerva T1279 ensemble mean composites of vertical wind shear and 925-hPa geopotential height and wind, respectively, for each phase of the MJO.

Text S1.
Computation of the VPM index for ERA-I data (MJJASON season of 1980-2013) follows the methodology of Ventrice et al. (2013) with a slight modification as outlined below and contains the following steps:

1. Compute 6-hourly 200-hPa velocity potential (VP200).
2. Calculate daily means of 200-hPa zonal wind (U200), 850-hPa zonal wind (U850) and VP200.
3. Interpolate the input fields of U200, U850, and VP200 to T42, which is the resolution of upper-air data in Minerva hindcasts, and equatorially average (15°N-15°S).
4. Calculate daily anomalies of the input fields by removing the time mean and first four harmonics of the climatological seasonal cycle.
5. To remove interannual variations, subtract a 120-day running average (based on the previous 120 days) from daily anomalies.
6. Prior to the EOF calculation, normalize the individual anomaly fields by the square root of the longitudinally averaged variance of the respective fields.
7. Compute combined EOF analysis of the above processed input field anomalies.
8. The resultant leading pair of PCs (PC1 and PC2) comprises the VPM index.  When the PCs are normalized, they may be equivalently expressed as a daily amplitude () and phase ().

The spatial structures (eigenvectors) of the leading two EOFs of the combined U200, U850 and VP200 fields are shown in Fig. S1.  The explained variances (eigenvalues) of the EOF1 and EOF2 are 20.1% and 16.5%, respectively.  Percent variances contributed by each field to EOF1 and EOF2 are shown to the right of each panel in Fig. S1.  It is evident that relative loadings of the VP200 to both EOF1 and EOF2 are higher than respective loadings of zonal wind fields.  These results are in broad agreement with the analysis of Ventrice et al. (2013) (their Fig. 1) performed using ERA-I data for January-December of 1990-2009.

Text S2. 
Computation of the VPM index for each individual ensemble member of the Minerva hindcasts is described below.  It starts with, first, calculating the EOF spatial structures using the ensemble mean retrospective forecast anomalies by employing in part the methodology described in Gottschalck et al. (2010) and Vitart (2017).  These steps are as follows:

1. Compute 6-hourly VP200 for each hindcast ensemble member.
2. Calculate daily means of U200, U850 and VP200 for each hindcast ensemble member.
3. Compute ensemble means of U200, U850 and VP200 daily fields and equatorially average (15°N-15°S).
4. Calculate ensemble mean daily anomalies of the input fields by removing the time mean and first four harmonics of the ensemble mean climatological seasonal cycle.
5. Append the past 120 days ERA-I anomalies computed in step 4 of Text S1 above to the ensemble mean hindcast anomalies.
6. Remove the average of the most recent 120 days of reanalysis/model hindcast anomaly data.  For instance, for the day 1 forecasts, the mean of the previous 119 days of the reanalysis plus the first day of the forecast is removed.
7. Normalize the individual anomaly fields by the square root of the longitudinally averaged variance of the respective fields.
8. Compute combined EOF analysis of the above processed input field anomalies.

The spatial structures of the leading two EOFs of the combined ensemble mean U200, U850 and VP200 hindcast anomalies are shown in Fig. S2.  The spatial distribution and phasing of the individual fields for the two EOFs is similar to that for the reanalysis based EOFs in Fig. S1, except that the model based EOF2 contains a larger contribution from higher frequency variability.  The explained variances of the leading EOFs (24.9% and 19.2%) are also comparable to the respective values for the reanalysis based EOFs (see Text S1).  Overall, Minerva hindcasts realistically capture the spatial structure characteristic of the MJO as described by the U200, U850 and VP200 fields.

Eigenvectors obtained above using ensemble mean input field anomalies are used to compute VPM indices for each individual ensemble member as shown in the following steps:

9. Equatorially average (15°N-15°S) daily means of U200, U850 and VP200 for each hindcast ensemble member.
10. Calculate daily anomalies of the input fields for each ensemble member by removing the time mean and first four harmonics of the ensemble mean climatological seasonal cycle.
11. Append the past 120 days ERA-I anomalies computed in step 4 of Text S1 above to the daily hindcast anomalies for each individual ensemble member.
12. Remove the average of the most recent 120 days of reanalysis/model hindcast anomaly data.
13. Normalize the individual anomaly fields using coefficients computed above in step 7.
14. Project anomalies in step 13 onto pre-computed combined EOFs calculated in step 8 to obtaine two components of the VPM index.
15. Normalize both components of the VPM index so that their standard deviations over all hindcast periods and ensemble members are equal to one.
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Figure S1: Spatial structures of EOFs 1 and 2 of the combined analysis of U200, U850, and VP200 anomalies based on the ERA-I data for MJJASON of 1980-2013.  The input field anomalies are constructed following the procedure outlined in Text S1. The variance explained by the respective EOFs is 20.1% and 16.5%, respectively.  Fractional contributions of each field to the explained variance of EOFs are shown to the right of each panel.
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Figure S2: Spatial structures of EOFs 1 and 2 of the combined ensemble mean U200, U850, and VP200 hindcast anomalies using Minerva hindcasts at T1279 (MJJASON of 1980-2013).  The input field anomalies are constructed following the procedure outlined in Text S2. The variance explained by the respective EOFs is 24.9% and 19.2%, respectively.  Fractional contributions of each field to the explained variance of EOFs are shown to the right of each panel.


[image: ]






































Figure S3: Minerva T1279 MJJASO (1980-2013) composites of ensemble-mean anomalous vertical wind shear for each MJO phase (indicated in the caption of each panel after letter “P”) using the VPM index.  Composites are made by averaging over the set of all days for a particular phase when amplitudes of the index are greater than one standard deviation.  Total number of days is listed in the caption of each panel.  Units are ms-1.
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Figure S4:  Minerva T1279 MJJASO (1980-2013) composites of ensemble-mean anomalous 925-hPa geopotential height (shaded) and 925-hPa wind (vectors) for each MJO phase (indicated in the caption of each panel after letter “P”) using the VPM index.  Composites are made by averaging over the set of all days for a particular phase when amplitudes of the index are greater than one standard deviation.  Total number of days is listed in the caption of each panel.  Units are m.  The reference vector is 0.7 ms-1.
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