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Figure 5a: Same as figure 4a except for OLR. Units are in Wm-2. 
 
 

 
 
 
Figure 6a: Same as figure 4a except for precipitation. Units are in mm. 
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Evaluation of MJO teleconnection in UFS

Large scale circulation: Z500 

Surface Weather: T2m, precip 



Extratropical cyclone activity: EKE850

Large scale circulation: Z500 

Surface Weather: T2m, precip 

A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y J U N E  2 0 2 2 E1437

The fidelity of the stratospheric polar vortex predicted by a model shows some dependency 
on the number of vertical levels and location of the model top (Charlton-Perez et al. 2013; Cai 
et al. 2017). As shown in Table 1, the number of vertical levels in the S2S models vary from 
17 (BoM) to 91 (ECMWF). Prediction systems with fewer levels also tend to have low model 
tops; e.g., Domeisen et al. (2020a) classified S2S models with less than 60 levels as low-top 
models. In this study the models defined as low top include BoM, CMA, and CNR-ISAC. These 
low-top models especially struggle to capture the stratospheric pathway; however, even high-
top models underestimate its strength.

MJO teleconnections to the Northern Hemisphere storm tracks
The NH midlatitude storm track is evaluated using the 24-h di)erence *ltered eddy kinetic 
energy at 850 hPa following Yau and Chang (2020), and de*ned as
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Fig. 7. Difference between MJO phases 5–6 and 1–2 for the (left) S2S models and (right) reanaly-
sis as a function of forecast week for reforecasts initialized during the boreal winter. (a),(b) U10 
at 60°N. (c),(d) 70°–90°N area-weighted average of Z500 and Z100. Reanalysis is subsampled to 
match the reforecast period of each model. The HMCR model is missing from (a) and (b) because 
the S2S database does not contain U10 from this model.
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Fig. 7. Difference between MJO phases 5–6 and 1–2 for the (left) S2S models and (right) reanaly-
sis as a function of forecast week for reforecasts initialized during the boreal winter. (a),(b) U10 
at 60°N. (c),(d) 70°–90°N area-weighted average of Z500 and Z100. Reanalysis is subsampled to 
match the reforecast period of each model. The HMCR model is missing from (a) and (b) because 
the S2S database does not contain U10 from this model.
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Evaluation Methods

a) Composite analysis: Anomalies after specific MJO phases 

b) STRIPES index (Jenney et al., 2019)

Sub-monthly time scales

Evaluation of MJO teleconnection in UFS
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STRIPES index: The oscillation (amplitude) of variables (z500, precip, etc) associated with different MJO phases and lag time
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Fig. 1 Vertical resolution of UFS5 (red) and UFS6 (blue). The pressure of each model layer is represented 131 

on the y-axis, while the thickness of each layer is represented on the x-axis. The dashed line depicts the 132 

distribution as if the thickness of each UFS5 model layer is reduced to its half (doubling UFS5 vertical 133 

resolution). 134 
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Table. 1 Model components of UFS5 and UFS6. 137 
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The model physics package is also upgraded from GFSv15.2 in UFS5 to GFSv16 in 139 

UFS6. The upgrades in GFSv16 include: (a) updates in the calculation of the solar radiation 140 

absorption by water clouds and cloud overlap assumptions in the Rapid Radiative Transfer 141 
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UFS

MJO itself and MJO teleconnection in UFS prototype 5 and 6:


Extended boreal winter: NDJFM (70 reforecast runs)


MJO phases defined by “observed” RMM index at reforecast initialization 


MJO events: RMM index amplitude > 1 at initialization


Climatology (as a function of lead time): average of reforecast runs that are initialized at the same month and day across different years


Forecast anomalies: deviation from the climatology


Verification dataset: ERA-interim & IMERG(percip), NOAA OLR




UFS: Prediction of the MJO
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relatively low skill model category when compared with the recent forecasting systems (Kim et 330 

al. 2018, 2019).  331 

 332 

Fig. 9 MJO prediction skill for UFS5 (red) and UFS6 (blue) reforecasts initialized with active MJO 333 

events during boreal winter (NDJFM). The prediction skill is evaluated based on the anomaly correlation 334 

coefficient (ACC, solid lines) and root-mean squared error (RMSE, dashed lines) between the model and 335 

observed RMM indices. The gray solid horizontal line indicates ACC of 0.5 and RMSE of 1.5.  336 

 337 

Next, we consider the prediction of eastward propagation of wind and OLR anomalies 338 

during strong (active) MJO events over the Indo-Pacific. We focus on events initialized during 339 

phase 2 and 3, as the MJO convective signal is located over the Indian Ocean and in which most 340 

forecast models predict weaker and slower than observed propagation across the Maritime 341 

Continent, the so-called the Maritime Continent (MC) prediction barrier (Kim et al. 2019). To 342 

compare the broad-scale MJO propagation, OLR and zonal wind at U850 anomalies are averaged 343 

over 15°S-15°N and displayed as a function of longitude and forecast lead (Fig. 10). While the 344 

observed OLR and U850 continue to propagate to the Eastern Pacific, the predicted signals in 345 

UFS5 weakens within a week although the U850 signal is somewhat captured until week 2. In 346 

UFS5 is slightly better in week 3


Performance not as good as the top performed S2S models in predicting MJO 
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UFS6, while the OLR and U850 signal is stronger than UFS5, the propagation speed is too slow, 347 

similar to many of the recent forecast systems (Kim et al. 2019). Note that this noisy signal is 348 

largely attributed to the small sample size used for averaging (16 events for phase 2 and 3). 349 

 350 

 351 

Fig. 10 Longitude-time composites of OLR (W/m2; shading) and U850 (contour; interval 0.3 m/s) 352 

anomalies averaged over 15°S-15°N for active MJO events. The vertical lines indicate 120ºE 353 

(approximately the center of the Maritime Continent), respectively. A 5-day moving average is applied. 354 

 355 

 356 

c. MJO teleconnections to the Northern Hemisphere geopotential height distribution 357 
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 369 

Fig. 11 Composites of the Z500 anomalies (Unit: m) from week 1 to 4 after an MJO event in phases 2-3 in 370 

the initial condition for ERA-I, UFS5 and UFS6. The black line outlines the Pacific-North America region 371 

where the Pattern CC and relative amplitude of MJO Z500 teleconnection are evaluated. Hashing represents 372 

regions where the anomalies are statistically significant at the 0.05 level based on a bootstrap resampling 373 

calculation. Numbers in the upper right show the pattern CC over the PNA region.  374 

 375 

 376 

Phase 2-3
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 377 

Fig. 12 Similar to Fig. 11, but for phases 6-7. 378 

 379 

The average pattern CC of individual reforecasts, instead of pattern CC of the composites 380 

(discussed above), is summarized in Fig. 13, which also includes the relative amplitude metric. 381 

The decrease of the pattern CC below 0.5 during the second week of the forecast (Fig. 13a-b) is 382 

similar to other S2S models (Stan et al., 2022). In weeks 3-4, the amplitude of teleconnection in 383 

UFS6 is slightly closer to observed values than in UFS5 for the MJO phases 2-3 (Fig. 13c) and 384 

overestimated for the MJO phases 6-7. Overall, UFS6 performs slightly better in capturing Z500 385 

teleconnection over the PNA region. 386 

 387 

MJO teleconnection (z500)

Phase 6-7

UFS6 is slightly better than UFS5
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 388 

Fig. 13 Pattern correlation coefficient (UFS vs ERA-I) and relative amplitude (UFS/ERA-I) of 500hPa 389 

geopotential height anomalies over the PNA region (20°-80°N, 120°E-60°W) vs forecast lead days for the 390 

MJO phases (a),(c) 2-3 and (b),(d) 6-7. Horizontal solid lines in (a) and (c) represent the reference line of 391 

pattern correlation at 0.5. Horizontal solid lines in (b) and (d) represent the reference line above (below) 392 

which the Z500 anomalies are overestimated (underestimated) in UFS models. The gray shading indicates 393 

the 95% confidence level determined by the bootstrap test. The lower boundary represents the minimum 394 

2.5th percentile of the bootstrapping distribution between the models, and the upper boundary represents 395 

the maximum 97.5th-percentile distribution between the models.  396 
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 397 

 The pattern CC and relative amplitude metrics can be applied to other regions with an a 398 

priori known influence of the MJO. The a priori requirement can be a disadvantage and a limitation 399 

for revealing potential shifts in the regions of MJO influence in the model or spurious model 400 

teleconnections. These limitations can be addressed by applying the STRIPES index.  401 

 402 

 403 

MJO teleconnection (z500)
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captures the pattern over the location that is more consistent with ERA-I. Both prototypes also 450 

capture the north-south dipole pattern over the North Atlantic. 451 

 452 

Fig. 15 Composites of week 3-4 extratropical cyclone activity (EKE850) when MJO is in phases 8-1 (a-c), 453 

2-3 (d-f), 4-5 (g-i) and 6-7 (j-l) at reforecast initialization time. The first row shows the composites of ERA-454 

I, while the second and third rows show the composites of UFS5 and UFS6, respectively. Hashing 455 

represents regions where the anomalies are statistically significant at the 0.05 level based on a bootstrap 456 

resampling calculation. Pattern correlation between prototypes and ERA-I over the northern hemisphere 457 

(20°-80°N) is shown in the upper right corner of each panel for UFS5 and UFS6. 458 

 459 

Week 3-4
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As discussed in Stan et al. (2022), models that better capture the MJO teleconnections of 460 

large scale circulation (Z500) also better capture the MJO teleconnections of the storm track, due 461 

to the fact that the storm track and the large scale circulation is symbiotic in nature (e.g. Cai and 462 

Mak 1990). The spatial pattern correlation between prototypes and ERA-I of extratropical cyclone 463 

activity and Z500 over the North Atlantic (20°-80°N, 90°W-30°E), the North Pacific and North 464 

America (20°-80°N, 120°E-90°W), and the northern hemisphere (20°-80°N) is summarized in Fig. 465 

16. Consistent with the discussion above, across different MJO phases, the teleconnection of the 466 

storm track is better captured (e.g., phases 4-5, 6-7) when the teleconnection of Z500 is also better 467 

predicted. The pattern correlation is near zero or negative for the MJO phases 8-1 and 2-3, partially 468 

due to the fact that MJO teleconnections in both large-scale circulation (section 3c) and the storm 469 

track are weak in ERA-I. These MJO phases are only shown for the consistency of storm track 470 

analysis. For phase 4-5 and 6-7, the pattern correlation is higher in UFS5 than UFS6 over the North 471 

Atlantic (Fig. 16a); however, the pattern correlation over the North Pacific and North America is 472 

higher in UFS6 than in UFS5. Over the Northern Hemisphere (Fig. 16c), the two prototypes have 473 

very similar pattern correlation for the MJO phases 4-5, while UFS6 has higher pattern correlation 474 

in extratropical cyclone activity than UFS5 for phases 6-7.  475 

 476 

MJO teleconnection (Extratropical cyclone activity)
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Mak 1990). The spatial pattern correlation between prototypes and ERA-I of extratropical cyclone 463 

activity and Z500 over the North Atlantic (20°-80°N, 90°W-30°E), the North Pacific and North 464 

America (20°-80°N, 120°E-90°W), and the northern hemisphere (20°-80°N) is summarized in Fig. 465 

16. Consistent with the discussion above, across different MJO phases, the teleconnection of the 466 

storm track is better captured (e.g., phases 4-5, 6-7) when the teleconnection of Z500 is also better 467 

predicted. The pattern correlation is near zero or negative for the MJO phases 8-1 and 2-3, partially 468 

due to the fact that MJO teleconnections in both large-scale circulation (section 3c) and the storm 469 

track are weak in ERA-I. These MJO phases are only shown for the consistency of storm track 470 

analysis. For phase 4-5 and 6-7, the pattern correlation is higher in UFS5 than UFS6 over the North 471 

Atlantic (Fig. 16a); however, the pattern correlation over the North Pacific and North America is 472 

higher in UFS6 than in UFS5. Over the Northern Hemisphere (Fig. 16c), the two prototypes have 473 

very similar pattern correlation for the MJO phases 4-5, while UFS6 has higher pattern correlation 474 

in extratropical cyclone activity than UFS5 for phases 6-7.  475 

 476 

MJO teleconnection (Extratropical cyclone activity)

Better capture of large scale circulation—> better capture of extratropical cyclone activity


Prototype 5 & 6 performs better/worse in different MJO phases and regions

Week 3-4
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Fig. 18 Similar to Fig. 17, but for the MJO phase 7. 504 

 505 

f. MJO teleconnections to the Northern Hemisphere precipitation 506 

 507 

Fig. 19 As in Fig. 14, but for precipitation.  508 

 509 

 STRIPES indices for observed precipitation are shown in Fig. 19a. Large values are noticed 510 

over the storm tracks, over the central west coast of North America, over the southeastern US, and 511 

MJO teleconnection (precip)

STRIPES index:


Oscillation of precip associated with different 

MJO phases and lead time



Conclusion

Prediction of the MJO: UFS5 skill is slightly better than UFS6 in week 3, but not comparable to most recent forecast models.

Both prototypes still have difficulties in propagating the MJO across the Maritime Continent.


Large scale circulation (Z500): UFS6 is slightly better than UFS5; both prototypes show similar biases (underestimate the oscillation/variability 
associated with the MJO)


Precipitation: Both prototypes underestimate the variability associated with the MJO


Extratropical cyclone activity: Both prototypes capture the MJO-related signal in phase 6-7 over the North Atlantic, and in phase 4-5 over the North 
Pacific; extratropical cyclone activity anomalies are better captured when large scale circulation is better captured by the prototypes


T2m: Both prototypes forecast the sign, amplitude, and approximate locations of temperature anomalies over the mid-to-high latitude continents 
for RMM phase 3. For phase 7, both prototypes fail to capture the sign reversal over North America from week 3 to in the reanalysis, while cold 
anomalies over Eurasia are better captured by UFS5 than UFS6. 

Overall, two prototypes show similar performance in predicting MJO-teleconnection.

The increase in vertical levels and the upgrades in model physics does not show large benefits in predicting the MJO-teleconnection in the 
troposphere.  



Caveats/Limitation

Limited number of reforecast (twice a month; 1 ensemble member; during 7 years):


Only 70 reforecast runs during extended boreal winter (NDJFM);

About ~46 runs with active MJO (RMM amplitude>1) at initialization


Difficult to get statistical significant differences between p5 and p6;

Difficult to compare with other S2S models;

Difficult to isolate MJO-related signal from other variability
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captures the pattern over the location that is more consistent with ERA-I. Both prototypes also 450 

capture the north-south dipole pattern over the North Atlantic. 451 

 452 

Fig. 15 Composites of week 3-4 extratropical cyclone activity (EKE850) when MJO is in phases 8-1 (a-c), 453 

2-3 (d-f), 4-5 (g-i) and 6-7 (j-l) at reforecast initialization time. The first row shows the composites of ERA-454 

I, while the second and third rows show the composites of UFS5 and UFS6, respectively. Hashing 455 

represents regions where the anomalies are statistically significant at the 0.05 level based on a bootstrap 456 

resampling calculation. Pattern correlation between prototypes and ERA-I over the northern hemisphere 457 

(20°-80°N) is shown in the upper right corner of each panel for UFS5 and UFS6. 458 

 459 

Caveats/Limitation

Extratropical cyclone activity:


phase 4-5: large anomalies over the North 
Pacific


Only 6 reforecast initialized in RMM phase 
4-5


3 of the 6 runs initialized in winter 
2015-16, a strong El Niño event  

—> phase 4-5 composite is largely 
contributed by ENSO signal

—> high correlation between model and 
reanalysis in phase 4-5 is not necessarily 
due to model well capturing MJO-
teleconnection; but rather due to model 
capturing ENSO-teleconnection

Week 3-4




