
 
 

 

 

 

Supplemental Material 
Weather and Forecasting 

Skillful All-Season S2S Prediction of U.S. Precipitation Using the MJO and QBO 

https://doi.org/10.1175/WAF-D-19-0232.1 

 

© Copyright 2020 American Meteorological Society 

Permission to use figures, tables, and brief excerpts from this work in scientific and 

educational works is hereby granted provided that the source is acknowledged. Any use 

of material in this work that is determined to be “fair use” under Section 107 of the U.S. 

Copyright Act or that satisfies the conditions specified in Section 108 of the U.S. 

Copyright Act (17 USC §108) does not require the AMS’s permission. Republication, 

systematic reproduction, posting in electronic form, such as on a website or in a 

searchable database, or other uses of this material, except as exempted by the above 

statement, requires written permission or a license from the AMS. All AMS journals and 

monograph publications are registered with the Copyright Clearance Center 

(http://www.copyright.com). Questions about permission to use materials for which AMS 

holds the copyright can also be directed to permissions@ametsoc.org. Additional details 

are provided in the AMS Copyright Policy statement, available on the AMS website 

(http://www.ametsoc.org/CopyrightInformation). 

http://www.ametsoc.org/PUBSCopyrightPolicy
http://www.copyright.com/
http://www.ametsoc.org/CopyrightInformation


Supplemental Material to Accompany:1

Skillful all-season S2S prediction of U.S. precipitation using the MJO and QBO2

Kyle M. Nardi1 2
3

Department of Atmospheric Science, Colorado State University, Fort Collins, Colorado.4

Cory F. Baggett5

National Oceanic and Atmospheric Administration, NWS/NCEP/CPC, College Park, Maryland,6

Innovim, LLC, Greenbelt, Maryland.7

Elizabeth A. Barnes8

Department of Atmospheric Science, Colorado State University, Fort Collins, Colorado.9

Eric D. Maloney10

Department of Atmospheric Science, Colorado State University, Fort Collins, Colorado.11

Daniel S. Harnos12

National Oceanic and Atmospheric Administration, NWS/NCEP/CPC, College Park, Maryland.13

Laura M. Ciasto14

National Oceanic and Atmospheric Administration, NWS/NCEP/CPC, College Park, Maryland,15

Innovim, LLC, Greenbelt, Maryland.16

1Current Affiliation: Department of Meteorology and Atmospheric Science, The Pennsylvania State University, University Park, Pennsylvania
2Kyle M. Nardi, Department of Meteorology and Atmospheric Science, 530 Walker Building, University Park, PA 16802

1



Skill in other regions and seasons17

Figure S1 shows positive HSS for California (labeled here as the “U.S. West Coast”) during18

winter (DJF) under easterly and westerly QBO conditions. Figure S1 is similar to Figure 1 in the19

main text in that phase and lead combinations with negative skill are colored white. Reds indicate20

positive skill for forecasts of below-normal precipitation, while blues indicate positive skill for21

forecasts of above-normal precipitation. Figure S2 is similar to Figure S1 but shows positive22

HSS for Texas (labeled here as the “Southern Great Plains”) during summer (JJA). Under easterly23

QBO conditions, it is clear that in both regions phase and lead combinations with negative skill24

outnumber those with positive skill. However, positive skill exists in the U.S. West Coast during25

Weeks 4 and 5 following MJO phases 3 and 4, while positive skill also exists in the U.S. Southern26

Great Plains during Weeks 4 and 5 following MJO phases 7 and 8. This indicates that even in27

those regions with incoherent MJO propagation patterns and associated skill, there are still some28

opportunities to exploit positive skill.29

Model skill for precipitation and related synoptic variables30

Figures S3 and S4 show the percentile of precipitation anomalies, with respect to the histori-31

cal distribution for each region, MJO phase, and QBO phase, for the 5-day lead window starting32

on Day 15 (Days 15 through 19) for the spring (MAM) and summer (JJA) seasons. Like winter33

and fall, spring and summer also exhibit regional clusters of statistically significant precipita-34

tion anomalies during Week 3. In addition, Figures S5 through S8 indicate strong statistically-35

significant conditional precipitation anomaly responses exist during Week 6 (Days 36 through36

40), and these strong responses coincide with high empirical model skill. In the U.S. Southeast37

during fall, for example, strong positive precipitation anomaly responses occur for Days 36-40 in38

MJO phases 2 and 3 under westerly QBO conditions (see Figure S6). Figure 1 from the main39
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text indicates that the empirical model provides skillful forecasts of opportunity for above-normal40

precipitation for these phase and lead combinations under westerly QBO conditions. Under east-41

erly QBO conditions, strong negative precipitation anomaly responses occur over the same lead42

window for MJO phases 1 through 3, also coinciding with skillful forecasts of opportunity for43

below-normal precipitation. Together, Figures S3 through S8 further demonstrate the relationship44

between historical precipitation responses and empirical model skill through Week 6.45

Does this relationship with empirical model skill extend to historical responses of other synop-46

tic quantities known to influence precipitation (namely, 500-hPa geopotential height and IVT)?47

Visual inspection of anomaly percentiles for geopotential height (Figures S9 through S16) and48

IVT (Figures S17 through S24) suggests spatial correlation between percentiles of precipitation,49

geopotential height, and IVT anomalies (also seen in Figures 8 and 9 in the main text). Figures50

S25 and S26 show correlations of the percentiles of the synoptic quantities mentioned above with51

HSS for precipitation. In these figures, positive correlations indicate higher positive skill is fa-52

vored when the percentiles deviate more from the 50th percentile of the full historical distribution53

(Figures 8 and 9 in the main text). For the case of 500-hPa geopotential height, higher positive54

correlations mostly occur in the western half of the U.S. For IVT, this mainly occurs in the vicinity55

of the western and Gulf coasts of the U.S.56

Figures S25 and S26 indicate that historical responses of geopotential height and IVT likely57

help explain the empirical model’s skill in predicting precipitation. However, geopotential height58

and IVT fields, alone, do not paint the entire picture of the synoptic setup. In addition, mesoscale59

circulations (e.g., gust fronts, sea breezes, mountain-valley circulations) likely have a significant60

impact on historical precipitation responses and model skill. Another complicating factor in ex-61

plaining model skill is that the drivers of precipitation likely vary by region and season. Therefore,62
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additional analysis is needed to fully explain strong observed precipitation responses and associate63

skill at S2S leads.64

Influence of the QBO as a predictor65

Figure S27 summarizes the influence of adding the QBO as a predictor for all phase and lead66

combinations in Weeks 3 through 6. Statistical significance (90% confidence) of the differences67

between model versions is assessed using a modified version of the random walks method in68

which the baseline is the model run using only the MJO (rather than a random model, as before).69

We find that in most regions and seasons, adding the QBO produces more statistically significant70

decreases in skill than statistically significant increases in skill. Given the enhancement of skillful71

forecasts of opportunity shown in main text Figures 10 and 11, this implies that adding the QBO72

enhances skill that is already positive (i.e., qualifying or nearly qualifying as a skillful forecast of73

opportunity) but decreases skill that is already modest or negative.74
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FIG. 1. Empirical model skill (HSS) for precipitation forecasts for each combination of MJO phase (1-8) and

lead time (0-42 days). Forecasts are initialized from December through February and are valid for the U.S. West

Coast (region centered at longitude 235.25◦E, latitude 39.75◦N). Skill is shown for each QBO phase. Here, we

white out all negative skill. Blues imply positive skill for forecasts of above-normal precipitation, while reds

imply positive skill for forecasts of below-normal precipitation. Black dots indicate that the empirical model’s

skill is significantly better than a random model at the 90% confidence level.
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FIG. 2. Empirical model skill (HSS) for precipitation forecasts for each combination of MJO phase (1-8) and

lead time (0-42 days). Forecasts are initialized from June through August and are valid for the U.S. Southern

Great Plains (region centered at longitude 262.25◦E, latitude 32.25◦N). Skill is shown for each QBO phase.

Here, we white out all negative skill. Blues imply positive skill for forecasts of above-normal precipitation,

while reds imply positive skill for forecasts of below-normal precipitation. Black dots indicate that the empirical

model’s skill is significantly better than a random model at the 90% confidence level.
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MJO Phases 5-8MJO Phases 1-4

Percentile of Total Precipitation Anomaly for Days 15 
through 19 using the MJO and QBO during Spring

FIG. 3. Percentile of the median of the conditional distribution of precipitation anomalies with respect to

the full distribution of precipitation anomalies parsed by MJO phase (1-8) and QBO phase for spring (MAM).

MJO phases increase from top to bottom in each column. Percentiles are valid for the 5-day window beginning

at Day 15. Blues indicate precipitation anomalies greater than the median, while reds indicate precipitation

anomalies lower than the median. White dots denote statistical significance at the 80% confidence level using

block bootstrapping with 1,000 iterations.
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MJO Phases 5-8MJO Phases 1-4

Percentile of Total Precipitation Anomaly for Days 15 
through 19 using the MJO and QBO during Summer

FIG. 4. Percentile of the median of the conditional distribution of precipitation anomalies with respect to

the full distribution of precipitation anomalies parsed by MJO phase (1-8) and QBO phase for summer (JJA).

MJO phases increase from top to bottom in each column. Percentiles are valid for the 5-day window beginning

at Day 15. Blues indicate precipitation anomalies greater than the median, while reds indicate precipitation

anomalies lower than the median. White dots denote statistical significance at the 80% confidence level using

block bootstrapping with 1,000 iterations.
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MJO Phases 5-8MJO Phases 1-4

Percentile of Total Precipitation Anomaly for Days 36 
through 40 using the MJO and QBO during Winter

FIG. 5. Percentile of the median of the conditional distribution of precipitation anomalies with respect to

the full distribution of precipitation anomalies parsed by MJO phase (1-8) and QBO phase for winter (DJF).

MJO phases increase from top to bottom in each column. Percentiles are valid for the 5-day window beginning

at Day 36. Blues indicate precipitation anomalies greater than the median, while reds indicate precipitation

anomalies lower than the median. White dots denote statistical significance at the 80% confidence level using

block bootstrapping with 1,000 iterations.

290

291

292

293

294

295

14



MJO Phases 5-8MJO Phases 1-4

Percentile of Total Precipitation Anomaly for Days 36 
through 40 using the MJO and QBO during Fall

FIG. 6. Percentile of the median of the conditional distribution of precipitation anomalies with respect to the

full distribution of precipitation anomalies parsed by MJO phase (1-8) and QBO phase for fall (SON). MJO

phases increase from top to bottom in each column. Percentiles are valid for the 5-day window beginning

at Day 36. Blues indicate precipitation anomalies greater than the median, while reds indicate precipitation

anomalies lower than the median. White dots denote statistical significance at the 80% confidence level using

block bootstrapping with 1,000 iterations.
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MJO Phases 5-8MJO Phases 1-4

Percentile of Total Precipitation Anomaly for Days 36 
through 40 using the MJO and QBO during Spring

FIG. 7. Percentile of the median of the conditional distribution of precipitation anomalies with respect to

the full distribution of precipitation anomalies parsed by MJO phase (1-8) and QBO phase for spring (MAM).

MJO phases increase from top to bottom in each column. Percentiles are valid for the 5-day window beginning

at Day 36. Blues indicate precipitation anomalies greater than the median, while reds indicate precipitation

anomalies lower than the median. White dots denote statistical significance at the 80% confidence level using

block bootstrapping with 1,000 iterations.
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MJO Phases 5-8MJO Phases 1-4

Percentile of Total Precipitation Anomaly for Days 36 
through 40 using the MJO and QBO during Summer

FIG. 8. Percentile of the median of the conditional distribution of precipitation anomalies with respect to

the full distribution of precipitation anomalies parsed by MJO phase (1-8) and QBO phase for summer (JJA).

MJO phases increase from top to bottom in each column. Percentiles are valid for the 5-day window beginning

at Day 36. Blues indicate precipitation anomalies greater than the median, while reds indicate precipitation

anomalies lower than the median. White dots denote statistical significance at the 80% confidence level using

block bootstrapping with 1,000 iterations.

308

309

310

311

312

313

17



MJO Phases 5-8MJO Phases 1-4

Percentile of Z500 Anomaly for Days 15 through 19 
using the MJO and QBO during Winter

FIG. 9. Percentile of the median of the conditional distribution of geopotential height (“Z500”) anomalies with

respect to the full distribution of Z500 anomalies parsed by MJO phase (1-8) and QBO phase for winter (DJF).

MJO phases increase from top to bottom in each column. Percentiles are valid for the 5-day window beginning

at Day 15. Blues indicate precipitation anomalies greater than the median, while reds indicate precipitation

anomalies lower than the median. White dots denote statistical significance at the 80% confidence level using

block bootstrapping with 1,000 iterations.
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MJO Phases 5-8MJO Phases 1-4

Percentile of Z500 Anomaly for Days 15 through 19 
using the MJO and QBO during Fall

FIG. 10. Percentile of the median of the conditional distribution of geopotential height (“Z500”) anomalies

with respect to the full distribution of Z500 anomalies parsed by MJO phase (1-8) and QBO phase for fall (SON).

MJO phases increase from top to bottom in each column. Percentiles are valid for the 5-day window beginning

at Day 15. Blues indicate precipitation anomalies greater than the median, while reds indicate precipitation

anomalies lower than the median. White dots denote statistical significance at the 80% confidence level using

block bootstrapping with 1,000 iterations.
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MJO Phases 5-8MJO Phases 1-4

Percentile of Z500 Anomaly for Days 15 through 19 
using the MJO and QBO during Spring

FIG. 11. Percentile of the median of the conditional distribution of geopotential height (“Z500”) anomalies

with respect to the full distribution of Z500 anomalies parsed by MJO phase (1-8) and QBO phase for spring

(MAM). MJO phases increase from top to bottom in each column. Percentiles are valid for the 5-day window

beginning at Day 15. Blues indicate precipitation anomalies greater than the median, while reds indicate precip-

itation anomalies lower than the median. White dots denote statistical significance at the 80% confidence level

using block bootstrapping with 1,000 iterations.
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MJO Phases 5-8MJO Phases 1-4

Percentile of Z500 Anomaly for Days 15 through 19 
using the MJO and QBO during Summer

FIG. 12. Percentile of the median of the conditional distribution of geopotential height (“Z500”) anomalies

with respect to the full distribution of Z500 anomalies parsed by MJO phase (1-8) and QBO phase for summer

(JJA). MJO phases increase from top to bottom in each column. Percentiles are valid for the 5-day window

beginning at Day 15. Blues indicate precipitation anomalies greater than the median, while reds indicate precip-

itation anomalies lower than the median. White dots denote statistical significance at the 80% confidence level

using block bootstrapping with 1,000 iterations.
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MJO Phases 5-8MJO Phases 1-4

Percentile of Z500 Anomaly for Days 36 through 40 
using the MJO and QBO during Winter

FIG. 13. Percentile of the median of the conditional distribution of geopotential height (“Z500”) anomalies

with respect to the full distribution of Z500 anomalies parsed by MJO phase (1-8) and QBO phase for winter

(DJF). MJO phases increase from top to bottom in each column. Percentiles are valid for the 5-day window

beginning at Day 36. Blues indicate precipitation anomalies greater than the median, while reds indicate precip-

itation anomalies lower than the median. White dots denote statistical significance at the 80% confidence level

using block bootstrapping with 1,000 iterations.
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MJO Phases 5-8MJO Phases 1-4

Percentile of Z500 Anomaly for Days 36 through 40 
using the MJO and QBO during Fall

FIG. 14. Percentile of the median of the conditional distribution of geopotential height (“Z500”) anomalies

with respect to the full distribution of Z500 anomalies parsed by MJO phase (1-8) and QBO phase for fall (SON).

MJO phases increase from top to bottom in each column. Percentiles are valid for the 5-day window beginning

at Day 36. Blues indicate precipitation anomalies greater than the median, while reds indicate precipitation

anomalies lower than the median. White dots denote statistical significance at the 80% confidence level using

block bootstrapping with 1,000 iterations.
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MJO Phases 5-8MJO Phases 1-4

Percentile of Z500 Anomaly for Days 36 through 40 
using the MJO and QBO during Spring

FIG. 15. Percentile of the median of the conditional distribution of geopotential height (“Z500”) anomalies

with respect to the full distribution of Z500 anomalies parsed by MJO phase (1-8) and QBO phase for spring

(MAM). MJO phases increase from top to bottom in each column. Percentiles are valid for the 5-day window

beginning at Day 36. Blues indicate precipitation anomalies greater than the median, while reds indicate precip-

itation anomalies lower than the median. White dots denote statistical significance at the 80% confidence level

using block bootstrapping with 1,000 iterations.
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MJO Phases 5-8MJO Phases 1-4

Percentile of Z500 Anomaly for Days 36 through 40 
using the MJO and QBO during Summer

FIG. 16. Percentile of the median of the conditional distribution of geopotential height (“Z500”) anomalies

with respect to the full distribution of Z500 anomalies parsed by MJO phase (1-8) and QBO phase for summer

(JJA). MJO phases increase from top to bottom in each column. Percentiles are valid for the 5-day window

beginning at Day 36. Blues indicate precipitation anomalies greater than the median, while reds indicate precip-

itation anomalies lower than the median. White dots denote statistical significance at the 80% confidence level

using block bootstrapping with 1,000 iterations.
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MJO Phases 5-8MJO Phases 1-4

Percentile of IVT Anomaly for Days 15 through 19 
using the MJO and QBO during Winter

FIG. 17. Percentile of the median of the conditional distribution of IVT anomalies with respect to the full

distribution of IVT anomalies parsed by MJO phase (1-8) and QBO phase for winter (DJF). MJO phases increase

from top to bottom in each column. Percentiles are valid for the 5-day window beginning at Day 15. Blues

indicate precipitation anomalies greater than the median, while reds indicate precipitation anomalies lower than

the median. White dots denote statistical significance at the 80% confidence level using block bootstrapping

with 1,000 iterations.
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MJO Phases 5-8MJO Phases 1-4

Percentile of IVT Anomaly for Days 15 through 19 
using the MJO and QBO during Fall

FIG. 18. Percentile of the median of the conditional distribution of IVT anomalies with respect to the full

distribution of IVT anomalies parsed by MJO phase (1-8) and QBO phase for fall (SON). MJO phases increase

from top to bottom in each column. Percentiles are valid for the 5-day window beginning at Day 15. Blues

indicate precipitation anomalies greater than the median, while reds indicate precipitation anomalies lower than

the median. White dots denote statistical significance at the 80% confidence level using block bootstrapping

with 1,000 iterations.
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MJO Phases 5-8MJO Phases 1-4

Percentile of IVT Anomaly for Days 15 through 19 
using the MJO and QBO during Spring

FIG. 19. Percentile of the median of the conditional distribution of IVT anomalies with respect to the full

distribution of IVT anomalies parsed by MJO phase (1-8) and QBO phase for spring (MAM). MJO phases

increase from top to bottom in each column. Percentiles are valid for the 5-day window beginning at Day 15.

Blues indicate precipitation anomalies greater than the median, while reds indicate precipitation anomalies lower

than the median. White dots denote statistical significance at the 80% confidence level using block bootstrapping

with 1,000 iterations.

374

375

376

377

378

379

28



MJO Phases 5-8MJO Phases 1-4

Percentile of IVT Anomaly for Days 15 through 19 
using the MJO and QBO during Summer

FIG. 20. Percentile of the median of the conditional distribution of IVT anomalies with respect to the full

distribution of IVT anomalies parsed by MJO phase (1-8) and QBO phase for summer (JJA). MJO phases

increase from top to bottom in each column. Percentiles are valid for the 5-day window beginning at Day 15.

Blues indicate precipitation anomalies greater than the median, while reds indicate precipitation anomalies lower

than the median. White dots denote statistical significance at the 80% confidence level using block bootstrapping

with 1,000 iterations.
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MJO Phases 5-8MJO Phases 1-4

Percentile of IVT Anomaly for Days 36 through 40 
using the MJO and QBO during Winter

FIG. 21. Percentile of the median of the conditional distribution of IVT anomalies with respect to the full

distribution of IVT anomalies parsed by MJO phase (1-8) and QBO phase for winter (DJF). MJO phases increase

from top to bottom in each column. Percentiles are valid for the 5-day window beginning at Day 36. Blues

indicate precipitation anomalies greater than the median, while reds indicate precipitation anomalies lower than

the median. White dots denote statistical significance at the 80% confidence level using block bootstrapping

with 1,000 iterations.
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MJO Phases 5-8MJO Phases 1-4

Percentile of IVT Anomaly for Days 36 through 40 
using the MJO and QBO during Fall

FIG. 22. Percentile of the median of the conditional distribution of IVT anomalies with respect to the full

distribution of IVT anomalies parsed by MJO phase (1-8) and QBO phase for fall (SON). MJO phases increase

from top to bottom in each column. Percentiles are valid for the 5-day window beginning at Day 36. Blues

indicate precipitation anomalies greater than the median, while reds indicate precipitation anomalies lower than

the median. White dots denote statistical significance at the 80% confidence level using block bootstrapping

with 1,000 iterations.
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MJO Phases 5-8MJO Phases 1-4

Percentile of IVT Anomaly for Days 36 through 40 
using the MJO and QBO during Spring

FIG. 23. Percentile of the median of the conditional distribution of IVT anomalies with respect to the full

distribution of IVT anomalies parsed by MJO phase (1-8) and QBO phase for spring (MAM). MJO phases

increase from top to bottom in each column. Percentiles are valid for the 5-day window beginning at Day 36.

Blues indicate precipitation anomalies greater than the median, while reds indicate precipitation anomalies lower

than the median. White dots denote statistical significance at the 80% confidence level using block bootstrapping

with 1,000 iterations.
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MJO Phases 5-8MJO Phases 1-4

Percentile of IVT Anomaly for Days 36 through 40 
using the MJO and QBO during Summer

FIG. 24. Percentile of the median of the conditional distribution of IVT anomalies with respect to the full

distribution of IVT anomalies parsed by MJO phase (1-8) and QBO phase for summer (JJA). MJO phases

increase from top to bottom in each column. Percentiles are valid for the 5-day window beginning at Day 36.

Blues indicate precipitation anomalies greater than the median, while reds indicate precipitation anomalies lower

than the median. White dots denote statistical significance at the 80% confidence level using block bootstrapping

with 1,000 iterations.
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Easterly QBO

Westerly QBO

Correlation between Percentile of Z500 Anomaly 
and HSS for Precipitation using MJO and QBO

FIG. 25. The Spearman correlation between the percentile, with respect to the full distributions, of the condi-

tional distribution median 500-hPa geopotential height (“Z500”) anomaly and HSS for precipitation forecasts.

We show the correlation for each QBO phase. We define percentiles in terms of the deviation from the full distri-

bution median (i.e., the 50th percentile). Reds indicate decreasing precipitation skill with increasing geopotential

height anomalies, while blues indicate increasing precipitation skill with increasing geopotential height anoma-

lies. Correlation is calculated over all MJO phase and lead combinations from Week 3 through 6 (lead days

15-42).
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Easterly QBO

Westerly QBO

Correlation between Percentile of IVT Anomaly 
and HSS for Precipitation using MJO and QBO

FIG. 26. The Spearman correlation between the percentile, with respect to the full distributions, of the condi-

tional distribution median IVT anomaly and HSS for precipitation forecasts. We show the correlation for each

QBO phase. We define percentiles in terms of the deviation from the full distribution median (i.e., the 50th

percentile). Reds indicate decreasing precipitation skill with increasing IVT anomalies, while blues indicate

increasing precipitation skill with increasing IVT anomalies. Correlation is calculated over MJO phase and lead

combinations from Week 3 through 6 (lead days 15-42).
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FIG. 27. For each season, the difference in the fraction of phase and lead combinations with a significant

increase in HSS and those with a significant decrease in HSS when adding the QBO as a predictor. Statistical

significance of the difference in HSS between model runs is calculated using random walks with a confidence

level of 90%. Browns imply that more phase and lead combinations see a significant decrease in skill, while

greens imply that more phase and lead combinations see a significant increase in skill when the QBO is added

as a predictor. All 8 MJO phases are considered from Week 3 through Week 6 (lead days 15-42).
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