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Objectives
• Quantify the sub-monthly hindcast skill of the CFSv2 and selected other individual 

models over the U.S. in terms of: gridded fields of precipitation and temperature, 
as well as atmospheric indices such as the NAO and PNA; lead time and 
averaging range, including weekly averages in weeks 2–4; deterministic and 
probabilistic forecast skill metrics; and diagnostics of predictability.  

• Develop the methodology and evaluate the benefit of including an additional 1–3 
models in a multi-model ensemble, with focus over the U.S. 

• Improve physical understanding of sub-monthly predictability over the U.S.  

• Establish the applicability of MME methods developed for seasonal forecasts to 
the sub-monthly scale.  

• (Implement a real-time S2S MME at CPC, built using the most skillful and models 
that are available to CPC in real time.) 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ABSTRACT

The prediction skill of precipitation at submonthly time scales during the boreal summer season is in-
vestigated based on hindcasts from three global ensemble prediction systems (EPSs). The results, analyzed for
lead times up to 4 weeks, indicate encouraging correlation skill over some regions, particularly over the
Maritime Continent and the equatorial Pacific and Atlantic Oceans. The hindcasts from all three models
correspond to high prediction skill over the first week compared to the following three weeks. The ECMWF
forecast system tends to yield higher prediction skill than the other two systems, in terms of both correlation
and mean squared skill score. However, all three systems are found to exhibit large conditional biases in the
tropics, highlighted using the mean squared skill score.
The sources of submonthly predictability are examined in the ECMWF hindcasts over the Maritime

Continent in three typical years of contrasting ENSO phase, with a focus on the combined impact of the
intraseasonal MJO and interannual ENSO. Rainfall variations over Borneo in the ENSO-neutral year are
found to correspond well with the dominant MJO phase. The contribution of ENSO becomes substantial in
the twoENSOyears, but theMJO impact can become dominant when theMJOoccurs in phases 2–3 duringEl
Niño or in phases 5–6 during the La Niña year. These results support the concept that ‘‘windows of oppor-
tunity’’ of high forecast skill exist as a function of ENSO and theMJO in certain locations and seasons, which
may lead to subseasonal-to-seasonal forecasts of substantial societal value in the future.

1. Introduction

There has been a recent surge of interest in prediction
on subseasonal time scales between the realm of medium-
range weather forecasts (up to 7–10 days) and seasonal
climate forecasts (3–6 months) (National Academy of
Sciences 2010; World Meteorological Organization
2013). The subseasonal realm lies beyond the estimated
limit of deterministic weather predictability in atmo-
spheric models (Lorenz 1975), but falls short of the
seasonal averages where anomalies in the atmosphere’s
surface boundary conditions are felt, principally from
sea surface temperatures (SSTs) (Charney and Shukla
1981). This interest has been driven by recent advances
in modeling (Vitart 2014) and understanding of climate
phenomena on subseasonal time scales, and in particular
the Madden–Julian oscillation [MJO; see recent review

by Zhang (2013)]. The concept of seamless prediction, in
which there is potential predictive power on all time scales
associated with phenomena occurring on that time scale
(Hoskins 2013), is particularly attractive in the subseasonal
time range, where there is evidence that in addition to the
inertia of SST anomalies, the MJO (Waliser et al. 2003a;
Waliser 2011; Neena et al. 2014a) and processes involving
the stratosphere (Baldwin andDunkerton 2001; Scaife and
Knight 2008), soilmoisture (Koster et al. 2010), snow cover
(Lin and Wu 2011), surface, and sea ice (Holland et al.
2011) can play important roles. Besides the growing sci-
entific basis for subseasonal prediction, the weekly-to-
seasonal time range is one in which early warning systems
for high-impact weather events could be of substantial
societal benefit (World Meteorological Organization
2013). This is particularly urgent in the context of in-
creasing societal exposure to extreme weather threats, be
they caused by growing populations or due to decadal
climate variability or anthropogenic climate change.
A number of previous studies, such as Waliser et al.

(2003b) and Neena et al. (2014b), have investigated
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Table 1: Three global EPS dynamical models. The JMA and ECMWF hindcasts start from

May 20, and then updated every 10 days or so (i.e., May 20, 31; June 10, 20, 30; and so on),

and every 7 days, respectively. The CFSv2 hindcast starts from May 21, and then updated

every 5 days. Note that the grid resolution denotes the post-processed regridded data for

the JMA and ECMWF models, whose original resolutions of model integrations are much

higher, as described in the text.

Model Grid Resolution Ensemble Frequency # of Starts Period

JMA 144 x 73 5 3/month 13 1979–2008

CFSv2 384 x 190 4 5-day 25 1982–2010

ECMWF 360 x 181 5 weekly 18 1992–2009

33

• Weekly averages were constructed from the  
GCM daily output, and CMAP pentad data  

• Ensemble sizes are small so skill measures  
restricted to deterministic measures  

• Hindcast frequency differ – MME not possible

3 models, boreal summer, weekly precipitation



Skill metrics

• Correlation of anomalies (CORA)  
– between the EPS ensemble mean and CMAP  
– lead-dependent EPS weekly climo is subtracted  
– weekly averages (week 1 = days 1–7, week2 = 8–
14, week 3 = days 15–21), week 4 = days 22–28) 
– all available start dates, 1992–2008 (17 yrs) 

• Mean Squared Skill Score (MSSS) 
    MSSS = (CORA)2 + b2



ECMWF 
Sub-monthly 
forecast skill

  

ABSTRACT 

CONCLUSIONS 
1) All the three model hindcast sets indicate very good skill for the first week, and relatively good skill for the 2nd week 
over the tropics, but dramatically decreased skill for weeks 3 and 4 except the equatorial Pacific and maritime continent. 

2) The ECMWF hindcast demonstrates noticeably better skill than the other two, especially for weeks 3 and 4. 

3) The predictability of sub-monthly precipitation appears to connect with intra-seasonal MJO phase/strength and low-
frequency ENSO variability. 

Acknowledgments: We are grateful to the provision of the three EPS hindcast data sets, from the Japanese Meteorological 
Agency, the National Centers for Environmental Prediction, and the European Centre for Medium-range Weather Forecasts. 

                  

. 

The prediction skill of precipitation over sub-monthly time scale is investigated based on hindcasts from three global 
ensemble prediction systems (EPS). The results valid for up to four weeks indicate good skill or predictability over 
some regions during the boreal summer monsoon season (e.g., June through September), particularly over southeastern 
Asia and the maritime continent. The hindcasts from all the three models correspond to high predictability over the first 
week compared to the following three weeks. The ECMWF forecast system tends to yield higher prediction skill than 
the other two systems, in terms of both anomaly correlation and mean squared skill score. 
 
The sources of sub-monthly predictability are examined over the maritime continent with focus on the intra-seasonal 
MJO and interannual ENSO phenomena. Rainfall variations for neutral-ENSO years are found to correspond well with 
the dominant MJO phase, whereas for moderate/strong ENSO events, the relationship of rainfall anomaly with MJO 
appears to become weaker, while the contribution of ENSO to the sub-monthly skill is substantial. However, there is 
exception that if a moderate/strong MJO event propagates from Indian Ocean to the maritime continent during typical 
ENSO years, the MJO impact can become overwhelming, regardless of how strong the ENSO event is. These results 
support the concept that “windows of opportunity” of high forecast skill exist as a function of ENSO and the MJO in 
certain locations and seasons, that may lead to subseasonal to seasonal forecasts of substantial societal value in the 
future. 
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FIGURE 4: Real-time MJO phase space 
during June 1 to Sept. 30 for 2002 (El Nino) 
and 2001(neutral-ENSO). 

  

MJO phase: Jun – Sep, 2002 & 2001 

• Hindcasts of precipitation from three global ensemble prediction systems over the common period 1992-2008:  
  JMA long-range forecasting model, NCEP CFS version 2, and ECMWF integrated forecast system (IFS). 
• Horizontal resolution: approximately 1.125, 0.94, 0.5 degrees; and ensemble size: 5-4-5, respectively. 
• CMAP precipitation data from NOAA Climate Prediction Center. 
• Two skill metrics – Anomaly Correlation Coefficients (ACC) and Mean Square Skill Score (MSSS). 

Linkage: Precip versus ENSO and MJO 
FIGURE 3: (a) Anomaly correlation between 
CMAP pentad precipitation and 5-day average 
Real-time Multi-variate MJO (RMM) during June 
to August, 1992-2008. It demonstrates high 
(negative) correlation of rainfall with RMM 
components over the maritime continent.  
(b) Correlations between ECMWF precipitation 
hindcast for week-3 and CMAP rainfall during 5 
ENSO years (top) and 5 neutral years (bottom). 
The impact of ENSO on rainfall predictability is 
manifested by the comparison in the tropics, in 
particular over the equatorial Pacific and the 
maritime continent. 

Precip time-series: ECMWF hindcast vs CMAP 

FIGURE 5: Time series of rainfall anomalies over a portion of  
Borneo Island, from CMAP precipitation data (blue) and ECMWF 
hindcast (red), valid for weeks 2 and 3 during Jun-Sep for El Nino 
year 2002 and neutral-ENSO year 2001, respectively. The single 
upper-case letters denote the dominant MJO phase sector (A, I, M, 
P for MJO phase 8-1, 2-3, 4-5, and 6-7, respectively), where the 
MJO strength is greater than 1.0.  

Global EPS and Precipitation Data 

FIGURE 1: Correlation skill maps of precipitation hindcasts from the 
ECMWF forecast system over the period 1992–2008. The ACC 
calculations are made based on all the starts during late May through 
mid-September, and valid for weeks 1-4. Among the three global EPS, 
the ECMWF displays generally higher ACC skill than the other two 
systems, especially over the tropics and the maritime continent for 
weeks 2-4, as shown below. 

ACC Skill Map from ECMWF: Precipitation 
Hindcasts (weeks 1-4) and CMAP Data 

FIGURE 2: Aggregate ACC skill from three EPS hindcasts 
over the tropics and southeastern Asia  
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degrees of freedom, a CORA value of 0.2 is highly sta-
tistically significant, with a p value of 0.003 shown as
pink areas in Figs. 1–3.
The CORA distribution for the CFSv2 and ECMWF

precipitation forecasts exhibit most of the above char-
acteristics (Figs. 2 and 3). However, the CORA skill of
ECMWF is notably higher than the other two models,

especially over the tropics for weeks 2–4. Indeed, relatively
high CORA values over the tropical Pacific resemble
a slightly broader ITCZ-like characteristic than that
from JMA or CFSv2. The high CORA feature from the
ECMWF precipitation hindcast is also seen over the
equatorial Atlantic and tropical Indian Ocean, as well as
the Maritime Continent (Fig. 3), where higher CORA

FIG. 2. As in Fig. 1, but for the CFSv2 hindcast.
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exists compared to the JMAandCFSv2 hindcasts. These
dominant characteristics will be further discussed in the
next section based on aggregate CORA skill over the
tropical land area only and a specific region of interest,
the Maritime Continent.
Skill levels over the continents are generally disap-

pointing especially in weeks 3–4, although the ECMWF
model does exhibit substantial skill at week 2 over South

America, Eurasia, and Australia. The rapidly decreased
skill level beyond one week in the extratropics is gener-
ally consistent with the skill analysis using the Predictive
Ocean Atmosphere Model for Australia (POAMA)
coupled system (Zhu et al. 2014). Skill levels over Africa
are poor even in week 1, which suggests that the ob-
servational data quality may be poor on the weekly time
scale. This could also be due to less predictability in that

FIG. 3. As in Fig. 1, but for the ECMWF hindcast.
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Anomaly correlation skill of weekly precipitation

maps. The correlation skill is generally very high during
the first week and drops rapidly in most regions in the
subsequent three weeks. Nevertheless, there is consis-
tently high CORA for all the leads, or weeks 1–4, over
the equatorial Pacific, located to the south of the

intertropical convergence zone (ITCZ). Weeks 2–4 also
exhibit relatively higher skills (0.2–0.3) over the tropical
Atlantic, and the Maritime Continent. The 13 hindcasts
per year over 17 years yields a very large sample size of
221 hindcasts. Using a two-sided Student’s t test with 220

FIG. 1. Correlation of anomalies between JMA model precipitation hindcast and CMAP
rainfall data for weeks 1–4 during the period 1992–2008. The white areas denote dry mask
during the June–September season, where the total CMAP rainfall over 122 days is less
than 20mm.

2874 MONTHLY WEATHER REV IEW VOLUME 143ECMWF CFSv2 JMA

T255, coupled after day 9 T126, coupled T159, persisted SST



regions over the tropical Atlantic and over the Mari-
time Continent. There are also large biases over the
Sahel in CFSv2, and in ECMWF over the eastern
Sahel, while the JMA does better over these convec-
tive land regions. The conditional bias is likely to be
exacerbated by the small ensemble size (five members
for ECMWF and JMA, and four members for CFSv2).

For a single ensemble member with realistic variance,
(CORA2 sh/so) will be negative (unless CORA is
perfect). As more members are added, the variance of
the ensemble mean will get smaller and make the
conditional bias less negative (assuming the correla-
tion remains much the same or improves with the use
of more members). (Recalculating the MSSS for the

FIG. 15. Mean square skill score (MSSS) between ECMWF precipitation hindcast and CMAP
rainfall data over weeks 1–4.
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coupled system (Zhu et al. 2014). Skill levels over Africa
are poor even in week 1, which suggests that the ob-
servational data quality may be poor on the weekly time
scale. This could also be due to less predictability in that

FIG. 3. As in Fig. 1, but for the ECMWF hindcast.

2876 MONTHLY WEATHER REV IEW VOLUME 143

Mean Squared Skill Score

MSSS = (CORA)2 + b2



ECMWF model with four instead of five members
does not make a visible difference to Fig. 15, in-
dicating that the larger conditional biases in the
CFSv2 are not likely to be the result of its smaller
ensemble size of four versus five members.) Since the
ensemble sizes of hindcasts from subseasonal EPS sys-
tems are generally much smaller than those of the real-
time forecasts [cf. annex 3 in World Meteorological
Organization (2013)], the MSSS skills calculated from
hindcasts are likely to considerably underestimate
the MSSS.

4. Summary and discussion

This study has compared the performance of sub-
monthly precipitation hindcasts based on three ensemble
prediction systems against objectively analyzed pre-
cipitation data. The model predictions valid for four con-
secutive weeks (weeks 1–4 of the forecasts), composited
from 13, 18, and 25 start dates, respectively (Table 1), are
evaluated using processed weekly precipitation datasets
during late May through mid-September over the 17-yr
period 1992–2008. The prediction skill is quantified using

FIG. 16. Conditional bias of precipitation hindcasts vs CMAP rainfall data valid for week 3:
(a) JMA, (b) CFSv2, and (c) ECMWF.
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Figure 4: Aggregate correlation of anomalies between model precipitation hindcast and

CMAP rainfall data for weeks 1–4, represented by percentage of CORA exceeding the thresh-

old of 0.4: (a) Tropical land areas only (20�S–20�N), (b) Maritime Continent (90–135�E,

10�S–15�N), land areas only. Areas excluded by the dry mask (see text) are excluded here

also, but the di↵erence is minimal.
40

Spatial averages of 
Correlation of 

Anomalies for 3 GCMs

Li and Robertson (2015, in press)Li and Robertson (2015, in press)



Skill for 
ENSO  
Years

Figure 6: Correlation of anomalies between ECMWF lead-3 precipitation hindcasts (over 18

start dates) and CAMP observation during (a) 5 ENSO years: 1997–2000, 2002; and (b) 5

Neutral years: 1992, 2001, 2003, 2005, 2008.
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ECMWF Performance over Borneo  
(Boreal summer)

Precip Anomaly: ECMWF vs CMAP (Week-3)
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Figure 8: Scatter plot of CMAP weekly precipitation anomaly versus ECMWF hindcast

(lead-3) valid for 18 weeks ( Jun 4–10 through Oct 1–7), 1992–2008, over the Borneo Island.

The dotted line is a 45� line.
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ENSO & MJO Signals during 
boreal summer

Figure 5: Correlation between CMAP precipitation and Nino3.4 index for June-July-August,

1992–2008, with a 95% significance mask.

41

Figure 7: Correlation between CMAP pentad precipitation and 5-day mean Real-time Multi-

variate MJO (RMM) components, RMM1 and RMM2, during June–August, 1992–2008, with

a 95% significance mask.
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Borneo Precipitation vs 
MJO Phase

CMAP precipitation anomaly vs MJO phase
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Figure 9: Composite Borneo-averaged pentad CMAP precipitation anomaly in relation to

pentad dominant MJO phase during June–August, 1992-2008.
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PRECIPITATION. The sidebar “Detecting MJO 
inf luences on weather and climate” (Fig. SB2) il-
lustrates rainfall variability in the tropics associated 
with the MJO during boreal winter (November–April). 
MJO influences on precipitation are not limited to the 
tropics and this season. A global map of precipitation 
anomalies associated with MJO in austral winter is 
given in Fig. 1. Anomalies in precipitation change 
signs between MJO phases in many places of the world.

All monsoon systems undergo intraseasonal fluc-
tuations (Lau and Waliser 2012). The MJO is a promi-
nent source of the monsoon intraseasonal f luctua-
tions. It affects the Asian summer monsoon mainly 
through, in addition to its eastward propagation, its 
northward propagation, which is unique in boreal 

summer. The onset of the South Asian monsoon is 
more likely to occur when MJO convection just starts 
over the Indian Ocean or in MJO phases 2 and 3 than 
in other phases. There are typically three or four ma-
jor northward-propagating MJO events during a mon-
soon season, each inducing a local intraseasonal spike 
in rainfall. About 50%–80% of the total intraseasonal 
variance in the Asian summer monsoon rainfall is 
related to the MJO. On top of that, rainfall from syn-
optic monsoon lows and depressions enhanced by the 
MJO increases the chance of floods. Goswami (2012) 
and Hsu (2012) provided detailed descriptions of the 
role of the MJO in the Asian summer monsoon.

The MJO affects the Australian monsoon as its 
convection center propagates eastward, passing over 

the northern part of Australia 
(Wheeler et a l. 2009). MJO 
accounts for more than 80% of 
onset dates of the Australian 
monsoon. Heavy rain (weekly 
rainfall in the top quintile of the 
December–February season) 
varies from 130 mm near the 
coast to 10 mm in centra l 
Australia. The probability of 
heavy rain at a given location 
depends on the longitudes of 
the MJO convection center. A 
detailed review on the role of 
the MJO in the Australia mon-
soon is given by Wheeler and 
McBride (2012).

Large-scale perturbations 
that are excited by MJO con-
vection and propagate into the 
Americas can induce intra-
seasonal fluctuations in rainfall 
of the American monsoons. 
In austral summer, rainfall 
over southern Brazil is heavi-
er than normal (by up to 15– 
20 mm day–1; 50%–75% of the 
mean) when MJO convection 
moves into the central Pacific, 
especially east of the date line, 
or when it starts over the Indian 
Ocean, but it is lighter than nor-
mal when the MJO convection 
center is near or immediately 
east of the Maritime Continent. 
In boreal summer, MJO convec-
tive activities along the ITCZ 
over the northeastern tropical 

DETECTING MJO INFLUENCES ON WEATHER AND CLIMATE
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ECMWF Performance over Borneo 

(a) 2002 ECMWF vs CMAP
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Figure 12: Time series of precipitation anomalies (mm/day) over a portion of Borneo Island,

from the CMAP data and ECMWF hindcast, valid for weeks 2 and 3 during June–September

for (a) 2002, (b) 1999, and (c) 2001, respectively. The upper-case letters along with single

digit at the bottom of each panel denote the dominant MJO phase sector and phase number

(see the text for detail), with amplitude greater than 1.0 (Wheeler and Hendon 2004). Along

the abscissa, weeks 1–5 correspond approximately to June; weeks 6–10 to July; weeks 11–14

to August; weeks 15–18 to September; and week 19 to Oct 1–7. Correlation values with

CMAP are given in each panel, together with the respective standard deviations, with the

CMAP values in parentheses. 48
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ECMWF Performance 
 over Borneo 

(a) 2002 ECMWF vs CMAP
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(b) 1999 ECMWF vs CMAP
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(c) 2001 ECMWF vs CMAP
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Figure 12: Time series of precipitation anomalies (mm/day) over a portion of Borneo Island,

from the CMAP data and ECMWF hindcast, valid for weeks 2 and 3 during June–September

for (a) 2002, (b) 1999, and (c) 2001, respectively. The upper-case letters along with single

digit at the bottom of each panel denote the dominant MJO phase sector and phase number

(see the text for detail), with amplitude greater than 1.0 (Wheeler and Hendon 2004). Along

the abscissa, weeks 1–5 correspond approximately to June; weeks 6–10 to July; weeks 11–14

to August; weeks 15–18 to September; and week 19 to Oct 1–7. Correlation values with

CMAP are given in each panel, together with the respective standard deviations, with the

CMAP values in parentheses. 48
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Figure 11: Time series of observed weekly NINO3.4 index during late May through late

Septembet for three years, 2002, 1999, and 2001, as sampling years of El Niño, La Niña and

neutral ENSO conditions, respectively. The X-axis denotes week numbers since May 28, but

the ENSO index has minor shift of -2, -1 and +2 days for those three years.
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s2sprediction.net

http://s2sprediction.net
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Interactions+ and+teleconnections between+midlatitudes and+tropics

Sub&seasonal+to+Seasonal+(S2S)+Prediction+Project

Research Issues

• Predictability
• Teleconnection
• O-A Coupling
• Scale interactions
• Physical processes

Modelling Issues
• Initialisation
• Ensemble generation
• Resolution
• O-A Coupling
• Systematic errors
• Multi-model combination

Needs & Applications

Liaison with SERA
(Working Group on 

Societal and Economic 
Research Applications)



Time-range Resol. Ens. Size Freq. Hcsts Hcst length Hcst Freq Hcst Size

ECMWF D 0-32 T639/319L91 51 2/week On the fly Past 18y 2/weekly 11

UKMO D 0-60 N96L85 4 daily On the fly 1989-2003 4/month 3

NCEP D 0-45 N126L64 4 4/daily Fix 1999-2010 4/daily 1

EC D 0-35 0.6x0.6L40 21 weekly On the fly Past 15y weekly 4

CAWCR D 0-60 T47L17 33 weekly Fix 1981-2013 6/month 33

JMA D 0-34 T159L60 50 weekly Fix 1979-2009 3/month 5

KMA D 0-60 N216L85 4 daily On the fly 1996-2009 4/month 3

CMA D 0-45 T106L40 4 daily Fix 1992-now daily 4

Met.Fr D 0-60 T127L31 51 monthly Fix 1981-2005 monthly 11

CNR D 0-32 0.75x0.56 L54 40 weekly Fix 1981-2010 6/month 1

HMCR D 0-63 1.1x1.4 L28 20 weekly Fix 1981-2010 weekly 10

S2S	
  partners



Workplan
Year 1: 

1. Downloading of datasets from NCEP and S2S database

2. Evaluation of skill of individual models; 

3. Predictability diagnostics using individual models; 

4. Development of MME methodology;  

5. Publication on individual models.  

Year 2: 

6. Further development and testing of MME methodology;  

7. Evaluation of skill of multi- model combinations;  

8. Predictability diagnostics of MMEs;  

9. Porting of MME methodology to NCEP;  

10. Publication on MME. 





http://apps.ecmwf.int/
datasets/data/s2s/

http://apps.ecmwf.int/datasets/data/s2s/


Data Download
#!/usr/bin/env python

import calendar
year_list=range(1999,2015)
month_list=range(1,13)
month_name_list=["01","02","03","04","05","06","07",
"08","09","10","11","12"]

for dy in year_list:
for dm in month_list:

end_day=calendar.monthrange(dy, dm)[1]

    string="";
    date_range=[str(dy), month_name_list[dm-1], 
"01/to/", str(dy), 
month_name_list[dm-1],str(end_day)];
    file_name=[ "NCEP_SAm_pf_reforecast_tp_", 
str(dy),"_", str(dm), ".grib"];
    

from ecmwfapi import ECMWFDataServer
server = ECMWFDataServer()
server.retrieve({

    "class": "s2",
    "dataset": "s2s",
    "hdate":  string.join(date_range),
    "date": "2011-03-01",
    "expver": "prod",

     "levtype": "sfc",
    "origin": "kwbc",
    "param": "tp",
    "step": "24/to/1056/by/24",
    "stream": "enfh",
    "target": string.join(file_name),
    "area": "20/-90/-60/-30",
    "time": "00",

            "number":"1/2/3",
    "type": "pf",
})


