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ABSTRACT 1 

 2 

Previous work has shown that the combined influence of the El Niño-Southern 3 

Oscillation (ENSO) and the Madden-Julian Oscillation (MJO) significantly impacts the 4 

wintertime circulation over North America for lead times up to at least four weeks, which 5 

suggests that both the MJO and ENSO may prove beneficial for generating a seamless prediction 6 

link between short-range deterministic forecasts and longer-range seasonal forecasts.  To test the 7 

feasibility of this link, wintertime (December – March) probabilistic two-meter temperature 8 

(T2m) forecasts over North America are generated solely on the basis of the linear trend and 9 

statistical relationships with the initial state of the MJO and ENSO.  Overall, such forecasts 10 

exhibit substantial skill for some regions and some initial states of the MJO and ENSO out to a 11 

lead time of approximately four weeks.  In addition, the primary ENSO T2m regions of influence 12 

are nearly orthogonal to those of the MJO, which suggests that the MJO and ENSO generally 13 

excite different patterns within the continuum of large-scale atmospheric teleconnections.  The 14 

strong forecast skill scores for some regions and initial states confirm the promise that 15 

information from the MJO and ENSO may offer forecasts of opportunity in weeks 3 and 4, 16 

which extend beyond the current two-week extended range outlooks of the National Oceanic and 17 

Atmospheric Administration (NOAA) Climate Prediction Center (CPC), and an intraseasonal 18 

link to longer-range probabilistic forecasts.   19 

 20 

 21 

 22 

 23 

 24 
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1. Introduction 25 

  Operational weather forecasters face the ongoing challenge of bridging the 26 

“predictability gap” between short-range deterministic weather forecasts and longer range 27 

probabilistic monthly and seasonal climate forecasts.  For lead times of approximately ten days 28 

or less, forecasts are based on the initial atmospheric conditions and are determined through 29 

integrations of numerical weather prediction (NWP) models.  For lead times of approximately 30 

one month or more, forecasts, in contrast, are based on slowly varying boundary conditions (e.g., 31 

sea surface temperature and soil moisture anomalies) and are often determined through a blend 32 

of numerical model integrations and statistical models.  For intermediate lead times of ~10 to 30 33 

days, however, the large growth of initial errors and the insufficient time for boundary conditions 34 

to take effect present significant difficulty in generating a seamless prediction framework that 35 

links the short-range daily weather forecasts with monthly and seasonal climate forecasts.   36 

 A source of hope, however, has been the numerous recent studies that detail the 37 

significant influence of the Madden-Julian Oscillation (MJO) on the extratropical circulation, 38 

particularly during winter, in this one- to four-week time frame.  The MJO, which is the 39 

dominant form of tropical variability on intraseasonal timescales, is characterized by large-scale 40 

convection anomalies that circumnavigate the tropical belt in approximately 30-70 days (Madden 41 

and Julian 1971, 1972; Zhang 2005).  The MJO tropical convection anomalies excite large-scale 42 

teleconnection patterns, including the two dominant Northern Hemisphere patterns, the 43 

Pacific/North American (PNA) pattern (Knutson and Weickmann 1987; Ferranti et al. 1990; 44 

Higgins and Mo 1997; Mori and Watanabe 2008; Johnson and Feldstein 2010; Riddle et al. 45 

2013) and the North Atlantic Oscillation (NAO)/Arctic Oscillation (AO) (Cassou 2008; 46 

L’Heureux and Higgins 2008; Lin et al. 2009; Roundy et al. 2010; Riddle et al. 2013).  These 47 
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large-scale teleconnections that are identified in the sea level pressure and geopotential height 48 

fields modify temperature and precipitation patterns over North America (Vecchi and Bond 49 

2004; Lin and Brunet 2009; Lin et al. 2010; Zhou et al. 2012; Yoo et al. 2012; Rodney et al. 50 

2013; Schreck et al. 2013).  The MJO-related composite temperature and precipitation patterns 51 

over the U.S. can be viewed at the National Oceanic and Atmospheric Administration (NOAA) 52 

Climate Prediction Center (CPC) website, http://www.cpc.ncep.noaa.gov/, under the MJO 53 

section.   54 

 One of the fundamental underlying mechanisms by which tropical convection, such as 55 

that associated with the MJO, excites PNA-like teleconnection patterns is through the linear 56 

dispersion of a Rossby wave triggered by the tropical heating (Hoskins and Karoly 1981; 57 

Sardeshmukh and Hoskins 1988; Jin and Hoskins 1995).  In addition, barotropic amplification 58 

near jet exit regions (Simmons et al. 1983; Branstator 1985; Hsu 1996; Feldstein 2002) and 59 

driving by synoptic eddies (Moore et al. 2010; Franzke et al. 2011) contribute to the observed 60 

amplitude and preferred geographic location of the PNA over the North Pacific and North 61 

America.  The mechanisms by which the MJO excites the NAO/AO over the North Atlantic 62 

basin are more uncertain, but such mechanisms likely involve modification of the upstream 63 

storm track and background flow by the MJO, which impacts the Rossby wave breaking that 64 

gives rise to the NAO/AO (Benedict et al. 2004; Cassou 2008).  Because the extratropical 65 

response takes approximately one to two weeks to become established (Jin and Hoskins; 66 

Matthews et al. 2004), and because MJO convection exhibits consistent eastward propagation on 67 

weekly timescales, the MJO provides the potential to aid extended range forecasts for lead times 68 

of approximately one to four weeks (Ferranti et al. 1990; Newman and Sardeshmukh 2008; 69 
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Brunet et al. 2010; Gottschalck et al. 2010; Johnson and Feldstein 2010; Vitart and Molteni 70 

2010; Jones et al. 2011; Riddle et al. 2013; Hoskins 2013; Zhang 2013).         71 

 In addition to the MJO-related anomalies, tropical convection anomalies associated with 72 

the El Niño-Southern Oscillation (ENSO), which is the dominant mode of tropical atmosphere-73 

ocean interaction on interannual timescales, also excite large-scale teleconnection patterns with 74 

significant weather impacts over North America (Ropelewski and Halpert 1987; Halpert and 75 

Ropelewski 1992; Trenberth and Caron 2000).  Several studies find that ENSO may modulate 76 

the extratropical response to the MJO (Schrage et al. 1999; Tam and Lau 2005; Roundy et al. 77 

2010; Moon et al. 2011; Riddle et al. 2013), which suggests that the state of both ENSO and the 78 

MJO should be considered to maximize the potential of skillful forecasts in this one- to four-79 

week window.  A few of these studies (Schrage et al. 1999; Roundy et al. 2010; Moon et al. 80 

2011) indicate that the combined MJO and ENSO influence is not a simple linear combination of 81 

the separate responses, although Riddle et al. (2013) finds linearity to be a reasonable 82 

approximation for the combined effect of the MJO and ENSO on the frequency of PNA-like 83 

geopotential height cluster patterns.  Both ENSO and the MJO excite PNA-like patterns, 84 

although with some differences in spatial structure, which suggests that the MJO and ENSO 85 

excite different members of the PNA continuum (Johnson and Feldstein 2010).  Whereas the 86 

MJO has a significant impact on the NAO/AO, a similar link has not been observed between 87 

ENSO and the AO (L’Heureux and Thompson 2006).    88 

 Although the aforementioned studies suggest the potential for the MJO to contribute to 89 

skillful extended range forecasts over North America, little work has been done to assess the 90 

practical usefulness of MJO information as guidance for operational, probabilistic forecasts.  Yao 91 

et al. (2011) and Rodney et al. (2013) find that surface air temperature forecasts based on 92 
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statistical relationships with two of the eight Wheeler and Hendon (2004; WH04 hereafter) MJO 93 

phases in particular, phases 3 and 7, provide modest skill over southern Canada and the northern 94 

United States at a lead time of 10-20 days.  Both MJO phases are characterized by an east-west 95 

dipole of tropical convection, where phase 3 (phase 7) features enhanced (suppressed) 96 

convection over the tropical Indian Ocean and suppressed (enhanced) convection over the central 97 

equatorial Pacific Ocean.  Despite the evidence of skill, Yao et al. (2011) doubt that such a 98 

statistical model could be of practical use in operational forecasting because the resulting 99 

correlations with surface air temperature were modest.  Rodney et al. (2013), in contrast, suggest 100 

that potentially useful forecasts for days 6-15 are possible during MJO phases 3, 4, 7, and 8, but 101 

only during strong MJO episodes.  Both studies, however, did not consider the possible 102 

combined influence of the MJO with ENSO.  In addition, the strong long-term linear trend of 103 

wintertime surface air temperature over regions of North America (e.g., Lee et al. 2011) provide 104 

another possible source of skill.  Therefore, the combined influence of the MJO, ENSO, and 105 

linear trend may enable “forecasts of opportunity”, which are periods characterized by higher 106 

than usual forecast skill that may be of practical benefit to some regions beyond a 10-day lead 107 

time.  The purpose of this study is to evaluate the potential usefulness of a statistical, 108 

probabilistic forecast model of North American, wintertime surface air temperatures based on the 109 

initial state of the MJO and ENSO and on the linear trend in the one- to four-week time frame.  110 

We generate probabilistic temperature forecasts for weekly periods, with lead times out to six 111 

weeks for the December-March winter season between 1980 and 2010.  Overall, we find that 112 

statistical relationships between North American temperature and the MJO and ENSO may be 113 

used to generate forecasts with skill that exceeds the typical skill of NWP models for some 114 

locations and for some phases of the MJO at lead times of two to four weeks, which extend 115 
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beyond the current NOAA CPC operational forecast products.  As discussed below, these 116 

forecasts of opportunity exist for approximately three to four active MJO phases, depending on 117 

the lead time and the state of ENSO, which corresponds with approximately 25-30% of all winter 118 

days.                   119 

 The remainder of the article is organized as follows.  Section 2 presents the data and 120 

methods for generating and evaluating the forecasts. Section 3 presents example temperature 121 

forecasts and the forecast evaluation results.  Section 4 follows with discussion and conclusions.   122 

 123 

2. Data and Methodology 124 

 In this section we present all data sources and the methodology for generating and then 125 

evaluating wintertime temperature forecasts over North America. 126 

 127 

a. Data sources 128 

 129 

 To generate temperature forecasts, we use December – March daily two-meter 130 

temperature (T2m) data derived from the European Center for Medium-Range Weather 131 

Forecasts ERA-Interim reanalysis (Dee et al. 2011) for the period from 1980 through 2010.  We 132 

focus on land grid points in the domain from 10ᵒ to 77.5ᵒN and 180ᵒ to 50ᵒW, which includes all 133 

of North America.  We interpolate the ERA-Interim 1.5ᵒ latitude-longitude grid to a coarser 2.5ᵒ 134 

latitude-longitude grid, which does not affect the large-scale features that are the focus of this 135 

study.  We also examine lagged composites of ERA-Interim 500 hPa geopotential height 136 

anomalies on the original 1.5ᵒ latititude-longitude grid over the Pacific/North American region 137 

from 20ᵒN to 90ᵒN and from 160ᵒE to the Greenwich meridian.  We calculate daily T2m and 500 138 



7 

 

hPa geopotential height anomalies by subtracting the seasonal cycle, which is defined as the first 139 

four harmonics of the calendar day means for 1981-2010, and then calculate 7-day running mean 140 

anomalies.   141 

 We assess the initial state of the MJO at the time of issuing forecasts with the WH04 142 

MJO index, as provided by the Australian Bureau of Meteorology 143 

(http://cawcr.gov.au/staff/mwheeler/maproom/RMM/).  This index is defined by the two leading 144 

principal components (PCs) from an empirical orthogonal function analysis of the combined 145 

tropical outgoing longwave radiation, 850-hPa equatorial zonal wind, and 200-hPa equatorial 146 

zonal wind fields.  These two PCs, designated as RMM1 and RMM2, define eight MJO phases 147 

and an MJO amplitude, which together describe the eastward propagation of the enhanced MJO 148 

convection from the African continent (phase 1) to the central equatorial Pacific Ocean (phases 7 149 

and 8).  The OLR and zonal wind composites associated with each phase of the WH04 index can 150 

be found in a number of previously published papers (e.g., WH04; Cassou et al. 2008; Johnson 151 

and Feldstein 2010) and are also available on the NOAA CPC website, 152 

http://www.cpc.ncep.noaa.gov/, within the MJO section. . 153 

 We also partition the initial state into three canonical ENSO categories: La Niña, neutral 154 

ENSO, and El Niño conditions.  We define each category following the conventions of the 155 

NOAA CPC.  First, we obtain the three-month running mean values of the Niño 3.4 sea surface 156 

temperature (SST) index from the CPC for the period of 1980-2010.  This index is defined by the 157 

SST anomaly averaged over the region extending from 5S - 5N and from 120W - 170W.  158 

Then we classify an El Niño (La Niña) episode when the three-month running mean Niño 3.4 159 

SST anomaly is greater than 0.5ᵒC (less than -0.5ᵒC) for at least five consecutive overlapping, 160 

three-month seasons.  All other periods are classified as neutral ENSO. 161 
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 Although we focus on forecasts generated with historical MJO, ENSO, and linear trend 162 

information, we also calculate T2m skill scores for a set of 45-day retrospective forecast 163 

simulations (hindcasts) from version 2 of NCEP’s Climate Forecast System model (CFSv2) to 164 

establish a skill benchmark from a state-of-the-art NWP model.  The CFSv2 model (Saha et al. 165 

2013) consists of the NCEP Global Forecast System (GFS) atmospheric model run at T126 166 

(~0.937ᵒ) horizontal resolution and is fully coupled with ocean (Geophysical Fluid Dynamics 167 

Laboratory Modular Ocean Model version 4.0), land surface (Noah Land Surface Model), and 168 

sea ice models.  The retrospective forecasts are initialized at 6-h intervals from 1999 through 169 

2009 and run out for 45 days.  Ensemble means are calculated from the four runs initialized 170 

during each 24-h period.  Anomalies are calculated by subtracting the ERA-Interim T2m 171 

seasonal cycle, as described above, but with the additional step of subtracting the model 172 

climatology bias, i.e., the difference between the lead-dependent model climatology and the 173 

ERA-Interim climatology for the same period.  Also as above, we focus on 7-day running mean 174 

anomalies over the North America domain for all forecasts that verify between December and 175 

March.   176 

 177 

b. Generation of probabilistic temperature forecasts over North America 178 

 179 

 We generate weekly probabilistic T2m forecasts with verification centered on all days in 180 

December – March from 1980-2010 for six different weekly lead times, days 4-10 and weeks 2-181 

6.  The first lead time is chosen to correspond with the NOAA CPC 6-10 day outlook, but 182 

expanded to a seven-day window, and the second lead time corresponds exactly with the CPC 8-183 

14 day outlook.  We follow the standard CPC format of forecasting the probability of above and 184 
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below average temperatures, where above (below) average temperatures are defined by the upper 185 

(lower) terciles of the climatological (1981-2010) temperature distribution for the particular 186 

calendar 7-day period.  For the generation of the forecasts, the T2m anomaly tercile boundaries 187 

at each grid point are determined by pooling all December – March T2m anomalies in the 188 

training data, described below, and then calculating the 33.33rd and 66.67th percentiles of the 189 

T2m anomaly data.  For the forecast evaluation described in section 2c, however, the verified 190 

forecast category is based on the distribution of the 30 T2m anomalies from 1981-2010 for the 191 

specific calendar 7-day period, as in the NOAA CPC 8-14 day outlooks.        192 

 The forecasts at each 2.5º grid cell are generated based on historical temperature 193 

distributions, conditional on the initial state of ENSO and the MJO.  To calculate conditional 194 

distributions, we partition the initial state on each day by the phase of the MJO and ENSO.  We 195 

define the initial state of the MJO by the WH04 MJO phase under the condition that the RMM 196 

amplitude exceeds 1.0, designated as MJO episodes (65% of all December – March days meet 197 

this criterion); all days below this amplitude threshold are used to create a “weak MJO” forecast 198 

category.  The mean skill scores show little change if this amplitude threshold is increased to 199 

1.25 or 1.5, and so we keep the lower, more inclusive threshold.  We recognize that such a 200 

simple definition will designate some periods as active that are not “pure” MJO episodes (i.e., 201 

with the characteristic eastward progression), but we choose this simple criterion for two main 202 

reasons.  First, for real time forecasts, the forecaster does not have the luxury of determining 203 

whether a given MJO episode candidate will propagate as a pure MJO episode after the time of 204 

issuing the forecast.  Second, even if the episode is not a pure MJO episode, the associated 205 

convection may generate a similar extratropical response (e.g., Roundy and Gribble-Verhagen 206 

2010).  We also partition by the three phases of ENSO discussed above.   207 
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For the combination of the MJO and ENSO influence, we considered two possibilities.  208 

First, if the modulation of the MJO impacts by ENSO is substantially nonlinear (Roundy et al. 209 

2010; Moon et al. 2011), then we should consider partitioning the initial state into separate joint 210 

MJO/ENSO categories.  However, with nine different MJO states (eight MJO phases and weak 211 

MJO) and three different ENSO states, the consideration of 27 different joint MJO/ENSO 212 

categories would result in fairly small sample sizes with which to calculate each conditional 213 

temperature distribution.  Alternatively, if the nonlinearity is sufficiently weak, then we may 214 

obtain a more robust forecast using larger sample sizes by assuming independent impacts and 215 

linearly superimposing the expected ENSO and MJO effects.  We tried both strategies and found 216 

that forecasts with the assumption of linearity outperformed the forecasts based on partitioning 217 

into separate MJO/ENSO categories.  Even after trying several modifications to increase sample 218 

sizes, such as joining multiple MJO phases into a single category, we found the assumption of 219 

linear superposition to result in forecasts with higher skill scores.  These results do not mean that 220 

the relationship between ENSO and the MJO is purely linear, but rather they suggest that any 221 

nonlinearity evident in the Northern Hemisphere temperature composites is not strong enough to 222 

overcome the additional sampling uncertainty that results from smaller sample sizes.  Therefore, 223 

we assume a linear superposition of the MJO and ENSO influence for our final forecasts.            224 

 To generate the forecasts we use a leave-one-year-out cross-validation; i.e., the forecasts 225 

in year y are based on the statistics from data in all years excluding year y, denoted as the 226 

training data.  We make the following calculations at each grid point, g, for each of the six lead 227 

times, t, included in this study (t = 7, 11, 18, 25, 32 and 39 days for the 4-10 day and week-2 228 

through week-6 forecasts, respectively).  First, we use the training data to calculate conditional 229 

means and variances of detrended T2m anomalies associated with each of the nine initial MJO 230 
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states, i, (8 “active” MJO phases, and one “weak” MJO state) and three initial ENSO states, j.  231 

We denote these as μtig and σ
2

tig , for the mean and variance conditional on the MJO, and μtjg and 232 

σ
2

tjg for the mean and variance conditional on ENSO.  Note that these means and variances are 233 

independent of the calendar day, and that the mean seasonal cycle has been removed previously 234 

when calculating T2m anomalies.  Next we assume that the ENSO and MJO impacts are 235 

independent, as discussed above, and add the two means and variances, μtg = μtig + μtjg and σ
2
tg = 236 

σ
2

tig + σ
2
tjg.  To account for the long-term trend, we then add back the linear trend to μtg; the linear 237 

trend for the December – March 1980-2010 period is shown in Fig. 1. The ERA-Interim T2m 238 

trends compare favorably with other observations-based data sets (not shown).  Differences from 239 

other published studies (e.g., Bukovsky [2012]) are mainly due to differences in the precise 240 

months and years analyzed.  With the assumption that the T2m anomalies follow a Gaussian 241 

distribution with mean μtg and variance σ
2

tg, we calculate the probability that T2m will fall in the 242 

upper (lower) tercile to produce the forecast for above (below) average T2m at grid point g and 243 

lead time t.  A schematic of the forecast calculation is shown in Fig. 2.  We make this calculation 244 

for all available years, lead times, and grid points.   245 

 The assumption of a Gaussian T2m distribution is an obvious simplification that does not 246 

hold at all times and locations.  This assumption is likely least appropriate over northwestern 247 

North America, where the T2m distributions are negatively skewed owing to the modifying 248 

influence of the Pacific Ocean (not shown).  However, we find that skill scores are relatively 249 

high over this region (Section 3), and test forecasts based on training data frequency of 250 

occurrence rather than on an assumed Gaussian distribution do not show notable differences in 251 

mean skill scores.  Therefore, the Gaussian assumption does not appear to hurt skill scores 252 

appreciably.   253 
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 We also calculate lagged composites of 7-day mean 500-hPa geopotential height 254 

anomalies for select initial MJO and ENSO phases in order to examine the connection between 255 

the T2m forecasts and the large-scale mid-tropospheric circulation.  To determine statistically 256 

significant geopotential height anomalies, we use a Monte Carlo resampling procedure, whereby 257 

we repeat the composite calculations 10,000 times but with random draws from the entire pool of 258 

geopotential height data.  These draws are determined by randomly reassigning the year and 259 

calendar day of each field in the original composite.  The calendar day reassignment is 260 

performed through a single random and circular shift in the calendar day between -60 and +60 261 

days for all identified events of a given year.  Then we identify actual composite anomalies that 262 

fall outside the 95% confidence interval from the resampled composites to define statistically 263 

significant anomalies.  We choose this approach to generate a random distribution of composites 264 

that retains the sample sizes and autocorrelation of the geopotential height anomaly data 265 

associated with individual MJO episodes that span several consecutive days within a given year.   266 

 267 

c. Forecast evaluation 268 

 269 

 We evaluate all forecasts with the Heidke skill score (HSS), a common performance 270 

metric used by the CPC to evaluate extended range probabilistic forecasts (e.g., Wilks 2011).  271 

The HSS assesses the proportion of categories forecast correctly.  For the forecasts generated 272 

with historical MJO, ENSO, and trend information, each probabilistic forecast is assigned to one 273 

of the three forecast categories (upper, middle, or lower tercile) based on the highest of the three 274 

forecast probabilities.  For the CFSv2 forecasts, the assigned category is based on the 275 

deterministic four-member ensemble mean forecast.  The number of categories forecast correctly 276 
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is designated as H.  The expected number of categories forecast correctly just by chance, E, is 277 

one-third of the total number of forecasts, T, for this three-category case.  The HSS then can be 278 

expressed as 279 

                                                             
     

     
                                                                  (1) 280 

The HSS ranges in value from -50 (completely wrong set of forecasts) to 100 (perfect set of 281 

forecasts), with zero as the expected HSS for a randomly generated forecast.  A value of zero 282 

also can be considered the expected HSS of a climatological forecast if we define a 283 

climatological forecast as a random draw from three equiprobable forecast categories.  284 

Therefore, HSS values above zero indicate that the forecasts have at least some skill.     285 

 We assess the statistical significance of the HSS for the forecasts generated with 286 

historical MJO, ENSO, and trend information through a Monte Carlo resampling test similar to 287 

that of the 500 hPa geopotential height anomaly composites.  In this case we perform the same 288 

HSS calculations 500 times but with randomly resampled forecasts and verification fields chosen 289 

in the same way as in the geopotential height significance test described above.  Observed HSS 290 

values that are greater than the 95
th

 percentile of the resampled HSS values are deemed 291 

statistically significant at the 5% level.  Therefore, we perform a two-tailed test for the 292 

geopotential height composites, where we test whether the composite anomalies are different 293 

from zero, but a one-tailed test for the HSS, where we test if the skill scores are greater than zero.    294 

 We also evaluate the reliability of the probabilistic forecasts by calculating calibration 295 

functions (e.g., Wilks 2011) for each forecast lead time.  We make these calculations by binning 296 

the forecast probabilities over all days and grid points for a particular lead time and then 297 

calculating the frequency of occurrence of the verified category within each forecast probability 298 

bin.  In contrast with standard reliability diagrams, which contain separate plots of the calibration 299 
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function and relative frequency of each forecast probability bin, we incorporate forecast bin 300 

frequency directly into the calibration function by specifying that each forecast bin represents 301 

10% of all forecasts.  This modification allows us to evaluate the sharpness of the forecasts, or 302 

the degree to which forecasts deviate from climatological predictions (i.e., how often and to what 303 

degree the forecast probabilities differ from the climatological tercile probabilities of 33.3%), 304 

directly within the calibration function plot. 305 

 306 

3. Results 307 

 The forecasts generated by the method described above have three potential sources of 308 

skill: the MJO influence, the ENSO influence, and the long-term trend.  In order to illustrate how 309 

each of these three sources contribute to the mean skill averaged over North America, we show 310 

in Figure 3a the mean HSS for all winter days between 1980 and 2010 from forecasts generated 311 

in four different ways.  First, the dark blue curve shows the mean HSS for forecasts generated in 312 

the same general way described in Section 2 but with only the MJO influence included in the 313 

forecasts.  We see positive though modest skill scores gradually decreasing from days 4-10 314 

through week 3 and then falling below zero by week 4, indicating that week 4 forecasts based 315 

solely on MJO information are worse than random forecasts.  These results suggest that the MJO 316 

contributes to skillful forecasts until about week 4, when the MJO signal likely is weaker than 317 

noise associated with sampling uncertainty.  Forecasts generated with ENSO information only, 318 

shown in green, provide nearly constant, weakly positive skill scores from weeks one through 319 

six, which is consistent with the longer timescale of ENSO relative to the MJO.  The HSS for 320 

forecasts that consider both MJO and ENSO information, shown in light blue, approximately 321 

equal the linear combination of the MJO only and ENSO only HSS.  Therefore, not only do the 322 
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forecasts assume a linear superposition of the MJO and ENSO influence, but the skill scores also 323 

are approximately linear.  This light blue curve suggests that the MJO provides additional useful 324 

T2m forecast information until week 4, when the ENSO and MJO+ENSO HSS curves become 325 

indistinguishable.  The addition of the linear trend, shown in red, adds skill at all lead times.  The 326 

linear trend term adds the greatest skill over the Arctic regions of northeast Canada, where the 327 

31-year linear trend is strongest (Fig. 1). 328 

 It bears mention that the HSS in Fig. 3a are modest, particularly at shorter lead times, 329 

relative to the typical HSS from NWP models.  The CFSv2 mean HSS in Fig. 3c diminishes 330 

from ~40 in days 4-10 to about 10 by week 3, and leveling off at an HSS of around 2 or 3 in 331 

weeks 4-6.  We note, however, that the calculations for Fig. 3a incorporate all winter days, 332 

including initial times when the MJO and ENSO are inactive, and all North American locations, 333 

including those that are not strongly impacted by either the MJO or ENSO.  As discussed below, 334 

the mean HSS from the forecasts presented here exceeds the typical HSS of NWP models for 335 

some regions and for some MJO and ENSO initial states for lead times between weeks 2-6.  336 

Figure 3b presents the mean HSS from the forecasts that include the MJO and ENSO initial state 337 

and the linear trend but only for initial times when ENSO alone is active (green), the MJO alone 338 

is active (blue), both the MJO and ENSO are active (red), and both the MJO and ENSO are 339 

inactive (brown).  As expected, the skill scores are higher when the MJO and ENSO are active.  340 

When the MJO alone is active, the skill scores peak in week 3 and decline quickly thereafter.  341 

When ENSO alone is active, we surprisingly see the highest skill scores in days 4-10, with a 342 

decline and leveling thereafter; however, the sample size for this category is relatively low (680-343 

731 total forecasts, depending on lead time, versus 1028-1337 total forecasts for the active 344 

categories), and so we suspect that a deviation from a flat curve simply may be the result of 345 
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sampling variability.  The width of the 90% confidence interval for the active ENSO mean HSS 346 

from the Monte Carlo resampling tests is about 7 at all lead times, which demonstrates the large 347 

sampling variability of the HSS in this category.  Another possible contributor, however, is that 348 

ENSO episodes sometimes decay in late winter, bringing the onset of neutral ENSO conditions 349 

by February or March, and our long lead time forecasts do not capture this transition.  When both 350 

the MJO and ENSO are active, the mean HSS are highest and show only a gradual decline from 351 

days 4-10 to week 6, and the HSS are statistically significant at all lead times.           352 

 The MJO and ENSO influence on North American temperatures also exhibits 353 

pronounced regional variations.  Figure 4 presents the gridded mean HSS for forecasts based on 354 

the initial state of the MJO and linear trend (left column), the initial state of ENSO and the linear 355 

trend (middle column), and initial state of both the MJO and ENSO and the linear trend (right 356 

column).  Interestingly, even though both the MJO and ENSO influence North American 357 

temperatures through teleconnection patterns excited by tropical Pacific convection anomalies, 358 

the MJO and ENSO primarily impact different regions of North America.  The left column of 359 

Fig. 4 suggests that the MJO most strongly influences temperatures in the northeastern U.S. and 360 

southeastern Canada, southwestern North America, and northern Alaska.  A large region of weak 361 

skill scores extends across all of western and central Canada.  In contrast, the influence of ENSO 362 

(middle column) is strong over western Canada, but weak over the inter-mountain west and 363 

northeast regions of the U.S., where the MJO influence is strongest.  The primary region of 364 

overlapping influence is the southwestern U.S. and northern Mexico.  This contrast in influence 365 

is consistent with the idea that both the MJO and ENSO excite PNA-like patterns, but the MJO 366 

and ENSO excite different parts of the PNA continuum (Johnson and Feldstein 2010), 367 

particularly during El Niño episodes (Riddle et al. 2013).  In particular, Johnson and Feldstein 368 
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(2010) find that El Niño (La Niña) episodes tend to excite easterly (southerly) displaced positive 369 

(negative) PNA-like patterns, but the MJO tends to excite canonical PNA-like and West Pacific-370 

like teleconnection patterns.  The contrast over eastern North America is likely the result of the 371 

significant relationship between the MJO and the NAO/AO that is absent between ENSO and the 372 

NAO/AO, as discussed in the introduction, because the NAO/AO has a significant relationship 373 

with eastern North America temperatures (Hurrell et al. 2003; L’Heureux and Higgins 2008).   374 

 Consistent with Fig. 3, the pattern of mean HSS from the MJO and linear trend-based 375 

T2m forecasts is strongest in days 4-10 and week 2, and then declines in strength in week 3 (Fig. 376 

4g) and especially in week 4 (Fig. 4j).  As expected, the mean HSS from the ENSO and linear 377 

trend-based T2m forecasts show a nearly constant pattern between weeks 1 and 4 (middle 378 

column of Fig. 4).  The mean HSS from the forecasts that combine the MJO and ENSO influence 379 

with the linear trend (right column of Fig. 4) show more widespread coverage of positive skill 380 

scores that combine the MJO and ENSO influence regions.  Therefore, Fig. 4 confirms that the 381 

state of both the MJO and ENSO are of similar importance for wintertime, intraseasonal T2m 382 

forecasts over North America.   383 

 Figures 3 and 4 consider all phases of the MJO, but the strength of the relationship 384 

between the MJO and North American temperatures varies by the phase of the MJO.  Several 385 

recent studies (Lin and Brunet 2009; Lin et al. 2010; Yao et al. 2011; Rodney et al. 2013) 386 

suggest that the strongest North American MJO impacts occur when there is a pronounced east-387 

west dipole of tropical convective heating anomalies, as occurs during MJO phases 3 and 7.  In 388 

particular, Lin et al. (2010) use a primitive equation model to show that oppositely signed 389 

tropical convective heating anomalies near 80ᵒE and 160ᵒE each produce an extratropical 390 

response over the North Pacific and downstream North America that reinforces each other, 391 
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which supports earlier work indicating a change in sign of the Northern Hemisphere response 392 

when tropical heating crosses a nodal point near 120ᵒE (Simmons et al. 1983; Ting and 393 

Sardeshmukh 1993).  Consistent with these results, Schreck et al. (2013) show that the strongest 394 

North American temperature anomalies at a lag of 6-10 days occur after MJO phases 3 and 8.  In 395 

broad support of this perspective, Figure 5a, which presents the mean HSS averaged over North 396 

America in a Hovmöller-like form for all MJO episodes, indicates that the highest skill scores 397 

generally occur in close relation with MJO phases 3 and 7, with suppressed skill scores between 398 

these two phases.  For example, the enhanced skill scores about 10 days after the occurrence of 399 

MJO phase 3 agree with the findings of Yao et al. (2011).  However, in contrast with Yao et al. 400 

(2011) and Rodney et al. (2013), who only emphasize the potential MJO-related predictability 401 

out to 15-20 days, Fig. 5a suggests that the enhanced skill scores extend to much longer lead 402 

times of about four weeks.  One possible contributor to this difference is that Yao et al. (2011) 403 

and Rodney et al. (2013) only focus on MJO phases 3, 4, 7, and 8 that primarily project onto one 404 

MJO EOF pattern, but some of the enhanced skill scores at longer lead times occur at other MJO 405 

phases that project onto both MJO EOFs that define the WH04 phases.       406 

The corresponding week 2 mean T2m forecast after MJO phase 3, presented in the 407 

standard format of NOAA CPC extended range outlooks (Fig. 6a), and the associated mid-408 

tropospheric circulation (Fig. 6c) also agree well with recent studies (Lin and Brunet 2009; Yao 409 

et al. 2011).  Figure 6a is constructed by taking the mean of all week 2 forecasts when the initial 410 

state of the MJO is in phase 3, and so the ENSO and linear trend forecast influence should 411 

average to near zero; however, the mean HSS (Fig. 6b) contributed by ENSO and the trend 412 

should not average out because the skill scores in the regions of strong ENSO influence and 413 

linear trend are generally positive in both ENSO phases and over the entire 31-year period.  The 414 
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forecast map features enhanced probabilities of above average T2m over southeast Canada and 415 

the northeast U.S., consistent with the pattern reported in Lin and Brunet (2009) and Yao et al. 416 

(2011), and enhanced probabilities of below average T2m over western North America, 417 

particularly over Alaska.  The large-scale circulation associated with this T2m forecast pattern 418 

appears to project weakly onto the negative phase of the PNA and more strongly onto the 419 

positive phase of the West Pacific patterns, with a low-over-high geopotential height dipole over 420 

the North Pacific region (Fig. 6c), consistent with a sea level pressure (Johnson and Feldstein 421 

2010) and geopotential height (Riddle et al. 2013) cluster pattern that is shown to occur more 422 

frequently after MJO phase 3.  A similar dipole that projects onto the positive phase of the 423 

AO/NAO is evident over the North Atlantic, with a pronounced ridge over northeast North 424 

America, where the highest probabilities of above average T2m exist.  The enhanced probability 425 

of occurrence of the positive phase of the AO/NAO 8-14 days after MJO phase 3 is consistent 426 

with several recent studies (Cassou 2008; Lin et al. 2009; Roundy et al. 2010).  The mean HSS 427 

over the region of northeast North America with the strongest T2m signal range from about 15 to 428 

30 (Fig. 6b), which are at least comparable to the mean HSS from state-of-the-art NWP models 429 

at this lead time (e.g., Fig. 3c) and are statistically significant.   430 

The maximum skill scores associated with MJO phase 7 evident in Fig. 5a actually occur 431 

at longer lead times than those of MJO phase 3, as they are found at lead times of three and four 432 

weeks.  Figures 6d-f show the mean T2m forecast, HSS, and 500-hPa geopotential height 433 

anomaly patterns for week 4 forecasts corresponding with an MJO phase 7 initial state.  The 434 

forecast pattern (Fig. 6d) features a broad swath of enhanced probabilities of below average T2m 435 

extending from Alaska and northwest Canada to the eastern United States.  The associated 500-436 

hPa geopotential height anomalies describe high-over-low dipole patterns over the North Pacific 437 
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and North Atlantic basins, the latter projecting onto the negative phase of the AO/NAO.  The 438 

negative NAO-like pattern is consistent with the enhanced probability of occurrence of a 439 

negative AO/NAO-like cluster pattern ~5 – 25 days after the occurrence of MJO phase 7 (Riddle 440 

et al. 2013).  The highest skill scores generally occur over the eastern U.S. (Fig. 6e), coincident 441 

with statistically significant negative geopotential height anomalies (Fig. 6f), but statistically 442 

significant skill scores extend across a broad region of North America.  We note that the precise 443 

values of the peak HSS, which range from about 15-25, likely overestimate the true skill 444 

somewhat due to sampling variability, even in cross-validated forecasts (Kumar 2009).  Even 445 

with this consideration, these peak skill scores clearly far exceed the typical week 4 HSS from 446 

NWP models (e.g., Fig. 3c).    447 

Figure 5a also shows enhanced week 4 skill scores after the occurrence of MJO phase 1.  448 

The corresponding forecast and circulation anomalies (not shown) are quite similar to the MJO 449 

phase 3 patterns depicted in Figs. 6a and 6c.  This similarity suggests that the enhanced skill 450 

scores in weeks 3 and 4 after MJO phase 1, which extend beyond the two-week timescale for the 451 

extratropics to respond to MJO-related tropical heating (Jin and Hoskins; Matthews et al. 2004), 452 

are associated with same MJO phase 3 episodes that give rise to the circulation anomalies 453 

evident in Fig. 6c.  Therefore, the unusually high skill scores after week 2, based on expectations 454 

from tropical-extratropical interaction theory, likely relate to the consistent propagation of MJO-455 

related tropical convection, as supported by the well defined axes of enhanced and suppressed 456 

HSS in Fig. 5.  Another possible contributor to the enhanced skill scores after week 2 is the 457 

recently documented influence of the MJO on stratospheric polar vortex, with downward 458 

propagating circulation anomalies that eventually project onto the tropospheric AO/NAO over 459 
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the course of several weeks (Garfinkel et al. 2012).  An examination of this possibility is 460 

reserved for a future study.         461 

When we also partition the HSS by La Niña (Fig. 5b), neutral ENSO (Fig. 5c), and El 462 

Niño (Fig. 5d) episodes, we generally see similar patterns of enhanced and suppressed skill 463 

scores as in the all MJO episode calculations (Fig. 5a), although the axes of these high and low 464 

skill scores tend to be somewhat shifted in phase compared with Fig. 5a.  Figure 7 presents three 465 

additional mean forecast examples arbitrarily selected from the more deeply shaded orange axes 466 

of higher skill in Figs. 5b – 5d: the week 3 forecast when the initial state is MJO phase 8 and La 467 

Niña (Fig. 7a), the week 3 forecast when the initial state is MJO phase 2 and El Niño (Fig. 7d), 468 

and the week 4 forecast when the initial state is MJO phase 6 and neutral ENSO conditions (Fig. 469 

7g).  Overall, we find strong similarity among the initial MJO phase 2-3 (Figs. 6a and 7d) and 470 

MJO phase 6-8 (Figs. 6d, 7a, and 7g) forecast groups.  The main influence of ENSO on the 471 

forecast is to increase the forecast probabilities over western North America, consistent with the 472 

ENSO influence regions indicated in Fig. 4.  For example, when comparing Fig. 7d with Fig. 6a, 473 

we see that El Niño increases the probability of above average (below average) T2m over 474 

western Canada and southern Central America (southwestern North America), in agreement with 475 

the canonical influence of El Niño on North American surface temperatures (e.g., Halpert and 476 

Ropelewski 1992).  A similar but oppositely signed influence of La Niña can be discerned by 477 

comparing Fig. 7a with Fig. 6d.  In the 500 hPa geopotential height field, ENSO exerts a strong 478 

influence on the North Pacific anomalies, with El Niño (La Niña) contributing to an anomalously 479 

strong (weak) Aleutian low, as evidenced in Fig. 7f (7c).  These patterns are consistent with the 480 

known tendency of El Niño (La Niña) to excite the positive (negative) phase of the PNA (e.g., 481 

Trenberth et al. 1998).  Some differences are also evident in the North Atlantic circulation as 482 
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well.  For example, in the third week after La Niña and MJO phase 8, the westward displaced 483 

negative NAO-like pattern (Fig. 7c) is much stronger than the negative NAO-like pattern in the 484 

third week after all MJO phase 8 episodes (not shown), which agrees with the strengthened 485 

relationship between the MJO and the NAO during La Niña episodes reported in Roundy et al. 486 

(2010).  Given that ENSO has only a weak influence over the North Atlantic circulation, this 487 

observation suggests a possible nonlinear relationship between the MJO and ENSO in the 488 

excitation of North Atlantic teleconnection patterns, but more in depth analysis is beyond the 489 

scope of the present study and reserved for future work.           490 

The regions of highest skill scores in Fig. 7, which generally occur in the regions with the 491 

strongest temperature signal, feature HSS between approximately 20 and 40, with a few locally 492 

higher peaks.  These week 3 and week 4 skill scores are more typical of the one- to two-week 493 

lead time skill scores from dynamical forecast models like the CFSv2 (Fig. 3c).  Given that such 494 

skill scores are consistent with those of current operational extended range outlooks out to two 495 

weeks, the analysis presented here suggests that there are forecasts of opportunity at least to a 496 

lead time of four weeks when the MJO and ENSO influence on North American temperatures is 497 

strong enough to be of practical benefit to operational forecasters.  The results of Figure 5 498 

suggest that these forecasts of opportunity may exist for approximately 3-4 of the eight WH04 499 

MJO phases, with the number and particular phases depending on the lead time and state of 500 

ENSO.      501 

Finally, we briefly comment on the reliability of the forecasts presented here.  The 502 

calibration functions look quite similar for each lead time, and so we illustrate the week 3 503 

forecast calibration functions in Fig. 8 as a representative example.  Overall, the forecasts 504 

generally are somewhat overconfident, as exemplified by the slope of the calibration functions in 505 
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Figs. 8a and 8b that is less than one.  We suspect that the large number of forecast parameters, 506 

given the relatively short data record, and possibly non-stationary MJO/ENSO relationships 507 

contribute to this over-confidence.  However, we find that if we isolate the initial states that 508 

provide the strongest relationship with North American temperatures, the reliability improves 509 

substantially.  For example, Figs. 8c and 8d show considerably improved week 3 calibration 510 

functions, indicating close correspondence between category forecast probability and category 511 

frequency of occurrence, after isolation of MJO phases 1, 2, and 7, which are located along the 512 

axes of higher skill scores in Fig. 5a.  Therefore, we believe that the forecasts generated in the 513 

manner described in Section 2 are reasonably well calibrated, as long as we restrict focus to the 514 

MJO phases with the strongest relationship to North American temperatures. 515 

 516 

4. Discussion and Conclusions 517 

In this study we use a simple forecasting approach based on statistical relationships 518 

between North American temperatures and both the MJO and ENSO to demonstrate the potential 519 

of skillful wintertime temperature forecasts for lead times between one and six weeks.  For some 520 

regions and initial MJO phases, the forecast skill scores in weeks 3 and 4 are higher than the 521 

typical NWP skill scores in weeks 1 and 2, which indicates that the MJO, when combined with 522 

ENSO and the long-term trend, may provide an intraseasonal link to bridge short-range forecasts 523 

with monthly and seasonal probabilistic forecasts.   524 

Both the MJO and ENSO have significant temperature impacts on North American 525 

temperatures, but the primary MJO and ENSO regions of influence are generally distinct, 526 

indicating unique teleconnection patterns excited by the MJO and ENSO.  In this study we 527 

assume that the MJO and ENSO influence is independent because forecasts that assume linear 528 
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superposition of T2m impacts have higher skill scores than forecasts that partition the initial state 529 

into separate joint MJO/ENSO categories.  Although the general relationship between MJO 530 

phase and skill score does not depend strongly on the initial state of ENSO (Fig. 5), which 531 

supports the linearity assumption, our analysis provides some evidence that the interaction 532 

between the MJO and ENSO is not purely linear.  The 500 hPa geopotential height composites 533 

(Figs. 6 and 7) hint that any nonlinearity may be most pronounced with the North Atlantic 534 

teleconnection patterns, as supported by Roundy et al. (2010) and Riddle et al. (2013).  However, 535 

the limited data record, which is constrained by the availability of satellite data since only the 536 

late 1970s, makes it challenging to account for any nonlinearity without overfitting the forecast 537 

model and harming temperature predictions. 538 

The simple method used in this study has a number of limitations, which suggests that the 539 

approach can be refined considerably.  First, we partition by MJO and ENSO episodes without 540 

consideration of the impact of MJO or ENSO amplitude on the response during those episodes.  541 

We expect that the temperature response would increase with MJO and ENSO amplitude, but 542 

because the forecasts already exhibit a tendency for over-confidence (Figs. 8a,b), and because a 543 

visual examination of lagged temperature composites did not reveal a clear linear relationship 544 

with MJO amplitude, we chose not to incorporate additional parameters relating MJO or ENSO 545 

amplitude to temperature response.  Rodney et al. (2013) provide some evidence that the North 546 

American temperature response is, in fact, stronger during strong (RMM amplitude > 2.0) MJO 547 

episodes, at least out to lead times of 15 days, which supports the possible usefulness of 548 

incorporating amplitude information.  Second, we assume that the linear trend is independent of 549 

ENSO and the MJO, but changes in frequency of ENSO and even the MJO (Yoo et al. 2011) 550 

phases clearly have a substantial influence on the 31-year linear temperature trend, which we do 551 
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not consider here.  Third, we base the forecasts on the initial state of the MJO, but the MJO itself 552 

is forecastable out to at least 20 days in state-of-the-art dynamical forecast models (e.g., Vitart 553 

and Molteni 2010).  Consideration of the predicted state of the MJO may offer another 554 

opportunity of refinement.          555 

Perhaps even more fundamental than the limitations mentioned above is that the 556 

canonical ENSO and MJO categories used in this and many other studies do not necessarily 557 

represent the optimal indices for predicting North American impacts.  For example, some MJO 558 

states like phases 5-6 have a weak relationship with North American temperature (Fig. 5).  559 

Schreck et al. (2013) similarly show a weak relationship between North American temperature 6-560 

10 days after the WH04 MJO phase 5, but then show that the phase 5 temperature response is 561 

much stronger when further conditioned on a multivariate PNA index that incorporates 562 

information on both tropical convection and the extratropical circulation.  This example suggests 563 

the potential to generate refined forecasts founded on indices that incorporate more background 564 

circulation information and that target North American impacts more strongly.   565 

Despite the room for refinement, the evidence of considerable skill in the two- to four-566 

week lead time is encouraging and indicates the opportunity to extend the NOAA CPC outlooks 567 

beyond the 8-14 day period, at least in some occasions.  We focus on wintertime, North 568 

American temperature in this study because we expect the signal to be strongest in winter owing 569 

to the strong Rossby wave source in association with the tight climatological absolute vorticity 570 

gradients, the vigorous mid-latitude westerlies that promote Rossby wave propagation and 571 

synoptic eddy driving, and the seasonal phase locking of ENSO that generally signifies the 572 

strongest occurrence of ENSO-related sea surface temperature and tropical convection anomalies 573 

in winter.  However, the approach adopted here may be attempted for other seasons, other 574 
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regions, and for other variables such as precipitation.  Although the strength of the MJO and 575 

ENSO impacts may be reduced in other seasons, the internal atmospheric variability associated 576 

with baroclinic eddies also should be reduced, which may allow a comparable signal-to-noise 577 

ratio in the extratropics (Trenberth et al. 1998).      578 

Finally, we note that up to this point we have ignored the usefulness of dynamical 579 

forecast models in this week 2-4 forecast period, but we expect that many dynamical models 580 

should capture the basic MJO- and ENSO-related tropical-extratropical interaction.  Riddle et al 581 

(2013) demonstrate that the CFSv2 performs relatively well in capturing the relationship between 582 

the MJO and the extratropical circulation in the Pacific/North American region, and Vitart and 583 

Molteni (2010) show that the presence of an active MJO improves the days 19-25 forecast 584 

performance over the northern extratropics in the ECMWF forecast system.  However, these 585 

NWP models also may have difficulty simulating some of the observed relationships with the 586 

MJO, such as the associated changes in atmospheric blocking frequency (Hamill and Kiladis 587 

2013).  Therefore, the forecasts generated through statistical relationships in this study may serve 588 

as guidance that complements the information provided by NWP models.  The combination of 589 

the probabilistic forecasts and the associated skill scores (e.g., Figs. 6 and 7) may inform the 590 

forecaster of both the MJO- and ENSO-related enhanced probabilities as well as the confidence 591 

in the forecast.  Future work shall focus on means by which statistical forecast guidance like that 592 

of the present study may be combined with dynamical forecast model output to generate a 593 

unified forecast product. 594 
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FIG. 1.  Linear trend [ᵒC (30 yr)
-1

] of December – March T2m for the period of 1980 – 2010. 

 

FIG. 2. Schematic of the T2m forecast calculation for grid point g and lead time t. (a) 

Climatological December – March T2m anomaly distribution from the training data, with tercile 

boundaries, TB and TA.  The area shaded in blue (red) represents the probability of below (above) 

average T2m, which is 33 1/3% in climatology by definition.  Note that this schematic assumes a 

Gaussian climatological distribution, but the actual calculation of tercile boundaries does not 

assume any parametric parent distribution. (b) Forecast T2m anomaly distribution with mean μtg 

and standard deviation σtg (solid curve), assumed Gaussian and conditioned on the initial state of 

the MJO and ENSO (see text for details).  The climatological T2m anomaly distribution is 

dashed.  The forecast probability of above (below) average T2m is represented by the area 

shaded above TA in red (below TB in blue), which indicates an enhanced (suppressed) probability 

of above (below) average T2m relative to climatology.   

 

FIG. 3. (a) Mean T2m Heidke skill scores averaged over North America and over all winter days 

as a function of lead time for forecasts based on the initial state of ENSO only (green), the initial 

phase of the MJO only (dark blue), the combined initial state of the MJO and ENSO (light blue), 

and the combined initial state of the MJO and ENSO and the linear trend (red). (b) Mean Heidke 

skill scores for forecasts based on the combined initial state of the MJO and ENSO and the linear 

trend but when ENSO alone is active (green), the MJO alone is active (blue), both the MJO and 

ENSO are active (red), and both the MJO and ENSO are inactive (brown).  The mean number of 
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forecasts for each of the four categories is 696, 1064, 1324, and 668, respectively.  (c) As in (a) 

and (b) but for all CFSv2 retrospective forecasts between 1999 and 2009.  Note that the scale of 

y-axis in (c) differs from that of (a) and (b).   

 

 803 

FIG. 4.  Gridded mean T2m Heidke skill scores for all winter days from forecasts based on 

(a,d,g,j) the initial state of the MJO and linear trend, (b,e,h,k) the initial state of ENSO and the 

linear trend, and (c,f,i,l) the initial state of the MJO and ENSO and the linear trend.  The 

corresponding lead times are (a-c) days 4-10, (d-f) week 2, (g-i) week 3, and (j-l) week 4.   

 

FIG. 5. North America mean T2m Heidke skill scores as a function of lead time (y-axis) and 

MJO phase (x-axis) for (a) all MJO episodes, (b) MJO episodes during La Niña events, (c) MJO 

episodes during neutral ENSO conditions, and (d) MJO episodes during El Niño events.  The 

dashed dark red (blue) lines indicate axes of enhanced (suppressed) skill with phase progression 

that is consistent with the eastward progression of the MJO, as determined by visual inspection 

of the plots.  The assigned day on the y-axis corresponds with the central day of weekly forecast, 

i.e., y = 7, 11, 18, 25, 32 and 39 days corresponds with the 4-10 day and week-2 through week-6 

forecasts, respectively. 

 

FIG. 6.  (a,d) Mean probabilistic T2m forecast, (b,e) mean Heidke skill scores, and (c,f) lagged 

composite 500 geopotential height anomalies (m) for (a-c) week 2 forecasts when the initial state 

of the MJO is phase 3 and for (d-f) week 4 forecasts when the initial state of the MJO is phase 7.  

In (a) and (d) warm (cold) colors correspond with the probability of T2m in the upper (lower) 
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tercile, and probabilities equal to or greater than 40% are contoured in intervals of 5%.  In (c) 

and (f) geopotential height anomalies are contoured at intervals of 10 m, with the zero contour 

omitted.  Stippling in b, c, e, and f indicates anomalies that are statistically significant at the 5% 

level on the basis of a Monte Carlo resampling test described in the text.   

 

FIG. 7.  As in Fig. 6 but for forecasts and lagged composites also conditioned on the initial state 

of ENSO: (a-c) week 3 forecasts when the initial state is La Niña and MJO phase 8, (d-f) week 3 

forecasts when the initial state is El Niño and MJO phase 2, and (g-i) week 4 forecasts when the 

initial state is neutral ENSO and MJO phase 6. 

 

FIG. 8.  Calibration functions for (a,c) upper and (b,d) lower tercile T2m forecasts corresponding 

with (a,b) all week 3 forecasts and (c,d) week 3 forecasts after the initial state of the MJO is 

phase 1, 2, or 7.  Each point along the line segment within the diagram represents a forecast 

probability bin center for a bin that contains 10% of the forecasts for the corresponding category.         
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FIG. 1.  Linear trend [ᵒC (30 yr)
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] of December – March T2m for the period of 1980 – 2010. 
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FIG. 2. Schematic of the T2m forecast calculation for grid point g and lead time t. (a) 

Climatological December – March T2m anomaly distribution from the training data, with tercile 

boundaries, TB and TA.  The area shaded in blue (red) represents the probability of below (above) 

average T2m, which is 33 1/3% in climatology by definition.  Note that this schematic assumes a 

Gaussian climatological distribution, but the actual calculation of tercile boundaries does not 

assume any parametric parent distribution. (b) Forecast T2m anomaly distribution with mean μtg 

and standard deviation σtg (solid curve), assumed Gaussian and conditioned on the initial state of 

the MJO and ENSO (see text for details).  The climatological T2m anomaly distribution is 

dashed.  The forecast probability of above (below) average T2m is represented by the area 

shaded above TA in red (below TB in blue), which indicates an enhanced (suppressed) probability 

of above (below) average T2m relative to climatology.   
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FIG. 3. (a) Mean T2m Heidke skill scores averaged over North America and over all winter days 

as a function of lead time for forecasts based on the initial state of ENSO only (green), the initial 

phase of the MJO only (dark blue), the combined initial state of the MJO and ENSO (light blue), 
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and the combined initial state of the MJO and ENSO and the linear trend (red). (b) Mean Heidke 

skill scores for forecasts based on the combined initial state of the MJO and ENSO and the linear 

trend but when ENSO alone is active (green), the MJO alone is active (blue), both the MJO and 

ENSO are active (red), and both the MJO and ENSO are inactive (brown).  The mean number of 

forecasts for each of the four categories is 696, 1064, 1324, and 668, respectively.  (c) As in (a) 

and (b) but for all CFSv2 retrospective forecasts between 1999 and 2009.  Note that the scale of 

y-axis in (c) differs from that of (a) and (b).   
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FIG. 4.  Gridded mean T2m Heidke skill scores for all winter days from forecasts based on 

(a,d,g,j) the initial state of the MJO and linear trend, (b,e,h,k) the initial state of ENSO and the 

linear trend, and (c,f,i,l) the initial state of the MJO and ENSO and the linear trend.  The 

corresponding lead times are (a-c) days 4-10, (d-f) week 2, (g-i) week 3, and (j-l) week 4.   
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FIG. 5. North American mean T2m Heidke skill scores as a function of lead time (y-axis) and 

MJO phase (x-axis) for (a) all MJO episodes, (b) MJO episodes during La Niña events, (c) MJO 

episodes during neutral ENSO conditions, and (d) MJO episodes during El Niño events.  The 

dashed dark red (blue) lines indicate axes of enhanced (suppressed) skill with phase progression 

that is consistent with the eastward progression of the MJO, as determined by visual inspection 

of the plots.  The assigned day on the y-axis corresponds with the central day of weekly forecast, 

i.e., y = 7, 11, 18, 25, 32 and 39 days corresponds with the 4-10 day and week-2 through week-6 

forecasts, respectively. 
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FIG. 6.  (a,d) Mean probabilistic T2m forecast, (b,e) mean Heidke skill scores, and (c,f) lagged 

composite 500 geopotential height anomalies (m) for (a-c) week 2 forecasts when the initial state 

of the MJO is phase 3 and for (d-f) week 4 forecasts when the initial state of the MJO is phase 7.  

In (a) and (d) warm (cold) colors correspond with the probability of T2m in the upper (lower) 

tercile, and probabilities equal to or greater than 40% are contoured in intervals of 5%.  In (c) 

and (f) geopotential height anomalies are contoured at intervals of 10 m, with the zero contour 

omitted,.  Stippling in b, c, e, and f indicates anomalies that are statistically significant at the 5% 

level on the basis of a Monte Carlo resampling test described in the text.  
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FIG. 7.  As in Fig. 6 but for forecasts and lagged composites also conditioned on the initial state 

of ENSO: (a-c) week 3 forecasts when the initial state is La Niña and MJO phase 8, (d-f) week 3 

forecasts when the initial state is El Niño and MJO phase 2, and (g-i) week 4 forecasts when the 

initial state is neutral ENSO and MJO phase 6. 
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FIG. 8.  Calibration functions for (a,c) upper and (b,d) lower tercile T2m forecasts corresponding 

with (a,b) all week 3 forecasts and (c,d) week 3 forecasts after the initial state of the MJO is 

phase 1, 2, or 7.  Each point along the line segment within the diagram represents a forecast 

probability bin center for a bin that contains 10% of the forecasts for the corresponding category.     
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