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                                  Abstract 41 

Retrograde long waves in the higher latitudes of Northern Hemisphere can episodically attain large 42 

amplitudes and sustain coherent phase propagation for 2-3 weeks. The potential influence of such 43 

waves on extended-range weather forecast has been conjectured but not systematically quantified. 44 

Using a set of ensemble reforecast data, this study examines the predictability associated with an 45 

extraordinary retrograde-wave episode in the 1979-80 winter. Quantified by the anomaly correlation 46 

of 500 hPa geopotential height in the 40°N-70°N latitudinal band, increased week-2 predictability is 47 

found within the sub-period with the presence of coherent retrograde waves.  Some individual 48 

forecasts made within the retrograde-wave event exhibit the behavior of “return of skills”.  The 49 

results suggest a future investigation into the relation between the uptick of anomaly correlation in 50 

week-2 and detailed dynamics of the retrograde waves. 51 
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1. Introduction 57 

A distinctive type of coherent westward-propagating disturbances in the higher latitudes of Northern 58 

Hemisphere was identified in observation by Branstator (1987), Kushnir (1987), Madden and Speth 59 

(1989), and Lanzante (1990).  These disturbances attain their maximum amplitude at approximately 60 

60°N. Vertically, they exhibit an equivalent barotropic structure that extends through the troposphere 61 

and lower stratosphere. The retrograde disturbances are identified by their footprint in the zonal 62 

wavenumber-1 component of mid-troposphere geopotential height anomaly, whose period ranges 63 

from 2-3 weeks.  Statistics of the retrograde disturbances based on the wavenumber-1 Fourier 64 

component were given in Madden and Speth (1989) and recently updated by Raghunathan and Huang 65 

(2019).  66 

The aforementioned classical studies already speculated on enhanced predictability associated with 67 

large-amplitude retrograde waves. In particular, Branstator (1987) noted a prominent episode of 68 

retrograde disturbances in 1979-80 winter which (according to an anecdote in Gilchrist 1986) 69 

coincides with a known period of elevated predictability in numerical weather prediction.  Lau and 70 

Nath (1999) examined potential influences of the retrograde waves on weather over North America. 71 

Mo (1999) suggested a connection of the retrograde disturbances to the sub-monthly variability of 72 

precipitation over California. Stan and Krishnamurthy (2019) showed the potential of using a 73 

retrograde-wave type of mode for the statistical prediction of temperature over North America on the 74 

sub-monthly time scale. The connection of the retrograde disturbances to cold air outbreak in North 75 

America and East Asia was suggested by Lau and Nath (1999) and Takaya and Nakamura (2005 a,b). 76 
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Given that the time scale of the retrograde disturbances falls within the sub-monthly (1 week to 1 77 

month) window for which atmospheric predictability is not well-understood, the influence of the 78 

retrograde waves on predictability is of great practical interests. The subject has not been actively 79 

pursued, despite increasing availability of archived forecast and reforecast data sets.    80 

With this background, this study uses ensemble reforecast data to examine the predictability 81 

associated with an extraordinary retrograde-wave event in January-March, 1980, which was featured 82 

prominently in classical observational studies and called "striking" by Branstator (1987). The event 83 

was identified by Madden and Speth (1989) as the longest sequence with coherent westward 84 

propagation of the wave-1 component in the 8-year (1979-1987) data they analyzed.  An updated 85 

observational analysis by Raghunathan and Huang (2019) reaffirmed that this event remains one of 86 

the most prominent in the last four decades. The case study of this extraordinary episode presented 87 

here will serve as the basis for a future investigation on multiple episodes using an expanded 88 

reforecast data set.  89 

2. Reforecast data 90 

2.1 Reforecast data and bias correction 91 

 We use the NOAA Reforecast Version 1 data (Hamill et al. 2004) for the analysis of the 92 

forecast for the 1979-80 winter. The dataset has been updated to Version 2 (Hamill et al. 2013) which 93 

covers 1984-present. Our use of the Version-1 data is one-time only and is justified by its unique 94 

coverage of the extraordinary episode of retrograde waves. The analysis focuses on 500 hPa 95 

geopotential height.  To circumvent issues with diurnal variation, only 00Z data is used. (Hereafter, 96 
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"daily data" refers to that for 00Z.)  The initial condition in the reforecast, essentially the reanalysis, 97 

is adopted as the "observation" to compute forecast errors. The ensemble forecast consists of 15 98 

members, each is integrated out to 15 days. 99 

 The daily reforecast for 10 winters, 1979/80-1988/89, are used to produce the daily (00Z) 100 

model climatology of 500 hPa height.  (This is comparable to the setting in Madden and Speth 101 

(1989), who used the data from 1979/80-1986/87 to define the climatology.)  Each winter is defined 102 

as November 16-March 16.  The data is truncated at Triangular 35 (T35) spectral resolution as in the 103 

reforecast archive, but note that the original reforecast model has a higher T62 resolution.  (The T35 104 

spectral truncation corresponds to retaining all spherical harmonics, 𝑌𝑛
𝑚(λ, φ), for total wavenumber 105 

n ≤ 35, where 𝑌𝑛
𝑚(λ, φ) = 𝑒𝑖𝑚λ𝑃𝑛

𝑚(φ) with 𝑃𝑛
𝑚(φ) as the associated Legendre function, and (λ, φ) 106 

are longitude and latitude.)  For conciseness, we denote the spatial coordinate (λ, φ) as x.  A forecast 107 

of 500 hPa geopotential height is denoted as Z(x, τ, t, p, k), where τ is the forecast lead time (τ = 1, 3, 108 

5, ..., 13, and 15 days are selected for our analysis), t is the day of the season (t = 1, 2, ... are Nov 16, 109 

Nov 17, ..., etc.) on which the forecast is validated, p indicates year (p = 1, 2, ... are 1979/80, 1980/81, 110 

..., etc.), and k is the index to identify an ensemble member (k = 0, –1, 1, –2, 2, ..., –7, 7; k = 0 is the 111 

control run, and k = –N and N are a pair of perturbed runs with equal but opposite-signed initial 112 

perturbations.)   The 15-member ensemble mean of Z(x, τ, t, p, k) will be denoted as Z(x, τ, t, p). 113 

The observation is denoted as 𝑍𝑂𝐵𝑆(x, t, p), where (t, p) are the day and year of the observation. 114 

          The daily climatology for observation, �̅�𝑂𝐵𝑆(x, t), is the 10-year average of 𝑍𝑂𝐵𝑆(x, t, p) 115 

over p.  The daily model climatology for the ensemble mean with lead time τ, �̅�(x, τ, t), is the average 116 
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of Z(x, τ, t, p) over p.   As a quick illustration, Fig. 1a shows the daily climatology of the spherical 117 

harmonic 𝑌3
0 spectral coefficient of �̅�𝑂𝐵𝑆(x, t) and �̅�(x, τ, t) for selected lead time τ, for November 118 

16-March 16. (We choose a spectral coefficient over a grid-point value as the former absorbs the 119 

contribution from the global field. Also, a spectral component with m = 0 such as 𝑌3
0 is purely real, 120 

which simplifies the presentation.) The daily climatology, created from a 10-year average of the 121 

reforecast, is further smoothed in time by a cubic least-square interpolation, as shown in Fig. 1b.  The 122 

procedure is applied to every spherical harmonic coefficient, up to the T35 truncation, of the 123 

geopotential height field to produce the smoothed daily climatology for observation and forecast (the 124 

latter as a function of forecast lead time), denoted as �̃�𝑂𝐵𝑆(x, t) and �̃�(x, τ, t), respectively. (Note that 125 

�̃�(x, τ, t) is already the 15-member ensemble mean.) The difference between the model and observed 126 

climatology,                    127 

   B(x, τ, t)  =  �̃�(x, τ, t) – �̃�𝑂𝐵𝑆(x, t) ,                                                         (1) 128 

is the model bias as a function of day-of-the-season and forecast lead time.  With bias correction, the 129 

corrected forecast is  130 

    ZBC (x, τ, t, p)  =  Z(x, τ, t, p) – B(x, τ, t) .                                                  (2)  131 

Hereafter, the index p is omitted, understanding that only p = 1 (the 1979-80 winter) is considered for 132 

the rest of the paper. 133 

2.2 Definition of anomaly 134 

          For the analysis of retrograde waves and for quantifying predictability, one needs to define 135 

the anomaly of the observed and forecast fields.  The observed 500 hPa geopotential height anomaly 136 
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for the 1979/80 winter is (again, p = 1 is omitted in the notation for brevity) 137 

    𝑍′
𝑂𝐵𝑆(𝐱, 𝑡) = 𝑍𝑂𝐵𝑆(𝐱, 𝑡) − �̃�𝑂𝐵𝑆(𝐱, 𝑡) .                                                  (3) 138 

For the forecast, if no bias correction is applied, the anomaly would be 139 

    𝑍′(𝐱, 𝜏, 𝑡) = 𝑍(𝐱, 𝜏, 𝑡) − �̅�𝑂𝐵𝑆(𝒙, 𝑡) .                                                     (4) 140 

Bias correction is equivalent to redefining the anomaly as the departure from the model climatology 141 

at the given lead time, i.e., 142 

     𝑍′
𝐵𝐶(𝐱, 𝜏, 𝑡) = 𝑍(𝐱, 𝜏, 𝑡) − �̃�(𝐱, 𝜏, 𝑡) ,                                                  (5) 143 

where 𝑍′𝐵𝐶 is the bias-corrected anomaly for the forecast. 144 

3. Results    145 

3.1 Prediction of the long-wave component 146 

         The distinctive retrograde-wave episode occurred in the second half of the 1979-80 winter. 147 

Using a set of criteria based on the zonal wavenumber-1 component of 250 hPa geopotential height 148 

at 60°N, Madden and Speth (1989) identified this episode as spanning from January 6 – March 22, 149 

1980.  An updated analysis by Raghunathan and Huang (2019) find a similar time span of this event, 150 

using either 250 hPa or 500 hPa geopotential height anomalies. Figure 2(a) shows the time-longitude 151 

Hovmöller diagram of the observed zonal wavenumber-1 component of 500 hPa geopotential height 152 

anomaly at 65°N from November 16, 1979-March 16, 1980. The red vertical bar drawn at right 153 

indicates the active period of retrograde waves based on Madden and Speth (1989). Comparable 154 

Hovmöller diagrams for this episode can also be found in Raghunathan and Huang (2019) and Watt-155 

Meyer and Kushner (2015).   156 
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Madden and Speth (1989) only documented the retrograde-wave events after January 1, 1980. In the 157 

updated analysis, Raghunathan and Huang (2019, see their Table 1) found two minor retrograde-wave 158 

events in November, 1979. Both did not complete one full cycle of phase propagation for the wave-159 

1 component. For simplicity, in the key statistics to be shown in Fig. 5, we lump those minor events 160 

into the period of November 16, 1979 – January 5, 1980 and nominally call it the “inactive period”, 161 

in contrast to the “active period” of January 6 – March 16, 1980 which falls entirely within the long 162 

episode with coherent retrograde waves.   163 

Figures 2b-2d are similar to Fig. 2a but for the 15-member ensemble mean, with bias correction, of 164 

the reforecast with 3-day, 7-day, and 11-day lead times. (Each of the Hovmöller diagrams is produced 165 

by weaving many forecasts together.)  Over the active period of retrograde waves, the observed 166 

phase of the wave-1 component is well-preserved in the forecast for up to 7 days, and up to 11 days 167 

for the period from early February to mid-March of 1980. Over the inactive period, for example 168 

through late December of 1979, the predicted phase of the wave-1 component deteriorates much 169 

sooner. Ensemble averaging significantly improves the forecast; The prediction from a single 170 

ensemble member is much noisier (not shown), even over the active period. 171 

 Figure 3 shows an example of the "phase dial" of the wave-1 geopotential height anomaly at 172 

65°N from February 14-February 29, 1980 (day 91-106 in the Hovmöller diagrams in Fig. 2). Writing 173 

the wave-1 component as Z1(λ, t) = A(t) sinλ + B(t) cosλ, its amplitude and phase are defined as R = 174 

(A
2
 + B

2
)

1/2
 and Λ = tan

-1
(B/A), with an appropriate choice of the principal value for the latter. The 175 

daily (00Z) values of (R, Λ) are plotted in polar coordinate with R the radial coordinate and Λ the 176 
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azimuthal coordinate, defined as increasing counterclockwise. (A counterclockwise evolution of the 177 

phase corresponds to westward propagation.) The black dial in Fig. 3 is the observation; Red and blue 178 

are the (bias-corrected) ensemble means of forecast with 3-day and 5-day lead times. (Each of the red 179 

and blue dials is produced by weaving many forecasts together. It should not be confused as a single 180 

long forecast.)  This demonstrates the preservation of the phase information in the forecast.   181 

 To illustrate the effect of ensemble averaging, Fig. 4 uses ellipses to represent the spread of 182 

15 members of forecast for selected lead times.  For clarity, we duplicate the observation (black dial) 183 

from Fig. 3. The superimposed red filled circles and ellipses are the forecasts made from February 14 184 

and validated at February 15, 17, 19, 25, and 27, i.e., with lead time τ = 1, 3, 5, 11, and 13 days.  The 185 

dates are not individually marked on the diagram but can be readily identified by the increase of 186 

spread with lead time. The counterparts of the five selected dates for observation are marked by filled 187 

circles on the black dial.  The center of an ellipse is the forecasted ensemble mean of (R, Λ).  The 188 

length of the semi-axis in the radial direction indicates one standard deviation (calculated from the 189 

15 ensemble members) in R, and that in the azimuthal direction indicates one standard deviation in 190 

Λ. At large lead times, an individual ensemble member can behave wildly while ensemble averaging 191 

brings the forecast closer to observation.  192 

3.2 General statistics of anomaly correlation 193 

 Figures 5a-b show anomaly correlation as a function of forecast lead time for 500 hPa 194 

geopotential height over the 40°N-70°N latitudinal band. The results in Fig. 5a are for the ensemble 195 

mean with bias correction, and further averaged over all daily forecasts made through the whole 1979-196 
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80 winter. The black, red, and blue curves are for the full geopotential height field (with all 197 

wavenumbers), the long-wave component with zonal wavenumber 1-2 only, and the short-wave 198 

components with wavenumber 5-9.  (Here, we group wavenumber 1 and 2 together as the wave-2 199 

component shares similar dynamics of long waves to the wave-1 component. In the classical studies 200 

mentioned in Introduction, the two are sometimes analyzed together.) The anomaly correlation is 201 

calculated with the area weight (square root of the area of the grid box) multiplied to the geopotential 202 

height anomaly.  203 

In Fig. 5b, the anomaly correlations for the wavenumber 1 and 2 components (in red and blue, 204 

respectively) are shown separately. To show the effect of bias correction and ensemble averaging on 205 

the prediction of long waves, in Fig. 5b we first replicate the red curve (for wavenumber 1-2) from 206 

Fig. 5a as the solid black curve, then superimpose the short-dashed curve as its counterpart without 207 

bias correction. While bias correction helps improve the forecast, its effect is relatively minor possibly 208 

because the traveling long waves have a small mean after phase-averaging. The long-dashed curve in 209 

Fig. 5b is the counterpart of the short-dashed curve but with the former representing the anomaly 210 

correlation for single predictions. More precisely, for this curve we first compute the anomaly 211 

correlation for each of the 15 ensemble members before averaging the 15 values of anomaly 212 

correlation. This is in contrast to the solid or short-dashed black curve for which the 15 forecast fields 213 

are averaged before anomaly correlation is computed for the ensemble-averaged field. One may 214 

interpret the difference between the long-dashed and short-dashed curves as the effect of ensemble 215 

averaging. The noticeably lower value associated to the long-dashed curve illustrates the significant 216 
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benefit of ensemble forecast for propagating long waves. For the rest of the paper, all results shown 217 

are those from the 15-member ensemble mean with bias correction. 218 

3.3 Contrast in predictability between active and inactive periods 219 

 Figures 5c-d compare the anomaly correlations averaged over the whole 1979-80 winter 220 

(solid lines), the inactive period (November 16, 1979-January 6, 1980, short-dashed lines), and the 221 

active period (January 6-March 16, 1980, long-dashed lines) of retrograde waves. Figure 5c shows 222 

those for zonal wavenumber-1 (black) and wavenumber 1-2 (red) components, and Fig. 5d all 223 

wavenumbers (black) and short waves with wavenumber 5-9 (red). In all cases, the anomaly 224 

correlation is higher over the active period. Interestingly, enhanced predictability of the short waves 225 

is also found within the active period of retrograde long waves, although further studies are needed 226 

to establish a causal relation between the two. 227 

 To further demonstrate the contrast in predictability between the active and inactive periods, 228 

in Fig. 6a the anomaly correlation for zonal wavenumber 1-2 of the 500 hPa geopotential height (over 229 

the 40°N-70°N latitudinal band as before) is shown for the individual sets of daily forecasts with the 230 

initial condition stepping through the 1979-80 winter. The leftmost curve is the anomaly correlation 231 

for the 15-day forecast initialized at 00Z of November 16, 1979. The rightmost curve is the forecast 232 

initialized at 00Z of March 1, 1980, which makes prediction out to March 16, 1980. (Each curve in 233 

Fig. 6a is for the ensemble mean of 15 forecasts, with bias correction as usual. Averaging over all the 234 

curves would recover the red curve in Fig. 5a.)  A curve is colored red if the anomaly correlation 235 

exceeds 0.5 at day 11, and blue otherwise. Red curves reside overwhelmingly within the active period, 236 
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indicated by the horizontal red bar at top of the panel. 237 

 Figure 6b shows the daily (00Z) values of the phase of the observed zonal wavenumber-1 238 

component of 500 hPa geopotential height anomaly at 65°N. Figure 6c shows the amplitudes of 239 

wavenumber-1 (black) and wavenumber 1-2 (blue) components. The latter is defined as A = 240 

(|R1|
2+|R2|

2)1/2, where R1 and R2 are the amplitudes of wave-1 and wave-2 components. We note that 241 

enhanced predictability is associated with the presence of coherent westward phase propagation, 242 

rather than just high amplitudes, of the wave-1 component.  243 

 Figure 7 is similar to Fig. 6a but for the anomaly correlation of the full 500 hPa geopotential 244 

height anomaly with all wavenumbers. With the inclusion of short waves, the anomaly correlation is 245 

reduced overall but the contrast in predictability between the active and inactive periods is still 246 

evident. We put a red dot below the abscissa to indicate an occasion when the anomaly correlation 247 

for a forecast exceeds 0.5 at τ = 11 days. (The dot is placed at the date when the forecast is validated. 248 

For brevity, in Fig 7 we omit the labeling of the abscissa which is otherwise the same as Fig. 6.)  The 249 

active period is abundantly populated with red dots, compared to the inactive period.  250 

3.4 Spatial patterns of long waves 251 

 Since the most significant increase in predictability is associated to the long waves, we next 252 

show some forecast maps (all ensemble-averaged and bias-corrected) of the long-wave components 253 

of 500 hPa geopotential height.  The forecast in Fig. 8, initialized on February 14, 1980, is randomly 254 

chosen from the red-colored cases within the retrograde-wave event in Fig. 6a. The wavenumber 1-2 255 

component of geopotential height at the initial time is shown in the top left panel. Below it, the left 256 
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and right columns compare the observation (left) and forecast (right) for February 17, 21, and 25, 257 

corresponding to lead times of τ = 3, 7, and 11 days. For this case, the anomaly correlations from Fig. 258 

6a are (0.966, 0.940, 0.865, 0.794, 0.780) for τ = (3, 5, 7, 9, 11) days. At τ = 11 days, the value of 259 

0.780 is ranked 14th, or just clears the upper tercile, of the 42 red cases within the retrograde-wave 260 

event in Fig. 6a.  Figure 8 demonstrates the semblance of the predicted long-wave patterns to 261 

observation into week-2, although at τ = 11 days the amplitude of the long waves in the forecast is 262 

weaker than its counterpart in the observation. 263 

 We next revisit a case singled out by Branstator (1987, p.2323) as a folklore example of an 264 

episode with unusually high predictability (overall, not restricted to long waves) in operational 265 

numerical weather prediction. (Branstator cited Gilchrist (1986), which however does not contain the 266 

detail of the original forecast.)  The forecast, shown in Fig. 9 in the same fashion as Fig. 8, is 267 

initialized on January 18, 1980. The anomaly correlations for wavenumber 1-2 over 40°N-70°N are 268 

(0.923, 0.824, 0.708, 0.716, 0.662) for τ = (3, 5, 7, 9, 11) days.  The corresponding anomaly 269 

correlations for all wavenumbers (related to Fig. 7) are (0.881, 0.762, 0.627, 0.594, 0.547). The 270 

observed pattern of the long waves is well preserved in the forecast into τ = 11 days. Although 271 

retrograde waves generally attain a maximum amplitude in the higher latitudes, in this case the 272 

semblance between forecast and observation at τ = 11 days even extends to the lower latitudes (south 273 

of 40°N) over North America. This reminds us previous statistical studies that related the retrograde 274 

waves to sub-monthly variability of precipitation (Mo 1999) and temperature (Stan and 275 

Krishnamurthy 2019) in the lower latitudes of North America. 276 
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While extended-range forecasts with an unusually high anomaly correlation or “return of skill” are 277 

known in folklore and some of which could be attributed to random coincidences (e.g., Anderson and 278 

van den Dool, 1994), we hope the results here will revive interests in further investigations into non-279 

random relations between enhanced predictability and retrograde waves. Raghunathan and Huang 280 

(2019) noted in their potential vorticity (PV) analysis that some strong retrograde-wave events are 281 

associated with a poleward extrusion of low PV air over the North Pacific, followed by wave breaking 282 

and vortex shedding, then a westward migration of the anticyclonic vortex.  Such a sequence of 283 

distinctive dynamical features is found in the case in Fig. 9. Using the ERA-Interim data (Dee et al. 284 

2011), Fig. 10 shows the daily maps of PV on the 315°K isentropic surface over the Asian-North 285 

Pacific sector for the four dates in Fig. 9.  A detached anticyclonic vortex can be identified in the 286 

map for January 29. In future work, it will also be interesting to clarify whether the elevated anomaly 287 

correlation is associated with a particular stage of the dynamical evolution as illustrated in Fig. 10. 288 

4. Concluding remarks 289 

 This study provides further evidence of enhanced week-2 predictability in numerical weather 290 

prediction during a long episode of coherent retrograde waves. In addition, we quantitatively 291 

demonstrate how prevalently the elevated predictability for daily forecast occurs within the 292 

retrograde-wave event.   Our conclusion is drawn from the reforecast in only one winter, which 293 

nevertheless contains one of the most extraordinary episodes of retrograde waves.  Motivated by this 294 

case study, a follow-up investigation is underway that will analyze multiple episodes of retrograde 295 

waves from 1984-present using the NOAA Reanalysis II data (Raghunathan and Huang, 2021, in 296 
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preparation). As noted by Raghunathan and Huang (2019), only a few retrograde-wave events after 297 

1984 are comparable to the 1979-80 event in terms of phase coherence and duration. Moreover, the 298 

retrograde-wave events documented in Raghunathan and Huang (2019) have a wide range of period 299 

and duration. Our forthcoming work will address the issue of weaving those different retrograde-300 

wave events into a unified framework for analyzing the anomaly correlation.    301 

 This paper investigates how predictability is influenced by retrograde long waves while the 302 

dynamical mechanisms of the waves are not analyzed further. (A small number of works on the 303 

dynamics can be found in Branstator and Held (1995), Huang and Robinson (1995), Lau and Nath 304 

(1999), and Polvani et al. (2001), also see a brief survey in Raghunathan and Huang (2019).)   305 

Nevertheless, analyzing the products of numerical weather prediction as done in this paper might 306 

provide an alternative way to understanding the dynamics of the retrograde waves from an initial-307 

value-problem point of view.   308 
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List of Figures 363 

Fig. 1  (a) The daily 00Z climatology of the spherical harmonic 𝑌3
0component of 500 hPa height for 364 

Nov 16-Mar 16 averaged over 10 winters from 1979/80-1988/89.  Black is observation, and various 365 

colors represent the model climatologies at selected lead times as indicated in the legend.  (b) 366 

Smoothed version of (a) by a least-square cubic fit. Unit is meter times a geometric constant.   367 

Fig. 2  Hovmöller diagrams of the zonal wavenumber one component of 500 hPa height anomaly at 368 

65°N for Nov 16, 1979 -Mar 16, 1980.  All diagrams are made with daily values without further time 369 

filtering.  Left to right: observation and forecasts with 3-day, 7-day, and 11-day lead times as 370 

indicated at top.  The vertical red bar for observation indicates the active period of retrograde waves 371 

as identified by Madden and Speth (1989). The forecasts shown are the 15-member ensemble mean 372 

with bias correction.  Contour interval is 100 m with negative contours dashed. 373 

Fig. 3 Daily 00Z values of the phase Λ and amplitude R of the zonal wavenumber one component of 374 

500 hPa height at 65°N from Feb 14-Feb 29, 1980.  Arrows indicate the direction of time.  The 375 

cartesian coordinate (x, y) used is related to (R, Λ) by x = R cosΛ and y = R sinΛ.  Unit is meter for 376 
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amplitude.  Phase increases counterclockwise with the positive x-axis being 0° and 360°.  Black: 377 

Observation.  Red: Forecasts with a 3-day lead.  Grey: Forecasts with a 5-day lead. 378 

Fig. 4 The observed sequence from Feb 14-Feb 29, 1980 in Fig. 6 is repeated, but with Feb 15, Feb 379 

17, Feb 19, Feb 25, and Feb 27 highlighted with filled circles.  The ellipses summarize the ensemble 380 

forecasts (with bias correction) made from Feb 14 and validated at these five dates (i.e., forecasts 381 

with 1-day, 3-day, 5-day, 11-day, and 13-day lead times).  The center of an ellipse indicate the 382 

ensemble means of the phase and amplitude of the wavenumber one component.  The semi-383 

major/minor axis of the ellipse along the direction of constant phase indicates 𝜎𝑅, one intra-ensemble 384 

standard deviation of amplitude R from the forecasts.  The other semi-major/minor axis indicates 385 

R𝜎Λ, where 𝜎Λ is one standard deviation of phase Λ.  The five sets of forecasts are not specifically 386 

marked as they can be distinguished by the increase of the standard deviation with lead time.  Unit 387 

is meter for R. 388 

Fig. 5  (a) Anomaly correlation as a function of forecast lead time. (a) Ensemble mean with bias 389 

correction, averaged over all forecasts made through the 1979-80 winter. Black: all zonal 390 

wavenumbers; Red: Wavenumber 1-2; Blue: Wavenumber 5-9. (b) Solid black: Duplicate of the red 391 

curve from (a). Solid red and blue: Same as solid black but for wave-1 and wave-2 alone. Black short 392 

dashed: Same as black solid but without bias correction. Black long dashed: Same as black short 393 

dashed but with anomaly correlation calculated for individual ensemble members before averaging. 394 

(c) Anomaly correlation averaged over the whole 1979-80 winter (solid), the inactive period (short 395 

dashed), and the active period (long dashed) of retrograde waves. Wavenumber 1-2 is in black, and 396 
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wavenumber-1 alone in red. (d) Similar to (c) but for all wavenumbers (black) and wavenumber 5-9 397 

(red).  398 

Fig. 6  Top: Anomaly correlation of wavenumber 1-2, 500 hPa height from 40°N-70°N, from daily  399 

forecast through 1979-80 winter. Red indicates the case with AC > 0.5 at day 11. Middle: Phase of 400 

wave-1 component. Bottom: Amplitude of wave-1 (black) and wave 1+2 (blue) components. 401 

Fig. 7 Anomaly correlation of 500 hPa height from 40°N-70°N, from daily forecast through 1979-80 402 

winter. Red curve and red dot (placed at day 11) indicate the case with AC > 0.5 at day 11. For brevity, 403 

we omit the labeling of the abscissa which is otherwise the same as Fig. 6. 404 

Fig. 8 Left: Observation of 500 hPa height anomaly (wave 1+2) on Feb 14, 17, 21, and 25. Right: 15-405 

member ensemble average of the corresponding forecast initialized at February 14, 1980. Contour 406 

interval is 50 m with zero contours omitted. Red and blue are positive and negative. 407 

Fig. 9 Same as Fig. 8 but for the observation and corresponding forecast initialized at January 8, 1980. 408 

Fig. 10 The daily map of isentropic potential vorticity at 315°K surface. The sequence of (a)-(d) 409 

correspond to the four dates shown in Fig. 9: January 18, 21, 25, and 29, 1980. Blue contours are 410 

from 0.25 – 1.0 PV Unit (1 PVU = 10–6 °K m2 kg–1 s–1) with a contour interval of 0.25 PVU. Red 411 

contours are from 1.0 – 7.0 PVU with a contour interval of 2.0 PVU.   412 
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Fig. 1  (a) The daily 00Z climatology of the spherical harmonic 𝑌3
0component of 500 hPa height for 422 

Nov 16-Mar 16 averaged over 10 winters from 1979/80-1988/89.  Black is observation (reanalysis), 423 

and various colors represent the model climatologies at selected lead times as indicated in the legend.  424 

(b) Smoothed version of (a) by a least-square cubic fit. Unit is meter times a geometric constant.   425 
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 431 

Fig. 2  Hovmöller diagrams of the zonal wavenumber one component of 500 hPa height anomaly at 432 

65°N for Nov 16, 1979 -Mar 16, 1980.  All diagrams are made with daily values without further time 433 

filtering.  Left to right: observation and forecasts with 3-day, 7-day, and 11-day lead times as 434 

indicated at top.  The vertical red bar for observation indicates the active period of retrograde waves 435 

as identified by Madden and Speth (1989). The forecasts shown are the 15-member ensemble mean 436 

with bias correction.  Contour interval is 100 m with negative contours dashed. 437 
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 447 

 448 

Fig. 3 Daily 00Z values of the phase Λ and amplitude R of the zonal wavenumber one component of 449 

500 hPa height at 65°N from Feb 14-Feb 29, 1980.  Arrows indicate the direction of time.  The 450 

cartesian coordinate (x, y) used is related to (R, Λ) by x = R cosΛ and y = R sinΛ.  Unit is meter for 451 

amplitude.  Phase increases counterclockwise with the positive x-axis being 0° and 360°.  Black: 452 

Observation.  Red: Forecasts with a 3-day lead.  Grey: Forecasts with a 5-day lead. 453 
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 465 

 466 

Fig. 4 The observed sequence from Feb 14-Feb 29, 1980 in Fig. 6 is repeated, but with Feb 15, Feb 467 

17, Feb 19, Feb 25, and Feb 27 highlighted with filled circles.  The ellipses summarize the ensemble 468 

forecasts (with bias correction) made from Feb 14 and validated at these five dates (i.e., forecasts 469 

with 1-day, 3-day, 5-day, 11-day, and 13-day lead times).  The center of an ellipse indicate the 470 

ensemble means of the phase and amplitude of the wavenumber one component.  The semi-471 

major/minor axis of the ellipse along the direction of constant phase indicates 𝜎𝑅, one intra-ensemble 472 

standard deviation of amplitude R from the forecasts.  The other semi-major/minor axis indicates 473 

R𝜎Λ, where 𝜎Λ is one standard deviation of phase Λ.  The five sets of forecasts are not specifically 474 

marked as they can be distinguished by the increase of the standard deviation with lead time.  Unit 475 

is meter for R. 476 

 477 

 478 



 24 

 479 

 480 

Fig. 5  (a) Anomaly correlation as a function of forecast lead time. (a) Ensemble mean with bias 481 

correction, averaged over all forecasts made through the 1979-80 winter. Black: all zonal 482 

wavenumbers; Red: Wavenumber 1-2; Blue: Wavenumber 5-9. (b) Solid black: Duplicate of the red 483 

curve from (a). Solid red and blue: Same as solid black but for wave-1 and wave-2 alone. Black short 484 

dashed: Same as black solid but without bias correction. Black long dashed: Same as black short 485 

dashed but with anomaly correlation calculated for individual ensemble members before averaging. 486 

(c) Anomaly correlation averaged over the whole 1979-80 winter (solid), the inactive period (short 487 

dashed), and the active period (long dashed) of retrograde waves. Wavenumber 1-2 is in black, and 488 

wavenumber-1 alone in red. (d) Similar to (c) but for all wavenumbers (black) and wavenumber 5-9 489 

(red).  490 
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 499 

Fig. 6  Top: Anomaly correlation of wavenumber 1-2, 500 hPa height from 40°N-70°N, from daily 500 

forecast through 1979-80 winter. Red indicates the case with AC > 0.5 at day 11. Middle: Phase of 501 

wave-1 component. Bottom: Amplitude of wave-1 (black) and wave 1+2 (blue) components. 502 
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Fig. 7 Anomaly correlation of 500 hPa height from 40°N-70°N, from daily forecast through 1979-523 

80 winter. Red curve and red dot (placed at day 11) indicate the case with AC > 0.5 at day 11. For 524 

brevity, in Fig 7 we omit the labeling of the abscissa which is otherwise the same as Fig. 6. 525 
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 538 

Fig. 8 Left: Observation of 500 hPa height anomaly (wave 1+2) on Feb 14, 17, 21, and 25. Right: 539 

15-member ensemble average of the corresponding forecast initialized at February 14, 1980. 540 

Contour interval is 50 m with zero contours omitted. Red and blue are positive and negative. 541 
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 550 

Fig. 9 Same as Fig. 8 but for the observation and corresponding forecast initialized at January 8, 551 

1980. 552 
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 556 

 557 

Fig. 10 The daily map of isentropic potential vorticity at 315°K surface. The sequence of (a)-(d) 558 

correspond to the four dates shown in Fig. 9: January 18, 21, 25, and 29, 1980. Blue contours are 559 

from 0.25 – 1.0 PV Unit (= 10–6 °K m2 kg–1 s–1) with a contour interval of 0.25 PVU. Red contours 560 

are from 1.0 – 7.0 PVU with a contour interval of 2.0 PVU.   561 
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