
F

NOAA TECHNICAL MEMORANDUM NWS CR-111 F

GLOBAL MODEL ERRORS ASSOCIATED WITH 
RAPID LOW TO HIGH ZONAL WAVE NUMBER

TRANSITIONS

Edward K. Berry 
National Weather Service 
Central Region Headquarters 
Scientific Services Division 
Kansas City, Missouri

John A. McGinley and Paul Schultz 
NOAA Forecast Systems Laboratory 
Boulder, Colorado

March 1996

U.S DEPARTMENT OF
Commerce / National Oceanic and 

Atmospheric Administration
National Weather 
Service



NOAA TECHNICAL MEMORANDA
National Weather Service, Central Region Subseries

The National Weather Service Central Region (CR) subseries provides an informal mediun for the docunentation and quick dissemina­
tion of results not appropriate, or not yet ready, for formal publication. The series is used to report on work in progress, to 
describe technical procedures and practices, or to relate progress to a limited audience. These Technical Memoranda report on 
investigations devoted primarily to regional and local problems of interest mainly to regional personnel, and hence will not be 
widely distributed.
Papers 1 through 15 are in the former series, ESSA Technical Memoranda, Central Region Technical Memoranda (CRTM); Papers 16 
through 36 are in the former series, ESSA Technical Memoranda, Weather Bureau Technical Memoranda (WBTM). Beginning with Paper 37, 
the papers are part of the series, NOAA Technical Memoranda NWS.

Papers that have a PB or COM number are available from the National Technical Information Service, U. S. Department of Conmerce, 
5285 Port Royal Road, Springfield, VA 22151. Order by accession nurber shown in parenthesis at the end of each entry. Prices vary 
for all paper copies. Microfiche are S4.50. All other papers are available from the National Weather Service Central Region, 
Scientific Services, Room 1836, 601 East 12th Street, Kansas City, MO 64106.

ESSA Technical Memoranda

Precipitation Probability Forecast Verification Summary Nov. 1965 - Mar. 1966, SSD Staff, WBCRH, May 1966.CRTM 1
A Study of Summer Showers Over the Colorado Mountains. William G. Sullivan, Jr., and James 0. Severson, June CRTM 2
1966.
Areal Shower Distribution - Mountaiq Versus Valley Coverage. William G. Sullivan, Jr., and James 0. Severson, CRTM 3
June 1966.
Heavy Rains in Colorado June 16 and 17, 1965. SSD Staff, WBCRH, July 1966.CRTM 4
The Plim Fire. William G. Sullivan, Jr., August 1966.CRTM 5
Precipitation Probability Forecast Verification Summary Nov. 1965 - July 1966. SSD Staff, WBCRH, September 1966. CRTM 6
Effect of Diurnal Weather Variations on Soybean Harvest Efficiency. Leonard F. Hand, October 1966.CRTM 7
Climatic Frequency of Precipitation at Central Region Stations. SSD Staff, WBCRH, November 1966.CRTM 8

CRTM 9 Heavy Snow or Glazing. Harry W. Waldheuser, December 1966.
Detection of a Weak Front by WSR-57 Radar. G. W. Polensky, December 1966.CRTM 10
Public Probability Forecasts. SSD Staff, WBCRH, January 1967.CRTM 11
Heavy Snow Forecasting in the Central United States (an Interim Report). SSD Staff, January 1967.CRTM 12
Diurnal Surface Geostrophic Wind Variations Over the Great Plains. Wayne E. Sangster, March 1967.CRTM 13
Forecasting Probability of Sumnertime Precipitation at Denver. Wm. G. Sullivan, Jr., and James 0. Severson,CRTM 14
March 1967.
Improving Precipitation Probability Forecasts Using the Central Region Verification Printout. Lawrence A. Hughes, CRTM 15
May 1967.
Small-Scale Circulations Associated with Radiational Cooling. Jack R. Cooley, June 1967.WBTM CR 16
Probability Verification Results (6-month and 18-month). Lawrence A. Hughes, June 1967.WBTM CR 17
On the Use and Misuse of the Brier Verification Score. Lawrence A. Hughes, August 1967 (PB 175 771).WBTM CR 18
Probability Verification Results (24 months). Lawrence A. Hughes, February 1968.WBTM CR 19

20 Radar Prediction of the Topeka Tornado. Norman E. Prosser, April 1968.WBTM CR
Wind Waves on the Great Lakes. Lawrence A. Hughes, May 1968.WBTM CR 21
Seasonal Aspects of Probability Forecasts: 1. Sumner. Lawrence A. Hughes, June 1968 (PB 185 733).WBTM CR 22
Seasonal Aspects of Probability Forecasts: 2. Fall. Lawrence A. Hughes, September 1968 (PB 185 734).WBTM CR 23
The Importance of Areal Coverage in Precipitation Probability Forecasting. John T. Curran and Lawrence A. Hughes, WBTM CR 24
September 1968.
Meteorological Conditions as Related to Air Pollution, Chicago, Illinois, April 12-13, 1963. Charles H. Swan, WBTM CR 25
October 1968.
Seasonal Aspects of Probability Forecasts: 3. Winter. Lawrence A. Hughes, December 1968 (PB 185 735).WBTM CR 26
Seasonal Aspects of Probability Forecasts: 4. Spring. Lawrence A. Hughes, February 1969 (PB 185 736).WBTM CR 27
Minimum Temperature Forecasting During Possible Frost Periods at Agricultural Weather Stations in Western Michigan. WBTM CR 28
Marshall E. Soderberg, March 1969.
An Aid for Tornado Warnings. Harry W. Waldheuser and Lawrence A. Hughes, April 1969.WBTM CR 29

WBTM CR 30 An Aid in Forecasting Significant Lake Snows. H. J. Rothrock, November 1969.
WBTM CR 31 A Forecast Aid for Boulder Winds. Wayne E. Sangster, February 1970.

32 An Objective Method for Estimating the Probability of Severe Thunderstorms. Clarence L. David, February 1970. WBTM CR
33 Kentucky Air-Soil Temperature Climatology. Clyde B. Lee, February 1970.WBTM CR

WBTM CR 34 Effective Use of Non-Structural Methods in Water Management. Verne Alexander, March 1970.
WBTM CR 35 A Note on the Categorical Verification of Probability Forecasts. Lawrence A. Hughes and Wayne E. Sangster,

August 1970.
WBTM CR 36 A Comparison of Observed and Calculated Urban Mixing Depths. Donald E. Wuerch, August 1970.

NOAA Technical Memoranda NWS

NWS CR 37 Forecasting Maximun and Minimum Surface Temperatures at Topeka, Kansas, Using Guidance from the PE Numerical 
Prediction Model (FOUS). Morris S. Uebb, Jr., November 1970 (COM 71 00118).

NWS CR 38 Snow Forecasting for Southeastern Wisconsin. Rheinhart W. Harms, November 1970 (COM 71-00019).
NWS CR 39 A Synoptic Climatology of Blizzards on the North-Central Plains of the United States. Robert E. Black, February 

1971 (COM 71-00369).
NWS CR 40 Forecasting the Spring 1969 Midwest Snowmelt Floods. Herman F. Mondschein, February 1971 (COM 71-00489).
NWS CR 41 The Temperature Cycle of Lake Michigan 1. (Spring and Slimier). Lawrence A. Hughes, April 1971 (COM 71-00545).
NWS CR 42 Dust Devil Meteorology. Jack R. Cooley, May 1971 (COM 71-00628).
NWS CR 43 Summer Shower Probability in Colorado as Related to Altitude. Alois G. Topil, May 1971 (COM 71-00712).
NWS CR 44 An Investigation of the Resultant Transport Wind Within the Urban Complex. Donald E. Wuerch, June 1971 

(COM 71- 00766).
NWS CR 45 The Relationship of Some Cirrus Formations to Severe Local Storms. William E. Williams, July 1971 (COM 71- 00844). 
NWS CR 46 The Temperature Cycle of Lake Michigan 2. (Fall and Winter). Lawrence A. Hughes, September 1971 (COM 71-01039). 

(Continued on Back Cover)



NOAA TECHNICAL MEMORANDUM NWS CR-111

F

GLOBAL MODEL ERRORS ASSOCIATED 
WITH RAPID LOW TO HIGH ZONAL WAVE NUMBER

TRANSITIONS

Edward K. Berry 
National Weather Service 

Central Region Headquarters 
Scientific Services Division 

Kansas City, Missouri

John A. McGinley and Paul Schultz 
NOAA Forecast Systems Laboratory 

Boulder, Colorado

March 1996

F

(QC

,u&/
ho. ///

UNITED STATES 
DEPARTMENT OF COMMERCE 
Ronald H. Brown 
Secretary

National Oceanic and 
Atmospheric Administration 
D. James Baker 
Under Secretary

e

F



Table of Contents
ABSTRACT...................................................................................................................................1

1. INTRODUCTION............................................................................................................ 2

2. CONCEPTUAL MODEL OF LOW TO HIGH WAVE NUMBER
TRANSITIONS............................................................................................................ 4

A. Preliminaries.................................................................................................................4
B. Discussion.....................................................................................................................5

3. CASE STUDIES OF LOW TO HIGH ZONAL WAVE NUMBER
TRANSITIONS.......................................................................................................... 17

A. Preliminaries............................................................................................................... 17
B. Case 1: March 13-15,1990.........................................................................................17
C. Case 2:25 October-6 November 1992...................................................................... 18
D. Case 3: April 15-21,1992.......................................................................................... 32

4. STATISTICAL RESULTS.............................................................................................. 48

5. CONCLUSION................................................................................................................52

6. ACKNOWLEDGMENTS.............................................................................................. 54

7. REFERENCES................................................................................................................54



GLOBAL MODEL ERRORS ASSOCIATED WITH RAPID LOW TO HIGH 
ZONAL WAVE NUMBER TRANSITIONS

Edward K. Berry 
NOAA, National Weather Service 

Central Region, Scientific Services Division 
Kansas City, Missouri

John A. McGinley and Paul Schultz 
NOAA Forecast Systems Laboratory 

Boulder, Colorado

ABSTRACT

A very significant and energetic atmospheric behavior that is important to 
all meteorologists (including those doing operational forecasting) is northern 
hemispheric-scale low (waves 0-3) to high (5 or greater; wave 4 can act as either 
high or low) zonal wave number transitions (also called “breakdowns”). The 
breakdowns are most frequent during the spring and fall and least likely to 
occur in the summer.

Large forecast errors in the operational global models (MRF, ECMWF and 
UKMET) often occur during these transitions. The purpose of this report is to 
present an observationally formulated qualitative conceptual model of low to 
high zonal wave number transitions, then give statistical results to verify the 
forecast errors that do occur in the MRF model (version of this model before the 
October 1995 changes).

Forecasts from the other operational global medium-range NWP models 
were not available for this study (work is ongoing with the other models). The 
errors are believed to be related to the transitions.

Discussion is restricted to the northern hemisphere. In brief, a typical 
behavior of these transitions is the following. The westerlies start at a relatively 
high latitude either with a wave 0 or low amplitude wave 2 structure. The 
westerlies then come south, expand across the North Pacific Ocean Basin, favor­
ing a positive phase of the PNA. At this stage, there is often a wave 3 structure 
of the westerlies.

Then, in no more than a matter of a few days, rapid amplification occurs. 
For the U.S., a deep mid and upper tropospheric trough often forms between 95° 
and 120 °W, as part of a zonal wave 5 or higher regime (the locations of the 
“other troughs” are given in the conceptual model). Result can be destructive
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severe weather of all types over a large portion of the U.S., especially in the 
Plains States, without much forecast lead-time. To stay within the scope of this 
paper, discussion back to low wave number is very limited (topic of future work).

Research is planned to quantify the dynamics of these wave number tran­
sitions including formulating several diagnostic and statistical tools, developing a 
climatology of the breakdowns and computing forecast error more completely 
(including other global models such as ECMWF and UKMET). Some prelimi­
nary results are given in the text. However, more conclusive evidence is 
planned to be reported in future publications. The goals of this work are not 
only to improve understanding and predictability, but also products and services 
to the users (public).

1. INTRODUCTION

A significant atmospheric mode of behavior that is important to all meteo­
rologists (including those doing operational forecasting) is northern hemispheric- 
scale low (zonal wave numbers 0-3) to high zonal wave number (5 or greater; 
wave 4 can act as either high or low) transition events (also called “breakdowns” 
in this paper; Weng and Barcilon 1988). Besides these events being, at tunes, 
prolific significant and severe weather “producers” of all types, especially for the 
central United States, these low to high wave number transitions often lead to 
substantial errors and inconsistencies in the operational global medium-range 
numerical weather prediction (NWP) models (the transitions have low predict­
ability).

The errors are for all forecast fields at all model levels, irrelevant of the 
vertical coordinates. Further, these errors can become quite large even after day
2, and thus certainly have an impact on any forecaster preparing a 3-5 or 4-7 
day prediction. At the least, in these situations, forecaster confidence would be 
low for any medium-range prediction.

These models include the Global Spectral Medium Range Forecast (MRF) 
(White 1988a, b) model generated by the U.S. National Meteorological Center 
(NMC; currently NCEP, the National Centers for Environmental Prediction), the 
model produced by European Centre for Medium Range Weather Forecasts 
(ECMWF; Bengtsson 1985) and the one produced by the United Kingdom Meteo­
rological Office (UKMET). “Short-range” models, like the operational NCEP 
NGM (Hoke et al. 1989) and ETA (Messinger et al. 1988) models, are not “im­
mune” to the forecast errors caused by wave number transitions.

The purpose of this report is to present a qualitative conceptual model of 
the low to high zonal wave number transitions, based on observation, and then 
give statistical results to verify that this mode of atmospheric low frequency 
variability (LFV) can introduce forecast error in the MRF model. A goal is to
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give operational forecasters signals to observe, a priori, when to expect relatively 
poor numerical model performance, due to wave number transitions. Although 
somewhat related, the concepts in this manuscript should not be confused with 
work done on predicting forecast skill (Wobus and Kalnay 1993, and references 
therein).

A few cases are given to illustrate wave number transitions. As will be 
seen, these events frequently involve zonal wave 3 to wave 5 but can include, for 
example, 2 to 5, 2 to 6, and 3 to 7. Model errors can occur from high to low 
transitions, but for the purposes and scope of this study, the focus is on the 
reverse.

Before going any farther, an important caveat needs to be addressed. 
Again, for simplicity, much of the discussion is restricted to zonal wave number 
space. This is so, because it is very difficult for many to visualize spherical 
harmonics of the northern hemispheric westerlies in real-time. However, in 
reality, it must be understood that two dimensional (total) wave number (zonal 
and meridional) thinking is more appropriate (and there is quantification work 
going on with total wave numbers).

Relatively speaking, very little information on low to high transitions can 
be found in the technical literature (Berry et al. 1993 for a brief treatment on 
this subject). Therefore, this report is intended to serve as a vehicle to introduce 
this concept to the meteorological community, especially those involved with 
operations.

It is emphasized that the motivation for this study is to both assist in the 
improvement and utilization of the very sophisticated operational NWP global 
models (for example, Tracton and Kalnay (1993) and references therein on en­
semble forecasting) currently being generated in real-time at NCEP, and provide 
help to field forecasters in modifying the models when wave transitions are 
occurring. As will be shown, these events often lead to major baroclinic develop­
ment from the Rocky Mountains to the Central states of the U.S. Often these 
breakdowns place an energetic mid/upper tropospheric trough in the height Reid 
west of the Mississippi River.

Even though a good understanding of planetary-wave theory is essential 
to more fully understanding the dynamics of low to high transitions, a review of 
this theory is not in the purpose of this report. Some of these ideas include 
baroclinic and barotropic dynamics (for example: Holton 1992), teleconnections 
(Glantz et al. 1991), and the physics of the low and high index phases of the 
Southern Oscillation (Trenberth 1991, Philander 1989, Horel and Wallace 1981). 
Also believed to be important are the dynamics of tropical-mid latitude interac­
tions, including that due to the tropical 30- to 60-day oscillation (Weickmann 
1983, Weickmann et al. 1985, 1990, Kiladis and Weickmann 1992a, 1992b), and 
energetics (Holton 1992, Chen 1982, Chen and Shukla 1983).
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However, several easily accessible basic references (like was given above) 
relevant to the discussion will be cited during the course of the text. In addi­
tion, sufficient explanation will be given, where needed.

Section 2 presents a conceptual model of low-to-high breakdown, followed 
by Section 3 which addresses three case studies of these events. Also shown in 
Section 3, with the case studies, are the results from a very recently developed 
spectral and Hovmoller diagnostic package to help assess them.

In Section 4 statistical results are presented to show the correlation be­
tween MRF errors (before the October 1995 upgrade; TPB#128) and wave num­
ber transitions events. Finally, given in Section 5 are the conclusions drawn 
from this study.

2. CONCEPTUAL MODEL OF LOW TO HIGH WAVE NUMBER
TRANSITIONS

A. Preliminaries

Low-to-high wave number transitions are believed to be just one of many 
modes of low-frequency variability (LFV; Holton 1992, Wallace and Blackmon 
1983) operating in the atmosphere. These are variabilities that occur on time­
scales longer than synoptic. Synoptic-scale variabilities, such as the high fre­
quency behaviors due to transient eddies on the storm track associated with the 
polar jet stream, occur on a time-scale from about 2.5 to 6 days (Holopainen 
1983). LFVs occur on time-scales ranging from about a week to a few months 
(Holton 1992, Wallace and Blackmon 1983).

Observationally, low to high transitions generally occur with intervals 
varying anywhere from a week to possibly three months. In general, the longer 
the period between breakdowns, the more significant that event will be, in terms 
of the amplitude of the high wave mode. The most energetic breakdowns on the 
northern hemispheric-scale (we will not consider the southern hemisphere in this 
report) may occur with a period that is compatible the intraseasonal time-scale, 
about 30- to 60-days. Whether this is the result of tropical-mid latitude coupling 
forced by the Madden-Julian Oscillation (MJO; Madden and Julian 1972) is open 
for debate and further research. Finally, low to high zonal wave number break­
downs are most likely to occur during the transition seasons of spring and fall, 
and least likely to happen during the summer.

The reader may, at this point ask, “how can there be any predictability of 
these transitions?”. Diagnostic tools and ensemble forecasting techniques are 
believed to be helpful.

Diagnostic techniques include spectral analysis and energetics packages 
(above references), transformed Eulerian diagnostics (Pfeffer 1992), diagnostically
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applying Rossby ray tracing theory (Hoskins and Karoly 1981), various forms of 
Hovmoller charts (Hovmoller 1949), etc. Ensemble forecasting (Tracton and 
Kalnay 1993) is a dynamical systems approach that treats the atmosphere just 
for what it is: nonlinear and chaotic. With the use of statistical tools, a most 
probable future state of the atmosphere may be realized by a cluster of ensemble 
members. The ensemble prediction technique may help predict when low to 
high breakdown will occur and where the locations of the troughs and ridges 
could become established.

However, during the course of the following text, the intent is to give the 
reader good observational signals to look for which are independent of the time 
scales. Recognition of low to high zonal wave number transitions a few days or 
so in advance can be an effective aid when utilizing the numerical guidance.

B. Discussion

An idealized conceptual model of a low-to-high wave number transition 
scenario is presented in Figures 1 through 4. These are streamline representa­
tions of the 500-mb constant pressure surface, and the flow is assumed to be in 
gradient wind balance. The intent of these diagrams is to give the reader an 
overall sense of the projection (or circulation pattern).

Figure 1 is a 500-mb wave number zero flow regime, with the westerlies 
contracted poleward. Put another way, the figure depicts an overly simplified 
representation of high-latitude zonal flow.

Considering the multiple time scales involved with these events, the fol­
lowing sequence is generally observed. First, the westerlies start to migrate 
southward. Then, as shown in Figure 2, a wave 2 flow structure typically 
evolves. For North America, there is usually a low amplitude full-latitude ridge 
over the western portion.

Now, a transition from wave 2 to wave 3 occurs, with amplification, shown 
in Figure 3. A key feature is the expansion of the westerlies longitudinally 
across the North Pacific Ocean Basin. We see that there is an amplified full- 
latitude ridge over western North America with a deep trough along the east 
coast of the U.S. Generally speaking, these features would have greater ampli­
tude than climatology.

Looking at Figure 3 from another perspective, this would be an example of 
the positive phase of the Pacific North American Teleconnection (PNA; Wallace 
and Gutzler 1981). In addition, this is a phase of the PNA that can be observed 
during an El-Nino (Horel and Wallace 1981; also Bamston et al. 1992, and 
Livezey and Mo 1987 for an excellent discussion of this point, and the impor­
tance of the Tropical-Northern Hemisphere (TNH) and West Pacific Oscillation 
(WPO) “patterns”)- The significance of these concepts is discussed below.
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Figure 1. Streamline schematical representation of the 500-mb constant pressure surface, 
for wave number zero. H’s and L’s have their usual meanings, and the dashed lines denote 
low amplitude troughs at higher latitudes.
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Figure 2. Same as Figure 1, but for wave number 2. “Zig-zag* line denotes a ridge in the 
500-mb geopotential height field.

As a matter of note, recent studies by Haines et al. (1993) and Dole and 
Black (1993) present further examination of the dynamics and synoptic structure 
of the type of circulation regime depicted in Figure 3. The interested reader can 
refer to these papers and the references therein.
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Figure 3. Same as Figure 1, but wave number 3.

Finally, a rapid (almost simultaneous at times) transition from zonal wave 
number 3 to zonal wave number 5 occurs, with the result being significant 
baroclinic development of wave 5 around the entire northern hemisphere (Figure 
4). It is during the transition period (rapid downscale transfer of kinetic energy) 
when the greatest NWP errors and inconsistencies usually occur, including the 
planetary-scale. For the lower 48 states of the U.S., the result is often a deep 
mid and upper tropospheric trough in the height field across the west and cen­
tral portions.
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Figure 4. Same as Figure 1, but wave number 5.

More precisely, what often evolves are fully occluded vertically stacked 
closed lows at the southern end of the troughs. There may also be closed anticy­
clones in the northern portion of the ridges. At this time, baroclinic develop­
ment, that is, the conversion of eddy available potential energy (APE) to eddy 
kinetic energy (KE; Holton 1992, chapters 8 and 10 for good discussion on 
baroclinic instability and basic energetics) has occurred.

The wave 5 regime then decays, often with the axes of the troughs and 
ridges becoming northeast to southwest oriented. The closed circulations become 
open waves during this process. More formally, at this stage, the eddies are
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likely giving their KE back to the westerlies and there is a northward transport 
of westerly angular momentum occurring from the tropics (besides Holton, see 
Palmen and Newton 1969, on this latter point). Thus the westerlies contract 
poleward and start to intensify again.

At this stage, a regime (pattern) like that shown in Figures 1 or 2 may re­
evolve, or an entirely different circulation structure may appear. For example, a 
wave 3 favoring an amplifying mid/upper tropospheric geopotential height trough 
across western North America could develop (a negative or reverse PNA).

Relatively few cases will “perfectly” fit the conceptual model of low to high 
wave number transitions, as given above. Also, it is not important, for the scope 
of this work to be concerned about preferred circulation types, trajectories from 
one state to the other, in phase space (Toth 1993, Kimoto and Ghil 1993a,
1993b), and regime transition. Observational signals of low-to-high wave num­
ber transitions are what is emphasized.

As already stated, there are multiple time scales involved with these wave 
number transitions. However, it is important to point out that when significant 
breakdowns occur, the event can proceed quickly from low wave to high wave in 
a matter of 1 to 3 days. Greatest forecast errors of the operational global mod­
els usually occur during this period of rapid downscale energy transfer.

The high wave mode may then persist for as long as 1 week, with 2 or 3 
major cyclones moving through the western and central U.S. Forecast errors do 
remain large, but probably less in magnitude than would be seen during the 
actual transition. Often, each succeeding storm will be farther east. Also, it is 
not unusual to get significant cyclogenesis along the East coast of the U.S. from 
the last short-wave trough. In addition, there may, simultaneously, be a great 
deal of storminess at the locations of the other troughs around the northern 
hemisphere (Figure 4).

The cause of the multiple time scales is a complex problem. Papers by 
Weickmann et al. (1985, 1990), Kiladis and Weickmann (1992a and 1992b) and 
Lyons et al. (1992), which discuss tropical-mid latitude interactions, the 30- to 
60-day oscillation and the zonal wind oscillation, present ideas that may be 
relevant to the dynamics of wave number transitions.

Some mention should also be made of the pioneering work done by 
Namias (1950). In his work, there was discussion of a 4 to 6 week index cycle. 
In this report, discussion of transitions from high (generally the low wave mode)- 
to-low index (the high wave mode), etc., on several time scales of varying magni­
tudes, are made. Furthermore, in Namias, no mention of specific wave number 
transitions, including the recurrent locations of features, and tropical-mid lati­
tude interactions were given. Finally, the concepts reported here are only a first
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step (of ongoing work) to quantifying a relationship between numerical model 
forecast error and scale-interaction processes, internal variability dynamics, 
circulation states, etc. (understanding that sensitivity to initial conditions is 
important; Toth and Kalnay (1993)). One goal is to be able to predict wave 
number transitions with at least 2 or 3 days lead time.

This paper should be viewed as a practical extension of the pioneering 
effort on extratropical vacillation/index cycles. Also, wave number transitions 
are not “cycles”, and are not to be confused with wave number vacillation (Weng 
and Barcilon 1988).

Finally, before going on to actual cases, a brief hypothesis of low to high 
zonal wave transitions using some physical reasoning and further refinement of 
observational signals are given. Let us start by briefly mentioning climatology. 
That is important because significant departure from climatology occur during 
low to high breakdowns and these departures can be used as forecast tools.

Figure 5 is a depiction of the 500-mb geopotential height contours for 
January. Since most breakdowns occur during the cold season (roughly Septem­
ber through May), Figure 5 should be representative for our purposes. Because 
of the background forcing onto the northern hemispheric westerlies due to land- 
sea heating contrasts, orography, sea surface temperatures, etc., there is more or 
less a mean wave 3 distribution of geopotential height. There are full-latitude 
troughs at around 140°E, 80°W, and 30"E. Other features should be apparent 
to the reader.

Knowing that Figures 1 through 4 just showed streamlines, it can be seen 
that Figures 3 and 4 have significantly more amplitude than climatology. Fig­
ure 6 is a regime diagram derived from Fultz’s annulus experiments (Holton 
1992, 1979). See the caption for details. For the sake of argument, assume the 
vertical line is the Earth’s rotation rate. Given a constant rotation rate, what is 
important to recognize is that the greater the zonally averaged meridional tem­
perature gradient, the lower the zonal wave number of the dominant mode (ex. 
waves 1 through 3).

The greatest baroclinicity around the northern hemisphere is associated 
with the lowest zonal wave numbers. Now, as we progress through the evolu­
tion illustrated in Figures 1 through 4, the baroclinic mode most favored will be 
established by the ambient mean meridional temperature gradient (as shown in 
Figure 6). The wave 2 to 3 transition implies a reduction over time of mean 
baroclinicity due to “eddy” mixing.
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Figure 5. Mean 500-mb contours in January, northern hemisphere. Heights shown in tens 
of meters. (After Palmen and Newton 1969.) (Figure taken from Holton 1992.)
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G*
Figure 6. Regime diagram for Fultz’s annulus experiments (after Phillips 1963.) (Figure 
taken from Holton 1992.). The abscissa can be thought of as a measure of the earth’s rotation 
rate while the ordinate can be viewed as a measure of the meridional temperature gradient. 
The vertical line is drawn to represent the rotation rate of the earth, in the context of the 
annulus experiment. The numbers are non-dimensional.

Referring to Figure 3, let’s suppose there is baroclinic development involv­
ing wave 3. That would imply a decrease in the temperature gradient. Hence, 
decrease north to south temperature gradient, increase the zonal wave number 
of the dominant wave. Based on observation only, often there is a transition 
from wave 3 to wave 5 after this development.
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All of the above is one “simple minded” conceptual way to understand 
wave number transition. What about the growth rates of individual wave num­
bers?. Figure 7 is a diagram taken from a paper by Weng and Barcilon (1988). 
Here we see that the most unstable mode is highly influenced by static stability. 
As stability decreases maximum growth rates will occur at successively higher 
wave numbers allowing each to be the dominant mode.

WAVENUMBER TRANSITION AND WAVENUMBER VACILLATION 1257

Figure 7. Growth rate diagram (from Weng and Barcilon 1987). The abscissa can be 
thought of as static stability and the ordinate represents growth rate. The numbers are non- 
dimensional.

Now, referring back to Figure 3, note that when the westerlies longitudi­
nally expand across the Pacific, large expanses of cold continental air north of 
the polar jet will be advected over a relatively warm sea surface. The result is 
destablization of the lower and mid troposphere due to the fluxes of sensible and 
diabatic heat, including moisture.

Putting the concepts shown in Figures 6 and 7 together, what results are 
that the higher wave numbers end up with the fastest growth rates. The 
“jump” from 3 to 5, instead of a nice progression of 3 to 4 to 5, may be due to 
the sudden destablization of the troposphere as discussed above. Based on these 
observations, and other considerations that are topics of future work, the most
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energy efficient zonal wave numbers vary from 4 through 7, with 5 and 6 per­
haps the most common (Cai 1992 for a more complete treatment of energetically 
efficient vs. the most baroclinically unstable wave).

For the sake of completeness, some mention should be made of the concept 
of group velocity and the downstream propagation of baroclinic energy. Much 
has been published in the literature on this topic (for example: Simmons and 
Hoskins 1979, Krishnamurti et al. 1977, Clark 1979) and forms the basis of 
utilizing Hovmoller diagrams (“Hovs”) (Hovmoller 1949). Suffice to say that the 
dynamics of low to high wave number transitions are believed to be far more 
complicated than downstream (or upstream) propagation. It is believed that 
dynamical processes such as Rossby wave energy dispersion on a sphere 
(Hoskins and Karoly 1981), which involve at least two dimensional wave num­
bers (zonal and meridional), are involved with low to high breakdowns. Since 
that may be the case, Hovs (at least for 2-dimensional Hovs, time - longitude 
(t-x) sections; 3-dimensional Hovs may give signals of Rossby ray traces) may 
not useful for “forecasting” the low zonal to high zonal wave number transitions 
(Wallace and Blackmon 1983).

Finally, there has been some “hint” of tropical-mid latitude interactions as 
being important for the breakdowns. There is evidence to support that hypoth­
esis.

Figure 8 is taken from a paper by Kiladis and Weickmann (1992b). See 
the caption for the details. What is important to note is that by observing the 
negative anomalies of outgoing longwave radiation (due to enhanced convection), 
there is a two-way interaction of first, the extratropics forcing enhanced tropical 
convection, then feedback to the northern extratropics. The end result are nega­
tive stream function anomalies across the western U.S. Put another way, there 
would generally be a mid and upper tropospheric trough (with negative height 
anomalies) in the geopotential height field over the western U.S. resulting from 
the extensive convection as depicted.

Integrating all the above ideas, the operational forecaster should observe 
the following signals as precursors of low-to-high wave number transitions.
First, using full disk satellite imagery, look for persistent, say 5 to 7 days 
(Weickmann 1992, personal communication) of tropical convection across the 
Pacific Ocean Basin. Further, observe it’s movement. If that convection is 
moving slowly eastward, say from west of the dateline to around 160 °W (south­
west of Hawaii), watch for eastward expansion of the extratropical westerlies. 
Secondly, if the westerlies do expand across the Pacific, like shown in Figure 3, 
that maybe a precursor to a low to high breakdown.

Third, using, say, the water vapor imagery, observe deepening of a mid 
Pacific trough, and enhancement of tropical convection just southeast of it. If 
this occurs, a breakdown is likely in progress, with the result being a western 
(or central) U.S. mid and upper tropospheric trough, like shown in Figure 4.
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Figure 8. Figure taken from Kiladis and Weickmann (1992) depicting 200-mb stream 
function anomalies as a function of time. Dashed lines denote negative anomalies while solid 
denotes positive anomalies. Dark shading indicates the spatial coverage by negative OLR 
anomalies. For further details, see the caption in the cited paper.
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Earlier, some brief mention of made of El Nino. More precisely, events 
that involve anomalously warm waters in the equatorial Pacific Ocean Basin, 
and can result in a low index phase of the Southern Oscillation. When both the 
ocean and the atmosphere are coupled, these are called ENSO (El-Ninc/Southem 
Oscillation) events (Trenberth 1991; Rasmussen and Carpenter 1982). During 
ENSO's, low to high breakdowns tend to be relatively frequent, with periods of 
about 7 to 10 days. However, observationally, there is generally less baroclinic 
development (and therefore, less amplitude in the high wave mode).

In all the above discussion, no mention was made of the other ocean ba­
sins and extratropical processes away from the Pacific North American sector. 
That was deliberate, to keep the text simple. The basic concepts revealed up to 
this point should allow forecasters to use low to high breakdown as a tool for 
periods through at least 6 to 10 days. In the next section on case studies, a 
diagnostic tool will be presented that also gives a good precursor for these break­
downs.

3. CASE STUDIES OF LOW TO HIGH ZONAL WAVE NUMBER 
TRANSITIONS

A. Preliminaries

Three cases of low to high zonal wave number transitions will be illus­
trated. These are the periods of 13-15 March 1990, 15-21 April 1992 and 25 
October-6 November 1992.

For each case, the ideal presentation would be to show a 500-mb northern 
hemispheric analyses, a spectral analysis diagnostic package (discussed below) 
and numerical model solutions. However, due to limitations this complete pack­
age cannot be given. That includes graphical numerical model output for the 
first two cases. Nevertheless, enough information is given to stress important 
concepts of wave number transitions.

Finally, the stages depicted in Figures 3 and 4 are emphasized for each 
case. That is because those observational signals are believed to be the most 
useful in regard to anticipating a wave number transition. Furthermore, it is 
quite likely that the most significant forecast errors of the operational numerical 
weather prediction models occur during the transition from the state depicted in 
Figure 3 to that of Figure 4.

B. Case 1: March 13-15, 1990

Though numerical model output was not available, this case is shown 
because of its “explosive” nature. Figure 9 is the zonal wave-zero to five wave 
500-mb analysis valid 0000 UTC 13 March 1990. This type of analysis is gener-
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ated by running a spectral analysis on the 500-mb height field and retaining 
zonal wave numbers 5 or less. The planetary-scale waves (Blackmon 1976) can 
be more easily observed. This product is routinely processed at NCEP and dis­
tributed.

From Figure 9, observe the dominant zonal wave 3 structure of the 500- 
mb height field. Note how the westerlies are longitudinally expanded across the 
Pacific Ocean Basin and the similarity to Figure 3. Although not shown, the 
actual unfiltered 500-mb northern hemispheric analysis also indicated a domi­
nate wave 3 structure. However, the wave zero-to-five chart, for this case, 
makes that structure easier to see and thus eliminates confusion. Often, the 
wave 3 is easier to observe with the filtered chart and the wave 5 is more obvi­
ous with the unfiltered version.

Figure 10 is the actual unfiltered 500-mb northern hemispheric geo­
potential height analysis valid 1200 UTC 15 March 1990. A very rapid transi­
tion to zonal wave 5 has occurred, with a relatively energetic cyclonic baroclinic 
development event in the central U.S. This wave 5 structure is 10° to 20° far­
ther east than shown in Figure 4.

Suffice to say that the errors in the operational numerical prediction mod­
els in the 3- to 5-day period were quite significant. There was a lack of model 
run to run continuity, and large differences between the individual members 
(time and space). Some forecast problems included storm track position, and the 
depth and intensity of the Great Plains cyclone. Stated another way, with re­
spect to the storm in the nation’s mid section, this was a case of rapid baroclinic 
development, and the numerical models (including some “short range”) did not 
capture the feature until “it practically happened”. It is certainly possible that 
a contribution to the forecast errors was caused by improper modeling of the 
complex terrain due to the Rocky Mountains.

Additionally, there was a considerable amount of both wintertime and 
springtime-type severe weather. The latter included severe and tomadic deep 
moist convection and substantial snowfall, in the appropriate air masses (Na­
tional Severe Storms Forecast Center (NSSFC) 1990).

C. Case 2: 25 October-6 November 1992

This case is a bit more complex than Case 1. As will be seen, the wave 
number transition was more of a 3 to 7 than 3 to 5. However, the event is 
shown because the transition was captured with a spectral analysis diagnostic 
package developed at the Environmental Research Laboratories/Forecast Systems 
Laboratory (ERL/FSL) in Boulder, Colorado. However, graphical displays of 
operational global numerical models (MRF, ECMWF and UKMET) were again 
not available for this case.
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Figures 11 through 16 are the 500-mb northern hemispheric geopotential 
height analyses from 1200 UTC 25 October through 0000 UTC 6 November 
1992. The times for the individual maps are shown on the captions.

Fiirp ii. Samp as Figure 10, but valid 1200 UTC 25 October 1992.

From Figure 11, observe the wave 3 structure of the westerlies, especially 
at the higher latitudes. There are relatively low amplitude troughs at the date­
line, 70°W and about 30°E. Ridges can be observed between the troughs in the 
height field.
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Seventy-two hours later, Figure 12, observe how the westerlies had ex­
panded equatorward, with an increase in the zonal wave number. Note also the 
eastward extension of the westerlies across the central North Pacific Ocean 
Basin. Figure 12 has similarities to Figure 3, and, observationally, a low wave 
to high zonal wave number transition event was in progress at this time.

Figure 12. Same as Figure 10, valid 1200 UTC 28 October 1992.

As the reader studies the rest of the analyses (Figures 13 -15), amplifica­
tion is apparent, with an increased meridional component of the flow. Maximum 
amplification seems to have occurred by the time shown in Figure 15.
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occurred across the western hemisphere. Further, the polar vortex became dis­
placed toward eastern Asia. That was partially the result of a high latitude 
wave 1 retrogression process. Wave 1 and wave 2 can create significant asym­
metries in how these breakdowns occur (Lanzante 1990, and references therein, 
for discussion of wave 1 and wave 2).

Continuing with Figure 15, the large cyclonic circulation centered over 
southwest Minnesota is quite apparent. Performance of the operational global 
medium-range numerical models (MRF, ECMWF and UKMET) with respect to 
forecasting this large cyclone was relatively poor. There were inconsistencies 
from cycle to cycle in each global model and large disagreement between the 
models.

Finally, at the time of Figure 15, an asymmetric wave 7 can be observed. 
There are troughs at 155 °W, 95 °W, 50 °W, 10 °E, 60 °E, 125 °E, and 160 E.
Ridges are roughly between the trough positions.

At the time of Figure 16, the wave 7 regime can be seen to be decaying, 
back to a wave 3 structure similar to Figure 3. Note the large amount of north­
east to southwest tilt of the troughs and ridges. That is a signature of the 
northward transport of westerly angular momentum from the tropics (Palmen 
and Newton 1969, Holton 1992). All of this is fairly typical after a wave num­
ber transition.

Figures 17 through 21 depict one objective way to verify the above obser­
vations for this case. Figure 17 is a time series plot of the zonally averaged 
analyzed 500-mb height as a function of time. The time series is done in 10' 
wide latitude bands, as shown on the figure.

A signature of the equatorward migration of the westerlies can be seen.
At the latitude band of 50' to 60 °N, observe the rapid mean height falls starting 
about 18 October 1992. Farther south, 40' to 50'N, note that there are slight 
mean height rises simultaneously. That is indicative of increasing westerlies at 
the relatively high latitudes. Approximately 26 October 1992, the same signa­
ture can be seen at 40° to 50 °N. That is an indication that the westerlies are 
expanding southward.

Finally, note the lesser mean height falls at 30° to 40° N. At this time, 
the breakdown was maturing. The height falls at this latitude band are not as 
dramatic as farther north.

From the foregoing discussion and Figure 17, a slow forward progression 
in time of southward moving height falls can be seen starting at around 18 
October. The point to be made here is that the signature shown in Figure 17 is 
typical of low to high wave number transitions.
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Mean 500 mb height

Figure 17. Time series analyses of mean 500-mb height, as a function of the indicated 
latitude bands. Units are in gpdm (ordinate), with time in day-month format (abscissa). The 
year is 1992.

Figures 18 through 21 are also in time series format as a function of 
latitude band. However, what is plotted are the actual harmonics for two di­
mensional wave numbers 2 through 6.

These plots are produced by looking at global geopotential data in latitudi­
nal bands. Harmonics are obtained through spectral decomposition, with waves
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1 through 6 retained. The horizontal axis is height amplitude and the solid or 
dashed lines indicate the waves. Thus, the dominant planetary wave can be 
determined as a function of time (the vertical axis).

From Figure 18, observe the dominance of waves 2 and 3 from roughly 9 
October to 15 October, then a slight peak of spectral power around 22 October 
1992. Going to Figure 19, note the spike of wave 2 power at around 22 October. 
From comparing the above two Figures, one can see the low wave number en­
ergy propagating southward.

50N-60N avg 500 mb hgt

Figure 18. Time series analysis of total wave number spectral power, for the latitude band 
of 50“ to 60 “N. The abscissa are the dates, for 1992, while the ordinate is dimensionless. 
What is important to observe are the relative strengths the wave numbers to each other, with 
the wave numbers indicated by the key.

rv
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40N-50N avg 500 mb hgt
Figure 19. Same as Figure 18, but for 40* to 50 *N.

to
 u>

 ui cn
Finally, from Figure 20, observe the increase in spectral power of waves 4 

through 6, with wave 6 having the greatest amplitude, after 28 October (wave 7 
was not computed; the point, again, is low to high transition). Referring to 
Figures 18 and 19, for the same times, note the relatively low power for waves 2 
and 3. The exception is the peak in wave 2 for 50° to 60 °N.

30



30N-40N avg 500 mb hgt

Figure 20. Same as Figure 18, but for 30° to 40 °N.

co
tn eg

Figure 21 is taken over a 30 degree band from 30° to 60 °N. This is al­
most an average of the above processes isolated in their various bands. How­
ever, this wide latitude band can provide a “quick look” at wave number behav­
ior. What is depicted in Figure 21 is consistent with Figures 18 through 20.
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30N-60N avg 500 mb hgt
Figure 21. Same as Figure 18, but for 30 ‘ to 60* N.

i*
 tn

 cn
In summary, the most important observation to be made from Figures 17 

through 21 is that, as the westerlies came south, there was a transition from a 
low wave number to a high wave number projection, especially south of 50°N. 
For this case, from waves 2 and 3 to at least wave 6. Observationally, this 
behavior is consistent with other wave number transition events.

D. Case 3: April 15-21, 1992

This was a case of a significant late-season snowstorm and severe weather 
outbreak (Berry 1993 for details) in the mid section of the U.S. What was very 
interesting about this event is that there were two baroclinic cyclonic develop­
ments forced by the middle and upper tropospheric long wave trough, as the 
latter progressed through the Rockies and Northern Plains.
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Figure 22a depicts the tracks of the sea-level lows observed. Figure 22b 
depicts the movements of lows and vorticity centers at 500-mb. The second, or 
southernmost development, was seemingly more energetic. Again, that mode of 
baroclinic development behavior is not unusual for low to high wave breakdowns 
and again, forecast errors in the operational numerical models are usually very 
significant. The latter point is the main motivation for showing this case, since 
numerical model output was available.

Figure 22(a). Plots of the actual mean sea-level cyclone (L) positions from 1200 UTC 18 April 
to 1200 UTC 21 April 1992.

To help illustrate the forecast errors in the operational numerical models 
for this case. The former depicts the forecasts for the 500-mb lows and vorticity 
centers and the latter for the sea-level lows. The forecasts are taken from the 
1200 UTC 17 April 1992 cycle, and the track from a particular numerical model 
is given in the figure legends. Note the scatter of the forecast tracks.
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Figure 22(b). Plots of the actual positions of the cyclone (L) and vorticity centers (x) at 500-mb. 
The period was from 1200 UTC 17 April to 1200 UTC 20 April 1992.

Figures 23a and b are taken from the initial analysis of the ETA 
(Mesinger et al. 1988, Janie 1990) model. For all intents and purposes, these 
figures can be used as verification for 1200 UTC 19 April 1992.

Figure 24a-h are presented to illustrate the actual 48-hour height^/ 
vorticity and sea-level pressure/1000 to 500-mb thickness forecast fields valid 
1200 UTC 19 April 1992 (again, based on the 1200 UTC 17 April 1992 data).
By comparing these Figures with Figures 23a and b, the differences between the 
individual members (of what could be considered a small ensemble) and the real 
atmosphere is apparent.

Figures 25a-c are the actual northern hemispheric geopotential height 
analyses for the 500-mb constant pressure surface. See the captions for details. 
Based on all previous discussion, the “3/5 breakdown” should be more obvious to 
the reader. Maximum baroclinic development of the southern low occurred about 
24 hours after the time of Figure 25c, 0000 UTC 21 April 1992.
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4. STATISTICAL RESULTS

While global model error of the NCEP medium-range forecast model 
(MRF), in association with low to high zonal wave number transitions, has been 
observed, a statistical study was warranted. The latter was necessary to confirm 
a relationship between MRF error and wave number transitions.

As stated, a spectral package that decomposes global height data into 
Fourier components has been developed. Since the focus of this paper is the 
middle latitudes, data was processed over the 30' to 60" N band. The spectral 
package outputs amplitude (A) and phase (O) for each wave number (K) in the 
band from 1 to 8. This process is performed for both the 0000 and 1200 UTC 
cycles on the 00-hour (analysis) and 72-hour forecasts. Since interest was in 
how well the MRF forecasts the amplitude and phase of these planetary waves, 
total model error (E) was defined as a difference of the first 8 wave components 
of the forecasts and analyses corresponding to the same valid time. E is given 
by:

- N 8
= — £ £

* 2 = 1 Jt-1 72, i COS
2n lk 

N
- <b 72, Jk; - A00, k COS

2ulk
N

$00, kj

where subscript “72” and “00” define the 72-hour forecast and analysis, 
respectively, 1 is the latitude (computed in increments of 1‘) and K is the zonal 
wave number.

Figure 26 illustrates the spectral decomposition (left) and model error 
(right). From this 138-day sample (from 12 Feb 93 to 1 Jul 93), periods with 
obvious hemispheric transitions from low to high wave number are identified. 
These are indicated on the chart with heavy bars. During this period there 
were 17 breakdown events and 19 periods of no breakdowns (the periods be­
tween events). Identification of these periods was based on a combination of 
observing the 500-mb height analysis, utilizing the conceptual model given in 
Figures 1-4, and the left side of Figure 26.

The mean duration of the breakdown periods (from the peak amplitude of 
the low wave number to the peak of the high wave number) was 3 days, with a 
standard deviation of 18 hours. Total error as defined, was computed for each 
12-hour cycle and plotted. To identify periods of significant error, it was arbi­
trarily defined as a 1.5-standard deviation limit above the mean. “Significant” 
error was identified by dotted peaks on the error curve - above a trend line. 
This quantity was computed by identifying 1.5 standard deviation error for the 
center point in time, and sloping it accordingly to a linear regression of E. As 
one would expect, model error falls off as the warm season approaches. Note 
those 20 significant MRF error events occurred during the 4.5 month period 
(missing data periods were not included).
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Figure 26. Time series representation of the MRF forecast error. Time is on the ordinate, 
while wave amplitude (gpdm) and MRF errors (gpdm) are depicted on the abscissa. This is 
over the latitude band of 30* to 60” N. Wave numbers are indicated on the legends. Wave 
number transition events are indicated by the “dumbbells". See text for further detail.
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Table 1 indicates the results of comparing breakdown periods with signifi­
cant error events. Computations indicated a correlation of .27 and a reasonably 
high POD (assuming the breakdown event is a predictor of model error peak). 
However, while breakdown is related to model error, a significant number of 
events are uncorrelated.

TABLE 1

CONTINGENCY TABLE REPRESENTATION OF SIGNIFICANT MRF ERROR 
AND LOW TO HIGH WAVE NUMBER TRANSITIONS 

(See text for further detail.)

RELATIONSHIP BETWEEN 
BREAKDOWN EVENTS AND 
SIGNIFICANT MRF ERROR

• Breakdown defined by decrease of long wave (wave 2-4) 
amplitude, followed by increase in medium wave amplitude 
(waves 4-7), within a 2-5 day period.

• MRF error computed by summing mean height error for 72-hour forecasts
between 30 -60N at wave numbers 1 to 8. Significant error defined by those 
points greater than 1 standard deviation above the 4.5 month 
trend in mean error.

• Contingency table - 1 2 Feb to 1 Jul 1993

Significant MRF Error

N Y

Breakdown
Period
Observed

N

Y

1 3

7

6

1 0

POD = 0.59; FAR = 0.32; CSI = 0.44; TSS = 0.27
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5. CONCLUSION

The purpose of this report was to present an observationally formulated 
conceptual model of northern hemispheric-scale low wave number to high zonal 
wave number transition events, and illustrate the errors in the operational nu­
merical models that often accompany them. For this study, statistical results 
were given to verify the correlations between MRF forecast error and transition 
events. Other models were not available at the time of this work.

Wave number transitions are a very significant forecast problem, and 
often result in a great deal of baroclinic development. Three cases of these 
events were shown.

For the northern hemisphere, there can be simultaneous storminess near 
the trough positions (Figure 4). In the lower 48 states of the U.S., there is often 
a geopotential height trough from the Rockies to the Great Plains. In turn, 
these breakdowns are frequently accompanied by severe convective weather 
(including tornadoes), blizzards, floods, etc. in the mid section of the U.S.

An enumerated summary of features, for low to high zonal wave number 
transitions, which forecasters can look for, was given at the end of Section 2. A 
brief restatement follows.

1. Using full-disk satellite imagery, look for persistent (5-7 days) wide­
spread deep-moist tropical convection, especially along and just to the west 
of the Dateline. If that convection is moving eastward, watch for longitu­
dinal expansion of the extratropical northern hemispheric westerlies across 
the central Pacific Ocean Basin.

2. If the westerlies do expand, and a configuration similar to Figure 3 
appears, beware of a transition.

3. Using water vapor imagery, look for deepening of a trough in the 
mid Pacific, and enhancement of deep moist convection just southeast of it. 
If that occurs, a wave number transition is likely in progress. Result, 
trough in the mid and upper tropospheric height field across the western 
U.S., like shown in Figure 4.

A point that should be made is the above scenario is ideal. No attempt is 
being made to say “the tropics always force the mid-latitudes”. However, this 
enumerated summary may help operational forecasters recognize real-time sig­
nals to anticipate relatively poor performance of the operational global models.
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It was not the intent of this report to get into too involved with planetary 
wave theory and the causes of model forecast errors during breakdowns. How­
ever, there are some tools suitable for monitoring and understanding low to high 
wave number transitions. Formulating these tools, and a better understanding 
of the dynamics of wave number transitions, including predicting them, are 
topics of ongoing and future work. A climatology of wave number transitions 
must also be included in any future efforts.

In brief, some diagnostic tools might be applying Rossby ray tracing 
theory to isentropic potential vorticity analyses of the northern hemispheric 
extratropics (Hoskins and Karoly 1981, Hoskins et al. 1985, Hoskins 1983), 
transformed Eulerian diagnostics (Pfeffer 1992), calculating atmospheric angular 
momentum and extended Eliassen-Palm flux vectors (Holton 1992, Hoskins et al. 
1983). Others could include spectral analysis and energetics packages (example, 
Chen 1982, and Chen and Shukla 1983, on using spectral energetics as a diag­
nostic tool) and assessing northern hemispheric-scale static stability (Weng and 
Barcilon 1988). Any diagnostic package formulated for monitoring wave ampli­
tude and global model error must be configured for real-time use.

Besides diagnostic tools, ensemble forecasting methods are being studied. 
As stated in the Introduction to this report, ensemble forecasting is a dynamical 
systems approach designed to maximize utility in all numerical models (refer­
ences mentioned in the Introduction). With these methods, there is belief there 
would be greater predictability of wave number transitions. That would be 
helpful for especially week 1 and week 2 forecasts.

The errors in the operational numerical models that often occur during 
low to high zonal wave number transitions are believed to be due to model sen­
sitivities in the presence of low-frequency atmospheric variabilities (O’Lenic and 
Livezey 1989, Nogues-Paegle et al. 1992) and scale interactions (Tracton 1990). 
In addition, sources of error may be introduced by problematical physical 
parameterizations, and initialization problems as the result of unresolvable 
scales of motion involved with deep moist tropical convection (for example, 
Bengtsson 1990). The latter could play a key role in breakdown events (works 
done by Weickmann 1983; Weickmann et. al. 1985, 1990; and Kiladis and 
Weickmann 1992a, 1992b may provide some justification to this hypothesis).

Diagnostic tools and ensemble prediction methods, mentioned above, need 
to be workstation based for maximum utility, especially for AWIPS in the mod­
ernized National Weather Service (NWS). These tools would not only help im­
prove predictability of low to high wave number transitions, but also aid in 
understanding the dynamics of planetary-scale circulation in real-time, and the 
cascading effects down to the mesoscale. Result, improved NWS products and 
services to the users (including the public).
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