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ABSTRACT
‘Substantial changes were made to the ECMWF model in May 1985. The extensive
revisions to the physical parameterisations were designed to improve the
treatment of.the large scale flow in the tropics. In addition, the resolution
was increased substantially to a triangular truncation at T106. The purpose
of this paper is to evaluate the performance of the new forecasting system on
the analysis and forecasting of easterly waves and their associated tropical

storms over Africa and the tropical Atlantic.

A wave history generated for the months of August and September 1985 with use
of operational analyses and Meteosat imagery provides the framework for
evaluating the performance of the analysis system. The difficulties caused by
lack of data are discussed. Shortcomings of the analysis system are
illustrated using examples of short-scale and markedly divergent sYstems. On
the other hand examples are also presented demonstrating the ability of the

analysis system to make sense of widely scattered observations.

The maxima in the vorticity field provide a set of useful markers to track the
easterly waves, both in the analyses and in the forecasts. The 48hr forecasts
of the positions and intensities of the vorticity maxima are verified in those
cases for which there is sufficient observational data to have confidence in

the low~level wind analysis. The verification results are quite encouraging.

A particular feature of the paper is the series of synoptic studies of the
four waves which gave rise to named storms (Danny, Elena, Fabian, Gloria)

during the period.
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1. INTRODUCTION

Numerical weather prediction in the tropics has been the subject of a number
of recent review papers (Gilchrist et al. 1982, Rowntree and Cattle 1983,
Krishnamurti 1985). Much of the research discussed in these reviews concerns
experimental analyses and forecasts with special data sets collected during
the GARP Atlantic Tropical Experiment (GATE) in 1974, or during the Global
Weather Experiment (FGGE) in 1978-79. One of the ultimate goals of the field
programs and the ensuing research work has been to provide a basis for
routine numerical weather prediction in the tropics. In this paper we discuss
the analysis and forecasting of easterly waves in August and September 1985,

using an operational analysis and forecast system.

In an earlier report Kanamitsu (1985) studied the predictability of the
operational ECMWF forecast model in the tropics using archived data for 1983
and 1984. He considered separately the forecasts fo? thé quasi=-stationary and
the transient components of the flow. Serious errors were found in the
treatment of the quasi-stationary component of the flow, in agreement with the
findings of other workers (Heckley 1985; Tiedtke et al., 1987}. 1In the
non~stationary component of the flow he found that transient disturbances
having the character of easterly waves (Riehl, 1954; Burpee and Reed, 1982)
were successfully predicted in the Atlantic for periods as long as three to
four days in advance. However, no inspection of the waves was made on a
day~by=-day basis nor were comparisons made with actual data or with satellite
cloud patterns. Thus, it is possible that some of the apparent success
stemmed from the fact that in a data sparse region, such as the tropical
Atlantic, the verifying analyses may be dominated by the first-guess or

forecast fields.



Substantial changes were made to the operational forecast model in May 1985,
The physical parameterisations were extensively revised (Tiedtke et al.,
1987), the resolution was increased from triangular 63 truncation to
triangular 106, and there were associated changes in the representation of
orography (Jarraud, Simmons and Kanamitsu 1985). The revised parameterisation
schemes included a representation of shallow convection, a more effective
representation of deep convection, and a new cloud representation. These
changes were designed to improve the representation of the quasi-stationary
flow in the Tropics, and substantial improvements have in fact been achieved,

although there is still scope for improvement (Tiedtke et al., 1987).

The introduction of this new model, coupled with the need for more extensive
verification of the forecasts, made it desirable to conduct further studies
regarding the predictability of the easterly waves. Moreover, the improved
treatment of the time-mean flow together with the higher resolution of the new
model raised the possibility that this model may be more successful than
previous models in predicting the development of tropical storms. Many of the
tropical storms and hurricanes that develop in the Atlantic and Caribbean have
their origins in the easﬁerly waves. Bengtsson et al. (1982) gave evidence of
some success in tropical storm prediction with an earlier version of the ECMWF
operational model. Their study highlighted the need for increased horizontal

resolution.

The purpose of this report is to evaluate the success of the T106 model in
analysing and forecasting easterly waves, and their related tropical storms,
during a two month period in the summer of 1985. Over Africa the easterly
waves are often termed African waves, and we will use the term to include

these as well. The evaluation was carried out by looking at the waves (and



stormg) on an individual basis. In the process a large number of plotted maps
and satellite pictures were examined, only a sample of which can be presénted

here.

Section 2 contains wave histories and statistics derived from the histories.
Sectién 3 is concerned with the analysis of the waves, namely with the data
coverage and the characteristics of the analysis system. Illustrative
examples are given. The forecast performance is evaluated in Section 4 on the
basis of error statistics compiled for a large number of cases in which the
observational data are deemed sufficiently numerous to define the waves. 1In
addition, examples of forecasts are given for five selected cases. Four of
these cases are concerned with waves that transformed into tropical storms or

hurricanes.



2. WAVE HISTORIES AND CHARACTERISTICS

Identification and tracking of individual waves is a prerequisite for carrying
out the objectives of this study. Initial attempts at constructing wave
histories made use of operationally-produced, once—daily 850 mb
streamline/isotach analyses. However, considerable difficulty was experienced
in obtaining smooth and consistent tracks from the trough axes and circulation
centres appearing on these charts. Moreover circulation centres were often
lacking so that it was not possible to assign a latitudinal position to the
wave disturbance. To overcome these difficulties we prepared next from the
data archives a series of 6 hourly 850 mb charts with vorticity isopleths
superimposed. The vorticity maxima allowed both latitudinal and longitudinal
positions to be assigned and generally proved easier to track. Nevertheless,
in some cases a problem still persisted in determining consistent and
unambiguous positions. The problem was particularly acute over data-sparse
ocean regions and stemmed from a tendency of the analyses to develop multiple
vorticity centres (but often within a common synoptic-scale wave trough) or to
lack a well defined centre in the typical case where the vorticity weakened in

mid-ocean.

To help overcome the problem two additional sources of information were used:
Firstly, 700 mb streamline analyses prepared on a 6 hourly basis from analysed
wind data and, secondly, once daily satellite images appearing in the Meteosat
Image Bulletins for August and September (European Space Agency, 1985). Since
wave axes proved simpler to locate at 700 mb than at 850 mb, greater weight
was given to the 700 mb analyses in determining longitudinal positions of the
wave disturbances. However, it was still necessary to use 850 mb vorticity

maxima in determining latitudinal positions.



Satellite visible images for the Atlantic often reveal distinctive inverted
"V" and vortical cloud patterns characteristic of easterly waves

(Anderson et al., 1973). In cases where there was disagreement between the
position indicated by the cloud pattern and that given by the analysis, or
where the analysed position was obscure, the satellite derived position was
chosen. The final wave history obtained from the combined use of the 850 mb
and 700 mb maps and the satellite imagery appears in Table A1 of the Appendix.
Smoothed tracks of the individual dis;urbances, based on the data in Table Ai,
are shown by half-monthly periods in Figs. 1la-d. Heavy dots indicate the
points of origin of the disturbances, considered in each case to be the point
at which the vorticity maximum first behaved as a travelling centre (westward
propagation speed ? 3° long d-1). A dot is lacking for the first disturbance
(A) which was already in existence at the beginning of the period of study.
Terminating positions of the disturbances, i.e. positions beyond which they no
longer could be identified, are denoted by arrowheads. The arrowheads are
omitted for disturbances that moved beyond the area of interest while still
identifiable. For the most part the tracks are in good agreement with wave
histories prepared by G. Clark of the U.S. Natiénal Hurricane Centre and made

available to us by R. Burpee.

A composite view of the regions of origin and of the disturbance tracks, based
on Figs. 1a-=d, is provided in Fig. 1e. This figure gives some evidence of two
preferred regions of development, one in the area bounded'by 8°-15°N, O°-10°ﬁ,
Which lies within or near the climatological rain belt (Thompson, 1965), and a
second and more prominent one to the north and west (18°-25°N, 10°W=-5°E) that

is located over the Sahara downwind of the Hoggar. The tracks from these

regions tend to merge in the eastern Atlantic, and very little dispersion of
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the paths is noted in the central Atlantic where the systems are generally
gquite weak. Further west the disturbances take a variety of paths and, as

will be shown later, often slow down and occasionally intensify.

These results agree in most respects with those found by Nitta and Takayabu
(1985) from FGGE data for the summer of 1979. They also tracked 850 mb
vorticity centres and found two storm tracks originating from approximately
the same regions as shown in Fig. 1le. However, their northerly track
proceeded due westward from the coast along 22°N rather than
west-southwestward to merge with the southerly track as in this study. Only
one of the 20 waves followed in this study took the northerly track found in
1979. Whether the difference is due to differences in the large-scale
circulation in the two years or to differences in interpretation is not known.
Experience from .the GATE year (1974) and from many years of viewing satellite
cloud fields suggests that the west-southwestward course is the normal one. A
possible source of confusion are the low-level vorticity centres that form off
North Africa in association with developments in the upper-tropospheric trough
(Simpson et al., 1968). Without the 6 h time continuity it would have been
difficult at times to decide whether these were disturbances that formed over

Africa or over the ocean, as in fact they did.

From the information in Table A1 it is possible to determine wave 1engths,'
phase speeds and periods within different parts of the domain. These are
shown in Table 1. The periods were determined by counting the number of wave
passages at the central longitudes of the subregions during the two month

period rather than by taking the ratio of wave length to speed.
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Table 1 - Wave Characteristics

Wave Length1 Phase Speed Period?
Longitude Belt (km) (° long d-1) d
<20°W 1930 6.0 -
21°-40°W 2320 6.5 A 3.5
41°-60°W 2790 6.8 3.6
61°-80°W 2870 7.4 4.7
>80°wW 2330 3.8 -
1. From wave trough in given band to next trough upstream.
2. Based on number of wave crossings at mid-longitude of belt.

12



In mid-ocean the average wavelength is roughly 25° long or 2800 km, a figure
in good agreement with estimates made in other studies. The lengths are
somewhat shorter to the east and west where wave speeds are slower. The 6-7°
long d-1 propagation speed in the central and eastern regions is also in close
agreement with other estimates, as is the 3-4 day periods observed in these

regions.

3. QUALITY OF THE ANALYSES

Maps were prepared at 6 h intervals for the two month period with all data
from the operational archives plotted on them. The area covered was 10°S to
30°N, 75°E to 100°W, and the levels and variables examined were
@ Surface maps with isobaric analyses, grid~point wind vectors and
isotachs,
® 850 mb charts (two sets) with streamline, isotach, temperature and
vorticity (Z) analyses,
% 700 mb charts with streamline, isotach and temperature analyses,
° 200 mb charts with isotherms, grid=-point wind vectors and isotachs,

® 1000 - 850 mb thickness charts.

The plotted data included
@ Surface: standard ship and land station synoptic reports,
® 850 mb: radiosonde, pilot balloon and, over the oceans, cloud-track
wind reports,
® 700 mb: radiosonde, pilot balloon and cloud-track wind reports,
® 200 mb: radiosonde, aircraft and cloud-track wind reports,
L 1000-850 mb thickness charts: satellite-derived, layer-mean

temperatures.
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In order to keep the study within tractable limits the decision was made not
to examine vertical velocity, moisture and precipitation patterns. As some of
the later results suggest, examination of these is an important future

objective.

The principal aim of this part of the study is to determine what data were
available for defining and tracking the waves and how the analysis system
responded to the data (or the lack of data). Since the waves are best defined
at the 850 mb and 700 mb levels and since there were more pilot balloon
observations at the lower level than at the highexr, it was decided to focus
attention mainly on the 850 mb charts. These were examined thoroughly. Less
detailed attention was given to the 700 mb charts. In general the waves were
difficult to detect at the surface so that this level was almost completely
ignored. Likewise the 1000-850 mb thickness charts were ignored, since it was
apparent that the satellite soundings gave no useful information regarding the
waves. Some attention was given to the 200 mb analyses, particularly in the
central and western oceans where the familiar upper tropospheric trough had an
observable effect on some waves and in addition induced a different type of

low-level disturbance, an example of which will be presented in Section 4.

3.1 Data availability

An extensive statistical summary of the data availability appears in Figs.
A1-A6 of the Appendix. The reader can also acquire a good idea of typical
data amounts and distributions by examining the plotted maps presented in this
section and the next. They show that at 850 mb an adequate network of data
exists for defining the waves over most of West Africa (west of 10°E),

especially when it is considered that a 6 h analysis cycle is employed and a

14



large number of pilot wind observations are taken at 0600 and 1800 GMT as well
as at 0000 and 1200 GMT. Still, important data gaps exist over the Sahara.

Of particular concern is the gap near 25°N, 5°W where the model generates a
great deal of unverifiable transient vorticity at the 850 mb level. Results
of Burpee (1974), based on surface wind data, suggest however that the

enhanced vorticity may well be a real feature.

Over central Africa and parts of eastern Africa, an enormous data gap existed
for most types of observation throughout the period of study. The area
affected extends from 10°S to 20°N and 10°E to 30-40°E. Within this area no
reliable identification of easterly waves was possible. However, it is our
belief from the limited data available on the periphery that wave activity was
essentially lacking in this region during the period of study, as it was
during the GATE pgriod (Albignat and Reed, 1980; Sadler and 0Oda, 1978, 1979
and 1980) when sufficient observations existed in the region to detect the
waves had they been present. It should be noted, though, that easterly waves

have occasionally been observed east of 10°E (e.g. Carlson, 1969).

Over the Atlantic data are sparse at 850 mb, consisting only of sporadic
satellite cloud-tracks winds. These are relatively plentiful in the vicinity
of the equator but not at the latitude of the storm track. West of 60°W,
observations from the Caribbean Islands and from coastal South America allow
the waves to be easily identified and tracked. Due to a variety of
operational reasons, low-level aircraft reconnaissance reports in the vicinity
of hurricanes were not available to the analyses. These would have been

extremely useful.

Because of the large number of cloud-track winds and the numerous reports from

aircraft, considerably more data are available at 200 mb than at lower levels.

15



But these data are of little help in analysing the waves over Africa and the
eastern Atlantic, since the waves are best defined in the middle and lower

troposphere.

3.2 BAnalysis Problems

The problems of analysis in the tropics have been discussed in a number of
recent papers (Shaw et-al., 1984; Krishnamurti, 1985; Hollingsworth et al.,
1986). The series of analyses discussed in this paper contain examples of the
problems involved in analysing tropical data. The questions that we shall
discuss are the resolution of the analysis system, the constraints used in the

analysis and the relative weight of observation and first guess.

The operational system during 1985 was tuned so that the mass and wind
structure functions in the horizontal had a length scale of 480 km at 30°N,
increasing to 1000 km at the equator, and decreasing to 600 km at 30°S. The
functions used are Bessel function expansions as described in Shaw et al.
(1984). The wind structure functions were non-divergent and the mass-stream
function coupling was exactly as in Lorenc (1981), being =0.95 poleward of
30°N, 0.95 poleward of 30°S, and varying linearly with the sine of latitude

between these latitudes.

The resolution of the analysis system is lowest at the equator, and is
considerably higher in the mid-latitudes of both hemispheres. The parameters
controlling the resolution were chosen in 1984 in accordance with operational
experience up to that point. The forecast model in 1984 had substantial
forecast errors on the largest scales in the Tropics. To correct these errors

in the analysed fields it was essential to use broad correlation functions.

16



The important model change in May 1985 considerably reduced forecast errors on
the largest scales (Tiedtke et al., 1987). The setting of the analysis
parameters can therefore be improved over what was actually used in 1985.
Improvements in. the initialisation procedure to take better account of the
tides (Wergen, 1986) will also increase the possibilities for increased

analysis resolution in the Tropics.

The response of the analysis algorithm to observational data is affected by
other factors besides the length scale of‘the correlation functions. The
constraints used in the analysis, and the relative weighting of first-guess
error and observational error are also of importance. The analysis
calcqlation is based on the differences between the observations and the
six~-hour forecast. The constraint of local non-divergence is only applied to
the changes, or increments, made by the analysis to the six-~hour forecast.
The final analysed field may contain divergence stemming from the forecast

field.

If the forecast for a small scale divergent feature is pobr then the analysis
will also be poor, because of the constraint. An éxample appears in Fig 2a
where sharp, small-scale features are evident in the region to the northeast
of wave disturbance "S" (centre at 10°N, 13°W). Particularly prominent is the
confluence line extending along 16°N between 3°W and 13°W, as shown in a
manual streamline analysis (Fig 2b). This presumably convergent feature is
poorly analysed, as is the very short trough-ridge system immediately
upstream. The poor analysis of the wind field is partly attributable to the
constraint of non~divergence, partly to the small scale of the disturbance,

and partly to a poor forecast of the wind field.

17
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Daley (1985) has recently shown that the optimum interpolation formalism can
be extended to analyse the divergent wind component. His examples of
one-level analyses bf the upper tropospheric wind field included cases where
the relaxation of the non-divergence constraint led to improved synoptic
scale analyses. Thevpresent example suggests that such a modification may

also lead to improved lower tropospheric wind analyses.

For contrast we next show an example of the treatment of a sharp but largely
rotational feature in Fig. 3, the 850 mb streamline chart for 1200 GMT on 22
Aug. 1985. The African wave that later gave rise to hurricane Elena was at
-that hour just approaching the coast. The analysis shows the wave as a sharp
feature with a short east-west wave length, in good agreement with the data.
Incidentally, this case provides an example of the gbility of the analysis
system to ignore an unrepresentative local wind. Note the nearly 90°
difference between the wind direction at station 60620 (Adrar, Algeria; 28°N,
0°E) and the direction given by the streamlines. Nearly every 850 mb wind
reported from this station during the two month period was from a southerly
direction, often in sharp disagreement with the direction reported at nearby

stations.

It is important to ensure that the relative errors of observation and first
guess are correctly specified. This has been achieved fairly satisfactorily
in mid-latitudes in situations where data receipt is reliable. An
assimilation system needs to be able to cope with data unavailability by
correctly increasing the first—-guess error. During the period of study there
was an outage of conventional data over much of West Africa for about a week
(August 24-30). The assimilation performed rather Well in describing the

development and movement of a well-marked dry Saharan disturbance (see section
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3.3.1. Fig. 4 shows the first analysis for which conventional data were again
available (0000 GMT, Aug 31). The position of the disturbance in the interior
of West Africa agrees reasonably well with the available observations.

However there are places on the chart where the data have been unjustifiably
ignored, for example at Dakar (station 61641), and at the station further
north (Nouakchott, 61642). Both of these stations show onshore winds which
are ignored by the analysis. It is likely that too much weight has been given
to the first-guess. The first-guess error is estimated in a simple manner
(Sshaw et al. 1984), and has not been previously tested on such a prolonged
outage. The algorithm to calculate the first guess error could benefit from

further work.

3.3 Examples of analyses in data-sparse regions

Two examples have been chosen to demonstrate the performance éf the analysis
system in locating easterly waves or vortices when data were lacking, or
nearly lacking, over a broad area. These examples also, of course, furnish a
test of the forecast system, since the analyses in data-sparse regions are
largely determined by the first-guess fields. The examples have been chosen
because the analyses can be at least partly verified by independent
observations, in one case by satellite observation of cloud patterns and in

the other case by satellite observation of a dust pattern.

3.3.1 The mid-Atlantic passage of Gloria

The first example appears in Figs. 5-10. These depict at 48h intervals the
progression of disturbance "O" and its offspring, Hurricane Gloria, across the
Atlantic. Also shown, for later reference, are the 48h forecasts verifying at

the analysis times. The sequence begins with the analysed 850 mb chart for 12
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GMT 15 September, when éhe disturbance was located at 11°N, 19°W, a short
distance off the African coast, and ends with the chart for 12 GMT 25
September, when the storm was located east of Florida and had attained
hurricane strength. From the charts for 12 GMT 17, 19 and 21 September (Figs.
6a-8a) it is apparent that the analysis system maintained and even
strengthened the wave during its passage across the Atlantic despite the
virtual absence of data. Intermediate charts (not shown) were marked by a
similar deficiency of data. Surface ship reports gave some hint of the
disturbance but could hardly have been responsible forithe sharply defined
system at 850 mb. Cloud track winds were absent at 700 mb and scanty at 200

mb. No airplane observations were received from the area.

Satellite images( e.g. Figs. 11-12) clearly reveal the presence of an
unusually well organised disturbance in the general vicinity of the analysed
wave. However, from close inspection of the images it is apparent that quite
sizeable errors exist in the analysed positions for 17 and 19 September, if
the 850 mb vorticity maximum (denoted by the letter H) is chosen to define the
analysed position. The main maximum is located roughly 1000 km
west~-southwest of the satellite~inferred position on the 17th and over 500 km
to the west of the observed position on the 19th. On the 17th a secondary
maximum is evident within the same trough at a position closer to the

satellite position.

The evolution of these analysis errors can be traced with the help of the
available 6 h time continuity. This reveals that the primary vorticity
maximum near 13°N, 38°W on the chart for the 17th developed suddenly between
00 and 12 GMT 17 September, as an offshoot of the somewhat larger but weaker

region of vorticity to the east. The latter region, in turn, represented a
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Fig. 11 Meteosat visible imége of Gloria at 1155 GMT 17 September.
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Fig. 12 Same as Fig. 11 for 1155 GMT 19 September.
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new development that occurred to the rear or upstream of the maximum seen on
" the beginning chart (12 GMT 15 September). The original maximum moved rapidly

west—southwestward and disappeared between 00 and 12 GMT on 16 September.

From this description it is evident that during the period 15~19 September the
analyses of Gloria were more successful in depicting a synoptic-scale wave
trough than the position of the disturbance itself. However, by 12 GMT 21
September ﬁhe analysed position and the position obtained from reconnaissance
aircraft were in close agreement, though the disturbance, now a tropical
‘storm, had not yet emerged from the data-sparse region. The correction
occurred gradually as the analysed storm moved systematically slower than the
observed. Once in agreement the two positions remained more or less in

agreement.

The seemingly complex and erratic behaviour of the vorticity maximum as the
wave entered the data-sparse region is a matter requiring further study. The
fact that new maxima developed rapidly in what appeared to be a random pattern
suggests that their development was associated with a widely dispersed,
rapidly growing phenomenon of smaller scale. Mesoscale cumulus convection is
a likely candidate. In this respect it should be noted that Gloria possessed
far more convective activity throughout its history than did Elena for which
the analyses maintained a much simpler and more correct vorticity pattern.
Hoﬁever, the data coverage for Elena was definitely better so this too could
have contributed to the better prediction of its movement.'

3.3;2 The Sahara dust storm

The second data-sparse case to be discussed occurred during a 7 day period of
data outage over western and central Africa south of 22°N. Figs. 13a-f show

how the assimilation system produced a wave at the border of the data network
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5 -1
s ) during its

and developed it into a strong vortex (g = 9 x 10°
west-southwestward travel across the data void region. The letter "K"

(cf. Table A1) denotes the vorticity maximum in question. The reality of the
strong vortex is attested to by the dust signature seen in the Meteosat IR

image for 1145 GMT 29 August (Fig. 14). The analysis of the vortex following

resumption of the data was discussed briefly in subsection b.

The ability of the assimilation system to maintain a reasonable wave history
during the 7-day period of missing data deserves comment. As this study and
others have shown, African waves are a highly periodic phenomenon. They are
believed to arise from the instability of the sub-Saharan, mid-trospheric jet
(Burpee, 1972). Consequently, a properly functioning forecast model should -
even in the absence of data - produce waves df the observed 2-3000 km length
and 3-4 day period. The appearance of wave "K", in the same region as wave
"I" but at a delay of 6 days, or approximately 2 wave periods, may therefore
be taken as a sign that the wave instability was captured by the model. The
surprising precision of the placement was almost certainly due to the fact
that "K" developed along the margin of the data void region and therefore was
at least weakly observed by stations in the marginal zone. It should also be
noted that "K", like many of the waves examined, formed in proximity to the
Hoggar mountains (see Fig. 1e) so that orography may also have been a factor

in its development and in the accuracy of the prediction.

Wave "J", the antecedent wave in the sequence, is shown in the wave history,
Table A1, to form downstream of "K" at the same time. Conceivably it
~.developed earlier over the data void region but not in sufficient proximity to

peripheral observations to be well analysed.
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Fig. 14 Meteosat IR image of dust vortex (arrow) at 1155 GMT 29 August 1985.
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4, FORECAST PERFORMANCE

Two different methods have been chosen to illustrate the performance of the
forecasts: first, statistics are presented on the errors of the 48 h 850 mb
forecasts in predicting the positions and intensities of vorticity maxima;
second, 48 h 850 mb prognoses and the corresponding verification charts are
shown for a number of selected cases. The statistical results employ only
those forecasts for which adequate data exist at the verifying time to
establish, with at least a moderate degree of confidence, that a wave trough
and associated vorticity maximum were present within the area of verification.
The selected cases were chosen mainly for their interest. They are believed
to be representative of the general level of pérformance. Four of the cases
deal with wave disturbances that developed into named storms: Danny (wave
"A"), Elena (wave "H"), Fabian (wave "L") and Gloria (wave "0"). The fifth
case concerns a type of development that is somewhat outside the scope of the
present study. ‘It is included in order to show the ability of the model to
forecast the development of disturbances that are different in character from
easterly waves - in this case a subtropical system that formed underneath the

upper-tropospheric, mid—-ocean trough (Simpson et al., 1968).

4.1 Statistical Results

The error statistics regarding the 48 h forecasts of 850 mb vorticity maxima
appear in Table 2. The statistics have been compiled for five subregions
termed: Central/West Africa (east of 0°), West Africa (0°-14°W), Eastern
Atlantic (15°=29°W), Central Atlantic (30-54°W) and Western Atlantic (west of
54°W). The sample size was small in the easternmost region, in part because
of data deficiencies and in part because of the limited wave activity in the
region. The sample size was also small in the Central Atlantic where

low=-level, cloud track winds rarely existed in sufficient number to define the
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Table 2 ~ Forecast Performance Statistical Summary
Latitude Longitude Intensity
Number Error Error Error
of (degrees) (degrees) (10_55-1)

Area cases mean S.D. mean S.D. mean S.D.
Central/West Africa 3 2.3 2.1 2.7 5.0 0 2.6
(00 )
West Africa 20 0.7 2.3 -0.8 2.8 -1.4 2.6
(0°-14°W)
Eastern Atlantic 16 1.8 1.6 -0.6 1.8 -0.1 1.9
(15°-29°W)
Central Atlantic 6 1.5 | 2.4 | =1.5 | 2.8 | 0.5 | 1.9
(30°-54°W)
Western Atlantic 34 0.5 1.7 0.4 2.3 -2.1 3.0
(<« 54°W)
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waves. The data f;om which the statistics were compiled are shown in full in
Tables A2-6 of the Appendix. The latter tables identify each wave
alphabetically, give the verification dates and list for those dates the
observed (0) and forecast (F) positions and intensities of the vorticity
centres. Errors are forecast minus observed values. East longitudes are

considered negative.

4.1.1 Africa

A modest ability to forecast the waves is evident in the area to the east of
the Greenwich meridian. However, the sample size is too small to provide
truly meaningful statistics. Many more verifiable cases existed for the
African region west of the Greenwich meridian where there is clear evidence of
forecast skill. On the average, 48 hr forecast displacements of the vorticity
maxima were in error by less than one degree in both latitude and longitude.
The 48 hr forecast intensities were too weak by slightly more than

1 x 10_55-1; Average 48h longitudinal displacements were about 12° (see Table
1), and the average observed strength of the relative vorticity centres was
5.8 x 10—55-1. Forecast positions were on the average too far to the north
and too far to the east (westward propagation too slow). The position errors,

though small, are all statistically significant at the 10% level according to

the t-test. The intensity error is significant at the 1% level.

4.1.2 Atlantic

In the Eastern Atlantic region forecast positions are again somewhat too far
to the north and east. The longitudinal position error of -0.6° is
statistically significant at the 10% level. The 1.8° error in latitudinal
position is significant at the 1% level. On average the observed and forecast
intensities are the same. The sign of the position error remains the same in

the central Atlantic. Here the forecast vorticity is slightly larger in the
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mean than the observed but not significantly so. The position errors are
significant at about the 10% level. In the westernmost region, where the
sample size is largest, position errors are small but in the case of the
latitudinal position is significant at the 5% level. As in the areas further
east, the forecast position is in the mean displaced too far to the north.
Forecast vorticity is weaker than observed vorticity (5.4 x 10—5 s_1 vs 7.5 x

10-'5 5-1) at the 1% significance level.

In summary, the statistical results indicate that the T106 model possesses
considerable skill in predicting the behaviour of easterly waves over West
Africa, in the extreme eastern Atlantic and in the far western Atlantic and
Caribbean. Some skill probably exists for prediction in the western part of
the central African region, though forecasts there are hampered by the lack of
upstream data. Since the main wave growth occurs to the west of 10°E, the
data lack, though regrettable, does not appear in most cases to be crucial to

early identification of the waves.

There is evidence of forecast skill in the central Atlantic, but firm
verification is rarely possible there because of the general lack of low- and
mid-level winds. In some instances, satellite images can be employed to
identify and locate the mid-ocean waves with considerable confidence. This
was the case for waves "H"(Elena), "M" and "O"(Gloria). The satellite
verification also gave evidence of some skill in mid-ocean forecasting, at
least for the stronger disturbances, as will be shown in the next section for

two of the systems ("H" and "O").
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4.2 Selected examples

Example 1) Hurricane Danny, (11-15 August, 1985)

Between 7 and 8 August an enhanced pattern of deep cloudiness developed over
and to the east of the Windward Islands (55°-60°W) as wave "A" approached the
Caribbean. Intensification of the wave followed, and at 12 GMT on 11 August
(Fig. 15) a well formed disturbance was clearly discernible in the central
Caribbean. During the next 48 h the 850 mb vorticity maximum was forecast to
move to the eastern Gulf of Mexico, off the western tip of Cuba, and maintain
its intensity (Fig. 16b). The verifying map for 13 August (Fig. 16a) reveals
that both position and intensity were well forecast. The subsequent 48 h
forecast (Fig. 17b) called for the centre to move ashore near the
Texas~Louisiana border and to maintain its intensity. The actual movement
(Fig. 17a) was somewhat slower than predicted and the intensity (as analysed)
was twice that predicted. At this time (12 GMT 15 Aug) the storm was a minor
hurricane. 1In view of the limited resolution of the T106 system (lowest
resolvable wave of 380 km), it cannot be expected to resolve the core of a
hurricane. At most it can be expected to predict the outer circulation of the
storm and to provide some measure of its intensity. 1In this respect the model

enjoyed limited success.

Example 2) Hurricane Elena (22-28 August, 1985)

This case illustrates the ability of the model to make a highly accurate
prediction of the movement of a well formed wave ("H") as it crossed the
Atlantic despite the availability of only a small amount of ocean data. The
system is tracked from the time it left the African coast until it achieved
hurricane force over Cuba. The initial chart for the series (Fig. 3) shows
Elena approaching the African coast at 1200 GMT, 22 Aug 1985. The 48 h
forecasts and verifying charts for 24, 26, 28 August are shown in Figs. 18-20.

The wave crossed the ocean at the unusual speed of 11° long d-1, yet it can be
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seen that the errors in the forecast positions are very small: of the order of
a degfee or two in 22°-23° of travel. The forecasts for 23, 25 and 27 August
(not shown) were equally good. Satellite imagery (Figs. 21 and 22) confirms
the analysed positions, and the position on the 26th was also consistent with
wind reports from downstream islands. Data coverage over the ocean, though
sparse, was average or slightly better than average during this period. The
coverage at 12 GMT 24 August was somewhat better than for the period as a

whdle, and that at 12 GMT 26 August was somewhat worse.

Elena reached hurricane strength on 29 August, soon after entering the Gulf of
Mexico. After following a fairly steady course towards Louisiana, its
movement became erratic. It eventually made landfall as a severe hurricane in
Mississippi on 2 September. The rapid intensification of the system and the
later erratic path were poorly forecast. Heckley et al., (1986) show the
forecasts in this latter state to be extremely sensitive to the form of

parameterisation of deep cumulus convection.

Example 3) Tropical Storm Fabian (11-17 September)

Between 9 and 10 September the cloud pattern along the Ifcz associated with
wave "L" thickened and assumed a vortical shape. At 12 GMT 11 September the
analysis (Fig. 23) still depicted only a weak wave in the wind field (near
15N, 60W) and failed to show a pronounced vorticity maximum. Twé days later
(Fig. 24a) a definite strengthening of the wa&e, now at 72°W was evident in
the analysis; the forecast (Fig. 24b) Showed the enhanced vorticity in nearly
the correct position but underestimated the northerly flow component ahead of
the wave axis. During the following two days the wave progressed only
slightly westward and sharpened along its northern portion between 20-25°N
(Fig. 25a). This behaviour was well handled by the forecast (Fig. 25b). A

strengthening and east-northeastward movement of the disturbance, or vorticity
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.Fig. 21 Meteosat visible image for 1155 24 August 1985
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Fig. 22 same as Fig. 21 for 26 August 1985.
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centre, to a position near 27N, 64W was predicted for the period 15-17
September (Fig. 26b). The forecast centre was located about 100-200 km
southwest of the analysed centre (Fig. 26a). Although the actual disturbance
was much stronger than the forecast (and analysed) disturbance, having
attained tropical storm intensity on 17 September, the forecast gave a useful
indication of the motion of the storm and of the tendency for intensification.
Again because of insufficient resolution of the T106 forecast system, the

analysis only succeeded in depicting the outer circulation of the storm.

Fabian subsequently moved rapidly into the Atlantic and remained a tropical

storm only until 19 September.

ﬁxample 4) Hurricane Gloria (15 - 23 September)

This storm began as wave "O" over West Africa on 12 September or 8 September,
depending upon which of two vorticity centres is regarded as its earliest
manifestation. It reached the offshore waters of the U.S. on 25 September as

-1 -
an intense hurricane (sustained winds 67 m s ; gusts 77m s ).

The beginning ﬁap in the series for 12 GMT 15 September 1985 (Fig. 5) depicts
the disturbance located just off the African coast (vorticity maximum at 11N,
19W). Successive maps (Figs. 6-10) show its later history, as given by the
analyses. These maps have already been discussed in Section 3 where it was
remarked that the disturbance was maintained as an unusually strong system

over the Atlantic despite a near absence of oceanic data.
The 48 h forecast for 12 GMT 17 September (Fig. 6b) shows a pronounced wave in

t+he mid-Atlantic near 40°W that is located somewhat to the west of the

analysed wave (Fig. 6a). However, as discussed in Section 3.2, the analysed
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position of the primary vorticity maximum at 13N, 38W differs considerably
from the position inferred from satellite imagery (large dot at 15°N, 29°W) in
such a sense as to increase the error of the forecast. BAnalysed and forecast
positions (17°N, 46°W and 19§N, 46°W, respectively, on Figs. 7a, 7b) are in
reasonably good agreement at 12 GMT on the 19th, the forecast position being
about 2 deg north of the analysed. Both positions are well to the west of the
satellite derived position at 17°N, 41°W (large dot on Fig. 7a), but the
discrepancies are not as large as they were earlier. At 12 GMT on 21
September the forecast centre (Fig. éb) is at the same longitude (559W) as the
observed centre and 2 deg further south in latitude. The analysed position is
now in good agreement with. the position given by aircraft reconnaissance. ﬁThe
forecast position is not quite as satisfactory but is still remarkably good
given the uncertainty of the.initial analysis. The forecast called‘fqr‘the
vorticity to maintain the same strength, whereas the strength increased

considerably.

_The forecast position (20°N, 64°W) at 12 GMT 23 September Fig. 9b is virtually
identical with the analysed position and both positions agree well‘with,the
observed position as given by air reconnaissance, being located only about one
_degree too far to the west. The vorticity maximum was forecast to strengthen
slightly. Its value was less than the analysed value and in ViewHQf<the
intensification of the storm to hurricane force, much less thanvthe actual
value. Another shortcoming of the forecast was the considerable displacement
of the vorticity maximum from the circulation centre. In this case the

vorticity maximum gave by far the better storm position.

Later forecasts displayed considerable skill in predicting the further
movement of the storm. The 48h forecast verifying at 12GMT .24 September had a

position error of about 400 km. This figure was reduced to 300 km for the
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forecast verifying at 12.GMT on 25 September (Fig. 10) and to 200 km for the
forecast verifying at 12 GMT on 26 September.

The predicted vorticity maximum at the latter time was 15 x 1()_55_1 and the
strongest predicted wind was 23 m s -1 at a position about 400 km to the
northeast of the centre. Thus on the synoptic scale the T106 model was quite
successful in forecasting the intensity of the storm as it approached the’
mainland. As with its predecessorg the model lacked the resolution required

for representing the tight inner core of the storm.

We close this discussion of Hurricane Gloria by returning to the forecast for
17 September in which the prediéted vorticity maximum (Fig. 6b) was located
more than 1000 km to the southwest of the satellite-derived storm centre.
Earlier Qe describedAthe evolution of the incorrectly placed vorticity maximum
on the analysis. Here we note that the even more incorrectly placed maximum
on the>forecast chart had a different history than the analysed maximum. The
24h forecast for 16 September (not shown) reveals that the centre on the 48h
forecast for 17 September (Fig. 6b) was associated with the secondary centre
seen near 7°N, 29°W on the chart for 15 September (Fig. 5) or else with the
vorticity lobe extending northwestward from it. Again there is evidence that
some feature of the model, presumably its treatment of convection, causes the
sudden enhancement or development of small areas of relatively strong poéitive

vorticity.

Example 5) A subtropical system (13 - 15 September)
The 850 mb analysis for 12 GMT 13 September (Fig. 27) exhibits a weak
vorticity maximum at 30°N, 30°W within the northeasterly flow around the

Azores High. This vorticity maximum is forecast to move west-southwestward to
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28°N, 41°W and intensify during the subsequent 48h (Fig. 28b). The analysed
position at 28°N, 39°W, admittedly based on very little data, supports the
predicted movement and intensification. Fortunately, the METEOSAT
lobservations for 12 GMT on 13 and 15 September provide strong confirmation of
thé érediéted development. Visible images (Figs. 29a,b) for these hours.show
the suddén’appearance of a swirling cloud mass in mid ocean. Water vapour
imagery kFigs. 30a,b) reveals that the development is connected with the
éﬁpiifiqatién of’the middle of three upper-tropospheric waves or‘vorticeé in
éﬁélﬁié&bcean trough and that the associated cloud field contains aeep
ééﬁveé£ivé elements. The 200 mb analyses for the 13th and 15th are displayed
in Fig. 31a and b. The chart for the 13th shows an elongated trough or

cyclonic shear zone near 35°N, 30°W that digs southwestward and transforms

into a well defined cut-off low by the 15th.

Clearly, the model was successful’inkpredicting the upper-level development
and its extension to lower levels. Thié ability to handle well developments
ﬁifhin the upper;troposphere trough is a prerequisite for successful
prediction of easterly wave behaviour in the western Atlantic, since the

equatorward portion of the trough frequently extends into this part of the

ocean and interacts with the westward moving waves.
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29 Meteosat visible image for (a) 13 September 1985,
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Fig. 29 Meteosat visible image for (b) 15 September 1985
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Fig. 30 Meteosat wave vapour image for (b) 15 September 1985.
Arrow points to subtropical disturbance
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5. SUMMARY AND CONCLUSIONS

This study examines the ability of the current ECMWF operational system to
analyse and predict African or easterly waves and the tropical storms and
hurricanes that grow out of them. The study covers the two month period
Augqust-September 1985, during which 20 waves were identified and tracked. The
identification was based on 850 mb vorticity maxima, 700 mb tough axes and
satellite cloud patterns. Most of the waves originated over West Africa.
There was some evidence of two main source regions, one in the desert region
of northern Mali, southern Algeria and eastern Mauritania, downwind of the
Hoggar mouniains, and a second in the rain belt to the south, stretching from
Lake Chad across Nigeria to northern Ghana. - The existence of two source
regions or two regions of primary development may be connected with the
tendency noted by Carlson (19269), Burpee (1975) and Reed et al., (1977) for
African waves to possess two circulation centres at low levels, a relatively
cloud-free one in the sub-Saharan trough zone and one associated with the deep

convection in the rain belt to the south.

Wave characteristics were similar to those reported in earlier studies. Wave

lengths were typically in the 2000-3000 km range, periods in the 3-5 day range
-1

and phase speeds in the 6°-7° long 4 range. Three of the waves developed

into hurricanes.

The 850 mb vorticity maximum provided a useful tool for tracking the waves.
It allowed a latitudinal as well as a longitudinal position to be assigned to
a wave disturbance and in cases where closed circulations existed it generally

gave a more uniform and credible path than the circulation centre.
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For the purpose of evaluating the quality of the analyses, charts of the
surface, 850 mb, 700 mb and 200 mb fields, with all data plotted on’them, were
produced atA6 hourly intervals for the.entire two month period. Examination
of the maps revealed the existence throughout the period of a huge data gap at
lower levels covering much of central and eastern Africa. Sincé the waves
were believed (though not proved) to have formed in the data network to the
west of this region, the data void, regrettable though.it was, did not

seriously affect the early identification of them.

A smaller region with a deficiency of data was found over parts of the Sahara,
including the region near the Hoggar shown by the analyses to be a major
source region of the Waves. The strong vorticity maxima often noted in this
area cannot therefore be said to be fully verified, though they are believed
to be real features. Another region with a deficiency of data was the central
Atlantic where only low and middle—levél cloud-track winds provided‘useful
information for analysing the waves. Unfortunately, such winds were in short
supply during the period of study. Surface ship observations and high-level
cloud-track winds were relatively plentiful but were of little help in
defining the waves. Low-level temperature soundings from polar-orbiting
satellite were of no value. METEOSAT visible, IR and water vapour images were
available for viewing cloud and moisture patterns over the ocean and were thus
useful for identifying and tracking the Qaves. If higher yields of cloud
track winds cannot be achieved, it would be desirable to develop objective
pattern recognition schemes for detecting and categorizing wave signatures.

If the latter could be related to the fields of the basic variables ~-
admittedly a task of enormous difficulty - greaﬁly improved oceanic analyses
could no doubt be achieved. Hurricane Gloria is an example of a system that

could be located with almost pin point accuracy from the cloud pictures for
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which few cloud track winds were available, causing the disturbance to be

badly misplaced at one stage in the analysis in mid-Atlantic.

In the relatively data-~rich area of West Africa the analyses és a rule
conformed well to the wind data, at least in the representation of the
larger~scale features. Smaller-scale features, however, were not drawn to as
faithfully as in-highex latitudes. In many cases this was clearly
advantageous, since 850 mb wind patterns over Africa have a much noisier
appearance than in extratropical latitudes, possibly because of observational
or transmission errors or possibly because of unreprésentative local winds
connected with convective activity or topographical influences. In other
cases, one of which was illustrated, the small-scale strongly convergent
features omitted from the analyses are unquestionably real, being well
supported by observations. It would seem desirable to retain such features in
the analyses, though we have no evidence that their omission harmed the
forecasts of the large scale systems. Small-scale features were not ignored
in all cases. A further example was presented illustrating how well the
analysis system portrayed the narrow, sharply-defined and mainly rotational
trough that characterised Hurricane Elena during its early wave stage over

West Africa.

The varied performance of the analysis system is discussed in terms of the
ability of the utilized structure functions to represent small synoptic
features and in terms of the effects on the analyses of the relative weights
given to first guess fields and actual data. It is concluded that these

aspects of the analyses need further attention.
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Two examples are given of the performance of the analysis system in data
sparse regions in situations where features appeared on satellite images that
allowed independent verification of the analyses. One example dealt with the
the disturbance which later became Hurricane Gloria as it passed through a
data void in the central Atlantic. The second dealt with wave "K" which
developed along the northern border of a large area of central and western
Africa from which observations were missing for several days due to a
transmission failure. In the latter case the analyses showed the wave to form
along the border of the data sparse area and to grow into a strong vortex as
it crossed the data void. A remarkable spiral-shaped dust cloud seen in
METEOSAT IR imagery confirmed the existence of the vortex. The success of the
anélyses in portraying the development of this system is attributed to the
fact that at least a small amount of data existed in the upstream region and
to the ability of the model to capture the instability mechanism responsible
for the wave growth. Since the disturbance first appeared in close proximity
to the Hoggar mountains, it is possible that orography had an important
influence on its development. In view of the high frequency with which the
waves formed downstream of these mountains, further investigations of the role

of orography is desirable.

In the case of the embryonic Hurricane Gloria the analyses maintained the
disturbance with undiminished strength during its passage over the data-sparse
region but, according to the cloud pattern seen by METEOSAT, the analysed
position was in error by as much as 1000 km. With the help of the 6h time
continuity it was found that the strong 850 mb vorticity centre that gave the
incorrect position was one of a number of centres analysed within the general
wave trough of Gloria. This vorticity maximum formed with great rapidity well
downstream or west of an earlier centre and caused the disturbance to appear

to jump forward.
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This behaviour connected with Gloria, and other examples of sudden development
of small areas of relatively large vorticity, especially in the ITCZ, require
further investigation. We suspect that the vorticity éreas, because of their
rapidity of development and seemingly random positions relative to waves, are
associated with convective évents within the model (and perhaps in some cases
in the atmosphere). In order to keep the present study wifhin tractable
limits, we have not examined vertical motion or precipitation patterns.
~Certainly this must be done if the origin of the smaller features of the

vorticity patterns are to be understood.

The forecast performance of the model has been evaluated both statistically
and by looking at individual cases. In the statistical evaluation, means and
standard deviations were found for the errors in 48 h prediction of the
positions and intensities of the primary 850 mb vorticity maximum within the
wave . troughs. Only those cases were verified in which sufficient data existed
at the verification time to assure that the analysis was not dominated by the

first gquess field and therefore merely repeating the forecast.

Over West Africa and the Eastern Atlantic forecast displacements of the
vorticity maximum were in error by less than one degree in both latitude and
longitude. Forecast positions were in the mean too far to the north and east,
and the differences in position were significant at the 10% level. Forecast
vorticity intensities were correct in the mean in the coastal region but were
somewhat too weak in the interior. 1In the western Atlantic and Caribbean
forecast positions were significantly too far to the north in the mean. The
forecast vorticity was about 30% too small on the average, and the discrepancy

was highly significant statistically.
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Numerous cases of successful forecasts existed for the West African region,
including an impreésive forecast of a strong disturbance {(wave "M") that
retained its strength during an unusual northwestward course in the Atlantic.
We have, howevef, in choosing cases for illustration not attempted to show
cases that were especially good or bad but rather to show cases that were of
special interest. Thus the chosen cases were waves "A", "H", "O" and "L"
which transformed in their later stages into hurricanes Danny, Elena and
Gloria and Tropical Storm Fabian. 1In addition, to illustrate the versatility
of the model, we have chosen a case of the successful prediction of a
low-level subtropical disturbance in the middle Atlantic. The low-level
system was evidently the outgrowth of upper~tropospheric events in the

mid-ocean trough.

The 48 h forecasts of the three hurricanes and one tropical storm all had
successful elements, but there were shortcomings as well. Generally, forecast
positions were within a few hundred kilometres of the analysed positions for
displacements that were typically in excess of 1000 km. The most serious
positioning errors occurred with respect to Hurricane Elena which looped
erratically in the Gulf of Mexico. (Purther discussion of the Elena forecasts

may be found in Heckley et al., 1986).

Predictions of intensity were less satisfactory in all cases. In three of the
four cases the model forecast some strengthening Qf the vorticity as the
disturbance approached the tropical storm or hurricane stage, but in all cases
the predicted (and analysed) vorticities were much less than the vorticities
to be expected in well developed storms. Because of the limited resolution of
the T106 forecast system, it would be unreasonable to expect it to predict the
intense inner circulations of the storms. At best it can be expected to

depict the outer circulations, and this it did with some success.
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The results of this study of a two month period during the summer of 1985, the
first summer in which the T106 model with revised physics was used
operationally, indicate that the ﬁodel has an impressive capability for
forecasting tropical wave disturbances and other synoptic-scale circulation
features. The day in, day out accuracy of forecasts would no doubt be much
improved if some of the identified data deficiencies over central Africa and
the Atlantic could be remedied. Also a still higher resolution model might
lead to improved forecasts. This is particularly true with respect to
tropical storms and hurricanes whose trué intensities Qere only hinted at by
the T106 system. Finally, some evidence has been presented regarding the
development of spurious areas of abnormally large vorticity over the ocean.

It seems likely that these developments, which are sudden and erratic, were
connected with convective events in the model. They require further study,
first to determine whethe; they were indeed of convective origin and second,
if they were associated with convection, to determine whether they were caused
by some shortcoming of the model physics. The second objective can only be
achieved with the help of a special data set. The data set acquired during
the GARP Atlantic Tropical Experiment (GATE) is probably the only currently

available set that is suitable for the purpose.
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APPENDIX

A.1 Wave Histories

The derivation of the wave histories is described in the text. Table A.1

gives the details of the history of each wave. The construction of the table
is most easily explained by an example: Wave D was identifiable from August 8
to August 20. Its position at 1200 GMT on its‘first'day (August B) was 3°W;

24°N, its position on its second day (August 9) was 9°W, 21°N, and so on.
The waves which reached tropical storm or hurricane strength during the period
of the study were "A" (Hurricane Danny), "H" (Hurricane Elena), "L" (Tropical

Storm Fabian) and "O" (Hurricane Gloria).

A.2 Data Coverage

Figure A.1 shows data coverage maps for the African and Atlantic area at
0000GMT dAuring September 1985. The plots show the number of wind reports
received at ECMWF for each 5°x5° box for selected observation types and
leve;s. Panel A.1a shows the number of aircraft reports above 300mb, Panel
A.1b shows the number of 250mb wind reports per box from rawinsonde or pilot
reports, while Panel A.1c shows the corresponding counts for 850mbbreportsm
Figs. A.2 and A.3 show the counts for 0600GMT and 12000GMT in September, while
Fig. A.4 shows the counts at 1800GMT for August; the counts at 1800 GMT for

September were unavailable for technical reasons.

There is reqular coverage at 850mb at all four synoptic hours to the
northwest of a line running from 0°N,0°E to 30°N,30°E, except for the major
gap in the Western Sahara. To the southeast of this line there is a major
data void. Rawinsonde or pilot reports are much sparser at 250mb than at

850mb. With few exceptions soundings only reach this level at 1200 GMT. The

al



850mb data volumes in West Africa at 1800 GMT in August are lower than might
be expected because of the outage of telecommunications between‘August 24 and

August 30.

Aircraft reports are most plentiful at 0000GMT and 0600GMT. They provide
important coverage over the Atlantic. Very few aircraft reports are available

over Africa, where they could be valuable.

Fig A.5 shows the data counts for Meteosat data at 0000GMT for three laYeréﬁ
at -and above 300mb, between 850 and 300 mb, and at or below 850mb. ‘Fig A.6
gives similar results for 1200GMT, the only other time for which reports are
available. The paucity of low level reports along the main storm track for
the waves is evident. No low level data is generated over land because the

clouds may not be tracers for the motion there.

A.3 Regional Verifications of 48-hour Forecasts

All forecasts for the position and intensity of the vorticity maximum of a
wave were verified when there was sufficient data coverage to have confidence
in £he verifying analysis. WNo account was‘taken'of the data coverage in the
starting ‘analysis for the forecast. The verification results are tabulated
by region: Table A2 - Central Africa (east of 0°E), Table A3 - West Africa
(0°~14°W), Table A4 - Eastern Atlantic (15°W-29°W), Table A5 - Central
Atlantic (30°W-54?W), Table A6 - Western Atlantic (west of 54°W). The tables
show the observed (0) and forecast (F) latitude, longitude, and vorticity"
intensity, together with the corresponding forecast errors. The units for
vorticity are 10_5,s—1. The mean and standard deviation of the errors for
each region are given at the end of each table, ‘and are summarised in

Table 2. Cases are marked unverifiable if the position of the forecast

vorticity maximum is uncertain.

A2



Nee

NeL  NZZ  M69  NOZ
NOgE
NIZ MZ9 NI

N8z
NLL - Mg6  NLL

N6Z
Ly 9l

MZ9
MeL
Mg

M9
K06

1)

N8l
N9z
NI
NvZ
NLZ
N9L

NEZ

74

Mys
ML
Nes
.11
M69
MSB

M98

M6
14

NLY
NZZ
N5l
N8Z
i 4
NOZ

N8Z

N6Z

NiZ

NET

Nez

Mog

Mg9

MlS
Mig
Mol
MzZg

MG8

LVA:]

Meg

Mg

ALB
£l

Ngl
NozZ
NGl
NLZ
NIZ

NOZ

N8z

NLZ

N61

NZZ

NoZ

ey
MeS
Hev
Mo¥
Myl
MOL

M98
Mg

MBL

oL

[4}

Nal
NGl
NZZ
Ne3
Nv it

NBZ
NZZ

NB1

NLIL

Moy
Mes
L:14
L1%4
MlL
M99

NZL

MEL

MOL

MeL

N6l
Ngi
NF i
Noz
N
NE

NPZ

NLL

NLL

NLL

NLL

N9t

NGl

MZg
Mg
144
MBE

RLs

Mog
M99
MBS

ML9

MzZ9
MZL

ML
0i

N6
NLL

N8l

N¥ 1
NiZ
NEL
NZi

N61
NeZ
N9t
NGl

Nyl

N9

N&l
L4

MIE  NLL  MBZ
MBZ N9l MeZ
Ry NLL  MiY
ML NCL - MOC
A¥E  NOZ M6
Mg NEL MLG
MZS  NZL  Mo¥
NEZ  MSL
MGL N9l MP9
M8L N6L  ML9
Mo5 NGl MbY
MZS  NvL Mab
NEL  MBC
o3  NYL Mg
MES  NPL NSt
P9 NGl MLS
MEL NZL M9

8

(shAep) sby

NGl
NI
Ng1L
Nel
NLL
NLL
NZ1
NIZ
Ng1
NLL
Nl
N&Z
NZ1
NGl

NG|
NSL
NZL

61
Mz
Meg
Wz
(174
MeS
Moy
HsL
Mss
Msg
Mg
MLS
MlE
ney

MoE
MoS
Mpg

NBl
NLL
NGl
NGl
Nvl
L4}
NLY
NEL
NG|
NGl
N9
NoL
NbZ
NElL
Noi
NO1
NS
Nt
Nel

LN 00Z1 49 (491/6U0|) SUO|4|S0d GAGM Afleq - |y 8fqeL

L[4
14}
Mgl
M6z
Mel
M6L
L1534
NPE
L9
Lj%4
ey
MBz
ey
374

54
LIxA
hey

N9t
NG
N8l
NBY
N¥ 1
Ny
NZ1
NZZ
Nyl
Nit
NEL
Not
NLL
NET
NL1
N61
NO1
NIZ
NEl
NCL

Ml
MEZ
L4
.4}
)44
MLZ
MGS
Mg
MZg
Mz
LT3
M8l
MsZ
BLL
MOZ
Meg
14

Nil
NGt
Nel
Ne i
NEL
N
NO!L

Ngl

NG|
NSt
NLL
N6
N#i
NvZ
NS 1
N6l
NE

NG}

NEL

M61
Mg
.14
M8
51
ML
N6
MBL
MZz
344
MOz
Mz
T MLL
M6z
LY
MLL
L
MEL
MLz
My

NZZ
NOt
N9
N8l
N9 |
NZi
NZ1
NOL
N¥Z
N9
NG1L
Noz
NIZ
NEL
NPT
NZZ
NZZ
N6
N&Z
N9t
NZI

Mgl
MLL
Msz
g

MZL
L4
E1Y
134
113
Neg
Ml
Ml
L]
144
LYA
Ml
Nz
LY
Moz
MLE

44
N6

N61
N8l
NGt
NOI
N
NEL
NT
N6l
Nal
NozZ
NiZ
NLL
NvZ
NIZ
NlZ

N61
NZL

MCL
0
Ml
E(]
38
Mz
El4
39
L3 44
M6
114
M9
Mg
MZ

MZlL

"y

M6

L34
NGl
Mg

NZZ
NEL
N61
N8l
NGi
NLIL
NEL
N&lL
NeT
N6l
NLL
N6¢
NiZ
NO§
NYZ
N8l
NPZ

NGz
NG|
NEL

ML
gL
M6
ElLY)
Ei4}
£l
301
3ol
L1
14
noZ

ML
3
MNC

M6
Moz

0g-82/6
62-52/6
0¢-52/6
sZ-LL/6
o~ 1/6
Le-z1/6
0T~6/6
¥i-1/6
81-¢/6
€1/6-82/8
v/6-82/8
lg-¢2/8
2/6-02/8
62-91/8
oz-v1/8
iz-0l/8
0z-8/8

8i~6/8
el-v/8

Sl~i/8
e4eQ

— =

o w u o T

d

v
aARN,

¥ J4 X ZT O 06 O x® v -

A3



Table A2 - Forecast Performance

- Central Africa (east of 0°)

Latitude Longitude Intensity
Error Error Error
(degrees) (degrees) (10_55-1)
Wave Date o) F F-0 0 F F-0 F F-0
G 16 Aug Not verifiable
M 2 Sept 1IN 14N +3 7E 5E +2 5 +2
N 6 Sept 13N [ 178 | +4 4E aw | +8 4 -3
o 10 Sept 17N 17N 0 0E 2E -2 7 +1
Q 19 Sept Not verifiable
Mean 2.3 2.7 0
S.D. 2.1 5.0 2.6
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Table A3 -~ Forecast Performance

West Africa (0° = 14°W)

Latitude Longitude Intensity
Error Errorxr Error
(degrees) (degrees) (10_58-1)

Wave Date 0 F F-0 0] F F-0 0] F F-0
B 4 Aug 19N 26N +7 ow aw -5 7 6 -1
D 7 Aug 24N 22N -2 17w 16W =1 8 5 -3
F 12 Aug 21N 21N O' 170 17N 0 9 6 -3
G 18 Aug 13N 13N 0 13W 9w -4 8 6 -2
H 21 Aug 21N 20N -1 8W W -1 8 5 -3
H 22 Aug 20N 21N +1 13w 16W +3 7 5 -2
M 3 Sept 10N 12N +2 2W 6w +4 3 3 0
M 4 Sept 9N 8N -1 oW 11w +2 11 4 -7
M 5 Sept 11N 11N 0 13w 13w 0 9 13 +4
N 8 Sept 17N 13N -4 aw aw 0 6 3 -3
0 12 Sept 17N 19N +2 oW oaw 0 7 3 -4
o} 13 Sept 15N 179 +2 14W 14w 0 3 5 . +2
0 13 Sept 10N 12N +2 2W 3E -6 2 4 +2
P 17 Sept 16N 17N +1 ™ 4w -3 3 4 +1
0 20 Sept 18N 22N +4 3w 3w 0 3 3 0
Q 21 Sept 19N 19N 0 8w 10W +2 5 2 -3
0 22 Sept 17N 18N +1 13w 15N +2 5 3 -2
R 24 Sept 19N 20N +1 ™ ew -1 6 2 -4
R 25 Sept Not verifiable
R 26 Sept 19N 20N +1 19W 17w -2 3 3 0
S 27 Sept 191 17N -2 13w W -6 4 5 +1
T 29 Sept Not verifiable

Mean 0.7 -0.8 -1.4

S.D. 2.3 2.8 2.
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Table A4 - Forecast Performance

Eastern Atlantic (15°W - 29°W)

Latitude Longitude Intensity
Error Error Error
(degrees) (degrees) (10-53_1)

Wave Date 0 F F=0 0 F F=0 F F-0
B 6 Aug 17N 17N 0 20W 18W -2 3 -1
B 7 Aug 17N 16N -1 25w 25W 0 4 0
F 14>Aug 17N 21N +4 20W 17w -3 4 +1
F 15 Aug 13N 17N +4 26W 20w -6 3 -1
F 16 Aug 11N 11N 0 30w 32w +2 5 -1
G 21 Aug 16N 17N +1 28W | 28W 0 3 -1
H 23 Aug 1on | 21w | +2 | 22w | 22w | o 5 0
K 31 Aug 15N 16N +1 19w 19w 0 6 +2
M 6 Sept 13N 17N +4 19w 18w -1 10 +5
N 10 Sept 14N 15N +1 19w 19w 0 5 0
o 14 Sept 11N 14N +3 ow ow 0 3 +1
P 18 Sept 19N 19N 0 15W 16W -1 3 -3
P 19 Sept 6N BN | +2 28W | 28W | O 5 | +2
P 21 Sept 24N 26N +2 26W 26W 0 2 -2
P 22 Sept 24N 27N +3 27w 28W +1 1 -1
0 23 Sept 15N 17N +2 19w 19W 0 2 -2

Mean 1.8 -0.6 -0.

S.D. 1.6 1.8 1.

A6




Table A5 - Forecast Performance

Central Atlantic (30°W - 54°W)

Latitude Longitude Intensity
Error Error Error
(degrees) (degrees) (10_55_1)
Wave Date 0 F F-0 0] F F-0 F F=0
B 8 Aug 13N 14N +1 32w 26W -6 2 -1
G 22 Aug 14N 13N -1 35W 34w -1 2 -1
H 24 Aug 17N 19N +2 32w 34w +2 3 0
Pg 20 Sept 5N 6N +1 32w 30w -2 4 +1
P 23 Sept 22N 28N +6 30w 28W -2 2 0
S 26 Sept 8N 8N 0 0 0 0 7 +4
Mean 1.5 —1-5 005
S.Dl 2.4 2.7 1.9
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Table A6 - Forecast Performance

Western Atlantic (west of 54°W)

Latitude Longitude Intensity
Error Error Error
(degrees) (degrees) (10-55_1)

Wave Date 0 F F-0 0 F F-0 ) F F-0
A 9 Aug_ Not verifiable

A 10 Aug 13N 13N 0 710 73W +2 4 3 -1
A 11 Augv 17N 13N -4 79W 82W +3 5 2 -3
A 12 Aug 21N 22N +1 83W 83W 0 5 2 -3
A 13 Aug 22N 24N +2 86w 86w 0 5 5 0
A 14 Aug 26N 28N +2 92w 20w -2 7 5 =2
A 15 Aug 29N 31N +2 94w 924w 0 9 3 -6
D 16 Aug 22N 22N 0 - 75W 75W 0 2 2 0
D 17 Aug 23N 24N +1 81W 81w 0 1 1 0
D 18 Aug 23N 25N +2 85W 85w 0 1 1 0
G 27 Aug 26N 24N -2 81w 86W - +5 3 2 -1
G 28 Aug 28N 28N 0 87w 88W +1 4 3 -1
H 26 Aug 17N 18N +2 56w 56w 0 5 6 +1
H 27 Aug 18N 18N 0 67w 66W -1 4 6 -2
H 28 Aug 22N 21N -1 78W 77w -1 5 6 +1
H 29 Aug | 24N 24N 0 86W 84W ‘—2 8 5 -3
H 30 Aug 28N 28N 0 88w 88W 0 11 3 -8
H 31 Aug 28N 30N +2 86W 88wW +2 15 4 -11
H 1 Sept 28N | 28N 0 85W | 88w | +3 18 7 {-11
H 2 Sept 20N 28N -2 88W 92W +4 18 15 -3
I 30 Aug 26N 25N -1 64w 58w -6 1 2 +1
I 31 Aug 24N 24N 0 66W 67w +1 2 1 -1
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Table A6 - Forecast Performance

Western Atlantic (west of 54°W) continued

Latitude Longitude Intensity
Error Error Error
(degrees) (degrees) (10_53—1)
Wave Date 0 F F-0 0 F F=0 0 F F-0
J 1 Sept 22N 26N +4 56W 53w -3 3 2 -1
J 2 Sept Not verifiable
J 3 Sept 21N 21N 0 75W 76W +1 2 1 -1
K 9 Sept Not verifiable
K 10 Sept Not verifiable
K 11 Sept 16N 16N 0 85W 84w -1 1 1 0
L 12 Sept Not verifiable
L 13 Sept 13N 13N 0 69W 710 +2 3 4 +1
L 14 Sept 22N 23N +1 T4W T74W 0 2 1 -1
L 15 Sept 24N | 26N | +2 75w | 72w | -3 3 3 0
L 16 Sept 28N 28N 0 87w 88W +1 4 3 -1
L 17 Sept 28N 26W -2 63w 69w +1 6 5 -1
0 22 Sept 19N 23N +4 58W 60W +2 7 4 -3
0 23 Sept 20N 21N +1 64W 64w 0 8 6 -2
0 24 Sept 22N 24N +2 68W 71w +3 10 6 -4
0] 25 Sept 28N 28N 0 71W 73W +2 15 11 -4
o] 26 Sept 30N 30N 0 770 74W -3 15 15 0
P 30 Sept Not verifiable
Mean 0.5 0.4 -2.1
S.D. 1.7 2.3 3.0
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Fig. A5 Data coverage maps for Meteosat wind reports a) at or above 300mb,
b) above 850mb and below 300mb, c¢) at or below 850mb, for 0000 GMT in
September 1985. The plots give the numbers of reports received at
ECMWF during the month for each 5°x5° box.

Al4



- 30N

20°N

10N

30°N

20°N

10°N

N

30°N

20°N

10°N

12Z 0885 NBR OF SATOB  300-TOP

SO°H Y0"W 30°H 20°H 10°W O°E 10°E 20°E 30°E YO'E 50°E
[ il ™ U, i~ 2
L3 3 %3 2 2%}:13_’// 3.0_1.9_-,21.7<75 g 41 1 A
g =
28 32 :30 33 25 36 (32 26 34 26 I7- 12 L5, ;
- £ O s " . - L) . " -\) .\\‘_’
17 12 /19 1320718 7 (B 1818 3 1 N
1B 2 111 11 /13 19 8 8§ 2 18
6 10 |5 10128} 19 1 10 |17 B |§ 7 |1 20 1P 2\\//
28 2% 125 19 26\ 27 {17 36 132 19 [35S35 P 23 14 22 \ -
~ Y
29 22 iys 3B IS0 %ﬁ\\ 21 30 i6B 54 i34 sS4 juy 25 20 2L
P
\\\\ 12 23 132 18 125 a1 |11 i3 F;;F\\EET‘ 33 59 !55 61 18 Y //,////
G T
M2 13 ow 1oy 2 ? mls s 2 o
}) ! 3 2 ! 519 3 @ 9\
S0"H 407 30°K 20°W 107 0E 10°E 20°E 30°E *UE S0°E
S0°H Yo 30°H 20°H 10"W O°E 10°E 20°E S0°E YO°E 50°E
[ - ™) U~
7wl w1 o7l 1Az 3T <t T\ A
s uls 102 114 213 3 Zlh\xjfv\_:d
2 818 7 577 to N\
3 122 1219 5 % 1% 11 | 1
\
3 107 uwltly 2 56 1913 683 8 |1 1\\//
3 09 ]9 1l 1A g i1k 15 12 13 |15 9 {17 21 |33 § \/ -
.
5 10 {10 7 |15 T4 i25 33 /25 28 j22 33 |z 18 |10 13
\w
\ W 210 2 (18 17 115 P P I7YM 19819 § |3
2 2 2 |1 y 516 15415 179 5|+ 5/
F) 503 3|7 1]t 13 6w Q\ 5
S50°H 40"W 30"H 207" 10°W O°E 10°E 20°E 30°E HO'E S0°E
50°H 40°H 307K 207K 10°W 0°E 10°E 20°E I0°E Y0°E 50°E .
e
yowla owls g b T g Ny U _ [
g
§ 17 18 2 2 Y /7/ %/L\\?v 1 ;
2 11009 3 N
1217 112 % ! 1 1 -
15 15 |1 1 2 ! \\/ i
g
13 17 110 % i1 1 > 1 \\\,Jﬂ -
< )
842 33 32
‘ AN
\\\\ 14 18 i28 28 163 3L 133 WM ’1;—\\257? 1 ///////
LY
TV~ 123 55 s 78 ie5 57 138 2 121 5§ i 1
92 {108 149 (207 13 {121 70 (29§ g\ “\ 1
50" YO 30°W 20°H 10°H O°E . 10°E 20°E 30°E Y0°E S0°E

Fig. A6 Same as Fig. A5 for 1200 GMT in September 1985
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