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PREFACE

This is the final technical report for NASA Grant No. NSG-5342
entitled "Tropical Disturbance in Relation to General Circulation
Modeling". In general, the original objectives of the research were:
(1) to assess the realism of the simulations of the
tropical atmosphere made with the Goddard Laboratory
of Atmospheric Sciences general circulation model;

(2) to formulate improvements in the model equations on
the basis of errors in the simulations.

This final technical report consists of the following parts:

Part I: Comparison Between Observed and Simulated Characteristics of
Tropical Disturbances by M. A. Estoque and J. G. Jiing

Part II:African Disturbances in a General Circulation Model by M. A.
Estoque, J. Shukla and J. G. Jiing

Part III: Further Studies of African Disturbances in the GLAS General
Circulation Model by M. A. Estoque and J. Fernandez-Partagas

Part IV: Study of a Synoptic Disturbance Over Western Africa by J. Ngamﬁni
and M. A. Estoque.

Part I describes the initial results of the model evaluation for the tropical
atmosphere. This evaluation showed the existence of tropical wave disturbances
throughout the tropics. After this finding we decided to concentrate our efforts
in a study of the characteristics of synoptic disturbances over Africa. Afriga
was chosen because the disturbances over this region have been studied more

extensively, both observationally and theoretically, than in any part of the
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tropics. The results of this study are described in Part II and Part III.
Part II has been accepted for publication in Tellus. In order to supple-
ment the existing observational studies for verifying the simulations, we
conducted a synoptic case study of a selected African disturbance. The

results of the case study are described by Part IV,
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PART 1

1

COMPARISON BETWEEN OBSERVED AND SIMULATED

CHARACTERISTICS OF TROPICAL DISTURBANCES
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1. Introduction !

Since the advent of general circulation models, a considerable number
of simulations of the global atmosphere has been made. These simulations
provide a targe amount of data which can be analyzed in order to evaluate
the realism of the models. Generally the evaluations have compared ob-
served and simulated geographical distributions of time averages of various
meteorology variables as well as statistical properties of variations from
the average. Most of the evaluations have been made especially for tem-
perate 1atjtudes; only a 1imited number has been done for the tropics.
Three examples of.the tropical evaluations are those which were done by

Hayashf (1974), Tsay (1974) and Manabe et al. (1974). The former two are

| giobal studies of space-time spectra while the latter deals with seasonal

variations of the tropical circulation. So far very little effort has been
made to evaluate the realism of the simulations of synoptic scale distur-
bances in the tropics.

In the present report, we will present the results of an evaluation of
the performance of the GLAS general circulation model in simulating the |
troﬁical atmosphere during the summer. These evaluations are concerned pkiQ
marily with tropical disturbances.

2. Data and Analysis

Two sets of &ata, observed and simulated sets, were used in the study.
The“observed set consists of winds from the NCAR data collection and satellite
data from the National Environmental Satellite Services (NESS). Wind com-
ponents are available at grid points on the National HeteeroIagiéal Center
tropical Mercator projection at 002 and 12Z. The values are based on an
analysis of rawinsonde, satellite, and aircraft data at levels of IQOO',

850, 700, 506,'300, 250 and 200 mb. Wind data for the three month period E
(June to August) of the year of 19;7 were used. .
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The satellite data consist of radiation measurements in the infrared
and visible regions of the spectrum which were then converted into energy
units. These are available on magnetic tapes from the Satellite Data
Services Division, NESS. The radiation values are given at grid points
(59x59) at OOZ and 122 for the same period as the wind data. The dis-
tributions of infrared and the visible radiation intensities are used in
this study as a representation of the cloudiness.

The simulation data corresponds to a simulation of three summer months
(Jupe. July, and August of 1974) using the Goddard Laboratory of Atmospheric
Sciences (GLAS) general circulation model. The general characteristics of
this model have been described previous]y by Sommerville et al. (1974).
Simulated values of the various meteorological variables are given at the
ne
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distances between grid points are 50 longitudinally and 4° latitudinally.
The simulated data were interpolated vertically to obtain values at every
100 mb level. Since the observed data correspond to the year of 1977 while
the model simulation 1is for 1974, direct comparisons of distributions for
each synoptic  time will be meaningless. Therefore, only comparisons of
the statistical features of the tropical atmosphere which do not change
significantly from year to year can be made. |

For ease of comparison of our results with previous observational

studies, (e.g. Wallace, 1971; Chang et al., 1970) we use methods of analysis

which are similar to those used in those studies. The primary method used

in the present study is the coistruction of the so-called Hovmoller diagram.

The diagram depicts the variations of a quantity with respect to a space
coordinate ‘(abscissa is longitude) and to time (ordinate). With the aid of
the diagram, one is able to see conveniently the existence’of disturbances;,

their longitudinal scale, time scale, as well as speeds and directions of
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propagation. In addition to Hovmoller diagrams, we have also constructed
geographical distributions of variability relative to time average for dif-
ferent time scales of varlation.

The results of the analysis are presented in the next 5 sections. In
Sections3 and 4 we describe a comparison of the monthly mean wind patterns,
These comparisons are useful in interpreting the discrepancies between the
properties of the synoptic scale disturbances which are discussed in Sections
5 to 7. ‘

3. Low-level Monthly-averaged Circulation Patterns

In order to assess the accuracy of the simulated wind patterns, we used
the 900 mb level winds for comparison with the 1000 mb level NMC wind
patterns. Figures 1-3 show the mean monthly NMC wind distribution at 1000 mb
for June, Juiy and August; wind vectors are piotted at every 5% Tatitudinally.
The corresponding circulation patterns for the GLAS simulations at 900 mb
are shown in Figures 4-6; no wind vectors are plotted in areas where the
surface pressure is below 900 mb anytime during the period. It may be seen
that the gross patterns of the global circulations in the tropics such as
the oceanic trades and tﬁe monsoons (Indian and Africa) are reproduced by
the simulations. However, there are many aspects of these patterns which
appear to be unrealistic; theseare located in several areas. The first is
the Southeastern Pacific Ocean just west of South America. In this area,
the NMC wind pattern is characterized by an anticyclone which is centered
at about 90°W and 30°S. The vortex is relatively weak in June; however, it
increases in intensity with time and becomes quite strong in August. The
corresponding GLAS simulations do not reproduce this feature correctly, It
is interesting to nbte that, in the equatorward section of this area, the'
GLAS simulations Qhow an irregularrwind distribution, This is especially

pronounced in August with the winds showing an apparent pattern of two-grid
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length waves along the longitudinal direction west of Equador. Their

existence 1s extremely surprising if one considers the fact that the wind

vectors represent average values for an entire month. The second area of
unrealistic simulation is the portion of South America east of the Andes
Mountains in the vicinity of Argentina and Brazil. Here the NMC maps for
all three months show southward flow. On the other hand, the GLAS maps
show winds with northward components. The third area of discrepancy between
the observation and simulation is Southwestern Africa and the Eastern
Atlantic Ocean. The NMC wind distribution shows.a well-defined clockwise
circulation pattern with relatively strong northly winds in the interior of
the continent and easterly flow over Angola and Southwest Africa. The GLAS
wind distribution shows very little indication of this pattern. Instead it
shows a strong southwesterly monsoon flow which penetrates deeply into the
Sahara desert., The fourth area of unrealistic simulation is the Arabian
Peninsula. Note the rather strong southerly jet over the center of the
area which persists during the three months. The jet appears to be a
northward extension of the Somali jet. The fifth area of discrepancy be-

tween NMC and GLAS maps is the equatorial section of the central Indian

Ocean. Note that the NMC maps show mainly easterly flow south of the equator

and westerly flow to the north. The GLAS winds, on the other hand, .show a
significant amount of cross-equatorial flow throughout most of the region
between Africa and Sumatra. It 1S not clear whether this discrepancy is an
error in the GLAS simulation. Surface winds as shown by a climatic atlas
(Riehl, 1979) show considerable cross-equatorial flow over the Indian Ocean.
The sixth area is the tropical western Carribean. Here, it may be seen that
the North Atlantic trades in the NMC maps are much stronger and extend
farther south than those of the GLAS simulations. It is also noticeable

that the easterly trades are too weak or nonexistent over the central

S
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Atlantic in the GLAS maps. Lastly, one may note an interesting vortex off
the east coast of China south of Japan in the GLAS simulation for August,
This vortex appears alsa in individual daily maps (not shown) of August. On
the corresponding NMC maps, there is an indication of a cyclonic curvature
in the flow pattern, but not a closed circulation.

4, Circulations at Uppes Levels

In this section, we will discuss the evaluation of the simulations at
700 mb and at 200 mb. Figures 7-12 show the observed and simulated flow
patterns at the 700 mb level. Scme of the discrepancies which have already
been.noted in the preceeding section are also present at 700 mb. Two
notable examples are the southern sectiuns of South America and the South-
western Pacific Ocean just west of South America. Note the two well-defined
anticyclones on the NMC maps. On the GLAS maps the anticyclones are generally
weak and i11-defined. Note also the two-grid length waves on the GLAS maps
in the vicinity of Equador. This features also appear on the 100 mb maps
(not shown). Another discrepancy which has been pointed out on the low-level
maps and which is also present at 700 mb is that which concerns the strength
and the extent of the trades over the Carribean and over the northern section
of South America. Here, we see again that the NMC trades are stronger and
extend farther south.

In addition to the common discrepancies mentioned above, one may note
other areas of differences in the flow patterns. One of these is the southern
section of Australia. The GLAS wind field shows a much stronger westerly
component than that of the NMC wind field. Another area of discrepancy is a
zonal band over Africa near 10°N latitude. Along this band, the GLAS maps
show westerlies which are rather well developed in June and August. The
NMC maps show generally easterlies in the same area.

At the 200 mb level, there is greater agreement between the NMC and the
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GLAS wind fields. Therefore, it is sufficient to show only the maps for
July (Figures 13 and 14). The only significant discrepancy between these
two maps is concerned with the wind field near the equator over the Pacific
Ocean. On the NMC map, the winds in this area are primariiy easterlies.
The GLAS map shows mostly westerlies with exception of a small area north of
New Guinea.
5. Cloudiness and Precipitation

One of the important variables which is simulated by the GLAS model
is precipitation. Unfortunately, no observational data which are comparable
in resolution with the simulated precipitation is available. The sparsity
of precipitation observation is especially true over oceanic areas. In
order to assess the zturacy of the simulated precipitation, we will have to
use infrared (IRj radiation data from satellite observations. It is well
known that there is a very good correlation between the patterns of IR
and rainfall. The particular characteristic of the IR data which is used
is the percentage of days in a month when the outgoing energy of long wave
radiation is less than 260 watts per square meter. Figures 15-17 show the
distribution of the percentages for each of the three months (June, July,
and August). In these figures we have shaded the areas with values greater
than 30 percent. It may be seen that the distribution is rather similar
to the expected large scale precigitation patterns. Thus one can see the
following features:

(1) Belts of high precipitation over the tropical oceanic regions. of the

Atlantic and the Pacific associated with the Intertrobical Convergent Zone.

(2) Areas of maximum precipitation over Central Africa and the Amazon region.

(3) Maximum precipitation over New Guinea and the oceanic regions to the

southeast.
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(4) High precipitation over the Western Pacific Ocean, Southeast Asia, and
India.
(5) Deserts or minimum precipitation over North Africa, Arabia, and eastern
Brazil.

The corresponding GLAS precipitation maps are shown in Figure 18 to 20,
These maps are based on the simulated precipitation rate at 00Z. The evalua-
tion of the realism of the GLAS rainfall should be considered as highly
qualitative due to the approximate nature of the relationship between IR
and rainfall. The primary results of the comparison show the following
differences.

{1) The GLAS maps show an absence of the ITCZ band of precipitation over the
eastern Pacific Ocean and the Atlantic Ocean. '
(2) The GLAS maps show the rainfall over Africa to be displaced farther north
relative to the 1R rainfall pattern. The northward displacement indicates
the occurrence of simulated rainfall over the southern half of the sahara
Desert. This erroneous rainfall might be related to the simulated strong
southwesterly monsoon flow at 900 mb over this area; this flow is character-
ized by high moisture content. '
(3) The GLAS maps show unrealistic rainfall over the Arabia-Northeastern
Africa region. This condition is presumably associated with the incorrect
wind simulation with strong southerly flow over this region.

(4) The simulated rainfail over the Amazon appears to be underestimated in
areal extent and displaced northward.

(5) The GLAS maés show less area of rainfall over the Indian Ocean, including
the Bay of Bengal.

(6) The GLAS rainfall over the Indonesian Maritime Continent and New Guinea

appears to be displaced northward relative to the IR rainfall pattern. In addi-

tion, the GLAS maps do not have the tongue of rainfall maximum which extends
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southeastward from New Guinea.
(7) The GLAS maps“show minimum rainfall or the absence of rainfall off the
east.coast of China (July and August) while the IR pattern indicates relatively
high' precipitation,
(8) The GLAS maps show 1ittle or no precipitation over the north coast of the
Bay of Guinea, west coast of India, west coast of Indochina, and many parts ?
of Central America. It is noticeable that the 900 mb wind over these coast~-
al areas are onshore. One may conclude, therefore, that the GLAS model
appears to displace unrealistically the precipitation farther inland than
commonly observed. |

Since the parameterization of rainfall in the GLAS model is rather
strongly dependent on the mixing ratio, it is interesting to compare the
monthly averaged 700 mb specific humidity maps with the precipitation maps.
The humidity distributions are shown in Figures 21 to 23, It is surprising
to note that over most of the oceanic regions the humidity distributions
show more resemblance to that of the IR brightness patterns. One can see
clearly the indication of the ITCZ over the Pacific and the Atlantic Oceans.
However, some of the features of the humidity patterns confirms many of the
unrealistic aspects of the GLAS rainfall simulations. wWote, for example,
the high humidity over the A»abian Peninsula.

For further comparison, monthly mean GLAS surface temperature simula-
tions are shown on Figure 24. 'OAe can see that over the Pacific and the

Indian Oceans, the areas with temperature higher than 260C are well correla-

T AT S a8 3

ted with the areas which have higher specific humidity on 700 mb. The

monthly changes in the size of these areas are also well correlated.

o o vt i

However, only the precipitation patterns over the Central and the Western

Pacific Ocean show these correlations with the higher surface temperature.
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6. Wave Activity in the Wind Field

The existence of westward travelling waves in the tropical troposphere
is well known from previous studies during the past two decades. Waves with
periods of 3 to 5 days and phase speeds of about 60 to 70 of longitudes per
day have been found over the Pacific and the Atlantic Oceans. The maximum
amplitude of the waves is observed to be at the 700 mb level. In this
section, we will describe the results ?f an analysis to determine the exis-
tence of these types of waves 1n the GLAS simulations. The analyses were
done. with the aid of calculations of variances and the constructions of
Hovm&1ler diagrams. In order to 1imiti the spectral range in the calculation
of variance, we considered variance only in the spectral band between periods
of 3.3 days to 5.4 days. The geographical distribution of variance of the
north-south wind component at 7GQ mb of the GLAS simulations is shown in
Figure 256. The variance pattern is dominated primarily by two zonal belts
of maxima. The first is centered slightly north of the equator; the second
is located in the south temperate zone. The equatorial band is presumably
associated with the observed easterly waves and similar tropical disturbances.
The south temperate band must be due to extratropical waves in the westerlies
of the southern hemisphere. The variances in the equatorial belt is not
zonally uniform; there is a relative maximum in the western Pacific (northeast
of New Guinea) and a relative minimum over the Indian Ocean between India
and Africa. In order to assess the realism of the variance pattern in the
GLAS similations, we have calculated the corresponding variances of the
NMC 700 mb north-south wind component. The results are shown in Figure 26.
It may be seen that there are considerable differences between the GLAS and
the NMC distributions. The most important features which are common to both

are as follows: . ’ "
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(1) The zonal maximum at south temperate latitudes.

(2) The relative maximum northeast of New Guinea.

(3) The minimum between India and Africa.

Aside from these common features, the distributions are very different. The
most important ones are:

(1) The absence of the equatorial maximum band in the NMC distribution.
Instead, there is a maximum band over eastern Pacific north of the equator.
(2) The relatively large variances over extra-tropical latitudes in the
northern hemisphere in the NMC map.

(3) The absence of maximum variance over west Carribean and the Gulf of
Mexico in the GLAS map.-

In order to examine further the properties of the pertubations. we
constructed Hovmgller diagrams. These are diagrams showing the distribution
in time and longitude at selected latitudes, i.e. longitude-time cross-
sections. In these diagrams, except for precipitation, the local time means
have been removed from the data so that only the pertubations will be seen.
The Hovmoller diagrams for the north-south wind component in the GLAS simu-
lations at three Tatitudes (220N, 180N, and 149N) are shown in Figures 27,

28, and 29. It may be seen that there are indications of westward propagating
disturbances; these are especially pronounced at 22°N and 189N. It is
interesting to note that many of the disturbances at 149N appear to originate
in Africa near 200E longitude. This is the same general location of easterly
wave generation which Burpee (1972) found previously. The periods are between
7 to 8 days on the average and the speed is about 89/day, the wavelength is
about 300 to 400 of longitudes. These wave parameters are not significantly
different from the observed values. Note also that the wave patterns are

less distinct between 40°FE and 1809E longitude where the southwest monsoon
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prevails during the three month periods. Looking at the diagrams for 220N
(Figure 27), we can see a feature in the disturbances which is somewhat dif-
ferent from those at other latitudes. This is the fact that waves at 220N
seem to originate farther east (near 1000E Tongitude). At 149N (Figure 29)
the patterns are rather disorganized. Nevertheless, one can still recognize
the existence of westward propagating disturbances especially during the
latter part of the period over the Atlantic Ocean and the Eastern Pacific
Ocean. Over the same reglons during the first half of the period, one can
see indications of fast, eastward moving disturbances. These fast moving
disturbances have not been observed in the actual atmosphere. In general,
pertubations at 14°N, 109N and 60N (not shown) show rather higher frequency
disturbances with periods about 3 to 4 days.

For comparison with the simulated disturbances described above, we
present in Figures 30, 31 and 32, the Hovmoller charts based on the NMC lu
wind data for latitudes 19.69N, 14.8%N and 5°N. It may be seen that waves
of the same phase speeds are found in Figures 30 and 31. The dominant
period is about 5 days and the wavelength is about 350 of longitude. In
Figure 31, which corresponds to the latitude closest to the equator, the
waves are less distinct. The main difference between the GLAS diagrans
and the NMC diagrams appears to be the fact that the NMC waves are better
defined over the western Pacific Ocean. On the whole, however, one can
say that the GLAS simulated waves are quite realistic in terms of the wave
features depicted in these diagrams. This finding is rather surprising on
the basis of the large differences in the GLAS and NMC variance maps shown
in Figures 25 and 26.

7. Wave Activity in the Moisture Field

-

Easterly waves and similar disturbances in the tropics are characterized

e
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by perturbations not only in the wind field but also in the moisture field.
It is observed, for example, that the vicinity of wave troughs are generally
characterized by clouds and precipitations as well as maximum in the mixing
ratios. Thus, moisture parameters should exhibit similar features as those §
of the wind shown in the preceeding sectfon. In order to verify this
expectation, we have constructed the Hovmgller diagrams for the GLAS speci-
fic humidity at 700 mb and the rainfall rate. The diagrams for the specific
humidity are shown in Figures 33 to 35 for latitudes 180N, 149N and 100N.
Looking at the diagram for 180N, one sees waves which have similar propaga-
tion speeds as those in the corresponding diagrams for the v-component.

In fact, one can easily identify some of the waves which are common to both

these figures. Note, for example, the wave which develops near 10°W on the

50th day. Note also that many of the ’aves start near 20°E. Note also that
there are no distinct wave disturbances between 40°E and 1409E, These features
are common to both v-components and the specific humidity diagrams. In the
case of the specific humidity diagram for 140N, it suffices to say it has

the same characteristics as that for 18ON. However, the corresponding
diagram for 10°N is entirely different from the two just mentioned. Here,
one can see that the patterns are relatively disorganized. Nevertheless, one
can recognize a number of westward traveling waves especially over the
Atlantic Ocean and the Eastern Pacific Ocean. During the first half of the
period, the phase speeds are approximately the same as those at 149N and
180N. However, during the second half, the speeds appear to be less. 1In
brief, one may conclude that the wave disturbances which are seen in the
humidity field are generally consistent with those in the wind field,

The Hovmoller diagrams for rainfall are shown in Figures 36 to 38 for

Tatjtudes 180N, 140N, and 2ON. The most striking feature which is a common

feature in these diagrams is the absence of a strong indication of the :
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existence of propagating disturbances. Instead, one can see that the rainfall
patterns tend to be primarily stationary with the exception of those over

the Eastern Pacific Ocean at 2ON. The rainfall in Figures 36 and 37 occur
mainly in three general areas: Africa, Western Pacific Ocean, as well as i
the western Carribean-Central America region. These locations are consistent 5
with the rainfall areas in the GLAS monthly average prebipitation maps (Figures
21 to 23). The general lack travelling disturbances in the rainfall pattern

is somewhat surprising because such disturbances are clearly indicated in the

GLAS north-south wind component (v) and the humidity charts. A careful look

at these charts and the rainfall charts indicates that the travelling waves

in the humidity patterns produce rainfall mostly when tiiey pass over certain
favorable locations; i.e. those mentioned above. This %endency for cccur- ;
rences in specific locations is not entirely unrealistic on the basis of obser- ’
vations. However, the tendency appears to be rather excessive in the GLAS
simulations and needs further study.

Hovmoller diagrams for humidity and rainfall which may be used for
comparison with the corresponding diagrams of the GLAS simulations described
above and are not possible to construct due to the lack of observations.

A reasonable substitute for observed humidity and rainfall is the IR radiation
observations. The IR radiation Hovmoller charts are shown in Figures 39, 40
and 41, corresponding to latitudes 199N, 140N and 99N. It is evident from
these charts that there are westward moving disturbances with approximately
the same speed as those in the GLAS specific humidity diagrams. The dis-
turbances are rather well-defined in Figure 40 which corresponds to conditions
at 140N 1atitude. The indications of travelling waves are not as clear at

9ON 1atitude (Figure 41).
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8. Concluding Comments

e T,

In the preceeding sections, we presented a comparison between the
GLAS GCM-simulated and the observed properties of the tropical atmosphere.
Monthly mean as well as synoptic scale properties were compared. We found i
a considerable number of differences. The differences which were found may i
be explained in terms of: (1) errors in the simulations or (2) errors in
the observed distributions. The errors in the simulations are, in turn, due
to errors of two types. These are (13 errors in physical assumptions in the
model equations or (2) truncation errors associated with numerical inte-
gration. The errors in the observed distributions are primarily due to
the sparsity of observational data. In regard to simulation errors of the
first type, the most serious appears to be in the rainfall prediction. The
deficiency of rainfaii over the oceanic intertropical converence zone and
the tendéncy for rainfall patterns to be nonpropagating are most probably
due to the inaccurate parameterization of rain formation. Since the simu-
lated humidity patterns do propagate at the proper speeds, this parameteri-
zation error may be remedied rather easily. On the other hand, the
occurrence of simulated rainfall over the desert areas (Arabia and Morth
Africa) could be a more difficult error to correct. The source of this
error may be associated with the specification of the bourdary conditioris at
the earth surface. Concerning truncation errors in the simulation, the
most obvious one is the two-grid length waves west of South America. The
unrealistic downwind displacement of rainfall patterns over coastal regions
might also be related to truncation ervors. Some of the differences
between the simulated and the observed patterns could be due entirely to
errors in the observed patterns. An example of such a difference is that

which occurs in the windfield at Tow levels over the central regions of the
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Indian Ocean near the equator. As mentioned in a previous section, the
observed (NMC) maps show very 1ittle equatorial crossing while the simulated
ones show considerable crossing. Winds based on satellite observations and
mean winds (Riehl, 1979) show considerable crossing.

We now turn our concluding comments to one of the more realistic features 5
of the GLAS simulation. We refer to the simulation of easterly waves aver |
Africa and the Atlantic Ocean. In this case, the model reproduces rather
accurately the propagation speeds and the wavelengths of the disturbances.
Moreover, the model simulates also the development of waves over Africa, an
occurrence which has been shown by previous investigators. Still another
interesting feature of the simulated waves is the indication that some of
these waves are simply waves which originate farther from the east. This
behavior has not been documented previously. However, the NMC Hovmdllep
charts appear to indicate that waves which are observed in Africamay develop
in India and Southeast Asia. Further tests of the realism of the wave simulation
involve comparisons of the simulated and the observed structure, In
particular, one should assess the accuracy of the three-dimensional structure
and its geographical variation. Preliminary indications at this time show
that the simulated structure may be relatively unrealistic. For example, the
amplitude of the temperature wave is excessive; in the upper troposphere,
the amplitude is about three times that of the observed values. A report
describing the results of the evaluation of the simulated structure is
forthcoming.

In closing, one nmust reiterate the fact that the results of this com-
parative study must be considered as only preliminary due to the difference
in years between the periods of the simulation and the observations and the

inaccuracy of the observed distributions due to the sparsity of data. More
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definitive conclusions concerning the realism of the GLAS general circulation
model can be made by using simulations corresponding to the FGGE observational
period, such as the ones being done by Dr. Rivas of the Modeling and Simula=-
tions Facility, Goddard Space Flight Center. The extensive ubservat{ons
during FGGE should provide a more accurate basis for the evaluation of GLAS

GCM simulations of tropical disturbances.

rexesye

g o

T ORI

p TTTEEE e

daccoF Ll

ISR e



-~ 17

References

Burpee, R.W., 1972: The origin and structure of easterly waves in the lower
troposphere in North Africa. J. Atmos. Sci,, 29, 77-90.

Chang, C.P., Morris, V.F., and J.M., Wallace, 1970: A statistical study of
easterly waves in the Western Pacific: July - Dec. 1964, J. Atmos. Sci.,
27, 195-201. -

Hayashi, Y., 1974: Spectral analysis of tropical disturbances appearing in
a GFDL general circulation model. J. Atmos. Sci., 31, 180-218.

Manabe, S., Hahn, D.G. and L.J. Holloway, 1974: The seasonal variation of
the tropical curculation as simulated by a global model of the atmosphere.
L].- AtmOS. _S__Q_'_f_-, 31’ 43"830

Riehl, H., 1979: Climate and Weather in the Tropics. Academic Press,
611 pp. (see p. 13).

Sommerville, R.C.J., Stone, P.H., Halem, M., Hansen, J.E., Hogan, J.S.,
Druyan, L.M., Russel, G., Lacis, A., Quirk, W., and J. Tenenbaum, 1974:
The GISS model of the global atmosphere. J. of Atmos. Sci., 31, 84-117.

Tsay, C-Y. 1974: Analysis of large-scale wave disturbances in the tropics
simulated by an NCAR global circulation model. J. Atmos. Sci., 31, 330-339.

Wallace, J.M., 1971: Spectral studies of tropospheric wave disturbances in
the tropical Western Pacific. Rev. Geophys. and Space Phys., 9, 557-612.

RSN Y



i L

ORIGINAL PAGE I3

OF POOR QUALITY

18 =

"i-St 7 st yzbuay wnwixey
MoJdR Y3 30 Yyjbua

*paads purm 03 [euopjdodoad st
*unp 404 qU QPO 1° PlSl4 PULM URSW pPaAJaSqQ

»
rﬂ'“‘. - .
LN T i 1 % 0 T T Y q\\. T ¥ A T T T T H 1 T ) T H T T T T : T
.
rti.\ﬁ‘\ - — - - - £ < - [N m\N . £ - nﬂ n 'l 5 . - - - - . 4 - & - - Pl X - - - -
r
%\lll - A A e A e g - ! s N T I R . 2 e
L - - /2
%%lllbuv-tv\\\\\ L NN N W m — 2 A s L Ly T
-
\fs\:\ s ~ = S~ 2 A s A 2 s > 7 ?//.m./a‘/»./»lta('l.l.l.b.vnvoni-\fn.v.l,l|v|.|
-— ]
/ -
W‘ll&.j- - P P o A kY > s > v F a3 < vﬁ& ST T T T T ES - S e e oo =
&
e g e NS ./F/i » 4 L . » > T G Lt e i > - - ~ lll_
\«n&\;.taisvl.‘lvt.\:rvvv-vl P+ e i e o 3 s a4 s o oa s a2 s oa
e . T T T T
D,V R L ~ |
. I/ (/./ "
N > > S - .- - .
%\- - - / ~ > -t . e e . l|..lﬁ(.tu\. “ u.a/.- J - - - - 2 - - - — — —— e —a —— —_— |
- -~ A N e m l/
T - a n- s E e R e e e e e el s ez = L U O
t X <~ re ™ u /
- - .
%mv L \\. /£ \.\.\v\«\&llllll”“ﬂ«//ﬂ“(\lv/«.‘bw - S T TR e e . S G
A Ly SN
.\h\mml — Q\\ VAR S A S > e a4 g w o .M.UM\/ = ~ s M//a FA S A s e e A e,
h ~ »n \
.“?\v\\ F R A uv»»v&/\¢<~/...M.,\.\.llllvou~l
t | 3 | 2d 4 - S | 3 _J LSS S S | -\K + £ ! H Y L + N5 d f n 1§ ! H LSNPS S SPS Y |
g - 3 "
pa -\ QI.V

[l
v

bl .~ ~
T
- T e -
Y
- 3
> -
- re =
T - K]
4 vl\ll/l.ﬁ .
1 J. | XY




AR

“-S¥ g St y3bus] Mousae wnwyixey “Anp Jo03 3daoxa | *b14 se aweg - 64

_— ;

o
o 1
w5
4 O < \*
. §3 1
i Mm ||||| .l.
=0 -
oo lnm
S5 -
t N
- -
—{
|




ORIGINAL PAGE 13

OF POOR QUALITY

‘e “bud

1 e 1 PR T

& [ i . * H B =
%. . M - “ > ‘.. N 3 13 L v
, -
~ - P - M~ .Iw ' » . r » * L} € - < - - - - . -
A . . - ¢ i * ¥
- - Vad M) - > ¥
- o« - - - ;ml < R ry e — Fi ! P -~ - * -—
. . * <
-~ 4 » “
- o~ \n\v E XY mv - . y ~* S s -
\ i 2 N, g " e e — —_ . P
~
—_— -t . & £ FF ,m./l . N . .
\ - X /f-v'l e e e e e i R — et o P e e — —
%
h N ~
U N B T A —- , - . ; .
\; .qu. JI& T e e P S S DY PT S SP - —
\ r ./ * ~
~ -.ﬁ/\ E Y G r TNy ™= Tt el el i s — el ——) ——t m— i P e A =Y -
-
F . . e a T M Ny 4 m
- o tuem » - .\n re s e el e TV SIS O T :
7 H
«
- /' - r " . :
- - - —_— g e -_— « L - - - - - - — fag ey — I R B =
Y * .
i ., Tt
« % oA = .\I..ll,Vcs.I\‘m‘ .l.ui. e e m : — . e e e
B k\.\slllluuulll.ll,llxll...ﬂ.“ye. % . s - - - e
—r— 4
; e s ..\.\/}/
T T e s 2 LN A ANt 1 »/- D . e s 2 ST
AN # " - ) ’ .
\ v K
N - »,
\.\ululn\lllll..’/ - - o uyv P A P e e e e e !

LT PUN S S N B B IO W S S S SHNE SR Y.L U D
¥ ¥ Y "

«. -~ > -, -, 4 ., 3 -, “ P - - S
VL .\.% =5 ¥ @ 1 i T [ T e H [ N
~ r < - - - - £ i T O - P - - - R \”‘I h/ oy » <

3 / \,

- - - - - S >

g = » r -~ » - - - - » - — - - - -
/./ ¥ \\J “\ { A
— — — o . ~ N - - ~. e T e Gy =4 s\ - > > =X~ ~
e .
-Ilrlrjvn»m - —_—ay = e el el e i tll’ok\i > & A .l:vo/
3 m\ A \
. — l'\. — - —— it waab pr—— — i P e ; b3 W vﬁ e >
iy 'y, P - — — — N N SR T el g
S, T R { I
. A P = - - - Pl g0y | s %
N &hp ~ ?«s . e oy ey el oy e M - 1 N
~ »/\\rv.(,ov...«\]) s \ ST \
. . .- - e - - b - -
‘ - . < 2 naa \!w. S - - - a P < : . v > 1 W "
* -~ . ~ AI
- ~ - 4 ;‘al o ot ek e o e - - - . -\\ - - = A - - .
6, =~ —_ PO —
ot Qe R,
—~ - o~ f - A S Sl N i - < -
= At l\.»\ C.hln -~ - e e - ?\V\.\vcf» * e . e
N i R\ \
S I R A .b ;Fxﬁ.. 7 \._../- - e = fmr..\!\\\‘\\ .wf.m/ P 4 4 e e e
ey e i N\
. 4 LB A %\\\-.\BIV - £ o ¥ < e ey - - > c.n/. i 4 -~ »
LS —,
Fd LY
v ¥ ¥ N - . X , - r 7 - . - . u\-lll.'ll\aA wfv - - & e - g -
r..aj. A
3 } % ¥ F 4 3 1 - - o . . > Fs r " - e ey T 4 * Hi fe e
. ) ; h sllﬂ\)ﬁ A o ,\I/-OL /
: LA 2tog NN PR NN S R SN Y | IR S VU L I R T N T




1%

ik

i

JALITY

ORIGINAL PAGE 13
OF POOR QU

Moaae ayg ic ybuay

-

“p-Su g 1 yjbuaj mnuyey -poads purM 03 feuotjsodosd si

~\\AM

f
<

“aunp 40} QU g06 1R P[9L4 DULM ueam parelnus

4 T
¢ - - -
LA

- - X
‘

o —

4
<

S

¥

- P a4 v .

T i T Tt eor

i

‘v b4

LI

.ﬁ\’/fﬁaﬂi\:’h‘ﬂ"lﬁ,

< -

i

a N N AR e < e

-

-

-

/

}
}
|

Vv v v b

- 21 -




"p-S® L st ybua] moade wnuixey -Anp 20y 3dasxs p -6y se swes -g 61

R R M ML 14

2y
2 3
£2
L.
-l :
=5
=0
©a
T 1
oo
]

O3

O\

3

O S

TV (IR T T T L T T T T T T T T T T T T YT T
. - € a € - a of 2 = ~.~ai///n/f.nlklll..nlllﬂlrff/f\/ﬁqu
r » \nvvnﬁﬁfrrrll.rnlﬁrﬁﬁ/rrrmn
r r 3 m, P v v 4 & e € L € 3 % e R e Qe S oa s
ﬁ& 4 T » 4 & &« a4 « a 4
L —~ e e e ey b wd b e
— TP ey R ay Ny N e
B N . R O e T
T R R T g
lvlyl,lv\.v..l\v\v.\vl
B T e A e
O e e e
a P > > A s > > >
b\.\;\‘\w.u.v.lv\vlvl
S A A A A S o ]
AP e A o a ]
| R PR B S JPO TS N A
T AT T T
< < - v s\
- Loy
N
A" Vo
N t
P W T
- ww
r 3 s 1
4 r ML

F I Y

A '

hhl\'\\\&

- £ A oy . on

.

I'k\.\A‘

— b - - el g , P

}

R




TN N e o wn\

“1{-SB [ St y3bua)] MoLle EMSLXEN -asnBny 463 3céa0xs y “Bif seswes G .wmm

5 8 85§ oz Lo T B 30 4 J. P R S TN SUN S T Sy SN SN S S N N SN S T3
— e a C Le G ke A e -~ - i - o s . e S L. 2w a & awm S s e Ko bw e e
R T I O S e T G
M’ L Fe - » - - &£ & 2
] m L ¥ Ld * = > » -
mm \““(-.“1“
£ < — v wg w - e > —
mw - . e i i e mE wed D md
-t - - - . - — 3
mm V;.L....cl...o\,ly\v‘ll
mp - P
W.nw SRS S .
.r < - - e R
m amnﬂlldhll.l - \..\W\.\@.\V\I
W ..l.l}rlllﬂg y » oA P > Tz =
| £ CWW\ Y A P B e
n.“u P : ? /S s A S aa e
o2 » fy ¢ y v v v g % ¢ g L F t _F 5t f & ®» ¥ Lot £ 1 8
1 . . i . . L e o L - . _
AT T T T § P R _F I g ¥ % %% f § § & ¥ E & 1 ]
[ilbl\lll\lllllln.)) - > W - “r - - € L T A & - < > -
L o o = = <}~ = r r r A F 5 - v s - ¥
= » w “ e % 0\\.!

-




P

“|-S8 € st
g1Bu3| Mo EBnmIXTE CSUNp J0) GE GO/ 3T PISLs PUlM LS PIAIISGH

—

at & Y

£ “Bid

i
l
\
1
x‘:l
;
-]
3

PECIE BEE . et TREIr SR T Sy S SUNN TR TN S S SR M A I T T R
s e o s Ronust Mot Pt s et

\
R

7 T P - L\\\bﬂ\}lrtrr\rrrrrtr\‘h‘xﬁlt
;P\t\lk\\\s\h\u\lv*%“-V\Y\i\’h‘\uvhf\lllt\.\\\\i\llkf.r
#
- - - ¥ - .4 k1 « m & o 2 ¥ -4 » - - - ax . S S a s 3 2 - - =z
§
{ . e A ;
> - - 2 - - = - - Ty - Cw e e -~ 1 - “ - S S > F > - -
/ AN by
- - - - - - hd - - - - » > - B e T S g - - e T -
3 %
. - ‘.\

ORIGINAL PAGE 19
OF POOR QUALITY

b

PR B 1 =t

{



ALITY

Gk 19

ORIGINAL PA
OF POOR QU

“1-S® 6 St y3bua| mouae mneixed -Ainp toy 3deoxe / 614 se smes g ‘614

lll"\i\\l\llli\l‘,rv I,ﬂa/fﬁl.\f’t“\ttr}

R TR Rl el S S SRR S SR S TR Y I I N R 1 B Bt S S T A N R R I B R Rt A
g \Aﬂﬁ‘

k9

x g4 B T T e o T

-
*i
«
¢

)

.
E 4

5
* % L 4 - - ‘< A s e A - -
- -3 o - - L > = P P y g ~— ~ — = - »
S > EN P-4 - vy o~ S a & > t M h 4 » NN N N N N~ = e e e - - £y -

@
»
2
b
*
o\
-
a
L
s
R




C Ry
1

F’R{‘i:‘d
QuALITY

OF POOR

ORIGINAL

e s sttt - Fe
. T SR IS D e e, o4 St mim it et St -
- s - NTE . P
{-S% & St y3buay medue wnmyxey -3snbny Jog 3dacxa 7 514 s omeg 6 B3
- - E B py— —, i 01, st g mrlly 2 A
1 " A e \x- - g T P Ry B N U T A S R SO SR e
PR - m - .
e e Pon e e e T \.\1 - = K] < -~ 7 Vi N N P’ . 4 T »ﬂﬁv Af#*l-’-ﬂ, P R A, e e K M L
P -
.m -, - \“ < N A -~
L T & A de o o e = - A . Jm I s 7 o‘\ . 6y e - < ey ‘f?\:lh(klral!}\ll.ﬁl\\lv\.!
EJ
- - oz p -« % = m - & a A A A o < -
= =~ - » > H P . - ey ey e . M e 7=
ncd
- ..
M w 2 ! - - e " s - e e ey thy Tme b e e vy ab e e . » -
¥ K ; =~
. )
- — = \ - - - 7 & e > -.,.w..v T e me ey e Cw e b Sae e o o e o m D e e e
% - -~ F F w:Y ; ; z
R - i ‘- g P —— 2 m - e T N N S U Y —
“,n \'fll/o..\t ° . - . . m
m " E . - - N ey e Teme et ] - S e el S e R i T
‘ 1
i -~ > .
Yo - - — P ey v st - - - - e e e e ey, e e ol ot e — ot ot —— o o
h) - ‘u -
df " Fnthle,
5 - = ov S e e S e mlsn. T = e e e e e e S e e e b e e e e +
1 ™.,
PR \M, — — Pt A e Z o e i gz, e A e e e o - e PR
% 5
Fo \fq — . 2 \0&/’! .
- e P B o e o et e o i V- S S e It T - Pu vt e
= R~ 5 -
. Y A i
[l Y 2 e R i i —_ [P SN ln%.v.ycl.-m‘.! e R .
e ¥ 2. P
.o, ki m .d%ﬁ q
z 5 %
» - ® S A D ke =W .Iu.?)\\l\tx - \fw“‘«vw B o W e e e om P
A
H
A \w r F 7 %» t. 0t 5 4 1 ¥ 5 % \, LR LIS N “fv. 2 v L 8 & oz 3 2 = 1
- pu
.
" <. e S Z. AN, S z. z, < - P’

L3
.
‘ﬂ \%
{ ) N e
P‘u\\\\‘\.‘\ ﬂ\\ F - @ e a o» £ - T F - e -
mw.u.uaan\..ﬁl@u N S S S N N N T »NIM)M(ﬁ/JmL



G

ORIGINAL PA

OF POOR QUAL‘W

- 27 -

yeu - E e L L MR LU e o BN e et LT T T i
» 3 o S I

“yisuw g St
y3bus| MouJe wnuixey °aunf 40§ qU O/ 3° PiSL} PuUlM uesu wmpﬂ.:ﬁm ‘01 614

| A B R R AR B |

T T T T T ST TR e Ty T Ry st Sl P SRR SERY S f8 11
.
.O\Ll\rlrrrh\ll\.l\rhlf.\m.ru\klrrf e R de e e e KL R AL N G e e M gy
. . g
- A e L e Lo g o A & ‘ € o « e e e e a R e K L S \A.ll'f?lf?f‘ll‘ll‘llr
] o . DS
- y « = -~ - 2 < = B e e e e S L Apemn: gms. |
b 4 > N s r . < L S y - a € A e e e dl -
& .
< - - - - - - - - » Y - < - o - A
-~
e A - - 4 - - -, ~ > 2 - £ (S
3 » » - - - - s ek e S - - ek
b - S - - - - - S S . R
~ s - : - T T B e D g
F~ = .. - - - e e s e aaml e wd ad i
- I/6 - - — — s b et — —— oo - o — — ll..
P ES - V\ P o T e
R R S » - EN - B N T -
‘..
P> - > a - - [N - a ES - - - - 3 - - ENE.
= - y « » T a2 a - P
- - < - P » > > - v r 2 .~ . © ¥
1 1 <l | S - ] ) ED IR SR W | | S B BN SUE N R §
L4 > - N
X
%
SR ——— - > e - - < - < \P. Lo, g3 oL 2 ®
D Bt R B A Mt B NG = g \m I N N R L L _\,-~.4. | A
.
_Ih\..\...hn).\\l\\l.\h.\knlnl\\\l\ - e = £ lm e a T R el el B e e A.lt.\f\.vl.hl\l
L o o o o ll\qu\ —— Am e e - - W P P - - - - - - - & A R e e P f -~ o
S A i ~ T R B ' - T r > - - - - - = - <, \lll P - - P.
P < - /\ - s & P\K - - a re r r - - ° \ - M - - - a \4 -
ﬁl.Ql. s Na - - ﬂ.ﬂv\ - O~ € A a4 - By a . r ja IS ~ - -
by -
— - P - » - > + - » T - - - > » 4 - »
- 4 - - .
//l - g
> Y - o eabha > - ? > - ES - N » a - I - S - I3 k- ~N PR T ¥ X i
4 N S 2 Y )
i ~r o WA ot
[P e dt\.!I\VI-.k\. AY'3 - r » - - s y v = < ) iy r - ¢
1 B AN N ¢ Y S - /u
M : el 'k U S | A~ - . - ~ - - 7 s PR - a
; = 2L AN Ve ﬁ. :
- Se adsna
e e e e e e e~ & e - = -\ < ~ ..#Jb < s - ~ 3 q.\so - .. e T . T < Y
= 7 . Y2 o . . 4 = -
gy mm e = ——— — - e w— - e a- A l‘k oy - i N - - P OUNNP UG ISP S <
S R PR =y \
U PO ORI UL P S - « & el - = - 2 -
z A, Y 3 ~N
L R ] \\ s ~ LS
iy = = T oo e = . PR - -, v = AU . ~ N -
= \ w.\ a\ - /; 3
S .
- =S - - F r Iy . . M; 7 o e A PP S - = - 4 r -~ > /J« -~ A » 2 - > -
. . 7 Vs . ~ .
U S — -\lm/ f/
- - [ r - X - — e e g T ‘M v ¥ * - s+ = - = = - 0'1(\/J -~ BY /\Nf r < - [N *
PR o wr e A A - - uﬁh\ 2 # < - L - = - % - % -~ . & < < <
S P Y
1 YR T T T T 7t s Y W VO W S S TS SO S T WAL S S ST S S S L7009~ ™~ 1.
» - * *




MoJdJdR wnULxXey

*AInp 404 3d3dxa gy 634 se swes -pp -Bid

i i 1 t i i i 1 i [V ] H ;n i i ] I i ] 1 . ! ] 1 13 13 i 1 [ N B | i ]
- e S £ 2 <« = - 2z = t*n s < ﬁ.ﬂlﬁ(hf%lf;’llh\k.lr,.«v,fﬂfhlnr#lﬁlbl.fl
-
— e A VN A ke 4 o« - & a nmﬂ. . 1Prrhf4lTTh\IT.V\rT.\lfA|h|fA||AltA|.Aﬂ
- - - < € e a4 < - < > \u«ﬂ \A ‘Ilblll&lhlufh\l"\fhl.&lnh'rhlphlﬁ“
uhclﬁ)u\}blhﬁN/mlkwﬁ.sb.a\f.‘rt\lls\h&nlfuhlfrrﬁl
- - < - ﬂ\V 7 - « a » ry = - r -~ - - - 2 ‘. - 7 - - - ﬁ”dﬁ
- - - - & r > a [ 4 P N ~ - » a > EY - e - - - o - ) >
s c\lﬁw P e e e S oL e R e LIvlblvlvlr[Ivl.rthlnvlrlb.'v..\.v«lv(blrlg.
-
| W-.uu A e o - & > = /\(.W P G > ~ -~ ey ;Vl....rlot.v.lpl...ilr!lv.lcrllrlllvtlvll.y
% mw . - » - r - r/l‘v = —~ 0w ‘/\ .\.l.\b.l.l.vlvlvllll..llvllrluh.ljllllﬁ
{
g -
{ oo SEac . PR 21 = a - .
i I |
i LR - . S = . ~ |‘/y\,.’
d <0 \ R
w Z0 B
: G J .
—— - - - e . A — o — —
i oo u.
i 00 = L R U i e ™ Y O
: A Ly LT LS G
3 - - x
V 1 X - E Y - - - 2 - -
] | 4 N
! < 4 L | S | N N S ] L.
M o~
3 H -
B et N B 1 H .JJ\C‘\\.\—J
e — e P A e
e B o ey S A e A A W

- a a S <

r..\.p.ulﬂ\\

fr s s o s

o
*
» -

L - - N, - r r
™ » LY a - .
L. L TS XY
R T Iy
ﬁ\lt —— P - < € S .
b —— — ~3 - - P
F

W —_— e, e, - & . Le & h“&.
. e e Ny N -
2 S ~ -
S a - -~ < 4. >
S S L ] r »
fo  a - - ~ <4 4 >

S N W T T B |




0]
b

ORIGINAL PAGE |
OF POOR QUALITY

- 20 -

. . ) o s G g e
T S Rl e AT At 1S SR R s e o) .lI«wf.!m;, TR % 15 <'vic i hose = U e el R ST

"1-Su 8 st ybuay Mouaae wnurxep -3snbny 404 3daoxa gf *Bid se swes °2L ‘614

o

1 ) 1 T 1 ) T T T 71 ) T L T H T T 1 B T T 7 T T T T T T T 77 1
. - .
Trllilt‘lrhllh\lvb\h"blltl‘w\./ e = - = e L R g s m AN ot d L e e o A L A

-,

3 A e B Mo G G Illt‘n’i.l./l..\rl\.lllrll'rbv\l\l.ll.o¢|nl\lA|l-ullb||A|\er|.lﬁl|T+"
*
NP?A’L.F'»4.

s e N e ae A e pe -~ L - - - e N e A A S & B G Lo e o ey
€ a N & o - - -, = < !\c .v\r - P < 2 € - Sy - “lvs\,wl” D e

-~ - - - - - ¥ v ¥ - - l/ - > [N » - r v r r r > * I/ el

- > > < < ’ ¥ v ~ - -~ \o F} J_ﬁ » '3 » > ~ ~ -~ - I - > LI

] - - > - .- 4 % R P IP&“W— 1 A > E] > - » - a - - -~ — =k —h ad =R o=
- - - - r - v 7 @ —~ m— Ay 7 s \\ q ~ 3 - - - ~ - S e e s -’ el d amed b =R oo}

P2 N
7, P
& - a » 7 B -/ B - Fl - . ﬂm.l « - > -~ Y] N A R T T T st e IIVVJ
o |—.v\fJﬁ < r - - .[l./‘ -~ ” ¢ S - 5 4 - - PROSEEY e mah e - e a, mh m— e
\ . » -
N, < = = Ll < “ -

PP, - - - < - -~ PRI P N 1/ = - - a - s - -~ [ —_—

e =< X r PO - - . ¢ ™Yy YU e

»> P \Ic - ~ - - R e et lrw - _N— P - N ok e ok mds me B e e e

N - .
> a S S T ™ hof.u/.(ﬂflul- B N - T e Ry
wWXo-
> s - - P4 > = % P I S e et

™~ ¥
.-l:
I~ ¥
boo
~ v
-y
oo
- vy
-
r'rt
-y
-
~ -
B L
P
S
= v
- N -
- '
—'-
S
-y e
U
SN
R

AR B I 1 B B NG o g B S L B R S B R I B NI N S R S 7 B IPa B N
ll\llllllnllT.Vll\hl\l-\llh\l‘\;l\rrsﬂ. e L B Ll e e L i e L e e B L S e 4 f

- e s e e A e A N A e f, o« e — e ]

. e,
L e e e ..\\»\\.»\u\kl.\llrl’/)l L . I T T Y £ A a - o
\\\n L2 <« < - h”/
. . / .
ll L - . * 1
- - > . - ;




v S . s

*,-SW |E St
;amcmnxﬁumﬁaawxmz .»_.sm.uomnﬁoomumv_.mﬁv&: :8& paatasqQ €1 “Bid

|_o.n._._-u—._._—-u..k

e € & b b e o e e o e e——

- e e a = =< — e e e K Lo b Lo e K

A la A b g -
.
n.illlllt.lv lllllsl;lvlrlvllﬁlrnv\v\h.\\\.‘“ll“
I3
-
A ek A A& .- rlll.\vlvlvlv’)lﬁi\i\ﬁbfi.\ - -
~
‘e . . & - - & & « & 4 « = r v -

X w m 1 - -~ > » - PO
i d H
; 47 § -d ] O T
i 9
Mw g< !

N MH, P w M\{'\i - - > - > - » > - » » - - L -
i -t ; t
rm A m w » » > ES -
{ = o ¥ -
qﬁ —— W - > - » > - - - - - - - - - - s
m R w - - - = - - le A e A A A -
:, '.. - » - v
,“_w o o W - A - - - - -
i [ -

- 30 -




T

LR Dok

ORIGINAL PAGE 13
OF POOR QUALITY

- 31 -

“p-SU gg

St Moale wnwixey “Anp 403 qu 00Z 3® PS4 PuiM ueaw pajeinuis | *Big

T T T T Y g

.,--—-—...-—.-a—ﬁl_—,

A.lAlfl:lAl‘ll!.r.t..vd.lll rrrrrrtrrrrtrrrrrrrrr.

— e el el Gl € e e A — a e e Anl.rk\lr;v\.lbllhllhlﬁlﬂllvffﬁlh.l

wrrrrrrr\l e e M e ] Ao M L A e o A e A f e e h A e e e o M. ]

e T i T T U —— o

- - < e e B i W N /- it

> < - a ’ - - - . a -« 4 .

- - - - a < -

- i

" - - a - r -

- - -~ - - - e l-'-..

- a = - s - - - - - - a - a o

- - S . S - - - 4 a 4 a - _d

» - ., 4 4 - - - « & a Y - .4

r ' r r r 7 < - - - - a 4

- \.b rY - - > - - - - - - —

o Al 1 ! 1 J 1 J ' 1 L1 ! 1
P - - P P

LR J | R 1 | B} ~\G. - | 3 | i [} [ i 1 i 1 i - ! T 1 1 i [N

S e e o o Crm e e T e M A} d e L Tl e hmm e S e K G dm ke e de 2 L — G o e




-
B
g p e

-1 w
g<

: oo aunp 104 SuoLl ‘g1 *6ug

. .h»muvwfm u_..._w..wwmwmu uealt paAdasq) “Gi

| = S 44 PoJdaiuL UOLINGIAISLP

1 = N

, o -BAJRSQO 3L1L

M IC 1o

! oG

#

- 32 .




:;:g—:‘r T -

- 33 -

R B
LY

ORIGINAL PAGE i3
OF POOR QUALITY

PR e

*Ainp 403 3dedxs 5| 614 se sues

‘g1 b4




R

- 34 -

~3snbny Joy 3deoxa gy 614 se zwes

*z1 *bid

ORIGINAL PAGE IS
OF POOR QUALITY

s waien



L. e s R B RS i i
SRR -

ORIGINAL PAGE IS
OF POOR QUALITY

90°w

Unit = arbitrary.

“:31 rate distribution for Jumne.

21"

Simulated mean r

Fig. i8.

e e g e e e




-~ 36 -

*Ainp a0y 3dadxa gy “big se ames g *Big

o
11 ]
G2
£3
- o
[~

Z9
OE-N
s AT
oo




ORIGINAL PAGE 18
OF POOR QUALITY,

e

»“"
.
[
. 13

" :

n i

2 i

= 23
< ,

ta

£ ;
B i
a2 !

[$]

§ s
© .
- 1

. !

“ 5
m t
a zz!t
3 [

i
g !
~ |
U.'. 3 .,
i “;

FRR.Y §
LIt \

Y
“
¢

wld,

. { L3 WP
1N b ,h'&u.n.l,..lu‘.»m ¢
: i




e

ORIGINAL PAGE 19
OF POOR QUALITY

t 760 mb for June.

ion a

dity distributi

ic humi

f

peci
x10-3 g/kg.

Simulated mean s

Fig. 21.

Unit

“u

QT E e ——

P



90°E

20°w

Same as Fig. 21 except for July.

Fig. 22.




ORIGINAL PAGE IS
OF POOR QUALITY

>* 28

S0°E

~3

o pr)
S

90°w

Same as Fig. 21 except for August.

Fig. 23.

o

JESTEICRI R S S i s o |

it A ot




Vi

- Al ~

B TN

ORIGINAL PAGE 19

OF POOR QUALITY

[} ® ,

’ .6'47

'g \
b

4 .

)\ =51»
\'

N

3
{

¥ '#;
You s
#’.2y5945
‘a\

: )y ®
'P\
/1. <>

TR
L
u ’
o+ /
¢

L

N
(

»

A
LR ANL DL L DA}

Simulated mean surface temperature for (a) June, (b) July and

{c) August.

Fig. 24.

Unit = OC.




"
b
4
i
Rl

{

e i e s b L b

2-Spll = JLUN  PULM [RuOLpLJaW qu pO/ 404 SABP p°G pue

sAep g°¢ 30 spOrJad ussM3aq IJUBLJLBA 1O UOLINQLL3SLP [2oiydeabosy

- 42 -

e G W

-

ORIGINAL PAGE IS
OF POOR QUALITY




- 43 -

R

e e R i "
et

ORIGINAL PAGE 1S
OF POOR QUALITY

‘PULM paAJasqo Jos 3dedxe 67 ‘614 se suweg ‘9z b
L "bid

" ) e PR S e Pl z, X
KT b S e ot uwo.qu.wuw,.‘hr. 3 SRR
= b - e e N S R e e .ﬂv).&,w.,hm.. :
" .ll\llbtﬁ.» N e T o TG v, ] tE R
2 Wrn St R 14\ Shas; m o
23 l‘..&.w. i .,..;/\flh...l.ﬁnw o

=
S~>Ho

R N NI BT e NoO?




LONGITUDE

- 44 -

ORIGINAL PAGE 13
OF POOR QUALITY

120

60

positive

Local time means have been subtracted and
Latitude corresponds to 22°N

Longitude-time section for simulated 700 mb north-south wind
values are shaded.

component.

Fig. 27.



LONGITUDE

JRIGINAL PAGE 13
OF POOR QUALITY

120

Same as Fig. 27 except for 18ON.

Fig. 28.




LONGITUDE

60

120

~ 46 -

ORIGINAL PAGE 13
OF POOR QUALITY

90

Same as Fig. 27 except for 14°N.

Fig. 29.



ORIGINAL PAGE 13
OF POOR QUALITY

- 47 -

‘No0Z 03 SPu0ds3aJJod 3pn3iIP]  "Papeys 3Je san|ea
3A13150d DUR PIIIBJIQNS UIIQ IARY SuEAW WL} [BJ07 Juduodwod

PULM YINOS-Y3JOu QW 00/ PIA4ISQO 403 uoL3I3s awly-apn3buoy -0 °BiJ

6

o

SAVA

™

3ANLIONOT



LONGITUDE

120

60

60

120

ORIGINAL PAGL !9
OF POOR QUALITY

xcept for

J e

Same as Fig



LONGITUDE

- 49 . OR‘GNAL Pp«GE "s
of POO

R QU AUTY

120

120

30 except for 5ON.

Same as Fig.

Fig. 32.



- 50 -

ORIGINAL PAGE 1S
OF POOR QUALITY

"No81 03 Spuodsad.sod apnjije] -papeys ade 6y/6 £-01x2

ueyl J4a3e34b san|eA pue PaIIRIIQNS UIIG IATY SUBSW MWL) |BIO)
*A31pluwny d13139dS QW g0/ PIje|NWLIS 403 LOL}IIS 3wiy-apn3tbuo]

‘g€ "By

3ANLIONOT

i H e



LONGITUDE

6] - ORIGINAL PAGE IS
- OF POOR QUALITY

SRS h?“: A
. ‘ '.u \‘ N ‘\~ \4" - ‘;\Q%@
- A o oW t".:”‘"'_ \‘%.;
" vﬂ‘\ 4 “a "\'& v é: " ol
AN s (LI "
VRIS A
TRt s S e

90

2N ¢
8 o \ & @
\i& ‘\\u& vy .
VaTgihg .\tik}_\ ¢
A P Sy -
O_’ g | \ ‘ ) ¢
'O_l_ - Q~f\\. ‘\5 \ % .
‘ \ YA ) N '
i,
Voy N } \
AR
1
° 8 sawa 8

Fig. 34. Same as Fig. 33 except for 140N.

R —



LONGITUDE

120

= 52 . ORIGINAL PAGE IS
OF POOR QUALITY

‘. % 0 %g B ‘\
t"’ﬁ '} ALY "r‘?i!f’k"*a |
g Ii t‘“”‘ s“'
“ ' A
i:'" f,‘f'\;) kX

ept for 10°N.

Same as Fig. 33 exc

35.

Fig.



LONGITUDE

- B o

ORIGINAL PAGE IS
OF POOR QUALITY

Fig. 36. Longitude-time section for simulated precipitaiion rate at 18ON.

Iﬂ

60—,

90

Unit - arbitrary.



ORIGINAL PAGE IS
OF POOR QUALITY

- 54 .

"Novl 403 3dadx3 g¢ 61y se awes /¢ 61y

-— 06

— 09

SAvVa

(01

3ANLIDNOT



ORIGINAL PAGE 1S
OF POOR QUALITY

-

"NgZ 403 3dadxa 9¢ “biy se me "8t 614

3ANLIDNO1



2g
Lk
< D
oo
nﬂ x
g8
o

8%

i)(‘

"Aivijigae - jpupn

"Nobl 3® SuOi3RAJ3SQO
g1 w043 P3JJajui ||RjuLRJ PIAUISGO U0y wOLy

23s auwi3-apniibuoq

"6 614




- 57 -

GE 13

Q! ALITY

ORIGINAL PA
OF POOR Q

Nobl 403 1daoxa g 614 se awes ‘Qp 1y

3ANLIONOT



ORIGINAL PAGE 1S

- §1 -

OF POOR QUALITY

3ANLIDNOT



PART Il

AFRICAN WAVE DISTURBANCES IN A GENERAL

CIRCULATION MODEL

I




i v AR SRR e, LR B AT e B S ciciin e oL

- 60 -

AFRICAN WAVE DISTURBANCES IN A GENERAL CIRCULATION MODEL
by
M.A. Estoque, J. Shukla and J.G. Jiing

1.  Introduction |

The existence and the structure of synoptic scale disturbances over
tropical North Africa have been studied observationally by numerous in-
vestigators, such as Carlson (1969a, 1969b), Burpee (1974), and Reedfgg_gl.
(1977). The disturbances occur primarily during the summer season and
travel westward, sometimes developing into tropical cyclones over the
Western Atlantic, The observational studies indicate that the disturbances
usually have wavelengths of about 2500 km and propagation speeds of approxi-
mately 7° longitude per day. During the early summer, the occurrence of
disturbances is rather sporadic; they also tend to be weak in intensity.
But later in the season, they occur more or less regularly at intervals of
about 4 days. However, even during this part of the summer, there are
periods of relative inactivity, presumably due to unfavorable conditions in
the large scale flow patterns in which the disturbances develop. Observa-
tional data indicate that the waves are most intense near the 700 mb Tevel
where the perturbations in the meridional wind component attain magnitudes
of about 5 m s']. Reed gj;gl;~(1977) found that there is a secondary maxi-
mum near the 200 mb level with wind perturbations whose magnitudes are some-
what less than thosekof‘700 mb. It may be mentioned that the relatively
large wind perturbations of 200 mb are not reproduced satisfactofily by the
theoretical models of Rennick (1976) and Mass (1979). This is poséibly
due to the fact that the primary mechanism for perturbatioﬁ=deve]opment in
these modéls is barotropic instability; this may not éctuaily-be the caSé

in the real atmosphere.
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Some of the characteristics of the wind field associated with these
disturbances are shown in Fig. 1. This is a series of four 24-hourly
streamline maps at the 10,000 ft, level (approximately 700 mb) based on
é previous study by Carlson (1969a). Note the general westward movenent
of the disturbances. Note also the development of Disturbance, W-4, be-
tween 10°E and 15°E and the weakening of Disturbance W-1 as it approaches
the western coast of Africa. According to Carlson (1969b), the distur-
bances usually achieve their greatest intensity in the area between 10°W
and 20°w; thereafter, they tend to disintegrate and to become disorganized.

The problem concerning the place of origin of these disturbances has
been considered by several investigators. In his analysis of 1968 synoptic
data, Carlson (1969b) showed that almost one half of the observed dis-
turbances appeared to originate east of118°E and only a few were first
observed west of 4°E. The frequency distribution of initial wave posi-
tions has a minor peak between 10°E and 12°E. Burpee (1972) indicated
that the disturbances form in the region between 15°E and 30°E. He found
no clear»evidende of waves at locations farther east aﬁ Khartoum (32°E) “
and at. Adem (45°E)., Subsequently, Dean and La Seur (1974) found that some
disturbances originate near Khartoum. The finding that disturbances may
originate fartheyr cast appears to be supported by the investigations of
Aspliden (1974) as well as by Albignat and Reed (1980). In particular,
the work of Albignat and Reed (op. cit.) indicates that some disturbances
may originate as far east as the southern tip of the Red Sea.

In regard to physical mechanisms which are responsible for the deve-
lopment of the disturbances, the observational study by Burpee (1972) as
~ well as the theoretical studies by Rennick (1976) and by Mass (1979) suggest
that barotropic instability is the majq?;mechanism. However, on the basis |

“of GATE observations, Norquist et al. (1976) found that baroclinic
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- instability appears to be more important than barotropic instability over
Africa. This finding is in dgreement with a theoretical study of the
energetics of the disturbances by Walker and Roundtree (1977) who con-~
cluded that barotropic instability made only minor contributions to the
energy budget. A somewhat different generating mechanish has been’ sug-
gested by Carlson (1969b). He suggests that the mechanism is associated
with an interaction of the convective procésses‘with the mountainous
terrain over Cameroon as well ag oveﬁ Sudan and Ethigpia. Based on the
above studies, one may conclude, therefore, that there is still no complete
agreement concerning the mechanism for the generation of African dis-
turbances.

The problem concerning the behavior, structure and the development
of African disturbances may be investigated theoretically by using model
simulations of the general circulation of the atmosphere. In the present
paper, we will describe the initial results of such an investigation using
simulation data from the NASA Goddard Laboratory for Atmospheric Sciences

(GLAS) general circulation model. The basic characteristics of the model

has been described previously by Sommerville et al. (1974). Our preliminary

results indicate that the model is able to simulate many of the important
properties of African disturbances. It {is, therefore, expected that fur-
ther analysis of the simulaticn data will contribute to a solution of the

problem mentioned at the beginning of this paragraph.

2. Data and analysis procedure
The simulafed meteorological data which were available for our study
are the horizontal wind components (u and v), temperature (T) and specific

humidity (q). Values of these variables are given at nine levels of the

o
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atmosphere and on a horizontal grid whdse grid points are'spaced 5° longi-

tudinally and 4° latitudinally. The variables correspond to a simulation

of the summer 1974 which is also the period of the GATE observational program.

Since the raw simulation data were quite noisy, we applied a band pass
filter in order to retain only the perturbations within the spectral band
whose wave numbers range from 6 to 20 along a latitude circle, Over the
tropics, this spectral band cbrrespond to wavelengths from about 2,000 to
6,000 km. The filtering was done by computing the amplitudes of the
Fourier components along the Tongitudinal direction which correspond to
the above wave numbers. Additional smoothing of the data was done along

the north-south direction by using a method described by Shapiro (1970).

3. Results

Some general ideas concerning the existence and the properties of
the simulated disturbances may be seen in Figs. 2, 3 and 4. These are
Hovmoeller diagrams for the perturbation in the meridional component of
the wind (v') the temperature (T') and the specific humidity (q') for
18°N. The perturbations correspond to deviations from local time means
computed to each grid poiﬁt. The diagram for v' encompasses the whole
globe and corresponds to the three-month period of June, July, and August
1974, The diagrams for T' and q' areonly for the month of July 1974.
Regions with positive deviations are shaded. It may be seen that the
patterns of shaded and unshaded areas in the diagrams demonstrate the
existence of disturbances in the wind, temperature, and the moisture
fields. The slcpe of the patterns from the lower left hand corner to
thé upper right corner near the Greenwich meridian imply & westward
propagation of about € to 7 degrees of longitude, per day. This speed is

close to that observed for African disturbances. Note that there is a
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general tendency for disturbances to devélop over Central Africa (1C°E) dur-

ing the early part of July. The tendency is seen best in the Hovmoeller dia-

grams for v' and T', Howaver, later during the month, one can see evidences
in thuys diagrams of disturbances which originate east of Africa.

More results relating development of disturbances over Africa are
presented in Figs. 5. Figure 5 shows the root mean square (RMS) of
the perturbation v component and the mean wind vectors for July 1974 at
700 mb. It may be seen that there is a region of maximum values of the
root mean square perturbation near the Greenwich meridian and 8°N. This
region of large RMS of v' extends both eastward and westward but with
decreasing values. Since the diagram is constructed using bandpassed
data, the RMS values reflect only the contributions of disturbances with
wave1engths'from 2,000 to 5,000 km. The pattern of “he isopleths indicates
that the disturbances tend to intensify in the vicinity of 10°, It is
interesting to note that Carlson (1963b) found a relative maximum in the
frequency distribution of initial wave positions in the same region. A
similar region of intensjfication, although somewhat displaced westward,
was found by Albignat and Reed (1980) by analyzing GATE observations. The
maximum value of the root meaaiﬁquare (4.5m 5'1) is almost the same as
the amplitude of the meridional wind oscillatidn in the 0.2 to 0.4 cpd
frequency band at 700 mb found by Albignat and Reed. In their analysis,
Albignat and Reed also found a secondary maximum of wind oscillation ampli-
tude just west of the Red Sea. Fig. 5 does not show a separate maximum
in the same area, however, it may be noted that the region just southwest
~of the Red Sea is a region of large magnitudes of the root mean square
v' relative to the regfons located north and south. Fig. 5 also shows

that disturbances tend to weaken west of the Greenwich meridian.

In order to illustrate the actual development of individual disturbances

imtraeis L by
3 .
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in the model simylations, we present a series of five 24-hourly maps in
Figs. 6 to 10. The maps are streamline maps based on the simujated 700 mb
winds at gridpoints for the first § days~of July 1974, Looking at the
first map (12Z July 1, 1974), one can see two disturbances:- a weak wave
disturbance &esignated as A west of the West African Coast and a cyclonic
vortex designated as B over West Africa near 10°N. In addition to these
two synoptic features of the wind field, we also note a trough whose axis
is oriented along the east-west direction, extending from Lake Chad to
the Réd Sea. During the next 24 hour period, Wave Disturbance A moves
westward while the cyclonic vortex (B), intensifies and travels towards
the west. At the same time, & cyclonic vortex (designated by C) forms
at the western end of the east-west trough near Lake Chad (Fig. 7). The
next two maps show further westward movement of the wave disturbance (A).
In the meantime, the cyclonic vortex (B) moves to the coast while de-
creasing in intensity and becoming just a trough. The cyclone near Lake
Chad (C) intensifies and moves slowly westward. Finally, on the last map
(122 Ju1y 5, 1974), we see a new synoptic feature -- a new cyclonic dis-
turbance (D) which:formed near the southern tip of the Red Sea. It is
interesting to note that many features of the simulated 700 mb streamline
maps resemble those of the observed streamline maps in Fig. 1.

In order to depict some of the important variations of the structure
along‘the vertical direction, we have constructed Fig. 11. This diagram
represenés an east-west vertical section along 14°N latitude of the total
wind and the temperature deviation at 12z July 5, 1974. The latitude,

which has been selected, runs close to the centers of the cyclonic vortices

(C and D in Fig.j10) over Western Africa and rear the Red Sea. The pictdre,a&“3iy

a whole, shows a series of perturbations in the temperature and in the wind

fields along the east-west direction. Maximum values of the'temperatufe
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perturbations of about 1.5°C are located near the 600 mb level. A sec-
condary maximum appears close to the 300 mb level. The perturbations are
small at 900 mb. Note that, in general, the troughs in the middle tropo-
sphere (near 30°W, $5°W, 35°E) are characterized by negative temperature
deviations. The altenation of positive and negative temperature devia-
tions at 600 mb along the east-west direction indicates an average hori-
zontal wavelength of about 3500 km. Focusing our atten ‘un to the region
(near 5°W) of the West African vortex (C), we see that this vortex is
cold-cored near 600 mb. Above this cold core, the disturbance is warm-
cored at the 300 mb level, i.e., the temperature variation at 300 mb is
opposite in phase to that at 600 mb.‘ This type of phase relationship seems
to be characteristic of the entire region. There also appears to be a
westward tilt with height of the patterns ot isotherms. In regard to the
wind field, one can see that the trough at 700 mb is overlaid by a weak
ridge at 200 mb. This means that the southerly winds east of the 700 mb
trough are overlaid by northerly winds at the 200 mb, i.e.,a.180° out of
phase velationship in the v component at these two levels. An analogous
phase relationship occurs west of the 700 mb trough. It is interesting to
note that this vertical structure of the simulated disturbance is generally
in agreement with that obtained by Reed gg_gl:_(op. cit.) from GATE observa?

tional data.

4. Concluding remarks

In this paper we presented the results of a synoptic analysis of
computer model simulations of the atmosphere over Africa and vicinity
for the month of July 1974. The simulations were made by integrating the
GLAS general circulation-mode] for an entire summer season. The primary

object of the analysis was to determine the existence, behavior, and the

L—
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structure of synoptic scale disturbances over tropice) Africa north of
the equator. We found that the GLAS generéT circulation model is able to
simulate fatherredistical]y the African dix%&ﬁbances which have already
been studied extensively using observations, Soﬁe of the important char-
acteristics of the simulated disturbances are as follows:

‘(1) During the month of July 1974, the disturbances intensify pri-
marily in the region just south of Lake Chad and dissipate near the western
¢oast of Africa. There is some indication that this intensification repre-
sents further development of already existing disturbances which have moved
westward from the Red Sea region and in other regions even farther east.

(2) The disturbances have an average propagation speed of about 6°
of longitude per day; the average horizontal wavelength is about 3000 km,

(3) The disturbances have a maximum amplitude near 600 mb; there
appears to be a secondgry maximum near the 300 mb level. The amplitude
of the disturbance at 900 mb js relatively small.

(4) The troughs at 700 mb are characterized by negative temperature
deviations. The temperature variations at 300 mb are18° out of phase
reldtive to the variations at 700 mb, A similar out of phase relation-
ship exists in the north-south wind component.

| By and large, the above simulated characteristics are similar to
those which have been found by previous analysis of observational data.
In particular, the structure of ihe simulated disturbance is similar
to that found by Reed et al. (op. cit.) over continental Africa. Hence,
the energetics of the simulated and the observed disturbances may also be
similar to each other, i.e., baroclinic processes must be more important
than baroclinic processes. The agreement between simulated and observed‘
disturbances is quite remarkable in spite of the fact that the simulated
July méén flow pattern differs somewhat from corresponding observed mean

July flows.

1=+ g copb ety
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The main difference is in the existence of westerly 700 mb winds over
Equatorial Africa in the simulated wind field (Fig. 5) while available

mean July winds based on observations usually show easterlies in the same
region. The agreement in the characteristics of the simulated and observed
disturbances in spite of the lack of complete agreement in the corresponding
700 mb mean July wind field is difficult to understand; further investi-
gations are needed in order to clarify the matter. At any rate, the

present study has succeeded in showing perhaps for the first time, that
African disturbances can be simulated quite realistically by a primitive
equation general circulation model. This success might imply that models

of this type would be able to predict these disturbances on an operational

basis in the near future.
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Fig. 1. Daily streamline maps at 10,000 ft. during the
period, August 23-26, 1967 based on Carlson's
(1969a) synoptic analysis.
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Fig. 2. Howvmoeller diagram for the perturbation north-south
wind component along 18°N latitude during the period,
June to August 1974, based on unfiltered simulation
data. Areas wi‘n positive values are shaded.
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Fig. 3. Hovmoeller diagram for the temperature perturbation
along 18°N latitude during the month of July 1974
based on filtered simulation data. Areas with positive
_values are shaded. Contour interval in the shaded
areas is 1°C.
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Fig. 4. Hovmoeller diagram for the specific humidity perturbation
along 18°N latitude during the month of July 1974 based
on filtered simulation data. Areas with positive values
are shaded. Contour interval in the shaded areas is 1°*
grams per kilogram.
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for July 1974. The RMS values are in ms-!; full barb
for the wind vector corresponds to 5 ms=-1.
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FURTHER STUDIES OF AFRICAN DISTURBANCES IN THE GLAS GENERAL CIRCULATION MODEL

1. Introduction

In Part II of this Final Report, we showed strong evidences of the existence
of African wave-type disturbances in a simulation of the GLAS general circulation
model. The simulation which:was analyzed corresponds to the summer of 1974,
more or less coinciding with the GATE observational field program. The preliminary
analysis of the simulation indicated that thebehavior and the structure of the
disturbances are quite similar to those observed in the actual atmosphere. This
part of the report describes the results of further analysis of the 1974 simulation
as well as a similar simulation for the summer cf 1979. It will be noted that the
latter year corresponds to the FGGE observational period. Tha analysis which was
done for both the 1974 and 1979 simulations involved not only the study of statistical
properties of the disturbances for the month of July but also the synoptic investiga-
tion of selected disturbancés. The analysis included the drawing of streamline maps
and isotherms at 700 mb at 12 hourly intervals for the entire month of July for |
i@oth years. The isolines of other parameters and the streamlines at other levels
'Were also drawn for selected periods.
2. Statistical Properties of African Disturbances

In this section, we will describe some of the statistical properties of
disturbances pertaining to their origin, intensity, propagation speed, and structure.
An important aspect which relate to intensity and origin is the geographical |
distribution of the amplitude of the disturbances. In our study we have chosen
the root mean square of‘the meridional perturbation wind component (v!)of the
disturbances, RMS (v‘);k It should be mentioned that the value of v' corresponds
to the “bandpassed simulation data, reflecting the contributions only of disturbances
whose wavelengths are between 2000 km and 5000 km. Figs. 1 to 8 show the distribution
of RMS (v') at various levels for July 1974 and July 1979. Looking at the RMS (v')

1y
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at 900 mb for July 1974 (Fig. 1), we see that the most significant feature of
the RMS (v') relating to African disturbances is a pronounced maximum near the
Sudan-Chad border, East of this maximum is a pronounced minimum over Northern
Ethiopia. Between this minimum and the maximum is a region of strong gradient
in the RMS (v'). Since the disturbances generally move westward, this must be
a region where the disturbances intensify as they move towards West Africa. They
attain their maximum intensity in the region of maximum RMS (v') over Eastern
Chad. Thereafter, they decrease in intensity as they continue their westward
movement. The corresponding distributions of RMS (v') at upper levels (800 mb,700 mb
and 600 mb) for July 1974 are shown in Figs. 2, 3, and 4. Looking first‘at the
RMS (v') for the 800 mb level, we see a region of maximum which is shifted slightly
westward relative to the location of the 900 mb maximum. It is presumed that the
800 mb maximum is a mainfestation of the same disturbances which correspond to
the 900 mb maximum. The RMS (v') distributions at the next two levels (700 mb
and 600 mb) show similar maxima within the same general latitudes but displaced
tuch farther toward the west.. The greatest westward shift with height occurs
petween the 800mb and the 700mb Tevels. ‘At both 700 mb and 600 mb levels the
‘RMS (v') maxima are located over West Africa. It is interesting to note that
Albignat and Reed (1980) found a maximum in the same general location and with about
the same magnitudes. Their findings are based on an analysis of GATE observations.
The RMS (v') maxima at the 700 mb and the 600 mb levels indicate that the simulated
African disturbances at these levels tend to intensify east of the Greenwich
maridian, primarily between 10% and 20°E. They attain maximum intensity near
the West African coast and then dissipate to the west over the Af]antic Ocean.
This behavior of the simulated disturbances agrees with previous observational.
findings by Carlson (1969a). o i

The existence of RMS (v') maxima at all levels but at different locations is

rather difficult to explain. Two possible explanations exist. First, the
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RMS (v') maximum at 900 mb over East Sudan is due to disturbances which are
not directly related to those which produce the RMS (v') maximum at 700mb
over Western Africa. In essence, the 900 mb disturbances are surface heat lows ;§
which develop in situ and remain stationary while the 700 mb disturbances are
a result of instability in the large-scale flow. Second, the RMS (v') maxima
at all levels are manifestations of the same disturbances which move westward )
from the area of origin over Sudan across Africa towards the Atlantic Ocean.
These disturbances developiinitially as warm-cored disturbances over Sudan where
they have large amplitudes at 900 mb but smail ones at upper levels. As they

move westward, the disturbances 7lose their warm-cored ¢haracteristics and gradually

become cold-cored. The transformation from warm-cored to cold-cored characteristics
occurs mainly in the general vicinity of Lake Chad. During the course of our study
it was not possible to determine definitely which of these two explanations is
the correct one, However, our experience based on looking at the daily maps of
the simulation,appears to indicate that the second epranétion may be the correct
one.

The corresponding RMS (v') distributions for July 1979’are shown in Figs. 5
to 8. One can see that the distributions at 900 mb and 800 mb are somewhat similar
to these for July 1974. For example, there are maximum values over Sudan but these
| are located slightly south of the corresponding July 1974 location. At about 600 mb;f
the July 1979 distribution also has a maximum over Western Africa; it is located
a little to the northwest of the July 1974 maximum. The most significant difference
in the RMS (v') distributions between the two years occurs at the 700 mb level.

Here, the July 1979 distribution shows a maximum over the Sudan-Ethtopian border

ot e ey b e T THR SR At A -

while the corresponding 1974 location is near Nigeria in West Africa. It will be
noted, however, that the region of large values of RMS (v') for July 1979 extends

further westward into Central and West Africa. Another important difference

et g
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between the two distributions is the pronounced 1979 maximum over Northwestern
Africa at 700 mb. In the 1974 distribution, the corresponding maximum is less
pronounced, being located slightly west of the 1979 location, This maximum RMS
(v') over Northwestern Africa may be related to extra tropical disturbances.
Despite the above diffrences between the two distributions, there appears to
be a common feature - - the existence of relatively large values of RMS (v')
within a zonal belt bounded approximately by latitudes, 5°N and 15°%. The same
is true with the diagrams presented by Albignat and Reed (1980). This common
feature indicates the occurrence of disturbances during both years in the same
latitudinal belt. |

A somewhat different analyses concerning the occurrence of disturbances was

done by examining the entire set of 12-hourly 700 mb maps for the purpose of deter=-

mining the origin of individual disturbances. This was done by looking at the
tracks of individual disturbances. Only those which could be tracked for at

~ Jeast two consecutive 12-hourly 700 mb maps were considered. The origin of the
diﬁiurbances'was specified as the starting pcint of their tracks. The points of
origin of 23 individual disturbances (in this case, all closed cyclonic vortices)
in July 1974 are shown in Fig. 9. The figure shows that the points of origin
tend to cluster at three general locations. The clusters tend to lie within the
latitudinal belt, 10°N to 20°N. One region is located just west of the Red Sea
near the Sudan-Ethiopian border. A second region is located slightly northeast
of Lake Chad. The third region is located over Western Africa in the vicinity
of the Upper Volta. One may note that all three regions are in the vicinity of
of mountains. Carlson (1969a) mentioned the possibility that the disturbances
originate over mountainous terrain. It is interesting to find out whether these

regions of origin are related with the distributions of the RMS (v') at 700 mb
for July 1974 in Fig. 3. We had expected that there would be some relationship




5 BRI NI A, o

- 85 -

between the areas of origin and the location of the maxima in the RMS (v').
Specifically, the areas of origin should tend to be located east of the RMS (v')
maxima. This was surprisingly not the case. The implication is that the in-
tensification of disturbances as inferred from the RMS (v') map is not necessarily
close to the regions of origin. It may be noted that the points of origin are
located generally along the east-west trough in the 700 mb mean streamlines

whose axis extends from the middle of the Red iea westward through Lake Chad.

The points of origin of 15 disturbances (7 cyclonic vortices and 8 open waves)
in July 1979 are shown in Fig. 10. The points do not show as much clustering as
those for July 1974. However, the points also tend to 1ie along a latitudinal
belt between 10°N and 20°N, although somewhat south of the corresponding
location for July 1979, Note also the tendency of the closed cyclonic vortices
to ortginate over Eastern Africa near the trough of the mean 700 mb streamline
field. The open waves, on the other hand, form over Western Africa in the
region of the 700 mb easterlies.

We next present statistical chéracteristics of disturbances which relate
to frequency of occurrence at 700 mb. The July 1974 maps, which consists of 57
12-houriy maps from July 1 to July 19, indicated that tropical disturbances are
identifiable on the maps for a total of 108 times over Africa and 83 times over
the Atlantic. The corresponding number of times for the July 1979 series of
maps (60 12-hourly maps from July 1 to July 30) are 100 and 72, respectively. In
other words, one can see about 3 tropical disturbances on each map on the average.
The frequency of occurrence for the two categories,open wave or cyclonic vortex,
is quite interesting. Examination of the 700 mb maps showed an overwhelming
predominance of cyclnic vortices over‘dpen waves (97% vs. 3%) over Africa in 1974,
On the other hand, there were more open waves than cyclonic vortices over Africa

in 1979 (69% vs. 31%). Open waves were more predominant over vortices over the
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Atlantic Ocean in both July 1974 (82% vs. 18%) and July 1979 (100% vs. 0%).
This finding implies that cyclonic votrices over Africa tend to dissipate
and become waves after reaching the Atlantic Ocean in agreeﬁént with the
study of Carlson (1969a).

The statistical relationship between the thermal structure and the wind
field of the disturbances at 700 mb has also been examined. For this purpose, we
introduced four structural categories. The four categories are: (1) Cold-cored
(minimum temperature coincide more or less with the wave trough or the center of
the cyclone); (2) Warm-cored (maximum temperatures coincide more or less with the wave
ridge or atmospheric center);(3) WTC (warm temperatures are west of the trough
while cold temperatures are east of the trough); (4) CTW (cold temperatures are
west of the trough while warm temperatures are east of the trough). If all disturbances

of both years are considered, the breakdown in categories are as follows:

Category 1 (co]d-cored) - 28%
Category 2 (warm-cored) - 17%
‘Category 3 (WTC - 43%
Category 4 (CTN) - 12%

It may be seen that 71% of the total number of cases are aacounted for by éategory 1
and category 3. In other words, in 71% of the cases, the cold temperature is either

in the trough or behind (east of the trough)-The temperature structure correspond-

ing fo these two catégories appear to agree with the composite strubture based on
observations presented by Burpee (1974) and Reed et al. (1977). With respect to
differences in thermal structures between disturbances over Continental Africa and

the Atlantic Ocean, we found that there were no significant differences;the break-
down of percentages over these two regions were quite similar. It appears, therefore,
that there are no significant changes in thermal structrue a§ the disturbances cross '

the Western African coast. Nith\respect to the breakdown of percentages for the
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separate years of 1974 and 1979, we found that category 3 is more predominant
~in 1979 than in 1974 (53% vs. 35%).

In regard to the statistical aspect of the propagation speed of the
disturbances, we made two separate investigations. The first investigation was
concerned with the movements of a set of seven very well-defined disturbances
while the second was concerned with the movements of all identifiable distur-
bances which occurred in both years. The set of well-defined disturbances consists
of two cyclonic vortices in 1974 and five open waves in 1979. The speeds of the
disturbances were computed during a 4-day period centered at the time of crossing
of the West African coastline. The open waves were found to move at a mean speed
(westward) of about 9° longitude per day. On the other hand, the cyclonic vortices
had a mean speed of approximately 7° of longitude per day.

In doing the statistical analysis of all the disturbances for July 1974 and

July 1979, we considered the speeds of open waves and vortices separately. We

also differentiated between disturbances over the African Continent and the Atlantic

Ocean. The results are shown in the table below:

AFRICA ATLANTIC
vortices waves vortices waves
mean speed, degrees/day 4.0 5.6 6.5 6.4
number of disturbances 82 46 8 89

The number of disturbances refer to the number of cases used in computing the mean
speed. It may be seen that, on the whole, the disturbances move faster over the

Atlantic Ocean than over the African Continent. Note also that, over Africa, open
‘waves move faster than vortices. Over the Atlantic, however, the speeds of move-

ment are not significantly different. In the course of evaluating the mean speeds
‘above, we noted that the individual speeds of motion which were computed from two
successive 12-hourly intervals were rather irregular. There were some cases when

the disturbances appeared to be stationary; a few cases were found to be moving

A
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eastward, The‘irregu1ar1ty of movement is probably due to the fact that the
raw simulation data is inherently noisy and that the noise has not been entirely
eliminated by the filtering. LaSt]y, we noted that the mean propagation speed
for the set of seven well defined disturbances are larger than those indicated
in the above table for all disturbances. We do not have an entirely satis-
factory explanation for this discrepancy.

So far we have not mentioned anything about the 700 mb mean flow in Figs. 1
to 8 and the re1ationships between them and the statistical properties of the
disturbances described above. For comparison with observations, the climatological
700 mb mean streamline map due to Van De Borgaard (1977) is shown in Fig. 11. In
addition, the observed mean 700 mb wind field for the period August 23 to
September 19, 1974, due to Albignat and Reed (1980) is shown in Fig. 12. It may
be seen that the flow fields over Tropical Northern Africa are very similar, show-
ing the customary easterlies. Turning back to the simulated 700 mb mean streamlines
in Figs. 3 and 7, we see that the simulated 700 mb flow for July 1979 is similar
to the observed ones in Figs 11 and 12. However, the simulated 700 mb flow pattern
for July 1974 is very different from the corresponding observed as well as the ,
simulated July 1979 flow patterns. The well-defined easterlies over the Tropical |
Africa regidn is absent in the July 1974 simulated flow pattern. Instead, this
region is characterized by a more or less east-west trough in the northern sector

and westerlies in most of the southern sections. This configuration of the

700 mb flow pattern is presumably the reason for the generation of cyclonic vortices |

instead of open waves in the simulation. The vortices developed in the vicinity of
‘%he mean 700 mb trough. It is surprisfng to note that, in spite of the great
dfssimi]arity between the observed flow field in ng. 12 and the 1974 mean 700 mb
flow field, the patterns of the RMS (v') corresponding t; these flow patterns are
quite similar. On the other hand, even though the mean 700 mb flow fieid for

1979 is similat to the one in Fig. 12, the corresponding RMS (v') distributions
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are not as similar to one another. An interesting, although not an unexpected
finding from the above results,is that differences in the 700 mb mean flow are
associated with corresponding differences in types (vortex vs cpen wave) of
synoptic disturbances. A possible application of this finding is the possible long-
range (range of a few months) prediction of the type and the fréquency of
African disturbances on the basis of a 4-month integration of a general circula-
tion model with jnitial conditiotis specified during the month of May preceding
the summer season.
3. Synoptic Properties of Simulated Disturbances

In this section we discuss the distributions of various‘meteorOIOgical
variables associated with disturbances during selected periods. In order to
illustrate the space and time variations of the motion field, we present
three successive 12-hourly streamline maps for the period, 12 Z July 18, 1979
to 12 Z July 19, 1979 (Figs. 13 to 18). Focusing our attention on the 700 mb
maps first, we see two troughs. One trough is located just west of the West
African coast (labeled A) while the other trough is in the vicinity of Lake Chad
(1abeled B). Both troughs move westward at a speed of approximately 8 degrees
of longitude per day. At Tower levels, it may be seen that trough A is refleCted
as an open trough in the streamline field. On the other hand, trough B is reflected
as a'c10$ed vortex at both Tower levels. The difference in the low-level synoptic
flow patterns are presumably due mainly to the fact that the low-level large scale
basic flows are correspondingly different. We also note that the Tow-level vortices
corresponding to trough B at 700mb are displaced to the north of the vorticity |
center associated with trough B. The existence of vortices at levels below 700mb.
and their poSitions north of the 700 mb vorticity maximum are cbnfirme& by the
analysis of observational data. Seé, for example, Fig. 3 of the article by Reéﬁ

,et al. (1977) based on GATE observations.' Next, we look at the simulated velocity
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distributions above the 700 mb Jevel. It may be seen that, directly aboye
the 700 mb region of maximum vorticity, at upper levels (300 mb and 100mb)
there is anticyclonic circulation towards the north, Toward the south,
however, there is cyclonic circulation. In other words, the center of
maximum vorticity tends to tilt southward with height above 700 wb. The same
general behavior is also seen in Fig. 3 of Reed‘ggvglL (1977) and in Part 1V.

The wind distributions discussed above correspond to disturbances which
are characterized by open waves at 700 mb. The corresponding distributions for
which the 700 mb disturbances is a closed vortex are presented in Figs. 19 and
20. These map. correspond to 12 Z of July 4, 1974. Looking at the 700 mb
streamline map, we see that there is a cyclonic vortex located just to the
northwest of Lake Chad. Just as in the case of the upper wave described in the
preceding paragraph, there is a closed vortex at 900 mb to the north of the 700 mb
center of maximum vorticity. Aliso at upper levels (300 mb and 100 mb), we see a
cyclonic circulation towards the south. It may be concluded, therefore, that
for both 1979 and 1974 cases, there is an overall tendency for centers of maximum
vorticity to tilt towards the south with height. This tendency is in general
agreement with deductions from the thermal wind equation over this section of
Africa. .

The temperature distributions at the 700 mb level for two different cases
(12Z July 18, 1979 and 12 Z July 4, 1974) are shown in Figs. 21 and 22. In these
maps, the temperatures correspond to deviatibns of the actual temperature from
the local time average for a monthly period. It may be seen that, in the 1979 map,
the minimum temperatures are located generally behind (east)of the trough lines.
In the 1974 map, however, the minimum temperatures are located in the trough lines
and near the center of cyclonic vortices. The observational results of Reed et al.
1977) for GATE shows that the mininum temperature at 850 mb is also located east
of the trough line (see Fig. 7¢ of’their paper). In Pakf:rv> of this report, the
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observations at 700 mb during FGGE indicate simjlar results, Somewhat
different observational results were obtained by Carlson (1969b). His
analysis of radiosonde soundings indicates that the troughs are cold-
cored at 700 mb. On the bhasis of these observations, one can conclude |
that there is observational verification of both types (minimum temperature
in and east of trough lines) of the simulated temperature structures at
700 mb shown in Figs, 21 and 22,

In order to describe the simulated distributions of specific humidity
at the 700 mb level, we show three consecutive 12-hourly maps in Figs. 23
to 25. The isolines of specific humidity on these maps represent deviations
from the local monthly means. Looking at the wave just west of the West
African coast, we see a maximum in the specific humidity behind the trough.
It may be noted that this location is the same as that of the minimum
temperatures for many of the simulations at 700 mb. The existence of both
maximum humidity and minimum temperatures behind the trough may be an indica-
tion of rising motions also in the same location. Rising motions tend to
produce adiabatic cooling and also increase in humidity due to vertical
advection of more moist air from lower layers. Turning our altention next
to the trough in the vicinity of Lake Chad, we see that the maxiium in
specific humidity is also generally located behind the trough line. How-
ever, there is also a humidity maximum ahead of the trough; this maximum is
centered near the Greenwich meridian and 2°N. This maximum persists through-
out the 24-hour period. On the last map of the period (Fig. 25), we see that
this maximum has joined thz other maximum behind the trough at its northern
portion. The end result is an elongated distribution of maximum moisture wh{ch
extends from a region ahead of the trough at southern latitudes through the

trough line at intermediate latitudes and finally behind the trough at northern

bagece
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latitudes. The observational results at 850 mb by Reed et _al. {1977) in
Fig. 7 of their paper shows also maximum moisture behind the trough, parti-
2.2rly at the northern portior of the trough. It is interesting to note
| zi%o in the same figure that, the minimum in the temperature field coincides
with the maximum in the humidity field. The existence of a maximum humidity
behind the trough in the observations generally confirms the simulated
humidity structure at 700 mb. The maximum humidit& at the southern portion
of the simulated trough over the continent in the vicinity of the African
bulge lacks definite verification at this time. However, the humidity diagram
of Reed et al. (1977) indicates a tendency for the moisture maximum to elongate
frot northeast to southwest; this is the same orientation in the two simulated
troughs in Fig. 25.
A variable which is closely re]ated:to the specific humidity is the rainfall.

In Figs. 26-28, we present the simulatzd rainfall patterns corresponding to the
map times,.IQ:Z July 18, 00 Z July 19 and 12 Z July 19. The isophets in these
diagrams are based on grid point values which were obtained by smoothing the
original grid point values by means of a 3-point running average in space. By and
large, the rainfall batterns which are associated with the 700 mb trough’oveﬁgi
continental Africa resemble the specific humidity distributions at 700 mb. Tﬁese'
are characterized by a tendency to have maximum rainfall near the trough axis,
somewhat west of the correspondihg maximum in the specific humidity deviations.

The rainfall pattern associated with the 700 mb trough over the ocean west of
| Africa is quite(different. Here, we see that the rainfall maximum occurs ahead
of the trough; this location is aiso different from the location of the specific N
i huﬁidity,maximum. Whether this condition is the general rule over the oceans. has
- not been aséeftained. 'Af preseht, we do not haVe én explanation why thehg is a

difference in the relative location of rainfall between the oceanic ‘and the

Con
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cohtinental troughs. with regard to observational verification of the simulat-

ed rainfall,.there appears to be some vagueness.. Rainfall distributions deduced
by Reed et al. (1977) from GATE observations show a maximum ahead of the 700 wb
troughs. Oﬁ'the other hand Burpee (1974) study shows a tendency for the maximum
rainfall to occur over the 700 mb‘trough; Carlson's (1969a) analysis of cloud
observations appears to confirm this tendency, At any rate, it is probably
correct to say that although the simulatiOns ave'able to predict rainfall associa-
ted with troughs, the predicted 1ocati6ns of occurrence may not be very accurate.
This is due to the fact that an important producer of rainfall for African
disturbances are squall lines, The scale of such squall lines are hot adequately
resolved by the computational grid and the cumulus convection parameterization
may not be sufficiently sccurate.

An attempt has been made to determine the vertical motion field in the lowgr
half of the troposphere with the aid of the kinematic method. For this purpose
we integrated the divergence field in the layer, 900 to 600 mb, The result of
this integration is shown in fig. 29. The isopleths in this diagram are in units
of 10"%"1 and the corresponding isopleths in terms of vertical velocity may be
obtained by multiplying the divergence values by the thickness of the layer
(approximately 3-km),‘ In general, one can see that the upward motions occur
~ behind the troughs. This'cbndition is clearly seen for the trough off the west
coast of Africa. bh the other hand. the vertical motions associated with the
trough dveb continental Afvica is quite more complicated. Upward‘motidns oceub
behind the»northern sections of this trough and also ahead of the southern
portions of the trough. Fig. 7 of the article by Reed et al. (1977)«showsk
,'upward.motions ahead of the tfough and downward MOﬁions behind the irough;lmqfe‘
or less the opposite condition for the simulated troughs. However, in Burpee's

(1975} compositing of GATE observational data, there is some evidence in favor
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of the simulated vertical velocity structure, His results show that the upper
level cloud amourit and the ascending motions at 925 mb are large behind the
composited trough. Another evidence which favors the simulated vertical motion
field is the occurrence of the main cloud mass behind the trough in the satellite
picture shown in Part IV.  The conflicting ideas concerning the vertical velocity
structures is not surprising in view of the fact that the vertical velocity is a
quantity which is very difficult to compute. It is hoped that better observations
in the future would clarify the ri&lationship between the 700 mb trough and the
vertical motion field.

Finally, we present diagrams showing the surface pressure distributions
associated with these African disturbances. In order to highlight the pressure
variations, we show the fields of the deviations of surface pressure from the
‘local monthly means. Figs. 30 - 32 show these deviations and the accompanying
700 mb streamline maps. We show three 24-hourly maps so that the evolution of
the préssure field can be depicted during a longer period of time. It is apparent
from the figures that the 700 mb trough; :ve generally associated with either
closed Tows or troughs in the pressure de%?étion fields. Note that there is a
preésure trough directly underneath the 700 mb trough over continental Africa.
Within the»next 48 hours, this pressure trough develops into a closed low directly
below the 700 mb trough. The pressure deviations which are associated with the
700 mb disturbances are generally a few millibars in magnitudes. Similar pressure
fluctuations with about the same magnitudes were found from observations by
Carlson (1969a). He also noted some tendency for the minimum pressure deviation
to‘precede the accqmpanying 700 mb trough.\ This appears to be the case for the |
trough off the'west coast of Africa on 12 Z July 18, 1979."'Further confirmation
of the simulated surface pressufes is presented by Part IV 6h'the baSiSvof'FGGE
observations. A comparison between the characteristics of the simu]ated bréssurev

distributions and those deduced from the FGGE observations shows a high degree of

h
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similarity. One can conclude, fherefore. that African disturbances are
characterized by recognizable éhrface pressure deviation patterns which move
westward together with the associated upper level perturbations. Hence it
should be possible to diagnose the existerce of such disturbances by a care-
ful analysis of the surface preésuregdeviations.
4.  Summary and Conclusions »

In this Part III of the Finé1 Technical Report, we have described the
results of an intensive analysis of the behavior and the structure of the
simulated African disturbances. We have shown that the characteristics of

the simulated disturbances in the following aspects:

(1) the location of the regions of development and the places of
origin;

(2) the three-dimensional structure of the wind field;

(3) the horizontal structure of the moisture and temperature pertur-

bations at 700 mb;

(4) the distribution of the surface pressure perturbations;
(5) the speed in the westward propagation;
(6) the tendency for disturbances to dissipate after reaching the

~ Atlantic Ocean.
The‘simi1arity ih the other variables, such as vertical velocity and réin-
fall, has been difficult to verify. This is primarily due to the fact that
these variables are inherently difficult to observe. In the case of precipita-

tion, the‘hode1 may have some difficulty in simulating rainfall because much of

. it occurs in the subgrid scale. However, there is no clear eyidence that this

difficulty is definitely apparent in the simulated rainfall distributions. Lastly,
it is interesting to note the significant diffefehces in the mean flow and the

type of disturbances between the two years. In spite of the large differences
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in the mean flows, however, the geographical latitudes of the points of origin
of disturbances as well we the regions of development are only slightly different.

This has been a surprising result.
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Fig. 6. Same as Fig. 5 except at 800 mb.



T
a A / ORIGINAL PAGE 13

. . OF POOR 0O''ALITY
NW‘O '/
X\YA [/ C

'

Same as Fig. 5 except at 700 mb.

Fig. 7.




1 4

~AL PAGE 13

ORIGI
OF POOR QUAL

Q@ 009 3® 3d3dxa g ‘B4 se aweg

‘8 614

AR, o -
| \ _/ G

[




- 106~

ORIGINAL PAGE 13
OF POOR QUALITY

) :
4 % MOU:MDLDQm_.U U.F.kQOr_%.w .%O C_.m.r.»o NLM %O mCOPHmUO_. FOUPCQOL@%@Q m
: : 6 : _.u

/ FLE/ AN
G SINOTIAD SO N/DIYO




OF POOR QUALITY

ORIGINAL PAGE 13

"6L61 ALnp
40} Saduequnisip di3doufds ;o0 uibrao ayy jo0 Suoriedo| |ediydesboay o

6Ly

- 107 -

o SnoIo4> X 'SIAVvMN 700

646/ A770
STIONVOINLENT SO NIDIYO




ORIGINAL PAGE 13
OF POOR QUALITY

- 108 -

“(LL61) paeeboog 2ap uep 433je qu 00/ 3© ALNP 403 PlaLs pulm uedy “1T Oid

iSv3 1S3M
)il o001 006 o08 0L 209 05 O o0f .02

— —

—

o0l o0 o0l 002 o0f 0P 05 .09
S 2
\ — - 2
S————— - )ﬁwkﬂ.
’l‘-lll/ ,./ //
i _— - ..FI
~d o !




- 109 -
AGE IS
VALITY

ORIGINAL P,
OF POOR @

“(LL61)
'L 39 P33y J334® qu Q0L I® 3LVY 4O III 3Seyd 403 PI3Ly puLM ueay 21 By

4’0
HINOS
—0
B
o0t

" ]
. »mqub »mul . . o8

aw OOh y
+0—
HiYON
> -
rrlrnﬁ . :

\ 7 — ;
\. /“ﬁl g -
.on_ o2 \ O ASV30iSIM 01 «02 “« q
s ! M i I ' * .

1 . | —— —




s K

f“o"‘¢fhﬁi

7]
A

Jm{

)

q /
o
- o
\
3 m
e .l/

e
7

>

2 fuly 16,1979

d

800 mb;

middle,

mb;

12 7 July,18,1979:Top,900

Streamline

. 13.

-

maps for

tom, 700 mb.

nAL PAGE 1S
RIGINAL B T

OF PO



- 111 - ORIGINAL PAGE IS
OF POOR QUALITY

i

Scomé, M 18 1975

Q\;
/
J—

3oemb, /232 s
) 5795

Y=
=

- —— )

/ﬂ.ﬁl /Z_tM /f/ /7)’

Fig. 14. Streamline maps for 12 Z July 18, 1979: Top, 500 mb; Middle, 300 mb;
Bottom, 100 mb.



o IURRRTE—————
—— PR g ¥

ORIGINAL PAGE IS
- 112 - OF POOR QUALITY

—\

oomb, 0oz fuly 1} 1979

—) ) =

Poomé, 00p Luﬁ, /79,1979

Fig. 15. Same as Fig. 13 except for 00 Z July 19, 1979.



ORIGINAL PAGE IS
- 113 - OF POOR QUALITY

\ =

), W
/2\

SPomé, 002/‘-? /9, 1929

==/

)"\( ’7‘“

—/‘_\

L\ Q
S W Y

\\\br

——

Boomb, Jutks 19,7379, oot

[

F.d

s/00méb, oon /% 325

Fig. 16. Same as Fig. 14 except for 00 Z July 19, 1979




ORIGINAL PAGE IS
114 . OF POOR QUALITY

A\

e Z /r—\\ | 7y

e P
poomb fuko 19,1479, 12 &
4




ORIGINAL PAGE IS
oF POOR QUALITY

/«»u,u7/7, 1179, 12%

Fig. 18. Same as Fig. 14 except for 12 Z July 19, 1979,



< Akt ORIGINAL PAGE 19

goomb, /3_1”,4, 197

7oomb foty ¢, 1974 /2%

Fig. 19. Same as Fig. 13 except for 12 Z July 4, 1574,




v S e ORIGINAL PAGE 13

OF POOR

(1) »f,_ n—rM o, R7Y

‘/—\__/ \_/
ﬁ::::j—— e —— ——
e N

Mo

stomré , /2 r}.l7 ¥, 1920

Fig. 20. Same as Fig. 14 except for 12 Z July 4, 1974.



. "ol
“1BAJQUL UNOUO) “GLGT ‘ST AINP Z 2T 403 QU 00/ 3° SAUL|WeIUIS omu
pue suedw A|yjuow |eJ0| WOJJ SUOLIRLAIP Aunjetaduwey JO uoL3InqLaistg ‘1z ‘614

N

ORIGINAL PAGE 18
OF POOR QUALITY

- 118 -
O

)




NAL PAGE 18
UALITY

SRS T
a .‘:'gipr'

’A'. ,‘
WL\
















_S wd xxxx:sjtun
"6L6T ‘81 ALhp Z 21 403 sS3aul|we3uls qu Q0L 3yl Pie aje4 LLejutey -4z "bi4

UALITY

ORIGINAL PAGE IS

124 -




S "D










- 12

TS Sﬁfm

v

A
@

) E IS
7/

/

( ]

\~

W
\‘ﬂi!!tﬁ







- 130 -

PART IV

CASE STUDY OF A SYNOPTIC DISTURBANCE OVER
WESTERN AFRICA IN JULY 1979
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A CASE STUDY OF A SYNOPTIC DISTURBANCE OVER WESTERN AFRICA IN JULY 1979

1. INTRODUCTION

The exietence of westward propagating synoptic~scale wave
disturbances over the tropical west Africa has been recognized for somé
time, Dunn (1940) found that a chain of isallobaric centers at sea
level, initiated in the Cape Verde region and probably related to these
disturbances, moved across the Caribbean from east to west in the
hurricane season, Hamilton and Archbold (1945) described the passage of
these disturbances in Nigeria. Working with conventional synoptic data,
pilot reports and careful observation of the state of the sky they
deduced that the disturbances have the charecteristics of the tropical
squall line, consigti.;; of a row of cumulonimbus clouds forming at the
edge of a broad downdraft region. Eldridge (1957) described the movement
of these disturbances over Ghana and their importance in the local
veather by investigating the percentage of the rainfall which could be
attributed to the disturbances at four stations in Ghana.

The first comprehensive examination of these disturbances was
carried out by ‘Carlson (1969a,b) who made daily synoptic analyses
between the longitudes 20E and 20W, He determined that there were many

wavelike disturbances which formed east of the Greenwich meridian and

ptopagated westward far to the south of the surface convergence zone

(ITCZ) in the southern Sahara. He also determined that the surface

| pressure trough intensifed kbenenth the upper wave. Okulaja (1970)

: detetmined’thnt an easterly wave model incorporating the 700mb trough
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(and ridge) as integral feature(s) of the flow describes best the
majority of significant weather zones and pute on a firmer basis the
eiiltence of westward moving lines of thunderntormg frequently
traversing the heart of west Africa during the rainy seéaon. Burpee
(1972,1974) used spectral and compositing techniques and determined that
the typical source region for the African disturbances was located
between 15 and 30 degrces east. His study also revealed that in the
region of large north~south temperature gradient between the hot Sahara
and the relatively cool equatorial Africa there is a mid-tropospheric
easterly wind maximum, This wind maximum shows large vertical and
horizontal wind shear during the summer months. Payne and McGarry
(1977) datermined that wave-related convective activity was most intense
at and ahead of the 700mb trough axis and most suppressed at and. ahead
of the ridge axis. Reed, Norquist and Reckér (1977), using a compositing
methbd found that the disturbance is most intense at 600mb, being cold
core below and warm core above. Houze (1977) inferred from the evolution
of squall liné radar echoes that discrete convective cores, which he
called line elements, form on the leading edge or even well ahead of the
existing line and dissipate to the rear, In their study of a monsoon
cyclone over west Africa, Pedgley and Krishnamurti (1976) calculated the
meridional gradient of potential vorticity and concluded that the
necessary condition for  ‘the existence of the combined
barotropic-baroclinic instability was satisfied by the data. The
Afiican disturbances have been studied extemsively in most recent years
by Fortune (1979) who used time-lapse lntelliie imagery, Albignat and
Reed (1980) who used spectrum and cross~spectrum analyses nhd

Krishnamurti et al. (1980) who used a numzrical method to predict the

bt oo




- 133 -

African wave at the 700mb level.

4 The purpose of this study is to determine the characteristics of
synoptic scale surface pressure disturbances over west Africa and the
relationship between these disturbances and disturbances in the other
meteorological variables such as wind, temperature, humidity, cloudiness
and rainfall. The availability of the data of the West African Monsoon
EXperiment (WAMEX) in July and August 1979 during FGGE‘ gives an
opportunity to make a case study of a west African disturbance which we
hope will provide a better understanding of these disturbances. The

disturbance chosen is the one on 16 to 19 July 1979 which after a

preliminary investigation of several WAMEX disturbances was found to be

a typical case. The existence of this wave disturbance has been

indicated in a previous study by Frank and Clark (1980).

2, DATA AND ANALYSIS

The observational data for this study comsist of 6-hourly surface
weteorological ohservations and l2-hourly rawinsonde and pilot balloon
data for the period 10 to 25 July 1979 from the FGGE data set. The
surface and upper &ir stations used in this study are shown in fig. 1.
In addition to the surface and upper air observations we also havg the
METEOSAT satellite pictures at 11:55 GMT for the period of study.

Tok analyze the pressure patterns we had to ecliminate the
‘relatively high frequency (time) wvariations from the 6=hourly raw
surface atatiéﬁ'predaure applying a filter of the type suggeeted by
Shapiro (1970). The particular filter which is used effectively
eliminates variations whose periods are two days and smaller. In order
to minimize the effect of syéteméticlinstrumenta} gtrors ag well as

4
.-
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effects associated with local topography, we did ﬁhe analysis on the
pexturbations from the time mean of the observed pressure:for each
station, Plotting these time series for selected stations we were able
to choose the pressure disturbance of 16 to 19 of July 1979 which showed j\
a good definition and movement as a pressure trough in fig., 2 . We then |
cﬁnlyzed the 6-hourly maps of the deviutionl and the 6 hour changes in
these deviations, The 24 hour changes in tﬁ; rav pressure data were alsc
calculated and analyzed,

In order to eliminate the diurnal and ¢opographic effects in the
timperature and dew point déprenhion ve calcuiated the 24 hour change in
these quantities, “e then analyzed the 6-hourly maps of cloﬁd amount

(éighth of total sky), present and past weather, the 24 hour change in

témpera%ure and dew point depression and the 24 hour precipitation for
the period 16 to 19 July 1979. In the wind field we drew the streamlines
every 6 hours for the same period.
Using rawinsonde and pilot wind data we drew the streamlinemaps at

2000 feet, 850mb and 700mb for this period. Since pilot balloons do not
go very high and the region is not well covered by rawinsonde stations,
the stresmline analysis at upper levels (above 700mb) is only based on
rawinsonde data and might not be very reliable. We also analfaed time
‘sections for DAKAR, BAMAKO, NIAMEY and ABIDJAN and space cross—secﬁipns

for 16, 17, 18 and 19 July 1979 around 14 N,

3. GENERAL ASPECTS

Fig.2 shows selected stations around 14N from 3E to 17W for which
pressure deviations are plotted, It can be seen that the amplitude of v ; E-

the disturbances on the pressure field increases as we move~ueatvhrd,vf
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especially in the case of the wave that went through DAKAR on July 18,
1979. The other disturbances arc of secondary importance since their
associated pressure troughs are small compared to thai of the 18th at
DAKAR or have ecven been smoothed out in the pressure deviation analysis
procedure.

Fig. 3a is a wind time section for the DAKAR station for the
period of study (10 -~ iS July 1979). We have 5 wave passages on this
time section: the first one on the llth, the second one on the 15th, the
third one on the 18th, the fourth one on the 20th and the last one on
the 23rd. Although preliminary analysis would place the position of the
third trough between 00z and 12z on the 18th the trough is placed about
12 hours later for the sake of continuity of the wave motion which is
supported by upper air winds at nearby stations ( see Fig. 27b,c ).

Fig. 4a is a wind time section for the BAMAKO station. All the
waves we noticed at DAKAR can be traced back to BAMAKO. At this station

the wave passages are on the 10th, l4th, 17th, 19th and 22nd of July.

Wind reports for BAMAKO are not as complete as those for DAKAR; this

makes it difficult to locate the waves accurately at this station.
Fig.5a is a vind time section for the NIAMEY station., We have

only 3 of the 5 waves that have been identified at DAKAR and BAMAKO.

’The first wave that went through DAKAR on the llth and BAMAKO on the

10th cannot be seen here because NIAMEY is further to the east of both

stations, The disturbance at BAMAKO on the 19th and DAKAR on the 20th is

not found at NIAMEY either; this suggestse that this disturbance formed

somewhere between NIAMEY and BAMAKO.,

Fig. 6a is a wind time section for the ABIDJAN station, Only 3

wave passages can be identified on this time section, the waves that

s

et
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went through DAKAR on 15 and 20 July did not affect ABIDJAN. Comparing
this time wection with those for DAKAR, BAMAKO and NIAMEY we can see
that the vindn‘are iianificnnt1y~geukéf at Antna&n than at the other
stations, particularly at low and wmid txopospheric levels. Thias
indicates that there is a wind decrcase over western Africa as we wmove
southward toward the coast., This difference in wind speed and the fact
that some disturbances that affect NIAMEY, BANAKO and DAKAR are not
identified at ABIDJAN is 3n ugreement with the Eindings of previous
invchtigatorn ( DBurpee, 1974 et al.) of African disturbances who
determined that these dinturbances ure more intenve around 10 - 20N than
along the coast.

In order to lunvestigate the structure of these waves as they go
through DAKAR, BAMAKO, NIAMEY and Ahlbdhn; deviations from the wmean
temperature have been caleuwlated  at  each wandatory sounding level,
plotted and analyzed. To eliminate the diurnal effect only the 12z

temperature reports have béen considered., Means are obtained for each

station From the 12x tempexature at cach level and the deviations from

these means are calculated and analyzed in the form of temperature
deviation time sections (Fig. 3b,4b,5b,8b). We can see on these figures
that, in geperal, the wave disturbances axe neither of warm nor cold

are in the positiona where the tempexature deviation changes from waxm

? to the west of the trough to cbld to the east or wvice versa, Vxnl_nnmg
4ciaea, the wave disturbances appear to have some change in temperagﬂi@
otiﬁétutu fxom one station to another., ¥or instance, the 18 - 19 July

- disturbance shows @ sdmilax temperature structure (wamm west of the

trough and told east of the tyough) at NIAMEY,BAMAKC and DAKAR and the

IR
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opposite at ABIDJAN. This striking result is also obtained by Estoque et
al. (1982) using a general circulation model, The basic characteristics
of the model has been described previously by Sommerville et al. (1974).
Using this model, the general circulation for the summer of 1974 and
1979 were simulated using initial conditions based on real data. The
simulated variables at grid points were analyzed as if they were real
synoptic data. Fiﬁ.?a,b show examples of the wind and temperature fields
at 700mb. These figures show the location of two 700mb model waves over
Africa at 24hr interval; one of the waves is moving off the continent
and has a temperature structure similar to the one observed at NIAMEY,
BAMAKO and DAKAR for the 16 - 19 July disturbance. The other wave, over
central Africa, initially shows colder temperature to the west of the
wave axis and warmer temperature to the east (Fig.7a). This thermal
distribution reverses for the northern part of the wave in 24hr but
remaina unchanged for the southern part., Thus, the model wave for
central Africa in Fig. 7b shows a structure similar to that of the 16 =
19 July wave di-turbnncgfnot only for DAKAR, BAMAKO and NIAMEY but also
for ABIDJAN. |

4 THE 16 - 19 JULY 1979 WAVE DISTURBANCE

a. Satellite observations

The disturbance of the 16-19 July can be seen on METEOSAT
satellité*‘piccureu (visible éﬁannel) taken daily at 11:55 GMT (Fig.
8a-e). On the 15th the system is to the east of our area of study
Between 9-12N and 15—20E and shows few signs of couvective activity.
This iq the first day we can surely ideatify tbe syjjtem on the satellite

»piéture. The satellite picture for the 16th ghéwa that the eystem
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becomes more convective as it moves westward; the convection is centered
near latitude 10N and longitude 9E. On the 17th the system shows a well

defined convective area centered near latitude 1ON and longitude 3E, On

the 18th, the ITCZ moves northward as the wave approaches the African

coast; the disturbance is now centered around 1IN and 7W and the
convection associated with it has diminished coneiderably. On the 19th
the disturbance (cloud mass) is centered around 12N and 15W, the ITCZ

conyection covers from 4N to 12N and 12W to 20W.

b. Surface observations

Figures 9 to 21 show the surface analyses at 6 hour intervals
from the 16th at 00z to the 19th at 00z, when the region of study is
affected by the most important disturbance of the period July 10 - 25.
The area of study here is smaller than that shown in fig. 1 because
there are very few data points between 15E and 30E, Every figure is a
composite of 10 different analyseg indicated by letters a to j. When an
analysis 1is missing the portion of the figure where the analysis should
be placed is left blank and the indicative letter is skipped.

Analysis a) is for the pressure deviation from the mean. This

"analysis is drawn at intervals of .25mb. In this analysis a negative
quantity is shown by dashed lines and a positive and zero quantities are
shown by solid lines. On this analysis the pressure trough associated
with the wave disturbance isfldcated where the pressure deviation is the
@ost negative., This pressure trough appears to move slowly toward‘the
west in the beginning of the period; then at a faster tate. reaching ﬁhe

- Atlantic ocean by July 18 at 12z,

Analysis b) is the aurgﬂce streamline analysis,‘zlgwwaddition~;toziw

ST
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the streamlines (solid lines), heavy dashed lines are shown to represent
either an east- west convergence zone or the leading edge a of wind
regime (i.e thunderstorm outflow) associated with the disturbance, The

streamline analysis starts to show some change in the southwest monscon

flow by the 16th at 12z, 6 hours later the 1leading edge of the-

disturbance is shown by the boundary between the monsoon flow and the
easterly flow associated with the disturbance. This leading edge appears
to iepreaent the outer limit of the outflow from convective activity
having tropical squall line character. This leading edge moves westwat&
until it dissipates by the 18th at 6z, The diénipation is related to a
drastic decrease of the convection over land., This decrease of
convection over land seems to coincid; with an increase of ITCZ
convection over waters off the African coast as suggested by a satellite
picture (Fig. 8d).

Analysis c¢) and d) are for the present and past weather

respectively, plotted in the form of standard weather symbols. These

analyses shiow that the passage of the 16 = 19 July disturbance is
associated with an area of thunderstorms and rainfall, whicﬁ appears to
propagate westward with the disturbance, however superimposed on this
trend there are weather areas of localized character, particularly near
the Gulf of Guinea, Note that the weather area associated with the 16 -
.;é wave disturbance is located to the‘east of the leéding edge shown in
analysis b).

Analysis e) is for the cloud amount in eighths of total sky; only
' iéopleths for 6/8 and 8/8 cloud coverage are drawn. As expevted there is
a close correspondence between the wave disturbance passage and the

maximum cloud coverage. It is found that, in gemeral, the maxiﬁum(,cloud
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coverage closely trails the leading edge of the disturbance.

Analysis f) is for the 24hr preéipitntion (inches) preceding the
time of observation. Since the rainfall is reported once every 24hr it
is not possible to have a time distribution of the actual precipitation
nmodnt reported by each station. This wmakes it difficult to determine
the precipiﬁa;ion occurrence with respect to the wave passage,
Furthermore, Ehafconvgctive character of the tropical rainfall may show
strong horizontal variability in the 24hr precipitation (i.e neighboring
stations can get several inches in heavy thunderstorms or little or no
precipitation if they are ot directly affected by nearby
thunderstorms). Thias analysis does not show a well defined rainfall
pattern moving with the disturbance, however it does show that the very
heavy precipitation (about 2 inches) near OE on the 17th at 6z (Fig.
14£) is indeed related to the disturbance passage. -

Analyses g) and h) are for the 24hr temperature and dew point
depression change respectively. These analyses are drawn at two degree
intervals, Both temperature and dewk éoint depression show negative
changes after the passage of the wave. The zero line of these changes
roughly corresponds to the position of the vaée disturbance. The
decrease in temperature is probably due to the combined effect of
increasing cloudiness found in analysis e) and the precipitation
associated with the disturbance. The decrease in dew point depression
shows that there is a large moisture increase to the east of the wave
trough, | |

Analyais‘ i) is for the ’24ht pressure change drawn ntflmb
intervals and analysis j) is for the 6hr chnnge’ in kpteaéure deviation

drawn at .2mb intervals. The 24hr precsure chnngg' shows ~falling
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pressures as the disturbance approaches a station and rising pressures
as it moves away from the station. This pattern can be seen more clearly
in the 6hr pressure change analysis : the disturbance passage
cﬁrresponds to the zero Lline; increasing pressures is found to the east

of this Line and decreasing pressure is found to the west.
Co Upper air analysis

kFigures 22 to 28 show upper air streamline analyses at 12 hour
jntervals from 16 July at 00z to 19 July at 00ze. Every figure is made
of 6 different streamlines anayyses(a to f)e As in the surface case a
blank space 1is shown when an analysis is missing and the corresponding
letter is skippede These 6 analyses show the streamlines at 2000 feet,
650, 700, 500, 3p0 and 200mb. The 2000 ft streamlines are initialy
dominated by the southwest monsoon flow (Fig. 22a, 23a). This flow is
then perturbed by easterlies associated with organized convective
outtlow of the wave disturbance (Fig.25a, 26a)s The southerly flow is
gradually restablished 3s the wave approaches the west African coast
with diminishing convection (Fig.27a, 28a). To the west of the wave,
the 850mb flow is mostly from a northwesterly direction (Fig.23b, 24b)
and the wave §s associated with an easterly flow having a marked
cyclonic curvature (Fige 24b)e. The wave has a large enough amplitude to
show sometimes a cyclonic vortex (Fig. 25b, 26b)e Figures 27b and 28b
show the existence of a second wave trailing the 16 - 19 July wave
disturpance. Note that the wave axis at 850 mb is located some distance
to the east of the leading edge of the convectjve outfiow at 2000 feet,
implying an eastward tilt of the wave axis with heights The 700mb flow
is mainly easterly, the wave is well developed at that level and can be
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tracked from the vicinity of 8 on the 16ttho the west of DAKAR on th:
19th (Fig. 23c, 28c)e The wave can still be jdentified at 500mb (se:
for instance figure 25d-27d) but there is not enough Qvidgncg of §t -
'%igher levels. At 200mb there is an anticyclonic condition correspondint
giosely to the position of the wave at lLower Llevel. This anticyclonit
condition, represented by either a ridge or a close vortex propagate:
westward with tha wave disturbance (Fig. 23f-26fy, and appears to b
related to the heavy convection in the disturbance.

In additjon to the g¢reamline maps presented, the vertical
structure of the 16 ~ 19 July wave gisturbance ca, be examined by space
cross-sections (Fig.29a to g), These vertical sections are orientec
east - west around 14N from 156 to 20W. Wind, temperature 1{n degree
centigrade and humidity (dew point depression) data from the surface tc
100mb for DAKAR, BAMAKO, UUAGADOUGOU, NIAMEY and BILMA (wind only) are

~shoWwn in these sections and the temperature (solid Llines) and dew point
depression (dashed (ipes) ape analyzed; a schematic location of the wave

disturbance is indicated by heavy dasped (ines. Judging from the dew

ooirt depression distribution the air is dryer some distance West of the

wave and moisture increases eastward toward the wave axfs, reaching near

saturation or saturation in the vicinity and to the east of this axis

(see Figs 28b to f). The temperature analysis shows that at middle

level (800 to SOOmb) the air is uarﬁer.uest of the wave axis and colder.

to the east. The wave axis appears then to be 1in the transition zone
from jarmer to colder air, which is in agreement with the thermal
structure found in the time section for the 16 - 19 July wave

disturbance.
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56 SUMMARY AND CONCLUSION

The FGGE data over west Africa have enabled us to select & wave
disturbance for det;iled study in July 1979. The disturbance selccted
is the 16 = 19 July wave disturbance which is found to be the most
salient African disturbance over the 10 = 25 July FGGE intensive
observational period. Using surface observations of the meteorological
variables (wind, pressure, temperature, dew point depression, clouds,
present and past weather and rainfall) as well as upper air information
(wind, temperature, dew pwiv{ depression), the four dimensional
structure of this wave disturbance is described. This deﬁcription is
comparatively speaking a rather comprehensive case study of a tropical
aisturbance at the synoptic scale. To the authors knowledge, no
individual African disturbance has been documented as thoroughly as the
161- 19 July 1979 wave disturbance in the refereed meteorological
literature. The description of previous individual African disturbances
is shown to deal primarily with selected aspects of the disturbance.
For instance, Fortune (1980) wused primarily satellite image;y and a
multiple 1level streamline analysis for studying a September 1974
disturbance, but did not include a detailed surface analysis. Carlson
(1969a) studied a series of African disturbances using satellite
pictures, surface pressure and streamline analysis from the surface to
700mb; however he did not include analyses above that level and did not
use temperature or dew point in his analysis. Okulaja (1970) presented a
vefy comprehensive upper air analysis for a July 1960 disturbance hut
did not include a surface analysis of the‘meteorological‘quantities.

Based on aateliite pictures, the 16 - 19 July disturbance is

first identified with reasonable confidence over the region east of Lake
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Ch;d on 15 Julye It enters the eastern boundary (about BE) of our area
of detailed study on the 16the. The 16 - 19 July wave disturbance is
found to move westward from about B8E to the DAKAR area (18W) in about 3
d;,s; therefore, the wave motion is about 9 degrees per day which is
somewhat faster than normal. As expected the wave passage §is associated
with a minimum in the pressure field suggested by the pressure deviation
and pressure changes with time. The surface wind field shows that the
perturbation introduced by the wave in the monsoon southerly flow is
primarily 3n the form of easterlies assoctated with organized
thunderstorm outflow (squall line type). Cooling and a moisture increase
in the vicinity and to the east of the wave is indicated by ths changes
in the surface temperature and dew point depression respectively,
Maximum cloudiness and precipitation are also found near and'to the e;st
of  the wave. Surface and upper air analyses of the wave show an
eastward tilt of the wave axis with height at low levels. This is in
égreement wity observatignal (B,rpee, 1972, 1974) and theoretical
(Simmonsy 1977 and Massy 1979) stugies of Africap wavegs Su;face and
2000 ft analyses suggest that most of the active convection assocjated

with the 16 = 19 July 1979 wave disturbance is located west of the 700mb

trough position.s This agrees with the work by Aspliden et al. (1976),

Payne and McGarry (1977) who showed that the most intense convection in-

Agrican waves (squall lines) occurs to the west of the 700mb trough.

The upper air analysis of the wave showg dry air ‘some distance
west of the disturbance with increasing moisture to near séturation or
saturation in the vicinity and to the east of the wave. This moisture

distribution agrees with the results obtained by Burpee (1974) andbby

- Reed et al. (1977) ( Fig. 30a,322) and Carlson (1969b) who found a cloud

"
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cover maximum (percentage) to the eSst of the 700mb wave position (Fig.
1. The wave axis appears to be located, particularly at mid-levels;

in the transition zone, from warmer temperatures to the west and colders

‘temperatures to the east, excepy for ABIDJAN where the opposite has beer

observede This shows that the 16 - 19 July wave doeg not appear to be @

pure warm core or a pure cold core disturbance at these (levels. The

observed tempcrature distribution is in agreement with a composite wave

ﬁodel for DAKAR by Burpee (1974) which shows warmer temperatures to the
vest of the composite wave and colder temperatures to the east ;
however, the 16 = 19 July wave differs in structure from a model by
Reed,Norquist and Recker (1977) which suggest a cold core waye structure
ot mid-level (Fige. 32b) and from theoretical models py Rennick (1976)
and Mass (1979) which suggest a cold eore structure at low and
mid-levels (Fige 33,34).

The temperature and moisture distribution of the 16 - 19 July
wave disturbance suggests a kinetic energy consuming synoptic scale
vertical motion tield (warm air sinking and cold air rising) for at
Lteast the mid-atmospheric levels and even part of the loy levels. This
indicates that the synoptic circulation associzted with tpe wave does
not appear to provide energy for the wave maintenance. Therefore the
wave energy most be extracted from instabilities of the basic flow (i,e
barotropic and (or) baroclinic instability) and (or) from diabatic

heating introduced by an active convective scale. The probable presence

of barotropic jnstability in the basic mid=-tropospheric flow 1in which

“the 16 =~ 19 July wave is empegded is suggested by an obseryed north

south wind shear near the 700mb level; the observed vertical wind spear

implies some baroclinic conditions. The_general role of barotropic and

ot £ B
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baroclinic instability in the generation and maintenance of Africen wave
was first suggested by Burpee (1972) and ‘has been comfirmed
theoretically in recent years by pennick (1976) and Mass (1979).
rdrthgrwore. Mass (1979) shoyed that the enhancement of convection
produces an 1ipcrease in the vertijca| extend of the yave disturbances
under the environmental thermodynamic instability condftion frequeptly
encontered over nﬁn desertic west Africa in summer, Thus the effect of
deep convection is to intensify the synoptic scale disturbances in which
the conpvection 1is embedded. The presence of active convection
associated with the 16 = 19 July wave during most of its journey over

west Atrica is supported by METEOSAT satellite pictures, the present and

past weather and the rainfall observations from surface stations.
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EPILOGUE

The principal motivation for the research project has been to get an

answer to the question:

Is the GLAS General Circulation Model able to reproduce wave type

synoptic disturbances in the tropics?

Our studies have definitely shown that the model is indeed able to repro-
duce such disturbances throughout the tropics. Furthermore, a detailed
study of the characteristics of the simulated disturbances over Africa has
found that their structure and their behavior are verified reasonably well
by observations. Our studies have also found that, in one of the summers
simulated, the disturbances are predominantly of one type, i.e. closed
vortices; in another summer, the predominant disturbances are open waves.
These findings are significant because they indicate that numerical predic-
tion in the “ropics is definitely achievable with primitive equation models.
In particular, we mention two interesting possibilities which should be
attempted in the near future:

(1) the day-to-day numerical prediction of African disturbances on an
operational basis;

(2) the long range prediction (general outlook) of the general
characteristics, such as type (closed vortices or open waves),
intensity, frequency, of tropical disturbances over Africa and
the Atlantic Ocean. The general outlook may even include an
estimate of the number of hurricanes (above or below normal)

and the general regions to be affected (Western Caribbean,
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