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THE JET2000 PROJECT
Aircraft Observations of the African Easterly Jet and
African Easterly Waves
BY C . D . T H O R N C R O F T , D . J . PARKER, R . R . B U R T O N , M . D I O P , J . H . AYERS, H . BARJAT, S. DEVEREAU,
A . D I O N G U E , R . D U M E L O W , D . R . K I N D R E D , N . M . PRICE, M . S A L O U M , C . M . T A Y O R , A N D A . M . T O M P K I N S

The JET2000 aircraft campaign in West Africa is introduced along with preliminary analysis of
the anomalous dry conditions that characterized the campaign, the African easterly jet,
easterly waves, and numerical weather prediction data denial experiments.

est Africa is a region that experiences marked
interannual variability of rainfall (e.g.,
Rowell et al. 1995). This impacts water resources, agriculture, and health, sometimes resulting
in extreme social and economic problems and loss of
life. West African climate variability also impacts the
downstream tropical Atlantic by influencing hurricane activity (e.g., Landsea and Gray 1992). Because
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of the marked variability and associated impacts there
is a clear need for skillful medium to seasonal range
predictions of rainfall and other variables for the West
African region. There is also a need for increased confidence in predicted climate change scenarios for the
region. The hydrological cycle in West Africa shows
a large sensitivity to projected climate change scenarios and this at a time when water resources will
come under intense pressure from a fast-increasing
population (McCarthy et al. 2001).
GCMs are the major tools used for weather and climate prediction. Current GCMs are hindered by large
systematic errors in the West African region. For example, GCMs are known to poorly represent both the
diurnal (e.g., Yang and Slingo 2001) and annual cycle
of rainfall over West Africa [e.g., WCRP (2000)] More
process study work is required to increase our knowledge and understanding of the processes that determine the nature of West African weather and climate
and its variability. Where possible this needs to link
with research aimed at improving GCMs used for prediction. Focused observing campaigns are required to
shed light on key components of the West African
monsoon that are not well observed by the routine
network. One such component is the African easterly
jet (AEJ), a midtropospheric jet present around 600 mb
and 15°N during the Northern Hemisphere summer.
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The AEJ, present across the whole of West Africa
(Fig. la), has a key role to play regarding scale interactions in the West African and Atlantic regions. Its
vertical shear is known to encourage the organized
long-lived mesoscale convective systems (MCSs; e.g.,
Houze and Betts 1981) responsible for most of the
daily rainfall events in the West African region. The
AEJ-associated potential vorticity gradients and lowlevel temperature gradients satisfy the necessary instability criteria thought to give rise to African easterly waves (Figs. lb,c; e.g., Burpee 1972), the major
synoptic weather systems over West Africa that also
trigger Atlantic tropical cyclones downstream. Studies
on the interannual variability of West African rainfall have identified coherent signals in the variability
of the AEJ (e.g., Newell and Kidson 1984); whether
the AEJ has an active or passive role in such rainfall
variability is unknown. Despite the importance of the
AEJ, it is poorly observed by the routine network (cf.
Fig. 12).
The JET2000 project capitalized on the fact that in
the summer of 2000 the Met Office Research Flight
(MRF) C-130 aircraft was stationed in Cape Verde,
and was available to make observations over West
Africa. Four flights with dropsondes, involving
transects along and across the jet and the baroclinic
zone, were made. These observations are of unprecedented resolution for this part of the world. The aim
of this paper is to describe the motivation and scientific background for the experiment and provide some
preliminary findings.
S C I E N T I F I C B A C K G R O U N D . Recent work on
convection over the tropical oceans has suggested that
boundary layer equivalent potential temperature (6[)
and its variations has a strong influence on the nature
of convection and circulations in the Tropics (e.g.,
Emanuel et al. 1994). In this context, the Hadley cell
arises in association with large-scale meridional gradients in boundary layer 0 gradients, deep moist convection preferentially occurring in the region of
higher 0.
Zheng et al. (1999) applied these ideas to the West
African monsoon. From their perspective, the West
African monsoon arises in association with marked
north-south boundary layer 0 gradients that develop
between the tropical land mass and the Gulf of Guinea
and South Atlantic Ocean. The situation is complicated by marked variations in surface properties over
West Africa. North-south variations in albedo and
vegetation between the desert to the north and rain
forest to the south impact strongly on the surface
fluxes and the boundary layer 0 and 0e distributions
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(cf. Nicholson et al. 1998; Cook 1999). As a result,
peak values of boundary layer 0 and
which are
largely collocated over the ocean, are instead displaced
over West Africa. The Speaks at around 25°N in the
Sahara (cf. Fig. lc) while 0 peaks farther south in the
rainy zone, around 10°-15°N. Thorncroft and
Blackburn (1999) discussed the consequences of this
on convection. Deep moist convection characterizes
the high 0e region while dry convection in the Saharan
heat low characterizes the high 9 region. They argue
that the mean tropospheric temperature profiles that
are expected from an adjustment to a moist adiabat
in the deep moist convecting region and a dry adiabat
in the dry convecting region can help to explain the
observed decrease in meridional temperature gradient with height, which in turn, through thermal wind
balance explains the observed midtropospheric AEJ.
Thorncroft and Blackburn's model makes simple
assumptions about the convection and the tropospheric temperature profiles. We need to know more
about the nature of these profiles from observations
and whether current GCMs can simulate or predict
them. Observations and modeling studies need to be
used to investigate the interaction between the dry
and moist convecting regions. For example, it is likely
that midlevel dry intrusions from the Sahara interact
with the deep moist convecting zone affecting the
nature of the convection there, analogous to the dry
intrusions identified in the tropical West Pacific (e.g.,
Parsons et al. 2000). Thorncroft and Blackburn's
model also represents a synthesis of a balanced model
and a turbulent convective model. Since the turbulence and convection are controlled by the diurnal
cycle in the boundary layer, representation of the diurnal cycle seems to be crucial to the larger-scale evolution, yet is known to be dealt with badly in GCMs
(e.g., Yang and Slingo 2001).
If the GCMs are to realistically predict the AEJ,
they will need to realistically represent the interactions between the land surface, the boundary layer,
the moist and dry convection, and the dynamics. We
do not know how well this is achieved in current
GCMs used for weather and climate prediction because we have insufficient observational data to describe these interactions. Specifically, JET2000 was
motivated by three scientific questions regarding the
AEJ: (i) What is the state of balance between the AEJ,
the turbulent convective boundary layer and the moist
convecting atmosphere to the south? (ii) How does
the diurnal cycle of the convective boundary layer influence the AEJ and monsoon flow? (iii) How do variations in the land surface properties impact on the convective boundary layer and the large-scale dynamics?
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While it is accepted that
there is a strong, approximately zonally symmetric,
forcing of the AEJ in association with meridional gradients in boundary layer 0and
0e, it is well known that the

AEJ is unstable to growing
synoptic-scale African easterly waves (AEWs). As discussed in Smith et al. (2001),
very little research in recent
years has explored the
morphology and dynamics
of such tropical weather systems that are of importance
in daily to medium-range
weather forecasting (apart
from tropical cyclones). We
agree with Smith et al.
(2001) that forecasters in
tropical regions have few
conceptual models and that
there is a notable lack of
useful theory combining dynamics and moist convective
processes. This is especially
true in the West African region where the situation is
hampered by the sparse
upper-air network. Operational forecasters are forced
to combine the outputs
from deficient NWP models with crude empirical
rules. Our knowledge of the
AEWs is dominated by
three sources: the GATE
data (e.g., Reed et al. 1977),
NWP analyses (e.g., Reed
et al. 1988; Diedhiou et al.

FIG. I. Mean fields for Aug 2000 based on operational E C M W F analyses: (a)
zonal wind at 700 hPa with a contour interval of 2 m s-1 and values greater
than 6 m s_l shaded, (b) Ertel potential vorticity at 315 K (close to 700 hPa at
15°N) with a contour interval of 0.05 PVU and values greater than 0.2 PVU
shaded, and (c) potential temperature at 925 hPa with a contour interval of 2
K and values greater than 312 K shaded. The positive and negative meridional PV gradients associated with the PV maximum on the equatorward side
of the AEJ, combined with the positive meridional gradients in low-level potential temperature, satisfy the necessary condition for mixed barotropicbaroclinic instability. See Thorncroft and Hoskins (1994a) for more discussion
of this and the significance for A E W growth.

1999), and theoretical models (e.g., Thorncroft and
Hoskins 1994a,b; Paradis et al. 1995). While Reed
et al. (1977) provided us with a valuable description
of AEWs, our view is dominated by the composite
analyses close to the West African coast. They provide a rather smooth picture, with little information
about the evolution of individual waves. Operational
analyses suffer from the sparsity of data going into the
models and the model systematic errors. Theoretical
models have helped us to develop conceptual models
of AEWs but these must be developed in conjunction
with new observations.
AMERICAN METEOROLOGICAL SOCIETY

Research is needed to improve the NWP models
on synoptic space and timescales, particularly in the
representation of AEW structure and convection.
Alongside this, we need to develop better conceptual
models of AEWs for forecasting. Hence, in addition
to questions about the AEJ, JET2000 was motivated
by three questions about synoptic variability in the
form of AEWs: (i) What is the dynamic and thermodynamic structure of AEWs and how do they evolve
as they propagate along the AEJ? (ii) What is the relationship between the AEW structure, thermodynamic instability, and convective rainfall? (iii) What
MARCH 2003 B A f f r | 3 3 9
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is the impact of extra observations on NWP analyses
and forecasts of the AEJ, AEWs, and downstream
tropical Atlantic?
The J E T 2 0 0 0 questions are being addressed
through a combination of analysis of aircraft observations and modeling efforts including data denial
experiments. The MRF C-130 observations are particularly valuable since they include high-resolution
boundary layer measurements together with quasisynoptic upper-air observations over scales of several
thousand kilometers. Although limited in temporal
coverage to a period of less than one week, the data
obtained using this platform have provided a unique
resource with which to study the AEJ and AEWs.
Some early results will now be described together with
some logistics for the experiment.
L O G I S T I C S . The Met Office MRF C-130 aircraft
makes high-frequency wind, thermal, and humidity
measurements, suitable for turbulence diagnostics, as
well as measuring various bands of upward and downward radiation and observing certain aerosols and
cloud condensation nuclei. In addition to the aircraft
observations in JET2000, dropsondes were deployed
for key sections of the flights, at 0.5°-1 .0° resolution;
in total 112 dropsondes were deployed. Most were
deployed successfully, although a minority of sondes
yielded degraded wind data, especially in the first
flight. During each flight the dropsonde data were
transmitted to the data center at the Met Office in
Bracknell, United Kingdom. This enabled the Met
Office and the European Centre for Medium-Range
Weather Forecasts (ECMWF) to assimilate the data
in real time. The Met Office and ECMWF have subsequently made analyses and forecasts without this
data to assess the sensitivity of including extra data in
the region.

Sahelian rainy season. Four flights were made: two
west-east flights between Sal and Niamey and two
principally north-south "box" flights from Niamey
(indicated in Fig. 4). Flight 1 (Sal to Niamey) and
flight 4 (Niamey to Sal) were intended to observe
along-jet variability in association with AEWs; they
were flown at maximum altitude possible for the aircraft (350-500 mb), and deployed dropsondes at intervals of approximately 1° of longitude. Flights 2 and
3 (the box) were mainly aimed at making observations of the AEJ by deploying dropsondes with a spacing of 0.5°-1.0° of latitude, together with aircraft
measurements at low levels. By flying twice over the
same box, assessment of AEW structure and of local
temporal variabilities was achieved. Low-level flights
over the Couplage de l'Atmosphere Tropicale at du
Cycle Hydrologique (CATCH) array (see online at
www.lthe.hmg.inpg.fr/catch) were included. Flight 3
reversed the course to flight 2, with the low-level
flight preceding the high-level box in order to estimate changes over the diurnal cycle.
The dates of each of the flights together with the
timings for takeoff, landing, and the times of the lowlevel flights are provided in Table 1. The number of
sondes released is also included for each flight. Flight 1
aimed to fly through an AEW trough before it reached
the ocean. Flights 2 and 3 aimed to observe different
phases of a wave, while flight 4 aimed to fly through
the same wave giving us a four-dimensional view of
the AEW. Consequently, flights 2, 3, and 4 were conducted on consecutive days.
Operational flight planning was initiated in September 1999. Reconnaissance visits were undertaken
to both of the planned operating aircrafts: Niamey in
Niger and Sal in Cape Verde. During these visits, the
planned flying was discussed with airport authorities
and air traffic control units, who were all supportive
of the project. There were to be a minimum of six and
a possibility of eight countries involved with overflights (including the release of dropsondes). The

The experiment was planned in parallel with two
other operations using the C-130: Saharan Dust Experiment (SHADE) (Haywood et al. 2002, manuscript submitted to /. Geophys.
Res.) and Southern African Regional Science Initiative 2000
T A B L E 1. Flight summary table (all times U T C ) .
(SAFARI 2000) (Swap et al.
1998). The aircraft was available
Flight
for JET2000 in the period 2 5 Landing
Low level
Date
Takeoff
code
31 August 2000, during which
approximately 35 h of flying, on
0909
1525
None
1
25 Aug 2000
four flights, were available. This
1317-1538
2
0701
1620
28 Aug 2000
is the peak period for AEW activ0714-0843
ity in the rainy zone (e.g.,
3
29 Aug 2000
0658
1503
Thorncroft and Hodges 2001)
4
30 Aug 2000
0955
1545
None
and is close to the height of the
340
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No. of
sondes
21
35
34
22
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project was constrained in that diplomatic clearances could only be officially applied for in the three weeks
before departure. Given the amount
of information and different requirements needed by each country, this
resulted in an unusually large effort
in exchanging informal information
with the appropriate British embassies in the months prior to the detachment. The local diplomatic representatives were able to "sound out"
their opposite numbers in advance of
the official diplomatic requests. This
process was assisted by strong support from the local meteorological
services. In the event, all of the diplomatic clearances were officially
granted, the final ones in the week
before the experiment!

FIG. 2. Time series of the mean rainfall based on 34 rain gauges in the
EPS A T square. The data are averaged over 24 h and the stations are
located between 1 3 . 0 ° and I 3 . 9 ° N and 1 . 7 ° and 3 . I ° E .

The flight plans were reviewed on the day of the
flights in light of the meteorological situation for that
day. Daily analyses and forecasts were provided to the
detachment by a dedicated forecaster at the Met Office in Bracknell, as well as through discussion with
local forecasters. Up-to-date forecast information,
particularly in regard to the evolution of convection,
was relayed to the aircraft from Bracknell by satellite
communications link.
METEOROLOGICAL SITUATION DURING
T H E E X P E R I M E N T . The JET2000 flights took
place between 25 and 30 August. Those of us who
were looking forward to experiencing our first
Sahelian squall line while in Niamey were disappointed. Between the time we arrived in Niamey in
the afternoon on the 25th to the time we left in the
morning on the 30th no rain fell on the city at all. In
fact, before JET2000 the last significant rain recorded
at Niamey airport was on 17 August when 39.5 mm
fell. Although 2 mm fell on the 30th (after we had left),
it was not until 20 September that more than 10 mm
fell again. Long-term statistics for Niamey airport
(LeBarbe and Lebel 1997) indicate a mean August
rainfall of 183 mm and an average of 15 events
(roughly one event every two days). We were clearly
in Niamey during a dry period.
In order to give a slightly larger scale perspective
of this dry period, we present in Fig. 2 a time series of
the average rainfall based on the 34 rain gauges in the
European Foundation for Sustainable Agriculture
Training (EPSAT) network (a roughly l ° x l ° square
incorporating Niamey). The Niamey square was
AMERICAN METEOROLOGICAL SOCIETY

clearly characterized by more frequent and intense
rainfall events before the start of the experiment. The
last major storm of the season occurred on 17 August,
when an average of 29.5 mm fell. It is also striking that
for the period between 24 August and 12 September,
only one day was characterized by a rainfall event of
more than 5 mm and most days had little or no rainfall at all confirming the extremely long dry period.
It turns out that this dry period was felt over a wider
region of the Sahel than just southern Niger (see
Figs. 3 and 4). As reported in the October Food Security Bulletin of the U.S. Agency for International Development (USAID) funded Famine Early Warning
System Network (see online at www.fews.net), the
transition from wet to dry conditions around the
middle of August lead to significant crop losses in the
region emphasizing the vulnerability of societies in
West Africa to climate variability.
It is interesting to note that as well as the
intraseasonal variations in rainfall, the Sahelian rainy
season of2000 was also characterized by intraseasonal
variations in AEW activity. Although this can be seen
in the radiosonde time series at Niamey airport (not
shown) it is most clearly illustrated in the timelongitude Hovmoller of bandpass-filtered meridional
wind at 700 mb based on ECMWF analyses (Fig. 5).
The Sahelian region experienced a sequence of coherent west-to-east moving AEWs during the last half of
July to the middle of August, and then again in September. In between these times, roughly coinciding
with the dry period, the AEWs were weaker and less
coherent. This is consistent with the practical difficulties that were encountered diagnosing the AEW
MARCH 2003 B A f f r | 3 4 1
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phase during the experiment. Whether this
intraseasonal variability in AEW activity is consistent
with the rainfall variability is an area currently being
investigated. Understanding this type of intraseasonal
variability in rainfall and AEW activity is important
for medium-range weather prediction and may also
be important for understanding the West African climate variability on seasonal and longer timescales.
We now present some preliminary analysis of the
JET2000 period including some of the observations
made during the experiment.

FIG. 3. Time-latitude Hovmdller showing outgoing longwave radiation ( O L R ) averaged between I 0 ° W and
10°E. Shading indicates OLR values less than 220 W nrr2
w i t h darkest shading indicating values less than
140 W nrr 2 . Low values of OLR are consistent with high
clouds, which we use here as a proxy for rainfall. The
figure illustrates the weak convective activity over the
Sahelian region between the middle of Aug and the
beginning of Sep.

T H E A F R I C A N EASTERLY JET. The first high
resolution observations of the African easterly jet
structure were made on the second flight that took
place on 28 August. Flight 2 consisted of a high-level
box between 8° and 19°N (cf. Figs. 4 and 12) with
dropsondes released at approximately whole degree
intervals on the western side and half-degree intervals on the eastern side. This was followed by a lowlevel flight at around 875 hPa between 9.8° and 16.5°N
on the eastern leg of the box. The AEJ observed on
the eastern side, with a peak value of -21.3 m s_1 is
clearly evident at around 675 hPa and l O W (Fig. 6a).
The AEJ is much stronger than the climatological
average value of 15 m s_1 often quoted and also located
about 5° of latitude equatorward of the expected latitude for August (cf. Reed et al. 1977). Newell and
Kidson (1984) and more recently Grist and Nicholson
(2001) suggest that the AEJ is stronger and
equatorward of its mean position during dry Sahelian
years. Whether the strong and equatorward AEJ observed on flight 2 is consistent with
the dry period in the region remains
to be determined.

FIG. 4. A map of W e s t Africa showing the difference between the
mean OLR (in W m 2 ) for the period between 20 and 3 I Aug and a
climatology of the same period (based on 1990 to 1999). Positive
differences over much of the region including the central Sahel and
the Guinea coast are indicative of relatively drier conditions during
the latter half of Aug and illustrate the large area that experienced
a dry period. W e t t e r conditions are indicated in the west Sahel. Also
included in the figure is a schematic of the four flights made during
the JET2000 experiment. Flights I and 4 were between Sal and
Niamey. Flights 2 and 3 were box flights starting and finishing in
Niamey.
342
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Figure 6a also shows marked
baroclinicity above and below the
AEJ consistent with the marked vertical shear there. The baroclinic zone
slopes downward toward the Sahara
and the strongest shear is consistent
with this. Above the sloping baroclinic zone, in contrast, there is very
little vertical shear in a region of low
static stability, consistent with mixing of momentum during dry con-

[

This peak value is taken from the raw
data. The peaks in Fig. 6a are weaker due
to smoothing by the successive correction
analysis. See figure caption for more
details.
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vection. The deep well-mixed layer above the surface

well-mixed layer developed locally, a well-mixed

at around 19°N is characterized by a potential tem-

"wedge" with similar potential temperature values

perature of about 315 K. Whereas at this latitude this

exists above the sloping baroclinic zone suggestive of
equatorward movement of air from the active dry
convecting region toward the moist convecting region. This is consistent with Fig. 6b, which shows the
humidity mixing ratio for the same section. Extremely
dry air characterizes the low stability region around
FIG. 5 (LEFT). T i m e - l o n g i t u d e H o v m o l l e r showing
bandpass (2-6 days) filtered meridional wind at 700 hPa
based on 0000 and 1200 U T C E C M W F operational
analyses (includes dropsondes). For clarity only southerlies greater than 2 m s_l are shaded. Dark shading indicates values greater than 4 m s 1 . The figure illustrates
the weaker A E W activity over West Africa between the
middle of Aug and the beginning of Sep.
FIG. 6 (BELOW). Pressure-latitude sections of (a) zonal
wind (shaded) and potential temperature with a contour interval of 2 K and (b) humidity mixing ratio based
on dropsonde data from flight 2 on 28 Aug 2000. The
section shown is for the eastern leg of the box shown
in Fig. 2 along approximately 2.3°E. Location of dropsonde release locations are indicated as red triangles.
The objective analysis used follows the successive correction method described by Pedder (1993). The blackened regions along the top and bottom of the figure
denote the extent of the data coverage.
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19°N as expected; but the section also indicates a sloping transition zone between this dry air and the
moister air equatorward and beneath. A more pronounced dry slot, which may be the result of dry advection from the Saharan region can also be seen sloping upward from about 800 hPa at about 14°N. More
research is required, including trajectory analyses, in
order to identify more precisely the origin of such dry
slots—whether they originate from the Sahara or
midlatitudes or whether they arise from the actions
of downdrafts during moist convection. It is important to identify whether the dry air seen in Fig. 6b
around 14°N originated from outside the region since
it may have had some role to play in the persistence
of the dry period in the Niger region.

that the temperature profile at 19°N is dominated by
a deep dry adiabatic layer between 625 and 850 mb
with a new layer developing beneath. In contrast, the
profile at 8°N is characterized by a profile closer to
pseudoadiabatic with higher humidities as expected.
The result is that the two temperature profiles cross
at around 625 hPa close to the observed AEJ height

Aircraft observations of the low-level 0 and 0e

along this same section made a few hours later are
included in Fig. 7 (as solid lines). The low-level # increases poleward as expected, with a significant increase in the gradient polewards of about 12°N. The
low-level Ge peaks around 12.5°N and generally decreases poleward of this. As discussed above, these
gradients are linked to the north-south variations in
the land surface, from a well-vegetated surface with
high soil moisture content in the south, to the Sahara
desert with sparse vegetation and low soil moisture
in the north. Associated with this, we expect northsouth variations in convection and associated vertical thermodynamic profiles. This is illustrated in
Fig. 8, which shows tephigrams based on dropsondes
at 19° and 8°N, latitudes we expect to be characterized by dry convection and moist convection respectively. Consistent with this we can see rather strikingly

FIG. 7. Meridional profiles of (a) potential temperature 0 and (b) equivalent potential temperature 0 based on
aircraft observations on 28 Aug at a height of approximately 875 hPa (solid), between 1317 and 1538 U T C ,
E C M W F analysis for 1200 U T C 28 Aug with the dropsondes (long dashed), E C M W F analysis for 1200 U T C 28
Aug without dropsondes (small dashed), and the 5-day forecast from E C M W F for 1200 U T C 28 Aug (dotted).
The aircraft observations were made along approximately 2.3°E approximately 4.5 h after the observations presented in Fig. 6 were made (cf. Table I), during which time the boundary layer was warmed by a few degrees
(consistent with offset). Data shown are averaged over 5 min. E C M W F data are based on a model level that
varies between 890 hPa (at 9°N) and 860 hPa (at around I7°N) and is averaged between 1.5° and 3.5°E.
The observed 6 profile is characterized by a weak meridional gradient up to about 12°N and a stronger positive gradient poleward of this. The meridional 0 gradient is generally well captured by the analyses, perhaps
consistent with the good analysis of the AEJ. The meridional gradient in the 5-day forecast is weaker in association with a cold error increasing with latitude poleward of about I l°N.
The observed 0 profile is characterized by a peak around 12.5°N and a marked reduction poleward of this
consistent with increasingly drier conditions. Both analyses indicate significant departures from observations
poleward of about I4°N, with anomalously high values and peaks around I6°N. The analysis without the dropsondes is particularly poor with its anomalous peak even higher than the observed equatorward peak. These
errors are associated with erroneously moist conditions at these latitudes.
The meridional profiles of 0 and 0 in the 5-day forecast exaggerate the errors seen in the analysis with large
cold and moist errors, especially poleward of about I3°N. The resulting weaker 0 gradient is consistent with the
weaker predicted AEJ (cf. Fig. 14).
344
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in Fig. 6a confirming, in a qualitative sense, the conceptual model of Thorncroft and Blackburn (1999).
However, the profile at 8°N is warmer and drier than
the saturated moist adiabat with the local boundary
layer value of <9 proposed in this conceptual model.
The extent to which this typifies the region during the
season and the physics that determine these profiles
including the role of dry intrusions will be examined
using GCM analyses, available observations and idealized simulations.
An important goal of the JET2000 project is to assess whether GCMs, used for weather and climate prediction, can adequately reproduce the observed lowlevel gradients in <9 and <9 such as those seen in Fig. 7
and the atmosphere's response to them such as that
illustrated in Fig. 6a and Fig. 8.
T H E S A H A R A N A I R L A Y E R . A major feature
of the West African monsoon, already illustrated
by the dropsonde at 19°N on 28 August (Fig. 8), is
the deep dry-adiabatic layer that develops over the
Sahara. This layer has often been referred to as the
Saharan air layer (SAL; e.g., Karyumpudi and
Carlson 1988) and has motivated research both due
to its impact on the West African monsoon but
also its impact on the Atlantic weather and climate
(e.g., Prospero and Nees 1986). Indeed, the SAL
was very clearly seen on the first flight out of Sal
on 25 August. Leaving Sal, the aircraft profiled

FIG. 8. Tephigram showing temperature (solid) and
dewpoint temperature (dashed) based on dropsondes
I 9 ° N (bold) and 8°N (normal) during the eastern leg
of flight 2 on 28 Aug.
AMERICAN METEOROLOGICAL SOCIETY

from 50 ft above the ocean to approximately
500 hPa. Figure 9 shows the sounding for this aircraft ascent. It shows a very deep mostly dryadiabatic layer above a cooler moist boundary layer
consistent with an overrunning of the oceanic
boundary layer by the SAL. The deep adiabatic
layer was characterized by significant haze in association with Saharan dust observed up to the
inversion at about 520 mb. It has been suggested
that the dryness and high aerosol content of the
layer may be important for inhibiting moist convection and tropical cyclogenesis in the tropical
Atlantic (Dunion and Veldon 2003).
It is also important to note that the layer may also
have a dynamical impact. As discussed by Thorncroft
and Blackburn (1999) the low-static stability in the
layer results in a very low value of potential vorticity
(PV). This can be seen in the August 2000 mean
(Fig. lb) where low PV characterizes the region
polewards of about 15°N over the continent but also
over the tropical East Atlantic. The low PV represents
a significant negative PV anomaly in the region and,
consistent with this, is associated with anticyclonic
relative vorticity on the poleward side of the AEJ.
Indeed, the low PV of the SAL is a key part of the
PV-sign reversal that characterizes the instability of
the AEJ (e.g., Thorncroft and Blackburn 1999;
Dickenson and Molinari 2000, manuscript submitted
to Bull. Amer. Meteor. Soc.).

FIG. 9. T e p h i g r a m showing t e m p e r a t u r e (solid),
dewpoint temperature (dashed), and winds for the aircraft ascending profile from Sal on 25 Aug 2000.
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T H E A F R I C A N EASTERLY W A V E S . Despite
the weak AEWs during JET2000 (cf. Fig. 5) coherent
wavelike behavior could still be diagnosed, especially
toward the end of the experiment. To illustrate these
waves, Fig. 10a shows the unfiltered meridional wind
based on the E C M W F analysis at 700 hPa on
30 August. A sequence of AEWs is evident in this
analysis with well-defined troughs around 30° and
12°W and a broadscale trough around 5°-10°E.
The trough over the ocean is well-defined and was
associated with the development of Hurricane Ernesto
a few days later. The weak trough close to the West
Coast was observed during JET2000. Flights 2 and 3
flew meridional transects in and behind it during its
passage past Niamey and flight 4 flew through it on
the way back to Sal. The trough east of this has a more
complicated structure with wind maxima at various
latitudes between the equator and 25°N. While one
must be a little cautious of the analysis due to the data
sparsity of this region, the multicentered nature of
AEWs is expected and is associated with AEJ-level PV
anomalies and low-level temperature anomalies (cf.
Pytharoulis and Thorncroft
1999). The structure maybe
further complicated through
the impact of mesoscale
convective systems (e.g.,
Houze and Betts 1981),
orography (e.g., Mozer and
Zehnder 1996), or midlatitude trough intrusions.
Given the relatively coherent analysis of the
AEWs on the 30th, it is
natural to wonder whether
these waves were associated
with a coherent pattern of
convection. The infrared
satellite image at this time
(Fig. 10b) indicates marked
variations in convective activity from west to east. The
troughs diagnosed around
30° and 12°W appear to
have a marked convective
signature. There is also a
broad region of convection
east of this around 15°E but
it is uncertain whether this
is linked to the passage of
the broadscale trough.
More detailed analysis of
the temporal evolution of
346
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AEWs is needed in order to assess whether, in general, AEWs have a coherent and predictable relationship with convection and to determine the key processes that influence this relationship.
A MESOSCALE C O N V E C T I V E SYSTEM.
Planning for the third flight on 29 August was dominated by discussion about an MCS approaching the
southern sector of the box from the east in the early
morning. After discussions with the forecasters at
Niamey airport, it was estimated that the MCS would
intersect the box around 1100-1200 UTC. In order
not to jeopardize the high-level box, it was decided
to shorten the low-level flight to a transect from 14.1°
to 9.8°N, so that the aircraft could fly north on the
high-level box while the MCS was in the vicinity of
the box to the south. Then the aircraft would close the
box when the MCS had moved to the west. This strategy also had the attraction that we may be able to make
observations both ahead of and behind the MCS: an important consideration in assessing the influence of the
convection on the AEJ. In the event, the planning was

FIG. 10. (a) Operational E C M W F analysis at 1200 U T C 30 Aug 2000 of unfiltered 700-hPa meridional wind with a contour interval of I m s 1 (southerlies
are shaded with dark shading for winds greater than 4 m s 1 ) and (b) the infrared satellite image at the same time from METEOSAT.
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FIG. I I. Pressure-latitude section of zonal wind and potential temperature based on dropsonde data for flight 3
on 29 Aug 2000. Zonal wind is shaded and potential temperature is contoured with an interval of 2 K. The section shown is for the eastern leg of the box shown in Fig. 4 along approximately 2.3°E. Locations of dropsonde
releases are indicated as red triangles. The objective analysis used follows the successive correction method
described by Pedder (1993). The blackened regions along the top and bottom of the figure denote the extent of
the data coverage.

entirely successful: the MCS decayed over Benin, but P R E L I M I N A R Y N W P RESULTS. West Africa,
regenerated in the vicinity of the Atakora Hills (just to along with most of the continent, is a well-known
the west of the western leg, at around 11°N) and obser- data-sparse region with very few routinely launched
vations were made in advance of and behind the storm. radiosondes. Figure 12 shows the geographical locaFigure 11 shows the north-south vertical section tion of all the sondes that were assimilated into the
of zonal wind and <9for the eastern side of the box, which ECMWF model at 1200 UTC on 28 August. The
was made after the passage of the MCS. There are sig- 25 dropsondes that were assimilated from flight 2
nificant differences between this section and the same show up rather dramatically. While the routinely
one on the previous day. The AEJ on this day is still launched radiosondes may be useful for analyzing
equatorward of what we may have expected at this time along-jet variations (west of 10°E) at around 14°N
of year but it has a different structure from that observed they are clearly inadequate for resolving the signifion flight 2. It has a split structure with peak values of cant north-south variations that exist in the region
19.9 and 21.0 m s"1 around 650 hPa and 9.5° and of the AEJ. The significance of this for NWP over
12.5°N, respectively. Between these latitudes around Africa and downstream needs to be investigated: we
11°N there are marked easterlies around 825 hPa and aim to assess the impact of the extra dropsonde obbelow, which are consistent with the action of a mesos- servations made during JET2000 on analyses and forecale downdraft. Associated warming, as depicted by casts made using the operational ECMWF and Met
the bowing down of isentropes, and drying (not Office models.
shown) are further evidence for the downdraft to the
Figure 13 shows the ECMWF model analyses with
rear of the MCS. Figure 11 serves as a reminder of the and without the dropsondes assimilated. What is imtwo-way interactions that can take place between the mediately striking is that the ECMWF analysis withAEJ and MCSs. While the
vertical shear associated
with the AEJ is important
for encouraging organized
MCSs, the MCSs themselves can also impact the
AEJ. Whether GCMs can
adequately resolve or parametrize such interactions
or whether they need to are
open questions that need to
be investigated with paralF I G . 1 2 . Distribution of radiosondes (circles) and J E T 2 0 0 0 dropsonde (triangles)
lel mesoscale and GCM
in the north African region that were assimilated into the E C M W F model in
modeling studies.
the 1 2 0 0 U T C analysis on 2 8 Aug 2 0 0 0 .
AMERICAN METEOROLOGICAL SOCIETY
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table 2) also shows very
good agreement with the
dropsonde observations.
Including the dropsondes
in the analysis does not significantly improve the
analysis of the AEJ winds
because it was so close to
the observations already
(although other aspects of
the analysis may have improved, as in the ECMWF
analysis of low-level moisture indicated in Fig. 7,
for example).
It would be wrong to
speculate too much regarding the differences seen
here between the ECMWF
and Met Office analyses before more work is done.
However, it is clear that
differences in model sensitivities to the dropsonde data may arise from many
sources. These include model differences, assimilation
differences or differences in the total amount of data
used (e.g., inclusion of other data such as satellite
observations) and random fluctuations. Differences
between the 3D and 4D variational assimilation
schemes used by the Met Office and ECMWF, respectively, were noted in the analysis of Fronts and Atlantic Storm Track Experiment (FASTEX) cases
(Desroziers et al. 1999) and could also be contributing to the differences seen here. The high quality of
the analyses without the dropsondes, despite the lack
of routinely reporting radiosondes (see Fig. 12), may
be fortuitous or may be due to a good analysis of surface conditions and a realistic model response to

FIG. 13. Pressure-latitude sections of zonal wind averaged between 1.3° and
3.3°E for 1200 U T C 28 Aug 2000: (a) E C M W F analysis with assimilated dropsondes and (b) E C M W F analysis without assimilated dropsondes. The model
assimilation was performed at T51 I resolution, which is equivalent to a 0.3°
grid and had 60 levels in the vertical. The plot shown here uses a 0.5° grid in
the horizontal but includes the 60 levels.

out the dropsondes is actually quite good, the AEJ
maximum being within 24% of the strength observed
and its position being located to within 20 hPa and
0.9° latitude (cf. Fig. 6a and Table 2). This is despite
the fact that there are no radiosondes in the vicinity
of the observed AEJ. Including the dropsondes in the
ECMWF data assimilation strengthens the AEJ by
1.6 m s _1 , shifts it to a new position now slightly
equatorward of the observed AEJ, and creates a
smoother-looking AEJ. The estimates of vertical shear
(in Table 2) show quite good agreement between both
analyses and observations but this is due to compensating errors with a weaker AEJ located slightly lower
down than observed and low-level easterlies that are
too weak. The Met Office analyses (summarized in

T A B L E 2. AEJ characteristics from observations and analyses. Vertical shear is based on the zonal
wind difference between the peak easterly and the zonal wind at 925 hPa.

AEj
variable
Max
Height
Lat
Vertical shear
Below AEJ
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Dropsondes

Met

Met

ECMWF

ECMWF

raw data

Office with

Office without

with

without

-21.3 m s-1

-19.1 m s-'

-20.2 m s-'

-17.8 m s-'

-16.2 m s-1

650 hPa

630 hPa

630 hPa

670 hPa

670 hPa

I0.0°N

9.6°N

9.8°N

9.5°N

I0.9°N

5.3 m s-1

6.0 m s-1

6.2 m s-'
1

(100 hPa)"

(100 hPa)-'

6.4 m s
1

(100 hPa)"

1

(100 hPa)1

6.4 m s~'
(100 hPa)-1
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them. This is currently being investigated through
more data denial experiments.

vestigate these findings by identifying those data
streams that are enabling a good analysis and by identifying the processes which explain the drift in the
model forecasts.

F O R E C A S T S F O R 1200 U T C 28 A U G U S T .
The sparse routine observational network in West
Africa means that it is difficult to evaluate how well F I N A L C O M M E N T S A N D F U T U R E PLANS.
GCMs predict the AEJ and associated AEWs. The observations from the JET2000 experiment are a
JET2000 observations give us an opportunity to do valuable scientific resource for study of this datathis for the period of the
experiment. We choose to
illustrate here a problem
that both the E C M W F
and Met Office models
have with predicting the
AEJ several days in advance. The 5-day forecasts
of the AEJ in the JET2000
region for 1200 U T C
28 August are shown in
Fig. 14. In these forecasts, it
is very difficult to see an
AEJ at all. Instead we see a
region of weak broadscale
easterlies with erroneous
FIG. 14. Pressure-latitude sections of zonal wind averaged between 1.3° and
midlevel easterlies north of
3.3°E for 1200 U T C 28 Aug 2000 and based on T+120 h forecasts from (a)
15°N. It is intriguing that
E C M W F and (b) the Met Office.
both the ECMWF forecast
and the Met Office 5-day
forecast have very similar problems with a very weak
AEJ and associated weak vertical and horizontal
shears. Assuming that the starting analysis for the
forecast (valid at 1200 UTC 23 August) was as good
as the analysis for 1200 UTC on 28 August, then it is
a concern that in the space of 5 days, both models can
move so far from the observed and climatological
states. This clearly indicates that some processes are
being misrepresented in the region. Indeed, analysis
of the ECMWF 5-day forecast indicates that the lowlevel meridional temperature gradient is too weak in
association with an erroneously cool and moist
boundary layer polewards of about 13°N (see Fig. 7).
This error is consistent with the systematic 5-day
forecast errors for August 2000 (not shown) emphasizing the value and need for process studies in this
region.
In summary, both the ECMWF and Met Office
models were able to represent an AEJ that was
considerably removed from its climatological position, despite the absence of upper air observations at
this latitude. The study has also indicated however,
that the model forecasts appear to exhibit significant
drift away from model analyses and climatology.
Ongoing work associated with JET2000 aims to inAMERICAN METEOROLOGICAL SOCIETY

sparse region of the world and so all are available to
scientific community without delay [see the British
Atmospheric Data Centre (BADC) Web site online
at www.badc.rl.ac.uk/data/jet2000]. We still recognize
the need for more observational studies in this data
sparse region. It is hoped that JET2000 research and
experiences gained will help in planning such experiments. Indeed, a major international research and
field campaign is currently being planned for the West
African region and will span several years starting in
2004. This project has become known as the African
Monsoon Multidisciplinary Analysis (AMMA) and is
concerned with weather and climate variability in the
region and how this impacts such things as water resources, food security, health, chemistry, and tropical cyclones. More details of the AMMA project can
be found online at http://medias.obs-mip.fr/amma and
http://www.joss.ucar/amma.
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A comprehensive monograph of the meteorology of the Southern
Hemisphere was originally published by the American Meteorological
Society in 1972. That monograph was, of necessity, preliminary in nature
because the available time series of observational data was short. In the
quarter century that has passed since the first monograph, much has
happened to warrant an updated edition: new observational techniques
based on satellites, anchored and drifting buoys, and more ground-based
stations have expanded the observational network to cover the whole
hemisphere. The time is right, therefore, for a fresh look at the circulation
features of the Southern Hemisphere, both for the atmosphere and oceans.
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