4 Indonesia — convection and tropical plume
4.1 Reasons for selection of the case

The Indonesian Archipelago deserves special interest due to the appearance of a peculiar
tropical circulation system, the so-called Walker circulation, for which the archipelago plays
an important role. The trades transport warm moist air towards the Indonesian region where
the sea normally is very warm. Moist air then rises to high levels of the atmosphere and
travels eastward before sinking over the eastern Pacific Ocean. It is also involved in the
generation of El Nifio events in the Pacific Ocean which have a strong impact on the global
circulation.

To study this region more intensively with CRISTA-2 a special mode of measurement, the
“Hawk-eye mode”, was used from August 10 — 13, 1997. In this way the density of
observations was increased by a factor of 3 — 6 and it became possible to identify more details
of the atmospheric structure than usual (Offermann et al. 2001). Previous and ongoing
analyses of the observations revealed that a large intrusion of dry extratropical air into the
tropics occurred south of Indonesia during the CRISTA episode (Offermann et al. 2001,
Offermann et al. 2002) while a tropical plume (TP) formed extending as far as Australia. TPs
are usually characterised by continuous bands of high or intermediate level clouds, which
extend poleward and eastward from the tropics towards the subtropics or mid-latitudes
(McGuirk et al., 1987). Yet in this case cloud formation as seen by CRISTA-2 was not very
pronounced (Spang et al., 2002). TPs in the Australian region have been analysed by Kuhnelt
(1990).
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Figure 4.1: Regions of enhanced internal gravity wave activity in the stratosphere at 25 km altitude. Derived
from CRISTA-2 temperature observations by Preusse (2001). Region 8 with Indonesian Archipelago.
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In addition, the convective activity of the Indonesian region is clearly reflected by an increase
of the intensity of gravity waves in the stratosphere as shown by Preusse (2001) by means of
CRISTA observations (Fig. 4.1). This means that tropical convective systems establish a
source of momentum for the middle atmosphere and thus can exert control of the circulation
and tracer transport at higher levels. Furthermore, Kley et al. (2000) have pointed to the
problem that mesoscale features of water vapour distribution in the upper tropical
troposphere, in particular, are largely unexplored and that their role for the atmospheric water
budget is badly known. It was therefore decided to exploit the existence of the special
CRISTA data set for the Indonesian Archipelago and include a numerical experiment with the
EURAD model system to test its applicability to the tropics and its capability of reproducing
mesoscale structures as seen in the observations.

4.2 Comparison of horizontal distribution of water vapour in the upper troposphere as
revealed by globally assimilated observations and regional simulations

Fig. 4.2 and 4.3 (middle right panel) exhibit the water vapour distribution on August 12,
1997, 00 UTC, as revealed by CRISTA measurements assimilated into the global
NCAR/ROSE model (Rose and Brasseur, 1989; Riese et al., 1999) at 215 hPa and a regional
simulation with the EURAD model system, respectively, at the same pressure level. The
regional simulation employs boundary and initial values from ECMWF analyses. Obviously,
the larger scale features, 1. e. the big patch of dry air south of Sumatra and Java surrounded by
moist air
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Figure 4.2: Intrusion of dry air (blue) into the tropical troposphere south of Java and Sumatra and tropical plume
(band of moist air, light green to orange) west of Australia. Contours of water vapour mixing ratio in steps of 11
ppmV, purple below 22, blue 33 — 44, orange 77 — 88, dark red above 99 ppmV. From an assimilation of
CRISTA observations with the NCAR Rose model, August 12, 1997, 00 UTC (Offermann et al., 2002)
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Figure 4.3: Water vapour mixing ratio [ppm] and horizontal wind [m/s] at 215 hPa. From upper left to lower
right: 4 August, 00 UTC, 6 August, 00 UTC, 10 August, 00 UTC, 12 August, 00 UTC, 14 August, 00 UTC, 16
August, 00 UTC. Map of 12 August shows the position of the vertical cross section in Fig. 4.4
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masses and an elongated tongue of moist air west of North Australia (the tropical plume) are
grossly similar. Yet the regional simulation with higher resolution than the original
measurements and the global model gives clear evidence that considerable fine structure
exists in the analysed region as it can be expected from the well known fact that strong
convection usually exists in this area. The findings of Preusse (2001) regarding increased
gravity wave activity over Indonesia as shown in Fig. 4.1 are an indirect indication that the
regional model realistically reproduces the behaviour of the tropical troposphere on the meso-
scale.

The evaluation of EURAD model results over the North-Atlantic with CRISTA-2 data and
other available measurements shows that the model produces reliable results for temperature
in that region and that the mesoscale structure of water vapour is reasonably well reproduced
with some bias of the calculated mixing ratios. A similar evaluation has not been carried out
for the Indonesian Archipelago. Yet qualitative comparisons with radio sonde data and global
scale analyses show that temperature derived with the regional model rather well resembles
the observed tropical temperature field. The results for water vapour seem to show larger
deviations from reality (as far as it is known). Comparison between Fig. 4.2 (based on
CRISTA-2) and Fig. 4.3d (regional simulation) indicates that deviations up to a factor of 2 are
possible, so that water vapour has to be regarded as a less reliably simulated quantity. The
reason for the increased uncertainty is the strong vertical gradient and appreciable horizontal
changes of water vapour mixing ratio in the upper tropical troposphere which are difficult to
catch in numerical simulations.

4.3 Meso-scale features of the horizontal water vapour distribution during the CRISTA-2
episode

It is evident from the wind field shown in Fig. 4.3 that the southern subtropical jet (indicated
by strong eastward winds in the southern part of the model domain) plays the main role for
the formation of elongated cloud bands, i. e. TPs, during the analysed episode. The jet takes
up moisture transported around the dry air mass south of Sumatra and Java by an equatorial
easterly flow anticyclonically turning southward a few hundred kilometres west of Java.
Actually, two phases of TP formation can be seen. On August 4 a first cloud band forms (Fig.
4.3a,b). It loses its shape around August 10 (Fig. 4.3¢). On August 12 a new TP develops
(Fig. 4.3d). This one exists until the end of the episode on August 16 (Fig 4.3e,f). Such TPs
advect large amounts of moist tropical air into the mid-latitudes. The prominent intrusion of
dry air first identified by CRISTA observations may be regarded as a reverse flow from
Australia towards the equator. The dry air mass can be found throughout the free troposphere
as shown in Fig. 4.4 containing a vertical cross section of the dew point depression from NW
to SE through the centre of the dry air mass. It is transported in a meso-scale vortex and gets
gradually mixed with surrounding moister air.

The smaller scale structures (eddies) are highly variable indicating the dominant impact of

convection. Apparently, they are most pronounced over the islands and coastal areas of the
model domain indicating the influence of land-sea contrast and orography.
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4.4 Meso-scale eddy analysis: method

Vertical eddy fluxes are an important process regarding the transport of properties of air
masses. It is plausible that they are enhanced in regions with strong convection like the
tropics. Yet little has been done till now to quantify this process for the meso-scale. In this
project the convectively highly active area marked in Fig. 4.8 has been chosen for a

quantitative analysis of average eddy fluxes related to the meso-scale perturbations changing
with height and time.
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Fig. 4.4: Dew point depression in degrees K along the line shown in Fig. 4.3 for 12 August 1997, 00 UTC

A special analysis tool has been developed for this purpose. It is based on the assumption that
spatial averages can be used to get a reasonable estimate of local deviations or perturbations.
It is noted that this approach filters the fluctuations in a certain range of horizontal wave
lengths depending on the resolution of the model (54 km in this case) and the extension of the
area used for averaging (order of 1000 km). In particular, this means that wavelengths below
about 100 km contribute little to the perturbation and flux estimates. This has to be kept in
mind when drawing conclusions from the results.
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For structural analysis the absolute value of the deviation of a quantity x from its spatial
average X (Equ. 1) has been used. For better comparison of results obtained from different
parameters it has been normalized according to Equ. 2. Vertical flux estimates have been
carried out employing Equ. 3.

X = ‘xl.j - X; absolute deviation (1)

X’ =100-x"/%. normalised absolute deviation (2)
y y g

F 5= Y5 *w, local vertical flux of y (3)

Vi =Yy =Yy local perturbation (4)

with y=H,q,pv,,

The symbols ()’ represent deviations of an atmospheric parameter from its spatial average
(Equ. 4) in a rectangle with grid points (k,1) around a central point (i,j). H, ¢, p and v, stand
for heat, water vapour density, air density and horizontal velocity, respectively. A rectangle of
21x21 grid boxes (1134 km x 1134 km) was chosen for derivation of moving averages.

4.5 Meso-scale eddy analysis: results

Temperature as a relatively reliably modelled parameter is used for demonstration of spatial
and temporal variance of the atmosphere over Indonesia. Results for August 9 and 13, 1997,
obtained for constant pressure surfaces at 400, 150 and 30 hPa have been chosen as an
example (Fig. 4.5). Evidently, the temperature field is highly variable at all levels during both
selected days. Structural differences are clearly enhanced by the method chosen (Equ. 1, 2).
Whereas the upper two thirds of the figures exhibit a high degree of irregularity, the lower
part shows large coherent structures related to the subtropical jet and tropical plume. This is
especially visible in the 400-hPa maps. Apparently, non-linear variations with distance lead to
larger values of the normalised variance and nicely enhance the contrast of changes in such
structures like the temperature field in a jet. Since our aim is the exploration of convectively
induced eddies we will mainly concentrate on the northern two thirds of the model domain.

The maps reproduced in Fig. 4.5 clearly exhibit the complex irregular structure of the eddy
field with strong variability in space and time. Yet some regularities and rules seem to show
up in the simulation. There are indications that perturbations originate from the land-sea
contrast found in the archipelago and possibly also by orographic impact. Occasionally quasi-
circular structures appear spreading from a perhaps convectively highly active centre. Such an
event can be found during 13 August, around 15 UTC, west of the middle of Sumatra in all
layers for which maps are shown, i. e. from the middle troposphere up to the lower
stratosphere. Sequences of elongated areas with enhanced variance which seem to move
slowly and whose intensity often seems to be slightly growing with height are a regular
feature. They are rather prominent at 30 hPa on 13 August 15 UTC, in the northeast part of
the model domain. Typical distances of such bands vary between about 500 and 1000 km. An
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Figure 4.5: Normalised temperature deviation (Equ. 1) from gliding spatial average (21x21 gridpoints) on 30,
150, and 400 hPa constant pressure surface on August 9 (left) and 13 (right), 1997, 15 UTC.
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Figure 4. 6: Sequence of perturbation plots for
temperature at 150 hPa constant pressure level.
August 13, 1997, 09, 15 and 21 UTC (about
15,21 and 03 LT)
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A — horizontal wind perturbation
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C — water vapour (ppmv)
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Figure 4.7:

A: Perturbation field of horizontal wind at
150 hPa, August 13, 1997, 09 UTC.

B: Perturbation field water vapour mixing ratio
at 300 hPa, August 13, 1997, 15 UTC.

C: Mixing ratio of water vapour (ppmv)

at 215 hPa, August 13, 1997, 15 UTC.
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example of changes of the meso-scale variance on shorter time scales is given in Fig. 4.6.
The mentioned centre west of Sumatra exhibits some persistence. The position of the centre is
slightly oscillating. Strong temporal variability exists in the northeast corner of the domain.

Of course, the variance distribution clearly depends on the analysed quantity as it is evident
from Fig. 4.7 which contains examples of perturbation fields of the horizontal wind and water
vapour mixing ratio (panel A and B, respectively). The wind field exhibits strong local
variability over the islands, particularly over Sumatra and Java. The orographic impact is
much more visible in the horizontal wind field than in the temperature field. The widely
elongated structures in the mixing ratio variance distribution in the lower half of Fig. 4.7B
result from the strong gradients in the moisture field built up by the intrusion of dry air into
the tropics. Panel C showing the water vapour distribution at 215 hPa has been included in
Fig. 4.7 to enable easier comparison of the moisture and moisture perturbation fields.

Despite the different behaviour of horizontal variability found for different parameters it can
generally be stated that the archipelago is a source of partly irregular, partly structured eddies
in the upper troposphere and lower stratosphere. Furthermore, the centre of variability west of
Sumatra is reflected by the variance of temperature, moisture and horizontal wind. It is
connected with the centre of anticyclonic rotation of the flow as indicated by the moisture
field (Fig. 4.7C) and by the horizontal wind (arrows in Fig. 4.7A).
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Figure 4.8: Vertical sensible heat flux (W/m?) on August 11, 1997, 06 UTC (about 12 LT) at 200 hPa. The
frame marks the region for which horizontally averaged flux estimates have been derived.
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Figure 4.9: Vertical meso-scale eddy flux of sensible heat (W/m?) on August 13, 1997, 15 UTC at 300 hPa.
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Figure 4.10: As Fig. 4.9, but for moisture.
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Figure 4.11: Vertical meso-scale eddy momentum flux (N/m?). August 13, 1997, 15 UTC, 300 hPa (left panel)
and 215 hPa (right panel)

Elongated wavelike structures are also present in the maps of vertical meso-scale eddy flux
estimates. The upper part of Fig. 4.8 showing estimates for August 11, 1997, 12 LT, at 200
hPa contains a nice example of such waves with upward and downward directed fluxes of
sensible heat moving ENE away from a centre with strong downward eddy transport. (As
already mentioned, the area marked by a frame is used for the estimation of spatially
temporally averaged eddy fluxes.) A similar centre, but with strong upward eddy heat flux, is
also found two days later (Fig. 4.9). A region of increased upward eddy flux of moisture
exists at the same time and location (Fig. 4.10). It is accompanied by a clearly identifiable, but
weaker centre with downward flux of water vapour over the Malaysian Peninsula. This
second centre is less pronounced in the temperature flux exhibited in Fig. 9. As can be seen
from comparison with Fig. 7B both centres show marked local variance. This points to the
existence of a bipolar convective system, indications of which are also present in the meso-
scale temperature variance (Fig 4.5). The core of the anticyclonic centre west of Sumatra
proves to be a place of enhanced upward heat and moisture fluxes (Figs. 4.9, 4.10) whereas
the momentum eddy transport (Fig. 4.11) varies between upward and downward fluxes on
rather short spatial scales in the vicinity of the centre. Fig. 4.12 demonstrates that two of the
centres are also clearly visible in the mostly flat temperature distribution and geopotential
height field. The low meso-scale gradients in the tropics make it rather difficult to extract
such features. The eddy momentum flux shown in Fig. 4.11 for three pressure levels, namely
300, 215 and 150 hPa, is mainly directed downward and decreasing in magnitude with
increasing height during the episode, but
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Figure 4.12: Geopotential height (in gpm, contour lines in increments of 10 gpm) and temperature (degree C,
coloured contours) on the 150-hPa constant pressure surface. August 13, 1997, 15 UTC.

the principal horizontal structure of the flux field does not change too much. Apparently and
sensibly, most of the eddy momentum is deposited in the troposphere and does not reach the
stratosphere as the lowest layer of the middle atmosphere. It may be argued that the small
fraction of the momentum flux going upward and penetrating into the stratosphere is relevant
for the circulation of the middle atmosphere.

4.6 Discussion

The simulation of the meso-scale structure of the upper tropical troposphere and lower
stratosphere over the Indonesian Archipelago and its vicinity reveals strong variability of all
treated quantities (temperature, wind, water vapour, fluxes of atmospheric properties). It has
been expected and is clearly reflected by the results that this variability is generated by
convection. Yet it was not clear in advance which (secondary) processes are controlling the
variability and what meso-scale eddy fluxes of properties are generated by them.

In addition to the expected variability resulting from the impact of land-sea differences and
orography it is evident from the simulations discussed in the previous section that quasi-
regular dynamical structures modify the otherwise highly irregular meteorological fields over
the archipelago, i. e. the convectively controlled part of the model domain. Two principal
types of such structures show up mainly in the variance and flux analyses, namely circular
and elongated ones. It appears plausible to attribute them to convective systems and
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atmospheric waves, respectively. The most probable type of waves (which can be identified
with the method used to extract perturbations from the simulated fields) is internal gravity
waves generated by convection. This assumption is in accordance with the observation by
Preusse (2001) that the gravity wave activity in the stratosphere over Indonesia was enhanced
during the CRISTA-2 episode. The appearance of bipolar structures indicates that convective
systems can and obviously do interact. What is difficult to answer based on the available data
is the question whether multi-polar convective fields with three or more centres do exist
during the simulated episode.

Spatially averaged flux estimates have been derived for the region marked in Fig. 4.8 with
most pronounced convection avoiding the region where the southern subtropical jet and the
tropical plume show up. This has been done for water vapour, sensible heat and momentum.
At present, there is no reliable way to verify such model calculations. We think that the
calculations of eddy heat and momentum fluxes yield acceptable results regarding magnitude
and temporal change in the meso-scale. In the case of water vapour the initial and boundary
values taken from ECMWF and/or NCAR/NCEP analyses may contain uncertainties which
can cause larger errors of the calculations as already argued above. Therefore, these results
should be regarded with reservation. Yet it is noted that the simulated temporal changes
appear to be quite sensible from the view point of meteorology. Despite our reservation we
decided to include the results for water vapour in this report since to our knowledge it seems
to be the first time that such a meso-scale flux analysis has been performed for the tropics
(and elsewhere).
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Figure 4.13: Average meso-scale eddy fluxes of water vapour (mg/m?*/sec) at 400, 300 and 200 hPa in the region
marked in Fig. 8 during the CRISTA-2 episode. The horizontal time scale starts at 8 August 1997, 00 UTC (06
LT).
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Figure 4.14: As Fig. 13, but for sensible heat flux (W/m?) between 400 and 50 hPa.
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Figure 4.15: As Fig. 4.13, but for momentum flux (N/m?) between 400 and 50 hPa.

It is quite obvious from Figs. 4.13 and 4.14 that vertical eddy fluxes of water vapour and
sensible heat are highly correlated up to a level of at least 300 hPa. They show relatively
strong peaks during the first 6 days of the simulation period and exhibit a pronounced diurnal
and reduced semi-diurnal oscillation. Except for some moments (which may be due to
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shortcomings of the calculation) the vertical flux of moisture appears to be upward and
convergent in the upper troposphere. This means that meso-scale eddies contribute with
changing intensity to upward water vapour transport and deposition in upper levels as
expected. Above 300 hPa the eddy moisture flux rapidly decreases as evident from Table 4.1.

Table 4.1: Simulated average meso-scale eddy fluxes of momentum, sensible heat and water
vapour during the CRISTA-2 episode (August 8 — 16, 1997)

Pressure | Momentum| Heat Water Vapour
hPa N/m? W/m? 10°° kg/m?/s
400 -3.01E-03 | 1.67E+00 3.14E+00
300 -1.20E-03 | 2.92E+00 8.55E-01
200 -2.33E-03 | -6.76E-02 3.96E-02
150 -2.36E-04 | -8.66E-01 2.30E-03
100 -1.34E-04 | -2.68E-01 2.90E-04
70 -9.72E-05 | -7.85E-02 1.62E-05
50 2.25E-05| 1.03E-02

Sensible heat eddy fluxes are grossly directed upward at lower levels and downward at higher
levels leading to convergence of the flux in and heating of the tropopause region. Average
vertical eddy fluxes of momentum are downward at all levels except at 50 hPa and increase in
magnitude with decreasing height (Table 4.1). Yet up going pulses also occur, leading to
momentum transport from the troposphere into the stratosphere (which is an important factor
for the general circulation of the upper atmospheric levels). The simulations give strong
evidence that this process can cause as strong and more frequent momentum flow into the
stratosphere over the archipelago region as estimated for gravity wave emission from severe
tropical storms (around 0.3 N'-m, Chen and Lu, 2001). Therefore, since gravity waves are
involved in this process, tropical convective regions may play a more important role than
assumed till now for the momentum budget of the middle atmosphere.

Conclusion

The results presented in the previous section demonstrate that the regional meteorological
model MMS5 (Grell et al., 1994) as used in the EURAD system is well suited to deal with the
meso-scale structure of the upper tropical troposphere and lower stratosphere. It reproduces
special larger scale features like an intrusion of dry air and the generation of tropical plumes
which were observed by CRISTA-2 with it highly resolving hawk-eye mode reasonably well.
In addition it succeeds to simulate finer scale disturbances, 1. . eddies, generated by
convective activity over the Indonesian Archipelago. A simple but efficient method of
analysis has been designed on the basis of variance and perturbation estimates which allows
the extraction and visual enhancement of the disturbances and thus better qualitative and in
the case of eddy fluxes also quantitative analysis.

It became evident that the formation of plumes observed south of the archipelago was
controlled by the subtropical jet stream. Since this phenomenon is of great relevance for
precipitation in some areas of (western) Australia it may be promising to conduct a special
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study of this problem exploiting the high quality observations of CRISTA-2. In this study we
put more weight on the investigation of convectively induced disturbances over the
archipelago with the aim to contribute to a better understanding of the formation and impact
of meso-scale eddies in the tropical tropopause region. It seems that our study is the first of its
kind for the tropical atmosphere.

The analysis revealed the existence of a rather irregular eddy distribution over the archipelago
modified by land-sea contrasts and orography. Yet there is also clear evidence of some
organised structures. These have the appearance of waves and cells or centres from which
such waves seem to be emitted. These structures are present in the eddy fields of all analysed
parameters, namely temperature, horizontal wind and mixing ratio of water vapour. A bipolar
cell system could be identified in the perturbation maps shown in this study. It is plausible to
assume that the eddies are generated by convection over the archipelago. And it is
hypothesised that the wavelike structures are an indication of internal gravity wave generation
by convection.

Local vertical eddy fluxes of sensible heat, water vapour and momentum were estimated and
integrated over the area with strongest convective activity. Calculated water vapour fluxes are
regarded to be less reliable but have been included in the discussion because they exhibit
interesting and sensible meteorological features. During the analysed episode strong positive
correlation exists between the temporal variation of heat and moisture eddy fluxes at the
lower analysed levels (up to 300 hPa). Both exhibit a pronounced diurnal and somewhat
weaker semi-diurnal oscillation during most of the time of the analysed period. As a marginal
remark we would like to state that this may play a role for the generation of tidal oscillations
in the upper part of the middle atmosphere. Most of the heat and water vapour transported
upward from lower layers by eddies does not leave the troposphere. Momentum eddy fluxes
which are directed downward on the average during the episode, may nevertheless add up to
up going pulses which can propagate into the middle atmosphere. The calculations show that
they can reach the same intensity when integrated over larger regions like the archipelago as
gravity wave emissions from severe tropical storms with smaller extension. They may
therefore significantly contribute to the control the general circulation of the middle
atmosphere.
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