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ABSTRACT

Using additional sounding observations during the Intensive Observing Period (IOP) of the Tropical Warm Pool-Interna-
tional Cloud Experiment (TWP-ICE) in 2006, the characteristics of weather systems and associated environmental conditions 
are further analyzed during four temporal regimes (active wet monsoon, suppressed dry monsoon, clear day, and monsoon 
break). Monsoon low-pressure systems are predominant during the active wet monsoon and monsoon break periods. During 
the active monsoon period, heavy rainfall (> 100 mm day-1) is produced over the nearby tropical ocean of north Australia and 
the maritime continent centered on the Tiwi Islands, where the apparent southerly-to-southwesterly winds dominate at low 
levels over the ocean under the influence of the monsoon low in contrast to the westerly winds during a typical active north 
Australia summer monsoon regime. In the monsoon break, limited scattered rainfall is distributed over coastal regions of 
northern Australia and inland. 

During the suppressed monsoon period and clear days, the environment is very dry under the influence of a monsoon 
ridge. This is not favorable for the development of convection and the production of the rainfall. In a suppressed monsoon 
regime, the dry air intrusion in the mid-troposphere with the driest center around the 600-hPa level is related to dry air advec-
tion from the subtropical regions and the subsidence associated with the approaching of a monsoon ridge. Typical westerly 
winds prevail between 850 and 700 hPa in Darwin. During clear days, the subsidence related to the monsoon ridge is the major 
reason for the driest environmental condition during 2006 TWP-ICE. With the help of additional sounding data, dominant 
weather systems during four periods are clearly identified when compared with NCEP/FNL global analysis. Also the daily 
rainfall predictions are improved during the IOP, especially in the active monsoon period. 
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1. InTRODuCTIOn

The Tropical Warm Pool-International Cloud Experi-
ment (TWP-ICE) collected an extensive dataset in northern 
Australia regions, during January and February 2006 (May 
et al. 2008). A comprehensive observation campaign around 
Darwin, using a ship and five aircraft as well as additional 
soundings advanced weather and climate studies resulting 
in an improved understanding and modeling of cloud pro-
cesses in tropical cloud systems (May et al. 2008). A range 
of different observations collected during TWP-ICE has 

been used for the model evaluations (Wapler et al. 2010). In 
this study, the additional sounding observations, except the 
conventional sounding data collected at Darwin, are directly 
utilized in the weather analysis. 

Based on the time series of radar-derived area-aver-
aged daily rain-rate, Wapler et al. (2010) identified four dis-
tinct temporal regimes (active monsoon, suppressed mon-
soon, clear day, and monsoon break) during the intensive 
observing period (IOP). The active monsoon period with 
features of maritime convection and monsoon break period 
with characteristics of diurnally forced continental convec-
tion are also revealed. As analyzed by Xie et al. (2010), 
the midlevel subsidence and horizontal dry advection are 
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largely responsible for the dry mid-troposphere observed 
during the suppressed period and limit the growth of clouds 
to low levels. Using sounding data from the IOP during the 
TWP-ICE period, Zhang (2009) indicates that the entrain-
ment of the environment dry air has a strong dilution effect 
on the convective availability potential energy (CAPE). The 
undiluted CAPE varies in a range from 1000 to 5000 J kg-1, 
while the diluted CAPE is much smaller varying between 
0 and 800 J kg-1. Because the moisture content is relatively 
higher during the active monsoon period, the diluted CAPE 
(~400 - 800 J kg-1) is significantly larger than the other three 
temporal regimes. Under the suppressed monsoon and clear 
regimes, the diluted CAPE is much lower than that in the 
active monsoon due to dry air entrainment. 

To further our understanding of the associated weather 
systems and conditions during the four temporal regimes of 
TWP-ICE intensive observing period, the additional rawin-
sonde observations over northern Australia from 21 January 
to10 February 2006 are used to incorporate the NCEP-FNL 
global analysis through data assimilation. This approach 
improves weather analysis and daily rainfall prediction over 
northern Australia and the nearby tropical ocean. Also, the 
characteristics of environmental conditions for the occur-
rence of rain-producing systems are investigated.

In this study, the data (sounding observations and 
TRMM rainfall) and the methodology [Advanced Research 
WRF (ARW) model and the associated three-dimensional 
variational (3D-Var) data assimilation system as well as sta-
tistical methods] are briefly introduced in section 2. Weath-
er analysis and rainfall prediction is discussed in sections 3 
and 4. Major results are summarized in section 5.

2. DATA AnD METhODOlOgy
2.1 Data

Four rawinsonde observations gathered from the RV 
Southern Surveyor, Garden Point, Cape Don, and Darwin 
covering northern Australia (Fig. 1) and the nearby Tiwi Is-
land from 21 January to 10 February 2006 are utilized. The 
sounding data in the morning hours around 0000 UTC will 
be assimilated with a global analysis (NCEP/FNL) to gener-
ate a new dataset, which will serve as the model initial con-
ditions for weather forecasting to reveal weather conditions 
during the four temporal regimes of TWP-ICE. In addition, 
satellite-retrieved 0.25° × 0.25° TRMM daily rainfall data 
are used to reveal rainfall distribution and also to evaluate 
the daily rainfall prediction. 

2.2 The Mesoscale Model and the Associated 3D-Var 
System

To reveal the characteristics of weather conditions 
with additional sounding observations during four temporal 
regimes (active wet monsoon, a suppressed monsoon, clear 

days, and a monsoon break) of TWP-ICE, the Advanced 
Research WRF (ARW) mesoscale model (Skamarock et al. 
2008) and WRF 3D-Var system which is developed from 
MM5 3D-Var (Barker et al. 2004) and used in many WRF 
data assimilations (e.g., Xiao and Sun 2007; Xiao et al. 
2009; Yeh 2010) were utilized. 

In the vertical, the ARW model has thirty-one sigma 
levels from the surface (σ = 1.0) to 50 hPa (σ = 0.0). A fine 
domain with 3-km grid-spacing is nested within a coarse 
domain with 9-km grid spacing. The ARW model phys-
ics include planetary boundary layer (PBL) processes with 
the Yonsei University scheme (Skamarock et al. 2008), 
short-wave radiation (Dudhia 1989) and long-wave radia-
tion (Mlawer et al. 1997), land surface physics (Chen and 
Dudhia 2001), and precipitation physics. The precipitation 
is calculated by both the explicit scheme with mixed-phase 
processes (Ferrier et al. 2002) and the parameterization of 
the Betts-Miller-Janjić scheme (Janjić 1994, 2000) for the 
coarse domain. For the nested domain, the precipitation 
is directly calculated by the explicit scheme using mixed-
phase processes (Ferrier et al. 2002). 

To produce the optimal initial conditions for the nu-
merical simulation, the WRF 3D-Var system is used to as-
similate additional sounding data over the northern Austra-
lia regime. As will be shown in section 3, the assimilation of 
the sounding observations produces increments in the wind 
field and moisture content through the dynamical/physical 
constraints.

Fig. 1. Model domains with 9- and 3-km horizontal resolutions for the 
coarse domain and nested domain. Four sounding sites are presented at 
Cape Don, Garden Point, Darwin, and Southern Surveyor.
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2.3 Statistical Methods

Two statistical measures are utilized to quantify the 
improvement in the prediction of daily regional rainfall  
(F  20 mm day-1) over the open ocean west of Tiwi Island 
and northern Australia from 22 - 25 January 2006 within 
the active wet monsoon period. Note that the heavy rainfall 
event is only produced in this temporal regime and most of 
the rainfall is distributed over the open ocean (Fig. 2). Two 
predicted daily rainfall verification indices used here are 
the mean absolute error (MAE) and the bias (Wilks 1995), 
which are defined as 

 
MAE N

F O
N

i i
i 1=

-
=
/

        (1)

bias F O
1 i

NN

i i
i 1

=
==
//         (2)

In Eqs. (1) and (2), Fi and Oi refer to forecast and observed 

(TRMM rainfall) precipitation amount for point i respec-
tively, and the summation is over the number point N. 

In Eq. (1), the MAE is the arithmetic average of the 
absolute values of the differences between the members 
of each pairs. Clearly the MAE is zero if the forecasts are 
perfect (i.e., Fi = Oi), and increases as the differences be-
tween the forecasts and observations become larger (Wilks 
1995). For the bias calculation in Eq. (2), a value greater 
than 1 indicates an over-prediction. Conversely, a bias 
less than one indicates that the forecast under-predicted 
amounts when compared with the observations. A perfect 
bias is indicated by a value equal to 1. Here, the MAE 
and bias for the regional daily rainfall predictions with and 
without additional sounding assimilation are presented in 
section 4.

3. WEAThER AnAlySIS 

During TWP-ICE field campaign period in 2006, the 
monsoon was across north Australia from 13 January to 
2 February and then weakened in Australian/Indonesian  

Fig. 2. (a) TRMM daily rainfall, NCEP/FNL sea-level pressure and 950-hPa wind vector (0000 UTC) on 23 January 2006, (b) TRMM daily rainfall, 
sea-level pressure and 950-hPa wind vector (0000 UTC) with assimilated sounding data on 23 January, (c) same as (a) but for 24 January, and (d) 
same as (b) but for 24 January. The rainfall (shading) with a 40 mm interval starts from 20 mm. The contour of sea-level pressure has an interval 
of 0.5 hPa.
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regions from 3 - 13 February. Prior to 23 January, a mon-
soon low-pressure system and the tropical cyclone Daryl 
produced heavy rainfall (> 100 mm) over the land in the 
north of Australia and in the coastal regions from 13 - 21 
January 2006 (Not shown). Because the additional raiwin-
sonde data was collected from 21 January, the analysis of 
weather conditions will focus on the following four tem-
poral regimes (active wet monsoon, suppressed monsoon, 
clear day, and monsoon break) from 21 January to 10 Febru-
ary 2006 as revealed by previous studies (May et al. 2008; 
Wapler et al. 2010; Xie et al. 2010).

During the active wet monsoon period (21 - 25 Janu-
ary 2006), the sea-level pressure at 0000 UTC on 23 Janu-
ary reveals that a westward-moving monsoon low-pressure 
system is predominant over the north Australia land mass 
and surrounding tropical ocean based on the NCEP/FNL 
global analysis (Fig. 2a) and the data with the additional 
assimilated soundings (Fig. 2b). At the 950-hPa level, the 
southerly-to-southwesterly winds prevail over the tropical 
ocean (Figs. 2a and b). Heavy rainfall (> 100 mm) is re-
vealed by the TRMM daily rainfall over the nearby tropical 
ocean of north Australia and Tiwi Island. One day later, a 
deepening low-pressure center reaches the coastal regions 
with a significant anti-cyclonic circulation at the 950-hPa 
level at 0000 UTC 24 January (Figs. 2c and d) and then 
moves southward along the coast. Meanwhile, the southerly 

wind component is enhanced in the south-to-southwest of 
the monsoon low (Figs. 2c and d), where heavy rainfall is 
revealed. In addition, the easterly wind increases over land. 
With the incorporation of additional sounding observations 
during TWP-ICE, the low-pressure system (Figs. 2b and d) 
is relatively stronger than that analyzed by the NCEP/FNL 
data (Figs. 2a and c). At the 850-hPa level, the mean wind 
and geo-potential height fields during active monsoon peri-
od also reveals that a monsoon low-pressure system with an 
anti-cyclonic circulation is located in the north of Australia 
(Fig. 3). The wind speed increases in the west and the south 
of the monsoon low pressure system, but decreases near the 
center of the monsoon low through the assimilation of addi-
tional soundings (Figs. 3b and c) compared with the global 
analysis (Fig. 3a). These indicate the dynamical adjustment 
through the assimilation of additional sounding data. 

To further investigate the adjustment in the vertical at-
mospheric profiles during the active wet monsoon period 
through data assimilation, the vertical cross-section of mean 
wind speed and relative humidity along the Darwin is shown 
in Fig. 4. The atmospheric conditions have a relatively high 
humidity from low levels through upper levels within this 
period as compared with the following periods. With the 
sounding assimilation, the mean moisture field exhibits a 
small adjustment and becomes slightly wet below the 700-
hPa level (Fig. 4b) compared with the NCEP/FNL analysis 

Fig. 3. (a) NCEP-FNL mean wind field and 
geo-potential height at 850 hPa from 21 - 25 
January 2006, and (b) same as (a) but for as-
similated sounding observations. The mean 
wind speed (shading) with a 5 m s-1 interval 
starts from 5 m s-1. The contour of geo-poten-
tial has a 5 m interval. (c) The difference of 
850-hPa mean wind speed between (b) and (a) 
with a 0.5 m s-1 interval. 
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(Fig. 4a). Through dynamical adjustment of the additional 
soundings, the mean wind speed below the 850-hPa level 
increases slightly in the west of the monsoon low, but de-
creases near the center. Meanwhile, the wind speed above 
the 350-hPa level increases with the assimilated sounding 
data. For the heavy rain episode at 0000 UTC on 24 January 
under the influence of a monsoon low pressure system, the 
low-level winds with assimilated sounding data (Fig. 5b) are 
enhanced compared with the NCEP-FNL analysis (Fig. 5a).  
The atmosphere is approximately saturated below 500-hPa 

level (Fig. 5). The wind field with assimilated sounding data 
is characterized by strong northeasterly wind between the 
middle and the upper levels (Fig. 5b) east of Darwin. In con-
trast, low-level winds reveal strong southwesterly wind to 
the west of Darwin. On the basis of previous studies (Dros-
dowsky 1996; May et al. 2008), the principal feature of the 
north Australian monsoon in Darwin is the westerly winds 
between 850 and 700 hPa. However, the westerly wind dur-
ing the active monsoon period of TWP-ICE field campaign 
is not significant. 

Fig. 4. (a) Vertical cross-section of NCEP/FNL mean wind speed and relative humidity along the Darwin (lat = -12.24) during 21 - 25 January 2006, 
and (b) same as (a) but for assimilated sounding observations. The mean wind speed (shading) with a 2.5 m s-1 interval starts from 2.5 m s-1. The 
contour of the relative humidity has a 10% interval.

Fig. 5. (a) Vertical cross-section of NCEP/FNL wind field and relative humidity along the Darwin (lat = -12.24) at 0000 UTC on 24 January 2006, 
and (b) same as (a) but for assimilated sounding observations. The mean wind speed (shading) with a 5 m s-1 interval starts from 5 m s-1. The contour 
of the relative humidity has a 10% interval.
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During the suppressed monsoon period (26 January - 
2 February 2006), the sea-level pressure gradient increases 
significantly (Fig. 6) and the winds change to strong wester-
lies over the tropical ocean and the northwesterlies over land 
compared with the active wet monsoon period. With the ad-
ditional assimilated sounding observations, a monsoon ridge 
approaches Tiwi Island and the north Australian regions 
(Figs. 6b and d), while the northwesterlies are strengthened 
inland, as compared with the NCEP/FNL analysis (Figs. 6a  
and c) during 29 - 30 January. A much weaker TRMM rain-
fall (Fig. 6) indicates that this is in a really dry period com-
pared with the active wet monsoon period. Using the sound-
ing observations during TWP-ICE and the NCEP-FNL 
analysis, the mean wind fields at the 850-hPa level (Fig. 7) 
show that the westerly winds enhance apparently with the 
maxima greater than 20 m s-1 to the east of Darwin (Fig. 7b)  
under the influence of the approaching monsoon ridge. In 
addition, the westerly winds increase based upon the assimi-
lated additional sounding observations (Figs. 7b and c). The 
meridional gradient of the geo-potential height (Fig. 7) is 
much larger in the suppressed monsoon period than that in 
the active period (Fig. 3).

For the moisture content and the wind field adjustment 
in the vertical atmospheric profiles during the suppressed 
monsoon period, the mean vertical cross-section along the 
Darwin (Fig. 8) reveals that a significant dry center occurs 
at the 600-hPa level. The mean moisture content within this 
time slot is much drier than that in the active wet monsoon 
period (Fig. 4). Recall that the monsoon ridge influences 
Darwin, north Australia. As analyzed by Xie et al. (2010), 
the midlevel subsidence and horizontal dry advection are 
largely responsible for the dry mid-troposphere observed 
during the suppressed period and limit the growth of clouds 
to low levels. For the vertical cross-section of the mean 
wind speed (Fig. 8), the westerly winds increase to the 
east of Darwin between 850 and 700 hPa with the sound-
ing data assimilation (Fig. 8b). During the individual day 
of the suppressed monsoon period, significant mid-level 
dry air intrusion starts from 27 January. One day later, the 
relative humidity at the 650-hPa level decrease to less than 
30% (Fig. 9) and the other dry center is at the 750-hPa level. 
With the assimilated sounding data, the strengthening of the 
southwesterly-to-westerly winds (> 20 m s-1) is apparently 
located between 850 and 700 hPa (Fig. 9b). This implies that 

Fig. 6. (a) TRMM daily rainfall, NCEP/FNL sea-level pressure and 950-hPa wind vector (0000 UTC) on 29 January 2006, (b) TRMM daily rainfall, 
sea-level pressure and 950-hPa wind vector (0000 UTC) with the assimilated sounding data on 29 January, (c) same as (a) but for 30 January, and 
(d) same as (b) but for 30 January. The rainfall (shading) with a 15 mm interval starts from 5 mm. The contour of sea-level pressure has the interval 
of 0.5 hPa. 
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Fig. 7. (a) NCEP/FNL mean wind field and 
geo-potential height at 850 hPa from 26 Janu-
ary - 2 February 2006, and (b) same as (a) but 
for the assimilated sounding observations. The 
mean wind speed (shading) with a 5 m s-1 in-
terval starts from 5 m s-1. The contour of geo-
potential has a 5 m interval. (c) The difference 
of 850-hPa mean wind speed between (b) and 
(a) with a 0.5 m s-1 interval.

Fig. 8. (a) Vertical cross-section of NCEP/FNL mean wind speed and relative humidity along the Darwin (lat = -12.24) from 26 January - 2 February 
2006, and (b) same as (a) but for assimilated sounding observations. The mean wind speed (shading) with a 5 m s-1 interval starts from 5 m s-1. The 
contour of the relative humidity has a 10% interval. 

the strong southwesterly-to-westerly flow transports dry air 
from subtropical regions to northern Australia and the near-
by tropical ocean. At 0000 UTC on 31 January (Fig. 10),  
the driest center (RH < 20%) shown with sounding data as-

similation locates between 600 and 550 hPa near Darwin 
(Fig. 10b). The westerly winds are also enhanced to the east 
of Darwin between 850 and 700 hPa through the incorpora-
tion of additional sounding data.
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Following the suppressed monsoon period, the clear 
days (3 - 6 February 2006) is characterized by a quasi-
stationary monsoon ridge and weak westerlies over north 
Australia during 3 - 4 February (Fig. 11) with the help of 
additional sounding data (Figs. 11b and d) compared with 
the NCEP/FNL global analysis (Figs. 11a and c). The sea-
level pressure gradient (Fig. 11) is relatively weak and the 
TRMM rainfall is also much less than the active wet mon-
soon period. From the vertical cross-section of mean wind 

speed and the relative humidity (Fig. 12), the atmospheric 
conditions reveal that the moisture content is really dry with 
a relative humidity less than 50% above the 800-hPa level. 
The subsidence related to the monsoon ridge results mainly 
in the drying of the atmosphere. At 0000 UTC on 4 Febru-
ary, the mid-troposphere subsidence is the most significant 
with relative humidity less than 10% in Darwin (Fig. 13). 
Here, the dynamical and moisture-content adjustment with 
the assimilated additional sounding data (Fig. 13b) is also 

Fig. 9. (a) Vertical cross-section of NCEP/FNL wind field and relative humidity along the Darwin (lat = -12.24) at 0000 UTC on 28 January 2006, 
and (b) same as (a) but for assimilated sounding observations. The mean wind speed (shading) with a 5 m s-1 interval starts from 5 m s-1. The contour 
of the relative humidity has a 10% interval.

Fig. 10. (a) Vertical cross-section of NCEP/FNL wind field and relative humidity along the Darwin (lat = -12.24) at 0000 UTC on 31 January 2006, 
and (b) same as (a) but for assimilated sounding observations. The mean wind speed (shading) with a 5 m s-1 interval starts from 5 m s-1. The contour 
of the relative humidity has a 10% interval. 
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Fig. 11. (a) TRMM daily rainfall, NCEP/FNL sea-level pressure and 950-hPa wind vector (0000 UTC) on 3 February 2006, (b) TRMM daily rain-
fall, NCEP/FNL sea-level pressure and 950-hPa wind vector (0000 UTC) with the assimilated sounding data on 3 February, (c) same as (a) but for 
4 February, and (d) same as (b) but for 4 February. The rainfall (shading) with a 15 mm interval starts from 5 mm. The contour of sea-level pressure 
has the interval of 0.5 hPa. 

Fig. 12. (a) Vertical cross-section of NCEP/FNL mean wind speed and relative humidity along the Darwin (lat = -12.24) during 3 - 6 February 2006, 
and (b) same as (a) but for assimilated sounding observations. The mean wind speed (shading) with a 5 m s-1 interval starts from 5 m s-1. The contour 
of the relative humidity has a 10% interval. 



Hsi-Chyi Yeh & Xiouhua Fu430

revealed in the wind field and the relative humidity com-
pared with the NCEP/FNL analysis (Fig. 13a).

After the suppressed monsoon and clear days, the 
monsoon low-pressure system appears inland again with a 
relatively weak sea-level pressure gradient (Fig. 14) during 
the monsoon break (7 - 10 February 2006). After assimilat-
ing additional sounding observations, the monsoon low is 
enhanced (Figs. 14b and d) over land compared with the 
NCEP/FNL analysis (Figs. 14a and c) during 9 - 10 Febru-
ary. The westerly wind in low levels weakens and changes 
to the southwesterlies and southerlies (Fig. 14). The weak 
TRMM rainfall distributes over land in the north Australia 
(Fig. 14). For the vertical atmospheric profiles, the westerly 
winds change to the southeasterly-to-easterlies between 850 
and 700 hPa (Fig. 15). Recall that the typical westerly winds 
between 850 and 700 hPa are also absent in the active mon-
soon regime under the influence of the monsoon low pres-
sure system. The wind speed decreases and becomes weaker 
than that in the wet and dry monsoon regimes. The moisture 
content reduces slightly with the assimilation of additional 
sounding data (Fig. 15b). 

4. RAInfAll PREDICTIOn 

Through the assimilation of the additional sounding 
data over the north Australia and the surrounding ocean, 
the impact on daily rainfall predictions during the IOP of 
TWP-ICE, especially in the active monsoon period, are sta-
tistically investigated. Recall that the heavy rainfall events  
(> 100 mm day-1) occur primarily during the active mon-
soon period (Fig. 2). In contrast, the other temporal regimes 

have no significant rainfall as revealed by the TRMM rain-
fall distribution (Figs. 6, 11, and 14). 

For the active monsoon period, the convection is very 
active under the influence of a monsoon low pressure sys-
tem. Heavy rainfall appears during 23 - 24 January (Fig. 2) 
over the nearby tropical ocean of north Australia and the 
maritime continent centered on the Tiwi Islands. Recall that 
the dilute CAPE in this period is much stronger than the 
other temporal regimes (Zhang 2009). The predicted daily 
rainfall rate (Fig. 16) with assimilated sounding data dur-
ing 23-24 January reproduces heavy rainfall in the nearby 
ocean to the west of Tiwi Island (Fig. 16b). Also, the rain-
fall distribution (> 60 mm day-1) is relatively consistent with 
the satellite-retrieved TRMM rainfall (Fig. 16c), compared 
with the rainfall prediction using NCEP/FNL as initial con-
ditions (Fig. 16a). For the area-averaged (128 - 130°E; 13.5 
- 10.5°S) daily rainfall during 23 - 24 January 2006, the 
prediction with the sounding data assimilated reproduces 
the rainfall of 68.2 mm day-1 over the ocean is closed to 
the TRMM rainfall (67.1 mm day-1), and is relatively larger 
than the rainfall (64.1 mm day-1) predicted by the NCEP/
FNL run. 

In addition, the statistical evaluation, using the MAE 
and bias as shown in section 2.3, for the daily rainfall pre-
dictions with and without additional sounding data assimi-
lation during 22 - 25 January 2006 is presented in Figs. 17 
and 18, respectively. With additional assimilated soundings, 
the daily rainfall prediction reveals smaller errors in MAE 
(Fig. 17) compared with those predicted by the NCEP-FNL. 
The bias also shows a better performance with additional 
sounding assimilation (Fig. 18) than the NCEP-FNL run, 

Fig. 13. (a) Vertical cross-section of NCEP/FNL wind field and relative humidity along the Darwin (lat = -12.24) at 0000 UTC on 4 February 2006, 
and (b) same as (a) but for assimilated sounding observations. The mean wind speed (shading) with a 5 m s-1 interval starts from 5 m s-1. The contour 
of the relative humidity has a 10% interval. 
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Fig. 14. (a) TRMM daily rainfall and NCEP/FNL sea-level pressure (0000 UTC) on 9 February 2006, (b) TRMM daily rainfall and sea-level pres-
sure (0000 UTC) with the assimilated sounding data on 9 February, (c) same as (a) but for 10 February, and (d) same as (b) but for 10 February. The 
rainfall (shading) with a 40 mm interval starts from 20 mm. The contour of sea-level pressure has the interval of 0.5 hPa.

Fig. 15. (a) Vertical cross-section of NCEP/FNL wind field and relative humidity along the Darwin (lat = -12.24) at 0000 UTC on 10 February 2006, 
and (b) same as (a) but for assimilated sounding observations. The mean wind speed (shading) with a 5 m s-1 interval starts from 5 m s-1. The contour 
of the relative humidity has a 10% interval. 
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although the predicted rainfall in both is under-predicted as 
compared with the TRMM rainfall. Therefore, to assimilate 
more sounding observations can improve the daily rainfall 
prediction over the nearby ocean west of Tiwi Island and the 
northern Australia in the active monsoon period.

Fig. 17. The mean absolute error (MAE) in predicted daily rainfall 
associated with NCEP-FNL runs (black box), and the simulations 
with additional soundings assimilated (grey box) from 22 - 25 January 
2006.

Fig. 18. Bias in predicted daily rainfall associated with NCEP-FNL 
runs (black box), and the simulations with additional soundings as-
similated (grey box) from 22 - 25 January 2006.

 5. COnCluSIOn

With the availability of additional sounding observa-
tions during IOP of 2006 TWP-ICE over north Australia 
and surrounding ocean of the Tiwi Island, the characteris-

Fig. 16. Predicted mean daily rainfall distribu-
tion by NCEP/FNL run during 23 - 24 January 
2006, and (b) same as (b) but for the predic-
tion with assimilated sounding data, and (c) 
mean daily rainfall distribution from TRMM 
at the same period. The rainfall (shading) with 
a 40 mm interval starts from 20 mm. 
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tics of weather systems and atmospheric conditions during 
four temporal regimes (active wet monsoon, suppressed 
monsoon, clear days, and monsoon break) can be further 
analyzed using the WRF 3D-Var system. 

In the active wet monsoon period (21 - 25 January 
2006), a monsoon low-pressure system dominates over 
coastal regions of northern Australia. The environmental 
moisture content is much wet compared with the follow-
ing periods. Thus, heavy rainfall is revealed by the TRMM 
daily rainfall over the nearby ocean of the Tiwi Island and 
northern Australia, where the southerly-to-southwesterly 
winds predominate in low levels. This is different from the 
typical westerly winds during active north Australia sum-
mer monsoon regime. In addition, the daily rainfall predic-
tions with additional sounding assimilation have significant 
improvement over the nearby ocean of the Tiwi Island and 
the northern Australia during 22 - 25 January 2006.

For the suppressed monsoon period (26 January - 2 
February 2006), a monsoon ridge approaches Tiwi Island 
and northern Australia. A monsoon low-pressure system 
develops and deepens inland. The sea-level pressure gradi-
ent increases significantly where strong westerly winds in 
low levels are revealed and strengthened with the assimila-
tion of additional soundings. Meanwhile, significant dry air 
intrusion occurs in the mid-troposphere with a driest center 
around the 600-hPa level. The dry mid-troposphere may re-
late to the air advection from the subtropical regions and 
the subsidence as also revealed by Xie et al. (2010). Thus, 
the rainfall production is reduced sharply over the nearby 
ocean north of Australia and the Tiwi Island compared with 
the active monsoon period. However, the driest conditions 
occur during the clear days with the relative humidity less 
than 10% in middle levels, primarily due to the subsidence 
under the influence of a monsoon ridge. For the monsoon 
break period (7 - 10 February 2006), the weather is domi-
nated by a monsoon low. The sea-level pressure gradient 
and the low-level winds over the ocean become weaker as 
compared with the active wet monsoon period. Scattered 
rainfall is distributed over coastal regions of northern Aus-
tralia. 
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