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ABSTRACT

This study documents the characteristics of the large-scale structures and diabatic heating and drying
profiles observed during the Tropical Warm Pool-International Cloud Experiment (TWP-ICE), which was
conducted in January—February 2006 in Darwin during the northern Australian monsoon season. The ex-
amined profiles exhibit significant variations between four distinct synoptic regimes that were observed
during the experiment. The active monsoon period is characterized by strong upward motion and large ad-
vective cooling and moistening throughout the entire troposphere, while the suppressed and clear periods are
dominated by moderate midlevel subsidence and significant low- to midlevel drying through horizontal ad-
vection. 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. During the
break period, upward motion and advective cooling and moistening located primarily at midlevels dominate
together with weak advective warming and drying (mainly from horizontal advection) at low levels. The
variations of the diabatic heating and drying profiles with the different regimes are closely associated with
differences in the large-scale structures, cloud types, and rainfall rates between the regimes. Strong diabatic
heating and drying are seen throughout the troposphere during the active monsoon period while they are
moderate and only occur above 700 hPa during the break period. The diabatic heating and drying tend to have
their maxima at low levels during the suppressed periods. The diurnal variations of these structures between
monsoon systems, continental/coastal, and tropical inland-initiated convective systems are also examined.

1. Introduction cooling and moistening plays an important role in
destabilizing the atmospheric structure, initiating and
maintaining deep convection. On the other hand, latent
heating released from tropical convective systems is a
major energy source for the large-scale circulation. By
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The large-scale state of the tropical atmosphere as
characterized by low-level convergence and advective
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(Riehl and Malkus 1958; Yanai 1961; Yanai and Johnson
1993). Documenting the large-scale structure and latent
heating profiles of tropical convective cloud systems
from observations is a key step toward understanding
how cumulus convection interacts with its large-scale
environment. This has been one of the primary goals of
a number of major field experiments conducted in the
tropics (Thompson et al. 1979; Frank 1978; Frank and
McBride 1989; Lin and Johnson 1996a,b; Schumacher
et al. 2007). Retrieval of latent heating profiles from
satellite measurements is also a major research topic of
the National Aeronautics and Space Administration’s
(NASA) Tropical Rainfall Measuring Mission (TRMM)
(Tao et al. 2006, 2007).

Latent heating is the dominant component of total dia-
batic heating in the tropics during convective periods. The
total diabatic heating and drying can be estimated as the
residuals of heat and moisture budgets of large-scale mo-
tion measured by a suitably designed sounding network.
The purpose of this study is to document the characteristics
of the large-scale structure and diabatic heating and drying
profiles of the convective cloud systems observed during
the latest major field experiment in the tropics, the Trop-
ical Warm Pool-International Cloud Experiment (TWP-
ICE). The derived diabatic heating data can also be used as
an observed base for validating TRMM latent heating
retrievals, which are designed for application with satellite-
estimated surface rain rate and precipitation profile inputs
using physically based models, which range from simple
profile shapes to cloud-resolving models (CRMs). As
shown in Tao et al. (2006), different retrieval algorithms
may result in large differences in the retrieved latent
heating profiles from TRMM measurements.

TWP-ICE was conducted in January-February 2006
in Darwin during the northern Australian monsoon
season by the U.S. Department of Energy (DOE) At-
mospheric Radiation Measurement Program (ARM)
(Stokes and Schwartz 1994; Ackerman and Stokes 2003)
and the Australian Bureau of Meteorology (BOM) in
collaboration with many other agencies and universities
(May et al. 2008) to further improve the understanding
of the interaction of tropical convection with its envi-
ronment. The major goal of TWP-ICE was to provide
a comprehensive dataset that describes the structure and
evolution of monsoonal deep tropical convection and
the resulting cirrus clouds and their radiative impacts. In
conjunction with the description of the convection, the
experiment aimed to provide an extensive description of
the large-scale state of the atmosphere on the scale of
a typical climate model grid box (~2° X 2°). For this
purpose, a comprehensive ground-based observational
network, including an array of six radiosonde stations
centered at the ARM Darwin site and an extensive set of
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in situ and remote sensing instruments, was deployed to
observe the evolution of convective cloud systems, their
large-scale environment, and the detailed cloud micro-
physical properties (Fig. 1). One of the unique features
of TWP-ICE is that radiosondes were launched with
very high temporal resolution (3-hourly launches) at all
of the five boundary sounding stations. Consequently,
the diurnal variability of convective cloud systems can
be better resolved by TWP-ICE data than in data from
earlier tropical field experiments.

The northern Australian summer monsoon season
usually begins in mid- to late December and ends in
March. Climatologically, the monsoonal flow is char-
acterized by low-level westerlies of equatorial origin
overlain by strong easterlies in the upper troposphere,
with “break’ periods where low- to midlevel easterlies
of continental origin prevail. Characteristics of the con-
vection and its associated large-scale environment dur-
ing the northern Australian summer monsoon season
have been described in many studies. An overview of the
northern Australian summer monsoon was provided by
McBride (1987) and Manton and McBride (1992); Gunn
et al. (1989) described the synoptic aspects of the 1987
Australian summer monsoon during the Australian
Monsoon Experiment (AMEX) over the Gulf of Car-
pentaria; Frank and McBride (1989) performed a de-
tailed investigation of diabatic heating and drying
structures and the evolution of the life cycle of the
convective cloud systems for AMEX. They found that
AMEX convective systems typically showed stronger
upward motion and more heating in the mid- and upper
levels but weaker upward motion and less heating in the
lower troposphere throughout their life cycles compared
to those systems observed in Atlantic Ocean during
the Global Atmospheric Research Program (GARP)
Atlantic Tropical Experiment (GATE). Keenan and
Carbone (1992) showed differences in the structural
characteristics of tropical precipitating systems of oce-
anic, continental/coastal, and island origin observed in
the vicinity of Darwin. Tropical island-initiated con-
vective systems over the Darwin region were studied
in Carbone et al. (2000) and were the major focus of
the Maritime Continent Thunderstorm Experiment
(MCTEX) held during November-December 1995 over
the Tiwi Islands north of Darwin (Keenan et al. 2000).

During TWP-ICE, Darwin experienced four distinct
synoptic regimes, coincident with the activity of a major
Madden-Julian oscillation (MJO) event that influenced
the region (see the MJO index online at http:/www.
bom.gov.au/bmrc/clfor/cfstaff/matw/maproom/RMM/).
Various types of tropical convective systems of oceanic,
continental/coastal, and island origin were observed dur-
ing the experiment. The experiment provided a unique
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FIG. 1. The ground observation network established
by the five boundary sounding stations. The mainlan

during TWP-ICE. The analysis domain is enclosed
d subdomain and the Tiwi Islands subdomain are

enclosed by the dashed lines. The locations of the sounding, surface radiative flux, and surface turbulence

flux stations are displayed as stars, squares, and dots,

opportunity to study the structure and evolution of these
tropical convective systems and their associated envi-
ronments in an unprecedented level of detail. An over-
view of TWP-ICE and its synoptic conditions can be
found in May et al. (2008).

The focus of this study is to elucidate the variations
in the TWP-ICE large-scale structures as well as diabatic
heating and drying profiles within the four observed
regimes. We attempt to understand how the large-scale
atmospheric structure interacts with the organization of
the TWP-ICE convective systems and to provide a com-
prehensive description of the large-scale environment
and diabatic heating and drying profiles for future
studies on TWP-ICE. An important by-product of the
present study are the derived large-scale fields (e.g.,
vertical velocity and advective tendencies of tempera-
ture and moisture), which can be used for heat and
moisture budget studies as well as single-column mod-
eling (SCM) and CRM studies of the observed convec-

respectively.

tive cloud systems. Note that providing such large-scale
fields was one of the key goals of the TWP-ICE field
campaign (May et al. 2008).

Section 2 provides details about the data and data
analysis issues. The synoptic conditions and associated
cloud fields are briefly summarized in section 3. Section 4
describes characteristics of the analyzed mean flow and
surface conditions. Section 5 examines large-scale struc-
tures and diabatic heating and drying profiles exhibited
over the four distinct regimes. A further investigation of
differences in these fields relative to the diurnal cycle
of convection of oceanic, continental/coastal, and island
origin is conducted in section 6. Section 7 summarizes
the results.

2. Data and data analysis issues

The constrained variational analysis approach of Zhang
and Lin (1997) is used to perform an objective analysis of
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TWP-ICE data. This method was designed for deriving
the large-scale vertical velocity and advective tendencies
of temperature and moisture from sounding measure-
ments over a network with a small number of stations.
Diabatic heating and drying, or the apparent heat source
Q1 and apparent moist sink Q2 as defined by Yanai et al.
(1973), can then be estimated as the residuals of heat and
moisture budgets of large-scale motion. The variational
analysis uses domain-averaged surface and top-of-the-
atmosphere (TOA) observations as constraints to adjust
atmospheric state variables from soundings by the small-
est possible amount to conserve column-integrated mass,
moisture, and static energy so that the final analysis da-
taset is dynamically and thermodynamically consistent.
The required observation constraints include the surface
and TOA radiative fluxes, surface latent and sensible
heat fluxes, and surface precipitation. The variational
analysis has been successfully used to process field data
collected at the ARM Southern Great Plains (SGP)
(Zhang et al. 2001) and North Slope of Alaska (NSA)
sites (Xie et al. 2006). It was also used for analyzing data
from the TRMM Kwajalein Experiment (KWAJEX),
the TRMM Large-Scale Biosphere—Atmosphere Ex-
periment (LBA), and the TRMM South China Sea
Monsoon Experiment (SCSMEX) (Schumacher et al.
2007). Details of the variational analysis method can be
found in Zhang and Lin (1997) and Zhang et al. (2001).
In this section, we provide some technical details about
the objective data analysis of TWP-ICE observations to
help users better understand the large-scale state dataset
developed from this study.

The TWP-ICE sounding array (Fig. 1) provided three
hourly soundings during the intensive operational pe-
riod (IOP) from 22 January to 12 February 2006. The
array contains four mainland stations (including the
ARM Darwin site), one station on the Tiwi Islands, and
one station on the Australian Commonwealth Scientific
and Industrial Research Organisation (CSIRO) Southern
Surveyor ship stationed in the Timor Sea. The sound-
ing array covers an area with a radius of approximately
150 km. The variational analysis technique described
above was applied to the sounding IOP over the domain
enclosed by the five boundary sounding stations (Fig. 1).
In addition, two subanalysis domains were defined to
better describe the convective systems of continental/
coastal and island origin observed during the break
period (respectively the mainland and Tiwi Islands
subdomains shown by dashed lines in Fig. 1) since those
systems occupied only small regions of the experiment
domain as will be shown in the next section. Both
continental/coastal and island systems were mainly driven
by sea breezes, but the continental coastal systems were
also influenced by several squall lines crossing Darwin in
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the evening and early morning during TWP-ICE. There-
fore, it would be interesting to examine similarities and
differences in the structural characteristics of these two
types of cloud systems. In the following discussion, the
analysis domain refers to the whole TWP-ICE sounding
domain unless the mainland or Tiwi Islands subdomains
are explicitly indicated. The temporal and vertical res-
olutions of the analyses used in this study are 3 h and
25 hPa, respectively, for both the sounding domain and
the two subdomains.

The variational analysis requires initial analyses of
temperature, wind, and humidity for the TWP-ICE do-
main. These are generated from the TWP-ICE soundings
and background European Centre for Medium-Range
Weather Forecasts (ECMWF) analyses using an inter-
polation scheme described by Cressman (1959). The
Cressman scheme uses a weighting function that depends
on the distance between an observation station and an
analysis grid point, as well as the difference between
observations and the background. The interpolation is
carried out for the difference field between observations
and the background. If there is no measurement within
a specified distance (L) of an analysis grid point, the
scheme will only take the background field as the anal-
ysis. The distance L used in this study is 50 km.

The surface and TOA observations, used as the con-
straints in the variational analysis, were measured by
the enhanced surface observation network near Darwin
shown in Fig. 1 and the Japanese Multifunctional Trans-
port Satellite (MTSAT), respectively. Among these con-
straint fields, the surface precipitation rates were derived
from a scanning C-band Doppler radar at Gunn Point
(near Darwin) using a combination of polarimetric es-
timators that are dominated by reflectivity at low rain
rates, differential reflectivity at moderate rates, and the
specific differential phase (KDP) at high rain rates. The
particular algorithms are described in Bringi et al. (2001,
2002, 2004). The surface radiation was obtained from
radiometer measurements using the algorithm described
in Long and Ackerman (2000) and Long (2001). The
surface turbulent fluxes were derived from 3D eddy co-
variance system measurements according to the method
described in Beringer et al. (2007). The TOA radiative
fluxes were from hourly MTSAT products, which were
retrieved using the algorithm described in Minnis et al.
(2001).

Since both the C-band polarimetric (C-POL) pre-
cipitation radar and MTSAT covered the analysis region
completely, a simple arithmetic averaging was used to
calculate the domain average precipitation rates and
TOA radiative fluxes. For the surface radiative and
turbulent fluxes, a weighted average was applied to the
data collected from the limited number of surface flux
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sites. The weights used in computing the area mean of
the surface radiative fluxes were based on the land and
ocean fraction within the analysis domain, 0.57 and 0.43,
respectively. For the sensible and latent heat fluxes,
the weights for data collected at each site (i.e., Darwin
Harbour, Fogg Dam, Howard Springs, Daly River, and
the ship) were guided by the frequencies of the Mod-
erate Resolution Imaging Spectroradiometer (MODIS)
satellite-derived land types within the analysis domain.
As shown in Fig. 1, the Daly River site is located outside
the analysis domain. However, data collected from the site
are important for us to obtain meaningful area-averaged
heat fluxes since the Daly River site is surrounded with
eucalypt woodland/grassland savanna, one of the most
common land types in the Darwin region. The locations
of the other four heat flux sites were selected to repre-
sent inshore waters (Darwin Harbour), typical northern
floodplain (Fogg Dam), eucalypt open forest savanna
(Howard Springs), and open ocean (the ship). There were
quite large gaps in the surface heat flux measurements.
The major missing data periods are 22-25 January 2006
and 1-6 February 2006 at Fogg Dam, 22-23 January
2006 and 1-10 February 2006 at Howard Springs, 22-31
January 2006 at Daly River, 3—7 February 2006 at Dar-
win Harbour, and 22-25 January 2006 at the ship. The
data gaps were filled with ECMWF data, which were
adjusted using linear regression equations that were de-
rived for the times when both ECMWF and observations
were available.

The Vaisala RS92 sondes used in TWP-ICE are
known to have a significant daytime solar radiation
dry bias and a minor temperature-dependent calibration
error (Vomel et al. 2007). The dry bias is caused by solar
heating of the radiosonde’s humidity sensor; at the
height of 15 km this bias can be as great as 50%. In this
study, the dry bias and the temperature-dependent cal-
ibration errors in the original RS92 sondes were cor-
rected using an algorithm similar to the one described
in Vomel et al. (2007). A radiation dry bias correction
factor, a temperature-dependent calibration correction
factor, and a solar zenith angle correction factor were
applied to the original RS92 sondes (Hume 2007). The
largest correction is in the upper troposphere during
daylight; however, small changes can also be seen at
night and in the lower troposphere mainly because of
the use of the temperature-dependent calibration cor-
rection factor. More details about the correction can be
found in the appendix.

The subdomain large-scale state was derived using the
same approach as that used for the entire sounding do-
main, except that the surface and TOA constraints are
averaged over the corresponding subdomains. Sounding
data from those stations that are within the specified
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distance (50 km) of the analysis grid points were used in
the analysis through the Cressman method as described
earlier. As indicated in Fig. 1, the mean flow and large-
scale structures over the mainland subdomain were de-
termined mainly by the sounding data collected at
Darwin, Mount Bundy, and Point Stuart, while over the
Tiwi Islands subdomain they were determined mainly
by the sounding data collected at Pirlangimpi, Southern
Surveyor, and Cape Don. It is worth noting that the use
of subdomain-averaged constraints helps alleviate some
of the problems caused by scale aliasing in the mea-
surements over the two smaller subdomains that are
originally introduced by the reduction of the number of
sounding stations used in the analysis.

Itis believed that there are quite large uncertainties in
the area-mean surface fluxes because of the limited
number of surface flux stations and large data gaps. The
small number of surface flux stations cannot well resolve
the large spatial variability exhibited in the radiative and
heat fluxes in the Darwin region, which contains both
ocean and diverse land surface types. Several sensitivity
tests were performed to examine the impact of potential
uncertainties in the domain-averaged surface fluxes on
the derived large-scale structures. In these tests, the area-
averaged surface radiative and turbulent fluxes were de-
rived using different weighting coefficients for the data
collected from the flux stations. It was found that the
derived large-scale fields from these sensitivity tests
exhibited very similar temporal and vertical structures
with some variations in their magnitudes. The differ-
ences between these sensitivity tests and the standard
run (which is used in this study) are at least one order of
magnitude smaller than typical values of the large-scale
fields in the standard run (not shown). This suggests that
the analyzed data are suitable for studying large-scale
structures for the convection systems observed during
TWP-ICE.

3. Synoptic conditions and observed clouds

As described in May et al. (2008), the Darwin region
was influenced by a typical monsoonal circulation during
TWP-ICE. It experienced four distinct regimes: active
monsoon during 13-25 January, suppressed monsoon
during 26 January-2 February, clear skies during 3-5
February, and a monsoon break period during 6-13
February. The active monsoon period was characterized
by westerly monsoon flow, intensive mesoscale convec-
tive systems of mostly oceanic origin, and heavy surface
rainfall. During the suppressed monsoon period, an in-
tense low pressure system moved inland to the southwest
of Darwin where it deepened, leading to strong west-
erlies over Darwin as is typical in the days following the
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active phase of an MJO. This period was characterized
by clouds associated with relatively shallow convection
(cloud tops at or below 8 km) accompanied by much
lower area-mean precipitation than in the preceding
monsoon period. Cirrus resulting from the inland low to
the south of Darwin was advected into the TWP-ICE
domain. Following the dissipation of the inland low on
3 February, the Darwin region experienced three days of
clear skies with no precipitation. This was followed by
a monsoon break period, during which an inland heat
trough dominated the large-scale conditions over north
Australia. Convection during the break period was char-
acterized by intense afternoon thunderstorms with several
squall lines crossing Darwin in the evening and early
morning.

The cloud and precipitation systems that occurred
during TWP-ICE were well observed by the ARM sur-
face remote sensing instruments, including a 35-GHz
millimeter wave cloud radar (MMCR), micropulse lidar
(MPL), laser ceilometers, and the BOM C-POL radar.
Figure 2a shows the time—pressure cross section of ob-
served frequency of occurrence of clouds at the ARM
Darwin site. The figure is constructed by integrating
measurements from MMCR, MPL, and laser ceilome-
ters using the Active Remotely Sensed Clouds Loca-
tions (ARSCL) algorithm (Clothiaux et al. 2000) for the
sounding IOP. The integrated products combine the
capability of the MMCR to penetrate optically thick
hydrometeor layers and the ability of the MPL to detect
optically thin clouds (e.g., cirrus). Cloud base shown in
Fig. 2a is determined by the MPL and the laser ceil-
ometers, which are usually insensitive to precipitation
particles (if they are not sufficiently large) or clutter. As
indicated in Clothiaux et al. (2000), the laser ceilome-
ters and MPL can provide quite accurate cloud-base
measurements. The area-average surface precipitation
rates retrieved from the C-POL radar are shown in
Fig. 2b.

Examples of the horizontal distribution of the observed
cloud systems and surface rainfall are displayed in Figs. 3
and 4, respectively. The pentagon in these snapshot fig-
ures denotes the TWP-ICE sounding domain. It is seen
that the major cloud systems and surface rainfall associ-
ated with the active monsoon covered much of the
analysis region, while those associated with intense af-
ternoon convection and squall lines during the break
period only occupied scattered regions (over the main-
land and the Tiwi Islands) of the analysis domain. This
suggests that the current sounding network might be too
big to appropriately describe the break period systems.
This motivated the analysis over the mainland sub-
domain and the Tiwi Islands subdomain carried out in
section 6.
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FIG. 2. (a) Observed cloud frequency at Darwin from the ARM
surface remote sensing instruments (MMCR, MPL, and laser ceil-
ometer) and (b) the domain-averaged surface precipitation rates
from the BOM C-POL radar. The four regimes are marked in (b).

4. Mean flow and surface conditions

The large-scale environment of the Australian sum-
mer monsoon as analyzed with the variational analysis is
shown in Figs. Sa—c, which display the analyzed zonal
and meridional wind components and relative humidity
(RH) fields, respectively. RH is calculated with respect
toice for T < 0°C. Note that the analyzed data represent
an average over the analysis domain as shown in Fig. 1.
A 24-h running smoothing was applied to all fields for
display purposes.

The analyzed winds clearly demonstrate the north-
ern Australia summer monsoonal flow observed during
TWP-ICE. The monsoon period (active, suppressed,
and clear skies) was characterized by westerlies at low-
to midlevels, whereas the break period was character-
ized by easterlies at the levels above 915 hPa. The
easterly flow observed on 24 January at the levels above
915 hPa was due to the monsoon trough retreating to the
north of Darwin (May et al. 2008). A strong westerly
wind event was observed during the suppressed mon-
soon period, following the active phase of an MJO. At
the same time, an easterly flow occurred in the upper



1 JANUARY 2010

MTSAT Image 12337 23 Jan.2006

- - N
F .- Wl vy Avm

-
-

- <
- - r

XIE ET AL. 63

(d)  MTSAT Image 0633Z 10 Feb. 2006

255 >260K

FIG. 3. Four snapshots showing the satellite images for the different cloud systems observed during (a) the active; (b) suppressed; and
(c),(d) break periods. The pentagon in these figures denotes the TWP-ICE sounding domain. Local time in Darwin is 9.5 h greater than

universal time. Black represents clear-sky area.

troposphere. The meridional wind component is much
weaker than the zonal wind component, typically less
than 5 m s~ ! in the troposphere (Fig. 5b). The temporal
and vertical structure of RH shows a strong association
with the observed cloud fields (Fig. 2). The RH was
usually larger than 80% throughout the troposphere
during the active monsoon period. Low RH values were
seen in the midtroposphere during the suppressed, clear
skies, and break periods. The dry air was likely related to
dry intrusions originated from higher latitudes, which
are often observed over the tropical western Pacific

(Numaguti et al. 1995). The dry midtroposphere could
act to suppress the convection and prevent the forma-
tion of deep cumulus clouds.

Figures 6a—-d show the analyzed domain-averaged
surface temperature, surface wind speed, sensible heat
flux, and latent heat flux, respectively. These surface
fields exhibited notable differences over the four re-
gimes. For example, the break period had higher sur-
face temperature and sensible heat flux but weaker
surface wind and latent heat flux compared to the ac-
tive and suppressed monsoon periods. It is seen that the
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FIG. 4. Images of the C-POL radar precipitation for the similar times as the satellite pictures shown in Fig. 3. The
pentagon in these figures denotes the TWP-ICE sounding domain. Local time in Darwin is 9.5 h greater than uni-

versal time.

sensible heat flux showed some correlation with the
surface temperature, whereas the surface latent heat
flux was better correlated with the surface wind speed.
Both the surface wind and latent heat flux (or evapo-
ration) were significantly enhanced following the pas-
sage of the active phase of the MJO event. The increase
of surface temperature with time was consistent with an
increase of net surface shortwave radiation (Fig. 7a)
due to a decrease of cloud fraction especially at low
levels. The reduction of clouds from the active mon-
soon to the break period also led to an increase of net
downward shortwave and outgoing longwave radia-
tive fluxes at TOA (Figs. 7b and 7d, respectively) and
an increase of net surface upward longwave radiation
(Fig. 7c).

Associated with the activity of a major MJO event
over the Darwin region, the observed characteristics
of the large-scale environment during the active and
suppressed monsoon period of TWP-ICE show many

similarities to those observed over the tropical west-
ern Pacific warm pool region, such as those described
in Lin and Johnson (1996a) for the Tropical Ocean
and Global Atmosphere Coupled Ocean—Atmosphere
Response Experiment (TOGA COARE) conducted
over the western Pacific warm pool, in which the large-
scale circulation was also largely impacted by major
MIJO events. For example, both TWP-ICE and TOGA
COARE data show significantly increased westerlies
and evaporation following the active phase of an MJO
event. This indicates that the TWP-ICE data could
help understand tropical convective systems that occur
over the warm pool region. However, they differ sig-
nificantly during the break period, where TWP-ICE had
the unique continental/coastal and island-initiated con-
vective systems that occurred in the Darwin region al-
most on a daily basis. Data collected from TWP-ICE
provide a unique opportunity to study these tropical
land systems and their associated environments.
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FIG. 5. The time—pressure cross sections of the analyzed large-scale state fields over the sounding domain during
TWP-ICE. (a) Zonal wind, (b) meridional wind, and (c) relative humidity (with respect to ice for 7' < 0°C). In these
figures, solid lines are for values larger than or equal to zero and dotted lines for values less than zero. In (a) and (b),
positive values are shaded and in (c) values larger than 60% are shaded. Contour interval is 5 in (a) and (b) and 20

in (c). A 24-h running mean was applied to these fields.

5. Mean large-scale structures and diabatic heating
and drying profiles

One of the major goals of TWP-ICE is to determine
mean large-scale dynamic and thermodynamic struc-
tures and diabatic heating and drying profiles associated
with tropical convective cloud systems. Details of the
vertical heating profile are known to have large in-
fluence on both tropical weather and climate systems
and are central to their intraseasonal variability (Yanai
et al. 2000; Lin et al. 2004). In this section, we examine
the evolution of the derived large-scale state and dia-
batic heating and drying as well as their vertical struc-
tures over the four distinct regimes.

The temporal evolution and period-averaged large-
scale vertical velocity derived from TWP-ICE observa-
tions over the whole sounding domain are shown in
Figs. 8a and 8b, respectively. The mean vertical velocity
field during the active monsoon period showed strong
upward motion through the entire troposphere with
maximum around 265 hPa (Fig. 8b). In contrast, the av-

erage vertical motion was weak during the suppressed,
clear, and break periods. The suppressed monsoon pe-
riod was characterized by moderate upward motion
below 665 hPa and above 245 hPa and weak downward
motion in the midtroposphere. Compared to the sup-
pressed period, the three clear days had stronger down-
ward motion above 465 hPa and weaker upward motion
below 665 hPa. During the break period, moderate
midlevel upward motion occurred with virtually no
vertical velocity below 765 hPa in its averaged profile.
The characteristics of the vertical velocity field during
the monsoonal period are similar to those shown in
TOGA COARE (Lin and Johnson 1996a) in which the
upward motion maxima were found at upper levels
during the active convective period, and low-level weak
upward motion or subsidence was observed during sup-
pressed convective period when strong westerly winds
prevailed. The major difference between these two
datasets is that the ascending maximum of the TWP-
ICE profile occurs higher (265 hPa), indicating higher
clouds or stronger updrafts, than that of the TOGA
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COARE profile (350 hPa) during the active convection
period.

Figure 9 displays the analyzed total advective tem-
perature tendency (7agy tor) and its horizontal compo-
nent (7T,4v nori)» Which are defined as

aT
Tadv_tol = _Vh ’ VpT - w@ + ng
aT
= Tadv,hori - w@ + ATadiab’ (1)

where T is the temperature, V,, is the horizontal wind
vector, AT ,qiap 1S the adiabatic compression term, p is
the pressure, and w is the vertical velocity in p co-
ordinates. The total advective temperature tendency
was mainly dominated by its vertical component (in-
cluding the adiabatic compress term) during the active
and break periods as the horizontal advective tendency
of temperature was relatively weak. For the active mon-

soon period, the entire column was cooled primarily by
vertical advection with the maximum cooling between
340 and 565 hPa (Fig. 9¢c), whereas for the break period
moderate cooling was seen only at midlevels. Unlike
the active and break periods, the suppressed period
experienced pronounced horizontal advective cooling
between the surface and 215 hPa (Fig. 9d). The total
advective cooling rate decreased with height above
765 hPa, with the largest cooling occurring in the lower
troposphere (Fig. 9c). Another interesting feature seen
in Fig. 9d was that the boundary layer was largely cooled
by horizontal advection during the three clear days.
Figure 10 shows the temporal evolution and period-
averaged total and horizontal advective tendencies of
MOIStUre, Gagy ot ad Gagy_nori> Which are defined as

_ 9q _ aq
Dadv_tot ~ _Vh ’ th - w@ = Dadv_hori — w@ > (2)
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where ¢ is water vapor mixing ratio. For the active pe-
riod, strong moistening existed through the entire tro-
posphere with two peaks respectively at around 715 and
465 hPa. For the break period, the moistening was
mainly located at midlevels and was associated with
weak drying in the boundary layer. Notable midlevel
drying with the peak around 615 hPa was found for the
suppressed period and significant low-level drying was
found over the three clear days (Fig. 10c). The drying
tendencies were primarily due to the large horizontal
advection seen during these two periods (Fig. 10d). The
mid- and low-level horizontal dry advection would seem
to be partially responsible for the substantially dry
midtroposphere seen in the RH field during the sup-
pressed monsoon period. It is interesting to see from
Fig. 10d that basically all the four subperiods experi-
enced horizontal dry advection, indicating that the
moistening tendencies shown in Fig. 10c were from
vertical advective tendencies of moisture.

The diabatic heating (Q1) and drying (Q2) derived
from the variational analysis are given in Figs. 11 and 12,
respectively. The Q1 and Q2 fields showed significant
variations over the four different regimes. The heating
and drying were strongest during the active monsoon
period, consistent with the heaviest rain produced there.
The averaged Q1 profile of the monsoon systems ex-
hibited a maximum between 340 and 540 hPa. The
upper-level heating peak was associated with both deep
convection and stratiform precipitation. The shape of
the mean profile of the active monsoon cloud systems is
very similar to that diagnosed from other tropical re-
gions, for example, the heating profiles derived from the
AMEX systems (Frank and McBride 1989) and the
TOGA COARE systems (Lin and Johnson 1996b),
which all had maximum heating in the mid- and upper
troposphere.

The Q2 profile of the monsoon systems showed two
major drying layers: one above 565 hPa and another one
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FIG. 8. Analyzed vertical velocity over the sounding domain
during TWP-ICE. (a) Temporal evolution (dotted lines for values
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below 665 hPa. The relative minimum in Q2 between
565 and 665 hPa corresponds to the minimum in the
total moisture advection. The double-peak structure in
Q2 is similar to that observed in tropical convective
systems over the Marshall Islands (Yanai et al. 1973) and
northern Australia during AMEX (Frank and McBride
1989). As suggested in Johnson (1984), the double-peak
structure might be related to cumulus updrafts that
contribute to the lower peak and mesoscale updrafts
that result in the higher one. It is noted that the drying
maximum occurred at levels just slightly lower than the
heating maximum, implying a significant contribution
from stratiform rain to the Q2 profile.

Compared to the active monsoon period, the heating
was moderate and was confined above 700 hPa for the
break period. Below this level, weak cooling was ob-
served. The cooling was likely related to evaporation of
shallow cumulus clouds and convective and mesoscale
downdrafts, which also led to moderate moistening there.
The heating and drying during the suppressed period was
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mainly located at low levels, consistent with the preva-
lence of shallow cumulus clouds. Quite strong moisten-
ing was observed at midlevels, likely associated with
evaporation from the low- and midlevel clouds. For the
clear days, moderate cooling was seen above 565 hPa,
presumably because of clear-sky radiative cooling, and
strong moistening was found around 815 hPa. Note that
the “clear days” had nonprecipitating shallow convec-
tion, as indicated by ARSCL (Fig. 2a). The strong sim-
ilarity between Q2 and gaqy nori SUggests that convection
is countering the effects of horizontal dry air advection.

6. The diurnal cycle of oceanic, mainland, and
island-initiated cloud systems

The 3-hourly radiosonde launches during TWP-ICE
provide a unique opportunity to study the diurnal cycle
of the cloud systems observed during the northern
Australian monsoon season. In this section, we focus our
analysis on the diurnal cycle of the large-scale structures
and diabatic heating and drying profiles with those
convective cloud systems that occurred under different
surface boundary conditions. The convective systems
examined include the intensive monsoon systems of
oceanic origin that occurred between 0000 local stan-
dard time (LST) 22 January and 2400 LST 25 January
during the active monsoon period and the mainland and
island-initiated convective systems that were observed
between 0000 LST 6 February and 2400 LST 11 Febru-
ary during the break period. To more appropriately
describe the mainland and island-initiated convection
we carried out additional analyses for the two smaller
subregions shown in Fig. 1. The results of these analyses
will be used here and will be referred to as the mainland
domain and the Tiwi Islands domain, respectively. For
the large-scale monsoon cloud systems, the analysis data
over the whole sounding domain are used. In the fol-
lowing discussions, we use the term “‘mainland systems”’
to refer to those convective systems that occurred over
the mainland domain and ““island systems” to refer to
those convective systems that were observed over the
Tiwi Islands domain during the break period.

a. Precipitation

According to earlier studies (e.g., Nesbitt and Zipser
2003), tropical precipitation tends to peak in the after-
noon over land areas because of afternoon boundary
layer destabilization caused by daytime insolation and in
the early morning over adjacent ocean regions associ-
ated with the long, nocturnal life cycle of mesoscale
convective systems. Similar diurnal features are seen
in the convective systems observed during TWP-ICE
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(Fig. 13). The monsoon precipitation associated with
intensive mesoscale convective systems tends to peak
in the early morning hours (around 0300 LST), while
the island precipitation reaches its maximum value at
1500 LST in the afternoon. In contrast, the mainland
precipitation shows a semidiurnal variation, with one
peak in the early morning (0600 LST) and the other one
in the late afternoon (1800 LST). The daytime convec-
tive systems over the mainland and Tiwi Islands domains
were mainly driven by sea breezes due to the differential
heating between the ocean and the land. Shallow cloud
systems tended to form around midmorning (around
0900-1000 LST) along the coast and then developed into
precipitating deep convective systems in the afternoon.
The time for coastal convective clouds to propagate into
inland likely results in the 3-h delay for the mainland
precipitation to reach its maximum compared to the is-
land systems. The early morning peak seen in the main-

land precipitation is associated with the passage of squall
lines that originated outside the measurement domain
(May et al. 2008).

b. Cloud frequency

The diurnal cycle in the profiles of cloud occurrence
(Figs. 14a,b) is computed from the ARM cloud mea-
surements at the Darwin site. The single-point mea-
surements can be considered to roughly represent the
monsoon clouds (which usually covered a large fraction
of the experimental domain) and the clouds associated
with the coastal systems over the mainland because of
their proximity to the measurement site. There were no
cloud observations over the Tiwi Islands domain.

Significant diurnal variations are seen in cloud oc-
currence for both the monsoon and mainland systems.
The monsoon system has significant amounts of clouds
through the troposphere at night and relatively few clouds
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during the day, consistent with the diurnal variation of
the monsoon precipitation as shown in Fig. 13. In con-
trast, the diurnal evolution of the mainland clouds dis-
plays a clear progression from shallow to deep convection
during the day: shallow cumulus clouds grow atop the
daytime boundary layer and then develop into deep
convective clouds in the late afternoon. It is interesting
to see that the mainland clouds peak at midnight with
the prominent maximum value seen in upper tropo-
sphere rather than peak around the time of the maxi-
mum precipitation. This might reflect the fact that the
sea-breeze precipitation has moved inland away from
Darwin so that the ARM Darwin site only observes the
high clouds that have advected over the site from the
deep convection that is further inland. The clouds seen
at night and in the early morning hours are also related
to the passage of squall lines over the mainland domain.
It is noted that there is a general lack of midlevel clouds
in the mainland systems. This might be due to the dry

midtroposphere observed during the break period, as
shown in Fig. Sc.

c. Vertical velocity

Consistent with the convective activity, Figs. 15a—c
show strong diurnal variations in the large-scale vertical
velocities associated with the three types of convective
systems. For the monsoon systems, the large-scale en-
vironment is characterized by upward motion through-
out the troposphere over the composite period. Upward
motion is weak during the day. It increases rapidly in the
evening (around 2100 LST) associated with the de-
velopment of nocturnal deep convection. The strongest
ascent is seen in the upper troposphere between 265 and
465 hPa at 0300 LST when precipitation reaches its
maximum intensity. The upward motion then decreases
gradually between 0300 and 1200 LST while the maxi-
mum ascent still remains above 565 hPa, corresponding
to the development of stratiform clouds.
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The mainland systems exhibit a layer of weak verti-
cal motion at low levels in the midmorning (around
0900 LST) that is presumably related to the low-level
convergence caused by the sea breezes. Interestingly there
is a subsidence layer at midlevels in the late morning
and early afternoon that contributes to confining the
mainland convection to low levels and presumably also
prevents convection from developing spontaneously
anywhere in the domain at the initial stage. As the sea-
breeze system develops, quite strong upward motion is
observed in the levels above 665 hPa with weak vertical
motion below. The upward motion peaks at 1500 and
2400 LST with the afternoon peak (around 315 hPa)
higher than the midnight peak (around 465 hPa). It is
noted that the peaks in vertical velocity occur a few
hours earlier than those in precipitation for the main-
land systems, indicating a time lag between the dynamic
structure and the formation of significant rainfall over
the mainland region.
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The diurnal cycle of vertical velocity for the island sys-
tems is quite different from that of the mainland systems.
The island systems display a strong diurnal variability
in vertical velocity in the mid- and upper troposphere.
The strongest upward motion is seen around 465 hPa
at 1500 LST when the surface precipitation reaches
its maximum and the downward motion peaks around
415 hPa between 0600 and 0900 LST. The upward mo-
tion remains weak and constant below 665 hPa during
most of the day except for midnight and the early morning
hours. This is different from the mainland systems, which
show a moderate subsidence layer below 665 hPa near
noon. Compared to the mainland systems, the island
systems show a much deeper ascending layer in the
lower troposphere during the day and a more significant
subsidence layer in the mid- and upper troposphere in the
midmorning (0900-1000 LST) when convection starts.
The subsidence layer acts to restrict the island convection
at low levels (shallow convection) at its initial stage,
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similar to the mainland convection. This is consistent with
the results from earlier studies (e.g., Simpson et al. 1993),
which indicated that the island-initiated convection was
characterized by widespread shallow convection at its
initial stage over the islands.

d. Advective tendencies of temperature and moisture

The diurnal variation of the total advective tendency
of temperature generally resembles that of the vertical
velocity field with advective cooling corresponding to
upward motion and advective warming corresponding
to downward motion (not shown). This is consistent with
the fact that the horizontal advection of temperature
was very weak during these two periods.

Similarly, the diurnal variation of the total advective
tendency of moisture for the monsoon systems (Fig. 16a)
also resembles that of the vertical velocity field. Strong
advective moistening is seen in the mid- and upper tro-
posphere at night and weak drying is found below
800 hPa during the day. The atmospheric moistening
shown in the monsoon systems is primarily due to the
vertical advection of moisture because the horizontal
terms (Fig. 17a) generally show advective drying in the
mid- and upper troposphere, while the daytime lower-
level drying is mainly associated with dry horizontal
advection of moisture. In contrast, both the mainland and
island-initiated systems show a weak moistening layer
near the surface and a moderate drying layer above
during the day in both the total and horizontal advection
fields (Figs. 16b,c and 17b,c). Compared to the mainland
systems, the island systems show considerably stronger
total and horizontal advective moistening below 865 hPa
over the composite period and weaker drying in the low
and midtroposphere during the day. It is interesting to note

that there exists a minimum in total advective moistening
near 600 hPa for the monsoon system (Fig. 16a). This
is caused by the persistent maximum relative humidity
observed at that level (not shown). The moistening min-
imum results in a distinct double-peak structure in the
total moisture advection profile for the monsoon sys-
tems when they reach the maximum intensity between
midnight and 0300 LST.

e. Heating and drying profiles

The composite profiles of the diurnal cycle of diabatic
heating for the three periods are shown in Figs. 18a—c,
respectively. The Q1 profiles are largely influenced by the
vertical velocity. For the monsoon systems (Fig. 18a), the
heating is weak during the day and reaches its maximum
at 0300 LST when the strongest precipitation occurs. The
maximum heating is seen in the upper troposphere be-
tween 365 and 465 hPa. In contrast, the upper-level max-
imum heating occurs in the afternoon around 1500 LST
for the mainland systems (Fig. 18b), associated with the
development of intensive afternoon deep convection.
In the morning (0900-1200 LST), the heating is mainly
located near the surface because of the occurrence of
shallow convection. The heating and cooling seen at night
are related to the passage of squall lines. Compared to the
mainland systems, the island systems (Fig. 18c) also ex-
hibit a diabatic heating layer near the surface in the
morning associated with the development of shallow
convection. The heating rapidly extends to the mid- and
upper troposphere as convection develops and reaches
its maximum in the afternoon (around 1500 LST). Dia-
batic cooling dominates the entire troposphere at night
for the island systems. This is different from the main-
land systems.
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The composite profiles of diurnal cycle of diabatic
drying for the three types of systems are shown in Fig. 19.
The variations of the vertical profiles of Q2 resemble
those of the total advective tendency of moisture. All the
systems show considerable moistening (particularly for
the mainland and island systems) in the lower tropo-
sphere during the day with the peak seen around local
noon. This low-level moistening is presumably due to
the evaporation of shallow cumulus clouds or boundary
layer processes. In the mid- and upper troposphere, the
monsoon systems display a prominent maximum drying
at midnight because of nocturnal deep convection, while
both the mainland and island systems exhibit a pro-
nounced maximum drying in the afternoon.

7. Summary

We have documented the large-scale structure and
diabatic heating and drying profiles of the tropical con-
vective systems observed during TWP-ICE, which was
conducted in January and February 2006 in Darwin dur-
ing the Australian summer monsoon season. Our analysis
has focused on the variations of the structures with dif-
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ferent synoptic regimes experienced in Darwin during the
experiment. The monsoon behavior during the experi-
ment was found to be modulated by the passage of an
MJO event. A constrained objective variational analysis
approach was used to derive the large-scale state and Q1
and Q2 profiles from original sounding measurements.
It is shown that the Darwin region had a very similar
environment to that observed in other tropical regions



74 JOURNAL OF CLIMATE

Diurnal Cycle of gadv_tot

(a) Monsoon Systems
0~ ]

Pressure (hPa)

12 15
(b) Mainland Systems

18 21 24

65
165 —
265
365 -
465 -
565 -
665 -
765 3
865 -
965 —

-

Pressure (hPa)

| I

0 3 6 9 12 15 18 21 24

(¢ Island Systems

65
165 7
265
365
465 —
565
665 —t
765
865
965 =

0O 3 6 9 12 15

Pressure (hPa)

18 21 24

Local Time (Hrs)

FIG. 16. Diurnal cycle of total advective tendency of moisture
(g kg ! day ). (a) Monsoon systems, (b) mainland systems, and
(c) island systems. In (a)—(c), negative values are shaded. Contour
interval is 2 in these figures.

during the active and suppressed periods associated with
the monsoon and MJO circulations. The active monsoon
period was characterized by strong upward motion and
large advective cooling and moistening through the en-
tire troposphere, while the suppressed and clear periods
exhibited moderate midlevel subsidence and significant
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Contour interval is 1 in these figures.

low- to midlevel drying through horizontal advection.
The midlevel subsidence and horizontal dry advection
contributed to the considerably dryer midtroposphere
observed during this period and are likely factors that
limit the growth of clouds. During the break period,
mean upward motion was accompanied by advective
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FIG. 18. Diurnal cycle of diabatic heating rates (K day ). (a)
Monsoon systems, (b) mainland systems, and (c) island systems. In
(a)—(c), negative values are shaded. Contour interval is 5 in (a) and
3in (b) and (c).

cooling and moistening located at midlevels with weak
advective warming and drying at low levels. These dif-
ferent large-scale structures are likely important in the
interaction of the large-scale environment with tropical
convection.

The Q1 and Q2 profiles demonstrated considerable
variations with different regimes. This appears to result
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FIG. 19. Diurnal cycle of diabatic drying rates (K day '). (a)
Monsoon systems, (b) mainland systems, and (c) island systems. In
(a)—(c), negative values are shaded. Contour interval is 5 in (a) and
3in (b) and (c).

from differences in the large-scale structures, cloud types,
and rainfall rates between the regimes. This is consistent
with Schumacher et al. (2007), who showed that large-
scale flow variations, surface precipitation rates, and
cloud types all played an important role in determining
the Q1 profiles based on the data from the KWAJEX,
TRMM-LBA, and SCSMEX field campaigns. This study
shows that the strongest diabatic heating and drying
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occurred during the active monsoon period when the
rainfall rates were the largest. In this period, the heating
was observed throughout the troposphere with maxima
between 350 and 550 hPa, while the drying exhibited
a distinct double-peak structure that is presumably as-
sociated with cumulus updrafts at low levels and meso-
scale updrafts at high levels. These features are similar
to those diagnosed from other tropical field campaigns.
In contrast, the heating and drying were moderate and
only appeared above 700 hPa during the break period.
For the suppressed periods, the heating and drying
tended to have their maxima at low levels, correspond-
ing to the prevalence of shallow cumulus clouds during
these periods.

To further investigate the observed large-scale struc-
ture and diabatic heating and drying profiles, a composite
analysis has been performed to study the diurnal cycle of
the monsoon systems during the active period and the
mainland and island convective systems during the
break period by using the unique TWP-ICE 3-h sound-
ing data. To more appropriately describe the mainland
and island systems, we have performed additional ana-
lyses over two subdomains covering the mainland and
Tiwi Islands regions.

These systems exhibited significant differences in the
large-scale structures and Q1 and Q2 profiles through
their diurnal evolutions. Convection during the mon-
soon period was weak during the day, increased rapidly
in the evening, and reached its maximum intensity in the
early morning hours. Convection over the mainland and
Tiwi Islands domains was initiated primarily by the sea-
breeze circulation and confined in the lower troposphere
in the midmorning and then quickly developed into deep
convection and reached its maximum intensity in the
afternoon. The transition from shallow to deep con-
vection is clearly shown in both cloud and Q1 profiles of
the mainland and island systems. This is supported by
the differences in the large-scale structures between the
monsoon systems and the mainland and island systems.
The monsoon systems featured upward motion through-
out the day with the maximum ascending level in the
upper troposphere at 0300 LST because of the nocturnal
deep convection. In contrast, the mainland and island
systems showed an afternoon maximum in vertical ve-
locity in the mid—upper troposphere. At their initial sys-
tem development stages (around 0900-1000 LST), the
mainland and island systems developed in an environment
with an ascending layer near the surface because of the sea
breeze circulation and a subsidence layer above, especially
for the island systems. The subsidence layer contributes to
limiting the mainland and island convective systems to
low levels at their initial stages and to focusing convec-
tion along sea-breeze convergence lines later in the day.
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Although the mainland and island convective systems
were both driven by sea breezes, considerable differ-
ences were found in their large-scale structures and
diabatic heating and drying profiles. We have shown that
the island systems had a deeper layer of upward motion
and stronger advective moistening near the surface than
the mainland systems during the day, which resulted in
a deeper low-level diabatic heating and stronger drying
in the island systems than the mainland systems. It is also
shown that the diurnal cycle of the mainland system was
largely influenced by squall lines that passed over the
experimental domain at night, which led to the second-
ary peak in its surface precipitation, large-scale struc-
tures, and diabatic heating and drying profiles.

It should be noted that the results shown in this study
are based on a relatively small data sample and should
be viewed with a degree of caution. Nevertheless, the
large-scale structures and diabatic heating and drying
profiles revealed in the examined convective systems
generally agree with those diagnosed from other tropi-
cal field campaigns. Furthermore, the high-frequency
(3 hourly) sounding data from TWP-ICE enabled us to
perform a diurnal analysis of the convective systems
under different surface boundary conditions. This is
especially valuable for the mainland and island systems
during the break monsoon period since these systems
often occur on a daily basis and have much shorter
lifetimes than the monsoon systems. By using the in-
tensive sounding measurements combined with other
unique observations from the enhanced surface obser-
vational network and satellite data, this study has pro-
vided a comprehensive description of the large-scale
environment and diabatic heating and drying profiles of
the tropical convective systems observed during TWP-
ICE. It therefore provides important information for
future studies on TWP-ICE.
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APPENDIX

Correction of the Vaisala RS92 Sondes
a. Vomel et al. (2007) method

The Vaisala RS92 sondes are known to have a signif-
icant daytime solar radiation dry bias and a minor
temperature-dependent calibration error. Vomel et al.
(2007) developed an empirical method to correct the
bias based on results from a comparison of RS92 hu-
midity observations with reference measurements made
by a cryogenic frostpoint hygrometer (CFH). As de-
scribed in Vomel et al. (2007), the RS92 measured rel-
ative humidity can be corrected by using a pressure- (P)
dependent radiation error correction factor C,,4(P) and
a temperature- (7") dependent calibration factor C.y(7T).
The correction factor can be written as

C = RHcorr — 1
™ RHpy  [C PIC ()]

(A1)

where RH,,,, is the corrected relative humidity, RHp
is the time lag corrected humidity profile described by
Miloshevich et al. (2004), C.,(T') is given in Table Al,
and C;,4(P) can be expressed as

C..4(P) = —0.12158 In(P)* + 1.664 In(P) — 4.7855.
(A2)

b. Revised Vomel et al. (2007) method
for TWP-ICE

The Vomel et al. (2007) method was developed for
correcting RS92 soundings launched near solar noon
and at night because there were no early morning or late
afternoon soundings available over the period they
studied. Using the 3-hourly high-frequency TWP-ICE
soundings and the ARM microwave radiometer (MWR)
measured precipitable water vapor (PWV) from the
ship, we found that the dry bias is also dependent on the
solar zenith angle with greater bias found for radio-
sondes launched near solar noon than those made in the
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TABLE Al. Empirical RS92 calibration factors [C.,(7)] and
their uncertainties derived from nighttime soundings. Reproduced
from Vomel et al. (2007).

Temperature (7, Celsius) Ceal(T) Uncertainty
0 0.98 +0.02
—30 0.98 +0.06
=50 0.94 +0.03
—60 1.04 +0.06
=70 1.13 +0.06

early morning or late afternoon. Therefore, the use of
the near-noon relative humidity correction factors for
early morning or late afternoon soundings is going to
result in an overcorrection of the relative humidity. To
take into account of this, a new correction factor C,., is
introduced into Eq. (A1):

RH C

Cr — corr zen , (AB)
" RHp  [C(PI[Cey(D)]
where C,., is a function of the zenith angle, z:
. C.q—1
C,., =1+ [min(z, 90)] <"‘ST> (A4)

The zenith angle correction factor ensures that Cy, de-
creases linearly, from a maximum at local noon to a
minimum at nighttime. At noon, RH,,,, is the same as
the daytime correction described in Vomel et al. (2007).

Table A2 shows the biases for soundings made from
the ship with various corrections applied. The first col-
umn shows the biases for uncorrected soundings, the
second column is for soundings corrected using the
method described in Vomel et al. (2007), the third col-
umn is for soundings corrected using Egs. (A3) and
(A4), and the last column shows the number of sound-
ings that were used in the validation. Results are shown
for near-noon soundings (z < 30°, first row), all daytime
soundings (second row), and all nighttime soundings
(last row).

At the ship, the uncorrected soundings show a signifi-
cant daytime dry bias. When the temperature calibration
and pressure-dependent radiation correction are applied,
the dry bias is overcorrected, resulting in quite a large
moist bias. As discussed above, this is expected because
the bias correction method developed by Vomel et al.
(2007) was based on soundings made near noon, whereas
many of the soundings in this study were for the early
morning or late afternoon, when the radiation dry bias is
less. Finally, when all the corrections are applied, the
PWYV bias is significantly reduced, even for the near-
noon soundings.
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TABLE A2. Bias of PWV derived from radiosonde soundings made
from the ship.

Crad and No. of
Sounding Uncorrected Ceal All corrections  soundings
Z =30 —4.4 2.1 0.8 22
Day -2.5 39 1.3 51
Night -0.7 0.3 0.3 38

Of course, the RS92 dry bias will vary from one launch
to the next, as a result of local factors such as cloud
cover, which are not accounted for by the correction
algorithm. Nevertheless, the correction method pre-
sented in this paper provides a simple method for sig-
nificantly reducing the RS92 relative humidity errors.
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