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[1] Calculations of radiative flux profiles require measurements of thermodynamic and
cloud properties (temperature, humidity, liquid and ice water content). Instruments capable
of making these measurements have only recently become available. The U.S. Department
of Energy Atmospheric Radiation Measurement (ARM) Program operates a
comprehensive set of atmospheric remote sensing instruments at sites around the world,
including three in the tropical western Pacific region. We have processed several months
of ARM observations from two of these sites, Manus and Nauru, to calculate time series
of vertical cloud property profiles and associated radiative fluxes and heating rates.
Maxima in cloud occurrence are found in the boundary layer and the upper troposphere at
both sites. Manus, which was much more convectively active than Nauru during the
study period, also exhibits a midlevel cloud feature near the melting level. The two sites
exhibit very different diurnal cycles. Manus experiences an afternoon maximum in
high clouds while Nauru experiences a weak afternoon minimum. Nauru experiences a
strong afternoon maximum in boundary layer clouds. Calculated fluxes at the surface and
the top of the atmosphere are found to be in reasonable agreement with measurements.
Below 15 km, radiative processes lead to cooling in the average profile, with local maxima
near the surface and approximately 8 km. On average, high and midlevel clouds have a
net warming effect though not enough to offset the clear-sky cooling. The prevalent
boundary layer clouds at Nauru have a net cooling effect in and above the cloud layer and
a net warming below. This data set will be an important tool for describing radiative
processes in the tropics and assessing the simulation of these processes in dynamical
models.
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1. Introduction

[2] The radiative balance in the tropical Western Pacific is
largely modulated by a complex pattern of cloudiness that
includes isolated convective cells, mesoscale convective
systems, and outflow from these convective cells at multiple
levels [Houze, 1989; Johnson et al., 1999]. The local
radiative heating rate profile is determined by the location,
composition, and fractional coverage of the region’s diverse
cloud configurations. Shallow cumulus fields and high
clouds, for example, have a strong cooling effect on the
surface through the reflection of shortwave radiation
[Larson et al., 1999; Tian and Ramanathan, 2002].
[3] The net radiative heating of the atmospheric column

can be deduced from radiation measurements at the surface
and from satellites. While the net radiative heating of the
atmospheric column represents the radiative heat source in
the atmospheric energy budget, it is also important, though

much more difficult, to describe the vertical distribution of
the radiative heating. The vertical distribution of radiative
heating influences the local cloud structure and large-scale
tropical circulations. Model simulations of tropical anvils,
which tend to be widespread in the tropics, show that they
heat the upper troposphere [Ackerman et al., 1988]. This net
radiative heating can result in widespread destabilization
and vertical lifting [Ackerman et al., 1988; Gu and Liou,
2000]. Large-scale tropical dynamics may also be driven by
the destabilizing effects of infrared cooling associated with
water vapor or by differential heating between clear and
cloudy regions [Zhang and Chou, 1999; Grabowski and
Moncrieff, 2002]. Failure to properly account for these
effects in models may account for the difficulty in simulat-
ing important tropical circulations, such as the Madden-
Julian Oscillation (MJO) [Lin et al., 2004].
[4] Regional profiles of radiative heating rates can be

derived as a residual of diabatic processes computed from
radiosonde profiles and surface measurements [Johnson and
Ciesielski, 2000; Ciesielski et al., 2003]. Radiative fluxes
and accompanying heating rates may be computed more
directly from profiles of the temperature, humidity, con-
densed water content, cloud particle size distributions, and
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cloud fractional coverage. Profiles of water vapor and cloud
properties are challenging to obtain in the data sparse
tropics and several approaches have been used. Several
studies use satellite observations to obtain the necessary
cloud properties for calculating radiative heating rates
[Sohn, 1999; Bergman and Hendon, 1998; Ramsey and
Vincent, 1995]. A common source of satellite-derived spa-
tial cloud information for radiative studies is the Interna-
tional Satellite Cloud Climatology Project (ISCCP [Rossow
and Schiffer, 1991, 1999]). ISCCP has been a valuable
source of global cloud distributions; however, it relies on
passive sensors which provide limited information about
vertical structure [Zhang et al., 2004].
[5] An early estimate of cloud properties and radiative

heating rate profiles using active remote sensors in the
tropical Atlantic was computed from cloud fields derived
from a combination of satellite, surface radar, and aircraft
data during the Global Atmospheric Research Program
(GARP) Atlantic Tropical Experiment (GATE) [Cox and
Griffith, 1979a, 1979b]. Qian [2003] applied a similar
approach for the Tropical Ocean Global Atmosphere Cou-
pled Ocean Atmospheric Response Experiment (TOGA
COARE) using radiosonde profiles combined with satellite
and ground-based cloud lidar observations. These estimates
are widely used despite the relatively short duration of these
experiments and the relatively coarse resolution of the
retrieved cloud structure.
[6] More sophisticated surface-based remote sensing

techniques are enabling increasingly detailed measurements
of cloud properties, which can be used to compute heating
rates. Jensen et al. [2002] used a combination of millimeter
and centimeter wavelength radars to determine vertical
profiles of cloud properties during the Maritime Continent
Thunderstorm Experiment (MCTEX). Millimeter wave-
length radars, which are typically vertically pointing, are
excellent tools for observing cloud profiles because they are
sensitive to most cloud particles and are only weakly
attenuated by cloud liquid water. The scanning centimeter
wavelength radar in the work by Jensen et al. [2002] was
used to provide additional spatial information and to ac-
count for attenuation due to precipitation. This study
showed the potential of millimeter radars in the tropics
but the data were only available during the limited period of
the experiment.
[7] The U.S. Department of Energy Atmospheric

Radiation Measurement (ARM) Program operates cloud
and radiation measurement sites on the islands of Manus
(2.06�S, 147.42�E) and Nauru (0.52�S, 166.92�E) as well as
in Darwin, Australia (12.42�S, 130.89�E) in the Tropical
Western Pacific (TWP) region [Mather et al., 1998]. Data
from the ARM sites in the TWP present a unique opportu-
nity to estimate radiative flux and heating rate profiles. They
provide cloud properties at unprecedented vertical and
temporal resolution comparable to the temporal and spatial
scales of clouds located in the column. While these profiles
are specific to the columns above the ARM sites, Jakob and
Tselioudis [2003] show that cloud systems over the ARM
TWP sites are typical of the larger western Pacific region. In
this study, radar data are used in combination with measure-
ments from passive sensors to calculate vertical profiles of
cloud properties and radiative heating. Several months of
observations are examined from Manus (February to July

2000) and Nauru (March to December 1999). The intent of
this study is to describe the procedure for calculating these
profiles from ARM measurements (sections 2 to 4), to
describe some of the features in the cloud and radiative
heating profiles (section 5), and to evaluate the heating rates
through sensitivity tests (section 6).

2. Data

[8] ARM TWP measurements used in this study include
temperature and humidity profiles from twice-daily radio-
sonde launches, broadband surface radiative fluxes, and
surface air temperature. Microwave radiometers (MWRs)
provide measurements of column integrated water vapor
and liquid. These sites also include active remote sensing
instruments: millimeter wavelength cloud radar (MMCR),
Micropulse lidar (MPL) and ceilometers which provide
vertical distributions of hydrometeors. ARM has been
collecting MMCR data at Nauru since the site’s installation
(in November 1998) and at Manus since 1999.
[9] Profiles of temperature, water vapor, and cloud prop-

erties are required to calculate the radiative flux profiles.
Radiosondes are the primary means of obtaining the vertical
distribution of temperature and water vapor at the tropical
ARM sites. Radiosondes are launched at nominally 12-hour
intervals (0000 and 1200 UTC), which is a much coarser
time resolution than the profiles provided by the MMCR
and other active remote sensors. Cloud properties vary more
rapidly than the water vapor profile, but water vapor can
change significantly over the 12 hours between radiosonde
launches. Changes in column water vapor and surface layer
temperature between radiosonde launches are constrained
using 1-min resolution surface temperature data and the 20-s
water vapor time series from a 2-channel (23.8, 31.4 GHZ)
MWR [Westwater, 1993]. Details of the interpolation pro-
cedure are given in Appendix A.
[10] Temperature profiles from the radiosondes are used

up to 21 km in the radiative transfer calculations. Above this
height, the constructed temperature profile is blended with
the temperature profile from a standard tropical atmosphere
using a weighting function approach. The radiosonde hy-
grometer measurements become significantly less accurate
with height [Sapucci et al., 2005] as the water vapor
concentrations decrease. Above 100 hPa a constant mixing
ratio with height is assumed. The ozone vertical mixing
ratio profile from the standard tropical atmosphere is used
throughout the column. Average temperature and relative
humidity profiles for Manus are shown in Figure 1.
[11] Cloud location and microphysical profiles are

derived primarily from the MMCR, which is a vertically
pointing Doppler radar operating at 34.86 GHz. The
MMCR is sensitive to hydrometeors, including cloud drop-
lets and precipitation. The MMCR cycles between four
operational modes (general, boundary layer, cirrus, and
precipitation) over a period of 40 s. Its sensitivity at 5 km
ranges from �32 dBZ to �48 dBZ [Clothiaux et al., 1999].
Data from the four modes are merged together with lidar
and ceilometer cloud base information by an algorithm
known as the Active Remote Sensing of Cloud Layers
(ARSCL [Clothiaux et al., 2000]), The output of ARSCL
is a best estimate of hydrometeor reflectivity and cloud base
height at 10-s temporal and 45-m vertical resolution.
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[12] The effective radar reflectivity factor, as reported in
the ARSCL product, is the basis for determining profiles of
cloud water content. Because of radar limitations, profiles
containing precipitating clouds are removed for the purpose
of heating rate calculations. A precipitating cloud is defined
as one occurring in a column with radar reflectivity > 0 dBZ
below 4 km or surface precipitation > 0.1 mm/hr (as
measured by a surface rain gauge). This definition of
precipitating clouds removes 13.1% of the Manus profiles
and 2.8% of the Nauru profiles. Additionally, the MMCR
may be sensitive to drizzle or virga below cloud base, which
is not radiatively important, so a laser-based estimate of
cloud base height is used in these cases. Cases where virga
is removed, but the first two tests are passed, are processed
with the virga layer defined to be a clear region.
[13] The MMCR also has difficulty detecting high, thin

cirrus clouds consisting of small ice crystals. At Nauru,
previous studies found that the MMCR fails to detect cirrus
with base heights greater than 15 km, which correspond to
13% of the cirrus detected by the MPL [Comstock et al.,
2002]. These high cirrus clouds are generally optically thin,
with a mean optical depth of only 0.04. They have little
effect on the surface radiative budget, but may affect the top
of the atmosphere (TOA) fluxes and heating rates near the
tropopause. These high thin clouds are neglected in the
present study. The effect of aerosols has also been
neglected. Aerosol concentrations are typically small over
the tropical oceans [Smirnov et al., 2002]. Although aero-
sols will contribute to heating rates, the effect is expected to
be small and the focus of this work is on the impact of
clouds on radiative heating.
[14] Measurements of downwelling broadband longwave

(LW; �4 to 50 mm) and shortwave (SW; �0.3 to 3 mm)
radiation at the Manus and Nauru sites provide a means of
testing the accuracy of radiative fluxes calculated using
derived atmospheric properties. Radiative fluxes at the

surface are measured by a suite of radiometers with 1-min
sampling. The broadband LW radiation is measured by an
Eppley precision infrared radiometer (PIR) pyrgeometer and
the downwelling broadband SW radiation by an unshaded
Eppley precision spectral pyranometer (PSP). Studies have
shown that the component sum method for the measured
broadband downwelling SW, which consists of combining
the diffuse irradiance from the shaded Eppley PSP and the
direct normal irradiance from the normal incidence pyrhe-
liometer (NIP), reduces the errors associated with the cosine
response of the unshaded PSP [Michalsky et al., 1999].
However, at Nauru, the solar tracker was not operational
from 6 August through 14 October, so the component sum
method could not be applied. Comparisons of the measured
SW at the surface from the component sum method and the
unshaded PSP at Manus show an average difference of only
3.3 W/m2 over the study period. Measurements of LW and
SW fluxes at the TOA are obtained from products derived
from a Geostationary Meteorological Satellite (GMS). The
TOA radiative fluxes over the TWP region are available
hourly at a resolution of 0.3 � 0.3� [Nordeen et al., 2001].
These TOA fluxes are used to provide another radiative test
of the derived radiative profiles.

3. Derived Cloud Properties

[15] The measured radar reflectivity and temperature pro-
files are used to retrieve profiles of cloud water content and
particle size. Cloudswith temperatures above 0�C are assumed
to be liquid, and clouds below �16�C are assumed to be ice.
Clouds at intermediate temperatures may be mixed phase. For
liquid clouds, the profile of liquid water content (LWC) with
height in the cloud is calculated from the regression equation

of Liao and Sassen [1994], LWC =
NdZ

3:6

� �1=1:8

, assuming a

number concentration, Nd, of 100 cm�3. Liquid clouds are

Figure 1. Relative humidity (with respect to ice for T < 0�C) and temperature profiles observed at
Manus. The center traces are the average profiles while the standard deviation of each parameter has been
added and subtracted from the average to produce the outer curves. The relative humidity profiles show
moist layers near 0.5 km, 5 km, and 15 km. The first two layers correspond to the top of the boundary
layer and the melting level respectively.
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assumed to have a lognormal size distribution with a width of
s = 0.35 and a mode radius given by

rm ¼ 3LWC

4prwNd exp
9

2
s2

� �
0
BB@

1
CCA

1
3

;

where rw is the density of water [Frisch et al., 1995]. The
value of Nd is based on the adiabatic model simulations of
Liao and Sassen [1994], who found that Nd = 100 cm�3

gave the best agreement with empirically based reflectivity-
liquid water relationships for cumulus and stratocumulus
clouds, and is a reasonable value for marine stratocumulus
clouds. In a review of in situ measurements of boundary
layer clouds, Miles et al. [2000] found a mean value of
Nd = 74 cm�3 with a standard deviation of 45 cm�3 for marine
stratus and stratocumulus clouds. Similarly, the value of the
lognormal width used is consistent with the values given by
Miles et al. [2000]. The effective radius, re, used in subsequent
radiative transfer calculations, is related to the mode radius

through the expression: re = rm exp
5

2
s2

� �
for a lognormal

distribution. For ice clouds, the regression equation IWC =

(0.097)Z 0.59 is used [Liu and Illingworth, 2000]. Ice effective

radius, re, is parameterized as a function of temperature (�C),
re = (75.3 + 0.5895T)/2 [Ivanova et al., 2001].
[16] The retrieval of mixed phase cloud properties from

remote sensing measurements is an active area of research.
Shupe et al. [2004] used Doppler radar spectra to derive the
microphysical properties of both the liquid and ice size
distributions within a precipitating mixed phase altostratus
cloud during the Cirrus Regional Study of Tropical Anvils
and Cirrus Layers–Florida Area Cirrus Experiment (CRYS-
TAL-FACE). They found that the cloud ice contribution
dominated the radar signal, accounting for 70 to 100% of
the radar reflectivity through the depth of the cloud, and
attributing the entire radar signal to ice in the retrieval
overestimated the Ice Water Path (IWP) by only 7%. The
LWC in the cloud was about 0.3 gm�3, over a factor of 10
larger than the IWC throughout the cloud.
[17] Although ice may dominate the radar signal in mixed

phase clouds, the liquid tends to dominate the radiative
transfer because of the larger mass content and smaller
particle sizes. There is little in situ information on mixed
phase clouds in the tropics to verify or constrain remote
sensing retrievals. In one of the most comprehensive studies
of mixed phase clouds to date, Korolev et al. [2003]
analyzed in situ aircraft observations of mixed phase clouds
associated with midlatitude and Arctic frontal systems.
They frequently found small amounts of liquid water
present in clouds at temperatures down to �35�C and they
found that 20 to 40% of clouds with temperatures between 0
and �15�C contained no measurable liquid. Stith et al.
[2004] analyzed in situ measurements of tropical updrafts
over the Amazon and Kwajalein. They found that most
updrafts glaciated rapidly at temperatures between �5 and
�17�C and liquid at temperatures less than about �17�C
occurred only in brief segments of the flights. Similarly,
Heymsfield et al. [2005] analyzed a convective case at
temperatures below �30�C during CRYSTAL-FACE, and

found liquid water only near the core updraft regions.
Therefore we find it unlikely that there is significant LWC
in most tropical clouds at temperatures less than about
�16�C.
[18] Korolev et al. [2003] define a parameter u3 = IWC/

(IWC + LWC) and examine the cumulative probability of
this parameter in various temperature regions. They con-
sider any measurement with u3 > 0.9 to be all ice because
of measurement limitations. On the basis of the cumulative
frequency distributions from Korolev et al. [2003], we
create a simple scheme for deciding whether a particular
cloud with temperature between 0�C and �16�C contains
liquid. For each temperature, we take the cumulative prob-
ability of measurements having u3 < = 0.9 to be the proba-
bility that a cloud layer contains some liquid. For each radar
time step, we generate a random number uniformly distrib-
uted between 0 and 1. For each potentially mixed phase cloud
layer, if the value of the random number is less than the
cumulative probability of u3 < = 0.9 at the temperature of the
layer, then the layer is considered to contain some liquid;
otherwise the layer is assumed to be glaciated. Thus the
probability that a potentially mixed phase cloud layer con-
tains liquid water ranges from 64% at�16�C to 100% at 0�C.
We then determine the fraction of radar reflectivity associated
with ice as a linear function of temperature, ranging from
100% at T =�16�C to 0% at T = 0�C. Once the reflectivity is
divided into a liquid and ice component, the mass and
effective radius of each component are calculated from the
regression equations given above.
[19] After the distribution of LWC in the column has been

determined, we scale the total LWP by the value retrieved
from a dual-channel MWR using a statistical retrieval
[Westwater, 1993]. Because the sensitivity of the MWR is
10 to 20 g/m2 and nonzero amounts of LWP are often
retrieved during clear sky because of differences between
the actual water vapor and temperature profiles and the
climatological values used in the retrieval, we scale the
radar derived LWP only for columns where the derived
LWP is greater than the MWR LWP.

4. Radiative Transfer Calculations

4.1. Model Description and Uncertainties

[20] The measured and derived atmospheric state param-
eters obtained from ARM measurements provide the inputs
necessary to calculate radiative flux profiles. SW and LW
broadband fluxes and radiative heating profiles are calcu-
lated using a delta-four-stream correlated k-distribution
radiative transfer model [Fu and Liou, 1992]. We use an
updated version of the model [Rose and Charlock, 2002] in
which gas absorption coefficients were updated on the basis
of the HITRAN 2000 database [Rothman et al., 2003]. CFCs
and CO2 were added in the window region [Kratz and Rose,
1999] and the Clough-Kneizys-Davies (CKD) version 2.4
water vapor continuum absorption model [Tobin et al., 1999]
is used in the whole thermal spectrum (0–2850 cm�1). The
single-scattering properties of nonspherical ice particles are
parameterized followingFu [1996] andFu et al. [1998] while
the single-scattering properties of water clouds are based on
Mie calculations [Fu et al., 1995].
[21] To reduce the time required for the radiative transfer

calculations without introducing spurious artifacts caused by
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averaging the cloud properties, we sampled the cloud prop-
erty profiles every 5 min, resulting in over 26,000 profiles at
Manus and 71,000 profiles at Nauru. The model was run with
a vertical resolution of 45 m. The inputs to the radiative
transfer algorithm are the retrieved vertical profile of cloud
properties, temperature, humidity, and ozone. A Lambertian
surface albedo of 0.05, which is representative of oceanic
sites, is used for shortwave radiation calculations. To study
the effect of clouds on the heating rate profiles and broadband
fluxes, clear-sky profiles are calculated using the same
atmospheric state profiles without including clouds.
[22] These calculations produce estimates of the heating

rate profile that are compatible with the observed scale of
the clouds in the column. Thin layers of clouds are often
found in this region away from the central cores of con-
vective elements. Their composite impact on the heating
rate profile determines the vertical structure in these regions.
Uncertainties in the cloud microphysics may impact the
magnitudes of the heating in specific cloud layers, but it is
expected that this uncertainty is small compared with the
magnitude of the cloud heating.
[23] Uncertainties in retrieved cloud microphysical prop-

erties arise from approximations required because millime-
ter radar measurements are sensitive to the 6th moment of
the droplet size distribution, while radiation is primarily
sensitive to the 2nd moment of the size distribution.
Uncertainties in retrievals of IWC are likely to have an
error of about +100% and �50% [Liu and Illingworth,
2000]. Assuming random error, averaging over a long time
series of measurements should reduce the impact of this
uncertainty. However, an additional uncertainty in the IWC
estimates arises because most in situ data used to develop
radar retrievals were collected in midlatitude clouds. These

measurements may not be truly representative of tropical
clouds. Fresh anvil outflow from convection is likely to
contain large aggregate particles that are not characteristic
of midlatitude frontal clouds [Heymsfield et al., 2005]. As
these large particles precipitate from the anvil, the remnant
particles and newly generated particles may more closely
represent the midlatitude observations. Uncertainties for
liquid cloud retrievals are likely reduced by the added
measurement constraint imposed by MWR scaling. The
estimated uncertainty in the MWR-derived LWP is the
larger of 10% or 20 g m�2 [Dong and Mace, 2003].
[24] Additional uncertainties in the heating rate calcula-

tions include the neglect of high, thin cirrus, the specifica-
tion of the vertical temperature and humidity profiles based
on the 12-hourly radiosondes, the specification of surface
albedo, neglect of aerosol, and treatment of gas absorption
and cloud scattering in the radiative transfer model itself.
Any individual heating rate profile is likely to have large
uncertainties, but the impact of the uncertainties on the
heating rates presented in this study is reduced because of
averaging the data over a long time. In the next section,
calculated fluxes are compared with measured fluxes. Sen-
sitivities of heating rates to the uncertainty in the cloud
properties and water vapor specification are examined in
section 6.

4.2. Radiative Closure Tests

[25] While it is not currently possible to compare profiles
of radiative fluxes to measurements at the ARM sites, there
are radiative flux measurements available at the surface and
the TOA. We have used surface flux measurements from the
ARM TWP sites and TOA flux measurements derived from
the GMS-5 satellite to provide a check on the flux calcu-
lations at the column boundaries. In the following compar-
isons, all differences are given in terms of calculated fluxes
minus observed fluxes. Fluxes are separately compared for
clear and all-sky conditions. The calculated and observed
surface fluxes for daytime clear-sky periods are identified
using the method of Long and Ackerman [2000] and com-
pared. Only 146 min at Nauru and 404 min at Manus were
classified as clear sky and corresponded to a time for which
we had calculated heating rates. The calculated clear-sky
downwelling fluxes at the surface are in good agreement with
the observations at both sites, with average differences of less
than 2% in the LW and less than 5% in the SW (Figure 2).
This agreement is the same order of magnitude found in other
clear-sky studies [e.g., Kato et al., 1997].
[26] Observed and calculated fluxes are averaged over

20 min in all-sky conditions to reduce the discrepancy in
the sampling from the narrow field-of-view instruments
used to derive the cloud properties (MMCR and MWR)
and the hemispheric field-of-view radiometers. Compari-
sons are made only for 20-min periods when the observed
and calculated fluxes are available for at least 90% of the
time. To compare the point calculations at the ARM sites to
the satellite measurements, the ARM fluxes are averaged
for 20 min with the averaging intervals centered on each
satellite measurement time. Because the SW fluxes depend
strongly on the solar zenith angle and because the sampling
periods of the satellite and ground-based measurements are
so different, the TOA broadband SW albedo is also used for
comparison.

Figure 2. Clear-sky surface flux comparisons. The
observed surface downwelling (a) longwave and (b) short-
wave fluxes are plotted against the fluxes calculated using
ARM observations for the atmospheric column properties.
The one-to-one line (solid line) is plotted for reference.
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