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ABSTRACT

Cloud radiative effects are examined using long-term datasets collected at theU.S. Department of Energy’s

three Atmospheric Radiation Measurement Program Climate Research Facilities in the tropical western

Pacific Ocean. The surface radiation budget, cloud populations, and cloud radiative effects are quantified by

partitioning the data by cloud type, time of day, and large-scalemodes of variability such as El Niño–Southern
Oscillation (ENSO) phase and wet/dry seasons at Darwin, Australia. The novel aspect of this analysis is the

breakdown of aggregate cloud radiative effects by cloud type across the diurnal cycle. The Nauru Island

(Republic of Nauru) cloud populations and subsequently the surface radiation budget are strongly impacted

by ENSO variability, whereas the cloud populations over Manus Island (Papua New Guinea) shift only

slightly in response to changes in ENSO phase. The Darwin site exhibits large seasonal monsoon-related

variations. When present, deeper convective clouds have a strong influence on the amount of radiation that

reaches the surface. Their limited frequency reduces their aggregate radiative impact, however. The largest

source of shortwave cloud radiative effects at all three sites comes from low clouds. The observations are used

to demonstrate that potential model biases in the amplitude of the diurnal cycle and mean cloud frequency

would lead to larger errors in the surface energy budget when compared with biases in the timing of the

diurnal cycle of cloud frequency. These results provide solid benchmarks to evaluate model simulations of

cloud radiative effects in the tropics.

1. Introduction

On average, clouds of various types cover roughly

two-thirds of Earth’s surface, and cloud radiative effects

(CRE) play a significant role in moderating Earth’s

energy balance (e.g., Arking 1991; Mace et al. 2009;

Stubenrauch et al. 2013). Reflection, scattering, and

absorption of solar radiation by clouds reduces the

global mean top-of-atmosphere (TOA) shortwave (SW)

radiative flux by 246.6Wm22 and enhances the mean

longwave (LW) radiative flux by 129.5Wm22, leading

to an average total (SW 1 LW) TOA CRE

of217.1Wm22 (Loeb et al. 2009). There is large spatial

and temporal variability in themagnitude of CRE across

the globe (Kuang et al. 1998; Cess et al. 2001; Wielicki

et al. 2002). This variability is pronounced in the

tropics, where the mean surface SW CRE can exceed

295Wm22, or 30% of the mean clear-sky SW radiative

flux at the surface (McFarlane et al. 2013; their Table 2).

Net radiative cooling from tropical clouds can impact

the general circulation of the atmosphere by modifying

the equatorial energy budget (Slingo and Slingo 1988;

Randall et al. 1989; Chen et al. 2002). Therefore, cor-

rectly capturing the radiative impact of clouds in the

tropics is critical to correctly simulating tropical forcing

in general circulation models (GCMs).

Failure to adequately simulate the frequency and ra-

diative properties of clouds leads to large uncertainties in

projections of future climate (Colman 2003; Soden and

Held 2006; Webb et al. 2006; Dufresne and Bony 2008).

Despite their recognized importance and considerable

effort on the part of the GCM community, many cloud

types remain poorly simulated inmodernGCMs (Li et al.

2012; Su et al. 2013; Klein et al. 2013). Coarse-resolution

models often have large biases in the total frequency of
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cloud occurrence as well as the relative frequencies of

different cloud types [see, e.g., Klein et al. (2013) and

references therein]. There are also common biases that

are related to the timing and amplitude of the diurnal

cycle of cloudiness in both GCMs and cloud-resolving

models (e.g., Arakawa and Kitoh 2005; Dai 2006; Wang

et al. 2007; Sato et al. 2009). These errors, combined with

an inconsistent treatment of clouds across various model

types and resolutions, contribute to large intramodel

spreads in the radiative impact of clouds and uncertainty

in parameters such as the cloud feedback on the global

energy budget (Dufresne and Bony 2008).

At least part of the problem in evaluating and con-

straining CRE is the underutilization of long-term data-

sets that measure both cloud properties and the surface

radiation budget in climate-sensitive areas. Previous

studies have often relied on satellite-based TOA energy

budgets to examine CRE in the tropics (e.g., Chen et al.

2000; Loeb et al. 2009). By focusing only on TOA effects,

these studies overlook the critical role that tropical clouds

play in modifying the surface energy budget (Stephens

2005). Several studies have documented the relationship

between clouds and the surface energy budget but have

been limited in time or location (e.g., McFarlane et al.

2005; Mace et al. 2006; Wang et al. 2011) or have focused

only on a specific cloud type (Jensen andDelGenio 2003;

Comstock et al. 2013).

The long-term measurements in the tropical western

Pacific Ocean (TWP) carried out by the U.S. De-

partment of Energy (DOE) Atmospheric Radiation

Measurement Program (ARM) allow for a detailed ex-

amination of surface CRE by cloud type (Mather et al.

1998; Long et al. 2013). ARMhas collected observations

of clouds and surface radiation at three sites—Manus

Island (Papua New Guinea), Nauru Island (Republic of

Nauru), and Darwin (Australia)—in the TWP (Long

et al. 2013; their Fig. 1). McFarlane et al. (2013) used

these datasets to characterize and quantify surface CRE

in the tropics. Our study builds upon and expands their

work. Two notable differences are the extension of the

dataset to include more recent measurements at all

three sites and partitioning of the data to examine the

diurnal cycle of cloud frequency and CRE. We utilize

datasets from all three sites to address the following

three questions:

1) What are the primary sources of variability in CRE

for tropical clouds?

2) What types of tropical clouds have the largest impact

on the surface energy budget?

3) How much would model biases in tropical cloud

frequency or the timing of cloud occurrence across

the diurnal cycle modify the aggregate CRE?

Our goal is to establish a more robust picture of the

sources and magnitude of CRE variability and to es-

tablish benchmarks that can be used to evaluate CRE in

numerical simulations.

2. Data

a. Cloud profiles and cloud-type classification

The input data and processing steps used in this paper

are based onMcFarlane et al. (2013).We use ARMdata

from January 2002 to December 2013 at Manus, from

January 2002 to February 2009 at Nauru, and from

January 2006 to December 2013 at Darwin. There are

intermittent and sometimes sizeable data gaps because

of instrument failure. A portion of the time series of data

availability is given in McFarlane et al. (2013; their

Fig. 2). The underlying surface-radiation and cloud-

detection datasets have a base temporal resolution of

1 and 2min, respectively. We group the 2-min data into

1-h local standard time (LT) increments using the lon-

gitude of each site and the UTC time at which the

measurement was made. For example, at Manus (2.068S,
147.438W) the LT is equal to UTC1 9.83 h; therefore, a

measurement made at 1230UTCwould be binned in the

2200–2300 LT window. Data were further subdivided

across the diurnal cycle and by El Niño–Southern Os-

cillation (ENSO) phase for the two equatorial sites and

by monsoon seasons for the Darwin site. The number of

days of data for each time period and site as well as the

mean number of 2-min samples that were averaged to-

gether for each 1-h interval across the diurnal cycle is

given in Table 1. The large sample that results from the

extended data-collection strategies of ARM gives us

robust sample sizes, even on hourly time scales.

Cloud properties are measured by several vertically

pointing active remote sensing instruments at each

site: the millimeter-wavelength cloud radar (MMCR),

Ka-band zenith radar (KAZR), laser ceilometer, and

micropulse lidar (MPL). The MPL is the primary tool

for detecting optically thin high cirrus clouds that exist

below the sensitivity threshold of the MMCR and

KAZR. The MPL and ceilometer also give more accu-

rate cloud-base heights during periods of precipitation.

The two radars provide measurements that are less

sensitive to attenuation in deeper clouds. The hydro-

meteors detected by the active sensors are combined in

the Active Remote Sensing of Cloud Layers (ARSCL;

Clothiaux et al. 2001) ARM product. Each dataset is

averaged onto a common grid with a spatial resolution

of 30m in the vertical direction and a 2-min temporal

resolution. Hydrometeors, both cloud and precipitation

particles, are identified at each grid point by comparing

1298 JOURNAL OF APPL IED METEOROLOGY AND CL IMATOLOGY VOLUME 54



the radar reflectivity values with absolute thresholds and

by looking for vertical gradients in the lidar backscatter

(Wang and Sassen 2001). We look for contiguous hy-

drometeor layers deeper than 120m (four vertical grid

points) in the combined hydrometeor mask and label

these as cloud layers. Layers that are spaced less than

120m apart are combined.

We utilize the simple classification scheme outlined in

McFarlane et al. (2013) to designate each cloud layer as

belonging to a specific cloud type (Table 2). This simple

classification scheme may not necessarily correspond to

the meteorological definition of each cloud type, but it

does effectively separate the radiative properties (which

are primarily a function of the height and depth of the

cloud) among different cloud types. This simple scheme

has the added benefit of being easily applied to other

observational datasets (e.g., satellite cloud retrievals) as

well as model output. Thus our analysis can be repli-

cated on other platforms to compare and contrast re-

sults. An example of the time–height variation in the

radar data and the cloud-classification scheme for a

single day at the Manus site is shown in Fig. 1.

All three active sensors are subject to attenuation

from heavier rainfall. Attenuation could potentially

cause the retrievals to miss some high-level clouds dur-

ing periods of heavy rain. As such, we discard all 2-min

profiles in which the retrieved rain rate [found via a

reflectivity–rain rate (Z–R) relationship] at the base of

the lowest cloud was larger than 1mmh21, which is a

conservative threshold for attenuation at the wave-

lengths that were used. In periods of rain the base of the

cloud mask could also be significantly lower than the

actual cloud base because of the misclassification of

precipitation droplets as cloud droplets in the ARSCL

product. In many of these cases the retrieved cloud base

extends all the way to the surface (e.g., Fig. 1b). To test

the impact of this possible bias, which could lead to the

misclassification of cloud type, we ran a sensitivity ex-

periment in which we artificially adjusted the base of the

cloud mask to the value measured by the ceilometer,

which is not sensitive to precipitation droplets and

therefore more accurately measures the true cloud-base

height.We found that the potential low bias in the base of

the cloud mask during periods of light rain (,1mmh21)

was unlikely to significantly affect our results (not shown).

One characteristic of the active remote sensors that

needs to be considered is a reduced sensitivity to opti-

cally thin high-level clouds during periods of high solar

elevation angles. As demonstrated in Comstock et al.

(2002), there is an approximately 30% decrease in high

cloud frequency detected by the MPL at Nauru during

the 6-h period centered on solar noon when the sun is

highest in the sky. This decrease is attributed to poor

MPL signal-to-noise ratios when the solar background

energy is large, increasing the noise. In addition, it is

ARM practice to physically cover the lidar telescope

during times when the sun is nearly overhead to avoid

damaging the receiver. More recent comparisons be-

tween the MPL and Cloud–Aerosol Lidar and Infrared

Pathfinder Satellite Observations (CALIPSO; Stephens

et al. 2002) confirmed that the fraction of cirrus that is

not detected by the MPL during daytime is ;25% for

clouds above 10km (Thorsen et al. 2013). Dupont et al.

(2011) showed that almost 50% of situations over the

ARMSouthernGreat Plains (SGP) site feature a signal-

to-noise ratio that is too low (smaller than 3) for the

MPL to infer cloud properties at higher than 7km using

the Structure of Atmosphere (STRAT; Morille et al.

2007) method during summer daylight periods. These

limitations suggest that any reduction in the frequency

of occurrence of optically thin high-level clouds near

solar noon may result from a sampling bias and thus

must be interpreted carefully. Throughout the text we

acknowledge results that may be biased as a result of

these uncorrectable errors.

TABLE 1.Number of days that each environmental conditionwas

observed at all three sites and the mean number of 2-min samples

that were averaged together for each 1-h interval across the

diurnal cycle.

No. of

days

Mean No. of 2-min

samples available for

each 1-h interval

Manus All data 2097 60 599

El Niño periods 526 14 474

Neutral periods 1004 29 510

La Niña periods 567 16 615

Nauru All data 806 24 195

El Niño periods 97 2896

Neutral periods 299 8982

La Niña periods 410 12 317

Darwin All data 1233 36 065

Dry seasons 411 11 947

Wet seasons 822 24 118

TABLE 2. Cloud-type definitions as based on the boundaries of

each cloud. Definitions are the same as in McFarlane et al. (2013;

their Table 3).

Cloud type

Cloud-base

height

Cloud-top

height Cloud thickness

Low ,4 km ,4 km ,4 km

Congestus ,4 km 4–8 km $1.5 km

Deep convection ,4 km .8 km $1.5 km

Altocumulus 4–8 km 4–8 km ,1.5 km

Altostratus 4–8 km 4–8 km $1.5 km

Cirrostratus/anvil 4–8 km .8 km $1.5 km

Cirrus .8 km .8 km No restriction
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b. Radiative flux analysis

A series of algorithms have been developed that col-

lectively have been termed the radiative flux analysis

(Long andAckerman 2000; Long and Turner 2008). The

process uses the time series of measured surface irradi-

ances to look for periods that have the magnitude and

temporal variability characteristics that are typical of

cloud-free (i.e., clear) skies. The detected clear-sky data

are used to empirically fit appropriate functions, the fit

coefficients are interpolated for cloudy periods, and then

continuous estimates of clear-sky irradiances are pro-

duced. The resultant clear-sky estimates are used along

with the measured irradiances to infer CRE and effec-

tive SW and LW transmissivity.

We define SWor LWCREas themeasured irradiance

during cloudy periods minus the estimated clear-sky ir-

radiance. A positive CRE thus corresponds to an in-

crease of radiative energy input at the surface.We define

conditional CRE to be the magnitude of the change in

SW or LW radiative flux when a given cloud type is

present as the lowest cloud layer in the column. When

more than one cloud type is present in the column it is

not possible to separate the radiative impact of each

type. We only focus on the lowest cloud in the column

because lower clouds typically have a larger and more

direct impact on downwelling SW radiation reaching the

surface. The mean CRE describes the average radiative

impact for each cloud type (i.e., the frequency at which it

occurs as the lowest cloud in the columnmultiplied by its

conditional CRE). We use the term aggregate CRE to

describe the mean CRE summed over all types of

clouds. In addition to CREs, we also calculate the ef-

fective SW cloud transmissivity, defined as the ratio of

the cloudy SW flux over the clear-sky SW flux. The SW

transmissivity indicates the fraction of equivalent clear-

sky SW fluxes while removing the dependence on solar

zenith angle that is inherent in the SW CRE values.

c. ENSO indices and wet/dry-season classification

ENSO phases for the Manus and Nauru sites are de-

termined from the oceanic Niño index (ONI), which is

based on SST anomalies in the Niño-3.4 region relative

to a moving 30-yr base period. (Data were obtained on-

line on 13 May 2014 at http://www.cpc.ncep.noaa.gov/

products/analysis_monitoring/ensostuff/ensoyears.shtml;

FIG. 1. Time–height evolution of (a) radar reflectivity from KAZR, (b) 10 log10 of the

normalized attenuated backscatter from the MPL, (c) the cloud-type classification for each

contiguous echo as based on the categories in Table 2, (d) the measured (red line) and esti-

mated (black line) clear-sky SW radiative flux at the surface, and (e) the measured (blue line)

and estimated (black line) clear-sky LW radiative flux at the surface. Note that the y axes in

(d) and (e) are scaled differently by a factor of 10. Data are from theManus site on 7 Nov 2011,

and the LT at the site is given on each x axis.
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see Barnston et al. 1997). We use an ONI threshold

of 10.58C and 20.58C to classify El Niño and La Niña
events, respectively. Time periods with an ONI ampli-

tude that is smaller than 0.58C are considered to be

ENSO neutral. Wet and dry seasons at the Darwin site

are separated using an empirical method that is based

on the surface radiationmeasurements. We examine the

number of occurrences of daily detected clear-sky data

that satisfy the criteria for daily fitting for the Long and

Ackerman (2000) algorithm and look for an abrupt

change in the frequency of clear-sky data to define the

beginning/end of the wet/dry seasons. Our empirical

approach to determine the transition between wet and

dry seasons agrees well with an objectively defined

method (Pope et al. 2009). In general, the dry season

runs from roughly May through October and the wet

season goes from November through April.

3. Results

a. Vertical profiles of cloudiness and mean diurnal
cycles

Two distinct modes appear in the vertical profile of

hydrometeor frequency (number of cloudy samples/

number of total samples) at all three sites from 1 to 2km

and near 12 km (Fig. 2). At Manus there is an additional

midlevel cloudiness mode from 4 to 6 km, creating the

distinct trimodal structure observed by Johnson et al.

(1999). During suppressed cloudiness periods—that is,

under La Niña conditions at Nauru (cyan line in Fig. 2b)

and during the dry seasons at Darwin (red line in

Fig. 2c)—hydrometeor frequency decreases at all levels.

The vertical profile of hydrometeor frequency at Manus

is not affected by ENSO variability (Fig. 2a). During wet

seasons at Darwin (blue line in Fig. 2c) there is an

abundance of clouds above 5 km, which is indicative of

frequent deep convective clouds and their associated

cirrostratus and cirrus remnants. Cirrus clouds over

Darwin during the dry season may be more synoptically

driven and do not necessarily result from deep

convection.

We show the frequency of each cloud type across the

diurnal cycle for each individual site in Figs. 3–5. At

Manus there is a sizeable diurnal variation in several of

the cloud types (Fig. 3). Evidence for the coupling of

solar heating and the formation of low clouds, which are

primarily shallow cumulus, can be seen in the diurnal

cycle of low-cloud frequency (red bars in Fig. 3). Con-

sistent with boundary layer convective clouds that are

generated as a result of solar heating, the peak fre-

quency of low clouds occurs at or just after 1200 LT.

Deeper convective elements such as cumulus congestus

and deep convection peak 2–4 h after the maximum

frequency of low clouds. This could be evidence of a

shallow-to-deep convective transition, although more

evidence is needed to support this hypothesis. Cirrus

clouds, which are the most frequent cloud type across

the diurnal cycle, increase in frequency starting at 1200 LT

and have a peak frequency a few hours after the peak

FIG. 2. Frequency distributions of the detection of hydrometeors, both cloud and precipitation

particles, by either the radar or lidar at (a) Manus, (b) Nauru, and (c) Darwin. Profiles are

separated for neutral (black lines), La Niña (cyan lines), and El Niño (magenta lines) conditions

for Manus and Nauru and by dry (red line) and wet (blue line) seasons for Darwin.
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in convective clouds. The frequency of cirrus clouds

remains roughly constant until sunrise. The diurnal cycle

in cirrus clouds may be a result of the aforementioned

sampling bias of the MPL. Midlevel altocumulus and

altostratus clouds at Manus have a smaller-amplitude

diurnal cycle than the more convective cloud types.

Consistent with the results shown in Fig. 2, there is not a

large difference in the diurnal cycle of cloud frequency

across the three ENSO phases at Manus.

In contrast to Manus, large variability across ENSO

phases can be seen in the data from Nauru (Fig. 4).

During neutral and El Niño periods the diurnal cycle at

Nauru resembles that observed at Manus. Although it is

noisier because there are fewer samples, the diurnal

cycle during El Niño periods shows evidence of a po-

tential shallow-to-deep convective transition during the

afternoon. There is a clear suppression of midlevel

clouds and deeper convective elements during La Niña
periods (Fig. 4b). This is likely due to a drying of the

troposphere forced by large-scale subsidence as the

downward branch of the Walker circulation moves

closer to Nauru during La Niña periods (Wang et al.

1999; Wang 2002; Chen et al. 2002). Despite the lack of

deeper clouds there is still a small-amplitude diurnal

cycle in low clouds and a large-amplitude diurnal cycle

in cirrus clouds during La Niña periods. The diurnal

minimum of cirrus clouds at 1200 LT is almost

certainly a sampling bias, however, given previous work

FIG. 3.Mean frequency of occurrence of each cloud type across the diurnal cycle (x axis) during

(a) neutral, (b) La Niña, and (c) El Niño conditions at Manus. The maximum frequency of each

cloud type across the diurnal cycle is given on the y axis of each plot. Because multilayer clouds

are often present, the total frequency at any given time can add up to greater than 100%.

FIG. 4. As in Fig. 3, but at Nauru.
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that showed cirrus clouds to be present throughout the

day even during dry periods (Comstock et al. 2002;

Thorsen et al. 2013). Given the lack of deep convection

that could transport surface moisture into the upper

parts of the troposphere, the cirrus clouds present over

Nauru during La Niña periods are likely not due to local

convection.

The lack of midlevel clouds and deeper convective

elements is also a dominant signal during the dry seasons

at Darwin (Fig. 5a). Smaller-amplitude diurnal cycles

are still present in low and cirrus clouds, albeit with

lower frequencies, but deep convection as well as cu-

mulus congestus, altostratus, and cirrostratus clouds are

rarely present during the dry season. This is consistent

with a dry environment that is inhospitable to deeper

convective overturning. By contrast, all cloud types are

present during the wet seasons (Fig. 5b). The relation-

ship between low clouds and solar forcing and the

shallow-to-deep convective transition are both evident

during the wet season. Cirrostratus clouds are also

abundant during the wet season at Darwin, consistent

with the thick layer of high-level clouds over Darwin

that is shown in Fig. 2c.

The amplitude of the wet-season diurnal cycle at

Darwin (Fig. 5b) is the largest of any of the sites or re-

gimes examined. This is likely due in part to the larger

land area surrounding the Darwin site (which is on the

edge of a large continent) when compared with the

smaller island sizes of Manus (;2000km2) and Nauru

(;20km2). Because the diurnal cycle of tropical con-

vection is directly tied to surface heating and diurnal

variations in surface convergence fromonshore/offshore

sea/land breezes (e.g., Biasutti et al. 2012), it follows that

the larger landmass at the Darwin site could drive

stronger onshore flows and generate more surface in-

stability. This would in turn lead to the larger-amplitude

diurnal cycle that is observed. Total land area could also

explain why the smallest-amplitude diurnal cycles were

observed at the Nauru site. In general the patterns ap-

parent in the diurnal cycle of cloud frequency for all

cloud types at each of the three sites are consistent with

the existing literature for tropical environments (e.g.,

Chen and Houze 1997; Soden 2000; Nesbitt and Zipser

2003; Tian et al. 2004; Biasutti et al. 2012). This consis-

tency lends confidence that our simple cloud-type clas-

sification system is performing as expected and that the

undersampling of cirrus clouds at high solar elevation

angles is not significantly affecting our results for total

cloud frequency.

b. Bulk cloud radiative effects

The total cloudiness and relative frequency of each

cloud type across ENSO phases and monsoon seasons

affect the aggregate CRE for each time and place. The

mean aggregate SW CRE and LW CRE measured at

the surface are given in Table 3. Manus has the largest

mean aggregate SW CRE (294.7Wm22), owing pri-

marily to the large cloud fractions that were observed

across all ENSO phases. Data from Nauru reflect the

strong ENSO-driven variability. The mean aggregate

SWCRE during La Niña periods (245.9Wm22) is half

that measured during El Niño periods (292.3Wm22).

A similar signal is seen during the dry seasons at Darwin,

where the mean aggregate SW CRE (223.5Wm22)

is only 25% of that during wet seasons (295.0Wm22).

Consistent with tropical environments with a strong

background LW flux due to high humidity, LW

CREs are on average smaller than SW CREs by a

factor of 5.

The radiative characteristics of each cloud type at

each site are given in Table 4. For this analysis we av-

erage values across all ENSO phases and monsoon

seasons. Comparing the radiative effects in this way al-

lows us to consider the differences and similarities for a

given cloud type across the three TWP sites. The mean

SW transmissivity for a given cloud type varies little

among the three sites. For example, deep convective

clouds have a SW transmissivity that ranges between

0.16 and 0.19 across all three sites. In a similar way, cu-

mulus congestus and cirrus clouds have ranges of 0.33–

0.36 and 0.78–0.83, respectively. This is expected given

that we define each cloud type on the basis of a restricted

range of cloud-base, cloud-top, and cloud-depth values

(Table 2). There is still room for the clouds to express

FIG. 5. Similar to Fig. 3, but during the (a) dry and (b) wet seasons at Darwin.
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some natural variability between sites through varia-

tions in cloud microphysics, however. The narrow range

of SW transmissivities indicates that this variability is

small and that clouds of a given type behave similarly at

each of the three sites. The radiative properties of a

given cloud type at one site across ENSO phases or

monsoon seasons are also roughly constant (not shown).

Given that the variance in SW radiative properties is

small, we can conclude that, to first order, variations in

the magnitude of the aggregate SW CRE across the

TWP sites and across ENSO phases or monsoon seasons

at a particular site are primarily forced by changes to the

absolute and relative frequency of each cloud type

rather than by differences in the radiative properties of a

given cloud type across the three sites.

c. Diurnal cycles of cloud radiative effects by cloud
type

Examining the conditional and mean CRE of each

cloud type allows us to see which clouds are having the

TABLE 4. Mean frequency, frequency as the lowest cloud layer in the column, conditional SW transmissivity (SW Trn), conditional SW

cloud radiative effect (SW CRE), and conditional LW cloud radiative effect (LW CRE) for each cloud type at each site. All values are

averaged across the diurnal cycle.

Frequency

(%)

Frequency as lowest

cloud (%) SW Trn

SW CRE

(Wm22)

LW CRE

(Wm22)

Low Manus 15.9 23.4 0.52 2336.5 27.0

Nauru 12.2 20.9 0.58 2291.4 26.2

Darwin 21.1 31.1 0.63 2261.1 23.3

Congestus Manus 5.8 8.5 0.36 2432.7 30.8

Nauru 2.1 3.6 0.33 2445.1 30.5

Darwin 3.7 5.4 0.33 2451.9 34.3

Deep convection Manus 6.7 9.9 0.19 2539.5 33.1

Nauru 2.0 3.4 0.17 2576.1 31.0

Darwin 5.7 8.4 0.16 2560.2 34.9

Altocumulus Manus 11.3 16.6 0.68 2193.5 16.9

Nauru 5.0 8.6 0.70 2178.3 14.6

Darwin 7.6 11.2 0.69 2197.6 18.4

Altostratus Manus 1.2 1.8 0.58 2256.7 20.1

Nauru 0.4 0.7 0.55 2292.3 19.3

Darwin 0.8 1.1 0.56 2271.9 22.9

Cirrostratus Manus 4.1 6.1 0.48 2337.3 18.0

Nauru 1.4 2.3 0.50 2329.8 14.8

Darwin 4.3 6.3 0.43 2361.9 20.6

Cirrus Manus 22.9 33.7 0.78 2129.3 7.4

Nauru 35.1 60.4 0.83 2100.1 5.3

Darwin 24.7 36.5 0.82 2114.0 8.4

TABLE 3. Mean downwelling SW radiative flux (SWdn), inferred clear-sky SW radiative flux (CSWdn), aggregate SW cloud radiative

effect (SW CRE; SWdn 2 CSWdn), downwelling LW radiative flux (LWdn), inferred clear-sky LW radiative flux (CLWdn), and ag-

gregate LW cloud radiative effect (LW CRE; LWdn 2 CLWdn) at all three sites. All values are in watts per meter squared and are

averaged across the diurnal cycle.

SWdn CSWdn SW CRE LWdn CLWdn LW CRE

Manus

All data 205.1 299.8 294.7 423.5 408.2 15.3

El Niño periods 200.2 302.9 2102.4 423.9 407.6 16.3

Neutral periods 199.5 294.0 294.4 424.3 408.8 15.5

La Niña periods 214.4 304.6 290.2 422.3 407.8 14.5

Nauru

All data 237.7 302.1 264.4 420.6 408.5 12.2

El Niño periods 211.9 304.2 292.3 429.1 414.2 15.0

Neutral periods 229.2 297.9 268.7 422.9 410.0 12.9

La Niña periods 259.8 305.6 245.9 413.8 403.8 10.0

Darwin

All data 232.4 293.4 261.0 407.0 394.6 12.4

Dry seasons 239.1 262.7 223.5 384.2 376.4 7.8

Wet seasons 226.5 321.5 295.0 427.9 411.5 16.4

1304 JOURNAL OF APPL IED METEOROLOGY AND CL IMATOLOGY VOLUME 54



greatest impact on the surface energy budget. This

analysis builds on the cloud-type CRE analysis in

McFarlane et al. (2013) but is expanded to include the

diurnal cycle of CREs. The shortwave radiative prop-

erties of each cloud type across the diurnal cycle are

shown in Figs. 7–9, described below. In general the

patterns observed at the three sites are similar, and

therefore our analysis can be generically interpreted as

pertaining to all sites. Data in this analysis are accu-

mulated across all ENSO phases at Manus and Nauru

and across both the wet and dry seasons at Darwin.

In Fig. 6 we show the percent of time that a given

cloud type is the lowest cloud in the column as a

function of the diurnal cycle. At all three sites the

lowest cloud in the column across the diurnal cycle is

most often either low clouds, which are at a maximum

in the early afternoon, or cirrus clouds, which occur

most frequently in the early morning and late after-

noon. This pattern, which is likely to some degree at-

tributable to the aforementioned sampling biases of the

MPL, is particularly clear at Nauru and Darwin. At

these two sites midlevel clouds occur less often than at

Manus, reflecting the impact of the dry seasons at

Darwin and periods with La Niña conditions at Nauru

(Figs. 2, 4, and 5). At Manus, deep convection and

cumulus congestus clouds both have a small-amplitude

diurnal cycle with peak frequencies occurring in the

afternoon (Fig. 6a).

FIG. 6. Percent of time that each cloud type (y axis) is the lowest cloud in the column as

a function of the diurnal cycle (x axis) at (a) Manus, (b) Nauru, and (c) Darwin.

FIG. 7. (a) Percent of time that each cloud type is the lowest cloud in the column. (b) Change

in the downwelling SW radiative flux when a cloud is present. (c) Ratio of the measured and

inferred clear-sky downwelling SW radiative flux when a cloud is present. (d) Mean SW CRE

(frequency of occurrence times the conditional SW CRE). Data are from the Manus site and

are divided into individual cloud types (y axis) and are shown as a function of the diurnal cycle

(x axis) from roughly sunrise to sunset.
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The plots of conditional SWCRE (Figs. 7b, 8b, and 9b)

show the reduction in downwelling SW flux when a given

cloud type is present as the lowest cloud in the column at a

particular time of day. The SW transmissivity plots

(Figs. 7c–9c) similarly show the fraction of downwelling

SW flux that is able to penetrate through the cloud when

present. The SW transmissivity removes the dependence

on solar elevation angle that is evident in the diurnal cycle

of SW CRE. Vertically extensive deep convection and

cumulus congestus clouds have the lowest SW trans-

missivity values, and therefore they also have the largest-

magnitude conditional SW CRE. Cirrus clouds allow the

most downwelling SW radiative flux to penetrate through

to the surface. The SW transmissivities for cirrus clouds at

all three sites range from 0.8 to 0.9 for most of the day but

are roughly 0.7 during the early morning and late after-

noon. This is likely due to increased slant paths through

the cirrus layers. Because the SW transmissivity for each

cloud type exhibits a limited range across the diurnal cy-

cle, we can conclude that the diurnal cycle in conditional

SW CREs for a given cloud type primarily reflects the

diurnal cycle of solar irradiance. Clouds present at 1200 LT

have more incoming SW radiation to reflect and absorb

and thus have a larger conditional SW CRE than do

clouds that form in the early morning or late afternoon.

The mean SW radiative impact of each cloud type is a

balance involving how frequently they occur as the lowest

cloud in the column, when they occur with respect to the

maximum downwelling SW fluxes, and how much radi-

ation they can reflect and absorb when present. These

properties are expressed in combination as the mean SW

CRE for each cloud type across the diurnal cycle

(Figs. 7d, 8d, and 9d). Deep convective clouds have larger

conditional SW CRE, but low clouds have larger mean

SW CRE because of their relatively higher frequencies.

At all three sites low clouds have the largestmean surface

FIG. 8. As in Fig. 7, but for Nauru.

FIG. 9. As in Fig. 7, but for Darwin.
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SW CRE and altostratus have the smallest. This result

agrees with several previous studies looking at CRE on

both the TOA (Hartmann et al. 1992; Chen et al. 2000)

and surface energy budgets (Mace et al. 2006).

The conditional LW CRE for each cloud type (left

column of Fig. 10) is roughly constant across the diurnal

cycle and is primarily a function of the height (and as-

sociated ambient temperature at cloud base) of each

cloud type. Clouds with lower bases (low, cumulus

congestus, and deep convective clouds) have a larger

conditional LW CRE. As with the SW CRE, the mean

LW CRE (right column of Fig. 10) is a combination of

the frequency of each cloud type and its radiative

properties. The mean LWCRE is largest for low clouds

at all three sites. Although they have a small condi-

tional LW CRE, cirrus clouds have some impact on the

mean LW radiative flux reaching the surface because of

how often they are present as the lowest cloud in the

column (Fig. 6). As with the SW CRE, diurnal vari-

ability in the mean LW CRE for a given cloud type is

primarily driven by variations in frequency across the

diurnal cycle.

d. Sensitivity to frequency and the timing of the
diurnal cycle

Given that models often fail to replicate the absolute

frequency and the diurnal cycle of frequency for some

types of clouds, it follows that these errors will lead to

biases in their simulated aggregate SW and LW CRE.

Klein et al. (2013) compared the ensemble mean dis-

tributions of cloudiness by cloud type from the Cloud

Feedback Model Intercomparison Project 1 (CFMIP1)

and CFMIP2 simulations with International Satellite

Cloud Climatology Project observations. They found

typical cloud frequency biases on the order of 5%–10%,

with larger biases preferentially occurring in optically

thin and low clouds (their Figs. 2 and 3).We can quantify

the sensitivity to frequency errors of this magnitude by

perturbing the observed frequencies of each cloud type,

essentially artificially generating biases in frequency for

each cloud type and then calculating the change in the

aggregate SW and LW CRE across all cloud types. This

analysis will demonstrate how model errors in the ab-

solute frequency of each cloud type could affect their

simulated surface radiation budget.

In Fig. 11 we show the change in the aggregate

(summed over all cloud types and across the diurnal

cycle) SW CRE that occurs when the relative frequency

of a given cloud type is changed by610%. Another way

to think of this analysis is to ask, If a model has a610%

bias in the frequency of a particular cloud type, how

much is the SW CRE likely to be over- or under-

estimated? For some cloud types with absolute fre-

quencies lower than 10%we stop the sensitivity analysis

FIG. 10. (left) Change in the downwelling LW radiative flux when a cloud is present, and (right) the mean LW

CRE (frequency of occurrence times the conditional LW CRE). CREs are divided for individual cloud types

(y axis) and are shown as a function of the diurnal cycle (x axis) at (a),(b) Manus, (c),(d) Nauru, and (e),(f) Darwin.

Note that the color scales in the two columns are scaled differently by a factor of 8.
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when cloud frequency goes to 0%. For example, at

Manus cumulus congestus clouds occur roughly 5% of

the time on average, and so the maximum negative

frequency error that can be imposed is 25% (Fig. 11a).

Errors in the absolute frequency of deeper convective

clouds produce the largest biases in the aggregate SW

CRE (Fig. 11). Overestimating the absolute frequency of

deep convective clouds by 110% leads to errors of

roughly220Wm22 in the aggregate SW CRE atManus.

This is more than 20% of the mean SW CRE

(294.7Wm22; Table 3). Errors in the absolute frequency

of other cloud types have a relatively smaller impact on

the aggregate SW CRE. In other words, a model that

misses the absolute frequency of deep convection or cu-

mulus congestus by 110% will have a larger bias in the

surface energy budget than will a model that over-

estimates the absolute frequency of low clouds by110%.

These results demonstrate that capturing the absolute

frequency of optically thick clouds such as deep convec-

tion and cumulus congestus is important to reducing

model errors in the aggregate SW CRE.

Changes in the aggregate LW CRE are smaller by a

factor of ;5 than changes in the aggregate SW CRE for

similar biases in absolute cloud frequency (Fig. 12). The

largest shifts in aggregate LW CRE are due to over- or

underestimation of clouds with low bases. The aggregate

FIG. 11. Change in the aggregate SWCRE that results from changes in the frequency (x axis)

of each cloud type (y axis) at (a) Manus, (b) Nauru, and (c) Darwin. Note that the color scale

range is larger than that in Figs. 12 and 13 by a factor of 6.

FIG. 12. Change in the aggregate LWCRE that results from errors in the frequency (x axis) of

each cloud type (y axis) at (a) Manus, (b) Nauru, and (c) Darwin. Note that the color scale

range is smaller than that in Fig. 11 by a factor of 6.
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LW CRE is largely insensitive to small biases in the

frequency of cirrostratus or cirrus clouds. Combined to-

gether these results indicate that atManus, for example, a

10% overestimation of deep convection leads to a

roughly215Wm22 net (aggregate SWCRE1 aggregate

LW CRE) error in the surface radiation budget.

Models of all sizes and resolutions struggle to repli-

cate not only the absolute frequency of each cloud type

but also the timing of occurrence across the diurnal cy-

cle. For example, in their study of the diurnal cycle of

precipitation in the ‘‘Maritime Continent,’’ Arakawa

and Kitoh (2005) showed that their GCM had a peak

frequency of deep convection occurring 2–3 h too early

relative to observations. Sato et al. (2009) similarly

found a resolution-dependent diurnal cycle bias that is

2–3h too late. Because SW CRE is a function of the

background solar irradiance, errors in the timing of the

diurnal cycle of cloud frequency will directly lead to

errors in the aggregate SW CRE simulated in a given

model. We can shift the diurnal cycle of cloud fre-

quency of a given cloud type to test the sensitivity to

timing. In Fig. 13 we show the change in aggregate SW

CRE that results when the diurnal cycle in cloud fre-

quency for a given cloud type is shifted earlier (nega-

tive values) and later (positive values) in time by 63 h.

We exclude cirrus clouds from this analysis because the

aforementioned sampling bias near solar noon creates

an anomalously large sensitivity to the timing of the

diurnal cycle. Small errors in the timing of low clouds

can lead to a reduction in the aggregate SW CRE by up

to13Wm22. The shift toward a smaller CREwhen the

timing of low clouds is shifted in either direction

reflects the fact that peak low-cloud frequency occurs

near solar noon. None of the other cloud types show

significant sensitivity to the timing of the diurnal cycle.

This is not surprising since their diurnal amplitudes are

small relative to that of low clouds (Fig. 6). Shifts in the

timing of the diurnal cycle of cloud frequency have a

much smaller impact on the aggregate SW CRE relative

to biases in the absolute frequency of each cloud type.

4. Conclusions

Long-term measurements of the surface SW and LW

radiation budgets are combined with a unique cloud-

frequency dataset to quantify CRE at the three ARM

sites in the TWP. This work builds on McFarlane et al.

(2013), who examined bulk CRE in the TWP datasets.

The novel contribution of our analysis is that we break

CRE down by cloud type and across the diurnal cycle.

We are also the first to quantify aggregate SW and LW

CRE errors that would result from model biases in the

frequency of clouds or the timing of the diurnal cycle.

Our four primary findings are the following:

1) Most of the variability in aggregate SWandLWCRE

among the three sites and across ENSO phases or

monsoon seasons at a particular site is driven by

variations in the relative and absolute frequency of

each cloud type. The radiative properties of each cloud

type (i.e., SW transmissivity andLWCRE) are roughly

constant between sites and across the diurnal cycle.

2) Although deeper clouds (cumulus congestus and

deep convection) have larger conditional SW CREs,

FIG. 13. Change in the aggregate SWCRE that results from shifts in the diurnal cycle of cloud

frequency (x axis) of each cloud type (y axis) at (a) Manus, (b) Nauru, and (c) Darwin. The

diurnal cycle in frequency for each cloud type is shifted by up to 3 h earlier (negative values) or

3 h later (positive values) than the observed diurnal cycle. Note that the color scale range is

smaller than in Fig. 11 by a factor of 6.
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they have a smaller mean SW CRE relative to low

clouds because they only occur infrequently.

3) Small (610%) biases in the absolute frequency of

deep convection and cumulus congestus clouds will

lead to large (620Wm22) errors in the aggregate

SWCRE. Similar sized biases in the frequency of low

clouds only lead to small errors in the aggregate

SW CRE.

4) Errors in the absolute frequency of each cloud type

lead to larger changes in the aggregate SW CRE in

comparison with errors in the timing of the diurnal

cycle of cloud frequency.

These results point toward a system in which the

modulation of the surface radiation budget by tropical

clouds is primarily controlled by cloud frequency. This is

akin to the well-established fact that the climatological

behavior of precipitation accumulation is dominated by

variations in precipitation frequency rather than in-

tensity (e.g., Dai 2001; Schumacher and Houze 2006;

Zipser et al. 2006; Biasutti et al. 2012; Biasutti and Yuter

2013). Likewise, the surface radiation budget is most

sensitive to the frequency of clouds as opposed to vari-

ations in cloud radiative properties (Dhuria and Kyle

1990; Wielicki et al. 2002). This sensitivity was pre-

viously documented in the midlatitudes using data from

the SGP ARM site (Mace et al. 2006). They showed

quantitatively that cloud-frequency variability was more

important than cloud microphysical variability in terms

of the net effect of clouds on the midlatitude surface

energy budget. Our quantitative analysis extends this

pattern to the tropics and highlights the importance of

low clouds on the tropical surface energy budget. The

importance of low clouds has been shown in several

previous studies in the tropics (Hartmann et al. 1992;

Chen et al. 2000) and extratropics (Tselioudis and

Rossow 2006; Govekar et al. 2011).

Previous work has shown that the cloud regimes and

radiative characteristics at the TWP ARM sites are

broadly representative of the global tropics (e.g., Jakob

et al. 2005; Long et al. 2013), and therefore our results

may be applicable in a much larger context of tropical

cloudiness. More work is needed to confirm the repre-

sentativeness of our findings. The patterns, frequencies,

and relationships that are documented in this study

provide robust targets for future modeling efforts of

cloud effects on the tropical surface radiation budget.

Our simple classification scheme for identifying cloud

types could readily be translated to be applicable for a

wide range of model types. Using our basic framework

for separating cloud radiative effects diurnally and by

cloud type, models could be evaluated on their ability to

accurately simulate the bulk surface energy budget as

well as the absolute and relative frequency of different

types of clouds and how each cloud type modifies SW

and LW fluxes at the surface. Long-term simulations

that focus on intraseasonal-to-interannual variability in

the tropics could also compare their output with our

results showing the impact of ENSO and monsoon-

related variability on these three tropical sites.
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