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ABSTRACT

This paper outlines recent advances in estimating atmospheric radiative heating rate profiles from the

sensors aboard the Tropical Rainfall Measuring Mission (TRMM). The approach employs a deterministic

framework in which four distinct retrievals of clouds, precipitation, and other atmospheric and surface

properties are combined to form input to a broadband radiative transfer model that simulates profiles of

upwelling and downwelling longwave and shortwave radiative fluxes in the atmosphere. Monthly, 58 top of the

atmosphere outgoing longwave and shortwave flux estimates agree with corresponding observations from the

Clouds and the Earth’s Radiant Energy System (CERES) to within 7 W m22 and 3%, respectively, suggesting

that the resulting products can be thought of as extending the eight-month CERES dataset to cover the full

lifetime of TRMM.

The analysis of a decade of TRMM data provides a baseline climatology of the vertical structure of at-

mospheric radiative heating in today’s climate and an estimate of the magnitude of its response to environ-

mental forcings on weekly to interannual time scales. In addition to illustrating the scope and properties of the

dataset, the results highlight the strong influence of clouds, water vapor, and large-scale dynamics on regional

radiation budgets and the vertical structure of radiative heating in the tropical and subtropical atmospheres.

The combination of the radiative heating rate product described here, with profiles of latent heating that are

now also being generated from TRMM sensors, provides a unique opportunity to develop large-scale esti-

mates of vertically resolved atmospheric diabatic heating using satellite observations.

1. Introduction

Diabatic heating Q1 plays a central role in driving

atmospheric (ATM) variability on a wide range of time

and space scales. The vertical structure of Q1 has been

shown to influence the atmosphere on scales ranging

from the life cycle of individual mesoscale convective

systems (e.g., Houze 1982, 1989; Mapes and Houze 1995)

and the evolution of extratropical cyclones (Weaver 1999)

to the propagation speed of tropical intraseasonal os-

cillations (e.g., Lau and Peng 1987; Lee et al. 2001) and

the strength of the Hadley and Walker circulations (e.g.,

Slingo and Slingo 1988; 1991; Hartmann et al. 1984;

Sherwood et al. 1994; Schumacher et al. 2004). The

common conclusion to be drawn from these studies is

the importance of feedback between clouds, precipita-

tion, and their impact on atmospheric diabatic heating.

Understanding these feedback processes is critical for

making progress in climate research (Stephens 2005;

Bony et al. 2006).

Although regional estimates of Q1 have been made

from high time and space resolution observations of tem-

perature and humidity profiles from enhanced sounding

networks (e.g., Johnson and Ciesielski 2002; Zhang et al.

2001), global diabatic heating estimates on larger scales

have, until now, primarily relied on model reanalyses.

Given recent emphasis on evaluating model perfor-

mance using observations, a strictly observation-based

estimate of large-scale diabatic heating is highly desir-

able. As a result, the generation of satellite-based latent

heating profile products that are consistent with in-

stantaneous rainfall retrievals has been a goal of the

Tropical Rainfall Measuring Mission (TRMM) since its

launch (e.g., Tao et al. 1990, 1993; Smith et al. 1994;

Shige et al. 2004, 2007; Grecu and Olson 2006). How-

ever, although the release of latent heat may dominate

Q1 locally in precipitating regions, estimating total at-

mospheric diabatic heating on larger scales and over
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longer time periods requires coincident estimates of ra-

diative cooling QR that account for surface (SFC) emis-

sivity and albedo, vertical profiles of temperature and

humidity, and the effects of nonprecipitating clouds.

Moreover, several studies have demonstrated that, de-

spite its smaller dynamic range, variations in QR may

play a dominant role in modulating large-scale dynamics

(e.g., Slingo and Slingo 1988, 1991; Sherwood et al. 1994;

Tian and Ramanathan 2002, 2003).

A number of atmospheric radiative-heating products

have been developed to date, ranging from high-quality

regional QR products from Atmospheric Radiation Mea-

surement (ARM) sites (McFarlane et al. 2007) to the

satellite-based global, three-hourly, 280-km spatial reso-

lution International Satellite Cloud Climatology Project

(ISCCP)-FD product (Rossow and Lacis 1990; Zhang

et al. 1995; Rossow and Zhang 1995; Bishop et al. 1997;

Chen et al. 2000). Between these extremes, the Clouds

and the Earth’s Radiant Energy System (CERES) clouds

and radiative swath (CRS) product (Wielicki et al. 1996)

offers estimates of QR that are constrained to match top

of the atmosphere (TOA) flux measurements but with

reduced temporal sampling, whereas Cloudsat’s level-2B

radiative fluxes and heating rates algorithm (2B-FLXHR;

L’Ecuyer et al. 2008) offers improved cloud boundary

information and spatial resolution but at greatly reduced

spatial and temporal sampling. All of these algorithms

are built on the same basic framework that uses retrieved

cloud properties as input to broadband radiative transfer

calculations to simulate radiative flux profiles through

the atmosphere; however, each makes trade-offs between

spatial resolution, temporal sampling, spatial coverage,

and the quality of the its input datasets.

The Hydrologic Cycle and Earth’s Radiation Budget

(HERB) algorithm, described in detail in L’Ecuyer and

Stephens (2003, hereafter LS03, 2007), strikes its own

compromise between spatial resolution, vertical structure

information, and spatial coverage, supplying QR products

at 0.258 resolution over the region sampled by TRMM

(388N–388S). The algorithm combines cloud, precipita-

tion, and atmospheric and surface property information

from the Visible And Infrared Scanner (VIRS) and

TRMM Microwave Imager (TMI) instruments to es-

tablish vertical profiles of upwelling and downwelling

longwave (LW) and shortwave (SW) radiative fluxes

in the atmosphere. The resulting flux profiles are sub-

sequently used to derive principal components of the

radiation budget, profiles of radiative heating, and their

breakdown into clear-sky and cloudy components. Al-

though qualitatively similar to other satellite-based ap-

proaches, HERB offers the benefit of being directly tied

to TRMM measurements, resulting in automatic co-

registration with TRMM-based latent heating products.

In addition, its component algorithms provide an ex-

plicit representation of precipitation and independent

low-cloud retrievals from microwave observations, pro-

viding a better representation of overlapping cloud sys-

tems than visible–infrared approaches.

The primary objectives of this paper are to provide an

update of the HERB algorithm introduced in LS03,

illustrate the character and duration of the resulting

TRMM-based QR product and characterize its uncer-

tainties, and document the 10-yr climatology of QR in

the tropical and subtropical atmospheres and its vari-

ability on seasonal to interannual scales. Recent im-

provements to the HERB algorithm are described in

section 2, including its extension to cover both land and

ocean surfaces, the introduction of a time-resolved aero-

sol transport model, and superior cloud detection and

retrieval algorithms. HERB products are evaluated in

section 3 in the context of TOA flux measurements from

the CERES and ground-based flux observations from

a network of surface sites throughout the TRMM re-

gion. The 10-yr average climatologies of radiative fluxes

and atmospheric properties from the HERB dataset are

summarized in section 4, with the goal of establishing

baseline TOA, SFC, and ATM radiation budgets and

their spatial distribution across the TRMM domain.

Particular emphasis is given to relating spatial gradients

in energy balance to observed regional variability in the

radiative impact of clouds. The effects of clouds on at-

mospheric radiative heating are further explored by

adding a vertical dimension to the results in section 5.

The 10-yr mean spatial distribution of atmospheric ra-

diative heating and its temporal variability over four

broad vertical levels are presented. Full vertical profiles

of heating extracted over three oceanic and two conti-

nental regions are then explored in greater detail to il-

lustrate the dramatically different character of QR under

distinct cloud regimes.

2. HERB 2008

Core steps in the execution of the HERB algorithm

remain similar to those described in LS03. Liquid- and

ice-cloud properties are obtained from VIRS and TMI

radiances using the algorithms described in Greenwald

et al. (1993) and Cooper et al. (2003), respectively. Be-

cause the passive microwave radiances do not constrain

particle size, a uniform effective radius of 11 mm is as-

sumed for all liquid clouds consistent with the clima-

tology of Miles et al. (2000). Unlike LS03, however,

where all liquid clouds were assumed to reside between

0.5 and 1.5 km, the 2008 version of the algorithm (HERB

2008) assumes a cloud base of 0.5 km but uses the ob-

served infrared (IR) brightness temperature from VIRS
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to prescribe cloud top. Hydrometeor profiles in pre-

cipitating pixels continue to be prescribed based on the

TMI-based TRMM 2A12 rainfall product (Kummerow

et al. 2000), providing the most realistic representation

of rainfall possible while maintaining the coverage of

the wide TMI swath. Unlike LS03, however, IR bright-

ness temperatures are now used to constrain cloud-top-

mitigating potential uncertainties resulting from the

lack of sensitivity of passive microwave observations to

cloud ice.

These TRMM-based condensed water products are

coupled with temperature, humidity, and ozone profiles

from the National Centers for Environmental Predic-

tion (NCEP) reanalysis (Kalnay et al. 1996) that have

been further constrained by TMI-based sea surface tem-

perature and column-integrated water vapor estimates

from remote sensing systems (Wentz 1997; Wentz et al.

2000). The concentrations of less variable gases, such as

carbon dioxide, are assumed to follow the McClatchey

tropical atmosphere (McClatchey et al. 1972). These

atmospheric properties are used as input to a broadband

radiative transfer model known as BUGSrad (Ritter and

Geleyn 1992; Stephens et al. 2001), which shares a heri-

tage with those implemented in the Colorado State

University (CSU) general circulation model (GCM) as

well as the National Center for Atmospheric Research

(NCAR) Community Climate Model (CCM). Within

the HERB framework, BUGSrad accounts for scatter-

ing and absorption by cloud and precipitating liquid and

ice particles and treats gaseous absorption by using the

correlated k-distribution formulation of Fu and Liou

(1992). A vertical resolution of 0.5 km is adopted, con-

sistent with the lowest levels of the Goddard profiling

algorithm (GPROF) products, and the independent pixel

approximation (IPA) is invoked in which each 0.258 3

0.258 pixel is treated as radiatively isolated from its neigh-

bors. Additional details regarding the BUGSrad imple-

mentation in HERB 2008 can be found in LS03.

The HERB algorithm has recently undergone signif-

icant refinements to improve its accuracy and extend

its range of applicability. The most significant of these is

the extension of the algorithm to land surfaces, using

a model of visible albedo and infrared emissivity that

represents the characteristics of 20 different land surface

types identified in the International Geosphere/Biosphere

Programme (IGBP) land surface classification. A com-

plete description of these surface types and the source of

the spectral albedo curves used to define their properties

can be found (available online at http://www-surf.larc.

nasa.gov/surf/pages/explan.html) for surface types that

undergo significant seasonal variations such as cropland

and forested areas, separate albedo tables are adopted

for summer and winter conditions, and a simple sinu-

soidal interpolation is used to determine appropriate

albedos and emissivities for any day of the year. This

addresses a significant shortcoming of the previous ver-

sion of the approach that applied only over oceanic sur-

faces. In the present version, only snow-covered surfaces

are not considered because of challenges in modeling

their properties and retrieving overlying clouds. Al-

though techniques exist for these purposes, the addi-

tional effort required to adapt these techniques to the

VIRS instrument is not justified, given TRMM’s tropical

focus. Instead, variability in the visible reflectance of

clear pixels on a monthly scale is used to screen poten-

tially snow-covered surfaces. Over the course of the 10-yr

TRMM dataset, less than 1% of pixels are screened for

potential contamination by snow.

Clouds and rainfall over land are retrieved using sim-

ilar techniques as over water, but it should be noted that

the much higher emissivities of the land surface impose

severe limitations on the passive microwave retrievals

of low clouds and rainfall. The 2A12 product over land,

for example, relies almost entirely on ice scattering at

85 GHz to infer rainfall, whereas the land-based low-

cloud algorithm of Greenwald et al. (1997) that is em-

ployed in HERB exhibits a tenfold reduction in sensitivity

relative to its oceanic counterpart. Furthermore, land

surface emissivities exhibit significantly more variability

than those over oceans, further increasing the uncer-

tainties in liquid-cloud and rainfall retrievals. The im-

pact of these uncertainties on the HERB flux estimates

is not yet known; however, the consistent use of passive

microwave radiances over both land and ocean surfaces

both allows for low clouds and rainfall to be retrieved in

the presence of overlying ice clouds and avoids potential

day–night differences in low-cloud characteristics.

Other changes to the algorithm have centered on im-

proving the representation of clouds and aerosols in

the atmosphere. The LS03 algorithm employed a static

model of the global distribution of aerosols based on an-

nually averaged aerosol optical depths (AOD) from the

Global Aerosol Climatology Project (GACP). HERB

2008, on the other hand, employs aerosol optical depth

information from the Spectral Radiation-Transport Model

for Aerosol Species (SPRINTARS) global aerosol trans-

port model, which couples a model of aerosol sources and

sinks with an atmospheric general circulation model

(AGCM) to predict the spatial and vertical distributions

of the number and mass concentrations of five aerosol

species: including sulfates, sea salt, dust, organic carbon,

and black carbon (Takemura et al. 2000, 2002, 2005).

Direct comparison of SPRINTARS AOD with the Mod-

erate Resolution Imaging Spectroradiometer (MODIS)

level 3 daily 18 aerosol product (collection 5; Platnick

et al. 2003) in cloud-free conditions (;7 million pixels)
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indicates a bias of less than 20% and a correlation of 0.5

between the two products. This is considered accept-

able, given potential uncertainties in the satellite data.

The advantage to using SPRINTARS over MODIS to

specify AOD is that the former applies over both land

and ocean surfaces, independent of whether clouds are

present. With this modification, HERB 2008 is better

suited to representing variability in the tropical radia-

tion budget caused by aerosols.

HERB 2008 also features an improved algorithm for

daytime cloud detection that combines visible and in-

frared observations from VIRS. At solar zenith angles

less than 758, a visible reflectance greater than one stan-

dard deviation above that of the clearest pixel in the

preceding month is required to indicate the presence of

a cloud. Thin, high clouds that may be missed by the

visible cloud mask and those occurring at night are

identified by requiring that the IR brightness tempera-

ture be one standard deviation colder than the clearest

pixel. Finally, low clouds at night and those residing

beneath high clouds continue to be identified using an

independent TMI-based cloud liquid water path retrieval,

providing a more robust method for identifying these

clouds than would be possible from IR measurements

alone (Greenwald et al. 1993). These changes lead to

more precise agreement with CERES TOA flux obser-

vations in short time scales and yield daytime cloud

patterns that are more consistent with global climatol-

ogies than the LS03 version of the approach.

To date, the HERB algorithm has been applied to

10-yr of TRMM observations from January 1998 through

December 2007. The product provides summaries of all

cloud and atmospheric properties, surface rainfall, and

the time and geolocation information used in the re-

trieval, as well as profiles of LW and SW fluxes and

corresponding radiative heating rates at a 0.258 spatial

resolution. Profile information is provided at a nominal

vertical resolution of 1 km, although the true ‘‘physical’’

resolution of the product is likely coarser than this be-

cause of the exclusive use of passive observations for

constraining cloud geometry (see later). It should also

be noted that the precessing nature of TRMM’s orbit

results in day-to-day changes in the local overpass time

at any given location. Although this allows TRMM to

sample the full diurnal cycle, it also imparts a diurnal

cycle signal that dominates SW flux calculations. As

a result, the HERB algorithm is run in two distinct

modes. The first, designed for short-term studies, uses

the true solar insolation at the time of overpass, allowing

direct comparison with other satellite, ground, and model-

derived fields. The other, adapted for climate-oriented

studies, adopts the diurnally averaged solar insolation

appropriate to the latitude and day of the year for each

observation. Both solutions are included in the HERB

2008 product.

3. Evaluation

a. Comparisons with CERES

Measurements of TOA fluxes by CERES provide the

most straightforward means of estimating uncertainties

in the HERB algorithm. The eight months of data col-

lected by CERES on TRMM provide ;3 3 108 in-

dependent observations, spanning the complete range

of cloud scenes, surface types, and environmental con-

ditions observed across the TRMM region and allow

comparisons to be made on a variety of spatial and

temporal averaging scales. This provides important in-

formation regarding the relative magnitudes of random

and systematic errors in the HERB product.

Over the eight-month period of overlap between the

two products, RMS differences between monthly–58

estimates of outgoing shortwave radiation (OSR) and

outgoing longwave radiation (OLR) from HERB and

CERES observations are 11 and 7 W m22 respectively.

During this period, the mean OSR estimated by HERB

was 100 W m22, representing a bias of approximately

1 W m22 higher than CERES. Similarly, HERB esti-

mates the OLR to be 252 W m22, about 5 W m22 lower

than observed by CERES. Table 1 presents results for

additional averaging scales summarizing RMS differ-

ences between HERB TOA LW fluxes, and those from

the CERES TRMM edition 2C CRS product over spatial

scales ranging from 18 to 208 and temporal scales from

instantaneous to monthly. In short time scales, random

TABLE 1. RMS differences (in W m22) between HERB esti-

mates of outgoing LW radiation and collocated CERES observa-

tions on a range of time and space scales.

Instantaneous

3-day

avg

5-day

avg

10-day

avg

30-day

avg

All surfaces

18 17.9 12.6 10.9 9.54 8.56

58 15.5 9.72 8.49 7.83 6.99

108 14.1 8.61 7.64 7.25 6.60

208 12.9 7.63 6.86 6.67 6.23

Land only

18 27.2 15.7 13.0 11.4 9.57

58 23.2 12.1 10.1 9.33 7.63

108 20.2 10.6 8.66 8.21 6.75

208 8.70 5.75 5.60 5.97 5.44

Ocean only

18 12.9 11.3 10.1 8.88 8.21

58 10.8 8.73 8.03 7.44 6.92

108 9.45 7.87 7.46 7.09 6.74

208 8.14 7.10 6.88 6.73 6.60
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errors resulting from cloud detection and microphysical

properties as well as the assumed vertical distribution

of water vapor can be large, leading to RMS differences

of 10–20 W m22 depending on the spatial resolution of

interest. However, because systematic changes in radi-

ative heating generally impact the environment on lon-

ger time scales, HERB products are likely to be most

useful on time scales of 10 days or more, where RMS

errors quickly average out dropping by almost a factor

of 2. On still longer time scales, RMS differences in

monthly/58 OLR estimates, which provide a benchmark

for climate studies, are less than 7 W m22.

Although the current version of HERB applies over

both land and ocean surfaces, it is important to note that

many of the component cloud and precipitation algo-

rithms suffer from reduced sensitivity over land back-

grounds. Furthermore, the lack of reliable estimates of

total column water vapor over land, remove a valuable

constraint on the water vapor distribution relative to

oceanic backgrounds. The impacts of these shortcomings

are also examined in Table 1, where RMS differences

between HERB and CERES OLR are also separated by

surface type. In short–space scales, OLR differences can

be more than twice as large over land as over ocean;

however, uncertainties in OLR estimates over land rap-

idly approach those observed over oceanic regions in time

scales longer than five days. Uncertainties in monthly–58

OLR estimates are, for example, only 10% larger over

land than over ocean.

Corresponding RMS differences in OSR are summa-

rized in Table 2. Because of the large dynamic range in

SW fluxes over the diurnal cycle, OSR differences are

reported in terms of pixel albedos, as opposed to abso-

lute fluxes, to avoid disproportionately emphasizing com-

parisons at low solar zenith angles. Uncertainties in OSR

also exhibit a significant random component that re-

duces substantially with the averaging scale. The RMS

differences at a spatial resolution of 208, for example,

are almost a factor of 3 less than those at 18 resolution.

Similarly, uncertainties in monthly-mean fluxes tend to

be ;40% less than those on instantaneous scales. At the

benchmark resolution of monthly–58 averages, fractional

uncertainties in OSR are 2.4% on the global average. In

the SW, errors over land are ;50% larger than those over

ocean, nearly independent of the averaging scale.

In practice, it is extremely difficult to evaluate verti-

cally resolved atmospheric radiative fluxes and heating

rates on large scales. Intercomparisons of the products

of independent algorithms, however, provide a useful

metric for measuring the combined uncertainties. In this

case, we again turn to the CERES CRS product that also

reports vertical profiles of radiative fluxes at five atmo-

spheric levels, estimated using an approach that is sim-

ilar to HERB with two major exceptions: the radiative

transfer calculations are driven with cloud, aerosol, tem-

perature, humidity, and surface property information

from completely independent sources and TOA radia-

tive fluxes are partially constrained with CERES ob-

servations (Wielicki et al. 1996). As a result of these

differences, the CERES CRS and HERB products can

be thought of as largely independent and comparisons

between them provide a useful measure of their com-

bined uncertainties.

Figure 1 presents differences between HERB and

CERES estimates of zonally averaged up- and down-

welling SW and LW fluxes at the surface, 500, 200, 70 mb,

and TOA at 18 resolution for the April–August 1998

period. The higher vertical resolution HERB data are

interpolated to CERES levels using log(pressure). All

HERB pixels identified as having potential snow at the

surface are discarded, as are data from January–March

because of an error in the CERES SW algorithm over

that period. Domain-averaged biases in TOA fluxes

(shown in the legend) are smaller than those listed in

Tables 1 and 2, suggesting additional cancellation of

random errors beyond the monthly time scale. Further-

more, differences at other atmospheric levels are gener-

ally less than 4%. Two exceptions are in the downwelling

LW radiation at 70 and 200 mb, where differences are

on the order of 20%, indicating that the HERB atmo-

sphere emits more LW radiation above 70 mb and less

between 70 and 200 mb than the CERES atmosphere.

This suggests there may be some differences in the fre-

quency and vertical placement of thin clouds and water

vapor in the upper troposphere between the algorithms;

however, it should be noted that the resulting flux errors

TABLE 2. As in Table 1, but for outgoing SW radiation. Differ-

ences are expressed in terms of albedo to avoid disproportionately

weighting observations at low solar zenith angles.

Instantaneous

3-day

avg

5-day

avg

10-day

avg

30-day

avg

All surfaces

18 0.073 0.066 0.061 0.054 0.043

58 0.054 0.043 0.041 0.037 0.029

108 0.042 0.036 0.034 0.030 0.024

208 0.028 0.026 0.026 0.024 0.019

Land only

18 0.086 0.080 0.075 0.070 0.058

58 0.064 0.054 0.054 0.051 0.042

108 0.051 0.049 0.047 0.046 0.036

208 0.038 0.039 0.047 0.042 0.035

Ocean only

18 0.068 0.060 0.055 0.047 0.036

58 0.052 0.040 0.037 0.033 0.024

108 0.040 0.033 0.030 0.027 0.021

208 0.027 0.025 0.026 0.020 0.017
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amount to less than 5 W m22 in an absolute sense.

Similarly, although differences in SW reflection from the

surface are 10%, this amounts to a global average bias

between the products of only 2 W m22.

Among the most significant features that emerge from

zonal mean differences between the products are a

20 W m22 surplus in downwelling SW radiation at the

surface (SSR) and an 8–10 W m22 deficit of LW emis-

sion from the surface in the Northern Hemisphere in the

HERB products relative to CERES. The surplus SSR in

HERB may be an artifact of errors in cloud detection

and water vapor absorption over Northern Hemisphere

land surfaces, whereas differences in LW emission from

the surface are indicative of slight differences in the

source of surface temperature information used in each

algorithm. At other levels, CERES tends to overesti-

mate upwelling LW radiation with respect to HERB

across all latitude bands, with differences getting smaller

with increasing latitude. This may be a result of missing

low clouds in the CERES algorithm resulting from un-

detected multilayered cloud systems. This is also con-

sistent with the fact that the lower atmosphere emits

more LW radiation down to the surface in the HERB

algorithm, where passive microwave retrievals should

allow for improved detection of liquid clouds in the

presence of the overlying cirrus.

Because equatorial regions are of particular interest

to many applications, comparisons between CERES

and HERB flux products covering the region between

108N and 108S are isolated in Fig. 2. Differences exhibit

increased noise relative to the zonal mean plots, be-

cause the sample size for each data point has been re-

duced by approximately a factor of 20. (There are now

360 one-degree longitude bins as opposed to only

72 one-degree latitude bins before. Furthermore, only

25% of the TRMM region is analyzed in Fig. 2.) Nev-

ertheless, the overall agreement between the two prod-

ucts remains good, with differences rarely exceeding

5% despite the smaller area considered. LW fluxes

between the surface and 500 mb once again suggest

that the HERB atmosphere contains more low clouds

that trap more upwelling LW radiation in the lower

troposphere and emit more back down toward the

surface. The meridional averages shown in Fig. 2 also

reveal more pronounced features than those in the

zonal plots, primarily because of differences in the

treatment of land surfaces. The peaks in several fields

centered at 2808 and 208, for example, correspond to

the South American and African continents, respec-

tively, whereas, large differences in downwelling SW

radiation at 500 mb and the surface from 608–1808 can

be attributed to the moist Indian and west Pacific

Ocean regions.

FIG. 1. Difference in zonally averaged (a) upwelling SW, (b)

downwelling SW, (c) upwelling LW, and (d) downwelling LW ra-

diative flux estimates from HERB and CERES for April–August

1998. Values in the legend represent the average bias between the

products over the TRMM region expressed both in W m22 and

then in percent (in parentheses).
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b. Comparisons with the surface sites

HERB products are also evaluated against the CERES/

ARM Validation Experiment (CAVE) collection of sur-

face flux observations that includes regular measurements

from several sites located throughout the world (Rutan

et al. 2001). These sites are operated by the Department

of Energy (DOE) ARM Program, World Climate Re-

search Program (WCRP) Baseline Surface Radiation

Network (BSRN; Ohmura et al. 1998), National Oce-

anic and Atmospheric Administration (NOAA) Global

Baseline Sites [GMD; formerly the Climate Monitoring

and Diagnostics Laboratory, (CMDL)], NOAA GMD

Surface Radiation Network (SURFRAD; Augustine et al.

2000), the Woods Hole Oceanographic Institute (WHOI;

Anderson et al. 2000), and a number of other independent

operators. Although the CAVE dataset does not provide

a true global evaluation of satellite products, the 39 ground

sites and 2 buoys that lie in the TRMM domain sample

several distinct environments, ranging from the Southern

Great Plains (SGP) region of the United States to the

tropical west Pacific (TWP). The locations of all surface

sites used in this comparison are summarized in Fig. 3. It

should be noted, however, that 21 of the sites examined

fall within a 48 3 48 box around the ARM SGP site.

The primary drawback to using surface observations is

that they are point measurements that cannot be consid-

ered to be generally representative of the much larger

0.258 HERB resolution or the nominal nadir CERES field

of view (FOV) of ;10 km. To crudely compensate for

this effect, the three 15-min mean surface observations

that are closest to the observation time of the appropriate

0.258 HERB pixel are combined into a single 45-min av-

erage, which should be more representative of cloud ad-

vection across the HERB pixel. At the same time, several

CERES CRS footprints fall within a single HERB pixel.

The mean of these footprints is taken and assigned the

time of the associated HERB pixel, yielding three time

series for each ground site: the averaged surface flux ob-

servations, HERB flux estimates, and CERES flux esti-

mates all coregistered in space and time and each with

a single value for each satellite overpass. Even with this

averaging, however, significant sampling differences can

exist between the three sets of fluxes because of the large

differences in their effective fields of view. As a result, the

FIG. 2. As in Fig. 1, but for meridionally averaged fluxes between

108N and 108S.

FIG. 3. Geographic distribution of surface radiation measurement

sites used to evaluate HERB surface flux estimates. Boxes overlaid on

the figure define regions for more detailed examination in section 5.
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focus of the comparisons that follow is slanted towards

long-term biases between calculated and measured sur-

face fluxes rather than RMS errors between them.

Comparisons of the full 10-yr HERB dataset with all

39 surface stations and both WHOI buoys are summa-

rized in Tables 3 and 4. The mean statistics for CERES

from all sites are also summarized in the last row for

comparison, although these comparisons only span the

period over which CERES was operational. Again, biases

are reported both in W m22 and as percentages to ac-

count for the much larger dynamic range of SSR at each

site (and between sites) than downwelling LW radiation at

the surface (SLR). The impact of the large spatial scale of

the HERB observations is immediately evident in com-

parisons against surface observations at Mauna Loa.

The 0.258 resolution of the HERB product is too large to

TABLE 3. Statistical summary of comparisons between HERB surface LW flux estimates and measurements at 39 ground sites and 2 buoys.

Similar comparisons of CERES CRS flux products over the ensemble of all sites are included in the last row for reference.

Ground site Lat8 Lon8 Bias (W m22) Bias (%) RMS (W m22) Correlation

ARM, SGP central facility 36.60 297.48 25.00 21.54 38.41 0.86

ARM, Darwin, AU 212.43 130.89 26.97 21.76 14.36 0.92

ARM, Larned, KS 38.20 299.32 6.75 2.08 41.31 0.84

ARM, Hillsboro, KS 38.31 297.30 7.01 2.12 45.20 0.81

ARM, LeRoy, KS 38.20 295.60 27.58 22.35 40.30 0.85

ARM, Plevna, KS 37.95 298.33 1.88 0.58 41.30 0.84

ARM, Halstead, KS 38.11 297.51 0.50 0.15 41.87 0.84

ARM, Towanda, KS 37.84 297.02 10.41 3.10 48.25 0.80

ARM, Elk Falls, KS 37.38 296.18 0.74 0.22 45.80 0.82

ARM, Coldwater, KS 37.33 299.31 6.80 2.07 43.77 0.83

ARM, Ashton, KS 37.13 297.27 0.88 0.27 44.12 0.83

ARM, Tyro, KS 37.07 295.79 28.54 22.63 40.03 0.86

ARM, Byron, OK 36.88 298.29 26.18 21.90 39.60 0.86

ARM, Pawhuska, OK 36.84 296.43 8.99 2.64 50.91 0.79

ARM, Lamont, OK 36.60 297.48 211.27 23.46 39.12 0.86

ARM, Ringwood, OK 36.43 298.28 21.55 20.47 42.61 0.84

ARM, Vici, OK 36.07 299.20 15.43 4.52 46.86 0.81

ARM, Morris, OK 35.69 295.89 27.47 22.15 55.46 0.71

ARM, Meeker, OK 35.56 296.99 4.46 1.30 42.32 0.83

ARM, Cordell, OK 35.35 298.98 11.09 3.21 44.63 0.82

ARM, Cyril, OK 34.88 298.20 25.99 7.17 59.14 0.75

ARM, Manus 22.06 147.43 2.54 0.60 31.41 0.21

ARM, Nauru 20.52 166.92 15.82 3.62 23.19 0.54

ARM, Niamey, Niger 13.48 2.18 29.71 22.73 34.92 0.72

BSRN, Alice Springs, Australia 223.70 133.87 19.61 5.35 55.96 0.63

BSRN, De Aar, South Africa 230.67 24.00 27.91 22.58 34.71 0.82

BSRN, Florianapolis, Brazil 227.47 248.48 222.92 26.28 39.97 0.62

BSRN, Sede Boqer, Israel 30.87 34.77 13.41 3.98 54.77 0.45

BSRN, Saudi Solar Village 24.91 46.41 2.19 0.63 52.95 0.48

BSRN, Tamanrasset, Algeria 22.78 5.52 16.11 4.71 63.77 0.53

BSRN, Tateno, Japan 36.05 140.13 13.53 3.89 54.39 0.72

COVE,* Chesapeake Lighthouse 36.90 275.71 28.40 22.62 25.71 0.91

GMD, Bermuda 32.30 264.77 20.88 5.26 41.63 0.59

GMD, Kwajelein 8.72 167.72 12.56 2.89 22.51 0.49

GMD, Mauna Loa, HI 19.54 2155.58 181.65 43.44 189.15 0.12

GMD, Samoa 214.23 2170.56 13.80 3.18 24.53 0.41

SURFRAD, Desert Rock, NV 36.63 2116.02 218.58 26.54 44.72 0.77

SURFRAD, Goodwin Creek, MS 34.25 289.87 213.70 24.10 36.91 0.86

NTAS,** Buoy I 14.50 251.00 11.81 2.84 29.39 0.31

NTAS,** Buoy II 14.50 251.00 6.65 1.60 28.22 0.33

Stratus, Buoy I 220.20 285.20 1.42 0.37 29.22 0.68

Stratus, Buoy II 220.20 285.20 16.29 4.23 31.92 0.73

Stratus, Buoy III 220.20 285.20 6.43 1.65 29.50 0.67

All sites: HERB — — 3.28 0.95 44.23 0.82

All sites: CERES — — 21.72 20.48 18.37 0.95

* CERES Ocean Validation Experiment.

** Northwest Tropical Atlantic Station.
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capture the extreme elevation of the mountain site and,

as a result, HERB overestimates SLR (Table 3) by more

than 180 W m22 and underestimates SSR by nearly

40 W m22 (Table 4) relative to the surface observations.

These overestimates in emission and absorption in the

lower atmosphere also exist in CERES downwelling flux

estimates at the Mauna Loa site. Given these obvious

differences in atmospheric properties, owing to sampling

volume differences between the satellite and ground site,

the Mauna Loa data are excluded from the overall sta-

tistics summarized in the last row of each table.

The average bias in HERB SLR over all sites is less than

4 W m22, consistent with comparisons against CERES

TOA LW fluxes. Biases at individual sites can, however,

exceed 20 W m22 or 6%, but biases vary significantly

from site to site, pointing to potential sample volume

issues as a possible explanation for these errors. Elk

Falls and Towanda, Kansas, for example, are separated

by a single HERB pixel but exhibit biases of 25 and

23 W m22, respectively. This reflects the fact that nei-

ther the surface nor atmospheric property models used in

HERB can represent finescale structure in topography,

TABLE 4. As in Table 3, but for downwelling SW fluxes at the surface.

Ground site Lat8 Lon8 Bias (W m22) Bias (%) RMS (W m22) Correlation

ARM, SGP central facility 36.60 297.48 41.17 17.66 110.63 0.95

ARM, Darwin, AU 212.43 130.89 55.75 19.25 145.67 0.94

ARM, Larned, KS 38.20 299.32 35.60 15.65 97.68 0.96

ARM, Hillsboro, KS 38.31 297.30 31.78 14.61 95.16 0.96

ARM, LeRoy, KS 38.20 295.60 44.71 19.86 111.53 0.95

ARM, Plevna, KS 37.95 298.33 39.80 17.43 103.76 0.95

ARM, Halstead, KS 38.11 297.51 38.45 17.01 101.87 0.95

ARM, Towanda, KS 37.84 297.02 34.57 15.76 103.42 0.95

ARM, Elk Falls, KS 37.38 296.18 38.85 18.57 107.28 0.94

ARM, Coldwater, KS 37.33 299.31 34.36 15.27 98.00 0.96

ARM, Ashton, KS 37.13 297.27 37.09 16.54 102.77 0.95

ARM, Tyro, KS 37.07 295.79 40.79 18.57 109.98 0.94

ARM, Byron, OK 36.88 298.29 38.94 16.96 103.13 0.96

ARM, Pawhuska, OK 36.84 296.43 29.01 14.70 106.42 0.94

ARM, Lamont, OK 36.60 297.48 42.72 18.44 111.12 0.95

ARM, Ringwood, OK 36.43 298.28 36.61 16.12 102.21 0.95

ARM, Vici, OK 36.07 299.20 31.43 14.06 96.78 0.96

ARM, Morris, OK 35.69 295.89 33.06 16.23 107.67 0.94

ARM, Meeker, OK 35.56 296.99 36.20 16.78 106.90 0.95

ARM, Cordell, OK 35.35 298.98 33.79 14.64 100.25 0.96

ARM, Cyril, OK 34.88 298.20 20.61 10.18 100.32 0.94

ARM, Manus 22.06 147.43 43.72 17.04 143.02 0.92

ARM, Nauru 20.52 166.92 23.87 9.36 109.08 0.95

ARM, Niamey, Niger 13.48 2.18 31.52 11.23 71.81 0.99

BSRN, Alice Springs, Australia 223.70 133.87 0.00 20.00 2999.00 2999.00

BSRN, De Aar, South Africa 230.67 24.00 25.12 9.48 89.15 0.97

BSRN, Florianapolis, Brazil 227.47 248.48 61.97 25.28 155.64 0.91

BSRN, Sede Boqer, Israel 30.87 34.77 18.55 7.28 86.02 0.97

BSRN, Saudi Solar Village 24.91 46.41 27.10 9.48 68.29 0.99

BSRN, Tamanrasset, Algeria 22.78 5.52 20.04 6.82 86.51 0.97

BSRN, Tateno, Japan 36.05 140.13 44.26 21.50 128.87 0.91

COVE, Chesapeake Lighthouse 36.90 275.71 39.16 17.85 99.27 0.96

GMD, Bermuda 32.30 264.77 23.69 11.23 105.06 0.94

GMD, Kwajelein 8.72 167.72 12.89 5.36 96.99 0.96

GMD, Mauna Loa, HI 19.54 2155.58 231.83 212.13 128.37 0.95

GMD, Samoa 214.23 2170.56 23.91 9.84 107.90 0.95

SURFRAD, Desert Rock, NV 36.63 2116.02 25.54 9.87 81.20 0.98

SURFRAD, Goodwin Creek, MS 34.25 289.87 51.27 22.25 121.94 0.94

NTAS, Buoy I 14.50 251.00 18.71 6.82 83.21 0.97

NTAS, Buoy II 14.50 251.00 19.61 7.11 106.12 0.95

Stratus, Buoy I 220.20 285.20 17.16 7.96 87.17 0.96

Stratus, Buoy II 220.20 285.20 20.24 20.11 92.52 0.95

Stratus, Buoy III 220.20 285.20 5.44 2.69 95.69 0.95

All sites: HERB — — 34.09 14.99 105.25 0.95

All sites: CERES — — 17.48 6.34 61.81 0.98
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vegetation, inland water bodies, and land use and suggests

that HERB products are better suited to somewhat larger

time and space scales. Correlations between HERB SLR

estimates and surface observations are generally good

(;0.8 on average) but are smaller than those for SSR

estimates because of the relatively small dynamic range

of SLR over some sites, emphasizing the impact of large

random errors resulting from cloud inhomogeneity over

the large HERB pixels.

Both the CERES and the HERB products significantly

overestimate downwelling SW radiation at the surface,

although biases in the HERB product are nearly twice as

large as those in the CERES. These biases may be par-

tially explained by absorption from trace gas species, such

as methane, which are not included in the correlated-k

treatment presently adopted in HERB; however, com-

parisons with the MSTRNX model (Sekiguchi and

Nakajima 2008), which includes a more complete trace

gas inventory, suggest that the resulting biases are gen-

erally ;5 W m22 or less. The source of the remaining

bias requires further investigation but can likely be at-

tributed to a combination of uncertainties in aerosol

scattering properties, the lack of an observation-based

constraint on column water vapor over land, errors in

cloud detection over brighter land surfaces, and the ef-

fects of cloud inhomogeneity within the CERES and

even larger HERB FOVs. Cloud, aerosol, and surface

properties in the HERB product, for example, are as-

sumed to be homogeneous across each 0.258 pixel, lead-

ing to not only large random errors on a pixel-by-pixel

basis but also having potential impacts on cloud detection

and microphysical property retrievals that are based on

pixel mean radiances. This is consistent with the large

RMS differences in both SLR and SSR and with the fact

that CERES fluxes exhibit somewhat smaller uncer-

tainties, because CERES footprints cover an area of

;100 km2, which is 6 times smaller than the 625 km2

area of a HERB pixel. Furthermore, all of the compo-

nent algorithms in HERB have greater sensitivity to

clouds and precipitation over oceanic regions, where

few surface flux datasets exist for comparison. This is

supported by the fact that HERB SSR estimates show

much better overall agreement at the GMD Kwajalein

site and the WHOI buoys that are the most represen-

tative of oceanic pixels in the satellite retrievals.

Assuming the source of the biases can be determined

through further investigation, correlations between HERB

and measured SSR are greater than 0.95 for all sites,

suggesting that the bias between them is reasonably

stationary. This, coupled with the fact that similar biases

exist over all land-based surface radiation sites, indicates

that the dataset may resolve changes in SSR over time

and relative differences between regions that are smaller

than the overall biases in the product. This is empha-

sized in Fig. 4, where comparisons of multiyear time

series of downwelling LW and SW flux anomalies are

presented for the ARM sites at Nauru and Byron (part

of the SGP network). The data have been averaged to

a 46-day resolution to remove the diurnal cycle imposed

by TRMM’s precessing orbit. Once biases have been

removed, the agreement between HERB flux estimates

and those observed at each ground site is generally very

good. Beyond capturing the seasonal cycle of SW and

LW radiation incident at the surface at the ARM site,

HERB also captures year-to-year variations resulting

from changes in cloud cover and precipitation. For ex-

ample, HERB captures the slower than normal increase

in SSR associated with the wetter than normal spring of

2006 at the Byron site and the subsequent broader than

normal SSR maximum associated with drought condi-

tions in 2007 (X. Dong et al. 2009, unpublished manu-

script). Although surface fluxes are less variable at Nauru

because of its tropical location, HERB captures the vast

majority of the oscillations in observed SSR, because of

transient features such as MJO events. Downwelling

LW fluxes at Nauru are least variable of all, resulting

from the nearly constant humidity and surface temper-

ature, but even here HERB captures a slow interannual

modulation of SLR that is likely attributable to the

El Niño–Southern Oscillation (ENSO). The observed

variations correlate very well with the NOAA multi-

variate ENSO index (MEI), showing a distinct reduction

in SLR during periods of negative MEI (La Niña; e.g.,

2000/01 and 2006) and enhanced SLR during positive

MEI episodes (El Niño; e.g., late 2002, 2005, and 2007).

Beyond supplying a baseline estimate of the accuracy

of the HERB flux estimates, this evaluation of TOA and

SFC fluxes can be used to provide a crude measure of the

expected accuracy of atmospheric heating rates. Noting

that atmospheric radiative heating is related to radiative

flux convergence through Q 5 (g/cp)(dF/dp), where cp is

the specific heat at constant pressure, estimates of the

uncertainties in fluxes at the atmospheric boundaries can

be used to provide an upper bound on the uncertainty in

atmospheric radiative heating. For example, based on

Table 1, RMS errors in monthly–58 outgoing LW and SW

fluxes at TOA are 7 and 11 W m22, respectively, assum-

ing a diurnally averaged solar insolation of 380 W m22.

Similarly, the surface flux comparisons suggest monthly

errors in LW and SW fluxes on the order of 4 and

34 W m22, respectively, based on the overall compari-

sons against all ground observation sites presented in

Tables 3 and 4. If it is assumed that the uncertainties in

TOA and SFC fluxes are uncorrelated, then the implied

uncertainties in HERB column atmospheric heating rates

are dQLW 5 0.09 K day21 and dQSW 5 0.36 K day21.
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The tropical mean is QLW ; 21.6 K day21 and QSW ;

0.6 K day21, which suggests errors of approximately 6%

in LW heating estimates and 60% in SW heating esti-

mates at a monthly–58 resolution. Note, however, that

dQSW is likely overestimated in this simple analysis,

because errors in cloud impacts on SW fluxes at TOA

and SFC tend to be strongly correlated. In reality, these

uncertainties depend strongly on time and the spatial

averaging scale; however, this provides a rough estimate

for establishing the significance of the results that follow.

4. Radiative properties of the tropical and
subtropical atmospheres

Figure 5 shows the 10-yr mean radiation budget at

TOA and SFC (defined as positive in the downward

direction) and the corresponding atmospheric flux di-

vergence across the TRMM region that represents ap-

proximately two-thirds of the globe. Strong year-round

solar insolation dominates the TOA radiation budget in

the tropics, exceeding the combined outgoing LW and

SW radiation by nearly 100 W m22 over large portions

of the tropical Pacific and Indian oceans. When com-

pared with the associated climatologies of surface and

atmospheric properties for the same period, which are

summarized in Fig. 6, it is clear that the strongest net

TOA radiation imbalances are driven by the trapping of

LW radiation by high clouds associated with deep con-

vection. Furthermore, these regions strongly correlate

with areas of mean large-scale ascent, based on NCEP

reanalysis consistent with Bony et al. (2004) and Yuan

et al. (2008), who note a strong connection between the

abundance of high clouds, their impact on outgoing LW

radiation, and vertical motion. In neighboring regions

where high clouds are less prevalent, such as the east

Pacific, energy imbalances at TOA are 20–30 W m22

less than in the west Pacific. Surplus radiation at TOA

decreases strongly with increasing latitude outside the

tropics because of the reduced solar insolation in winter

seasons but remains positive over most of the TRMM

domain. The often cloud-free desert regions provide the

unique exception, losing approximately 20 W m22 to

space resulting from very strong OLR and enhanced

surface reflection from the bright desert surface.

Throughout the TRMM region, there is generally a

strong net surplus of radiation at the surface because of

the combination of downwelling SW radiation and at-

mospheric emission to the surface, which exceeds its LW

emission by 100–200 W m22 over the entire region. Net

surface radiation imbalances are largest in subsidence

regions near the equator, such as the east Pacific and

Atlantic, where more of the strong solar insolation reaches

the surface resulting from the reduced cloud cover relative

FIG. 4. Anomaly time series of downwelling LW and SW fluxes

from HERB and the ARM surface radiation sites at (a),(b) Byron,

Oklahoma, and (c),(d) Nauru. LW fluxes are reported in (a) and

(c), whereas SW fluxes are reported in (b) and (d). In all cases,

46-day averages are displayed to remove the diurnal sampling ef-

fects of TRMM’s precessing orbit and the means from each dataset

have been removed.
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to the convergence zones. Brighter surfaces coupled

with reduced emission from drier atmospheres lead to

notably smaller net surface radiation imbalances over

land surfaces, especially over desert regions. This land–

ocean contrast in the surface radiation budgets is further

enhanced by continental convection in the Amazon and

Congo regions.

The difference between the net TOA and SFC energy

radiation budgets provides an estimate of the total atmo-

spheric radiative flux divergence QR. Here, QR exhibits

the strongest contrasts between regions of large-scale as-

cent and subsidence with more than twice as much cooling

in the latter resulting from the combination of less ex-

cess radiation at TOA and the strongest net surplus of

radiation to the surface. These differences are primarily

driven by changes in cloud characteristics, with high

clouds closely correlating with areas of large-scale as-

cent significantly reducing LW cooling, whereas persis-

tent low-level cloudiness in areas of subsidence act to

increase it. In fact, the map of atmospheric flux diver-

gence qualitatively correlates more closely with NCEP

vertical motion than it does with SST, illustrating the

strong mutual connection between atmospheric dynam-

ics, cloud morphology, and radiative flux divergence on

FIG. 5. (left) The 10-yr mean net radiation balance at the top of the atmosphere, within the

atmosphere, and at the surface and the (right) zonal averages of the contributing fluxes are

presented.
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FIG. 6. (left) The 10-yr mean surface temperature, 500-mb vertical air motion, high- and low-cloud fraction, and

surface rainfall. All parameters are retrieved from the TRMM sensors, with the exception of vertical air motion,

which is from NCEP reanalyses. High clouds consist of all clouds that pass the VIRS-based ice-cloud screen, whereas

low clouds are defined as those with nonzero TMI LWP. (right) The month-to-month variability in each field is

presented.
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the large scale. When combined with the latitude de-

pendence of solar insolation, zonal variations in high-

and low-cloud amounts associated with vertical motion

result in a slightly asymmetric zonal distribution of at-

mospheric radiative cooling, with distinct peaks at 208N

and 208S, where subsidence is strongest.

5. Vertical distribution of QR

The 10-yr mean of net column-integrated atmospheric

radiative cooling in the HERB dataset is 21.14 K day21,

and differences between convectively active regions

and areas of persistent subsidence lead to deviations of

60.45 K day21 from this average. Given the sensitivity

of the vertical profile of atmospheric radiative heating

QR(z) to cloud boundaries, water vapor scale height,

and the atmospheric temperature profile, the most sig-

nificant regional gradients in atmospheric heating are

generally confined to narrower vertical layers. Further-

more, it is the vertical distribution of radiative heating

rather than its column integral that is likely to impart the

strongest influence on atmospheric dynamics.

a. Spatial distribution

Toward the goal of quantifying regional differences in

the vertical structure of atmospheric radiative heating

within the TRMM region, QSW and QLW across four

coarse vertical layers are summarized in Figs. 7–8 re-

vealing striking differences in the factors governing LW

and SW heating at different levels in the atmosphere.

Regional differences in SW heating exhibit a clear

transition from being dominated by clouds at the upper

and lower levels and water vapor in between. The dis-

tribution of QSW between 12 and 20 km, for example,

resembles a map of high-cloud fraction while between

the surface and 2-km trace regions of persistent low

cloudiness. SW heating maps between 2 and 12 km re-

semble those of 500-mb vertical motion, whereas cloud

impacts, defined as all-sky minus clear-sky QSW, account

for less than 10% of the total SW heating. This suggests

that regional differences in QSW can be attributed in-

stead to regional variations in water vapor scale height.

In regions of ascending motion, SW heating is spread

over a deeper column that extends into the 5–12-km

layer, whereas SW heating in subsidence regions tends

to be confined to the 2–5-km layer. The only evidence of

enhanced SW heating by clouds between 2 and 5 km is

confined to small regions of very persistent stratocu-

mulus near the west coasts of North and South America

and Africa.

The column-integrated impact of clouds on column

SW heating is generally small but exhibits a distinct

pattern indicating that low clouds consistently increase

column QSW, whereas high clouds tend to reduce it (Fig. 7,

top right). This pattern is particularly evident over ocean

regions and can be entirely attributed to additional re-

flection by clouds relative to the much darker ocean

surface. Radiation reflected by low clouds effectively

experiences twice as much water vapor path above cloud,

allowing significantly more absorption. High clouds, on

the other hand, decrease the amount of SW radiation

that reaches the lower troposphere, in turn reducing

absorption at lower levels. Although these effects are

generally small, they are persistent and can account for

;10% of the annual mean total column SW heating.

LW cooling (Fig. 8) tends to peak in the layer between

5 and 12 km, with the strongest cooling occurring in the

east Pacific. Heating by high clouds reduces the strength

of peak LW cooling by as much as 0.5 K day21 in areas

of frequent convection, such as the west Pacific, Ama-

zon, and Congo. The effects of high clouds are also ev-

ident at lower levels, where water vapor emission is

reduced in the presence of enhanced downwelling LW

radiation from high clouds (Tian and Ramanathan 2002).

Conversely, in regions of very strong subsidence, a lack

of high clouds coupled with strong emission to the sur-

face from low clouds leads to a secondary maximum in

LW cooling in the layer below 2 km. Finally, it is worth

noting that upper-tropospheric water vapor also plays

an important role in the regional distribution of radia-

tive cooling between 12 and 20 km. Here a combination

of cloud-top cooling and enhanced water vapor emission

can lead to significant LW cooling in regions of strong

convergence, while surrounding regions experience min-

imal cooling in this layer. This has potentially important

implications for the height and strength of the tropical

tropopause layer (TTL; e.g., Feldman et al. 2008).

Net atmospheric radiative heating in each layer, given

by the combination of QSW and QLW, is presented in

Fig. 9. Between 12 and 20 km, the enhanced LW cooling

from upper-tropospheric water vapor is largely offset by

the significant SW heating by high clouds in the con-

vergence zones. The larger spatial extent of high clouds

on either side of the strongest ascending motions, how-

ever, produces residual SW heating in this layer, par-

ticularly in the central and west Pacific and northern

Indian oceans. Outside the tropics, where the tropo-

pause is lower, LW cooling by CO2 becomes significant

in this layer, leading to a net cooling of 0.35 K day21.

The regional structure of QNET between 5 and 12 km

forms a somewhat complicated mosaic that represents

the combination of cloud impacts on LW cooling and

SW absorption by water vapor. The result is a strong

east–west gradient in net radiative cooling in the tropical

Pacific that is a factor of 2 stronger in the east. In the west

Pacific, there is also a strong zonal gradient in radiative
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FIG. 7. (left) The 10-yr mean column-integrated shortwave atmospheric radiative heating in the TRMM region and

its breakdown into four coarse atmospheric layers from the surface to 2, 2–5, 5–12, and 12 km to the tropopause.

(right) Cloud impact on shortwave heating is summarized.
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cooling that is ;50% stronger between 108 and 208 than

between 6108. At lower levels, QLW covers a signifi-

cantly wider dynamic range than QSW and net atmo-

spheric radiative heating exhibit patterns that more

closely resemble those in Fig. 8. The fact that regional

anomalies in SW heating are nearly anticorrelated with

those in LW cooling, however, reduces regional gradi-

ents in QNET.

FIG. 8. As in Fig. 7, but for longwave atmospheric heating.
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b. Regional heating structures

The vertical structure of atmospheric radiative heat-

ing for the three ocean and two land areas identified in

Fig. 3 are compared in Fig. 10, highlighting their re-

sponses to differences in the distribution of clouds and

water vapor in each region. Longwave radiative cooling

profiles, for example, are strongest and deepest in the

FIG. 9. As in Fig. 7, but for net atmospheric heating.
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subsidence-dominated southeast Pacific (SEP; 108–308S,

808–1108W), where cloud cover is dominated by shallow

clouds that significantly enhance the radiation emitted

to the surface relative to clear-sky conditions. Similarly,

shortwave absorption is constrained to the lower atmo-

sphere, falling off rapidly with height following the at-

mospheric water vapor profile. The net QR profile in the

tropical east Pacific (TEP; 108N–108S, 908–1208W) is also

indicative of strong radiative cooling; however, unlike

the SEP where low clouds are typically a factor of 3 more

common than high clouds, high and low clouds occur

with approximately equal likelihood in the TEP. As a

result, the net cooling profile in the TEP shows evidence

of enhanced SW heating at upper levels and reduced

cooling at lower levels caused by a reduction in the

emission of LW radiation to the surface by low clouds.

The distribution of high and low clouds reaches

the opposite extreme in the convectively active TWP

(108N–108S, 1408–1708E), where high-cloud fractions are

typically 55%–60%. This results in a significant deep-

ening of the SW heating profile and reduced LW cooling

at all heights, consistent with the much lower values of N

and Rc observed in this region. The resulting net QR

profile in the TWP is shallower than either the TEP or

SEP regions and exhibits a sharper and weaker peak in

net radiative cooling between 7 and 9 km.

The shallowest cooling profiles are found in the two

continental regions, the Amazon (AMZ; 08–208S, 508–

808W) and central Africa (AFR; 108N–108S, 108–408E).

This reflects a combination of reduced water vapor

amounts over land and the high incidence of cirrus

clouds associated with deep convection that introduce

significant upper-level LW heating (Fig. 8). This is par-

ticularly evident in the African region that is centered on

the Congo, where the atmosphere is typically very dry;

precipitation is dominated by electrically active deep

convection (Petersen and Rutledge 2001); and net ra-

diative cooling seldom exceeds 21 K day21, peaking at

FIG. 10. Vertical profiles of (left) net heating and its breakdown into (middle) SW and (right) LW components for

the five regions depicted in Fig. 3. Black bars represent the standard deviation of annually averaged heating rate

profiles across each region, whereas the dark and light shades of gray represent monthly and five-day variability,

respectively.
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less than 21.5 K day21 at 7 km. Here, QNET profiles

over the two continental regions strongly resemble that

observed in the TWP, although SW heating at upper

levels is more pronounced in the TWP, where convec-

tion occurs 20%–30% more frequently.

The regions depicted in Fig. 3 also exhibit distinct time

scales of variability reflecting the different modes of

forcing that dominate variations in their local meteo-

rology. Interannual variability in the vertical structure

of radiative heating in each region is indicated by the

thickness of the central black lines in Fig. 10. Year-to-year

variability in atmospheric radiative heating is generally

small in the Amazon and southeast Pacific. Variations

are larger in the west Pacific and Congo, where the fre-

quencies of clouds and precipitation have been shown

to vary on interannual time scales in response to ENSO

(L’Ecuyer and Stephens 2007). The impacts of ENSO

are greatest in the central and east Pacific, evidenced by

the widest range of interannual variability in the atmo-

spheric radiative heating profile in the TEP region. In

part, this result reflects the fact that high-cloud fraction

increased by more than 40% during the 1998 El Niño,

whereas the frequency of low clouds was reduced by 15%.

This produced a QR profile in the TEP from January–May

1998 that more closely resembled the TWP and is largely

responsible for the increased interannual variability in

the 10-yr HERB dataset.

Variations in the vertical structure of atmospheric

radiative heating in monthly time scales is represented

by the dark gray bars in Fig. 10. Seasonal cycles in solar

insolation and the associated responses of high and low

cloudiness (e.g., Fig. 6) dominate QR(z) variability in the

southeast Pacific and Amazon regions causing signifi-

cant fluctuations in both SW and LW radiative heating

profiles. As a result, the net heating profile in the lower

troposphere can vary by more than 25% over the course

of a year. Solar insolation is much less variable in the

three remaining regions since they straddle the equator.

This reduces seasonal changes in clouds and precipi-

tation in both the Congo and the TWP; however, high-

cloud anomalies associated with the southern branch of

the double ITCZ (Lietzke et al. 2001) introduce some

monthly variability in the TEP.

The light gray bars in Fig. 10 represent the standard

deviation of five-day-averaged heating profiles, the short-

est time scale that can be reasonably represented by the

HERB dataset given the sampling characteristics of

TRMM. Variability in these shorter time scales is gen-

erally more pronounced in LW heating rate profiles,

suggesting a greater sensitivity to short-term changes in

cloud cover. Shorter-term variations in atmospheric ra-

diative heating rate profiles are largest (relative to other

time scales) in the TWP and Congo, suggesting that some

level of convective organization exists on multiday time

scales. These time scales of variability are loosely con-

sistent with the propagation of the Madden–Julian os-

cillation (MJO) across the 308 TWP region and African

easterly waves (AEWs) in the Congo (Wheeler and

Kiladis 1999; Nguyen and Duvel 2008). The lack of a

significant increase in heating rate variability in the

Amazon, on the other hand, suggests that, although cloud

cover may exhibit diurnal and day-to-day variations,

these variations tend to be more randomly distributed

over any given five-day period.

Variability in the vertical structure of atmospheric

radiative heating in the Amazon is explored in more

detail in Fig. 11. Immediately evident is the strong an-

nual cycle, especially in shortwave and net heating that,

to first order, correlates with solar insolation shown in

Fig. 12. Annual variability dominates either longer (i.e.,

interannual) or shorter time-scale variations and clouds,

precipitation, and vertical motion all exhibit strong an-

nual cycles that tend to repeat with only minor differ-

ences from year to year (Fig. 12). For example, QLW

exhibits a well-defined seasonal cycle, with peak cooling

coinciding with the minimum in high-cloud fraction (and

associated greenhouse effect) and peak in low-cloud

fraction (and associated emission to the surface). SW

heating exhibits a similar cycle, although the timing of

peak solar heating shifts later in the year with increasing

altitude. Near the surface, SW heating tends to precede

the maximum in solar insolation by 1–2 months because

of a trade-off between decreasing low-level cloudiness,

which reaches a peak in winter months, and increasing

solar insolation. Low clouds decrease to a minimum

near the solar maximum offsetting the increased SW

absorption by lower-level water vapor in midsummer.

Upper-level clouds, on the other hand, reach a minimum

in midwinter (July) and increase with solar insolation,

reaching a peak in February, corresponding to peaks in

convective precipitation and large-scale ascent in the

middle of the Amazon wet season. Thus, the transition

from low to high clouds coupled with a 30–45-day lag in

high-cloud fraction relative to the solar cycle produces

a QSW profile time series that slopes toward later peaks,

with increasing altitude between the surface and 9 km in

Fig. 11.

6. Conclusions

The 2008 version of the HERB algorithm provides

estimates of vertical profiles of atmospheric radiative

heating rates at 0.258 spatial and 1-km vertical resolu-

tion that are consistent with the observed distribution

of clouds and precipitation from the TRMM satellite.

Relative to the earlier versions of the algorithm, HERB
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2008 applies over both land and ocean surfaces, provides

an improved representation of clouds, and includes lim-

ited information concerning daily variations in aerosol

concentrations based on output from the SPRINTARS

transport model. With these changes, biases in monthly-

mean TOA fluxes at 58 resolution relative to CERES

observations are less than 3% in the SW and 7 W m22 in

the LW. Large-scale estimates of radiative fluxes at the

FIG. 11. (top) Time series of monthly-mean cloud fraction (black) and its decomposition into

high cloud (green), low cloud (blue), and raining (red) pixels. (bottom) Time–height cross

section of monthly-mean net (QNET), SW (QSW), and LW (QLW) heating in the Amazon region

for the 10-yr period of January 1998–December 2007.
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surface and within the atmosphere exhibit a similar level

of agreement with the estimates from the CERES CRS

product. Given these favorable comparisons with CERES,

the HERB product can be thought of as extending

the eight-month CERES dataset over the full lifetime

of TRMM through a physically based flux retrieval

scheme.

The results presented here provide a baseline clima-

tology of QR(z) in the tropical and subtropical atmo-

spheres in the TRMM era. Examples of QR(z) in five

distinct regions illustrate the ability of the HERB data-

set to capture the response of atmospheric radiative

heating to regional differences in cloud morphology. A

clear relationship emerges between the vertical struc-

ture of atmospheric radiative heating and large-scale

vertical motion through its impact on the regional dis-

tribution of clouds and water vapor. Areas of persistent

subsidence are characterized by deep profiles of strong

net radiative cooling, often accompanied by extremely

strong low-level cooling resulting from enhanced emis-

sion from liquid clouds. High clouds in convectively

active regions lead to both the suppression of LW cooling

aloft and a significant increase in the vertical extent of

SW heating, resulting in a shallower net radiative cooling

profile and peak cooling that is more than 20.5 K day21

weaker than that in subsidence regions. Regional heat-

ing estimates also exhibit distinct responses to external

forcings on different time scales, providing insights into

the dominant modes of variability in any given region.

Interannual varibility resulting from ENSO, for exam-

ple, is clearly evident in the tropical east Pacific, whereas

the annual cycle of convection dominates variability in

atmospheric heating in the Amazon. There is also evi-

dence for multiday organization of clouds in the west

Pacific and Congo, although specific mechanisms for

this organization cannot be ascribed without further

analysis.

The results suggest that, despite potential uncertainties

in prescribed cloud boundaries, aerosol single-scattering

properties and water vapor (over land), the distinct re-

trievals of high clouds, low clouds, and precipitation

from visible, infrared, and microwave radiance observa-

tions provide sufficient constraints to resolve the vertical

structure of atmospheric heating over a reduced number

of coarse height bins, especially when longer time and

larger spatial scales are analyzed. Estimates of column-

integrated atmospheric radiative heating in distinct cloud

regimes offer a means for constraining QR in simple

models, whereas the full vertical profile and its spa-

tial variability on different time scales can be used to

evaluate more sophisticated models and to determine

whether they exhibit appropriate variability in response

to climate forcings on various scales (e.g., Soden 2000).

Finally, when combined with corresponding TRMM-

based estimates of latent heating, HERB products offer

a unique opportunity to develop the first satellite-based

estimates of the vertical structure of atmospheric dia-

batic heating.

FIG. 12. (a) Solar insolation, (b) 500-mb vertical velocity in

Pa s21, (c) surface rainfall, (d) cloud impact ratio, and (e) surface

temperature in the Amazon region for the January 1998–December

2007 period. Uncertainty bars represent the spatial standard de-

viation of each variable across the domain.
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