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ABSTRACT

Observationally based atmospheric energy balance is analyzed using Clouds and the Earth’s Radiant

Energy System (CERES)-derived TOA and surface irradiance, Global Precipitation Climatology Project

(GPCP)-derived precipitation, dry static and kinetic energy tendency and divergence estimated from ERA-

Interim, and surface sensible heat flux from SeaFlux. The residual tends to be negative over the tropics and

positive over midlatitudes. A negative residual implies that the precipitation rate is too small, divergence is

too large, or radiative cooling is too large. The residual of atmospheric energy is spatially and temporally

correlated with cloud objects to identify cloud types associated with the residual. Spatially, shallow cumulus,

cirrostratus, and deep convective cloud-object occurrence are positively correlated with the absolute value of

the residual. The temporal correlation coefficient between the number of deep convective cloud objects and

individual energy components, net atmospheric irradiance, precipitation rate, and the sum of dry static and

kinetic energy divergence and their tendency over the western Pacific are 0.84, 0.95, and 0.93, respectively.

However, when all energy components are added, the atmospheric energy residual over the tropical Pacific is

temporally correlated well with the number of shallow cumulus cloud objects over tropical Pacific. Because

shallow cumulus alters not enough atmospheric energy compared to the residual, this suggests the following:

1) if retrieval errors associated with deep convective clouds are causing the column-integrated atmospheric

energy residual, the errors vary among individual deep convective clouds, and 2) it is possible that the residual

is associated with processes in which shallow cumulus clouds affect deep convective clouds and hence at-

mospheric energy budget over the tropical western Pacific.

1. Introduction

Horizontally and vertically nonuniform energy distri-

bution received from the sun over the globe is the driver of

atmospheric dynamics and the hydrological cycle. Solar

radiation absorbed by the earth is converted into various

different energy forms, and the earth emits infrared radi-

ation that escapes back into space (Trenberth and

Stepaniak 2004). All energy forms are related by the

conservation of energy. Once radiative forcing alters the

radiative component of the energy balance, it affects other
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components. For example, several studies show that al-

though the water vapor amount changes according to the

Clausius–Clapeyron relationship when lower-tropospheric

temperature is increased, the precipitation amount change

is smaller because, for an annual and global mean, latent

heat release by precipitation must be balanced by the

surface sensible heat flux and net atmospheric irradiance

(Held and Soden 2006; Stephens and Ellis 2008; Lambert

and Webb 2008).

Although the conservation of energy is fundamental,

studies with recent satellite observations indicate that a

significant surface energy residual exists when observa-

tionally based surface irradiances, sensible and latent

heat fluxes, and ocean heating rate are used (Kato et al.

2011; Stephens et al. 2012; Loeb et al. 2014). The sum of

global annual mean net surface irradiance and sensible

and latent heat fluxes significantly differs from the ocean

warming rate inferred from ocean temperature mea-

surements. As a result, in order to balance the surface

energy budget Trenberth et al. (2009) chose to adjust the

surface downward longwave irradiance, which increased

the irradiance by about 12Wm22 from the value esti-

mated more recently from satellite observations. The

uncertainty (1s) in the global annual mean surface

downward longwave irradiance estimated by Kato et al.

(2012) in the Clouds and the Earth’s Radiant Energy

System (CERES) Energy Balanced and Filled (EBAF)

surface product is 7Wm22. Similarly, Stephens et al.

(2012) chose to increase the surface latent heat flux by

about 12Wm22. This is equivalent to increasing the

precipitation rate by about 16%. The uncertainty in the

global mean precipitation derived by the Global Pre-

cipitation Climatology Project (GPCP) is less than 9%

(Adler et al. 2012). Although the residual of the surface

energy budget is too large for one component to elimi-

nate it, L’Ecuyer et al. (2015) show that once all com-

ponents are adjusted within their uncertainties, the

global surface energy budget can be balanced. While

the result of L’Ecuyer et al. (2015) is encouraging, the

question remains why the observation-based energy

budget does not balance. In addition, L’Ecuyer et al.

(2015) also point out that the residual on a regional scale

(e.g., the size of a continent) often exceeds the sum of

uncertainties of all components.

Earlier studies focused on annual global mean values in

evaluating the surface energy balance. In this study, we

investigate where the residual occurs. While identifying

regions with a large residual does not directly answer the

question ofwhy the current observationally derived surface

energy budget does not balance, it might be possible to

identify cloud systems or weather regimes, or both, that are

associated with the large energy-budget residuals. This can

help narrow down the processes or retrieval errors

responsible for the residual. In the following sections, we

start by discussing an atmospheric energy balance equation

that is used to determine residual in section 2. Datasets

used in this study are described in section 3. Atmospheric

energy-budget residual and uncertainty estimates are pre-

sented in section 4. Cloud types associated with larger re-

siduals over the tropics are identified in section 5.

2. Framework of atmospheric energy budget

We use the atmospheric energy budget instead of the

surface energy budget to identify problematic regions

in balancing the energy budget. This eliminates un-

certainties in ocean heat transport but replaces them

with uncertainties in horizontal energy transport in the

atmosphere. Derivation of atmospheric energy bal-

ance equations is given by, for example, Vallis (2006)

and Peixoto and Oort (1992) in z coordinates and by

Boer (1982), Trenberth (1997), Trenberth and Stepaniak

(2003a), and Trenberth and Smith (2009) in pres-

sure coordinates. The vertically integrated atmospheric

energy equations and assumptions made in deriving

them are summarized in the appendix.

In this study, we use the vertically integrated atmo-

spheric energy balance equation:
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where g is acceleration due to gravity, cp is the specific

heat of air at constant pressure, F is the geopotential,

k is kinetic energy, p is the pressure, U is the horizontal

wind vector in pressure coordinates, R is the net

(shortwave 1 longwave) irradiance, L is the latent heat

of vaporization, P is the precipitation rate, and Fsh is the

surface sensible heat flux. SubscriptsT and s indicate top

of atmosphere and surface, respectively. The irradiance

and sensible heat flux are defined positive downward.

The dry static energy is defined by cpT 1 F. An ad-

vantage of using Eq. (1) as opposed to Eq. (A14) is that

three large terms to achieve the balance are pre-

cipitation, atmospheric net irradiance RT 2 Rs, and dry

static and kinetic energy divergence. In Eq. (1) energy

terms that are associated with water are represented by

precipitation multiplied by latent heat of vaporization.

Another advantage is that the uncertainty in the pre-

cipitation estimate is probably better quantified (e.g.,

Adler et al. 2012) than the uncertainty in the surface

latent heat flux. The dependence of the latent heat on

water phase and temperature is ignored in Eq. (1) be-

causeL is constant in this study. The error introduced by
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ignoring water phase inL is small; the global mean error

is approximately 0.5Wm22 (Loeb et al. 2016), although

the error can be approximately 10Wm22 over polar

regions. In addition, condensation that does not lead to

precipitation is ignored in the water mass balance.

3. Datasets

We investigate regional atmospheric energy balance

by Eq. (1) observationally in this study. We focus on the

balance over ocean because the residual over land is

small (section 4). The atmospheric net irradiance is

computed with Ed2.8 of CERES EBAF-TOA (Loeb

et al. 2009, 2012) and EBAF-surface (Kato et al. 2013).

EBAF-TOA contains shortwave and longwave irradi-

ances derived from radiance observations by CERES

instruments on Terra and Aqua. The net TOA irradi-

ance is constrained by ocean heating rate derived from

Argo in situ ocean heat storage measurements (Loeb

et al. 2009). Surface irradiances in EBAF-surface are

consistent with TOA irradiances within a framework of

one-dimensional (1D) radiative transfer theory (Kato

et al. 2013). Precipitation rate is from GPCP version 2.2

(V2.2; Huffman et al. 1997; Adler et al. 2012). Pre-

cipitation rates are estimated combined from various

observations, including microwave by SSM/I, infrared

from geostationary and polar orbit satellites, Television

and InfraredObservation Satellite (TIROS),Atmospheric

Infrared Sounder (AIRS), and surface rain gauges

(Adler et al. 2012). We use 28.94Wm22 (mmday21)21

to convert precipitation from millimeters per day to

watts permeter squared. The surface sensible heat flux is

from version 1 of SeaFlux (Clayson et al. 2016, manu-

script submitted to Int. J. Climatol.). The SeaFlux

product is only available from January 2000 through

December 2007, but the rest of datasets cover the period

from March 2000 through February 2010. The di-

vergence and tendency terms are from ERA-Interim

derived by Trenberth et al. (2011). Divergences are

computed by vertically integrating over the atmospheric

column using model levels and consequently computing

the divergence (Trenberth 1997). All fluxes are aver-

aged over a month in 58 3 58 grids to compute the at-

mospheric energy balance. Figure 1 shows four energy

components used in Eq. (1). Because the surface sensi-

ble heat flux is generally small compared with other

terms except over Kuroshio and Gulf Stream and the

divergence of kinetic energy (not shown) as well as en-

ergy tendency are also small, the regional balance for a

larger time scale (annual or larger) is essentially

achieved by three terms—atmospheric net irradiance,

precipitation, and divergence of dry static energy

(Trenberth and Stepaniak 2003b). Note that the con-

tribution of divergence goes to zero for the global mean,

FIG. 1. (top left) Monthly mean atmospheric net irradiance (TOA net minus surface net, positive downward)

derived from Ed2.8 of the EBAF data product, (top right) precipitation rate from GPCP V2.2 multiplied by latent

heat of vaporization, (bottom left) sensible heat flux (positive downward) from SeaFlux, and (bottom right) dry

static energy divergence derived from ERA-Interim. Monthly means are averaged from March 2000 through

February 2010 except that sensible heat fluxes are averaged from January 2000 through December 2007.
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resulting in the balance among atmospheric net irradi-

ance, precipitation, and surface sensible heat flux.

4. Regional atmospheric energy-budget residual
and uncertainty estimate

In principle, the annual mean surface net irradiance and

latent and sensible heat fluxes nearly balances over land, as

changes in storage are small. Over ocean, the sum of these

components is equal to the ocean heating rate and energy

transport by the ocean. When energy components are es-

timated from satellite observation individually, a residual

occurs as a result of bias errors in the estimates. A study by

L’Ecuyer et al. (2015) demonstrates that the residual of

surface energy budget over land is much smaller than the

residual of energy balance over ocean. To check how the

atmospheric energy over ocean and land balances, we apply

Eq. (1) over ocean and land separately and also separated

by regions given by L’Ecuyer et al. (2015). In computing

atmospheric energy balance over land, we use surface sen-

sible heat fluxes averaged over regions given by L’Ecuyer

et al. (2015), which are from Vinukollu et al. (2011).

Figure 2 shows the residual of atmospheric energy

budget over land and ocean averaged over 10 years

separated by regions. We compute energy budget re-

sidual « using the following:
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While the energy budget residual in flux units over South

America and Antarctica is larger than other land re-

gions, when these fluxes are multiplied by the area, it is

clear that larger residuals exist over ocean regions

(Fig. 2). Once all regions are added, the energy residuals

over land and ocean are 0.36 and24.5 PW, respectively.

Therefore, we focus on the residual of atmospheric en-

ergy budget over ocean for the rest of this study.

Figure 3 shows that « computedwithEq. (2) over 58 3 58
averaged over 10 years is not uniform over oceans. The

residual « tends to be negative over tropics but positive

over midlatitudes (Figs. 3 and 4). For the tropics, 12% of

58 3 58 grids have « exceeding250Wm22 (Fig. 4). Large

absolute values of negative « are present over the western

and central tropical Pacific. Using a similar set of obser-

vations, Loeb et al. (2014) also found a larger residual of

the atmospheric energy over the ascending branch of the

Hadley circulation than descending branches of the

Hadley circulation. When « is averaged over the global

ocean, it is 212Wm22 (Table 1). In Fig. 3 a negative

value of « suggests that precipitation might be too small,

energy flux divergence might be too large, radiative

cooling in the atmosphere might be too large, and/or

downward surface sensible heat flux might be too large

(i.e., the upward flux is too small). Global annual mean

values are shown in Table 1, and zonal annual mean

values are shown in Fig. 5. Figure 5 shows that the ab-

solute value of the residual is larger over tropics, where

precipitation and divergence of dry static and kinetic

energy are large and atmospheric cooling is small. The

annual mean divergence of dry static energy averaged

over ocean is small. The net dry static energy transport

occurs from land to ocean (not shown), which agrees with

the result of Trenberth and Fasullo (2013). Global annual

mean atmospheric shortwave and longwave irradiance

and surface sensible heat flux agree with those given by

Wild et al. (2015) to within their uncertainty.

Uncertainty estimates

The uncertainty in irradiances or precipitation rates is

often expressed relative to observed values. Therefore, a

large « can be a result of a systematic relative bias. To

investigate whether or not large biases shown in Fig. 3

are caused by a constant relative bias, we compare «with

the sum of uncertainties from the energy terms that

appear in Eq. (1).

The uncertainty in the TOA shortwave and longwave

irradiances are 1% (k5 1 or 1s) and 0.8%, respectively,

which are primarily caused by instrument calibration

uncertainty (Loeb et al. 2009). The uncertainty in re-

trieved cloud properties contributes most to the un-

certainty in surface shortwave irradiances (Kato et al.

2013). Uncertainties in near-surface temperature and

precipitable water are two large contributors to the

uncertainty in surface longwave irradiances (Zhang

et al. 2006; Kato et al. 2013). Uncertainties in monthly

gridded and annual global surface irradiances given by

Kato et al. (2013) are nearly equivalent. We therefore

take the uncertainty in the annual global mean surface

irradiance and assume that errors in the upward and

downward irradiances are uncorrelated in shortwave.

This provides the upper limit of the net shortwave

uncertainty if the errors in the upward and downward

irradiances are positively correlated. For longwave we

assume that errors in the upward and downward irra-

diances are correlated because the error in the skin

temperature is likely to be correlated with the error in

near-surface air temperature. The uncertainty (1s) in

the net surface shortwave and longwave irradiance

over ocean is the sum of upward and downward un-

certainties divided by the sum of upward and down-

ward irradiance of global mean values over ocean

[values in Wm22 are taken from Table 5 of Kato et al.
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(2013)]; that is, (421 32)1/2/(1902 12)5 0.028 (2.8%) for

shortwave and (721 522 2r73 5)1/2/(4022 354)5 0.051

(5.1%) for longwave, where r is the correlation coefficient

between upward and downward longwave irradiances.We

use r 5 0.97, which is the correlation coefficient between

monthly mean upward and downward longwave irradi-

ances over ocean (the correlation coefficient for global

ocean plus land is 0.99) derived from CERES data. If all

TOA and surface longwave and shortwave net irradiance

errors are independent, the relative error in the net at-

mospheric irradiance is (12 1 0.82 1 2.821 5.12)1/2 ’ 6%.

There are multiple sources of uncertainty for pre-

cipitation derived from space (Wolff and Fisher 2008;

Stephens and Kummerow 2007) including sensor reso-

lution, upper and lower thresholds of detection (that

vary from ocean to atmosphere), temporal sampling,

and blending different measurements from microwave,

radar, and infrared. In addition, larger uncertainties are

associated with heavy precipitation (e.g., Adler et al.

2012), drizzle (Berg et al. 2010; Adler et al. 2012), and

snow (Behrangi et al. 2014). Adler et al. (2012) estimate

the bias error in the global precipitation to be about

FIG. 2. (top) Column-integrated monthly mean atmospheric energy-budget residuals « computed by Eq. (2)

averaged over 10 years (March 2000 through February 2010) in (left) flux units and (right) energy units over land.

The latter is the formermultiplied by the respective area. Separation of regions follows that given by L’Ecuyer et al.

(2015). (bottom) As in (top), but residuals are computed over ocean.
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7%–9%. Adler et al. (2012) also indicate that the bias

error over the eastern Pacific and western Pacific can be

as large as 20% and 10%–15%, respectively.

Estimating the bias error in atmospheric energy

transport is more difficult because it depends on spatial

scales. Mayer and Haimberger (2012) compute RMS

difference of the monthly mean column-integrated di-

vergence of atmospheric total energy from ERA-

Interim and ERA-40. The RMS difference is about

40Wm22 with a 125-km horizontal resolution. Because

one 58 3 58 (500 km 3 500km) region contains sixteen

125 km 3 125 km regions, we divide 40Wm22 by the

square root of 16. This assumes that errors over 16 re-

gions are independent. The error of 10Wm22 over a

58 3 58 region is a conservative estimate for two reasons.

1) Mayer and Haimberger (2012) use the difference

between ERA-40 and ERA-Interim to estimate the

40Wm22 error. Divergence from ERA-40 has known

problems in the tropics (Trenberth et al. 2007). There-

fore, using the difference of ERA-40 and ERA-Interim

overestimates the error in ERA-Interim. 2) The error in

divergence over 18 3 18 regions partially cancel in spatial
averaging because the dry static energy divergence error

is expected to be spatially anticorrelated (e.g., a positive

divergence error tends to be present next to a negative

divergence error), especially outside heavy precipitation

regions. In addition, the power spectrum of the dry static

energy divergence is ‘‘blue’’—that is, most power is at

high spatial scales (Trenberth and Solomon 1993). Fur-

thermore, the divergence error decreases faster than the

error in atmospheric irradiance and precipitation in

spatial averaging processes because both the global

mean divergence and its error is exactly 0, while the

error in other global mean flux components are not 0.

We divide 10Wm22 by themean of the absolute value

of 58 3 58 dry static energy divergence over tropics of

67Wm22 and use a 15% relative error for the sum of dry

static and kinetic energy divergence. The RMS differ-

ence that Mayer and Haimberger (2012) compute is for

the divergence of moist static energy plus kinetic energy.

We are using the RMS difference for the divergence of

dry static and kinetic energy. In the tropics and sub-

tropics, moisture convergence gives rise to precipitation,

FIG. 3. Column-integrated monthly mean atmospheric energy-budget residual « (Wm22)

computed by Eq. (2) averaged over 10 years from March 2000 through February 2010 in 58 3 58
grids.

FIG. 4. Distribution of atmospheric energy-budget residual «

computed by Eq. (2) over 58 3 58 grid boxes shown in Fig. 3.
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resulting in dry static energy divergence (Trenberth and

Stepaniak 2003a,b). Because of this cancellation, the

moist static energy divergence is much smaller than that

for the dry static energy, but the uncertainty is likely to

be similar because it arises mainly from the divergence

field itself. Hence, 15% of dry static energy divergence

over the intertropical convergence zone, which is well

over 30Wm22, is likely an overestimate but could in

part account for differences in using the result of Mayer

and Haimberger (2012) for the uncertainty of dry static

energy divergence. The uncertainty estimate of dry

static energy divergence is more approximate than for

irradiances and precipitation, and a rigorous estimate of

dry static energy uncertainty needs further research.

To estimate the one-standard-deviation (1s) enve-

lope where the atmospheric energy balance resides, we

assume that the 1s uncertainty in the net atmospheric

irradiance, precipitation, and dry static and kinetic en-

ergy divergence are 6%, 8%, and 15%, respectively. We

also assume that all three bias errors with unknown sign

are correlated, resulting in the upper limit of the

1s envelope of 58 3 58 gridded mean atmospheric net

irradiance multiplied by 0.06 plus 58 3 58 gridded pre-

cipitation multiplied by 0.08 plus 58 3 58 gridded dry

static energy divergence multiplied by 0.15. The left

panel of Fig. 6 shows the 1s envelope of the bias of the

column-integratedmonthlymean atmospheric energy in

58 3 58 grids.
When we take the ratio of 1s uncertainty (Fig. 6, left)

to « shown in Fig. 3, the ratio is not constant (Fig. 6,

right). The ratio is generally larger than 1 over tropics

(hence larger than the 1s envelope), especially near

regions with larger precipitation rate, larger dry static

energy divergence, and less negative atmospheric net

irradiance. Brown and Kummerow (2014), who in-

vestigated water mass balance, found a larger water

imbalance than 8% over the tropical western Pacific.

Our result indicates that large residuals (e.g., those over

the central and western Pacific) are not part of a con-

stant relative bias error of precipitation and radiation

but made up by regionally dependent bias errors. If

« relative to the 1s envelope is regionally dependent, we

expect that residuals are associated with specific cloud

types or weather systems. In the next section, we in-

vestigate what cloud types are likely associated with

large residuals over the central and western Pacific.

5. Discussion

Figure 3 indicates that large negative residuals exist

over the tropics. In addition, Fig. 6 implies that the re-

siduals are not likely caused by a constant relative bias

error. One way to understand the reason for the residual

« is to investigate cloud systems associated with

« because the precipitation rate and atmospheric net

irradiance as well as the retrieval error in them depend

on cloud type. In addition, large-scale dynamics also

influences frequency of occurrence of specific cloud

types. A study by Oreopoulos et al. (2014) shows that

about 30% of clouds over the tropical western and

central Pacific belong to cloud regime 2 (CR2) in which

optically thick high clouds are present. Among cloud

regimes defined by Oreopoulos et al. (2014), it is clear

TABLE 1. Various forms of global annual mean energy fluxes and

the residual over ocean computed using data from March 2000

through February 2010. (Sensible heat flux is averaged from Jan-

uary 2000 through December 2007.)

Energy flux (Wm22)a

Atmospheric shortwave irradiance 79

Atmospheric longwave irradiance 2194

Surface sensible heat flux 217

Precipitation (LP) 83

Dry static energy divergence 21

Kinetic energy divergence 21

Residual 212

a Over the global ocean, 1Wm22 5 0.372 PW (Fasullo and

Trenberth 2008).

FIG. 5. Zonal annual mean column-integrated atmospheric en-

ergy component computed over the period from March 2000

through February 2010 (January 2000 through December 2007 for

the sensible heat flux). Net irradiance and sensible heat flux is

positive downward. The residual is the sum of all four terms. Thin

gray lines indicate plus or minus one standard deviation of annual

means over 10 years (7 yr for sensible heat flux).

15 OCTOBER 2016 KATO ET AL . 7441



that CR2 is the dominant cloud regime present over the

tropical western and central Pacific. According to cloud

types derived from CloudSat data (CLDCLASS; Sassen

and Wang 2008), the dominant cloud type in CR2 is

cirrus followed by stratocumulus, which together ac-

count for more than 50% of clouds (Oreopoulos et al.

2014). Deep convective clouds in CR2 account for less

than 10% of all clouds, although deep convective clouds

occur in this cloud regime more than any other regimes

except for CR1 (Oreopoulos et al. 2014).

Cloud objects

To further identify which cloud types are associated

with the negative residual over the tropical western

Pacific, we utilize cloud objects derived from in-

stantaneous observations byMODIS onAqua (Xu et al.

2005, 2016a). A cloud object is defined as a contiguous

region with similar cloud physical properties. Cloud

fraction, cloud-top height, and optical thickness derived

from MODIS over a CERES footprint are used to

determine the cloud-object type (Table 2). Footprints

containing the same cloud-object type are clustered and

form a cloud object. The classification of cloud objects

utilizes the shape and size of the cloud object using the

cloud-system selection criteria (Wielicki and Welch

1986). Table 2 lists cloud-object types and selection

criteria. Cloud objects are derived using only daytime

observations (Aqua overpass time), but all CERES

footprints from Aqua with a zenith viewing angle less

than 488 are used. Note that cloud objects include clear

sky that is present within a CERES footprint when the

cloud fraction is less than 1 (fourth column of Table 2).

Figure 3 of Xu et al. (2016a) shows the frequency of

occurrence of cloud objects between 408S and 408N
where all cloud objects are derived. Only deep convec-

tive cloud objects are derived from observations be-

tween 258S and 258N.

To identify cloud-object types present over regions

with a large energy-budget residual, we compute the

spatial correlation between the number of cloud objects

TABLE 2. Cloud-object type and selection criteria. Cloud objects are derived using only daytime data. Note that 440- and 680-hPa pressure

levels are approximately 7 and 3.4 km, respectively above the sea level in the tropics.

Cloud-object typea Cloud-top height Cloud optical depth Cloud fraction Latitude band

Tropical deep convection h , 440 hPa .10 1.0 258S–258N
Trade/shallow cumulus h . 680 hPa — 0.1–0.4 408N–408S
Transition stratocumulus h . 680 hPa — 0.4–0.99 408N–408S
Solid stratus h . 680 hPa — 0.99–1.0 408N–408S
Altocumulus 440 , h , 680 hPa — 0.1–0.4 408N–408S
Transition altocumulus 440 , h , 680 hPa — 0.4–0.99 408N–408S
Solid altocumulus 440 , h , 680 hPa — 0.99–1.0 408N–408S
Cirrus h , 440 hPa ,10 0.1–0.4 408N–408S
Cirrocumulus h , 440 hPa ,10 0.4–0.99 408N–408S
Cirrostratus h , 440 hPa ,10 0.99–1.0 408N–408S

a All cloud objects of given type are grouped into three size categories, 100–150 km, 150–300 km, and greater than 300 km.

FIG. 6. (left) Monthly mean atmospheric energy bias error (1s) over 58 3 58 grids. Bias errors are the sum of 6%

relative error in the net atmospheric irradiance, 8% relative error in the precipitation rate, and 15% relative error in

the divergence term. (right) Atmospheric energy residual shown by Fig. 3 divided by the 1s bias error envelope

shown in (left).
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and atmospheric energy-budget residuals in 58 3 58
grids. Residuals are divided by regional mean values

(between 258S and 258N for deep convective clouds and

between 408S and 408N for other cloud objects). The

spatial correlation coefficient is computed between the

total number of a given cloud-object type for the entire

period in each 58 3 58 grid box and the mean residual in

the grid box over the period divided by the regional

mean averaged over the period. Because residuals are

generally negative, when they are divided by the re-

gional mean that is also negative, cloud objects are as-

sociated with larger absolute values of the residual if the

correlation coefficient is positive. Among eight cloud-

object types, shallow cumulus, cirrostratus, and deep

convective cloud types show a positive correlation

(Table 3) that are significant at a 95% confidence level

given by 1.96/N1/2, where N is the number of grid boxes

(N5 599 for deep convective cloud objects andN5 943

for other cloud objects). The largest correlation co-

efficient is 0.41 with shallow cumulus cloud objects. In

this spatial correlation computation, three cloud-object

types—altocumulus, transition altocumulus, and solid

altocumulus (listed in Table 2)—are grouped together in

order to compute the spatial correlation coefficient.

Also, all size categories of the cloud object (100–150 km,

150–300km, and larger than 300km) are grouped to-

gether. When all cloud objects listed in Table 3 are

added, they account for about a half of clouds over the

tropics (cloud fraction of 0.24 vs actual daytime cloud

fraction of 0.56). Because cloud objects require a mini-

mum 12 CERES footprints to form a cloud object,

clouds clustered over an area with the size less than

75 km in diameter are likely to be missing. Even if we

include all sizes, the spatial correlation coefficient is

likely to be nearly equal because regions where specific

cloud-object types occur are not altered.

Among three cloud-object types having a positive

spatial correlation, large convective clouds of which size

is greater than 300km occur predominately over the

central and western Pacific (Xu et al. 2016a). Large

convective clouds are about 25% of the total number of

convective cloud objects and account for about 76% of

the area covered by convective cloud objects. Regions

with large convective clouds are associated with the in-

tertropical convergence zone (ITCZ). The ITCZ location

depends on season and is in the summer hemisphere.

Regions with a large negative residual also change by

season and coincide with regions with large deep con-

vective clouds (Fig. 7). Figure 7 also reveals that regions

with a large negative residual extend farther east than

regions with large deep convective clouds. Often shallow

cumulus clouds are present over this region (Fig. 8).

Shallow cumulus over this region also tend to cover a

large areawith linear dimension larger than 300km. Note

that the cloud fraction of shallow cumulus clouds over a

CERES footprint of approximately 20km in size is 0.4 or

less. These results suggest that even though spatial cor-

relation of single cloud objects is low, areas covered by

either deep convective clouds or shallow cumulus are

spatially correlated with regions with «.

To further diagnose what cloud-object types are as-

sociated with residuals of the atmospheric energy bud-

get, which might suggest the energy-budget component

with a large bias error, we analyze the temporal corre-

lation of « averaged over a month divided by the mean

« over the entire period and the number of cloud objects

present in a month. Similar to the spatial correlation, a

positive correlation indicates that the absolute value of

« increases with increasing the number of cloud objects.

For the temporal correlation, we only use the sum of the

net atmospheric irradiance, precipitation, and dry static

and kinetic energy divergence and their tendencies,

which corresponds to the sum of the residual « and

(positive downward) surface sensible heat flux [herein-

after R 1 LP 2 = � U (s 1 k) 2 ›(s 1 k)/›t 5 « 1 Fsh]

because 1) no surface sensible heat flux from SeaFlux is

available after December 2007 and 2) the uncertainty in

monthly mean regional sensible heat fluxes can be very

large. In addition, we only analyze the correlation co-

efficient between the number of cloud objects in amonth

and the monthly mean atmospheric energy-budget

residual. Therefore, as long as the contribution from the

TABLE 3. Spatial correlation of 58 3 58 areas of the number of

cloud objects and residual « in column-integrated atmospheric

energy. Correlation coefficients are computed using between 408S
and 408N (258S and 258N for deep convective clouds; the number of

ocean grid boxes are 599 between 258S and 258N and 943 between

408S and 408N) averaged from July 2006 through June 2010 (Jan-

uary 2000 through June 2010 for deep convective clouds). The

uncertainty in correlation coefficients is determined by 1000

bootstrap computations.

Cloud-object type

Correlation

coefficient

Fractional area covered

by cloud objectsa

Shallow cumulus 0.41 6 0.03 0.07

Stratocumulus 20.11 6 0.02 0.07

Stratus 20.24 6 0.02 0.03

Altocumulus 20.36 6 0.03 0.00

Cirrus 20.10 6 0.03 0.00

Cirrocumulus 0.02 6 0.03 0.00

Cirrostratus 0.13 6 0.03 0.03

Deep convection 0.14 6 0.04 0.03

Sum — 0.24

a The number of footprints used for cloud objects (numbers over

4 years are taken from Table 3 of Xu et al. 2016a) divided by the

number of daytime footprints with a zenith viewing angle less

than 488 (;386 000 day21).
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surface sensible heat flux to the atmospheric energy

variability is small, neglecting the surface sensible heat

flux does not affect the correlation coefficient very

much. Note that the annual mean value of « 1 Fsh is

from 220 to 230Wm22 with the standard deviation of

monthly values of about 10Wm22 over the tropical

Pacific, while the annual mean of the sensible heat flux is

about 210Wm22 with the standard deviation of

monthly mean values of 2–3Wm22 except over the

southwestern Pacific. The standard deviation of monthly

mean sensible heat flux over the southwestern Pacific is

about 6Wm22.

We separate the Pacific region into four subregions—

the southwestern Pacific, northwestern Pacific, southeastern

FIG. 7. (top) The number of deep convective cloud objects of which extends larger than

300 km over 54 months from January 2006 through June 2010 in color for March–May, June–

August, September–November, and December–February. (bottom) The corresponding at-

mospheric energy-budget residual over the ocean (Wm22). Contours in (top) indicate the

atmospheric energy-budget residual over the ocean from (bottom), with red contours for

positive values and white contours for negative values.
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Pacific, and northeastern Pacific—to make the seasonal

variation of deep convective and shallow cumulus cloud-

object types in each subregion distinct.We first compute the

correlation coefficient with net atmospheric irradiance,

precipitation, anddivergence (plus tendency term) separately

with the number of deep convective cloud objects. All

net atmospheric irradiance, precipitation, and diver-

gence are correlated well with the number of deep

convective clouds with a better correlation with large

(.300 km) deep convective cloud objects (Table 4).

Positive correlation coefficients for precipitation, di-

vergence, and atmospheric net irradiance are expected

because deep convective clouds are a large source of

precipitation and they make the net atmospheric irra-

diance less negative. The atmosphere is warmed by

latent heat release and radiative effect of deep con-

vective clouds. Dynamics transports the energy verti-

cally and exports the energy from these regions (Riehl

and Malkus 1958). Figure 9 (top) shows the monthly

mean number of deep convective cloud objects divided

by the annual mean number of cloud objects by solid

blue lines. Red lines are monthly mean values of at-

mospheric net irradiance, precipitation rate, and dry

static and kinetic energy divergence plus their ten-

dencies divided by respective annual mean values. The

shape of the normalized seasonal variability of the oc-

currence of deep convective clouds and precipitation

rate is nearly identical. Note that the net atmospheric

irradiance is negative so that it is less negative in months

with a larger number of deep convective cloud objects.

The top panels of Fig. 9 show that for the southern and

northern tropical western Pacific regions, the seasonal

variation of net atmospheric irradiance, precipitation,

and divergence are primarily driven by the seasonal

variation of deep convective cloud-object occurrence.

Second, we correlate the sum of three energy com-

ponents, which equals « 1 Fsh, divided by the annual

mean of «1 Fsh with monthly occurrence of three cloud-

object types separately that are present over four trop-

ical Pacific regions. The size of cloud-object types used

for the temporal correlation is larger than 300km for

deep convective cloud and shallow cumulus and be-

tween 100 and 150km for cirrostratus because of a small

number of occurrences of cirrostratus cloud objects

greater than 300 km. All three energy components are

added; « 1 Fsh is nearly constant (negative) through-

out a year (Fig. 9, bottom). As a result, deep convective

cloud-object occurrence is negatively correlated with

« 1 Fsh, or the correlation is not statistically significant.

This indicates that « is not likely associated with all deep

convective clouds equally. If « is associated with deep

convective clouds, the error-estimating energy compo-

nents associated with deep convective clouds must vary

depending on the individual deep convective cloud.

However, « 1 Fsh appears to be positively correlated

with occurrence of shallow cumulus cloud objects over

all four tropical Pacific regions (Fig. 10). The correlation

coefficient between shallow cumulus and « 1 Fsh is

FIG. 8. (top) The number of shallow cumulus cloud objects of

which extends larger than 300 km over 48 months from July 2006

through June 2010 in color for March–May, June–August,

September–November, and December–February. (bottom) The

corresponding atmospheric energy-budget residual over the ocean

(Wm22). Contours in (top) indicate the atmospheric energy-

budget residual over the ocean from (bottom), with red contours

for positive values and white contours for negative values.
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greater than 0.5 over the northwestern Pacific and

southeastern Pacific as well as over inter-American seas

(Table 5). Both are greater than a 95% confidence level

of 0.28. Even though shallow cumulus cloud objects in-

clude clear-sky areas, a weak correlation between

clear-sky area and « 1 Fsh for all regions suggests that

the presence of shallow cumulus is needed for large

correlations. In addition, the correlation coefficients of

shallow cumulus clouds for all regions are larger than

the standard deviation estimated by 1000 bootstrap

TABLE 4. Temporal correlation coefficient between monthly mean net atmospheric irradiance, precipitation rate, or sum of dry static

and kinetic energy divergence and tendency and the monthly number of deep connective cloud objects of which size is (first number) 100–

150 km, (second number) 150–300 km, and (third number) greater than 300 km over two tropical regions. Numbers in parentheses are

annual mean values of net atmospheric irradiance, precipitationmultiplied by the latent heat of vaporization, and the sum of dry static and

kinetic energy divergence and their tendency (Wm22).

Region Lat Lon Net atmospheric irradiance Precipitation Divergence plus tendency

Southwestern Pacifica 08–258S 1058E–1808 0.75/0.75/0.81 (294.4) 0.86/0.86/0.96 (128.6) 0.87/0.87/0.93 (78.2)

Northwestern Pacifica 08–258N 1058E–1808 0.83/0.82/0.86 (298.4) 0.82/0.84/0.93 (144.9) 0.86/0.86/0.92 (92.4)

Southeastern Pacific 08–258S 758W–1808 0.80/0.70/0.82 (2126.2) 0.68/0.60/0.83 (54.1) 0.85/0.80/0.92 (–30.7)

Northeastern Pacific 08–258N 758W–1808 0.68/0.73/0.57 (2111.8) 0.82/0.80/0.92 (104.8) 0.86/0.86/0.95 (33.2)

a Regions include eastern Indian Ocean.

FIG. 9. (top) Monthly mean value divided by the annual mean value for number of large (.300 km) deep con-

vective cloud objects in a month (blue line), net atmospheric irradiance (red line with circles), precipitation rate (red

line with filled circles), and dry static and kinetic energy divergence and tendency (red line with squares). (bottom)

The sum ofmonthlymean net atmospheric irradiance, precipitationmultiplied by the latent heat of vaporization, and

dry static and kinetic energy divergence and tendency, which equals « 1 Fsh divided by the annual mean value (red

line), and the blue line is as in (top). Shown are values for the (left) southwestern Pacific (08–258S, 1058E–1808) and
(right) northwestern Pacific (08–258N, 1058E–1808). Data taken from January 2006 through June 2010 are used. Error

bars in (bottom) indicate maximum and minimum values over the period.
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computations (e.g., Wilks 1995). For the bootstrap

computations, we sample the pair of «1 Fsh and number

of cloud objects in a month n times, where n is the

number of months in the time series. We then compute

the correlation coefficient. We repeat this 1000 times.

The uncertainty in the correlation coefficient is given by

the standard deviation of the distribution. If autocorre-

lation of the time series is considered, the uncertainty

increases approximately by a factor of 2. The correlation

coefficient between « 1 Fsh and shallow cumulus cloud

occurrence over the southwestern Pacific is smaller

than a 95% confidence level while deep convective

cloud occurrence is negatively correlated. It is possible

that higher clouds such as deep convective clouds mask

shallow cumulus clouds over the southwestern Pacific.

However, that should be true for the northeastern Pa-

cific, and the difference between these two regions af-

fecting the correlation coefficient is not clear. A further

study is left for the future.

In Figs. 9 and 10, monthly mean values are normalized

by their respective annual mean. The correlation co-

efficient does not change even if monthly means are not

normalized by the annual mean except the sign of the

coefficient. A question remains, however, if shallow

cumulus clouds alter atmospheric energy fluxes very

little, even if the correlation coefficient is large, whether

or not they can account for the energy-budget residual.

A study byBerg et al. (2010) shows that the precipitation

rate over the tropical eastern Pacific estimated from the

CloudSat radar that is not included in the estimate from

the TRMM radar is about 0.4–0.5mmday21, which is

approximately 13Wm22, although the 150-km-radius

range over Barbuda area-averaged precipitation rate by

shallow cumuli estimated by Nuijens et al. (2009)

reaches about 35Wm22. Kato (2009) shows that the

atmospheric cooling by cloudswith the top pressure height

greater than 665hPa is from 0 to 225Wm22 over the

tropics. According to Oreopoulos et al. (2014) low-level

FIG. 10. Monthly mean value divided by the annual mean value for number of large (.300 km) shallow cumulus

cloud objects in a month (blue line) and the sum of monthly mean net atmospheric irradiance, precipitation

multiplied by the latent heat of vaporization, and dry static and kinetic energy divergence and tendency, which

equals «1 Fsh divided by the annual mean value (red line) for the (top left) northwestern Pacific (08–408N, 1058E–
1808), (top right) northeastern Pacific (08–408N, 758W–1808), (bottom left) southwestern Pacific (08–408S, 1058E–
1808), and (bottom right) southeastern Pacific (08–408N, 758W–1808). Data taken from July 2006 through June 2010

are used. Error bars indicate maximum and minimum values over the period.
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clouds account for roughly 50% of clouds present in cloud

regime 2. These lead to about a 10Wm22 contribution to

atmospheric cooling by shallow cumuli. The sensible heat

flux is about 210Wm22 (positive downward) over the

tropical western Pacific. Therefore, unless the error in es-

timating energy components from satellite observations

for shallow cumulus clouds is very large, it appears that the

residual of 50Wm22 is too large to close by shallow cu-

mulus alone. It is possible that both the atmospheric

energy-budget residual and the number of shallow cumu-

lus cloud objects are caused by something else through

teleconnections so that the correlation between them

is good.

A study by Neggers et al. (2007) suggests that shallow

cumuli affect the width and strength of ITCZ and at-

mospheric energy budget by a mechanism termed the

shallow cumulus humidity throttle. Shallow cumulus

clouds over the tropics affect vertical transport of water

vapor and increase humidity in the free troposphere. A

more humid free troposphere leads to a broader ITCZ

and more precipitation by deep convective clouds

(Neggers et al. 2007). A reduction in the mixing time

scale of shallow convection leads to a more humid

mixing layer, a dryer free troposphere, a narrower

ITCZ, stronger large-scale convergence, and more in-

tense convection (Neggers et al. 2007). A study by Xu

et al. (2016, manuscript submitted to J. Quant. Spectrosc.

Radiat. Transfer) also shows that a larger number of

shallow cumulus cloud objects is associated with a

smaller size of deep convective clouds. One possibility is

that more intense precipitation within the ITCZ is not

detected by satellite instruments. However, a small

spatial correlation coefficient with deep convective

cloud objects implies that this may not be the only

process affecting the residual. Nevertheless, energy

budgets derived from satellite observations need to be

improved at least to a level that observations can be used

to determine whether or not the mechanism exists.

Even if shallow cumulus and deep convective cloud

objects are not connected with the shallow cumulus hu-

midity throttle, these two cloud objects can be related

energetically. The surface latent heat flux over shallow

cumulus regions is about 160Wm22 (Nuijens et al. 2009),

while the shallow cumulus precipitation rate is about

35Wm22 (Nuijens et al. 2009). Therefore, most water

vapor entering the atmosphere from the ocean over

shallow cumulus regions is exported from the regions and

precipitated by other cloud-object types. Because regions

with large energy-balance residual appear to be present

encompassing both regions with shallow cumulus and

deep convective cloud objects, it is possible that missing

an energetic link due to water vapor between these two

cloud objects in satellite observations contributes to the

energy-budget-balance residual. In addition, spatial and

temporal mismatch of dry static divergence resulting

from poor representations of shallow cumulus in re-

analysis can cause a regional energy-budget residual. If,

however, the error in the dry static energy divergence

contributes significantly to local energy-budget re-

siduals, the cause of local residuals and global residual

are different because the error in the dry static energy

divergence is 0, if it is integrated over the globe. It is also

possible that cumulus congestus are sometimes present

under cirrostratus (see the supplemental material).

These overlapping cloud objects are not included in this

study. If these cloud-object-type occurrences are not

correlated, the probability of overlapping two cloud

objects are the product of each cloud-object occurrence

(i.e., random overlap). Therefore, the overlapping prob-

ability is about one order magnitude smaller than each

TABLE 5. Temporal correlation coefficient between « 1 Fsh and the number of cloud objects in a month. The uncertainty of the

correlation coefficient is determined by 1000 bootstrap computations. Numbers in parentheses are the average number of cloud objects in

a 58 3 58 grid in a month. Observations from January 2006 through June 2010 (54 months) for deep convective cloud objects (DC) and

from July 2006 through June 2010 (48 months) for other objects are used.

Region Lat Lon

Shallow cumulus

(size . 300 km)

Cirrostratus (150 .
size . 100 km)

Deep convective

(size . 300 km)

Clear-sky

areaa

Southwestern

Pacificb
08–408S (08–258S for DC) 1058E–1808 0.20 6 0.15 (0.52) 20.34 6 0.13 (3.91) 20.65 6 0.10 (0.96) 20.07 6 0.11

Northwestern

Pacificb
08–408N (08–258N for DC) 1058E–1808 0.52 6 0.09 (0.76) 20.54 6 0.08 (4.35) 0.13 6 0.12 (1.03) 0.12 6 0.13

Southeastern

Pacific

08–408S (08–258S for DC) 758W–1808 0.63 6 0.08 (1.14) 20.14 6 0.12 (2.08) 20.05 6 0.15 (0.36) 20.13 6 0.13

Northeastern

Pacific

08–408N (08–258N for DC) 758W–1808 0.32 6 0.14 (0.83) 20.28 6 0.14 (3.14) 20.31 6 0.11 (0.75) 20.10 6 0.14

Inter-American

seas

08–408N (08–258N for DC) 458–908W 0.67 6 0.07 (1.11) 20.30 6 0.11 (3.51) 0.07 6 0.12 (0.69) 20.10 6 0.13

a Clear-sky fraction is derived from MODIS on Aqua using daytime observations.
b Regions include eastern Indian Ocean.

7448 JOURNAL OF CL IMATE VOLUME 29



cloud-object occurrence. This gives a smaller radiative

impact of cumulus congestus under cirrostratus, but pre-

cipitation by cumulus congestus could be significant (Chen

and Liu 2016).

Results presented here perhaps underscore the com-

plexity of understanding the cause of energy-budget re-

sidual that is a result of partial cancelation of three large

components. Even though individual components are

reasonable in producing seasonal variations and corre-

lation to cloud types, a significant residual remains once

all components are added. To move forward, the results

suggest the importance of understanding processes asso-

ciated with energy flow and the link among components.

6. Conclusions

We investigated regions where a large residual in

column-integrated atmospheric energy occurs using

Ed2.8 of CERES EBAF products for net atmospheric

irradiances, GPCP V2.2 for precipitation, SeaFlux ver-

sion 1 for surface sensible heat flux, and ERA-Interim for

dry static and kinetic energy divergence and tendency.

The residuals of atmospheric energy primarily occur over

ocean and the value varies spatially. The residual tends to

be negative over the tropics and positive over mid-

latitudes. A negative residual indicates that precipitation

might be too small, divergence might be too large (con-

vergence too small), radiative cooling might be too large,

or upward sensible heat flux is too small. Negative re-

siduals exceeding 250Wm22 are present over the trop-

ical western Pacific. The residual is larger than the sum of

constant relative errors in precipitation (8%), radiative

cooling (6%), and divergence (15%) for most tropical

regions, especially over the western and central Pacific.

Regions with a large relative residual partly coincide with

and farther extend outside of regions with large pre-

cipitation rate, large dry static energy divergence, and less

negative net atmospheric irradiance.

The frequency of occurrence of shallow cumulus,

cirrostratus, and deep convective cloud objects are

spatially correlated with regions with a large negative

residual. When the tropical Pacific is divided into four

regions, temporal correlation coefficients between the

number of deep convective cloud objects and individual

components, net atmospheric irradiance, precipitation

rate, and the sum of dry static and kinetic energy di-

vergence and tendency over the western Pacific are 0.84,

0.95, and 0.93, respectively. The large correlation co-

efficient is caused primarily by the seasonal variation of

deep convective cloud occurrence. The correlation co-

efficient is, however, either negative or statistically in-

significant when it is computed between the number of

deep convective cloud objects and the sum of monthly

mean net atmospheric irradiance, precipitation rate

multiplied by the latent heat of vaporization, and dry

static and kinetic energy divergence and their tendency

«1 Fsh divided by the annual mean. Instead, the number

of shallow cumulus cloud objects correlates well over

the tropical Pacific. These results suggest that 1) if re-

trieval errors associated with deep convective clouds are

causing the column-integrated atmospheric energy-

budget residual, the errors must vary among individual

deep convective clouds; 2) even though the shallow cu-

mulus cloud objects are temporally correlated with the

residual, retrieval errors for shallow cumulus clouds are

not likely to account for all of the residual because as-

sociated atmospheric energy fluxes are smaller than the

residual; and 3) it is possible that the residual is associ-

ated with processes in which shallow cumulus clouds

affect free-troposphere humidity and the precipitation

by deep convective clouds and hence the atmospheric

energy budget over the tropical western Pacific. Alter-

natively, processes affecting both the residual and oc-

currence of shallow cumulus clouds might exist.

If the shallow cumulus humidity throttle is re-

sponsible for a part of the residual, identifying the

cause of the residual might be more elusive than when

the residual is caused by a single cloud type. However,

investigating the link between deep convective and

shallow cumulus clouds might be the first step to un-

derstand the cause of atmospheric energy and surface-

energy-budget residual.
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APPENDIX

Atmospheric Energy Budget Equations

Derivation of column-integrated energy balance

equations follows Vallis (2006), Trenberth (1997), and
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Trenberth and Stepaniak (2003a). All equations derived

here are not new but the purpose to derive vertically

integrated atmospheric energy equations is to clarify

assumptions made in the derivations.

The energy equation in the pressure coordinate is

derived in a similar way as that in z coordinate. Because

the surface pressure at the lower boundary changes

temporally and spatially, however, energy equations

given by Boer (1982) are needed to compute atmo-

spheric energy in practice. Here we derive the atmo-

spheric energy balance equation to clarify assumptions.

Kinetic, internal, and potential energy equations per

unit mass in pressure coordinate are

Dk
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whereU is the horizontal wind vector, k5 1/2U2,F is

the geopotential, cy is the specific heat of air at con-

stant volume, T is air temperature, p is the pressure,

a the specific volume of air, g is acceleration due to

gravity, v 5 Dp/Dt, w 5 Dz/Dt, and Jrad, Jlh, Jsh, and

Jfr are diabatic heating due to radiation, latent heat,

sensible heat, and friction (or frictional dissipation),

respectively.

Because av5 (›F/›t1U � =pF)2DF/Dt, Eq. (A2)

also relates w and v, which gives
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Adding Eqs. (A2) and (A3) leads to

c
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where specific heat of air at constant pressure cp 5 cy 1
pa and J 5 Jrad1Jlh1Jsh.

Because the integration from surface pressure to

the top of atmosphere gives the mass of the atmo-

sphere above the surface with geopotential Fs, and

the surface pressure (i.e., mass) can change with time

even though the surface geopotential is constant with

time (i.e., ›Fs/›t 5 0), Fs is added to the tendency

term (Trenberth 1997). Therefore Eq. (A5) is written

as follows:
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which is equivalent to Eq. (20) of Boer (1982). The sum

of kinetic, internal, and potential energy is
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where J 5 Jrad 1 Jlh 1 Jsh and continuity equation

=pU 1 ›v/›p 5 0 is used.

Equation (A7) is equivalent to Eq. (15) of Trenberth

(1997) and Eq. (3b) of Trenberth and Smith (2009).

We integrate Eq. (A7) over the entire atmospheric

column:

1

g
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J dp . (A8)

Because
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0
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s
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1U
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�
(c

p
T
s
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s
1 k

s
) , (A9)

the third termof the left-hand side ofEq. (A8) is canceled

when the time and horizontal derivative are brought

outside the integrals on the left-hand side of Eq. (A8):

1

g

›

›t

ðps
0

(c
p
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s
1 k) dp

1
1

g
=

p
�
ðps
0

U(c
p
T1F1 k) dp5

1

g

ðps
0

J dp . (A10)

Equation (A10) is the atmospheric energy equation for a

unit area and equivalent to Eq. (4) of Trenberth and

Smith (2009). In Eq. (A10), J5 Jrad1 Jlh1 Jsh and when

it is integrated over the atmospheric column,

1

g

ðps
0

J dp5

ð‘
0

r(J
rad

1 J
lh
1 J

sh
) dz

5 (R
T
2R

s
)1L(P1C)2F

sh
, (A11)
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where RT and Rs is the irradiance at the top of atmo-

sphere and surface, respectively, P is the precipitation

rate, L is the latent heat of vaporization, C is the dif-

ference of condensation and evaporation rates that does

not lead to precipitation (i.e., cloud particles), and Fsh is

the sensible heat flux at the surface. Note that multi-

plying diabatic terms by the density in Eq. (A11) con-

verts the heating rate per unit mass to unit volume. Ice

phase (e.g., snow precipitation) is ignored in using L.

Also in Eq. (A11), we generally ignore LC, which is the

rate of latent heat release by cloud particles that do not

lead to precipitation and evaporation in the column. If

10% of cloud particles with the radius of 10mm and

concentration of 200 cm21 filled in a 10-km column are

exported from the column over a month (i.e., not

evaporated in the column), the error neglecting LC in

estimating the latent heat release in the column is less

than 1Wm22. Then Eq. (A10) is

1

g

›

›t

ðps
0

(c
p
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s
1 k) dp1

1

g
=
p
�
ðps
0
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(A12)

Using a water mass balance equation,

1

g

›

›t

ðps
0

Lqdp52
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�
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0

ULqdp2F
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(A13)

adding Eqs. (A12) and (A13) leads to,

1

g

›

›t

ðps
0

(c
p
T1F

s
1 k1Lq) dp

1
1

g
=

p
�
ðps
0

U(c
p
T1F1 k1Lq) dp
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TOA

2R
sfc
)2F

sh
2F

lh
, (A14)

which is equivalent to Eq. (16) in Trenberth (1997).

Equation (A14) can also be derived by equating the

change of atmospheric energy integrated over the col-

umn with energy fluxes through top, bottom, and side

boundaries.
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