JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 101, NO. D2, PAGES 4269-4287, FEBRUARY 20, 1996

Validation of the Earth radiation budget as simulated
by the Max Planck Institute for Meteorology general
circulation model ECHAM4 using satellite observations
of the Earth Radiation Budget Experiment

C.-T. Chen! and Erich Roeckner

Max Planck Institute for Meteorology, Hamburg, Germany

Abstract.

In this study, the Earth radiation budget as simulated by the latest version of

the ECHAM general circulation model (ECHAM4) is documented. The Earth radiation
budget obtained from the model is evaluated through comparison with Earth Radiation
Budget Experiment (ERBE) data. The model simulations generally agree with the
satellite-observed spatial distribution and seasonal variation of the radiation budget. The
interannual variabilities of the simulated radiative quantities in the tropics are also
comparable to the observed data. There are, however, biases in the details. The
longitudinal structure of the radiation fields in the tropics is not exactly reproduced. The
slight differences in the geographical location of the various radiation quantities are
related to the errors in the simulation of the tropical east-west longitudinal circulation and
associated cloud fields. The most significant bias in the radiation budget is the simulated
shortwave radiative effect from cloud. Consistent underestimation in the shortwave cloud
radiative forcing is found over the midlatitude oceans in summer. This bias is due to an
underestimation in the total cloud amount. In the tropics the simulated shortwave cloud
radiative forcing is persistently larger than that derived from ERBE data. The systematic
overestimation in the shortwave cloud radiative forcing at various values of the longwave
cloud radiative forcing suggests that this problem is related to the neglect of sub-grid-scale
cloud water content variability and its effect on the grid-averaged shortwave radiative flux.
Although the tropical interannual variability of cloud radiative forcing is reasonably well
reproduced by the model, the major contribution for the simulated anomalies is from the
cloud water anomalies, while observations suggest the dominant factor is the total cloud
cover anomalies. Lack of observations for various cloud parameters limits the attempt of

further validation.

1. Introduction

Sunlight, reflected solar radiation, and emitted terrestrial radi-
ation are the climate system’s primary sources and sinks of en-
ergy. The spectrally dependent optical properties of the atmo-
sphere and the Earth’s surface, variable at a variety of time and
space scales, further complicate the spatial and temporal distri-
bution of the Earth’s energy budget. The space-time variation of
the difference between the absorbed solar radiation and the out-
going longwave radiation (OLR) then provides the fundamental
energy source for driving the atmospheric circulation. Thus an
accurate simulation of the geographic distribution and seasonal
variation of the incoming and outgoing radiant energy is one of
the basic requirements for an atmospheric general circulation
model (GCM) to reproduce the present climate. Since the prime
determinant of the radiation field in the atmosphere is cloud
[London, 1957; Ohring and Clapp, 1980; Ramanathan et al., 1989],
it is therefore also vital for the model to realistically simulate the
temporal and spatial distribution of clouds and their radiative
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impact. However, it is recognized [e.g., Intergovernmental Panel on
Climate Change (IPCC), 1992] that the highly parameterized
cloud processes and the resulting cloud-climate interactions rep-
resent one of the main uncertainties in climate modeling [Cess et
al., 1990; Gates, 1992]. In this study we document the Earth
radiation budget simulated by the fourth generation atmospheric
GCM developed at the Max Planck Institute for Meteorology in
Hamburg (ECHAM4) and investigate the underlying physical
processes and parameterization issues that lead to the resulting
temporal and spatial distribution of the radiation fields.

In recent years, satellite measurements have increasingly
been used as an important validation tool for GCMs [e.g.,
Hartmann et al., 1986; Gurney et al., 1993]. For the Earth’s
radiation budget, the high instrument accuracy and the tem-
poral and spatial sampling capacities of the Earth Radiation
Budget Experiment (ERBE) [Barkstrom, 1984] provide a
unique data set that surpasses previous attempts in measuring
the global radiation distribution. Hence ERBE data are used
to evaluate the Earth radiation budget simulated by ECHAM4.
The outline of this paper is as follows: Section 2 describes the
model simulation and observational data used in the compar-
ison and offers a brief description of ECHAM4 physical pa-
rameterizations which are particularly relevant to the simula-
tion of Earth radiation budget. Section 3 presents the
comparison of the ERBE and ECHAM4 data. We consider
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global averages, zonal means, and geographical distribution of
the radiative fluxes. The seasonal cycle of the Earth radiation
budget, the regional analyses of statistics of longwave versus
shortwave radiative fields, and the interannual variability over
the tropical region are also included in the comparison, and
possible sources of the model errors are discussed. Section 4
summarizes the findings.

2. Data Sets
2.1. ERBE

The ERBE observation provides monthly data on a 2.5° by
2.5° grid. The quantities used in the present comparison are
OLR, planetary albedo, clear-sky OLR, and total and clear-sky
net solar fluxes at the top of the atmosphere. A detailed de-
scription of the data processing and products is given by Bark-
strom [1984], ERBE Science Team [1986], and Ramanathan et
al. [1989]. The estimated uncertainty in the fluxes is ~10 W/m?,
There are a few regions where clear-sky fluxes are not avail-
able. Because of the permanent occurrence of cloud these
areas did not meet the cloud-free criteria in the data process-
ing. It should also be noted that there are difficulties in esti-
mating clear-sky flux over regions covered with sea ice and
snow due to the cloud detection problem. Thus the clear-sky
data are less reliable poleward of 60° north and south. Never-
theless, one of the advantages in using the ERBE data is the
existence of the retrieved clear-sky radiative fluxes. One can
then define a cloud radiative forcing as the difference between
clear-sky and total radiative fluxes to assess the impact of cloud
on the radiation budget [Ramanathan, 1987; Cess and Potter,
1987; Ramanathan et al., 1989]. In the longwave, cloud radia-
tive forcing is defined as

LWCF = Fclr - Ftol (1)

where F , is the clear-sky OLR and F is the OLR. Longwave
cloud radiative forcing is a positive quantity, since the clear-sky
OLR is, in general, larger than the total OLR. This implies that
clouds tend to warm the surface-atmosphere system in the
longwave. In the shortwave spectral region the cloud radiative
forcing is defined as

SWCF = Slol - Sclr (2)

where S, is the net solar flux at the top of the atmosphere and
S, is the clear-sky net solar flux at the top of the atmosphere.
Since, under identical conditions, a cloudy atmosphere reflects
a larger part of the incoming solar radiation than a clear-sky
atmosphere, S, is, in general, smaller than S . Therefore in
the shortwave, clouds act to cool the surface-atmosphere sys-
tem.

Monthly mean radiative quantities from ERBE between
February 1985 and January 1989 are used to derive ensemble
averages for monthly and annual mean data. Missing clear-sky
fluxes only exist when the missing clear-sky fluxes at a specific
grid point are detected in all four years. Otherwise, the average
of the available data is provided. As discussed by Kiekl et al.
[1994], though the missing data regions may raise some con-
cerns for the comparison, the actually involved area is suffi-
ciently small so that the derived cloud radiative forcing is still
an acceptable diagnostic tool to evaluate the model simulation.

2.2. Model

The ECHAM atmospheric GCM has evolved from the spec-
tral numerical weather forecasting model of the European
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Centre for Medium-Range Weather Forecasts and has been
modified extensively at the Max Planck Institute for Meteorol-
ogy in Hamburg for climate applications. The fourth genera-
tion ECHAM model (ECHAM4) incorporates the most recent
improvements in physical representation of a wide range of key
climate processes. Cloud and radiation, moisture transport,
convection, cloud-turbulence interaction in the planetary
boundary layer, and land surface data are the major processes
under revision compared to the previous version (ECHAM3,
Roeckner et al. [1992]). These changes have direct impacts on
the simulation of the Earth radiation budget. A detailed de-
scription of the dynamical and physical structure and the sim-
ulated climatology of ECHAM4 is documented by E. Roeck-
ner et al. (manuscript in preparation, 1995 (hereinafter
referred to as ER95). The main characteristics of the model
and the employed physical parameterizations for cloud and
radiation are summarized as follows:

The prognostic variables in ECHAM4 include vorticity, di-
vergence, temperature, surface pressure, water vapor, and
cloud water. The standard resolution of the model is T42
(approximately 2.8° by 2.8° in longitude and latitude) with 19
hybrid vertical levels (top at 10 hPa). Both annual and diurnal
cycles are included. Semi-implicit, leapfrog time integration
scheme with a 24-min time step is used for the simulation with
T42 resolution. The radiation fluxes are calculated every 2
hours. A semi-Lagrangian transport method is used for the
advection of moisture and cloud water [Williamson and Rasch,
1989].

A new radiation code [Fouquart and Bonnel, 1980; Morcrette,
1991] replaces the old radiation scheme [Hense et al., 1982]
used in ECHAM3. Two- and six-band intervals are used in the
solar (0.25-4 um) and terrestrial (between 0 and 2620 cm™')
part of the spectrum, respectively. There are the following
further modifications in the new code: (1) additional green-
house gases (CH,, N,O, CFCs, and 14.6-um O, band) are
included; (2) the single-scattering properties of cloud water
droplets and ice crystals are parameterized according to Rockel
et al. [1991], i.e., calculated from Mie theory for droplets and
ice crystals and adapted to the broadband model. The asym-
metry factor for ice is adjusted to account for the nonsphericity
of ice crystals. The effective radii of cloud droplets are param-
eterized from cloud water content. The number concentration
of cloud droplets are specified (100 and 220 cm 2 are assigned
to the low-level maritime and continental clouds, respectively,
and gradually reduced to 50 cm ™2 in the upper layers). Spher-
ical shape is assumed for all liquid cloud droplets. The effective
radii of ice crystals are functions of the ice water content based
on empirical data [Heymsfield, 1977; McFarlane et al., 1992];
(3) water vapor continuum is modified to include temperature-
weighted band averages of e-type continuum absorption and
band-dependent ratio of (p—e)-type to e-type continuum ab-
sorption [Giorgetta and Wild, 1995]; (4) a Voigt line shape
correction is applied in the stratosphere. The maximum cloud
overlap assumption is used for contiguous cloud layers. Oth-
erwise, random overlap is assumed.

The vertical turbulent transfer of momentum, heat, water
vapor, and cloud water is based on the Monin-Obukhov simi-
larity theory for the surface layer and the eddy diffusivity ap-
proach above the surface layer [Louis, 1979]. The drag and
heat transfer coefficients depend on roughness length and Ri-
chardson number. The first-order turbulence closure scheme
in ECHAMS3 is replaced by a turbulent kinetic energy closure
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Table 1. Global Mean Top-of-Atmosphere Earth Radiation Budget Quantities From
ECHAM4 and ERBE for Annual, January, and July Average
ECHAM4 ERBE

Variable Annual January July Annual January July
OLR (W/m?) 235.2 232.7 238.8 2353 232.8 239.3
S, (W/m?) 236.9 241.6 230.8 240.3 245.2 236.4
Albedo 0.31 0.31 0.30 0.30 0.30 0.29
OLR,,, (W/m?) 263.9 260.8 268.2 264.2 261.4 268.5
Sar (W/m?) 286.2 295.2 278.9 289.0 296.9 283.9
LWCF (W/m?) 28.7 28.1 29.4 28.9 28.6 29.2
SWCF (W/m?) —49.3 -53.6 —48.1 —48.7 -51.7 -475

ERBE, Earth Radiation Budget Experiment; OLR, outgoing longwave radiation.

with the Prandtl-Kolmogorov parameterization of eddy diffu-
sivity [Brinkop and Roeckner, 1995].

The mass flux scheme for deep, shallow, and midlevel con-
vection [Tiedtke, 1989] has been modified with respect to the
closure for penetrative convection and the formulation of or-
ganized entrainment and detrainment [Nordeng, 1995]. The
deep convection closure depends on convective instability
(CAPE) instead of the moisture convergence of Tiedtke [1989].
Cumulus clouds are represented by a bulk model including the
effect of entrainment (organized and turbulent) and detrain-
ment (mostly through organized outflow at cloud top) on the
updraft and downdraft convective mass fluxes. Organized en-
trainment depends on local buoyancy and organized detrain-
ment is derived for a spectrum of clouds [Nordeng, 1995]. The
detrained fraction of the convectively generated cloud water is
coupled with the stratiform (anvil) cloud water equation. Shal-
low and midlevel convection depend on surface evaporation
and large-scale vertical velocity, respectively.

The prediction of stratiform clouds is based on the cloud
water transport equation, including sources and sinks due to
condensation/evaporation and precipitation formation by co-
alescence of cloud droplets and sedimentation of ice crystals
[Sundquist, 1978; Roeckner et al., 1991]. Evaporation of cloud
water and precipitation is considered. Sub-grid-scale conden-
sation and cloud formation is taken into account by specifying
height-dependent thresholds of relative humidity [Xu and
Krueger, 1991; Walcek, 1994]. The same threshold is applied to
both convective and stratiform cloud. The liquid, ice, and
mixed-phase clouds are diagnosed according to ambient tem-
perature [Matveev, 1984; Roeckner et al., 1991].

A new global data set of land-surface parameters is used
[Claussen et al., 1994]. These parameters, including surface
background albedo, surface roughness length, leaf area index,
fractional vegetation cover, and forest ratio, are constructed
from the major ecosystem complex of Olson et al. [1983]. There
is a temperature dependence of ice and snow albedo [Robock,
1980], and snow albedo is also a function of the fractional
forest area.

The model data are obtained from a 15-year integration
prescribing observed monthly mean sea surface temperature
(SST) and sea ice data from 1979 to 1993 as surface boundary
forcing. However, unless mentioned elsewhere, the model re-
sults reported in this study are generally derived from a 10-year
subensemble of annual and monthly means from 1979 to 1988
which is the reference period of the so-called Atmospheric
Model Intercomparison Project (AMIP) data set [Gates, 1992].
The clear-sky fluxes from ECHAM4 are compiled using
method II as referred by Cess and Potter [1987]; that is, the

model computes clear-sky fluxes at each grid point by setting
the cloud amount to zero in an additional call to the radiation
routine. Strictly speaking, there is a difference between the
clear-sky flux from ERBE and the model. While ERBE clear-
sky fluxes are averages only over the cloud-free region,
ECHAM clear-sky fluxes, on the other hand, represent aver-
ages over both clear and overcast portions. A detailed study on
different approaches to compute clear-sky fluxes from GCMs
[e.g., Zhang et al., 1994] shows that the estimated bias in clear-
sky flux using method II is around 10 W/m? in persistently
cloudy regions. However, for most other areas the error should
be smaller.

3. Comparison of Model Results and Satellite
Data
3.1. Global Means

Global mean top-of-atmosphere radiative fluxes and cloud
radiative forcing for annual averages are listed in Table 1. They
are derived from the mean values of 4-year ERBE data and
10-year model integration. The ensemble mean of globally and
annually averaged total cloud cover generated by the model is
0.60, which is slightly less than the 0.62 as derived from the
International Satellite Cloud Climatology Project (ISCCP)
[Schiffer and Rossow, 1985; Rossow and Lacis, 1990]. According
to ERBE the annual and global mean heating by absorbed
shortwave radiation S, is 5 W/m? larger than the heat loss by
outgoing longwave radiation (OLR). This imbalance is smaller
in ECHAM4 (1.7 W/m?), mainly due to S, which is about 3
W/m? smaller than that of ERBE. The good agreement be-
tween the simulated and the observed annual mean LWCF and
SWCEF is the result of cloud microphysical parameter tuning.

The same radiative quantities for January and July ensemble
averages from ECHAM4 and ERBE are also listed in Table 1.
The ensemble January and July global mean total cloud cover
is 0.62 and 0.59, respectively. The corresponding total cloud
cover according to ISCCP data is 0.62 in both January and July.
The seasonal change in total and clear-sky OLR in ECHAM4
is similar to the observed variation. Consequently, good agree-
ment in LWCF is to be expected. In both months the absorbed
solar fluxes are smaller in the model simulation. The difference
is slightly larger in July. Similarly, the clear-sky absorbed solar
flux is smaller in the model. The global mean net radiation
imbalances in the model are 8.9 and —8.0 W/m? for January
and July, respectively, while they are 12.4 and —2.9 W/m? in
the ERBE data.
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Figure 1. Ensemble mean of zonally averaged outgoing long-
wave radiation (circles) and clear-sky outgoing longwave radi-
ation (squares) from the Earth Radiation Budget Experiment
(ERBE) (open) and ECHAM4 (solid) for (a) January and (b)
July.

3.2. Zonal and Geographic Comparisons

The zonally averaged total and clear-sky OLR for January
and July from ERBE and ECHAM4 are shown in Figures 1a
and 1b. In January, OLR in ECHAM4 agrees well with that in
ERBE over the midlatitudes. In the tropics, ECHAM4 over-
estimates the OLR near the equator and underestimates the
OLR in the subtropics. However, the differences are generally
less than 10 W/m?. The overestimate of OLR near the equator
is caused probably by too transparent high clouds. In July the
model is in excellent agreement with ERBE at most latitudes,
except near 60°N where an underestimate, contributed mostly
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from the oceanic storm track regions, is found in the model.
Except at high latitudes the simulated clear-sky OLR is in
excellent agreement with ERBE data. However, one should
keep in mind that because of the problem of scene identifica-
tion in areas covered with ice and snow, the observed clear-sky
data poleward of 60° is less reliable.

The geographic distributions of OLR for January and July
from ERBE and ECHAM4 are shown in Figures 2a-2d. In
January, according to ERBE, the low OLR (less than 220
W/m?) regions in the tropics are closely connected with the
location of the Intertropical Convergence Zone (ITCZ), the
South Pacific Convergence Zone (SPCZ), and the Congo and
Amazon River basins characterized by deep convective activ-
ity. In the subtropics the OLR maxima are linked to the dry
and warm subsidence regions as it is clearly shown in ERBE
data. The OLR in high latitudes is generally smaller than that
in the tropics. The main pattern of the geographical distribu-
tion is well captured by ECHAMA4. There are, however, differ-
ences in the details. The OLR over the Congo and Amazon
river basins is larger in the model by more than 20 W/m?.
Different from ERBE data which show OLR minima over the
maritime continent (Indonesia and surrounding areas), the
model generates two centers with low OLR in the western
Pacific and Indian Ocean, respectively. Also, ECHAMS4 pro-
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Figure 2. Geographic distribution of ensemble mean outgo-
ing longwave radiation for (a) January ERBE, (b) January
ECHAM4, (c) July ERBE, and (d) July ECHAMA4.



CHEN AND ROECKNER: VALIDATION OF SIMULATED RADIATION BUDGET 4273
duces smaller OLR, in general, over the SPCZ and the South
Atlantic Convergence Zone (SACZ). Differences in the mid-
latitudes are typically less than 5 W/m?2 In July the ITCZ
resides to the north of the equator across the Pacific and the
Atlantic as indicated by the low OLR in the ERBE data. Also
the seasonal northward migration of the main convective cen-
ters is evident by the observed low OLR in both Central Africa
and Central America. The extremely dry and warm Arabian
Peninsula and Sahara Desert produce OLR greater than 300
W/m?, while the storm track over the northern Pacific is char-
acterized by relatively low OLR. Again, all these major fea-
tures are reproduced in ECHAM4, but there are differences in
certain regions. The OLR minima over the maritime continent
and Central America are more pronounced in ECHAM4 than
in the ERBE observation by more than 30 W/m?, While ERBE
data show the lowest OLR located over the Bay of Bengal as a
result of the monsoonal circulation, the simulated OLR min-
ima are shifted southeastward with the center over Malaysia.

The OLR in the southwestern United States is overestimated,

and the region of larger OLR extends too far southward to the . .
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Figure 3. Ensemble mean of zonally averaged planetary al-

bedo (circles) and clear-sky planetary albedo (squares) from

ERBE (open) and ECHAM4 (solid) for (a) January and (b)
July.

albedo is generally too high in the tropics, while it is too low in
midlatitudes. A better agreement between model and ERBE is
found in the respective winter hemisphere. Equatorward of 60°
the simulated clear-sky albedo generally agrees well with
ERBE. One exception is in the northern hemisphere midlati-
tudes in January where the simulated clear-sky albedo is too

0 60E 120€ 180 1200 60w o large between 30°N and 40°N, while it is lower than observed
oS S o ———— s e poleward of about 50°N (Figure 3a). Since corresponding dif-
160 180 200 22(0W /r2n4f*22)60 260 300 320 ferences are not found in July (Figure 3b), the most likely

cause for the discrepancy in January is too extensive snow

Figure 2. (continued) cover and/or too high snow albedo over the Himalayas and less
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Figure 4. Geographic distribution of ensemble mean plane-
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July ERBE, and (d) July ECHAM4.

extensive snow and/or too small snow albedo poleward of
50°N.

Figures 4a—4d show the January and July geographic distri-
bution of planetary albedo from the model and ERBE. The
January albedo simulated by ECHAM4 is overestimated over
the deep convective regions in the tropics. The high ERBE
albedo in the subtropics off the west coast of California, South
America, and southern Africa is related to the presence of
marine stratocumulus cloud. ECHAM4 also captures these
features except for the cloud regime off the west coast of South
America which is not well reproduced in the model. There is a
general underestimate of planetary albedo over the Southern
Ocean, most likely caused by an underestimate of low cloud
amount.

In July an overestimate of planetary albedo is found in the
location of the ITCZ and also in the western half of the north-
ern hemisphere ocean basins. The simulated marine stratocu-
mulus regime off the west coast of the continents is indicated
by local maxima in planetary albedo, but the magnitude is
generally smaller than ERBE data suggest. There are under-
estimates of planetary albedo in the northern hemisphere mid-
latitudes, especially over the storm track regions, related prob-
ably to an underprediction of low cloud amount.

Next, we will illustrate the radiative effect of clouds by ex-
amining the distribution of cloud radiative forcing. The model-
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generated geographic distribution of total cloud cover in Jan-
uary and July is shown in Figures 5a and 5b, respectively. The
corresponding January and July total cloud cover observations
(averaged from 1984 to 1990) from ISCCP data are shown in
Figures 5c and 5d, respectively. Note that the time span for the
different data sets is not the same. Hence there might be an
influence on the differences between model and observations
from interannual variability in cloud cover. In addition, large
differences between the available observed cloud climatologies
have also been reported [Mokhov and Schlesinger, 1994]. The
problem of intersatellite calibration in cloud detection is also
evident in ISCCP data (cf. Figures 5¢ and 5d). Thus one should
cautiously interpret a strict pointwise comparison for the cloud
amount. The purpose of the illustration here is limited to
providing a reference for the later discussion of radiative im-
pact from cloud. A more detailed evaluation of simulated
cloud parameters is the subject of a forthcoming study. The
simulated January and July geographical distributions of total
cloud water path are shown in Figures 6a and 6b. The zonally
averaged vertical distribution of cloud fraction and cloud water
content are illustrated in Figures 7 and 8, respectively. Note
that cloud water content includes ice and liquid water. We will
not discuss these cloud fields in detail. Further, a reliable cloud
climatology to test against the vertical cloud distribution and
microphysical properties is not yet available. However, the
representation of the simulated cloud fields would be useful
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Figure 4. (continued)
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information for the following investigation of the simulated
cloud radiative forcing in ECHAM4.

Figures 9a and 9b show the zonal averages of LWCF equa-
torward of 60° from ERBE and ECHAM4 for January and
July, respectively. The latitudinal structure of LWCF from
ECHAM4 is in good agreement with ERBE data, and the
model bias is below 10 W/m? everywhere. Similar to OLR (cf.
Figure 1), the errors are larger in January than in July with the
largest underestimate of about 8 W/m? near 10°S and a similar
error at 40°N.

Figures 10a-10d show the longwave cloud radiative forcing
from ERBE and ECHAM4 for January and July, respectively.
Note that there are areas of missing data in ERBE observation.
As noted above, ERBE data are less reliable poleward of about
60°. One can notice that most of the model errors in the
previously discussed OLR distribution are mainly due to the
radiative flux simulation in the cloudy part. In general,
ECHAM4 simulates the location and seasonal shift of the high
LWCEF over the tropics reasonably well. In January, ECHAM4
does not capture the structure of high LWCF associated with
the ITCZ over the eastern equatorial Pacific and the Atlantic
as in ERBE. Though high clouds are predicted over those
regions, they are possibly optically too thin. ECHAM4 also

ECHAM4 Total Cloud Cover
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Figure 5. Geographic distribution of total cloud cover: (a)
January ECHAM4, (b) July ECHAM4, (c) January Interna-
tional Cloud Climatology Project (ISCCP), and (d) July
ISCCP.
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Figure 5.

(continued)

underestimates LWCF over Indonesia, and the Congo and
Amazon River basins which leads to the generally smaller
zonal mean LWCEF in the equatorial region (cf. Figure 9a).
Similarly, the underestimated LWCEF in the North Atlantic and
North Pacific storm tracks is causing the maximum zonal mean
error at 40°N. In July, ECHAM4 underestimates the LWCF
over the Asian monsoon region and central Africa and over-
estimates the LWCF over parts of the tropical western Pacific
and Indian Ocean and also in the western half of the northern
hemisphere ocean basins. The Pacific ITCZ is interrupted in
the eastern part by a zone of low LWCF extending from the
western United States into the South Pacific. Although both
cloud cover and cloud water path indicate a slight interruption
of the ITCZ in the castern equatorial Pacific (cf. Figures 5b
and 6b, respectively), the extremely low LWCEF of less than 15
W/m? points to little upper level cloudiness resulting from
excessive drying by overpredicted large-scale subsidence in that
region [Chen et al., 1995].

The zonally averaged January and July SWCF for ERBE
and ECHAM4 is shown in Figures 1la and 11b. As to be
expected from the respective distributions of planetary albedo
(cf. Figure 3), the overestimate of SWCF in the tropics and
underestimate of SWCF in the midlatitude summer hemi-
sphere is clearly illustrated in these zonal mean plots with a
magnitude of up to 20 W/m? in the respective summer hemi-
sphere.
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Figure 6. Geographic distribution of total cloud water path
simulated by ECHAM4 in (a) January and (b) July.

The geographical distributions of the shortwave cloud radi-
ative forcing from the ERBE observation and ECHAM4 sim-
ulation for January and July are shown in Figures 12a—12d. The
pattern of large SWCF associated with the ITCZ, SPCZ, and
the convection centers over equatorial Africa and Central-
South America as well as the large SWCF over the summer
hemisphere oceanic regions are captured by the model. How-
ever, there are generally overestimates (>30 W/m?) of the
SWCEF over the tropics and underestimate of SWCF in similar
magnitude over the summer hemisphere midlatitude oceans.
Over the tropical oceans, regions with very large SWCF (>100
W/m?) are more widespread in the model simulation than in
the observation, and these regions are characterized by large
cloud amount (>70%, cf. Figures 5a and Sb) and large total
cloud water path (>150 g/m?; cf. Figures 6a and 6b). A com-
parison between the simulated and observed cloud amount (cf.
Figures 5a-5d) shows that the simulated cloud amount is not
excessively high in the tropics. If we exclude, furthermore, a
substantial overestimation of the simulated cloud water path,
the most likely cause of the SWCF bias is the neglect of cloud
water inhomogeneities in the unresolved scales. According to
investigations of Davis et al. [1990] and Calahan et al. [1994],
the albedo of an optically thick but nonhomogeneous cloud is
lower than that of a homogeneous cloud with the same cloud
water content, even in the case of an unbroken marine
stratocumulus cloud deck. From the modeling perspective, be-
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cause of the nonlinearity of the radiative transfer computations
the grid-averaged radiative flux is not a unique function of the
cloud fraction and grid-averaged cloud water path but highly
dependent on the sub-grid-scale cloud water distribution
{Harshvardhan and Randall, 1985; Stephens and Greenwald,
1991]. A simple method to largely eliminate the cloud albedo
bias is used in the Canadian Climate Center GCM2 [MacFar-
lane et al., 1992] by defining an “effective cloud water path” in
the radiative transfer computation through empirical scaling of
the grid-averaged cloud water path. :

The underestimate in midlatitude SWCF can partly be ex-
plained by the underestimated total cloud amount as com-
pared to that in ISCCP data. Moreover, the observed cloud
climatology from Warren et al. [1988] (not shown) suggests a
prevalence of low stratus cloud over the midlatitude ocean
during the summer season. Although the simulated cloud wa-
ter content shows a low-level maximum at these latitudes, the
cloud cover is distributed more uniformly in the vertical than
the surface observations seem to indicate (cf. Figure 7). This
characteristic in the simulated cloud distribution could lead to
a smaller system albedo since the high clouds tend to have a
smaller cloud water content than low clouds (cf. Figure 8) and
are therefore less reflective.

3.3. Seasonal Cycle

To illustrate the seasonal cycle of the Earth radiation bud-
get, the deviations of the monthly mean zonally averaged ra-
diation field from the respective annual mean value have been
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Figure 7. Latitude-height cross sections of ECHAM4 en-
semble mean zonally averaged cloud fraction for (a) January
and (b) July.
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analyzed for ERBE and ECHAM4 data. The amplitude and
phase of the seasonal cycle is the main focus here. According
to Figures 13a and 13b, good agreement between observation
and model is found for both amplitude and phase of the sea-
sonal OLR variation. In the tropics the simulated amplitude of
OLR is about 5 W/m? smaller than ERBE data suggest. The
seasonal cycle of planetary albedo from ERBE and ECHAM4
is shown in Figures 14a and 14b. Contrary to the OLR result,
the simulated amplitude of planetary albedo is slightly too
large in the tropics and in midlatitudes as well. Large differ-
ences are particularly evident at high latitudes. However, the
limitation of the ERBE observations over these regions have
been noted already. Figures 15a and 15b show the seasonal
amplitude and phase of LWCF in ERBE and ECHAM4 be-
tween 60°N and 60°S. As to be expected from the respective
OLR distribution (cf. Figure 13), the phase of the seasonal
LWCEF variation is well captured by the model, but the ampli-
tude in the tropics is underestimated by 5-10 W/m?. The sign
of the seasonal change with respect to the annual mean value
in clear-sky OLR (not shown) is the same as that of OLR. The
smaller amplitude of the clear-sky part is due to the smaller
effect of seasonal moisture changes as compared to that from
seasonal cloud changes. Next we investigate the seasonal vari-
ation in SWCF. Since the large seasonal variability of solar
irradiance contains no information concerning the cloud effect
in different months, we will show the seasonal change in the
shortwave cloud radiative forcing resulting from a seasonal
change of cloud albedo alone, as referred by Cess et al. [1992}:

ASWCF = (Aay, — Aa,)S (3)
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Figure 8. As in Figure 7 except for cloud water content.
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Figure 9. Ensemble mean of zonally averaged longwave
cloud radiative forcing from ERBE (open circles) and
ECHAM4 (solid circles) for (a) January and (b) July.

A denotes the seasonal perturbation of a given quantity about
its annual mean value. S, «,,, and «a, denote the solar irra-
diance, albedo, and clear-sky albedo, respectively. The sea-
sonal variation of ASWCEF is shown in Figures 16a and 16b.
The month-latitude distribution of ASWCEF is reasonably well
simulated by ECHAMA4; however, the amplitude is too large in
the tropics (cf. Figure 14). In the northern hemisphere mid-
latitudes the simulated ASWCF amplitude is smaller than ob-
served, while the opposite is found in the southern hemisphere.
The opposite signs of ALWCF and ASWCEF clearly show the
major influence from the seasonal cloud amount changes, since
an increase in cloud amount will simultaneously increase the
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Figure 10. Geographic distribution of the ensemble mean
longwave cloud radiative forcing for (a) January ERBE, (b)
January ECHAMY4, (c) July ERBE, and (d) July ECHAMA4.

LWCEF heating and SWCF cooling [Cess et al., 1992]. These
features are also reproduced by the model.

3.4. Regional Analyses

To investigate further the major deficiencies in the model
simulation, monthly mean values of longwave and shortwave
radiation fields at selected grid points are correlated to diag-
nose the possible source of error. This technique for regional
comparison and understanding of radiative characteristics has
been used also in other studies [Kiehl and Ramanathan, 1990;
Ramanathan and Collins, 1991; Kiehl et al., 1994]. We select
two regions where the model simulation reveals relatively large
biases in the previous geographical comparison. The first re-
gion is the tropical Pacific and Indian Ocean (20°S-20°N,
50°E-90°W). The second region is over the Southern Oceari
(40°8-55°S). Since we have shown earlier that the difference of
model and observation in OLR and planetary albedo are
mainly due to the cloudy part of sky, we only discuss the cloud
radiative forcing in these regional analyses.

34.1. Tropical Pacific and Indian Oceans. Scatterplots
of January LWCEF versus SWCF over this region from ERBE
and ECHAM4 are shown in Figures 17a and 17b, respectively.
While the range of LWCEF is well captured by the model, the
tropical SWCF bias mentioned earlier is clearly evident in the
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scatterplot. While ERBE data suggest a near cancelation of
both components for much of the regime, the modeled SWCF
is typically 20 W/m? larger than LWCF. Scatterplots of SWCF
versus total cloud cover for both observation (Figute 18a) and
simulation (Figure 18b) confirm the earlier conclusion that the
SWCEF bias is not caused by a too large cloud cover. In fact, the
observed nonlinear shape of the distribution as well as the
range of total cloud amount are very well reproduced by the
model. Mareover, since also the simulated cloud water path is
within the range of current estimates (not shown), the most
likely candidate for the SWCF bias is the neglect of sub-grid-
scale cloud water variability in the radiative transfer code (cf.
section 3.2).

34.2. Southern Ocean. The same scatterplots discussed
above for the tropics are shown for the Southern Ocean in
January (Figures 19a and 19b and Figures 20a and 20b, respec-
tively). According to ERBE the LWCEF is scattered around 30
W/m? for a wide range of SWCF values. This means that the -
SWCEF variability is not due to variations of cloud cover, cloud
height, or high-cloud optical depth, since all that would affect
the LWCF as well, but rather by variations of cloud water
content and hence optical depth of optically thick low clouds.
In the model simulation (Figure 19b) the clustering of LWCF
around 30 W/m? is reproduced for high SWCF beyond about
100 W/m?, but the range of simulated SWCF is clearly under-
estimated. Moreover, different from the observations, there is
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Figure 10. (continued)
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a relatively high correlation between both components for
smaller SWCF values.

According to Figure 20 which shows the observed and sim-
ulated scatterplots of SWCF versus total cloud cover, the most
likely reason for the low SWCF bias in the model is underes-
timated cloud cover. While the spatial variability of ISCCP
total cloud cover in this region is relatively small with values
mostly between 80 and 100%, the simulated cloud cover is
generally in the range between 50 and 80%, and there is a high
correlation between SWCF and total cloud cover. The same
problem occurs over the North Pacific and North Atlantic
where the simulated low-level cloudiness is generally too small
in summer.

=20

SWCF  (W/m#+2)
s

-1201--

-140

~16 T Y y T T v
0SOS 505 405 305 20S 105 EQ 10N 20N 30N 40N 50N 60N

Latitude

(b) JUL
0
~~
o~
*
£
>~
=
N
L
(&)
=
)
1201 s e
_140 T T T T R I
~160, r , T T . r r ; . ;
60S 50S 40S 305 20S 10S EQ 10N 20N 30N 40N SON 60N
Latitude
Figure 11. Ensemble mean of zonally averaged shortwave

cloud radiative forcing from ERBE (open circles) and
ECHAMA4 (solid circles) for (a) January and (b) July.
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Figure 12. Geographic distribution of the ensemble mean
shortwave cloud radiative forcing for (a) January ERBE, (b)
January ECHAM4, (c) July ERBE, and (d) July ECHAM4.

3.5. Tropical Interannual Variability in Cloud Radiative
Forcing

According to observations [e.g., Rasmussen, 1991] the inter-
annual variability of the tropical circulation is closely con-
nected with interannual SST variations related to the El Nino/
Southern Oscillation (ENSO) cycle. The atmospheric
variability caused by tropical SST anomalies is also reasonably
well simulated by GCMs forced with observed SSTs [Lau,
1985; Barnett et al., 1991; Bengtsson et al., 1994). The large-scale
circulation changes associated with ENSO events are expected
to alter the cloud distribution and radiation fields which con-
tribute to maintain the anomalous circulation through a posi-
tive feedback loop [Barnett et al., 1991; Sherwood et al., 1994;
Lohmann and Roeckner, 1995]. Hence in addition to the vali-
dation of the mean radiation fields and their seasonal varia-
tions, the evaluation of the model’s capability in reproducing
cloud-climate interactions during the occurrence of a specific
phenomenon such as ENSO is equally important and can be
achieved by examining the corresponding cloud radiative forc-
ing.

The skill of the previous model version (ECHAM3) in sim-
ulating the observed cloud radiative response to the interan-
nual SST variations in the tropical Pacific has been discussed
by Lohmann and Roeckner [1995]. Using ERBE data, they
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Figure 12, (continued)

show that both phase and amplitude of the LWCF anomalies
are captured by ECHAMS3. The simulated SWCF anomalies,
however, are systematically larger than those observed. In this
section the same analysis is applied to the new model
(ECHAMS4). High-frequency noise is eliminated from all data
by a 5-month running mean operator. The temporal evolution
of SST anomalies (5°N-5°S) along the equator, calculated from
the AMIP data set for the same time period for which ERBE
observations are available, is shown in Figure 21. The pattern
is characterized by a sequence of cold (La Nifia) and warm (El
Nifio) events with largest anomalies of up to 2 K in the eastern
Pacific. During an El Nifio year such as 1987 the deep convec-
tion and associated cloud fields, normally situated over the
western Pacific warm pool and associated with the ascending
branch of the Walker circulation, are shifted eastward over the
anomalous SST maximum in the central and eastern Pacific
[Webster, 1983], roughly 60° westward of the largest SST anom-
alies (cf. Figure 21). These changes are reflected in the ERBE
data as a positive LWCF anomaly with a peak value of slightly
more than 40 W/m? around the dateline in 1987 (Figure 22a)
and a corresponding negative SWCF anomaly with a peak
value of —50 W/m? (Figure 22b). During the La Niiia years of
1985 and 1988 the sign of the anomalies is reversed and the
amplitudes are somewhat smaller. Figure 23 shows the respec-
tive cloud radiative forcing anomalies simulated by the model.
While the anomaly patterns of both components are well cap-
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tured, the LWCF amplitudes tend to be smaller than those
observed, and the SWCF amplitudes are slightly larger. How-
ever, the deviations are generally within the range of observa-
tional errors which is estimated to be about 10 W/m? for ERBE
data.

Changes in cloud radiative forcing can be caused by changes
in cloud amount, cloud vertical structure, and cloud optical
properties. We discuss further the possible causes for the ob-
served and simulated SWCF and LWCF anomalies. From the
model output, the above cloud-related quantities can be re-
trieved easily. However, the climatological cloud observations
other than total cloud amount are not very reliable and cannot
reveal the complete picture in the vertical distribution due to
the limitation of the data sampling. In addition, there are
spurious changes found in the observed data set [Klein and
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Figure 13. Latitude-month distribution of the seasonal vari-
ation in zonally averaged outgoing longwave radiation devia-
tions from the annual mean for (a) ERBE and (b) ECHAM4.
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Hartmann, 1993]. Thus we only show the equatorial total cloud
cover anomalies derived from ISCCP data. In the face of these
limitations, there are still some interesting findings. Figure 24
shows the equatorial (5°N-5°S) total cloud fraction anomalies
for the same period as derived from the ISCCP data set. A high
correlation between the anomalies of ISCCP total cloud cover
and ERBE cloud radiative forcing is demonstrated. One can
identify the location and time of the peak anomalies during
warm and cold events from both analyses. The corresponding
simulation is illustrated in Figure 25a. The sign of the anom-
alies is captured by the model; however, the magnitude of the
peak anomalies is much smaller than the ISCCP data suggest.
Also, the simulated anomalies are located more eastward than
the peak anomalies found in the ISCCP observation. Compar-
ing the temporal and spatial distribution of the equatorial
cloud radiative forcing simulated in the model, it is less evident

Seasonal Variation of Planetary Albedo

e —

o \

AUG SEP OCT NOV  DEC

AR MAY  JIN
(b) ECHAM4

WR  APR MAY JUN  JUL  AUG  SEP  OCI MOV DEC

JAN  FEB

—

( T | — H | SV Bl E T il
—0.24-0.2-0.16-0.12-0.08-0.04 0 0.04 0.08 0.12 0.16 0.2 0.24

Figure 14. Latitude-month distribution of the seasonal vari-
ation in zonally averaged planetary albedo deviations from the
annual mean for (a) ERBE and (b) ECHAMA4.
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Figure 15. Latitude-month distribution of the seasonal vari-
ation in zonally averaged longwave cloud radiative forcing de-
viations from the annual mean for (a) ERBE and (b)
ECHAMA4.

that the peak anomalies in cloud radiative forcing are caused
by the cloud cover changes. On the other hand, according to
Figure 25b, which shows the simulated space-time distribution
of the total cloud water path anomalies along the equator,
there is a high degree of coherence between the cloud water
anomalies and both components of the cloud radiative forcing
(Figure 23), especially for SWCEF. This high correlation is ev-
ident throughout the equatorial domain. The different causes
for the tropical cloud radiative forcing anomalies can also be
demonstrated from the standard deviation of observed and
simulated cloud fields. Using the data from 1984 to 1990,
Figures 26a—26¢ show the interannual standard deviations of
the annual mean total cloud cover from ISCCP and the annual
mean total cloud cover and total cloud water path from
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ECHAM4, respectively. While the maximum interannual vari-
ability in observed total cloud cover is located near the dateline
at the equator, larger variabilities in the simulated total cloud
cover are found near 120°E and 150°W in the tropics. On the
other hand, the maximum standard deviation in the simulated
annual mean total cloud water path resides in the equatorial
central Pacific, in better correspondence to the pattern of
ISCCP total cloud cover variability.

4. Discussion and Conclusions

In this study we show that the observed distribution of the
Earth radiation budget is largely reproduced by the latest ver-
sion of the Max Planck Institute for Meteorology general cir-
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culation model (ECHAM4). Good agreement with ERBE data
is found (1) for the zonally averaged clear-sky radiation (short-
wave and longwave) and total OLR, (2) for the seasonal cycle
of zonally averaged OLR, planetary albedo, and cloud radia-
tive forcing, and (3) for the cloud radiative response to inter-
annual sea surface temperature variations in the tropics.

On a regional scale the errors in the longwave cloud radia-
tive forcing and thus OLR are partly related to deficiencies of
the simulated circulation. Because of the excessively strong
Walker circulation [Chen et al., 1995], the ITCZ is not as
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longwave cloud radiative forcing for the tropical Pacific and
Indian Ocean region (20°S-20°N, 50°E-90°W) from (a) ERBE
and (b) ECHAMA4.
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coherent as ERBE data ‘indicate, and the band of low OLR
associated with deep convection in the tropics is sometimes
interrupted by anomalous upper level subsidence as, for exam-
ple, in the East Pacific, especially during July, and over Central
Indonesia during January. Similarly, the overestimation of
OLR over India and Southeast Asia in July is primarily caused
by a relatively weak monsoonal flow (ER95). Over the tropical
continents, on the other hand, insufficient cloud optical depth
is the most likely cause for the excess OLR. In fact, additional
sensitivity experiments indicate that the persistently low long-
wave cloud radiative forcing over the tropical continents is
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Figure 18. January total cloud cover versus shortwave cloud

radiative forcing for the tropical Pacific and Indian Ocean
region (20°S-20°N, 50°E-90°W) from (a) observations (ERBE
and ISCCP) and (b) ECHAM4.
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Figure 19. January shortwave cloud radiative forcing versus
longwave cloud radiative forcing for the Southern Ocean re-
gion (40°S-55°S) from (a) ERBE and (b) ECHAMA4.

caused by a lack of ice water storage in cirrus anvils due to a
relatively high precipitation efficiency coefficient used in the
convection scheme [Tiedtke, 1989).

The most serious problem, however, which has already been
noted in previous validation studies [e.g., Kiehl et al., 1994] is
the bias in shortwave cloud radiative forcing. In the ECHAM4
model, the SWCEF is too large throughout the year in convec-
tively active areas over the tropical oceans (ITCZ, SPCZ) but
too small over the midlatitude oceans during summer. While
the latter problem, according to ISCCP data, is very likely
caused by insufficient cloudiness in these regions (presumably
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Figure 20. January total cloud cover versus shortwave cloud
radiative forcing for the Southern Ocean region (40°S-55°S)
from (a) observations (ERBE and ISCCP) and (b) ECHAMA4.

by a lack of low-level clouds), the errors in the tropics are
related to the method of calculating grid-averaged radiative
fluxes from grid-averaged input data such as cloud water con-
tent, in particular. This procedure is crucial for the computa-
tion of the shortwave radiative fluxes. As shown by Calahan et
al. [1994], for example, the albedo of an optically thick but
nonhomogeneous cloud layer is lower than that of a homoge-
neous cloud with the same cloud water content. Since tropical
cloud systems are highly nonhomogeneous in general [Stephens
and Greenwald, 1991), the assumption of homogeneity will
necessarily introduce a high-albedo bias if compensating errors
such as underestimated cloud fraction and/or cloud water con-
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Figure 21. Longitude-time distribution of the equatorial (av-
eraged from 5°N to 5°S) sea surface temperature anomalies
from the Atmospheric Intercomparison Project data set. Five-
month running mean is applied.
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Figure 22. Longitude-time distribution of the equatorial (av-
eraged from 5°N to 5°S) (a) longwave cloud radiative forcing
anomalies and (b) shortwave cloud radiative forcing anomalies
derived from ERBE observations. Five-month running mean is
applied.
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Figure 23. As in Figure 22 except for ECHAMA4 cloud radi-
ative forcing anomalies.

tent are excluded. An example of such an error compensation
in the ECHAM4 simulation is evident over the tropical conti-
nents where both albedo and SWCF are reasonably well cap-
tured (because the cloud water content is underestimated,
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Figure 24. Longitude-time distribution of the equatorial (av-
eraged from 5°N to 5°S) total cloud cover anomalies derived
from ISCCP data set. Five-month running mean is applied.
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Figure 25. Longitude-time distribution of the equatorial (av-
eraged from 5°N to 5°S) (a) total cloud cover anomalies and
(b) total cloud water path anomalies derived from ECHAM4
simulation. Five-month running mean is applied.

presumably), while the LWCF is underestimated for that very
reason. A more realistic cloud water simulation, on the other
hand, would certainly improve the LWCF but deteriorate the
SWCEF and therefore the surface energy budget and strength of
the hydrological cycle. In this case, the underestimate of
LWCEF appears to be a lesser evil.

In conclusion, in order to improve both components of the
cloud radiative forcing, high priority should be devoted to the
development of cloud and radiation parameterizations which
allow to compute the mean as well as the variance of cloud
water, including its effect on radiative transfer.

In addition to an overall good reproduction of the observed
mean seasonal cycle the interannual variability of the simu-
lated cloud radiative forcing in the tropics is also in good
agreement with ERBE observations. The influence of interan-
nual variations of tropical sea surface temperatures and asso-
ciated changes of tropical circulation on the cloud radiative
forcing is apparent. We also find that the simulated anomalies
of shortwave cloud radiative forcing are slightly larger than
those revealed in ERBE data. Further analyses suggest that the
anomalies found in the model are mostly due to variations in
cloud water path and therefore in cloud radiative properties
and less connected to the interannual variation in total cloud
amount, while the observed anomaly patterns in cloud radia-
tive forcing are closely related to total cloudiness anomalies
according to ISCCP data. Insufficient reliability and shortage
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Figure 26. Geographical distribution of the interannual stan-
dard deviation of annual mean (a) ISCCP total cloud cover, (b)
ECHAM4 total cloud cover, and (c) ECHAM4 total cloud
water path, Data from 1984 to 1990 are used to calculate the
interannual standard deviation for both ECHAM4 and ISCCP.

in current measurements of cloud vertical distribution and
microphysical properties and their radiative effect call for the
necessity of a continuous and extended effort in observing and
retrieving these quantities. The future operation of moderate-
resolution imaging spectrometer (MODIS) sensors and cloud
and Earth’s radiant energy system (CERES) radiometers
should enhance our understanding of cloud/radiation pro-
cesses [Barron et al., 1993] and provide data for a more com-
prehensive model validation. '
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