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Abstract. The mean monthly shortwave (SW) radiation most likely cause. The computed global mean OSR anomaly
budget at the top of atmosphere (TOA) was computed orranges withint4 Wm~—2, with signals from El Niio and La
2.5 longitude-latitude resolution for the 14-year period from Nifia events or Pinatubo eruption, whereas significant neg-
1984 to0 1997, using a radiative transfer model with long-termative OSR anomalies, starting from year 1992, are also de-
climatological data from the International Satellite Cloud tected.

Climatology Project (ISCCP-D2) supplemented by data from
the National Centers for Environmental Prediction — National
Center for Atmospheric Research (NCEP-NCAR) Global
Reanalysis project, and other global data bases such as
TIROS Operational Vertical Sounder (TOVS) and Global ) o
Aerosol Data Set (GADS). The model radiative fluxes atThe sun is the source ofen_ergy that_sustalns_llfg on the Earth.
TOA were validated against Earth Radiation Budget Exper—SOlar energy enters and is redistributed within the Earth-

iment (ERBE) S4 scanner satellite data (1985-1989). Thétmosphere system, which subsequently emits radiation at
model is able to predict the seasonal and geographical varionger wavelengths. The Earth’s radiation budget (ERB)

ation of SW TOA fluxes. On a mean annual and g|0baldrives the general circulation of the atmosphere and deter-
basis, the model is in very good agreement with ERBE mines the climate of the Earth-atmosphere system, being an
overestimating the outgoing SW radiation at TOA (OSR) indicator of possible climatic changes. Thus, it is very im-

by 0.93Wn12 (or by 0.92%), within the ERBE uncertain- portant to be able to determine as accurately as possible its

ties. At pixel level, the OSR differences between model andcOmPonents at the top of atmosphere (TOA), within the at-
ERBE are mostly withint10 Wm2, with +5Wm~2 over mosphere and at the Earth’s surface for both shortwave (SW)

£nd longwave (LW) radiative fluxes. At TOA, the net en-
with differences of up to 40 Wi, associated with uncer- €r9Y input is determined by the incident SW radiation from

tainties in cloud properties and surface albedo. The 14-yeaf’® Sun minus the reflected SW energy. The difference de-
average model results give a planetary albedo equal to 29.694nes the net SW radiative flux at TOA. To balance this in-
and a TOA OSR flux of 101.2 Wnt. A significant linearly flow of SW energy, the Earth-atmosphere system emits LW

decreasing trend in OSR and planetary albedo was founo[adiation to space. For the planet to be in radiative equilib-
equal to 2.3Wm? and 0.6% (in absolute values), respec- rium, the emitted LW radiation must equal the net inflow of
tively, over the 14-year period (from January 1984 t’o Decem-SW radiation at TOA. However, satellite observations such as

ber 1997), indicating an increasing solar planetary warming (€ S-year (1985-1989) Earth Radiation Budget Experiment

This planetary SW radiative heating occurs in the tropical(ERBE) scanner (Kiehl and Trenberth, 1997) or Nimbus-7

and sub-tropical areas (26-20 N), with clouds being the (Ardanuy et al., 1992) data, as well as most model estimates
(e.g. Yu et al., 1999) indicate non-radiative equilibrium at

Correspondence td\. Hatzianastassiou TOA, implying a net radiative heating of the planet by about
(nhatzian@cc.uoi.gr) 3Wm2 or even larger. Thus, more and detailed studies are

Introduction

extended regions, while there exist some geographic are
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1218 N. Hatzianastassiou et al.: Long-term global distribution of Earth’s top of atmosphere shortwave radiation budget

needed to further investigate the radiation budget at TOAcially the SW retrievals (Kiehl and Briegleb, 1997), they do
where the model results can be used as first estimates, everot provide complete spatial (global) coverage, as they often
though their accuracy is limited. miss areas poleward of 7tatitude, where model results can
Since the first energy budgets (Abbot and Fowle, 1908;be used as first estimates, even though not very accurate. Re-
Dines et al., 1917) there have been a number of early studliable model ERB computations at TOA, are very important
ies (e.g. Houghton, 1954; Budyko, 1956; London, 1957), butto the study of the temporal variation of the Earth’s radiation
most of them were severely limited by the lack of knowl- budget and help to understand the physical processes that de-
edge of planetary albedo. Early estimates of planetary albedtermine the TOA radiation budget.
ranged from 40% to 50% (see Hunt et al., 1986 for a review To date, very few modelling studies have been performed
of these early studies). Satellite observations from Nimbus-that reproduce successfully the spatial and temporal distribu-
7 and ERBE have greatly improved estimates of planetarytion of the SW radiation budget (SWRB) at TOA. To achieve
albedo, indicating values near 30%. Although the determinathis, a complete description of the processes that govern the
tion of radiative fluxes at TOA is much more advanced thantransfer of solar radiation within the Earth-atmosphere sys-
at surface, due to the recent advances in space-borne metem is required together with comprehensive global data sets
surements that provide good knowledge of the net solar enfor the key surface and atmospheric parameters. Early mod-
ergy absorbed by the global climate system (Barkstrom et al.els for atmospheric radiation transfer attempted to predict
1989), there is a need to improve our ability to compute ac-the TOA SWRB (e.g. London and Sasamori, 1972; Ohring
curately the ERB at TOA by using models. Model validation and Adler, 1978; Stephens et al., 1981; Peng et al., 1982)
at TOA is a prerequisite for obtaining reliable model com- but they suffered from the lack of reliable model input data
putations of ERB at the surface, where direct satellite meawith global coverage, since they used mostly surface-based
surements are not possible and surface measurements cattata. The availability of accurate global satellite data of
not provide complete global coverage. Satellite observationgloud, atmospheric and surface properties has made mod-
of ERB have limitations in their accuracy (Li et al., 1997), elling more reliable. At the same time, validation of model
and do not provide continuous data. An outgoing SW radi-TOA SWRB results has become possible through compar-
ation (OSR) data set has been produced from the ERB medson against available comprehensive data, such as those
surements taken aboard Nimbus satellites (Jacobowitz et alof ERBE. A few studies dealing with TOA SWRB were
1984; Kyle et al., 1985, 1993). The Nimbus ERB scannerpublished (Sasamori et al., 1972; Ellis and Vonder Haar,
data cover the period from January 1979 through May 1980,1976; Jacobowitz et al., 1979; Ohring and Gruber, 1983; Ja-
while non-scanner data extend from November 1978 till De-cobowitz et al., 1984) but mostly on a mean zonal or global
cember 1993. The ERBE results (Barkstrom, 1984; Bark-basis, and covering relatively short time periods. Moreover,
strom and Smith, 1986; Barkstrom et al., 1989) are believeccomparisons between model results and satellite data, have
to give the most definitive TOA radiation. The ERBE scan- shown rather large deviations (see Rossow and Zhang, 1995)
ner OSR data are considered to be of very good quality inof up to 2% in planetary albedo. More recent model compu-
terms of spatial and temporal coverage and instrument accuations such as those given by Rossow and Zhang (1995), and
racy, but they cover only the 5-year period from NovemberHatzianastassiou and Vardavas (1999, 2001), provided better
1984 to February 1990. Therefore, although the ERB dataagreement with satellite measurements at TOA, but for rela-
obtained from the Nimbus-7 measurements along with thoseively short time periods (1984 through 1990) and on mean
from ERBE, span over a decade (1978-1990), they do nolatitude-zonal basis. On the other hand, published results
provide continuity. Beyond this, there is some gap in time se-(e.g. Kyle et al., 1990, 1993; Li et al., 1997; Yu et al., 1999;
ries between those and more recent accurate measurementsy et al., 2002) indicate significant discrepancies between
such as the Scanner for Radiation Budget (ScaRaB, Kandehodel results and satellite data or even between different
et al., 1998) and the Clouds and the Earth’s Radiant Energgatellite data. In addition, global circulation models (GCMSs)
System (CERES, Wielicki et al., 1996), especially during still have difficulties in computing the TOA SWRB compo-
the 1990s. In addition, comparisons between different ERBnents, especially under all-sky (clear plus cloudy sky) condi-
datasets show differences (e.g. Hartmann et al., 1986) thdatons (Harshvardhan et al., 1989; Kiehl et al., 1994; Ridout
can be very important and comparable in magnitude to theet al., 1994; Chen and Roeckner, 1996; Fowler et al., 2000;
radiative forcing of climatic change factors. More sophis- Loeb et al., 2002). Furthermore, although data from global
ticated space-borne instruments such as the Moderate Reseanalyses projects give good results for the TOA SWRB for
olution Imaging Spectro-radiometer (MODIS) on board the clear-skies, they fail under all-sky conditions (Yang et al.,
Terra and Aqua Satellites and the Geostationary Earth Ra1999).
diation Budget (GERB) instrument on EUMETSAT's Me-  In this study, a deterministic radiative transfer model is
teosat Second Generation (MSG) satellite (Sandford et al.used to compute the global distribution of all TOA shortwave
2003) have started high-accuracy and high-resolution mearadiation budget components on a mean monthly anti®:5
surements since early 2000. Furthermore, apart from th&.5° longitude-latitude resolution, spanning the 14-year pe-
fact that satellite measurements have their own errors, espeiod from January 1984 through December 1997. A detailed
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summary of all relevant parameters is given, with emphasisCarver, 1984) that uses the modified delta-Eddington method
on patterns of average parameter values over space and tim, perform the multiple scattering in the ultraviolet-visible
specific local and temporal characteristics, and inter-annuategion, and in the solar near-infrared region to allow for
variability. The model uses data from the International Satel-cloud absorption/scattering and molecular absorption by wa-
lite Cloud Climatology Project (ISCCP) D2-series (Rossow ter vapour, carbon dioxide and methane. The present simpler
et al., 1996). The ISCCP, which is currently the most exten-model has been used by Vardavas and Koutoulaki (1995) and
sive and comprehensive global cloud climatology, providesHatzianastassiou and Vardavas (1999, 2001) to compute the
model input data not only for clouds, but also for other sur- SW radiation budget of northern and southern hemispheres
face and atmospheric parameters (see Sect. 3). The data froom a mean monthly and 10atitude zonal basis. Here, the
ISCCP were supplemented by water vapour and temperamean monthly incoming total solar flux at TOA for each®2.5
ture data taken from the National Centers for Environmen-latitude-longitude pixel, is computed by summing the corre-
tal Prediction (NCEP) and National Center for Atmospheric sponding mean daily flux on day given by

Research (NCAR) Global Reanalysis Project. Model input 5

data were also taken from other global databases, such d&op = Soltndn /7%, @)

the Television_ Infrared Observational Satellite (TIROS) Op- wherey, is the cosine of the mean daily solar zenith angle,
e_zratlonal Vertical Soqnder (TOVS),_the International SateI-S0 is the solar constant (1367 W&, Frolich, 1983; Hart-

lite Land Surface Climatology Project (ISLSCP), and the mann, 1994; Willson, 1997}, is the daylength, and 47 is

Global Aerosol Data Set (GADS), as explained in Sect. 2.5 cqrrection factor due to the Earth's elliptical orbit around
The model computations are validated at pixel-level, againstho sun. The daylength is given by

5-year accurate scanner data from ERBE, which ensures the

quality of the long-term model results. In the next section,d, = 8.64- 10*H, /7, (2)
we describe the model, while Sect. 3 describes the model in-
put data and the satellite data used for the validation of the
model. The model results are given in Sect. 4, where paty, = cos™* (—tand - tans,) ©)
terns of seasonal and temporal distributions of SWRB com-

ponents are discussed on the basis of pixel-level model rewith ¢ the latitude of a given location on Earth afidthe
sults, while mean hemispherical and global as well as mea§olar declination computed from

annual radiative flux co.mputations are presented and ir.1'Fe.r—n — arcsin(0.39779 sin,) (4)
annual trends are examined. An assessment of the sensitivity

of TOA SWRB to the various key surface and atmosphericwith

physical parameters is also given in Sect. 4, before the sum-

here the hour angle Hs given by

mary and conclusions. An=Ln+1.915sing, ®)

L, = 28046+ K, + 0.0077(yr — 2000 (6)
2 Model description gn = 35753+ K, — 0.0095(yr — 2000 ©)
The radiative transfer model used divides the SW radia-K, = 360(n — 1+ 1/24) /365 (8

tion into two spectral bands, one for the ultraviolet-visible
(UV-visible) wavelengthsX<0.85.m) accounting for about
60% of total solar radiation, and a second band for the
near-infrared (near-IR) wavelengths (0@8<A<Sum)ac- || — A, + B, sinH,/H, 9)
counting for about 40% of total solar radiation. The model

achieves a compromise between accuracy of spectral modéa¥ith

computations and speed of computation of parameterization,

where yr is the year (Astronomical Almanac, 1991). The
mean daily solar zenith angle is given by

schemes. The range of uncertainty of the model has beeé” = sing - sind, (10)
tested by comparing the model results with those of line-p — cosg - coss, (11)

by-line computations for various atmospheric conditions, ac-

cording to the Intercomparison of Radiation Codes in Cli- The computed incoming solar radiation at TOA for each
mate Models (ICRCCM) program (Fouquart et al., 1991). month and 2.5 pixel was compared successfully against 5-
The model results were found to be different to those of line-year scanner S4 data from ERBE (model-ERBE differences
by-line models by up to 7%. Of course, spectral models perwithin 2.5Wn2) and is divided into the UV-visible and
form always better and have higher accuracy, but they denear-IR spectral bands. The solar radiative transfer in the
mand much longer computing time, which makes them dif- Earth-atmosphere system is treated separately in each spec-
ficult to use routinely. The model was developed from a de-tral band and accounts for absorption and multiple scatter-
tailed spectral radiative-convective model (see Vardavas anthg. The atmosphere is divided into five types of layers that
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affect significantly the solar radiation transfer, apart from The reflectivity, transmissivity and absorptivity of each
cloud layers. The five layers are: ozones{Qayer, water  of the various atmospheric layers, such ag GO,, wa-
vapour layer, carbon dioxide (G®layer, aerosol layer and ter vapour, Rayleigh, are computed by using parameterisa-
Rayleigh scattering layer. For each pixel, the sky is dividedtions derived from laboratory measurements (Vardavas and
into clear and cloudy fractions, and hence direct and diffuseKoutoulaki, 1995). More specifically, absorption by @
components are considered for solar radiation. In the clearthe visible between 0.45 and 0.8%1 (Chappuis bands) is
sky atmosphere, the UV-visible component of solar radiationtaken into account by the model. The @yer also absorbs
undergoes absorption by the; @yer, and Rayleigh scatter- UV radiation between 0.2 and 0.3%n (Hartley-Huggins
ing by air molecules and aerosol particles, while the near-IRbands). The absorption of solar radiation by Qékes place
component undergoes absorption by water vapour, aerosghroughout the atmosphere. We neglect the UV absorption
particles and C@ Above the clouds there ares@nd CQ by CO,, which occurs below 0.2m, where the solar flux is
layers, while below there are water vapour and>d&yers, less than 0.01% of the total incoming solar flux, while LO
all above an isotropically reflecting Earth surface. The totalabsorption in the near-IR is accounted for in the model. The
fraction of the sky covered by clouds is taken to comprisewater vapour absorption, which has significant bands in the
three non-overlapping low, mid and high-level cloud com- near-IR, is parameterised in the model as in Vardavas and
ponents. The direct component of solar radiation is charKoutoulaki (1995).
acterised by au=cosz (z is the solar zenith angle) which  For each cloud and aerosol layer, computations are per-
depends on latitude and on time of year. The diffuse solaformed using two-stream approximation for purely scattering
radiation is characterised hy=3/5, the standard diffusiv- clouds in the UV-visible, and a modified two-stream approx-
ity approximation for converting diffuse transmission to an imation allowing for cloud absorption in the near-IR (Var-
equivalent direct transmission. davas and Koutoulaki, 1995; Hatzianastassiou and Vardavas,
The net incoming solar radiation at TOA (planetary ab- 1999) and for aerosol absorption in the UV-visible. For clear
Sorption)!E;Let,topi the outgoing SW radiation (OSR) at TOA, sky, Rayleigh scattering is taken into account by the model

Fllp’ and the planetary albeds,, are computed from in the UV—_V|S|bIe, while it is ngglected fo_r the near-IR com-
ponent, given that the Rayleigh scattering cross-section de-

creases rapidly with wavelength. For a cloudy sky, Rayleigh
scattering is neglected since cloud optical depth is much
larger than the Rayleigh scattering optical depth.
Fllp = (1 - ap) inp (13) Reflection of incident solar radiation from the Earth’s sur-
face is taken into account and the surface reflectiwty,for
Fllp each 2.8 pixel, is computed considering four general types

P= o (14)  of surface: land, ocean, snow and ice (frozen ocean). Then
top

Fnit,mp =0ap Ft%)p (12)

. . . Rg = fiand Riand + foceanRo + fsnowRs + ficeRi (16)
whereq,, is the planetary absorptivity. The scattering and

absorption of the incoming SW radiation at TOA, dependswhere f; is the fractional coverage of the pixel's surface by
strongly on the presence and type of clouds in the atmo€ach type—i of reflecting surface. The ocean reflectivity,
sphere, the composition of the atmosphere (gases plus paR., is computed using Fresnel reflection corrected for a non-
ticulate matter) and the reflectivity of the Earth's surface. It sSmooth surface for an incident anglecos™ ;1 from

is weakly dependent on the thermal structure of the atmo- ) ) )

sphere. The cloudy sky co.mponent is _subd|V|ded into com-p _ 05 [(ﬁ) n <tana> } 1 0.016c08) 17)
ponents covered by low, middle, and high-level clouds. The sinb tanb

planetary absorptivity, and hence the OSR (Eg. 13), has a

clear-sky componenty,, and three cloudy-sky components, Where

aci, and is expressed as a = ¢ —sin[sing/1.333 (18)

=1_Ac s Aciog 15
op = ( >a+lZ o a5 g (19)

Both clear- and cloudy-sky components are computed byFor incident solar radiation onto a perfectly smooth water
dividing the incoming solar radiation into UV-visible and surface, the angle of reflection equals that of incidence, and
near-IR components, based on estimated transmissivities, alfer normal incidence the reflectivity is 0.024. For an ocean
sorptivities, and reflectivities of the different atmospheric we correct the Fresnel reflectivity to take into account sur-
and cloud layers and the Earth’s surface (see Vardavas anfdce roughness, which leads to a higher surface reflectivity
Koutoulaki, 1995; Hatzianastassiou and Vardavas, 1999¢f about 0.04 for incident solar radiation normal to the water
2001). surface (Kondratyev, 1973). The correction factor 0.01écos
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goes to zero when the radiation is parallel to the ocean surtotal atmospheric amount was taken, equal to 0.54t/¢m
face in order to maintain a Fresnel reflectivity of unity in this corresponding to 345 parts per million by volume (ppmv).
case. Further, we include the condition that if Fresnel reflec-
tivity is greater than ice- or snow reflectivity, which occurs 3.2 Water vapour
for low solar elevations, then the reflectivities of ice or snow
are set equal to the Fresnel one. Kuhn (1989) gives obseffhe water vapour data used were taken from the
vations that clearly show this behaviour for snow cover in NCEP/NCAR Global Reanalysis Project, which provides
Antarctica. long-term (1948-continuing) climatological data. The data
Snow albedoR;, is set equal to 0.85 and 0.65 (Dickin- for specific humidity and atmospheric temperature were
son et al., 1993) in the UV-visible and near-IR, respectively, used to compute the total atmospheric water vapour content,
while sea-ice albeda;, is set equal to 0.7 and 0.5 (Roesch et WH2o. The gridded NCEP/NCAR data are provided at sur-
al., 2002) in the UV-visible and near-IR, respectively, basedface and various atmospheric levels that extend from surface
on recent estimates. Given that land shows a strong spatidlP to the stratosphere. Relative humidity data were also used
variability in terms of its type and associated reflectance val-t0 compute the humidity of the aerosol layer. The model was
ues, the data used were derived from ERBE data for clear skyalso run using corresponding data taken from the European
while overcast albedos were obtained by modifying the cor-Center for Medium range Weather Forecast (ECMWF) ERA-
responding clear-sky values for diffuse radiation conditions15 Reanalysis Project. The differences in terms of TOA SW
(Darnell et al., 1992). Alternatively, the land surface albedoradlatlve fluxes were found to be small (mostly within 1-
was also computed based on information on land cover, takeR Wm~2 at pixel level), as also discussed in Sect. 4.
from the International Satellite Land Surface Climatology
Project (ISLSCP, Sellers et al., 1995). The ISLSCP data3.3 Clouds
were produced for the 24-month period (1987-1988) and are
mapped to 1 by 1° spatial resolution, with a mean monthly Mean monthly cloud properties on 2.8qual-angle pixel res-
temporal resolution. They describe the geographical distri-0lution for the study period (1984-1997) are taken from the
bution of major cover types, based on inter-annual variationlatest D2 stage data of ISCCP, which are improvements over
of Normalized Difference Vegetation Index (NDVI). Infor- the previous C-series version (Rossow and Schiffer, 1999).
mation for fractional coverage for each surface type (land,The ISCCP provides currently the most extensive and com-
ocean, snow, ice) is obtained from ISCCP-D2 data (Rossowprehensive cloud climatological database that quantifies the
etal., 1996), whereas suitable reflectivity values for each survariations of cloud properties at global scale for the period
face type are ascribed, based on values taken from literaturgtarting from 1984 and still continuing. The most significant
(Henderson-Sellers and Wilson, 1983; Briegleb et al., 1986)changes in the new D-series are: i) revised radiance calibra-
which allow for spectral dependence over the UV-visible andtions to remove spurious changes in the long-term record, ii)
near-IR range of wavelengths, which is very important (Wei increased Cirrus detection sensitivity over land, iii) increased
et al., 2001), but also allow for different values for the direct Iow-level cloud detection sensitivity in polar regions, iv) im-
and diffuse components of solar radiation. Over mountain-Proved cold cloud (cloud-top temperatw@60 K) proper-
ous non-forested areas, the surface albedo was found to Bées using an ice crystal microphysics model in place of a
overestimated, especially during winter, due to various realiquid droplet microphysics model, and v) increased detail
sons relevant to sub-grid orography, as explained by Roeschbout variations of cloud properties. Cloud properties are
et al. (2001). Thus, in a first simple approach, we appliedprovided from ISCCP for nine cloud types which are grouped
a correction to land-surface albedo for high-altitude moun-into three categories: low-level clouds having top pressures
tainous areas such as Tibet, Rocky Mountains or Anartcica’greater than or equal to 680 mbar, high-level clouds with top
plateau, by reducing the albedo, which led to a significantPressures less than 440 mbar and mid-level clouds in between
improvement, as explained in Sect. 4.1. (Rossow et al., 1996). Low-level clouds are considered to be
Cu, St and Sc clouds. The middle ones include Ac, As and
Ns, while Ci, Cs and deep-convective clouds are considered
as high-level clouds. High clouds are treated as cold clouds,

3 The model data while each of the above low and middle clouds are subdi-
o vided into liquid- or ice-phase clouds, resulting in 15 cloud
3.1 Ozone and carbon dioxide types for which properties such as cloud cover, cloud op-

tical thickness, cloud-top temperature and pressure, as well
The mean monthly 2%5latitude-longitude pixel data of the as liquid or ice water path are provided by ISCCP-D2. The
total O3 column abundance (in Dobson Units) for years values for the 15 independent cloud types were then appro-
1984-1997, were taken from the Television Infrared Ob- priately averaged (see Hatzianastassiou and Vardavas, 1999)
servational Satellite (TIROS) Operational Vertical Sounderto yield data for low, mid and high-level clouds assumed in
(TOVS), archived in the ISCCP-D2 package. For£Qixed our model.
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Table 1. Computed values of cloud asymmetry parameterfor equal to 0.85 for the UV-visible ra”ge_a”d 0,'8 for the
the standard ISCCP-D2 cloud liquid droplet and ice crystal distri- "€&r-IR, based on the wavelength variationgpfgiven by
butions in the ultraviolet (UV)-visible and near-infrared (IR) ranges Stephens (1979), for all clouds and without any discrimi-
of wavelength. nation between liquid and ice clouds. Nevertheless, liquid
and ice clouds have a differegit spectral dependence (Liou,
liquid ice 2002). This was taken into account in our model by com-
puting values forg,. separately for liquid and ice clouds, for
both UV-visible and near-IR range of wavelengths. The com-
putation was based on existing parameterizations for liquid
(Slingo, 1989) and ice clouds (Ebert and Curry, 1992) by us-
ing values of effective radius equal to Aén and 3Qum for
the ISCCP-D2 standard liquid cloud droplets and ice crystals,
respectively. The computed values are given in Table 1.

UV-visible 0.85 0.78
Near-IR 0.82 0.80

The model uses cloud covet,;, for each cloud type pro-
vided by ISCCP-D2 data set. Cloud cover fractions for low,
mid, and high clouds are calculated from the sum of coverg 4 Rayleigh scattering and surface reflection
fractions for independent ISCCP-D2 cloud types, whereas
the total cloud cover fractiom., is calculated from the sum

! k > The Rayleigh scattering, due to air molecules, is consid-
of fractions for low, middle and high clouds

ered in the model in the same way as in Vardavas and

A = Z A (20) Koutoulaki (1995). The surface reflection is computed with
¢ - “ the model at each pixel for each month of the period 1984—

1997, as explained in Sect. 2 (Eq. 16) by considering four

Our computed global meas. averaged over the study pe- types of surface: land, ocean, snow, and ice (frozen ocean).

riod 1984-1997, is equal to 66.8% compared to 67.5% giverinformation on spatial and temporal variation of the frac-

by Rossow and Schiffer (1999) for the period June 1983-tional coverage of Earth surface by each type, was taken from

June 1994. Note that the ISCCP-D2 cloud cover is highenSCCP-D2 (see Sect. 2).

than corresponding previous ISCCP-C2 data by up to 25%,

especially over polar regions, and is in better agreement witt8.5  Aerosol particles

surface observations (Hatzianastassiou et al., 2001).

The ISCCP-D2 provides cloud scattering optical depthThe aerosol particles perturb the radiation field sufficiently,
¢ only for the visible wavelength of=0.6.m and at the  especially that of SW radiation, to warrant their considera-
infrared wavelength of 1am (through a conversion, cf. tion in the estimation of the SW radiation budget. In this
Rossow et al., 1996). For the computation of the cloudstudy, the radiative effect of aerosols at TOA, within the at-
SW transmissivity and reflectivity in both the UV-visible and mosphere, and at surface, is computed by the model using
near-IR, the model also requires cloud absorption opticala modified two-stream approximation allowing for scatter-
depth, ¢, which is relevant to the near-IR solar radiation, ing and absorption in the UV-visible and near-IR ranges of
but alsor} data in the near-IR. The!(near-IR) and?(near-  wavelength. The model requires aerosol optical properties,
IR) values were derived from the ratie$(near-IR)t} (UV- namely aerosol optical thickness (AOT), single scattering
visible) andz?(near-IR)t; (UV-visible) that resulted either albedo {,.), and asymmetry parametey,{,). The treat-
from Mie computations code using the standard ISCCP lig-ment of aerosols by the modified two-stream approximation
uid droplet spectrum, with a specific gamma distribution allows for the marked forward-to-backward asymmetry of
function having an effective radius,, of 10um, and an ef-  the phase function (Sagan and Pollack 1967; Irvirne 1968).
fective variance of 0.1am (Rossow et al., 1996) or from Thus, the model allows for the strong forward scattering peak
existing parameterizations (Slingo, 1989; Ebert and Curry,in the phase function for scattering by aerosols with val-
1992) for ISCCP-D2 liquid and ice clouds. The standardues of the aerosol asymmetry parameter ranging from about
ISCCP-D2 ice cloud model assumes a random fractal crystad).6 up to 0.85. The AOTy,., andg,., data were derived
shape and a 2-power law size distribution from 20 t@.58 from GADS (Koepke et al., 1997) which is an improvement
with an effective radius of 3@m and an effective variance of of the previous global aerosol climatology by D’Almeida et
0.1um. Finally, values ofr?(near-IR)=0.08}(UV-visible) al. (1991). In GADS, aerosols are described as internal plus
andt(near-IR)=0.03; (UV-visible) were used in the model external mixtures of 10 main aerosol components, which are
for the liquid and ice clouds, respectively. representative for the atmosphere and characterised through

For the computation of cloud reflectivity and transmissiv- their size-distribution and refractive index, depending on
ity, the model needs values for the cloud asymmetry pa-wavelength. Data of AOTw,.,, andg..,, are provided by
rameter, g., which are not provided by ISCCP. In previ- GADS at 61 wavelengths from 0.25 to 4@n, 27 of which lie
ous versions of the model (Vardavas and Koutoulaki, 1995;in the SW range, and for 8 values of relative humidity (0, 50,
Hatzianastassiou and Vardavas, 1999, 2091)was set 70, 80, 90, 95, 98, and 99%). Given the strong dependence
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of aerosol optical properties on ambient relative humidity, thewaveband radiation. Each detector scans the Earth from
original GADS properties were then computed in a realistichorizon to horizon, usually perpendicular to the satellite
way, for actual relative humidity values for the aerosol layer, ground track. The ERBE instruments were launched on
as explained in detail by Hatzianastassiou et al. (2004). Thehe NASA Earth Radiation Budget Satellite (ERBS), and
computed monthly mean AOT values vary at the pixel levelthe two National Oceanic and Atmospheric Administration
up to about 0.5, while the aerosol single scattering albedqNOAA) Sun-synchronous polar orbiting satellites: NOAA-
ranges from 0.65 to 1. Subsequently, the computed values & and NOAA-10. The data used in this study (S4) include
aerosol optical properties were averaged into the UV-visiblemean monthly values for the time periods during which the
and near-IR ranges, weighted by the spectral distribution oscanners were operational: November 1984—February 1990
the incoming solar flux (Thakaekara and Drummond, 1971).for ERBS; February 1985-January 1987 for NOAA-9; and
A complete description of the treatment of aerosols in theNovember 1986—May 1989 for NOAA-10. Other scanner
model, as well as of GADS aerosol data, can be found in theand non-scanner ERBE data (e.g. S7, S8, S9, S10) are also
work by Hatzianastassiou et al. (2004). available from Langley ASDC, but they have lower accu-
racy or low spatial resolution, so we decided to rely rather
3.6 Cloud-top pressure, cloud physical thickness and suron ERBE-S4 data for our model validation, since they are
face pressure considered to be of very good quality in terms of their spatial
and temporal coverage and instrument accuracy. Besides, our
Consideration of cloud-top pressuge,, and physical thick- model OSR fluxes have been further validated against long-
nessdp., in the model is important for the SW radiation bud- term ERBE S-10N (WFOV NF Edition 2) non-scanner data
get at TOA, since they both determine the atmospheric layecovering the period from January 1985 to December 1997, in
where water vapour absorption is replaced by cloud scatterterms of comparison of long-term tendencies. In the future, it
ing and absorption. Values of were taken from ISCCP-D2 is planned to use also more recent and high-accuracy satellite
for low, mid, and high-level clouds. The ISCCP-D2 does OSR measurements, such as from CERES, ScaRab, MODIS,
not providedp. data, so these were estimated from Peng etGERB, for studies covering more recent time periods.
al. (1982) for the Northern Hemisphere, as explained in the
work by Hatzianastassiou and Vardavas (1999), wiipe
values for Southern Hemisphere were estimated in the wayt Model results
described by Hatzianastassiou and Vardavas (2001), by com-
bining the values from Peng et al. and those derived from4.1 Seasonal and geographical distributions
Liou (1992). A complete topography scheme is included in
the model, which uses surface pressysg, data taken ei- Figures 1a—d show the geographical distribution of the 14-
ther from NCEP/NCAR or from ECMWF Global Reanalysis year average outgoing SW radiation (OSR) at TOA for the
Projects gridded in 2%y 2.5 pixels for each month of the mid-seasonal months of January, April, July, and October.
period 1984-1997. Consideration of topography is importantThe OSR fluxes are determined by the incoming solar radi-
for regions with high altitudes, such as the Tibetan plateauation (ISR) and the planetary albedo. More specifically, the
Antarctica, Rocky mountains or the Andes mountains, forlatitudinal gradient is determined by the incoming solar flux,
the correct computation of the layer and total atmospheriowvhile the main longitudinal patterns are primarily due to fea-
amounts of the gases considered in the study, as well as theires of global distribution of surface albedo and cloud cover.
correct extent of Rayleigh scattering layer and the appropri-Thus, maximum OSR values reaching 350 Wnare found

ate computation of the mean humidity of aerosol layer. in polar regions during local summer, i.e. in January and
July in the southern and northern hemispheres, respectively,
3.7 The ERBE data when the incoming solar radiation reaches maximum values

of 500 Wnt2, especially during perihelion. The OSR de-
The ERBE with its three satellites, provides the most ac-creases gradually from the summer towards the winter pole,
curate and best calibrated long-term data for the radiain January and July, where it switches-off poleward of mid-
tion budget of the Earth. The 5-year (1984-1989) meanto-high latitudes. The white areas in Fig. 1 correspond to
monthly 2.5 equal-angle data that were used for the vali- missing model input data, especially those from ISCCP. Such
dation of our model results, were taken from the ERBE S4a strong latitudinal OSR gradient is not found during spring
high-accuracy monthly scanner data products, distributed byand autumn (Figs. 1b, d). Large OSR fluxes are found over
NASA Langley Research Center Atmospheric Sciences Datareas characterised by large surface albedo. For example, as
Center (ASDC). The ERBE S4 scanner data have been collarge as 350 and 300 W are computed over Antarctica in
lected from scanning radiometers on the three ERBE sateldanuary, and over Greenland and Arctic Ocean areas in July,
lites for combined satellite cases. The ERBE scanner intespectively, i.e. over areas with surface albedo values larger
strument package contains three instruments used to me#han 80%. Also, large OSR values are found over regions
sure SW (0.2-xm), LW (5-50um) and total (0.2—20Qm) having large cloud amounts; thus, OSR values as high as
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(b)

(d)

Fig. 1. Long-term (1984—1997) average global distribution of outgoing shortwave radiation (indvat the top-of-atmosphere for the
mid-seasonal months ¢&) January(b) April, (c) July, and(d) October.

(b)

@ (d)

Fig. 2. Long-term (1984-1997) average global distribution of planetary albedo (in %) at the top-of-atmosphere for the mid-seasonal months
of (a) January(b) April, (c) July, and(d) October.
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(b)

) ' (d)

Fig. 3. Absolute differences (in Wm2) between the 5-year (1985-1989) average model-computed and Earth Radiation Budget Experiment
(ERBE) all-sky outgoing shortwave radiative fluxes at the top-of-atmosphere for the mid-seasonal m¢attamiary(b) April, (c) July,
and(d) October.

220 WnT1 2 are found over the storm track zone of the South- crease ofR,, over mid-to-high oceanic areas, e.g. the South-
ern Hemisphere, around 68, in January, whereas values ern Hemisphere windy zone, due to Fresnel reflection. Sec-
between 130-200 Wt are computed in October. A cor- ondary maxima of planetary albedo values occur over cloudy
responding feature, with OSR equal to up to 200 V¥rn tropical and sub-tropical areas and over highly reflecting sur-
April and July, appears over northern Pacific oceanic areagaces such as the Sahara. The lowRgtvalues are found

with large cloud amounts. Note also the relatively large over tropical and sub-tropical oceanic areas (with surface
OSR values over south-eastern Asia in July, where a larga@lbedo lower than 10%), especially those with small cloudi-
cloud cover exists, associated with monsoons. Relativelyness. When clouds are present above such oceanic areas,
large OSR fluxes also appear along the inter-tropical con-e.g. marine stratus clouds off the coasts of western United
vergence zone (ITCZ). Apart from lowest OSR values in the States, South Africa and South America, thepincreases
winter hemisphere, low values are found over regions withup to 40%. The systematically large valuesiyf over mid-

low surface albedo, which are at the same time characterisetb-high latitude and especially polar regions, indicates the
by warm subsidence associated with anticyclonic conditionsjmportance of these regions in terms of their sensitivity to
such as oceanic areas in low latitudes of the summer hemipossible climatic changes (IPCC, 2001).

sphere. When high-pressure systems are established over

regions of larger surface albedo during summer (e.g. north The mean monthly 2:5by 2.5 OSR model results were
Africa) larger OSR values (up t:150 WirT2) are found. validated against corresponding ERBE-S4 quality scanner

More generally, OSR fluxes show minima over subsidencedata’ available for the 5-year period from 1985 to 1989,

. : as explained in Sect. 3.7. The absolute differences (in
regions with small cloud amounts, and over polar areas of th

winter hemisphere, against maxima over cloudy areas an m™%) between the averaged model results over the 5-
P » a9 . y year period, and the corresponding ERBE data, at the pixel
polar areas of the summer hemisphere.

level, are found to be mostly withit:10 W2, and even
The planetary albedd ), given in Figs. 2a-d, shows in- +5Wm2 over extended regions (Fig. 3), i.e. within or
teresting geographic structure. It is highest over polar anctlose to the uncertainty of the ERBE scanner data. How-
high-altitude areas, which are characterised by large solaever, there are some areas where model-ERBE differences
zenith angle and surface albedo values, throughout the yeareach 30-40 Wm?. Specifically, the model underestimates
There, R, values are as high as 75%. Note the gradual de-OSR with respect to ERBE, by up to 40 Whhin October
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500 - crease ofty andt! by 10%, increased OSR by up to 8 and
™ 4504 3Wm2, respectively. Thus, overall, cloud parameters were
found to be able to account for up to about 20-30W¥m
of the total model OSR underestimation. Also, an increase
in R, by 10%, increased OSR by up to 30 Wt In con-
trast, the sensitivity of OSR to the rest of the parameters, was
shown to be very smal{3 Wm~2). The role ofA. data for
the model OSR underestimation is further supported by the
fact that the agreement with ERBE seems to improve signif-
icantly during local autumn and winter, i.e. when ISCCP-D2
cloud products are assumed to be better. On the other hand,

%

400
350
300

250 4

200 4

150 4 Bias=3.66 W m”

100 4 RMS=1154 Wm”

Model Outgoing SW Radiation (W m

50 4 Ezgfffn initially, the model was found to overestimate OSR by up to
o= = about 40 Wnm2 over mountainous areas, such as Himalayas,
0 50 100 150 200 250 300 350 400 450 500 Tibetan plateau, Mongolia, plateau of Antarctica, Andes, as
ERBE Outgoing SW Radiation (W m™) well as Rocky mountains. Nevertheless, the model results

shown here are significantly improved in terms of agreement
Fig. 4. Scatter plot comparison between model-computed and Eartfyvith ERBE, by applying the surface albedo correction, i.e.
Radiation Budget Experiment (ERBE) pixel data of monthly aver- R, reduction, discussed in Sect. 2. A model OSR overes-
age outgoing shortwave radiation at the top-of-atmosphere, over théimation by up to 20 Wm? exists off the western coast of
5-year (1985-1989) period. northern America in July, and off the western coast of south-
ern America and south Africa in July, i.e. over areas with
significant cloudiness.
and January, along the coastal Antarctic region, as well as Figure 4 shows the scatter plot comparison between
over the windy zone of Southern Hemisphere, especially itsmodel-computed and ERBE-S4 scanner data at the pixel
western part. It also underestimates OSR over Greenlantkvel and monthly mean term, for the 5-year period from Jan-
in July, by up to 40Wm?, and over the Arctic Ocean in uary 1985 through December 1989. The total 511 172 pixel
April and July, by 10-30 Wm?. The most probable sources data comparison between model and ERBE OSR fluxes, re-
for the above discrepancies between model and ERBE, argeals an encouraging agreement. The scatter plot shows
the ISCCP-D2 cloud coveH, data used by the model and a bias (i.e. the difference between the averaged model and
surface albedoR,. The surface albedo below 1km eleva- ERBE OSR values over the total 511 172 pixel level matched
tion is reduced by conditions such as blue ice in the ablatiordata pairs) equal to 3.7 W, indicating an overall model
zone or snow with larger grain size, which change consid-overestimation of OSR fluxes, with a small scatter (rms dif-
erably on the slope near the coast (Watanabe, 1978). Beference equal to 11.54 W) and a high correlation coeffi-
sides, there are generally many difficulties to detect cloudssient, equal to 97.8%.
from both satellites (Rossow and Schiffer, 1999) and surface
(Schweiger et al, 1999), especially over highly reflecting sur-4.2  Time series
faces, such as snow- or ice-covered polar regions. Compar-
isons made between ISCCP-D2 cloud cover and other corFigures 5a—b show the time series of the mean monthly hemi-
responding satellite-based (e.g. Meteor-1,1I; Nimbus-7) Re-spheric and global average components of TOA SW radiation
analysis (ERA-15, ECMWF) and ground-based (Hahn et al. budget for the entire 168-month period 1984-1997. The in-
1995) data, indicate that although the ISCCP-B2data  coming SW radiation (ISR) at TOA shows a strong seasonal
were greatly improved with respect to the previous ISCCP-cycle for the hemispheric averages. Southern Hemisphere,
C2 cloud products, they still seem to underestimatédy up SH, has a significantly larger amplitude (about 300 V#in
to 20% over the Arctic from spring through the summer, e.g.than Northern Hemisphere, NH (about 250 Win related
April and July, Fig. 3, as well as over Antarctica by up to 40% to the fact that the Earth-Sun distance is minimum dur-
during autumn and winter, e.g. October and January, Fig. 3ing December-January (SH summer) and becomes maxi-
(see Hatzianastassiou et al., 2001). Indeed, based on an asum during June-July, i.e. at perihelion and aphelion, re-
sessment of the sensitivity of model OSR fluxes to variousspectively, because of the eccentricity of the Earth’s orbit.
key physical parameters (.., 73, ¢, Ry, Wh20, Wo3), Therefore, the summer-maximum of incoming SW radia-
which is given in Sect. 4.7, the cloud parametess:, ¢, tion for SH reaches about 480 Wrhagainst 460 Wm? for
¢, and surface albedo, were found to modify greatly OSRNH. The hemispheric ISR averages balance each other so
fluxes over the areas of model — ERBE discrepancies. Arto produce a monthly mean global average incoming SW
increase in totall. by 30% (equally distributed to low, mid- flux that shows a small seasonal variabilitg20 Wnm2)
dle, and high clouds), modified OSR over the oceanic areasvith maxima in January and minima in July. The inter-
of model underestimation, by up to 15W#) while an in-  annual tendency is found to be very small (0.1 Wiover
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14 years) indicating a very slight decrease. An increasing
trend of total solar irradiance between 1986 and 1996 was
derived by Willson (1997), while ®tich and Lean (1998)

did not find any significant trend (for a discussion, see
IPCC, 2001). Note that the linear regression of annual __
mean Sunspot numbers (National Geophysical Data Center’g
NGDC, http://www.ngdc.noaa.gov) involves also a slightly 2
decreasing trend. In any case, if true, our slightly decreasing %
trend in incoming solar radiation at TOA, represents a ra- ~
diative forcing of 0.017 Wm? over the 14-year period from
1984 through 1997.

Time series of OSR (Fig. 5a) show some similar features
with ISR. Thus, OSR has maxima of about 150 Wrin
December for SH, and minima of about 70 W#nin June,
which imply an annual amplitude of about 80 WA The
corresponding minimum and maximum OSR values for NH
are equal to about 130 and 70 W# respectively, around
June and December, with an annual amplitude of about
60 W2, i.e. smaller by 20 Wm? than for SH. As a result
of the balance between the two hemispheres, the compute(
monthly mean global average OSR exhibits a time evolu-
tion with primary and secondary maxima and minima. Thus,
global OSR has primary maxima of about 115 Whin De-
cember, and secondary maxima of about 100—-105A/im
June, whereas it has primary and secondary minima equal tc
about 95 and 100 Wr? in September and March, respec-
tively, i.e. during the transitional seasons. The annual range
of OSR values is roughly equal to 20 Wh The applied lin-
ear regression to global OSR 14-year time series, shows a de
creasing OSR trend equal to 2.3 W#over the time period
1984-1997. This long-term decrease cannot be attributed tc

anetary albedo
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the incoming solar radiation at TOA, since the later has avery 1o 'y " 1o 100 1 1o 1o 1o o o™ 1o s

small trend of 0.1 Wm?2, so it must be due to internal phys-  (b)
ical parameters of the Earth-atmosphere system, as we will
see later on. The decrease of OSR by 2.3Wraver the  Fig. 5. Time series of monthly average top-of-atmosphete)

14-year period 1984-1997, is very important and needs tcutgoing shortwave radiation (in Wn?) and(b) planetary albedo

be further examined in detail. The decreasing trend in globa
OSR can be also seen in Fig. 5b, where the mean global plar{
etary albedopR,, is found to have decreased by 0.6% from
January 1984 through December 1997. The mean gl®pal
varies between about 0.285 and 0.33.

Our analysis shows that the decrease in the mean global
values of OSR, anR,, arises primarily in the Northern
Hemisphere, especially in the tropical and sub-tropical re-

the
sho

gions (see Sect. 4.3). More specifically, the linear regres-<ls,
tropical energy budget, due to the fact that they lack either

sion analysis in time series of monthly mearf dnally

(in %), for the 14-year (1984-1997) period for the Globe (solid
ines), Northern Hemisphere (dashed lines), and Southern Hemi-
sphere (dotted lines). The linear regression for the time series of

Globe is also shown. The corresponding time series of outgoing
rtwave radiation (in wme) from 5-year (1985-1989) ERBE-

S4 scanner data (blue line) is also given in Fig. 5a.

which fail to predict this large observed variation in

averaged OSR fluxes, indicates a negative slope (decreasirgpme internal physical process or some additional external
OSR) in latitude zones between°2® and 40N, which is  forcing that is responsible for changes in TOA fluxes (Al-
even stronger between 28 and 20N. Such a decreasing lan and Slingo, 2002). Wielicki et al. (2002) suggested that
OSR trend between 2@ and 20N over the study period, the changes in tropical radiation budget at TOA are caused
was also reported recently by Wielicki et al. (2002), from by changes in tropical cloudiness. We have performed a de-
satellite observations (Nimbus-7, ERBS, ScaRab, CERES)}tailed analysis to investigate the causes of the detected OSR
Our deterministic model is able to reproduce here the de-decreasing trend. We computed the correlation coefficients
creasing OSR trend, as suggested by satellites, over the 14&etween long-term tendencies of OSR and various physical
year period (1984-1997), in contrast to several climate modparameters that determine OSR, on a monthly mean global
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Fig. 6. Time-series of global and hemispherical averages of top (a)
of atmosphere outgoing shortwave radiation flux anomalies (in
Wm~2) over the period 1984-1997 for the Globe (solid lines),
Northern Hemisphere (dashed lines), and Southern Hemisphere
(dotted lines). The 4th-order polynomial fit of the global data is «_
also shown.
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and hemispherical average basis. In our model, these param §
eters are: cloud (low, middle and high-level) cover, cloud <
z

=

=

78]
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=

absorption and scattering optical depths, surface albedo, to:
tal precipitable water, total column ozone concentration and
incoming SW radiation at TOA. The results of our analysis
have shown that cloud cover, especially the low-level one, <
and secondarily cloud optical depth, have coefficients be-
tween 0.3 and 0.5, against much smaller coefficients for the i e e e L A A
rest of_parameters. Thisis veryimpprt_ant in terms of the role \ch*- \qcbb \q%\ \ch’o \qc@ \qu \o)o,\ \qq’v \0)0?> \qu‘ \qq‘> @% \qg’\
of tropical low clouds for the SW radiation budget (Hartmann &F & F FFFFFFF
etal., 2001), but also for their radiative effects in the iris feed-
back (Fu et al., 2002). Thereafter, we have performed a more
detailed analysis on 20atitude-zonal basis, which shows Fig. 7. Time series of monthly average top-of-atmosphéagput-
that correlation coefficients of 0.4-0.55 between OSR andyoing shortwave radiation (in Wnf) and(b) outgoing shortwave
low-level cloudiness, exist only in zones betweefi 8Gand radiation flux anomalies (in WiP), over the period (1985-1997)
40° N, while they gradually drop down to 0.1-0.3 towards for the region (30 S-30 N) from the model (solid lines) and the
the poles. A more detailed study is in preparation, dealingERBE S-10N (WFOV NF Edition 2) non-scanner measurements
with exclusively the analysis of OSR inter-annual trends and(do_tted lines). The cor_respondlng linear regression for both time
their causes. series, are also shown in (a).

Anomalies in mean global and hemispherical OSR fluxes
have been determined from the 14-year model results, and
are shown in Fig. 6. The global mean OSR anomaly showghe zones 20S-20 N, where it reaches values of 10 W
great variations reaching values of 4 Wfabove or below  Other interesting features can be also seen in Fig. 6, such
the 14-year mean value. During the 1991-1992 period, as positive and negative OSR anomalies during BEloNind
large increase in the reflected OSR flux is found, which canLa Nifia events, respectively. In Fig. 6 is also given the 4th-
be attributed to Mount-Pinatubo eruption in 1991. The in- order polynomial fit to 14-year time series of global aver-
duced rapid increase in OSR is followed by a recovery pe-ages of OSR anomalies, which shows significant negative
riod. Note that the large positive OSR anomaly around 1991-OSR anomalies (decreasing OSR), starting from year 1992,
1992, which is seen in Fig. 6 for the globe, can be morein agreement with Wielicki et al. (2002), who suggested a
clearly seen in the YQzonally-averaged OSR anomalies, for significant increase in tropical mean outgoing LW radiation

—
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at TOA (see also Hatzidimitriou et al., 2004), and an associ- 4~
ated decrease in OSR, since 1992, based on satellite dat: £ 4
Our work indicates that the globally-averaged decreasing < ]
tendency in OSR (Fig. 6) is attributed to the tropical and sub- S 130 4
tropical regions, as well as to the mid latitudes, but to a lesser 2 | ERBE
extent; an opposite increasing trend is found over sub-polar
and polar areas (6690° N and S). The inter-annual decreas-
ing trend in OSR is caused by cloudiness, as also suggeste:
by Wielicki et al. (2002). According to the analysis of our
model-computed SW radiation budget at TOA, there is an
increase in the SW radiative heating over low and middle lat-
itudes, and a decrease over high-latitude polar areas. If true
this might be very important for atmospheric dynamics, gen-
eral circulation of the atmosphere and climate. , . , , . , , —
Of course, one can ask to what extent can one trust the© ~ -100 -80 -60 -40-20 0 20 40 60 80 100
variations found in the time series of global and hemispheri- Latifude
cal mean reflected solar radiation, since they are solely based (@)
on time series of model results computed using ISCCP data.
The ISCCP data, however, are based on calibrated narrow. 0.7
band measurements from meteorological satellites whose or:
bits and calibrations vary during the period of interest (e.qg. 0,6
Klein and Hartmann, 1993). Although some of the most se- ]
rious calibration changes have been adjusted for in the lasig 5|
ISCCP-D series data (Rossow and Schiffer, 1999), the ques-ﬁ ’
tion remains with regard to the reliability of the ISCCP long- 2
term trends. On the other hand, itis interesting that the model 2
computed OSR fluxes are in remarkable agreement with 2
direct radiation satellite measurements from ERBE. Apart
from the validation of the model OSR against quality ERBE-
S4 scanner data (which however cover only the 5-year pe- 0.2 4
riod 1985-1989), our model OSR has been further validated ————————T——T 11—
against long-term ERBE S-10N (WFOV NF Edition 2) non- <00 30 40 40 20 @ 20 40 &0 W 10
scanner data covering the period from January 1985 to De- Latitude
cember 1997, and the comparison is given in Fig. 7. Our (b)
model OSR fluxes are found to be in very good agreement o o
with those of ERBE S-10N, either in terms of OSR fluxes or Fig. 8. Latitudinal variation of model computed mean annualy

. . ) outgoing shortwave radiation (in W) at the top-of-atmosphere,
tf%elr ancc)jmalles.. Both me(fjeI and ER?]E S ﬁON OSR ﬂuxlesand(b) planetary albedo (in %), for the period January 1984 through
show a decreasing trend from 1985 t rOUQ_ 1997, _equa tcbecember 1997. In Fig. 8a, the corresponding outgoing shortwave
about 2 and 2.5Wn? per decade, respectively, while the ;giation (in WnT2) at the top-of-atmosphere from 5-year (1985—

computed anomalies in both model and ERBE S-10N OSR1989) ERBE-S4 scanner data (dotted line) is also shown.

fluxes are very similar. Nevertheless, note that the results of

Fig. 7 refer to the tropical and sub-tropical regions®(Se

30° N) only, and not to the whole globe (as in Figs. 5 and 6).

This was done for two reasons. First, ERBE S-10N does nofraction of surface area contained in eactf Zéne. Subse-

provide data poleward of BN and S, while there are miss- quently, annual mean quantities were computed by summing

ing data between 30and 60 N and S. Secondly, the global the corresponding monthly means for eacht Hiitudinal

decreasing trend in OSR was found to be largely attributedzone over the 12 months of the year. The latitudinal varia-

to the tropical and sub-tropical regions. tion of mean annual TOA OSR flux, and planetary albedo,
R,, are given in Figs. 8a, b. The yearly averaged incom-

4.3 Mean annual, hemispherical, and global TOA SW radi-ing SW radiation has maximum values of about 425 V¥m

ation budget components along the equator, and drops rapidly to about 175/io-

wards the poles, due to the latitudinal variation of solar zenith

Mean monthly 10 latitude zonal fluxes and planetary albedo angle. However, note that the equator-to-pole decrease of

were computed by averaging first along 2&idth longi- ISR is associated with a corresponding increase of ISR sea-

tudinal circles, then along with latitude, by considering the sonal variability (not shown here). The reflected OSR flux

120
110 4

100

utgoing Shortwave Radiation ai

0,4
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Table 2. Model computed mean annual hemispherical (NH is .~ 2:0';6 'I\E";geE'
Northern Hemisphere, SH is Southern Hemisphere) and global av- & i __ _Noorthodel
erage: incoming shortwave radiatiow (), outgoing shortwave 160 4 North ERBE
radiation ;) and net incoming shortwave radiatiofi,,¢, ) at 150 ~ - - - - South Model
-+ - South ERBE

the top-of-atmosphere, and planetary albeflg)( for the 14-year
(1984-1997) period. The radiative fluxes are expressed imym
while the planetary albedo in %.

140",

130
120

110 ] " 4

4 ' 74

Fy,  Fp  Fur, Ry 100] ==

1 7

NH 3417 100.6 2411 29.45 0 N
SH 341.3 101.7 239.6 29.80 L
Globe 3415 101.2 240.3 29.62 704, 7

60
50

Outgoing Shortwave Radiation at TOA (W

(Fig. 8a) is maximum at the South poke111 Wn1?), while

it has secondary maxima of about 108 Wénnear 50 N Month

and S, and another maximum of about 105 Wnmear the @

equator. Overall, it varies with latitude between about 85

and 110 WnT2. The latitudinal variation of OSR depends 0.32

on scattering and absorption processes and on atmospheri Globe

conditions such as the variation in amounts and types of %311 T ponh Hemispere
----- outh Hemisphere

clouds with latitude. In the tropics, about 25% of the incom-
ing mean annual solar radiation is scattered back to space
(R,~0.25, Fig. 8b). The planetary albedo increases from the <
equator to the poles, with a small minimum betweeh dad
20° N and S, reaching values of 65% and 50% at the south &
and north poles, respectively. The general equator-to-polef
increase ik, is caused by increasing surface albedo values,
associated with larger land-to-sea fractions and snow and ice:
covered areas, increasing solar zenith angle, and high clouc

Ibedo

ary

amounts. The seconda®, minimum near the equator is R S S S A S A SRR AR
due to large cloud amounts along the ITCZ. "
Hemispherical and global mean values were computed as ) Mont

explained in Hatzianastassiou and Vardavas (1999) and are

given in Figs. 9a, b. The mean hemispherical ISR fluxes havgsjg g seasonal variation of hemispherical and global averages
opposite seasonality, with values ranging between about 208t model computed(a) outgoing shortwave radiation (in W)

and 475 W2, resulting in a mean global ISR ranging from  at the top-of-atmosphere, aitid) planetary albedo (in %), for the
330 to 352 Wm? throughout the year. The seasonal rangeperiod January 1984 through December 1997. The corresponding
of southern ISR is slightly larger than the northern one. It isoutgoing shortwave radiation (in W) at the top-of-atmosphere
the same with the mean hemispherical OSR (Fig. 9a), whickrom 5-year (1985-1989) ERBE-S4 scanner data, are also plotted
ranges from about 60 to roughly 140 W#nfor the Northern  in Fig. 9a.

Hemisphere, and between 55 and 155 Wnin Southern.

The mean global OSR has a very small seasonal variability of

about 15 W2, i.e. between 95 and 110 W, with a min- The mean annual hemispherical and global average values
imum in late summer — early autumn, in excellent agreemenbver the 14-year period from 1984 to 1997, for the incom-
with satellite measurements (Duvel et al., 2001). The mearing, outgoing, net incoming (i.e. absorbed) SW radiation at
hemispherical planetary albedo does not show great seasoi-OA, and planetary albedo, are given in Table 2, while in
ality; it varies between 27.5% (minimum value in October) Table 3, our computed OSR art}, values are also com-
and 29.9% (maximum value in June) for Northern Hemi- pared against ERBE data and other published values. On
sphere, and between 26.6% (minimum in June) and 31.3% 14-year basis (1984-1997), the Earth is found to reflect
(maximum in December) for Southern Hemisphere. Theback-to-space 101.2 W from the global mean received
global mean planetary albedo ranges from 28% in Septembe841.5 Wn1?2, resulting in a long-term planetary albedo equal
to 30.5% in December, showing a seasonal variability equato 29.6%. The inter-hemispherical differences are equal to
to about 2.5%. 0.34Wn12 for ISR, 1.1 Wnt? for OSR, 1.43 Wm? for the
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Table 3. Model mean annual hemispherical and global averages of outgoing shortwave radiation at the top-of-atmBgpleere §lanetary
albedo ®), as computed in this study, compared with values from others. NH is Northern Hemisphere, SH is Southern Hemisphere. The
radiative fluxes are expressed in W# while the planetary albedo in %.

Study Fy R
NH SH Globe NH SH Globe

Present Study (1984-1997) 100.6 101.7 101.2 29.45 29.80 29.62
Present Study (1985-1989) 101.3 1024 101.8 29.65 29.99 29.82
ERBE (1985-1989) 101.0 100.8 100.9 30.10 29.10 29.6
Hatzianastassiou and Vardavas (2001) 103.0 29.6
Hatzianastassiou and Vardavas (1999) 100.8 29.6

NCEP Reanalysis (1982-1994) 115.7 33.87
ECMWEF Reanalysis (1985-1993) 103.7 30.36
NASA Reanalysis (1981-1992) 94.7 27.72
Yang et al. (1999) 115.3

Wild et al. (1998—-ECHAM4) 105.0 30.7
Wild et al. (1998-ECHAM3) 107.0 31.29

Li et al. (1997) 94.8-111.5 27.6-32.6
Chen and Roeckner (1996) 106.4 31.0
Rossow and Zhang (1995) 111.5 32.6
Vardavas and Koutoulaki (1995) 30.6

Kiehl et al. (1994) 96.6 28
Hartmann (1993) 29.20

Liou (1992) 30.0

Ardanuy et al. (1991) 111.0

Rossow and Lacis (1990) 33.0

Smith and Smith (1987) 29.0

Stephens et al. (1981) 30.0 29.7 29.85
Peng et al. (1982) 31.0

Ohring and Addler (1978) 31.3

Hoyt (1976) 32.1

Sasamori et al. (1972) 34.7

Bridgman (1969) 40.0

London (1957) 35.2

net incoming SW radiation at TOA, and 0.35% By, im- 4.4 Sensitivity of TOA SW radiation budget
plying slightly larger northern than southern hemispherical

values for the netincoming SW radiation at TOA. In Table 3 A series of sensitivity tests were performed with our model,

are also given the averages of model computed OSRRgnd to quantify the role of various physical key parameters that

values over the'5-year 1.985_1989 covered by ERBE. C)urdetermine the OSR fluxes at TOA. In each test, the rele-
model computations are in very good agreement with 5-yea(/ant arameter. V. was modified by a certain amou
ERBE scanner measurements, performing better than GCMs b © y '

and reanalysis products, with a model OSR overestimation o -€. by 10% in most cases, in relative percentage terms, and
0.3 and 1.6 Wm? for the North and South Hemispheres, re- he modification AOSR, of outgoing SW radiation at TOA

: ith respect to the defined reference case, was computed and
spectively. The 5-year model computed mean annual globa\fvI P ' W by

. subsequently expressed either in absolute terms (i ¥ym
OSR is found to be larger than the ERBE by 0.93 Winfor : :
by 0.92%), i.e. within the uncertainties of ERBE. Note that or in refative percentage values. The year 1988 was chosen

the 14-year (1984-1997) average value of OSR is found toto represent the reference case. The tests were performed

S at the monthly and pixel level, but results are also given in
be significantly, by 0.6 Wm2, smaller than the correspond-
ing 5-year (1985-1989) value, because of the inter-annu Eerms of globally and annually averaga®SR absolute and

. . . %ercentage values. The results of our model sensitivities are
decreasing trend, discussed in Sect. 4.2. valuable for assessing possible sources for the discrepancies
obtained between model-computed and ERBE OSR fluxes.
The results of our model sensitivity tests indicate that, on a
mean annual and global basis, OSR is found to be primarily
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. . o to solar variability. The sensitivity of OSR to total precip-
Table 4. Global and annual mean differencesfy in Wm™=)in 4110 \vater is found to be rather small, Sin&&i0 equal
model computed outgoing SW radiation at the top-of-atmosphereto 10% modified the mean annual alobal OSR by only 0.2%:
(FT)' induced by variation 4V in relative percentage value, %) R . 9 Yy y U.27%0,
of the variable V ., cloud cover;R,, surface albedo; ISR, in- thiS justifies the use of either the NCEP/NCAR or ERA-15
coming SW radiation at TOAt$, cloud scattering optical depth; ECMWF Wiyz0 products, without significant impact upon
4, cloud absorption optical deptlg;, cloud asymmetry parame- our computed model components of SW radiation budget
ter; W20, total precipitable wateVos, total ozone column abun-  at TOA. Note that as far as it concerns the sensitivities that
dance; AOT, aerosol scattering optical depth,,, aerosol single  are relevant to cloud parameters, the changes of global mean
scattering albedog,.,, aerosol asymmetry parameter). In paren- OSR, are ascribed mostly to South Hemisphere, while for
thesis, is given the range of variation £y in Wm~2) of Fy fluxes  the sensitivities concerned with changes in surface albedo,
at pixel (2.5 latitude-longitude) level, for each sensitivity test. Year e OSR changes are mostly ascribed to North Hemisphere.
1988 is the reference case. Much largerAOSR values, as high as 84 W) are com-
puted on a local scale in our sensitivity tests, as can be seen

Reference 104.78 in Table 4.

\% AV AFy

:{A%Vééf A, 18 fo(f;: _13_'3)) 5 Summary and conclusions

High-A¢ 10 1.6 (4.1-12.3) o )
Low-t3$ 10 1.3(-4.0-5.3) We have used a radiative transfer model and long-term cli-
Middle-rf 10 0.9 (4.0-3.8) matological data for various key physical surface and at-
High-t} 10 1.2 (4.0-5.5) mospheric parameters, taken from large data bases such
Low-t4 10 —0.4 (4.6 -0.5) as ISCCP-D2, TOVS, GADS, NCEP/NCAR and ECMWF
Middle-z? 10  -0.3(-4.9--0.2) Global Reanalysis projects, to compute the SW radiation

High-z¢ 10  -0.2(-4.0--0.1) budget at TOA for the 14-year period from 1984 to 1997.
8e 5 -88(-260--02) The model computations were performed on a mean monthly
W20 10 —0.2(-3.1-0) 2.5° by 2.5 longitude-latitude pixel resolution, and the re-
203 18 3_3022(_25—'08;. ?1)) sults were validated against quality ERBE-S4 scanner data
ngR 1 10 &0_1_4'_0) from 1985 to 1989. In general, the model is able to predict
AOT 10 0.1(4.3-0.3) the seasonal and geographical variation of SW fluxes at TOA
Oger 10 0.2(-2.8-6.6) and planetary albedd®?,. The differences between model
Qaer 10 —0.2 (-4.8--0.2) and ERBE outgoing SW radiation (OSR) at TOA, are mostly

within 10 W2, and within+£5 Wm~2 over extended re-
gions, i.e. within the uncertainty of ERBE scanner data. Nev-
ertheless, our model underestimates OSR by larger amounts
(i.e. up to 40 Wn2) along the Antarctica’s coastal area and
sensitive to cloud parameters, i.e. cloud cover, cloud opticalGreenland, as well as over the Arctic, from spring through
depth (especially the scattering one), cloud asymmetry pasummer. Uncertainties in cloud properties are assessed to be
rameter, as well as to surface albedo. Modifyiygby 10%,  the most likely source for this model OSR underestimation.
separately for low, middle, or high-level clouds, resulted in Initially, the model overestimated OSR over some mountain-
modified OSR by up to about 2%; the OSR fluxes are foundous areas, such as Tibetan plateau, Andes or Antarctica’s
to be most sensitive to low-level cloud amount. Modification plateau, especially during winter, due to reasons related to
of ¢} by 10%, for low, mid or high clouds, changed OSR by sub-grid orography. In this matter, a significant improve-
up to 1.3%, while modifying surface albedf,, by 10%, ment was obtained by applying a correction (reduction) to
changed the OSR flux at TOA by about 3%, on a mean andand-surface albedo over high-altitude mountain areas. The
nual and global basis. It is noteworthy that OSR is foundscatter plot between the model computed and ERBE OSR
to be very sensitive to cloud asymmetry parametersince  fluxes, shows a bias of 3.7 W, with a relatively small

an increase of. by 5%, was found to decrease OSR fluxes scatter (rms difference equal to 11.5W#), indicating a

at TOA by up to about 9%. This highlights the importance model overestimation of OSR. On a mean annual and global
of using appropriatg,. values in modelling the SW radiation basis, and over the 5-year period from 1985 through 1989,
budget at TOA, and justifies the special care that was taken iour model agrees well with ERBE, overestimating OSR by
this study, to choose best possilglevalues, as discussed in 0.93 WnT2 (or 0.92%).

Sect. 3.3. Besides, it is interesting that changes in incoming The 14-year (1984-1997) model results, indicate that
solar radiation at TOA by 1%, can lead to a modification of Earth reflects back to space 101.2 Whout of the received
planetary SW reflection to space equal to about 1/for 341.5WnT1?, involving a long-term planetary albedo equal
~1%), which is important in terms of climatic changes due to 29.6%. Slightly larger OSR an&l, values are computed
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