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Abstract. The monthly mean shortwave (SW) radiation 2.2 Wnt 2 per decade), indicating an increasing surface so-
budget at the Earth’s surface (SRB) was computed on 2.5kar radiative heating. This surface SW radiative heating is
degree longitude-latitude resolution for the 17-year periodprimarily attributed to clouds, especially low-level, and sec-
from 1984 to 2000, using a radiative transfer model ac-ondarily to other parameters such as total precipitable water.
counting for the key physical parameters that determine thél'he surface solar heating occurs mainly in the period starting
surface SRB, and long-term climatological data from thefrom the early 1990s, in contrast to decreasing trend in DSR
International Satellite Cloud Climatology Project (ISCCP- through the late 1980s. The computed global mean DSR and
D2). The model input data were supplemented by datanet DSR flux anomalies were found to range withiB and
from the National Centers for Environmental Prediction — +6 Wm~2, respectively, with signals from El Ro and La
National Center for Atmospheric Research (NCEP-NCAR) Nifia events, and the Pinatubo eruption, whereas significant
and European Center for Medium Range Weather Forecastsositive anomalies have occurred in the period 1992—-2000.
(ECMWEF) Global Reanalysis projects, and other global data
bases such as TIROS Operational Vertical Sounder (TOVS)

and Global Aerosol Data Set (GADS). The model surface ra-

diative fluxes were validated against surface measurements Introduction

from 22 stations of the Baseline Surface Radiation Network

(BSRN) covering the years 1992—2000, and from 700 staKnowledge and monitoring of the Earth’s radiation bud-
tions of the Global Energy Balance Archive (GEBA), cov- get (ERB) is essential for improving our understanding of
ering the period 1984-2000. The model is in good agreethe Earth’s climate and potential climatic changes (IPCC,
ment with BSRN and GEBA, with a negative bias of 14 and 2001), since the radiative energy exchanges at the top of
6.5Wn1 2, respectively. The model is able to reproduce in- the atmosphere (TOA) and at the Earth's surface regulate
teresting features of the seasonal and geographical variatiote redistribution of energy and determine the energy bal-
of the surface SW fluxes at global scale. Based on the 17ance of the Earth-atmosphere system. Rather than exam-
year average model results, the global mean SW downwaréning ERB as a whole, it is very important to quantify its
surface radiation (DSR) is equal to 171.6 Wiwhereasthe ~components, namely the Earth’s radiation budget at TOA
net downward (or absorbed) surface SW radiation is equa(TOARB), within the atmosphere, and at the surface (SRB).
to 149.4Wn12, values that correspond to 50.2 and 43.7% Satellite observations, such as those from Nimbus-7 and the
of the incoming SW radiation at the top of the Earth’s at- Earth Radiation Budget Experiment (ERBE) have greatly im-
mosphere. These values involve a long-term surface albedproved our knowledge of TOARB. Nevertheless, at present
equal to 12.9%. Significant increasing trends in DSR andtime, knowledge of SRB is far less advanced than the one for
net DSR fluxes were found, equa| to 4.1 and 3_7V@me- TOARB. The SRB, however, isa major component of the en-
spectively, over the 1984-2000 period (equivalent to 2.4 ancergy exchanges between the atmosphere and the land/ocean
surface, and hence affects temperature fields, atmospheric
Correspondence td\. Hatzianastassiou and oceanic circulation, and the hydrological cycle. Be-
(nhatzian@cc.uoi.gr) sides, SRB data constitute a valuable resource for initialising
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and testing climate and general circulation models (GCMs)time. Although the more recent energy budget studies, in-
The estimation of SRB represents one of the most signifi-cluding those from GCMs, but also results from reanaly-
cant objectives of the World Climate Research Programmesis projects (such as the National Centers for Environmen-
(WCRP) as demonstrated by its Global Energy and Watettal Prediction/National Center for Atmospheric Research,
Cycle Experiment (GEWEX), and in particular the GEWEX NCEP/NCAR, or the European Center for Medium Range
SRB project (Stackhouse et al., 1999; Gupta et al., 1999). Weather Forecast, ECMWF), show good agreement with ob-
The global distribution of SRB cannot be derived from sur- servations at TOA, there is a considerable variation for SW
face observations because of the sparsity and nonhomogen8RB (called henceforth simply SRB) within about 20 Wm
ity of stations (Li and Leighton, 1993; Li et al., 1997), espe- (Kiehl and Trenberth, 1997). Moreover, estimated surface
cially over oceans. Thus, global atlases from surface-base®W flux values tend to be systematically higher than ground-
observations (Esbensen and Kushnir, 1981) suffer from thidbased station observations by significant amounts (Garratt,
shortcoming. Therefore, the modelling approach remainsl994; Wild et al., 1995, 1998a, b; Li et al., 1997; Kiehl and
as the only alternative, provided that the model results carTrenberth, 1997; Garratt et al., 1998; Wild, 2005). For exam-
be trusted through validation against quality measurementsple, the global and annual mean SW flux absorbed at the sur-
One way to solve the problem is to establish correlationsface is generally larger than 170 W with the exception
between TOA and surface radiative fluxes in order to de-of the European Center/Hamburg (ECHAM) model, while
rive surface fluxes directly using the satellite measurementshe only direct radiative surface flux measurements from
of TOA fluxes (for example, Ramanathan, 1986; Schmetzthe Global Energy Balance Archive (GEBA, Ohmura and
1989; Weare, 1989; Cess et al., 1991; Darnell et al., 1992Gilgen, 1993), which constitutes the “best” estimate of the
Pinker and Laszlo, 1992; Li and Leighton, 1993). How- globally averaged net SW flux, indicates values that are lower
ever, there is uncertainty regarding the reliability of the cor- by about 20-25Wm?. Only recently, Zhang et al. (2004)
relations used to produce surface SW fluxes (Gupta et al.using ISCCP-D1 data, produced 18-year DSR fluxes that are
1999). Another way to solve the problem of estimating SRB lower than 170 Wm?2, in good agreement with both GEBA
is to develop algorithms and models to compute SRB fluxesand BSRN measurements.
on a global scale using observations of atmospheric, cloud, In this study we provide a 17-year (January 1984—
and surface properties, preferably from operational satelliteDecember 2000) climatology of the Earth’s SRB, on a 2.5-
sources to provide global coverage. Recently, the amountlegree longitude-latitude resolution, and on monthly mean
and quality of satellite data have substantially improved, esbasis. A physical deterministic radiative transfer model is
pecially in terms of clouds (whose some properties, such asised to compute the SRB components, i.e. the SW down-
cloud optical depth, represented the most difficult parametersvard surface radiation (DSR) and the net downward (or ab-
to be derived for many years) with the International Satel-sorbed) SW radiation (called henceforth net DSR) at the
lite Cloud Climatology Project (ISCCP, Rossow and Schiffer, Earth’s surface. The model has been improved with re-
1991) that provides the most complete and comprehensivepect to the versions used in previous studies (Hatzianastas-
existing global cloud climatology. In the last two decades, siou and Vardavas, 1999, 2001), as explicitly described in
a large number of studies estimating SRB have been pubSect. 2. Nevertheless, note that in this study flux calcula-
lished (e.g. Raschke etal., 1987; Darnell et al., 1988; Rossowions are performed using ISCCP-D2 monthly mean input
and Lacis, 1990; Kyle at al., 1990; Stephens and Greenwalddata sets. Because of the non-linear relationship between ra-
1991; Darnell et al., 1992; Hartmann, 1993; Li and Leighton, diative fluxes and the input physical parameters of the model,
1993; Kiehl et al., 1995; Rossow and Zhang, 1995; Whit- monthly mean input-based “monthly mean fluxes” are not the
lock et al., 1995; Fowler and Randall, 1996; Del Genio et same as the monthly-mean fluxes averaged from hourly/daily
al., 1996; Chen and Roeckner, 1996; Wild et al., 1998a,fluxes. However, this problem is alleviated by the fact that
b; Yu et al., 1999). Gupta et al. (1999) derived a 8-yearthe ISCCP-D2 cloud properties are based on a radiatively
(July 1983-June 1991) climatology of SRB by using satel-linear average method, so that differences should be small.
lite data from the ISCCP C-series, on a monthly mean ba-Note that there are available 3-hourly and decades-long flux
sis. Hatzianastassiou and Vardavas (1999, 2001) providedatasets, also including DSR, namely GEWEX/SRB (Stack-
also an 8-year climatology of the SW radiation budget of thehouse et al., 2001) and ISCCP-FD (Zhang et al., 2004). Our
northern and southern hemispheres, respectively, but this wasodel is also run using daily mean data at higher spatial
done only on a 10-degree latitude zonal and monthly meamesolution (2x1° latitude-longitude). Extensive compar-
basis. Furthermore, these studies have been performed higons between the model results presented in this paper and
using data from the ISCCP-C2 series. The new ISCCP D-+hose of higher spatial and temporal resolution, have shown
series data include significant improvements, especially invery good agreement, with a correlation coefficient equal to
terms of cloud structure and cloud detection over highly re-98.5%. The daily mean model results cover a shorter period
flecting surfaces (cf. Rossow and Schiffer, 1999) and covel(10-year, 1985-1995) than the 17-year (1984—2000) period
a longer time period, extending up to year 2000. This iscovered by the ISCCP-D2 data.
important, since the Earth’s radiation budget changes with
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Here, the seasonal and geographical variation of SRBcomputations and speed of computation of parameterisa-
components is investigated, with emphasis given to patternson schemes. The monthly mean incoming total solar flux
of averaged values over space and time, specific local andt TOA for each 2.5-degree latitude-longitude grid cell, is
temporal characteristics, and inter-annual variability. Cli- computed theoretically, in the way explained in detail by
matological data for the surface and atmospheric parameHatzianastassiou et al. (2004a). The computed incoming so-
ters which are relevant to the transfer of SW radiation, werelar radiation at TOA for each month and 2.5-degree grid cell
taken from existing complete global data sets. Data formatches well the 5-year scanner S4 data from ERBE (model
clouds, but also for other surface and atmospheric parame- ERBE differences within 2.5 Wn?, with uncertainty of
ters were taken from ISCCP-D2, supplemented by humidityERBE fluxes equal to 6 Wnf). The solar radiative trans-
and temperature data taken from NCEP/NCAR and ECMWHFfer in the Earth-atmosphere system is treated separately in
reanalysis projects. Model input data were also taken fromthe UV-visible and near-IR spectral bands and accounts for
other global data bases, such as the Television Infrared Obabsorption and multiple scattering. The model takes into
servational Satellite (TIROS) Operational Vertical Sounderaccount the physical parameters and processes that affect
(TOVS), whereas aerosol particles were accounted for in thesignificantly the solar radiation transfer: ozones(Owa-
study, by using relevant data from the Global Aerosol Datater vapour (HO), carbon dioxide (Cg), aerosol particles,
Set (GADS), as explained in Sect. 3. The model computa-Rayleigh scattering, surface reflection and non-overlapping
tions are validated at the grid cell level against quality dataclouds (low, middle and high-level). For each grid cell, the
from the Baseline Surface Radiation Network (BSRN) andsky is divided into clear and cloudy fractions, and hence di-
GEBA. A brief description of the model is given in the next rect and diffuse components are considered for solar radia-
section, while Sect. 3 describes the model input data. Thdion. The transfer of solar radiation in the Earth-atmosphere
model results are given in Sect. 4, where patterns of seasonalstem is treated separately for clear- and cloudy-sky atmo-
and temporal distributions of SRB components are discussedpheric conditions, by taking into account the presence of the
on the basis of grid cell-level model results, while mean relevant surface and atmospheric parameters (for details see
hemispherical and global, along with mean annual SRB re-Hatzianastassiou et al., 2004a). The net incoming solar ra-
sults are given and inter-annual variations and trends are exdiation at TOA (planetary absorptiorﬁrfettop, the outgoing

amined. Section 5 provides a sensitivity analysis of SRBg\\ (adiation (OSR) at TOAthp, and the planetary albedo

components to the various key surface and atmospheric Pas  ond planetary absorptivity ,, are computed as in Var-
rameters. The results of the model validation at grid cell Ieveldavas and Koutoulaki (1995)

against BSRN and GEBA stations are given in Sect. 6, before ) )
g d Both clear- and cloudy-sky (corresponding to low, mid-

the summary and conclusions (Sect. 7). dle and high-level clouds) componentscgf are computed

by dividing the incoming solar radiation into UV-visible
and near-IR components, based on estimated transmissivi-
ties, absorptivities, and reflectivities of the different atmo-

The SW radiative transfer model used is described in detail irsPheric and cloud layers ahd the Earth's surface (see Var-
the work by Hatzianastassiou et al. (2004a), where it has beefl2vas and Koutoulaki, 1995; Hatzianastassiou and Vardavas,
used to compute the top of atmosphere (TOA) SW radiation_lggg* 2001). The ref!ectlwty, transmissivity and absorptiv-
budget. It was developed from a radiative-convective modelty Of €ach atmospheric layer, due ta,(CO,, water vapour,

(Vardavas and Carver, 1984) and previous versions have bec#'d Rayleigh scattering, are computed by using parameteri-

used by Vardavas and Koutoulaki (1995) and HatzianastasSations derived from laboratory measurements (Vardavas and

siou and Vardavas (1999, 2001) to compute the SW radial<outoulaki, 1995).
tion budget of northern and southern hemispheres on a mean For each cloud and aerosol layer, computations are per-
monthly and 10 latitude zonal basis. The model has been formed using two-stream approximation for purely scattering
successfully tested (cf. Hatzianastassiou and Vardavas, 199glouds in the UV-visible, and a modified two-stream approx-
2001) according to the Intercomparison of Radiation Codegmation allowing for cloud absorption in the near-IR (Var-
in Climate Models (ICRCCM) program, as well as against davas and Koutoulaki, 1995; Hatzianastassiou and Vardavas,
Earth Radiation Budget Experiment (ERBE) S4 scanner datd 999) and for aerosol absorption in the UV-visible. For clear
(cf. Hatzianastassiou et al., 2004a). sky, Rayleigh scattering is taken into account by the model
In brief, the radiative transfer model divides the SW radi- in the UV-visible, while it is neglected for the near-IR com-
ation into two spectral bands, one for the ultraviolet-visible Ponent, given that the Rayleigh scattering cross-section de-
(UV-visible) wavelengthsX(<0.85..m) accounting for about ~ creases rapidly with wavelength. For a cloudy sky, Rayleigh
60% of total solar radiation, and a second band for thescattering is neglected since cloud optical depth is much
near-infrared (near-IR) wavelengths (0@H<.<5um)ac-  larger than the Rayleigh scattering optical depth.
counting for about 40% of total solar radiation. The model Reflection of incident solar radiation from the Earth’s sur-
achieves a compromise between accuracy of spectral moddhce is taken into account and the surface reflectiity,

2 Model description

www.atmos-chem-phys.org/acp/5/2847/ Atmos. Chem. Phys., 5, 2867-2005
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for each 2.5-degree grid cell, is computed considering fourdecrease oR, over mountainous non-forested areas, espe-
general types of surface: land, ocean, snow and ice (frozegially during winter, due to the sub-grid orography (Roesch
ocean). Then et al., 2001).

The downward SW radiation at the Earth’s surface (DSR)
Ry = fiandRiand + focearRo + fsnowRs + ficeR: (1) and the net downward (or absorbed) SW radiation at sur-
where f; is the fractional coverage of the grid cell’s surface face, are finally computed from the incoming SW radiation at
by each type-i of reflecting surface. The ocean reflectivity, TOA, Ftép, in terms of an effective atmospheric transmissiv-
R,, is computed using Fresnel reflection corrected for a nonAty, £*, with components; and:;, for a clear-sky and cloudy

smooth surface for an incident angle- cos™! i from sky covered by cloud typei, respectively,
: 2 2 -
sin tan DSR =1t"-F, 5
R, =05 [(i) + ( “) } +0.016 cosp @) top )
sinb tand
where
where
== A+ Y At (6)
a=¢—sin ! [sing/1.333 () i
b=2p—a @) The effective atmospheric transmissivities and ¢;

are computed from estimated transmissivities of ozone,

For incident solar radiation onto a perfectly smooth wa- Rayleigh, water vapour, carbon dioxide, aerosols, and low,
ter surface, the angle of reflection equals that of incidencemiddle and high-level clouds, as well as reflectivities of
and for normal incidence the reflectivity is 0.021. For an surface, clouds and Rayleigh, as given by Vardavas and
ocean we correct the Fresnel reflectivity to take into accountoutoulaki (1995).
surface roughness, which leads to a higher surface reflec-
tivity of about 0.04 for incident solar radiation normal to
the water surface (Kondratyev, 1973). The correction fac-
tor 0.016co% goes_to zero when Fhe _radiation is parallel_ tp 3.1 Ozone, carbon dioxide and water vapour
the ocean surface in order to maintain a Fresnel reflectivity

of unity in this case. Further, we include the condition that The mean monthly 2.5-degree latitude-longitude grid cell
if Fresnel reflectivity is greater than ice- or snow reflectivity, gaia of the total @ column abundance (in Dobson Units)
which occurs for low solar elevations, then the reflectivities covering the years 1984-2000, were taken from TOVS,
of ice or snow are set equal to the Fresnel one. Kuhn (1989)chived in the ISCCP-D2 package. For £ fixed to-
gives observations that clearly show this behaviour for snow atmospheric amount was taken, equal to 0.54g%m
cover in Antarctica. ~ corresponding to 345 parts per million by volume (ppmv).
Snow albedoR;, is set equal to 0.85 and 0.65 (Dickin- The \ater vapour data used were taken from both the
son et al., 1993) in the UV-visible and near-IR, respectively, N\cEP/NCAR and ECMWF Global Reanalysis Projects,
while sea-ice albeda;, is setequal to 0.7 and 0.5 (Roesch et \yhich provide long-term climatological data. The layered
al., 2002) in the UV-visible and near-IR, respectively, basedata for specific humidity and atmospheric temperature were
on recent estimates. Given that land shows a strong spatig|sed to compute the total atmospheric water vapour content,

variability in terms of its type and associated reflectance Val_WHgO- Relative humidity data were also used to compute the
ues, the data used were derived from ERBE data for cleapmjdity of the aerosol layer. The differences, arising from

sky, while overcast albedos were obtained by modifying thehe yse of the two data sets, in terms of surface SW radia-
corresponding clear-sky values for diffuse radiation condi-tjye fluxes were found to be small (mostly within 1-2 Wn
tions (Darnell et al., 1992). Information for fractional cover- 4 grid cell level), as discussed in Sect. 5. Therefore, in this

age for each surface type (land, ocean, snow, ice) is obtainegltudy we only show DSR fluxes computed by using water
from ISCCP-D2 data (Rossow et al., 1996), whereas suitablg:,(.ipour data taken from NCEP/NCAR Reanalysis.

reflectivity values for each surface type are ascribed, based

on values taken from literature (Henderson-Sellers and Wil-3.2 Clouds

son, 1983; Briegleb et al., 1986), which allow for spectral

dependence over the UV-visible and near-IR range of waveMean monthly cloud properties on 2.5-degree equal-angle
lengths, which is very important (Wei et al., 2001), but also grid cell resolution for the study period (1984—-2000) were

allow for different values for the direct and diffuse compo- taken from the latest D2 stage data of ISCCP (Rossow et al.,
nents of solar radiation. A correction was applied to land-1996; Rossow and Schiffer, 1999). Cloud properties are pro-
surface albedo for high-altitude mountainous areas such agided from ISCCP for nine (9) cloud types which are grouped

Tibet, Rocky Mountains or Antarctica’s plateau, consisting into three categories: low-level clouds having top pressures
in a reduction of the albedo, in order to take into account thegreater than or equal to 680 mbar, high-level clouds with top

3 The model data
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pressures less than 440 mbar and mid-level clouds in betwee®.3 Rayleigh scattering, surface reflection and aerosol par-
(Rossow et al., 1996). Low-level clouds are considered to be ticles

Cu, St and Sc clouds. The middle ones include Ac, As and

Ns, while Ci, Cs and deep-convective clouds are consideredRayleigh scattering is considered in the model as described
as high-level clouds. High clouds are treated as cold cloudsin Vardavas and Koutoulaki (1995). The surface reflection
while each of the above low and middle clouds are subdi-iS computed with the model at each grid cell for each month
vided into liquid- or ice-phase clouds, resulting in 15 cloud in the period 19842000, by considering four types of sur-
types for which properties such as cloud cover, cloud op_face: land, ocean, snow, and ice (frozen ocean). Informa-
tical thickness, cloud-top temperature and pressure, as welion on spatial and temporal variation of the fractional cov-
as liquid or ice water path are provided by ISCCP-D2. Theerage of the Earth’s surface by each type, was taken from
values for the 15 independent cloud types were then approl.SCCP-DZ The radiative effect of aerosols is Computed with
priately averaged (see Hatzianastassiou and Vardavas, 1999yr model by using a modified two-stream approximation al-
to yield data for low, mid and high-level clouds needed by lowing for scattering and absorption in the UV-visible and
our model. Note that in our study, the ISCCP-D2 individ- near-IR ranges of wavelength. Our model requires aerosol
ual cloud data are used, which are derived by using the visoptical properties, namely aerosol optical thickness (AOT),
ible/infrared (VIS/IR) analysis, rather than the low, mid and Single scattering albedavgen, and asymmetry parameter
high-level cloud data, also provided by ISCCP-D2, which are(8aen- Currently, there is no data base providing such aerosol
derived by using the IR-only analysis. This was done becauséata for the whole study period 1984-2000 on a global
the combined VIS/IR analysis is superior to the IR-only dur- scale. There are new satellite-based instruments (e.g. Mod-
ing daytime (Rossow et al., 1996), and thus is more appropri€rate Resolution Imaging Spectro-Radiometer, MODIS, or
ate for SW radiation budget studies. The VIS/IR (individual) Polarization and Directionality of the Earth’'s Reflectance,
cloud data were found to dramatically improve the model re-POLDER) performing accurate spectral aerosol measure-
sults at both TOA and surface, in terms of comparison withments on a global scale, but they have only started their op-

ERBE-S4 satellite and BSRN and GEBA site measurementsgration from year 2001. There are some AOT data for the
respectively. whole period from the Global Aerosol Climatology Project

(GACP), but without global coverage as they only cover the
ocean areas. On the other hand, there are AOT data with
global coverage from the Total Ozone Mapping Spectrometer
(TOMS, Torres et al., 2002), but neye, and gerdata. New
re-processed AOT data from TOMS, includiagerdata, that
Ac = Z Aci @) will cover the period 1979-2000 will be released by NASA

! Goddard Space Flight Center (GSFC). In the meantime, as a

first step, the model-required aerosol data were derived from

Cloud optical thickness values for low, mid, and high-level the Global Aerosol Data Set (GADS, Koepke et al., 1997).
clouds were calculated from corresponding values for indi-GADS provides AOTwaer, andgaerdata, at 61 wavelengths
vidual clouds, as described in Hatzianastassiou and Vardavdsom 0.25 to 4Qum, 27 of which lie in the SW range, and
(1999). For the computation of the cloud SW transmissivity for 8 values of relative humidity (0, 50, 70, 80, 90, 95, 98,
and reflectivity, the model also requires cloud absorption op-2nd 99%). Given the strong dependence of aerosol optical
tical depth,z¢, cloud scattering optical depth;, and cloud ~ Properties on ambient relative humidity, the original GADS
asymmetry parameteg.. ISCCP-D2 provides, however; properties were then re-computed in a realistic way, for ac-
only at the visible wavelength 0;m. Ther? (near-IR) and tual relative humidity values for the aerosol layer, as ex-
¢ (near-IR) values were derived by using either Mie com- plained in detail by Hatzianastassiou et al. (2004b) for each
putations or existing parameterisations (Slingo, 1989; Eberfnonth in the period from January 1984 to December 2000.
and Curry, 1992) for ISCCP-D2 liquid and ice clouds, by Subsequently, the computed values of aerosol optical prop-
assuming the appropriate ISCCP-D2 cloud microphysics, agrties were averaged into the UV-visible and near-IR ranges,
explained in detail by Hatzianastassiou et al. (2004a). Thaveighted by the spectral distribution of the incoming solar
model required values qf., not provided by ISCCP, must flux (Thakaekara and Drummond, 1971). Note that there is
differ between liquid and ice clouds (Liou, 2002). Thus, val- uncertainty in terms of seasonal variation of the aerosol effect
ues ofg. were computed separately for liquid and ice clouds,on DSR, due to the limitations of GADS, providing nominal
for both UV-visible and near-IR range of wavelengths, by aerosol optical properties for two seasons, i.e. winter and
using both Mie Computations and parameterisations, as exsummer. A complete description of the treatment of aerosols
plained by Hatzianastassiou et al. (2004a). The compgted in the model, as well as of GADS aerosol data, can be found
values in the UV-visible are equal to 0.85 and 0.78 for liquid in the work by Hatzianastassiou et al. (2004b).
and ice clouds, respectively, while the corresponding values
in the near-IR range are equal to 0.82 and 0.8.

The total cloud cover fractiod,, is calculated from the
sum of fractionsA;, for low, middle and high clouds

www.atmos-chem-phys.org/acp/5/2847/ Atmos. Chem. Phys., 5, 2867-2005
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Fig. 1. Long-term (1984-2000) average global distribution of downward shortwave radiation (iﬁz'Wah the Earth’s surface for the
mid-seasonal months ¢&) January(b) April, (c) July, and(d) October.

3.4 Cloud-top pressure, cloud physical thickness and surfrom ECMWF Global Reanalysis Projects gridded in°§
face pressure 2.5 cells for each month of the 17-year period 1984—2000.

The cloud-top pressurg,, and physical thicknesgp., both 4 Model results

determine the atmospheric layer where water vapour absorp-

tion is replaced by cloud scattering and absorption. Valuest.1 Seasonal and geographical distributions

of p. were taken from ISCCP-D2 for low, mid, and high-

level clouds. The ISCCP-D2 does not providle. data, so  The latitudinal gradient of the 17-year average downward
these were estimated from Peng et al. (1982) for the NortheriSW radiation (DSR) at the Earth’s surface is primarily deter-
Hemisphere, as explained in the work by Hatzianastassiounined by the incoming solar flux at TOA, while the patterns
and Vardavas (1999), whilép. values for Southern Hemi- of longitudinal variation are mostly determined by cloud and
sphere were estimated in the way described by Hatzianassurface properties. Therefore, large DSR fluxes are found
tassiou and Vardavas (2001), by combining the values fromin polar regions (Figs. 1a, c) during local summer, equal to
Peng et al. and those derived from Liou (1992). A completeabout 300-350 W over Antarctica in January and 200—
topography scheme (which is important for regions with high 250 Wn1 2 over the Arctic in July. Our values are lower than
altitude, such as the Tibetan plateau, Antarctica, Rocky othose given by Gupta et al. (1999), which are equal to 400—
the Andes mountains) is included in the model, which usesA50 WnT 2 in Antarctica and 250—300 Wn% in the Arctic.
surface pressurey, data taken either from NCEP/NCAR or Note, however, that Gupta et al. (1999) used ISCCP C-series
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Fig. 2. Long-term (1984—1997) average global distribution of net downward (or absorbed) shortwave radiation(f ¢rthe Earth’s
surface for the mid-seasonal monthgafJanuary(b) April, (c) July, and(d) October.

data to derive a 8-year (1983—-1991) SRB against our 17-yeaas the middle latitudes of the summer hemisphere. Thus,
(1984-2000) averages. The larger values over AntarcticdSR values as low as 140 Wrf are found over the storm-
than the Arctic are due to the larger incoming solar radia-track zone of southern hemisphere (500° S) in January,
tion at TOA during perihelion£500 WnT2), but also to the ~ whereas values down to about 100 Wfrare computed in
smaller ISCCP-D2 summer cloudiness in Antarctica than inOctober. Corresponding features, with DSR values equal to
the Arctic (*20% against-60%, respectively). There is a 100-140 Wm? in April and July, exist over northern Pa-
gradual DSR decrease from the summer to winter pole incific Ocean’s areas with large cloud amounts (equal to about
January and July, leading to zero values poleward of mid-to90%). In general, there is a strong anti-correlation between
high latitudes. The white areas in Fig. 1 correspond to missDSR and cloud amount. Note the small DSR values off the
ing ISCCP model input data, but they do not affect our resultswestern coasts of South America and South Africa in July,
since they coincide with polar night conditions. The latitu- being smaller than corresponding DSR fluxes in adjacent re-
dinal gradient of DSR is mitigated during spring and autumngions of the same latitude, which are attributed to large cloud
(Figs. 1b, d). Overall, the DSR has maximum values overamounts (of about 80%). Also, note the relatively small DSR
the subsidence regions associated with anticyclonic condivalues over south-eastern Asia in Julyl60 Wn12), where
tions and small cloud amounts, such as oceanic areas in lodarge cloud cover£80%) exists, associated with monsoons.
latitudes of the summer hemisphere, as well as over the polafpart from oceanic areas, there are some extended continen-
areas of the summer hemisphere. In contrast, small DSR vakal regions with large DSR values, such as the United States,
ues are found over regions with large cloud amounts, suctSouth Europe, North Africa and middle-East in April and
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Latitude zonal averages, over the 17-year period, of
monthly mean DSR and net DSR fluxes (Figs. 3a, b), show
that DSR fluxes vary from zero to 375 W having max-
ima over sub-tropical and polar areas of both hemispheres
in summer, of about 310 and 370 WH) respectively. The
maximum values at the South Pole are slightly larger than
those of the North Pole, due to the slightly smaller Earth-Sun
distance, smaller cloudiness and drier atmosphere. Small
seasonal variations exist in the tropics, where weak seasonal
variation in solar declination and cloudiness occur. The sea-
sonal variability of DSR increases towards the poles, where
it can be up to 375Wir?. Large DSR values are found in
northern hemispherical areas extending from the equator to
the North Pole in July, whilst in the southern hemisphere
in January, there are relatively smaller DSR fluxes of about
150 Wn1 2 from 50> Sto 70' S, due to large cloudiness along
the storm-track zone of South Hemisphere. In both hemi-
spheres, the maximum of DSR values occur in sub-tropical
areas (between 10 and®3&f latitude) rather than in the trop-
ics, apart from the poles. This is due to the fact that to-
tal cloudiness has minimum values (of about 50%) over the
above sub-tropical areas, and not along the equator, where
the ITCZ involves total cloud cover values of about 60—70%,
according to the ISCCP-D2 data. Our computed zonally av-
eraged DSR values agree with the corresponding 8-year aver-
ages given by Gupta et al. (1999), but they are smaller in the
polar areas by 30-80 Wm. In the tropics, (20S—-20 N),
maximum DSR values occur during spring and autumn, and
not in summer as in sub-tropical, mid-latitude and polar ar-
eas. This behaviour, which has been also reported by Darnell
Fig. 3. Seasonal and latitudinal variation of 17-year (1984- €tal. (1992) and Hatzianastassiou and Vardavas (1999), is at-
2000) averages of monthly meéa) downward shortwave radiation  tributed to maximum values in the incoming solar radiation
(DSR) at the Earth's surface aifd) net downward shortwave ra- at TOA during these seasons over the tropics, as well as to
diation (Net DSR) at the Earth's surface. Monthly mean quantitiesrelevant features in the annual cycle of cloudiness and total
over a 2.3x2.5” geographical grid are plotted. precipitable water. Our maximum DSR and net DSR values

in tropical and sub-tropical areas (26-20 N) are slightly
) ) o larger (by~10Wm?) than those given by Hatzianastas-
July, or South America, South Afrlca. an'd A'ustraha in Jan- ¢;o; and Vardavas (1999) and even larger than those of Var-
uary and October. In general, the distribution of DSR hasy,\ a5 and Koutoulaki (1995), while over Antarctica they are
similar patterns with the outgoing SW radiation (OSR) at g jer than those given by Hatzianastassiou and Vardavas
TOA (see Hatyanastassmu et al., 2004a), but with mverseqzom) by 20-30 Wm?2. The zonally averaged values pre-
minimum/maximum values. . sented here, however, are more reliable, since the earlier ones

The net DSR fluxes, givenin Figs. ?a—d, are similar to theWere computed using zonal averages of model input data to

DSR fluxes. Over oceanic areas, with a small albedo, the, ;e zonal mean fluxes, rather than grid cell-level input

differences are quite small, while the most important differ- data. The net DSR fluxes (Fig. 3b) are quite similar to the
ences are found over the highly reflecting surfaces, such 88SR ones. but there are also some differences. Thus. the

deserts or snow- and ice-covered polar areas, having surfa lar areas do not show maxima in net DSR fluxes. while
albedo values reaching 40 and 95%,2respectlvely, !eadln here is a significant inter-hemispherical contrast in terms of
thus to small net DSR values:{00 WnT'*) over Antarctica 0 magnitude of summer sub-tropical maximum net DSR

in January and the Arctic in July. This is clearly illustrated values, due to the smaller surface albedo of the South Hemi-
by a comparison between the north African desert and th%phere (smaller land-to-sea ratio)

adjacent Mediterranean Sea for July (Fig. 2¢), which shows
differences of about 125-150 W, while there are no sig-
nificant differences in DSR fluxes (Fig. 1c¢).

Latitude (°)

(a) 0.00 62.45 124.89 187.34 249.79 312.23 374.68

Latitude (°)

o 3
F T T s ¢

(b) 0.00 42.16 84.31 126.47 168.63 210.78 252.94
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Fig. 4. Time-series of 10-degree latitude-zonal averages of monthly19- 5. Time series of monthly averagefa) downward short-

mean(a) downward shortwave radiation (DSR) at the Earth's sur- Wave radiation (DSR) at the Earth's surface (in Whn and (b)
face and(b) net downward shortwave radiation (Net DSR) at the net downward (or absorbed) shortwave radiation (Net DSR) at the

Earth's surface, for the period January 1984 — December 2000Erth's surface (in Wm?), for the 17-year (1984-2000) period for

Monthly mean quantities over a 2.52.5° geographical grid are the Globe (soli_d lines), Norther_n Hemisph(_ere (dashed Ii_nes), and
used. Southern Hemisphere (dotted lines). The linear regression for the

time series of the Globe is also shown.

4.2 Time series
the oceans at these latitudes. The features of net DSR are

nvery similar to those of DSR, except in polar areas, where

The time series of global zonally averaged monthly mea 5
DSR and net DSR fluxes over the entire 204-month periodth® Net DSR drops down to values-100 Wt <. Although
there are some inter-annual trends in the surface SW radia-

1984-2000 indicate that the patterns shown in Fig. 3 are re* ,
peated over the 17-year period (Fig. 4). Thus maximumtion fluxes, these cannot be clearly seen in plots such as those

DSR values of about 260—280 Wihioccur over sub-tropical N Figs. 4a, b, because of the extended scale of values.
regions (10-40° N and S) during local summer, whereas The time-series of the mean monthly hemispheric and
maximum values are also found in polar areas during sumglobal average components of the surface SRB, over the pe-
mer, which are slightly larger in the southern than northernriod from 1984 to 2000, reveal a strong seasonal cycle for the
pole. Local minimum values of about 200 Wrare found  hemispheric averages of DSR (Fig. 5a). The South Hemi-
in equatorial areas, induced by the ITCZ cloudiness, as welbphere has slightly larger amplitude 125 Wn12) than the

as over both hemispherical middle-to-high latitudes (aroundNorth one €110 Wn12). This is due to the fact that the
60° N and S), due to the large stratiform cloud amounts overseasonal cycle of the net incoming SW radiation at TOA is
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larger in the South Hemisphere<800 WnT2) than in the elling study indicates that over the 17-year period from 1984
North one €250 Wnt2). Another reason is that, as shown to 2000, a significant change in the SW radiation budget has
by our analysis using both NCEP/NCAR and ECMWF data, taken place, consisting in a planetary solar heating, result-
the total precipitable water of the Northern Hemisphereing from a stronger surface solar heating combined with a
shows a stronger seasonal cycle than that of the Southersmaller atmospheric solar cooling. This should have affected
Hemisphere, with very large values (upA®.2gcnT?) in the atmospheric dynamics by strengthening the Hadley and
July, against values of about 2.8 gtfnin the South Hemi-  Walker circulations (Chen et al., 2002), altering the atmo-
sphere, as also reported by Wittmeyer and Vonder Haaspheric temperature gradient and the formation of clouds and
(1994). Therefore, the summer-maximum of DSR in the precipitation. Of course, further and more detailed investiga-
South Hemisphere reaches about 240V¥magainst 230 tions are necessary to draw definite conclusions. For exam-
Wm~=2 in the North one. The hemispherical DSR averagesple, the model results, in terms of DSR and net DSR trends,
balance each other to produce a monthly mean global avetave to be inter-compared with corresponding trends in sta-
age DSR with a small seasonal variability0-20 Wn12), tion measurements, and a relevant work is in preparation.
with primary and secondary maxima and minima. The ap-Note that Wild et al. (2005) report a reversal from global dim-
plied linear regression to the mean global DSR 17-year time-ming (i.e. decreasing DSR) up to 1990, to widespread bright-
series, shows an increasing trend in DSR, equal to 4.T%m ening (i.e. increasing DSR) since the late 1980s, based on
over the time period 1984-2000, which is equivalent to aavailable GEBA and BSRN surface observations, in agree-
decadal increasing trend of 2.4 W This increasing trend ment with our results. The reasons of the apparent increas-
in DSR is associated with a 17-year decreasing trend in théng trend in DSR need to be more thoroughly investigated.
reflected outgoing SW radiation (OSR) at TOA, equal to A preliminary analysis was performed, in which the correla-
3.2Wn1 2, as shown by Hatzianastassiou et al. (2004a). Notetion coefficients between long-term tendencies in DSR and
that Pinker et al. (2005), using a model with satellite recordsvarious physical parameters that determine DSR, were com-
estimated a global increase in DSR from 1983 to 2001 at guted. In our model these parameters are: cloud (low, middle
rate of 1.6 Wnt2 per decade, slightly smaller than ours. Our and high-level) cover, cloud scattering and absorption optical
analysis has shown that the trends in both DSR and OSRliepths, surface albedo, total precipitable water, total column
are statistically significant with a confidence level of 99%. O3 concentration and incoming SW radiation at TOA. The
These trends are not attributed to the incoming SW radiaresults of our analysis show that a decrease in cloud cover,
tion at TOA, since the latter shows an insignificant trend of especially low-level, is primarily responsible for the increas-
0.1Wn12, but they are attributed to internal physical pro- ing trend in DSR. We have also performed another study in
cesses of the Earth-atmosphere system. Apart from DSR, thehich we have computed the contribution of each one of the
net DSR flux has also increased by 3.7 Whover the 17-  above relevant physical parameters to the computed trends
year period from 1984 to 2000 (or by 2.2 Wron adecadal  in DSR and net DSR, as in the works by Hatzidimitriou et
scale). Note that there is uncertainty in the computed trendsl. (2004) and Fotiadi et al. (2005). The results of this anal-
in DSR and net DSR, associated with corresponding uncerysis show that about 70% of the total trend in surface solar
tainties in model input data, especially of clouds. However,radiation comes from the low-level clouds. The results of
based on the reported uncertainties of the ISCCP-D2 datthese preliminary analyses are in line with similar studies
(see Rossow and Schiffer, 1999), and the model sensitivityperformed to investigate the physical sources of the corre-
tests (see, Sect. 5, Table 3) in terms of DSR and net DSRponding decreasing trend in OSR (Hatzianastassiou et al.,
fluxes, the computed trends are larger than the uncertaintie2004a).
induced by the model input data. The computed anomalies in hemispherical mean DSR
We have performed an analysis that shows that the increadluxes over the 17-year period (1984-2000), vary fre
ing trend in global mean DSR arises, to a large extent, into 9Wn2 (Fig. 6a), while the global mean DSR anomaly
tropical and sub-tropical areas. Therefore, our study indi-has variations of up to 6 Wnt, about the 17-year mean
cates that the change in tropical SW radiation budget at TOAvalue. Large negative anomalies, i.e. decreased SW radia-
(increasing planetary heating), indicated by both satellite obtion reaching the Earth’s surface, are found for the period
servations (Wielicki et al., 2002) and model computations1991-1993, which can be attributed to the Mount Pinatubo
(Hatzianastassiou et al., 2004a; Fotiadi et al., 2005) is aseruption in June 1991, and to the 1991/1992 HidNévent.
sociated with a significant increasing surface solar radiativeDuring the same period, the outgoing SW radiation has dras-
heating, involving enhancements in both downward and abtically increased by about 4 Wrd (see Hatzianastassiou et
sorbed solar radiation at the Earth’'s surface, especially iral., 2004a). The induced rapid decrease in DSR is followed
low latitudes. It should be noted that since the long-termby a recovery period, with positive DSR anomalies through
increase in net DSR (3.7 Wm) exceeds the correspond- 1994. There are also other interesting features corresponding
ing long-term decrease in OSR (3.2 WA), there must be  to climatic events, such as El i and La Niia, associated
a long-term decrease in SW atmospheric absorption (coolwith negative and positive DSR anomalies, respectively. For
ing) by 0.5Wn1?2, verified by our study. Overall, our mod- example, negative DSR anomalies as large as 6 Moccur
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around late 1988 and early 1989 following the 1986/1987

o . . —Glob
El Nifio event (Fig. 6a). Our analysis has shown that these | 2 Nowth Hemisphere
large negative anomalies are mostly associated with high val- 241 e South Hemisphere Pinatubo Recovery
ues of ISCCP cloud optical thickness, especially of low- 105 :

and mid-level clouds. The large negative DSR anomalies
of about—5Wm~2 during 1984 can be attributed to the in-
fluence of the El Chichon eruption that took place in 1983.
Also, note that in 1998 the DSR anomalies pass from large
positive values (of about 4 Wnf) to negative ones (equal

to —2Wm~2), which can be attributed to the 1997/1998 El
Nifio event. Nevertheless, this strong ERllievent cannot

be seen clearly in Fig. 6 since it refers to global mean anoma- ek e kL

lies, while itis apparent in zonal mean DSR anomalies for the 5] / §_5 T~
zone 0-1C S (not shown here). Also, note that in late 2000 i
there is a strong drop in DSR anomalies, down to values of
—2 to —3Wm~2, related to the 2001-2003 El fib, outside F s FEP s s $
our study period. The 4th order polynomial fit to 17-year (a) ¥ FFFFFFFFFFFFFSFS
time-series of global averages of DSR anomalies shows sig-

Polynomial Fit of Global Data i
81 La Nifia . / Poon
6 _: : 2o ke
s b 2 : i |
| . l‘ El

DSR Flux Anomaly (W m”)
R

nificant positive DSR anomalies (increasing DSR) in the pe- ——Glhe
. . . . - - - -North Hemisphere
riod starting from year 1992 (Fig. 6). On the contrary, in the o Sovith Elemisphere Pinatubo Recovery

period 1984-1992, negative DSR anomalies mostly occur,
indicating a decreasing DSR flux at the Earth’s surface. This
is in agreement with most measurements and modelling stud-
ies, reporting a decreasing trend in DSR during the period be-
tween 1960 and 1990 (e.g. Gilgen et al., 1998; Stanhill and
Cohen, 2001; Liepert, 2002; Wild et al., 2004). Our model
results, however, show that the situation has changed after the
early 1990s, since the surface solar radiation is found to have
increased, due to a decrease in cloudiness, especially low-
level, primarily in tropical and sub-tropical regions. Thus,

it seems that during the last decade of the 20th century, the

] Polynomial Fit of Global Data
8 Co /
6 La Niiia Pl

Net DSR Flux Anomaly (W m™)

. o ] EINia Pinatubo Erupti

effect of clouds has dominated any other effect. This is ex- 10 —— 'fw S I"“;' ulo Irull’ 'oln e
pected, given that surface solar radiation is more sensitive R R S S S N SN
to clouds rather than other physical parameters, within the E s e R e b e R Y
range of their natural variability (cf. Sect. 5). ) FTIFIIFIIIIIISISISISIS

4.3 Meanannual, hemispherical, and global surface SW I'al':ig. 6. Time-series of global and hemispherical averagegadf

diation budget components downward shortwave radiation (DSR) flux anomalies (in Wm

] and (b) net downward shortwave radiation (DSR) flux anomalies
Monthly mean 10-degree latitude zonal fluxes were com-(in wm=2) over the period 1984—2000 for the Globe (solid lines),

puted by averaging first along 2:8vidth longitudinal cir-  Northern Hemisphere (dashed lines), and Southern Hemisphere
cles, then along latitude, by considering the fraction of sur-(dotted lines). The 4th-order polynomial fit of the global data is
face area contained in each 2.5-degree zone. SubsequentfJso shown.

annual mean quantities were computed by summing the cor-

responding monthly means for each 10-degree latitudinakhifted poleward by 10latitude. Note that in the South
zone over the 12 months of the year. The latitudinal varia-Hemisphere, there are local minimum and maximum DSR
tion of mean annual DSR flux has maximum values of aboutvalues around 60S and at the south pole, respectively, while
230 WnT1? in sub-tropical areas, while it drops rapidly to in the North Hemisphere there is a continuous equator-to-
about 80 Wnm2 towards the poles (Fig. 7a). There is a lo- pole decrease in DSR. The local minimum in DSR around
cal minimum in mean annual DSR in the equator (equal6(° S, is caused by the persistent and extended cloudiness
to about 220 Wm?2), which is caused by clouds associated occurring over the oceanic zone of South Hemisphere, and
with the ITCZ. There is also a local maximum of 230 W  underlines the very important role of clouds, apart from that
in DSR around 15N, in agreement with previous studies of solar declination, in determining the DSR fluxes. The net
(Liou, 1992; Hatzianastassiou and Vardavas, 1999) whileDSR flux decreases from about 210 W#rin the tropics to
Darnell et al. (1992) reported a similar local maximum, but 20—30 Wn1? in the polar regions (Fig. 7b). Itis very similar
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Fig. 7. Latitudinal variation of model computeda) mean annual downward shortwave radiation (DSR in V¥jnat the Earth’s surface,
and(b) mean annual net downward (or absorbed) shortwave radiation (Net DSR irP\ahthe Earth’s surface, averaged over the period
January 1984 through December 2000. Also shown is the seasonal variation of hemispherical and global averages of model(cpmputed:
downward shortwave radiation (DSR in Wif) at the Earth’s surface, ar{d) net downward (or absorbed) shortwave radiation (Net DSR

in Wm~2) at the Earth’s surface, averaged over the period January 1984 through December 2000.

to DSR, except for the polar areas, but it has differences as The mean hemispherical DSR fluxes have opposite sea-

well. Thus, the local minimum in DSR near %8, does not

sonalities, varying within the range 110-230 W result-

exist in the mean annual net DSR flux, since it is smoothedng thus in a mean global DSR flux ranging from 165 to
out by the much larger absorption of DSR by the Antarc- 176 Wn1 2 throughout the year (Fig. 7c). The correspond-
tic ocean than the adjacent Antarctic continent. Note that ining seasonal variation in global mean net DSR flux is equal
contrast to larger DSR fluxes over Antarctica than the Arcticto 8 Wm2 (Fig. 7d). There is a smaller seasonal variation
(Fig. 7a), there are slightly smaller net DSR fluxes, due toin net DSR than DSR for both hemispheres and the globe,
Antarctica’s larger surface albedo. Our values in the tropicswhich is attributed to the effect of surface albedo. Never-
are smaller by 5-10 Wn? than those given by Hatzianas- theless, for both DSR and net DSR, the seasonal variability
tassiou and Vardavas (1999), in better agreement with GEBASs slightly larger in the southern than in the northern hemi-
and BSRN surface observations. Also, our net DSR valuesphere. The northern hemispherical mean net DSR fluxes are
are found to be at the lower end of the range of values giversmaller than the corresponding values given by Hatzianas-
by Li et al. (1997), based on various observational and mod+assiou and Vardavas (1999) by 10 and 15 Wnin terms of
elling estimates, in both tropical and polar areas, in bettertheir winter minimum and summer maximum values.
agreement with surface observations, especially in tropical

areas.
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The mean annual hemlspherlcal and global average Valueﬁ'a\ble 1. Model computed mean annual hemispherical (NH is
over the 17-year period from 1984 to 2000, for the down- Northern Hemisphere, SH is Southern Hemisphere) and global av-
ward and net downward (i.e. absorbed) SW radiation at Surerages of downward shortwave radiation (DSR) and net downward
face, along with corresponding values for the 4 mid-seasonahortwave radiation (net DSR) at the Earth’s surface for January,
months of the year, are given in Table 1, while in Table 2, ourApril, July, October, and the whole year, for the 17-year (1984—
computed DSR and net DSR values are also intercompare@000) period. The radiative fluxes are expressed in"WniNum-
with other published values. Note that very few other stud-bers in parenthesis are standard deviations and represent interannual
ies give both SRB components for the two hemispheres andariabilities of the means.
the globe. On a 17-year basis, the Earth’s surface is found

to receive 171.6 Wim? and to absorb 149.4 Wi, result- NH SH Global

ing in a long-term surface albedo equal to 12.9%. The inter- Downward Shortwave Radiation
hemispherical differences are equal to 4.6 Wnfor DSR January  113.8(9.8) 234.8(20.7) 174.3(15.3)
and only 0.3Wm? for net DSR, implying slightly larger April 209.8 (16.5) 140.4 (11.5) 175.1(14.0)
northern than southern hemispherical surface solar radiative July 224.8(17.2) 105.6(7.7) 165.2(12.5)

fluxes. Overall, according to our 17-year model results using October 148.6(12.0) 197.0(16.6) 172.8(14.3)
ISCCP-D2 data, on a mean annual basis and at global scale, Annual  173.9(14.0) 169.3(14.3) 171.6(14.1)
the Earth receives 50.2%, while it absorbs 43.7% of the in- Net Downward Shortwave Radiation
coming SW radiation entering the Earth-atmosphere system. January  98.6 (2.7) 204.5(6.5) 1516 (4.6)
. April 177.0(4.6) 127.5(3.4) 152.2(4.0)
Our model—compute_d values are very c!ose to those given July 193.6 (5.1) 94.9 (2.1) 144.2 (3.6)
by surface observations (GEBA), with dlﬁerenges equgl to October 130.9(3.5) 171.6(4.3) 151.2 (3.9)
2.6 and 1.6 Wm? for DSR and net DSR, respectively, while Annual  149.6 (3.9) 149.3(4.0) 149.4 (4.0)
they are significantly smaller than most estimates from other
physical deterministic models, GCMs and climatic models,
as well as from reanalysis products, by up to 30Wm
In contrast, our model results seem to be close to those of
the ECHAM model and the recently published ISCCP-FD fluxes at surface is very important for SW radiation budget
fluxes (Zhang et al., 2004), as well as those of ECMWEF-studies. To this aim, a series of sensitivity tests were per-
ERA. Note that in previous SRB studies, a significant over-formed with our model. In each test, the relevant parameter,
estimation of net DSR flux has been reported, with respect/, was modified by a certain amoum,V, i.e. by 10% in
to the surface-based estimate given by Ohmura and Gilgemost cases, in relative percentage terms, and the modifica-
(1993), involving an uncertainty in the knowledge of SRB tions of the downward SW radiation at surfade(DSR), and
(Li et al., 1997; Kiehl and Trenberth, 1997) of about 20— of the net DSR flux at surface, (NDSR), with respect to the
25Wm 2. This overestimation has been associated with ex-defined reference cases, were computed and subsequently ex-
tra atmospheric solar absorption (by clouds or aerosols) apressed either in absolute terms (in Wnor in relative per-
indicated by observational studies (Cess et al., 1995; Raeentage values. The results given in Table 3 provide values
manathan et al., 1995; Pilewski and Valero, 1995), but alsdn absolute terms. The year 1988 was chosen to represent the
verified by modelling studies (Garratt et al., 1998; Wild et reference case. The tests were performed on a monthly basis
al., 1998; Hinkelman et al., 1999). On the other hand, itand at the grid cell level, but results are given here in terms
has been argued that the surface-based estimate by Ohmuo&globally and annually averagetl (DSR) andA (NDSR)
and Gilgen (1993) was probably too low, since it was derivedabsolute values. Our model sensitivities are valuable for as-
by measurements taken at a limited number of stations, ususessing possible sources for discrepancies between model-
ally located over land areas (Kiehl and Trenberth, 1997) anccomputed and surface-measured DSR and net DSR fluxes, as
especially populated ones (Li et al., 1997). Since then, thavell as for evaluating the uncertainties in the computed DSR
number of stations involved in GEBA and BSRN networks and net DSR fluxes due to uncertainties in model input data.
has increased, and their spatial coverage expanded to cov@ihe results of our model sensitivity tests indicate that, on a
remote areas, such as Greenland and Antarctica. Recentlypean annual and global basis, DSR is found to be primarily
the “best” surface-based estimate of surface solar absorptiogensitive to cloud parameters, namely the cloud cover, cloud
(net DSR) has been revised to 151 Whior net DSR, close  optical depth (especially the scattering one), cloud asymme-
to our model computed value of 149.4 W try parameter, as well as to total precipitable water. Increas-
ing A. by 10%, separately for low, middle, or high-level
clouds, resulted in a decrease of DSR by up to 3.2WWm
5 Sensitivity of surface SW radiation budget (or about 2%). The DSR fluxes were found to be more sen-
sitive to low rather than to middle or high-level clouds. This
The assessment and quantification of the role of variouss also valid for the sensitivity of DSR tgf; thus, increas-
physical key parameters that determine the DSR and net DSkhg t} by 10% reduced DSR by up to 1.2 Wrh Modifying
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Table 2. Model mean annual hemispherical and global averages of downward shortwave radiation at the Earth’s surface (DSR), and net
downward shortwave radiation (i.e. absorbed) at the Earth’s surface (Net DSR), as computed in this study, compared with values from
others. NH is Northern Hemisphere, SH is Southern Hemisphere. The radiative fluxes are expressed.in Wm

d DSR Net DSR

Study NH  SH Globe  NH  SH Globe
Present Study (1984—-2000) 173.9 169.3 171.6 149.6 1493 149.4
Zhang et al. (2004) 165.2

Liou (2002) 189.0 161.0
Hatzianastassiou and Vardavas (2001) 174.0 160.0
Hatzianastassiou and Vardavas (1999) 177.9 156.6

Global Energy Balance Archive (GEBA) 169.0 151.0
Gupta et al. (1999) (8-yr 1983-1991) 186.7 182.6 184.7 160.2 161.5 160.9
CSU/GCM (Gupta et al., 1999) 202.3 200.5 201.4 177.4 178.9 178.2
NCAR/GCM2 (Gupta et al., 1999) 179.1 1815 180.3
NCAR/GCM3 (Gupta et al., 1999) 194.4 1944 194.4 169.0 1734 171.2
Wild and Ohmura (1999 — ARPEGE) 174.0
Wild et al. (1999 — HadAM2b) 175.0
Wild (2004 — ECHAM5) 180.0 156.0
Wild et al. (1998a — ECHAMA4) 170.0 147.0
Wild et al. (1998a — ECHAM3) 189.0 164.0
GCM studies (Wild et al., 1998a) 164.0-182.0
Garratt et al. (1998) 190.0-201 160.0-174.0
Kiehl and Trenberth (1997) 168.0
Modelling studies (Li et al., 1997) 157.0-190.6
Del Genio et al. (1996) 172.0

Fowler and Randall (1996) 172.0

Li et al. (1995) 157.0
Rossow and Zhang (1995) 193.4 165.1
Vardavas and Koutoulaki (1995) 156.5

Hartmann (1994) 171.0

Li and Leighton (1993) 155.0 159.0 157.0
Ohmura and Gilgen (1993) 142.0
Darnell et al. (1992) 173.0 151.0
Peixoto and Oort (1992) 171.0
Rossow and Lacis (1990) 169.0

Rossow and Lacis (1990) GISS GCM 158.0

Ramanathan (1987) 169.0
NCEP Reanalysis (1982—-1994) 207.0 162.0
ECMWF Reanalysis (1985-1993) 180.0 152.0
NASA Reanalysis (1981-1992) 219.0 191.0
NASA GEWEX Reanalysis (1983-1992) 186.2 164.6

the cloud asymmetry parametet, by 5% in relative val-
ues, modified DSR by as much as 8 W This shows that
the surface solar radiation is very sensitivegtowhich jus-

view of the existing differences between available humidity
data from different reanalysis products (e.g. NCEP/NCAR or
ECMWEF). Much largerA (DSR) values are computed on a

tifies the special care that was taken in modelling this cloudiocal scale in our sensitivity tests, as can be seen in Table 3.
parameter in our study. According to our modelling study, The sensitivityA (NDSR) values are slightly smaller than
changes in the incoming solar radiation at TOA by 1% (orthe A (DSR) ones, apart from the case of surface albedo.

by about 3.5Wm?) can modify DSR by 1.7 Wré at the

In order to investigate the effect of using humidity data

global scale, which is important in terms of possible climatic from different sources, we have performed another sen-
change due to solar variability. It is interesting that, based onkitivity study, in which the model was run for the years
our model sensitivity study, increasing the total precipitable 19851993 by using data either from the NCEP/NCAR
water by 10%, results in a globally averaged decrease in DSRy the ECMWE ERA-15 reanalysis projects, and com-
by about 2 W (or about 1.1%), which can be importantin pared the resulting DSR fluxes at grid cell-level (2.5-degree
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Table 3. Global and annual mean differences, (DSR) andA 450 ~
(NDSR) in Wn1 2, in model computed downward SW radiation 400_'
at the Earth’s surface (DSR), and net downward SW radiation at the |
Earth’s surface (Net DSR or NDSR), induced by variatiarV/(in ™ 350 1
relative percentage value, %) of the variablé€A., cloud cover;y, g 1
cloud scattering optical depth¢, cloud absorption optical depth; % 300__
gc, cloud asymmetry parameteWn,o, total precipitable water; % 250
Wo,, total ozone column abundanc®co,, total column carbon ) 1
dioxide; Ry, surface albedo; ISR, incoming SW radiation at TOA; & 200
AOT, aerosol scattering optical depthaer, aerosol single scatter- 5 ] R=0.9996
ing albedo;gaer, @aerosol asymmetry parameter). In parenthesis, is < 1 SPZZ'M
given the range of variation fak (DSR) andA (NDSR) at grid cell & 100+ b]laS:9.10(7)03
(2.5-degree latitude-longitude) level, for each sensitivity test. Year = 50 S1Ope=”.
1988 is the reference case. | A
0 —7tr - r r r 1 1 1 1 " 1 1
v AV A (DSR) A (NDSR) ECMWF DSR (W m”)

Low-Ac 10 —3.20 (-22.05-0.12) —2.79 (~21.06-0.03)
Middle-A. 10 —2.24 (-17.51-0.39) —1.87 (-16.46-0.12)
High-A, 10 —2.05(15.30-0.85) —1.83(-14.6-0.8)

Fig. 8. Scatter plot comparison between model-computed down-
ward shortwave radiation (DSR) at Earth’s surface, over the time
period 1986-1993, by using model input data for surface and atmo-

qu'tg , 10 -1.17 (-5.92-0) —1.04 (-5.64-0.1) spheric properties, taken from the NCEP/NCAR and ECMWF data
Middle-rd 10 —0.81 (-5.21-0) —0.69 (-4.9-0.1) bases.

High-t? 10 —-1.07 (-5.84-0) —0.96 (-5.53-0.02)

Low-t¢ 10 —0.32 (-1.64-0) —0.30 (-1.56-0)

Middle-t¢ 10 —0.20 (-1.52-0) —0.17 (-1.28-0) , , :

High-r¢ ° 10 0.25(137-0) 022(111-0) 6 Comparisons with surface-site measurements

%HZO 150 _1.947 '(E?é_(&_zg 'g;)) _fj?gfﬁgﬁg:gg The model computeq DSR quxes. have begn validated
Wo, 10 -072(-337-0.01) —0.61(-1.55-0.01) through comparison with corrgspondlpg extensive measure-
Weo, 10 —0.1(-0.51-0.01) —0.08 (-0.33-0.01) ments from stations. Such high-quality surface-based data
Rg 10 —-1.05(0.02-13.41)  —3.53 (-94.52-0) were taken from two sources, namely the Baseline Sur-
ISR 1 1.74 (0-4.63) 1.52 (0-3.22) face Radiation Network (BSRN, Ohmura et al., 1998) and
AOT 10  -0.16 (-2.62-0.01) —0.12(2.03-0.01) the Global Energy Balance Archive (GEBA, Gilgen and
waer 10 0.58 (0-11.81) 0.4440.01-8.0) Ohmura, 1999). The BSRN stations have to follow specific
Saer 10 026 ¢0.02-4.79)  0.2140.05-3.72) observational and calibration procedures, resulting in stan-

dardized data of very high accuracy. The temporal resolu-

tion of the data is also exceptional, of the order of minutes.
longitude-latitude) and on a monthly mean basis. The re-All flux data in the BSRN database are quality checked by
sults are given in Fig. 8, where one can see that overall, th&VCRP. If more than 80% of the minute values in a specific
DSR fluxes are highly correlated (R=99.96%), with a stan-day pass the quality control, they are subsequently averaged
dard deviation of 2.16 Wi and a very small bias, equal to to yield daily values. If this happens for more than 20 days
0.07 Wn12, corresponding to only 0.04% of the mean an- in a month, then monthly values are also computed. We then
nual global DSR flux. This verifies that using NCEP/NCAR compare these monthly values with the monthly values cal-
or ECMWF data in our model, has little impact on the com- culated by our model. The BSRN network was established in
puted DSR fluxes. Using ECMWF data generally leads t01992 and the stations from which at least one monthly DSR
larger DSR fluxes than using data from NCEP/NCAR. Nev- value in the period 1992-2000 is available, are listed in Ta-
ertheless, our more detailed analysis has shown that somdle 4. The comparison of observed versus calculated monthly
what larger differences in DSR are found at the grid cellmean DSR fluxes within the 252.5° cell containing the
level, although in the majority of cases they do not ex- BSRN station for all 22 stations, is shown in the scatterplot of
ceed 2Wn2. For specific cases, however, DSR differ- Fig. 9a, while the summarised results of model-BSRN com-
ences reach values of 10 WHj this is the case over areas parison, in terms of bias, root mean square error (RMS) and
with a significant topography, such as the Tibetan plateauthe slope of the least-squares line, for each station, are also
Greenland, Rocky Mountains or the Andes. Over these arlisted in Table 4.
eas, the ECMWF specific humidity is lower than that of The scatterplot shows a bias equa-t®4 Wnm2, with a
NCEP/NCAR, by up to 10-20 g/Kg, leading thus to larger relatively small scatter (RMS equal to 30.6 WA). A more
DSR fluxes. detailed analysis of the results of model validation against
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Table 4. Baseline Surface Radiation Network (BSRN) stations with measurements of downward SW radiation (DSR) at surface in the period
1992-2000 used for validation of model DSR results. Lat is latitude; Lon is longitude; Elev is elevation (in m); Period is years for which each
station gave quality checked DSR monthly fluxes; Bias is the average difference of computed and observed fluxes; RMS is the root mean
square error of computed fluxes; Slope is the least-squares line slope and its uncertainty at the 95% confidence interval and N is number o
mean monthly fluxes used.

Station Name Lat Lon Elev. Period Bias RMS Slope N
Ny Alesund, Norway 78.9 12.0 11 92-00-13.85 24.45 0.920.09 37
Barrow, Alaska 71.3 -156.6 8 92-00 —-14.56 3442 0.8850.08 72
Toravere, Estonia 58.4 26.8 70 99-00 3.39 7.47 H@B6 11
Lindenberg, Germany 52.2 14.1 125 94-00-17.27 22.71 0.860.03 74
Payerne, Switzerland 46.8 6.9 491  92-97-2.44 11.30 0.9£0.04 50
Regina, Canada 50.2 —104.3 574 9599 -19.85 24.21 1.020.05 57
Chesapeake Light, Virginia 36.9 -75.7 0 2000 -7.78 10.96 1.0%0.19 6
Carpentras, France 44.0 5.0 110 96-00-9.95 11.83 0.920.02 44
Boulder, Colorado 40.0 —-105.0 1577 92-00 -15.28 22.01 1.120.04 84
Tateno, Japan 36.0 140.1 25 97-00-6.36 18.21 1.230.11 39
Bermuda 323 -64.8 8 92-00 5.03 16.02 1.69.05 104
Kwajalein, Marshal Islands 8.7 167.7 10 92-00-6.75 12.02 0.8320.07 104
llorin, Nigeria 8.5 4.6 350 92-95 29.10 36.11 143435 26
Nauru Is. -0.5 166.9 7 98-99 -11.74 14.01 0.820.33 8
Manus Is., Papua New Guinea —2.1 147.4 6 2000 10.47 10.47 - 1
Alice Springs, Australia —23.7 1339 547 95-00 —-15.86 17.61 0.9%0.03 70
Florianopolis, Brazil —275 —485 11 94-99 2.24 13.00 04D.33 14
De Aar, South Africa —-30.7 24.0 1311 2000 —-14.52 18.04 0.860.16 6
Lauder, New Zealand —-45.0 169.7 370 99-00 —44.19 50.73 0.740.09 17
Georg von Neumayer, Antarctica—70.6  —8.2 42 92-00 -45.79 58.00 0.6#0.06 31
Syowa, Antarctica —69.0 39.6 29 94-00 —71.91 86.49 0.680.07 46
South Pole —-90.0 - 2841 92-00 —26.78 30.57 1.080.04 38

BSRN, shows that the biases do not exceed 10°&/in the problem. Given that over Antarctica’s coastal areas, the
tropical and mid-latitude areas of both hemispheres, whilemodel also underestimates OSR (see Hatzianastassiou et al.,
the corresponding RMS values remain smaller than abouf004a), the situation is rather puzzling, and certainly a more
20 Wn1 2, Despite this quite good model performance, theredetailed analysis is necessary, including careful check of the
is some underestimation of DSR fluxes with respect to BSRNsite measurements. Apart from a few stations, the model gen-
in stations situated in southern polar areas™{®0° S), as  erally underestimates DSR with respect to BSRN, resulting
can be seen in Table 4. This was also found by comparithus in an overall negative bias. Examination of the seasonal
son against GEBA DSR data (Fig. 9b). Nevertheless, notébehaviour of our model performance against BSRN, shows
that similar underestimation features of surface solar radiathat generally, zero bias is within the error bars, except for
tion fluxes with respect to site measurements in polar areaghe polar regions during summer, and most of the year in the
have been reported also by others (e.g. Wild et al., 1998asouthern mid-latitude areas.

2004; Wild and Ohmura, 1999). The largest biases and RMS A similar comparison of measured against model com-

values are found at the stations of Syowa and Neumayerputed DSR fluxes is performed using another DSR database,
along Antarctica’s coast. Also, the least square line slopehe Global Energy Balance Archive (GEBA, Gilgen and
is significantly less than unity in these stations, in contrast toOhmura, 1999). The GEBA contains quality checked
values very close to unity for the rest of stations. However,monthly means of energy fluxes at the Earth’s surface from
the South Pole station shows much less underestimation angltes all over the world. Data stored in the GEBA database
a least-squares line slope equal to one. This is evidence thafave been extracted from periodicals, monographs, data re-
the model underestimates DSR in the Antarctic coast not beports, and unpublished manuscripts. About 700 stations with
cause of model deficiencies related to the polar climate, bugt least one monthly DSR value in the period 1984—2000
more Ijkely becausg of errors in'model if}pUt data. Since thewere used in the validation of our model. In Fig. 9b is shown
detection of clouds is problematic over highly reflecting sur- the scatterplot comparison of all monthly measured values
faces, such as the poles, and the good model performancggainst the computed values in the°x2.5° grid cell con-

at the South Pole station, it seems that clouds might not beaining the specific GEBA station. Similarly to the BSRN
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comparison, our model underestimates DSR in the polar ar- 500 —
eas, but everywhere else the agreement is very good, with ) e
an overall bias equal te-6.5Wn12 and a RMS value of 4307 smpezogg
23.5WnT?2. The GEBA polar stations show that our model 4009 R=0.99
underestimates the DSR, similarly to the BSRN stations, but 350 N=939

GEBA, in contrast to BSRN, does not show any evidence
of DSR underestimation in the southern mid latitudes. The
much smaller number of BSRN measurements (939) than
that of GEBA (27858), due to the shorter period covered
(1992-2000 against 1984—2000), should be at least partly re-
sponsible for the better agreement between model and GEBA
than BSRN. But, probably, the most important reason could
be the different geographical distribution of stations in the
two networks: a significant number of BSRN stations (7 out

Model DSR (W m™)
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of 22) are located poleward of 50 and S, while GEBA in- BSRN DSR (W m’)
cludes a comparatively small fraction of stations (out of total @)

700) located in sub-polar and polar areas. This is essential, %] —

since it is well known that the high-latitude areas are worse 430+ Eﬁss_fsz

sampled by satellites than lower-latitude areas. 400 Slope=0.974

— 350 ] R=0.992

"-'E i IN=27858
. 300
7 Summary and conclusions E A
o~ 250
. - . . . . - A 1
An improved physical deterministic radiative transfer model 2 200
along with long-term climatological data for various key =~ g 1501

physical surface and atmospheric parameters have been used = 100
to compute the SW surface radiation budget (SRB) for the
17-year period from 1984 to 2000, on a mean monthly ba- il
sis and 2.5 by 2.5 longitude-latitude grid cell resolution at 0
global scale. The data were taken from large data bases such

as ISCCP-D2, TOVS, GADS, NCEP/NCAR and ECMWF (b)

Global Reanalysis projects. The model results were vali-

dated against quality BSRN and GEBA.data for the per- Fig. 9. Scatter plot comparison between model-computed éad:
ods 1992-2000 and 1984-2000, respectively, showing goog@;seline Surface Radiation Network (BSRN), gl Global En-
agreement with surface measurements, with an overall negsrgy Balance Archive (GEBA) grid-cell data of monthly average
ative bias of 14 and 6.5 Wn#, with respect to BSRN and  downward shortwave radiation (DSR) at the Earth’s surface, over
GEBA measurements, respectively. The better agreemerthe time periods 1992—-2000 and 1984-2000, respectively. R and
with GEBA than BSRN data is probably associated with the N are the correlation coefficient and number of matched data pairs,
larger number of GEBA than BSRN station measurementsespectively.

and with the different geographical distribution of stations.

Namely, the BSRN includes a larger fractional number of sta-

tions located in sub-polar and polar areas than GEBA, whichpecially of low-level clouds, and secondarily to water vapour
are not as well sampled by satellites as areas of lower latiamount.

tude. The differences between model-computed and surface- The 17-year model results indicate that the Earth’s surface
measured DSR fluxes, are within 10 Wfnat most stations, receives 171.6 Wir?, while it absorbs 149.4 Wn?, values

i.e. close to the uncertainty of BSRN and GEBA data, exceptthat correspond to 50.2 and 43.7% of the incoming SW ra-
for two stations along Antarctica’s coast, where systemati-diation at the top of the atmosphere. These values involve
cally larger differences in DSR fluxes were found. Uncer-a long-term surface albedo equal to 12.9%. According to
tainties in model input data are assessed to be the most likelgur analysis, using either NCEP/NCAR or ECMWF humid-
source for this model DSR underestimation, whereas similaity and temperature data in our model, has generally little
underestimation features at the same stations have been reffect on the computed DSR fluxes. Our computed value of
ported by other modelling studies, suggesting also an exami43.7% for the part of solar radiation that is absorbed by the
nation of the quality of site measurements. A series of modeEarth’s surface, is smaller than the values given in previous
sensitivity tests has shown that DSR is primarily sensitive tostudies, which are larger than 46%. In combination with a
cloud parameters, namely cloud cover and optical depth, edong-term planetary albedo equal to 29.6% (Hatzianastassiou
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et al., 2004a), our modeling study indicates a partial absorpCenter (LaRC) Atmospheric Sciences Data Center (ASDC). The
tion of solar radiation within the terrestrial atmosphere, equalNCEP/NCAR Global Reanalysis Project data were obtained from
to 26.7%. Our values of 43.7 and 26.7% for the surface andhe National Oceanic and Atmospheric Administration (NOAA)

atmospheric absorption of solar radiation, are significantIyCOOPeratiV? Institut.e for Research in Environmental Sciences
smaller and larger, respectively, than the corresponding val{C!RES) Climate Diagnostics Center, Boulder, Colorado, USA.
ues of about 50 and 20%, estimated by earlier studies. Ou he ERA-15 ECMWEF data were obtained from the Data Ordering

value of 149.4Wm2 for the net downward surface solar ervice of ECMWF. The GADS data were obtained from the
) Meteorological Institute of the University of Munich, Germany

radiation, is smaller than the values given by other mOdeIS(http://www.meteo.physik.uni-muenchen.de/strahlung/aerosol/

and reanalysis projects, by at least 10-20 Wirexcept for aerosol.htqi The BSRN data were obtained from the BSRN
versions 4 and 5 of ECHAM GCM, the ISCCP-FD fluxes gatabase of the World Radiation Moniroring Center (WRMC) at

(Zhang et al., 2004), and the ECMWF reanalysis. It is veryEidgerbssische Technische Hochschule (ETH). The GEBA data
interesting that our model computed value is very close towere obtained from the GEBA database of the World Climate
the revised “best” estimate of about 150 W#from surface ~ Progam — Water (WMO/ICSU) at ETH.
measurements. Comparable DSR and net DSR fluxes were
computed for the northern and southern hemispheres. Edited by: L. M. Frohn

The linear regression analysis applied to 204 global av-
erages of monthly mean DSR fluxes, reveals a Sigmﬁcanheferences
decadal increase in SW radiation reaching the Earth’s sur-
face, equal to 2.4 W, associated with a corresponding gyieglep, B. P., Minnis, P., Ramanathan, V., and Harrison, E.: Com-
decadal increase in surface solar absorption of 2.2#m parison of regional clear-sky albedos inferred from satellite ob-
over the 17-year period 1984-2000. The performed analy- servations and model computations, J. Clim. Appl. Meteor., 25,
sis has shown that the increasing surface solar heating, indi- 214-226, 1986.
cated by positive DSR and net DSR anomalies, started afte€ess, R. D., Dutton, E. G., DeLuisi, J. J., and Jiang, F.: Determining
the year 1992, and that it has been caused by a significant re- surface solar absorption from broadband satellite measurements
duction in cloudiness during the last decade of 20th century. for clear skies: Comparison with surface measurements, J. Cli-
In contrast, mainly negative anomalies are found from 1984 Mate, 4, 236-247,1991. _
through the early 1990s. Our results are in agreement wittfess R- D., Zhang, M. H., Minnis, P., et al.: Absorption of solar

surface observations (Wild et al., 2005), also indicating an ggﬂgg bfggE)UdS: Observations versus models, Science, 267,

increase in DSR starting aﬂe_r 19_90' A further analysis haSChen, C.-T. and Roeckner, E.: Validation of the Earth radiation
demonstrated that the reduction in low-level cloud amounts, 1, qget as simulated by the Max Planck Institute for Meteorol-

accounts for about 70% of the computed increasing trend in  ogy general circulation model ECHAM4 using satellite obser-
DSR. This is consistent with the results of a sensitivity study, vations of the Earth Radiation Budget Experiment, J. Geophys.
showing that the surface SW radiative fluxes are primarily Res., 101, 4269-4287, 1996.

sensitive to cloud parameters, and more specifically to lowChen, J., Carlson, B. E., and Del Genio, A. D.. Evidence for
middle, and high-level cloud cover (in that order), and sec- strengthening of the tropical general circulation in the 1990s, Sci-
ondarily to other parameters, such as total precipitable water. €nce, 295, 838-841, 2002.

In the future, it is desirable to use more advanced mod-Pa2mell, W. L., Staylor, W. F., Gupta, S. K., and Denn, F. M.: Es-

els to make such computations of SRB using the same or timation of surface insolation using Sun-synchronous satellite

similar input data. This can improve the accuracy of the re- data, J. Climate, 1, 820835, 1988.
P ’ P y Darnell, W. L., Staylor, W. F., Gupta, S. K., Ritchey, N. A., and

§ults, th_OUQh it invqlves_ other p'fOblems' for example great_ly Wilber, A. C.: Seasonal variation of surface radiation budget de-
increasing computing time, which constitutes a problem in  ryed from International Satellite Cloud Climatology Project C1
case of global scale studies. Further work is undertaken in gata, J. Geophys. Res., 97, 15 741-15 760, 1992.

order to increase the spatial and temporal resolution of theel Genio, A. D., Yao, M.-S., Kovari, W., and Lo, K. K-W.: A
performed study, providing SRB fluxes &t Ay 1° latitude- prognostic cloud water parameterization for global climate mod-
longitude resolution or on a daily mean basis. Preliminary els, J. Climate, 9, 270-304, 1996.

results show that there is good agreement with the ISCCPDickinson, R., Henderson-Sellers, R., and Kennedy, P.: Biosphere-
D2 based monthly mean 2.Besolution fluxes shown here. ~ Atmosphere Transfer Scheme (BATS) Version 1e as cloupled to
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