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Abstract. Land-use activities affect Earth’s energy balance span analyses restricted to application of emission metrics or
not only via biogeochemical emissions, but also through perto biogeochemical concerns following land cover changes in
turbations in surface albedo, the latter of which is often ex-regions where surface albedo is known to be an important
cluded in impact assessment studies. In this short technieontributor to the global energy balance.
cal note, we present and compare a simple model for esti- In order to study surface albedo changes in global climate
mating shortwave radiative forcings at the top of Earth’s at-models, it is necessary to estimate the attenuation of incom-
mosphere to a more sophisticated 8-stream radiative transng solar radiation on its way to the surface through the at-
fer model based on a discrete ordinate method. Outcomemosphere. Several numerical approximation technigues have
from monthly albedo change simulations for ten globally dis- been developed for handling the complexity of scattering and
tributed regions and a single year revealed that the simpl@absorption of shortwave radiation. These approaches mostly
model — based on a single exogenously supplied meteorologzoncern approximations of spectral and spatial resolutions.
ical variable — performed quite well, having a sample corre-For highest accuracy, a line-by-line code with radiative trans-
lation coefficient of 0.93 and a normalized root mean squarder calculations for single spectral lines is required, but this
error of 7.2 %. Simple models like the one presented here cais also a comprehensive and time-consuming method. The
offer an attractive and efficient means for non-experts to bemost common method in global climate modeling is to solve
ginincluding albedo change considerations in climate impacthe radiative transfer equation numerically when shortwave
assessment studies enveloping land use activities. radiation is propagating in discrete directions (decided by
a specified number of streams), called the discrete ordinate
method (DOM) (Chandrasekhar, 1960) and the electromag-
netic spectrum is divided into spectral broad bands. The two-
1 Introduction stream and delta-Eddington (Joseph et al., 1976) approxima-
tions are examples of simplified versions of this method, and
Perturbations in the global energy balance due to changegarticularly the DIScrete Ordinates Radiative Transfer pro-
in land surface albedo are important to consider when atyram (DISORT) (Stamnes et al., 1988) has been developed
tributing climate impacts to policies and product systemsiq provide a numerical solution of DOM.
originating in the Agriculture, Forestry, and Other Land Use  \yhjle many radiative transfer models and codes are freely
(AFOLU) sectors. However, surface albedo change considyygjlable, they require significant expertise and rely on a suite
erations are typically neglected due to perceived challengegg exogenously prescribed surface, cloud, meteorological,
associated with data requirement and radiative transfer mode{ng atmospheric characteristics obtained from other sources
complexity. This is evidenced by the lack of attention given (Oreopoulos et al., 2012). Here, we present a simple model
by Working Group Il in the previous (Nabuurs et al., 2007; for estimating top-of-atmosphere (TOA) shortwave radiative

Smith et al., 2007) and upcoming (Mahmood et al., 2013)forcings from a surface albedo change and benchmark results
IPCC Assessment Reports, where reviews of the literature
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from several albedo change simulations to those generated tsky, which is around 80-85 % (Lenton and Vaughan, 2009;
a more advanced 8-stream radiative transfer model based dfiehl and Trenberth, 1997). A value of 0.854 (Lenton and
DISORT. Vaughan, 2009) fof; was applied in Cherubini et al. (2012)
and the forcing results using this simple parameterization
e aligned well with those calculated using a more sophisti-
2 Model description cated radiative transfer model (Fu-Liou, 2005; Fu and Liou,
1992, 1993) that required detailed prescriptions of cloud and

In recent years, NASAs Surface Meteorological and So'aerosol optical properties. AlthoughRroa(r) may be ap-

lar Energy (SSE) project (NASA, 2013a) and Prediction plied with K7(z) to compute the incident flux at surface,

of Worldwide Energy Resource (POWER) projects (NASA, —Rs(t,1), this surface flux could also be taken directly from

2013b) ha\{e; been prowdlng |nternet-ba§ed access tq Paranyi1sa SSE/POWER for similar spatialX1 degree) and tem-
eters specifically tailored to assist studies of agroclimatol-

ogy, sustainable urban development, and renewable energlg/Oral resolutions (monthly, 1983-2005):

deployment. The main goal of the SSE and POWER project imple, . . .

has been to make NASA' satellite data more readily accesS—RéOA (t,i) = —Rs(t, i) Aas(t, i) Ta, ©)

sible to the general academic community, where such data o . o
o where —Rs(¢,1) is the incident surface flux in time step

have been demonstrated to enhance the output of existing de*- C .

. - or regioni, Aas(t) the difference between the new surface
cision support systems. The parameters currently ava”ablglbedo and the reference albedo at time stapd region
through the SSE and POWER web-based data archive are : : : '

L . X . andT; is the upwelling transmittance constant (0.854).
based primarily on solar radiation derived from satellite ob- Recoanizing that such simple parameterizations can ap-
servations and meteorological data from the Goddard Earth 9 9 pie p . ap

. S . pear to provide reasonable forcing estimates, we subject
Observing System assimilation model (Global Modeling anqu (2) to additional scrutiny here by performing idealized
Assimilation Office, 2013). Gridded radiation budget vari- _ "

ables are accessible at a 1 Byspatial resolution dating back a:gﬁgoéﬁgaggg S;?;ulzgopjsjﬁrs %g t%f::'g g'sr:g)r:ti% rr?i-s—
to 1983 and have been tested/validated against research qu%— P P

ity observations from the Baseline Surface Radiation Net- icated eight-stream radiative transfer model (Myhre et al.,
work (BSRN) (Ohmura et al., 1998), 2002, 2007) based on DISORT (Stamnes et al., 1988), which

These data provision and validation efforts lend support tohas been applied in several recent modeling studies (Myhre
ap . PPOT Ot al., 2005; Eide et al., 2013; Skeie et al., 2011; Samset and
the exploration and development of simpler models built to

rely on such data for addressing questions surrounding Ianylyhre‘ 2011). To our knowledge, outcomes from such sim-

cover albedo changes and their subsequent shortwave enerél%e models have not been compared quantitatively to those

. . : nerated via application of more advanced models.
balance perturbations. Several recent studies employ simpl : : .
. . The chosen case regions experience a broad range of in-
models to estimate albedo change forcings at the top-of-the- " . e -
. . ._“coming solar radiation and background atmospheric con-
atmosphere (TOA), where multiple scattering and absorption;,. . . . :
ditions influenced by aerosol and cloud optical properties,

of incoming solar radiation throughout a 1-layer atmOSpher?shown in Table 1. Urban and tropical deforestation areas with

are accounted for either through the use of an atmospherlﬁ. : : . :
; : : . istorically high concentrations of anthropogenic aerosols
transmittance factor or by directly adopting estimates of the

. : - .. _from both biomass burning and fossil fuel combustion are
incoming solar radiation flux at surface level (Cherubini et : . :

s S selected for the simulations, as well as urban areas with low
al,, 2012; Meyer etal., 2012; Kirschbaum et al,, 2011, 2013'cloud cover and non-urban areas with low anthropogenic
Bright et al., 2012; VanCuren, 2012; Bright et al., 2013). Us- . » . Pog
. - ..~ aerosol concentration. Additional details are found in Ta-
ing Cherubini et al. (2012) as an example, local rad|at|veble 1
fprcmgs at.TOA are compqted with a simple model .that " For the 8-stream DISORT model, TOA shortwave forc-
lies on a single clearness index paramekgs(r), obtained . . . . .

. ings are calculated in 3 h time steps and averaged into daily
from Nasa SSE/POWER: . ) ) .
and monthly means. Forcing simulations are run using pre-
RF?&p'e(t,i) — —Roa(t, ) K1 (1, i) Aas(t, i) Ta, (1)  scribed 2004 meteorological data from the European Cen-
tre for Medium-range Weather Forecasts (ECMWF) with
where— Rtoa(#, 1) is the local incoming extraterrestrial solar aerosol data based on simulations from a chemical transport
flux at TOA in time step and region, which is a function of  model (Oslo-CTM2) involved in a global aerosol model in-
latitude, K7 (¢, i) is the fraction of local- Ryoa that reaches  tercomparison study (Myhre et al., 2013). Aerosols included
the surface in time step(“all-sky clearness index”) and re- are sulphate, black carbon, and organic carbon from fossil
gion i, which may be considered the downwelling transmit- fuel and biomass burning. For each case region, the 2004
tance coefficient for the single atmospheric lay®t;s(z, i) MODIS black-sky albedo (MCD43) for the representative
is the local change in surface albedo in time stapd region  pixel is decreased by 0.1 in the idealized forcing simulation.
i, and T, is a constant denoting the globally averaged an- For the “simple” model presented as Eq. (2) — henceforth
nual fraction of upwelling shortwave radiation exiting a clear referred to as Simple — monthly mea&y is taken directly
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Table 1. Case study regions and their center pixel geographic coordinates.
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Region Latitude Longitude Site Description Reference
Northeast China 35 115 High aerosol concentration Henriksson et al. (2011)
from urban sources
West Bengal, India 23 87 High aerosol concentration  Henriksson et al. (2011)
from urban sources
Melbourne, Australia -37.8 145  Urban, medium cloud cover NASA (2012)
Ivory Coast, Africa 7 —7.5 High aerosol concentration Hai and Liu (1994);
from biomass burning Roberts et al. (2009)
Amazonia, Brazil, -11.9 —52.5 High aerosol concentration Hai and Liu (1994);
S. America from biomass burning Sena et al. (2013)
Rust Belt, Midwestern 40.5 —80 High aerosol concentrations  Leibensperger et al. (2012)
USA from urban sources
Saskatchewan, Canada 55.2 —106.5 Rural, high cloud cover NASA (2012)
Phoenix, AZ, USA 33.2 —111.5 Urban, low cloud cover NASA (2012)
Bavaria, Germany 48.7 11.5 Urban, high cloud cover NASA (2012)
Central Finland 61.5 23.5 Rural, high cloud cover NASA (2012)
2004 "Allsky" monthly mean R, R? = 0.94 2004 "Allsky" monthly mean RF, Ao, = -0.01, R? = 0.68 eIS (R2 = 094), although the Slmple model - adoptlm
Y - B directly from NASA SSE — has slightly highds fluxes rel-
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Fig. 1. (A) Correlation between the incoming monthly mean surface

ative to the DISORT model.

A site-by-site comparison of monthlgs presented in Ta-
ble 2 reveals that these fluxes are generally higher overall for
the Simple relative to the DISORT model, with increasing
deviation linked to months with lower incoming extraterres-
trial solar radiation — such as in winter (summer) for northern
(southern) latitudes.

When monthly Rs fluxes are directly compared with
ground observations for two of our case regions — “Mid-
west USA’ and “Saskatchewan, Canada” — we find evidence
that DISORT may actually be underestimatiRgin winter
months, and that, overall, the Simple model generates esti-
mates closer to the ground-based observation (blue) more
frequently than DISORT (red) for these two regions, pre-
sented in Fig. 2.

Because theks fluxes estimated by both models seem to

solar ﬂUXRs (B) and monthly shortwave radiative fOI’CingS at TOA correlate well overall with ground Observatlon, the results

computed by the Simple and DISORT models.

from NASA SSE for the same year and region (NASA

2013a).

3 Results and discussion

of the Simple model are henceforth compared and discussed
only in relation to the results of DISORT.
In terms of monthly shortwave radiative forcing at TOA
' from the —0.1 surface albedo change, the Simple model

(Fig. 1b) agrees well425%, R? = 0.88) with DISORT

(Fig. 1b), indicating that use of the constant tefgin the
Simple model appears to produce reasonable estimates. Nev-
ertheless, ordinary least squares regression is performed us-

Figure la shows the variation in the 2004 all-sky monthly ing monthly TOA output from the DISORT model as the re-
mean surface radiation fluRs between the two models, sponse variable for assessing the suitability offtheonstant
with the majority of the fluxes falling withint25 % agree-  used in the Simple model:

ment of each other. There is good agreement between mod-
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Table 2. The “all-sky” monthly mean incoming solar surface fluksf of the Simple model relative to DISORT (shown as % deviation from
DISORT). Correlation coefficients ) are also presented.

Jan Feb Mar Apr May Jun Jul  Aug Sep Oct Nov Dec r
N.E. China 286 143 8.9 22-25 -05 0.7 0.9 4 -36 134 7.1 0.98
W. Bengal, India 11.3 13 87 7.1 6.6 9.5 106 30.6 9.3 109 105 9.3 0.98
Melbourne, Australia  —4.3 4.4 09 -0.2 0.2 9.9 246 117 41 -0.1 23 -0.6 0.99
Ivory Coast, Africa 21.1 10 126 22 22 7 1.1 174 115 5 56 13 0.75
Amazonia, Brazil 09 166 196 202 293 27 333 296 36.7 79 133 116 0.67
Midwest, USA 67.8 358 10.2 9.2 -21 1.3 14 -1.7 10.7 6.7 319 60.9 0.99
Saskatchewan, Canada  78.6 35.2 116 285.6 9.9 14 -21 -37 9.3 187 70.8 0.99
Phoenix, AZ, USA 215 195 275 247 243 20.5 18 44 219 114 211 24 0.98
Bavaria, Germany 88.9 29.1 283 24-33 -138 -124 -58 -28 -216 4 29 0.98
Central Finland 1919 0917 334 8.5 18 -34 0.3 -6.3 2.2 6.2 37.3 1359 0.99

Table 3. The “all-sky” monthly mean shortwave radiative forcing (RF) of the Simple model relative to DISORT (shown as % deviation from
DISORT) after a simulated-0.1 surface albedo change. Correlation coefficientse also presented.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec r
N.E. China 91 -56 -22 -81 -142 -06 44 117 -27 -146 -134 -69 0.96
W. Bengal, India -54 -51 -48 -24 12 162 346 678 275 59 -57 -8 0.86
Melbourne, Australia -16.1 -5.2 -135 -11.3 -11.6 7.4 21 4.7 0.4 -10.2 -43 -88 0.99
Ivory Coast 225 177 247 481 499 243 201 397 289 146 105 218 0.68
Amazonia, Brazil 316 544 433 292 284 177 267 232 467 169 251 239 0.88
Midwest, USA 42 78 8 75 -22 -1 37 -25 1.3 -04 284 534 0.99
Saskatchewan, Canada ~ 30.9-4.7 -18.1 08 -26 152 9.3 5.2 03 -22 11 27 0.99
Phoenix, AZ, USA -63 -94 -22 -48 -69 -103 -69 -179 -67 -165 -87 -7.1 0.99
Bavaria, Germany 299 -76 -56 -81 -7.1 -185 -168 -125 -13.3 -287 21 2 099
Central Finland 161.3 445 104 2.1 6.6 21 17.1-19 9.8 53 175 912 0.99
= RFESAT = ko+ k1(—Rsi Aas) + i, (3)
s where the slope estimatdr is analogous to thd, term
. s of Eq. (2), kg is the intercept estimator, ang denotes the
o / o /'/ ! ith residual, or error. Minimizing the sum of squared residu-
z z ¢ als results in an estimator of 0.857 fbr, with the sum of
g’ 3 squared error (SSE) and coefficient of determinatifif)
E / E L. equal to the original model. In other words, use of the global
< | . mean upwelling transmittance factor 0.854 in the Simple
/ // model appears robust and its replacement with 0.857 not jus-
. tified.
2 ° A site-by-site inspection of RF outcomes of the Simple
. A B model relative to DISORT (Table 3) reveals that higher RF

0 50 100 150 200 250 300 0 50 100 150 200 250 300

# “ estimates are mostly restricted to those regions and months
Models, Wm’ Models, Wm

with high aerosol concentrations from biomass combustion

Fig. 2. Modeled vs. observed monthly mean “All-skRs for the
two case study regionéA) “Saskatchewan, Canada” a(®)) “Mid-

or low extraterrestrial incoming solar radiation. Regions and
months where the Simple model tends to generate lower

west USA". Observeds data for each case region are based on theforcings relative to the DISORT model are those in which

“Old Aspen” flux tower site located at 53N, —106.2 W Barr

clear- and all-sky solar radiation fluxes at surface are sim-

and Black, 2013) and the “Canaan Valley” flux tower site located atj|5, (i.e., from low cloud cover), such as “Phoenix, AZ

39.°N, —79.# W (Meyers, 2013), respectively.

Atmos. Chem. Phys., 13, 111694174 2013

USA?, which experiences an arid climate. For this region,
the Simple model underestimates forcings despite the rela-
tive overestimation of the incoming solar flux at surface level

www.atmos-chem-phys.net/13/11169/2013/
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(Table 2), implying that the value of the constant tefg+ Chandrasekhar, S.: Radiative Transfer, Dover Publications, New
which is based on the global annual mean — might be too low York, 1960.

for this and perhaps other arid regions. Increasing the preciCherubini, F., Bright, R. M., and Stremman, A. H.: Site-specific
sion of the Simple model will ultimately require knowledge ~ 9lobal warming potentials of biogenic CO2 for bioenergy: con-
of local upwelling atmospheric transmittance in placegf tributions from carbon fluxes and albedo dynamics, Environ. Res.
which can be computed if spatially explicit information on Lett., 7, 045902, dol0.1088/1748-9326/7/4/045902012.

upwelling absorptivity and reflectivity are known (Winton Eide, M. S., Dalspren, S. B, Endresen, @., Samset, B., Myhre, G.,
P 9 puvity y ’ Fuglestvedt, J., and Berntsen, T.: Reducingg@@m shipping

2005). — do non-CQ effects matter?, Atmos. Chem. Phys., 13, 4183—
4201, doi10.5194/acp-13-4183-2013013.
. Fu, Q. and Liou, K. N.: On the Correlated k-Distribution
4 Conclusions Method for Radiative Transfer in Nonhomogeneous Atmo-

) ] ] spheres, J. Atmos. Sci., 49, 2139-2156, Hail175/1520-
Overall, 96 out of the 120 monthly forcings estimates derived  0469(1992)049<2139:0tcdmf>2.0.cp1D92.

using the Simple model fell withia=25 % of the estimates Fu, Q. and Liou, K. N.: Parameterization of the Radiative Properties
calculated using the more advanced DISORT radiative trans- of Cirrus Clouds, J. Atmos. Sci., 50, 2008-2025, 1993.

fer scheme. On average, compared to DISORT, the Simpléu-Liou: Fu-Liou online 200507 (Diurnal Simulation}ttp:
model tended to overestimate radiative forcings#8.7 % /lwww-cave.larc.nasa.gov/cgi-bin/cave/fuliou/sun/flsun (tast
and had a normalized RMSE of 7.2 %, although a compari- _access: February 2011), 2005. _

son of the modeles flux with ground-baseds observation ~ Global Modeling and Assimilation Office: The GEOS-5 Sys-
for two of our study regions suggests that DISORT may be tem, http://gmao.gsfc.nasa.gov/GEQ@®&st access: April 2013),

. . g . L 2013.
iL;riqc;erestlmatlng this flux and thus potentially radiative forc- Hai, W. M. and Liu, M.-H. Spatial and temporal distribution of

o . ) o tropical biomass burning, Global Biogeochem. Cy., 8, 495-503,
For applications where this relative model deviation may 1994,

be considered acceptable in estimates of shortwave radiativBenriksson, S. V., Laaksonen, A., Kerminen, V.-M., Raisaanen, P.,
forcings at TOA, we find it difficult to conclude that the addi- ~ Jarvinen, H., Sundstrém, A.-M., and de Leeuw, G.: Spatial distri-
tional time and expertise required to run more sophisticated butions and seasonal cycles of aerosols in India and China seen
transfer codes like DISORT are justified when simpler al- in global climate-aerosol model, Atmos. Chem. Phys., 11, 7975~
ternatives based on high-quality, easily accessible meteoro- 7990, doi10.5194/acp-11-7975-2012011.

logical data are available. Simple models like the one pre-Joseph, J. H., Wiscombe, W. J., and Weinman, J. A.: The
sented here can offer an attractive and efficient means for Pelta-Eddington Approximation for Radiative Flux Trans-
non-experts to begin including albedo change considerations € J- Amos. Sci, 33, 2452-2459,  dd)1175/1520-

S . ; . 0469(1976)033<2452:tdeafr>2.0.cpiB76.
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