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Abstract 20 

Projected changes in the Earth system will likely be manifested in changes in reflected solar 21 

radiation. This paper introduces an operational Observational System Simulation Experiment 22 

(OSSE) to calculate the signals of future climate forcings and feedbacks in top-of-atmosphere 23 

reflectance spectra. The OSSE combines simulations from the Intergovernmental Panel on 24 

Climate Change (IPCC) Fourth Assessment Report for the NCAR Community Climate System 25 

Model (CCSM) with the MODTRAN radiative transfer code to calculate reflectance spectra for 26 

simulations of current and future climatic conditions over the 21st Century.  The OSSE produces 27 

narrowband reflectances and broadband fluxes, the latter of which have been extensively 28 

validated against archived CCSM results. 29 

The shortwave reflectance spectra contain atmospheric features including signals from water 30 

vapor, liquid and ice clouds, and aerosols.  The spectra are also strongly influenced by the 31 

surface bidirectional reflectance properties of prognosed snow and sea-ice and the 32 

climatological seasonal cycles of vegetation.  By comparing and contrasting simulated 33 

reflectance spectra based on emissions scenarios with increasing projected and fixed present-34 

day greenhouse gas and aerosol concentrations, we find that prescribed forcings from 35 

increases in anthropogenic sulfate and carbonaceous aerosols are detectable and are spatially 36 

confined to lower latitudes.  Also, changes in the inter-tropical convergence zone and poleward 37 

shifts in the subsidence zones and the storm-tracks are all detectable along with large changes 38 

in snow cover and sea-ice fraction.  These findings suggest that the proposed NASA CLARREO 39 

mission to measure shortwave reflectance spectra may help elucidate climate forcings, 40 

responses, and feedbacks. 41 

42 



1. Introduction 43 

The Earth’s climate is dependent on absorbed solar radiation which is derived from differencing 44 

the incoming and outgoing solar radiation, and this difference is a powerful and highly variable 45 

driver of the climate system.  Predicting how the Earth’s broadband albedo will change over the 46 

21st century requires an understanding of how the various mechanisms that control this albedo 47 

will change. Some of these are well-understood, such as orbital mechanics and the solar cycle, 48 

while others are less-understood, including snow/sea-ice changes and shifts in cloud cover.  49 

The broadband albedo may change in response to both natural variability and secular trends in 50 

the climate state. 51 

Using the modern instrumental record to detect and quantify decadal-scale changes in top-of-52 

atmosphere broadband albedo has proven problematic due to numerous issues including: 53 

• Difficulties in indirectly inferring flux quantities from radiance measurements through 54 

angular distribution models [Loeb et al, 2007]. 55 

•  Intercalibration issues among the various observations of the Earth’s radiation budget 56 

collected since 1979 [Loeb et al, 2002].   57 

• Discrepancies in estimates of broadband solar irradiance [e.g., Fröhlich, 2006]. 58 

More recently, there has been considerable debate surrounding the long-term stability of the 59 

Earth’s broadband albedo with significant implications for the near-term trajectory of climate 60 

change.  The issue has arisen because of apparent inconsistencies among direct and indirect 61 

observational records of the Earth’s reflected solar radiation.  While Pallé et al [2005] looked at 62 

Earthshine data and found a steady decrease in the Earth’s broadband reflectance from 1984 to 63 

2000 followed by an increase between 2001 and 2003, Wielicki et al [2005] found no trend in 64 

planetary broadband albedo from an analysis of CERES data coupled with other correlative 65 



satellite records from the MODerate Resolution Imaging Spectrometer (MODIS) [Justice et al, 66 

1998] and Jason/TOPEX [Ducet et al 2000].  This debate and additional problems encountered 67 

by researchers attempting to synthesize long-term climate records by harmonizing 68 

heterogeneous satellite instrument data [i.e. Hurrell and Trenberth, 1998] have led to the 69 

recognition of the critical importance of long-term measurement stability that is rigorously 70 

traceable to international standards for the assessment of changes in climate.   71 

In order to address this issue, the National Research Council’s Space Studies Board [2007] has 72 

strongly recommended that NASA implement a satellite mission with the ability to make highly 73 

stable and accurate measurements of shortwave reflectance and longwave radiance spectra 74 

and of atmospheric refractivity. This mission, called the CLimate Absolute Radiance and 75 

Refractivity Observatory (CLARREO), is being designed with a primary goal of achieving a set 76 

of benchmark measurements of climate from space, that are sensitive to the most critical, but 77 

least understood climate forcings, responses and feedbacks.  The benchmarks provide data 78 

against which future measurement differences can be tracked and unambiguously ascribed to 79 

changes in the climate system.  The benchmarks are achieved only through making 80 

measurements with calibrations that are rigorously traceable via multiple and independent 81 

metrological pathways to fundamental standards of length, mass, time, and temperature.  The 82 

standards used for the CLARREO mission will be the SI second, the SI Kelvin, and the derived 83 

quantities of the SI Watt and SI reflectance, the latter of which can also be tied to the SI watt 84 

through high accuracy spectral solar irradiance data such as the planned TSIS observations 85 

[Richard et al, 2008].  For this paper, spectral reflectance is a dimensionless quantity and is 86 

defined as follows: 87 
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where λR is the TOA reflectance, λI is the TOA radiance, and −
λF  is the downwelling TOA flux 89 

with all quantities reported at a wavelength band centered at λ .  A secondary goal of the 90 

mission is to provide a reference standard for inter-calibration of other spaceborne missions.  91 

The CLARREO orbits are designed to avoid sampling biases related to diurnal and seasonal 92 

variability as well as to demonstrate its utility as a reference standard using the internal 93 

consistency of multiple independent measurements of the Earth system. 94 

The CLARREO shortwave instrument is currently being designed.  The plans for the shortwave 95 

component of the mission include a series of one or more grating spectrometers with coverage 96 

from 320 to 2300 nm at 8 nm Full-Width Half-Maximum spectral resolution at 20 km spatial 97 

resolution.  The instrument’s key science requirement is to measure the absolute spectrally 98 

resolved nadir reflectance of solar radiation from Earth to space with a 2σ-accuracy of 0.3% so 99 

that detection times and trend accuracy are degraded by no more than 15% and 20%, 100 

respectively, relative to a perfect observing system [Leroy et al, 2008].  There is a wealth of 101 

modeling results that suggest that spectra of the Earth’s reflectance will change in response to 102 

natural variability and climate forcing.  However, there has been very little direct research to 103 

actually model anticipated changes in the Earth’s shortwave reflectance spectra despite the 104 

potential for the spectra to contain a large amount of information about the Earth-atmosphere 105 

system.   106 

An Observing System Simulation Experiment (OSSE) represents one tool that has been 107 

extensively utilized to assess the scientific utility of proposed satellite instruments such as 108 

CLARREO.  This tool allows mission planners to simulate instrument measurements within a 109 

controlled, well-understood, and realistic framework by pairing Earth simulations from climate 110 

models, reanalyses, or chemical transport models, with a radiative transfer and a satellite 111 

trajectory model that emulates what a proposed instrument would observe.  OSSEs have been 112 

utilized by the weather forecasting community [Arnold and Dey, 1986; Atlas et al, 1997; Lord et 113 



al, 1997] and have been increasingly employed for a variety of NASA missions [Atlas et al, 114 

2003; Lee et al, 2010] to evaluate both proposed and notional instruments.   115 

OSSEs are well suited for climate-monitoring mission planning for several reasons.  First, the 116 

state of the climate system is reported at a variety of different time-scales, is known perfectly, 117 

and can be subjected to different scenarios where the underlying forcings on and feedbacks in 118 

the system are allowed to vary.  The complete and exact knowledge of the underlying (model) 119 

climate system greatly facilitates quantitative assessment of how well the hypothetical 120 

instruments meet their design requirements to detect specific properties of that system.  121 

Second, it is possible to evaluate a variety of proposed mission configurations and 122 

specifications to gauge their scientific utility and to inform the mission planning process.  Third, 123 

the state of the instrument in an OSSE is perfectly known and any noise characteristics in the 124 

simulated measurements are completely prescribed.  These controlled conditions help 125 

determine the optimal conditions for the mission to succeed in its objectives.  Finally, all of the 126 

climate models that participated in the IPCC Fourth Assessment Report [Meehl et al, 2007] 127 

detail changes in the Earth system that will likely impact the spatial distribution of Earth’s 128 

reflectance arising from variations in vegetation, snow cover, sea-ice, aerosols, and clouds.  129 

Significant work has been devoted to the utilization of weather OSSEs for determining how 130 

uncertain quantities are made less uncertain with the addition of new datasets.  Developing a 131 

climate OSSE requires a similar approach, though with an emphasis on climatic variables; 132 

however, climate OSSEs are much more difficult to test against real data because analysis is 133 

performed on climate conditions that have not been witnessed in the modern instrumental 134 

record. 135 

Despite these benefits, OSSEs are not perfect substitutes for observing systems precisely 136 

because they do not encapsulate all of the real-world variability that a satellite instrument may 137 

encounter.  Any processes that are underrepresented in the input data (in this case, the climate 138 



model) or physics that are misrepresented in the instrument emulator will propagate into the 139 

OSSE results and will reduce the fidelity of the OSSE relative to the physical system being 140 

measured and/or the performance of the observational system.  Since it is generally very 141 

difficult to address the under- or misrepresentations in the OSSE until actual measurements 142 

from the instrument are obtained, this simulation and analysis tool is most appropriate for 143 

establishing a likely upper bound on the expected performance of the instrument.  That is, 144 

OSSE results that indicate that the proposed instrument will be able to meet its science 145 

requirements represent a necessary but not sufficient condition for mission success. 146 

With respect to the CLARREO mission, considerable research has been devoted towards 147 

determining the utility of making infrared measurements with well-known calibration by using 148 

OSSEs [Huang et al, 2010a] and detection and attribution methods [Leroy et al, 2008].  149 

However, while sampling studies [Doelling et al, 2009] and intercalibration studies [Lukashin, 150 

2009] have been undertaken for the reflected solar instrument, no studies have been 151 

undertaken to model changes in the shortwave reflectance spectrum over the 21st century.  152 

Therefore, this paper describes the development and features of an operational OSSE for 153 

shortwave reflectance measurements in order to evaluate the added value of spectral over 154 

broadband measurements.  We highlight the signals that are present in the simulated data, and 155 

we conclude with recommendations for future OSSE development and analysis.  This OSSE is 156 

different from those that have been utilized by the weather forecasting community in that the 157 

input data is obtained from climate models rather than retrospective meteorological analyses or 158 

reanalyses.  While inputs based on current observations are appropriate for establishing how 159 

realistic the results are, climate model data ultimately are required because CLARREO’s utility 160 

lies in its ability to detect the evolution of spectra under altered climate change conditions that 161 

have not been encountered in the historical periods spanned by analysis and reanalysis data 162 

sets. 163 



It is critical that the climate model OSSE provide realistic simulations of shortwave reflectance 164 

spectra that can serve as a guide for hyperspectral shortwave mission development.  Therefore, 165 

the OSSE spectra must meet the following criteria:  166 

• The simulated reflectance spectra are fully consistent with simulations of the 21st century 167 

climate. 168 

• The simulated reflectance spectra for present-day conditions agree substantially with 169 

and capture the unforced (natural) variability in existing satellite-based shortwave 170 

reflectances on seasonal, annual, and interannual timescales.   171 

These criteria ensure that the signals in the simulations are accurate representations of current 172 

and projected reflectances from the Earth system.  Once it has met these design objectives, the 173 

OSSE can be used to address several key questions related to the CLARREO mission: 174 

• What is the magnitude of reflectance spectra signals arising from aerosol and 175 

greenhouse gas forcing and does this exceed the natural variability of the climate 176 

system? 177 

• What is the magnitude of reflectance spectra signals arising from snow- and sea-ice, 178 

water vapor, and cloud feedbacks, and does this exceed the natural variability of the 179 

climate system? 180 

• What is the time required to detect changes in reflectance spectra relative to changes in 181 

broadband albedo for the same underlying forcings and feedbacks? 182 

• How easily can changes in reflectance spectra be ascribed to changes in the underlying 183 

forces and feedbacks? 184 



This paper focuses on the first criterion design objective of the OSSE and the results-to-date 185 

enable this paper to address the first two CLARREO mission questions.  Therefore, this paper is 186 

organized as follows: In section 2, the design and features of this climate model OSSE will be 187 

described in detail with a focus on the first criterion.  In section 3, the results of 21st Century 188 

simulations of an anthropogenically-forced and anthropogenically-unforced climate will be 189 

presented within the context of the shortwave reflectance measurements.  Finally, section 4 will 190 

present a discussion of the lessons learned from this climate model OSSE, the limitations of the 191 

simulations, and paths forward for future climate OSSE research with a focus on the second 192 

OSSE criterion. 193 



2. Methodology 194 

The OSSE has been developed to the point where it can be used as a satellite instrument 195 

emulator tool to make recommendations for mission design and configuration.  The inputs to the 196 

OSSE take the form of climate model integrations and can be broadly divided into descriptions 197 

of the top-of-atmosphere (TOA) and surface boundary conditions and the atmospheric state 198 

including radiatively active gaseous and condensed species.  The outputs from the OSSE are 199 

generated by a pair of radiative transfer codes.  Each of these components is described in detail 200 

below. 201 

 202 

a. Climate model inputs 203 

 204 

Solar reflectance spectra are produced from single ensemble members of simulated climate 205 

states generated by the Community Climate System Model (CCSM3) Version 3 [Collins et al, 206 

2006a].  CCSM3 is a coupled climate model with components representing the atmosphere, 207 

ocean, sea ice, and land surface connected by a flux coupler.  CCSM3 is designed to produce 208 

realistic simulations on decadal to millennial timescales of continental-scale dynamics, 209 

variability, and climate change. 210 

The input data are obtained from climate model simulations produced in support of the IPCC 211 

Fourth Assessment Report (AR4) [IPCC, 2007] and are publicly available from the Earth System 212 

Grid [Bernholdt et al 2005].  Simulations for this paper have focused on comparing and 213 

contrasting reflectance spectra associated with the A2 emissions scenario [Nakicenovic et al 214 

2000] and the constant CO2 concentration scenario [Meehl et al, 2005; 2007].  The former 215 

scenario prescribes steadily increasing levels of well-mixed greenhouse gases including CO2, 216 

CH4, N2O, and CFC’s, as well as sulfate and carbonaceous aerosol loading that peaks at 2050 217 



and decreases to 1990-level by 2100.  The result of this scenario is a tripling of CO2 by the end 218 

of the 21st Century relative to pre-industrial conditions, very little change in aerosol optical depth, 219 

and considerable surface warming and snow and sea-ice retreat across the multi-model 220 

ensemble assessed in the AR4.  The latter scenario prescribes time-invariant concentrations of 221 

the well-mixed greenhouse gases and aerosols described above fixed to levels prescribed for 222 

2000 CE. 223 

The state parameters from the atmospheric and land-surface models input to the OSSE have 224 

been computed and archived on a horizontal spectral-Eulerian T85 (85-wavenumber triangular 225 

truncation) grid with an equatorial zonal resolution of approximately 1.41o (154 km).   The 226 

vertical profiles of atmospheric thermodynamic properties, trace gases, and condensed species 227 

are resolved onto 26 hybrid-sigma levels from the surface to a constant pressure surface of 228 

2 hPa in the middle of the stratosphere. 229 

With the exception of some high-frequency temporal “snapshots”, the instantaneous fields from 230 

the CCSM simulations of the 21st Century are averaged and archived as monthly means.  The 231 

climate states used in the OSSE are extracted from these time-mean model fields.  This implies 232 

that the OSSE can only capture temporal variability on monthly and longer timescales.  On 233 

shorter timescales, the solar illumination and the states of the atmosphere and land surface are 234 

held fixed (i.e., persist) from one orbit of the simulated satellite to the next.  The reasons for this 235 

choice of monthly-mean inputs are two-fold: first, a primary objective of the CLARREO mission 236 

is to record measurements that will be critical for long-term climate change evaluation, so the 237 

simulation of higher-frequency features is of secondary importance.  Second, the OSSE 238 

simulations are very computationally intensive (as described below), and it is not feasible at this 239 

stage of project development to perform global simulations of CLARREO reflectance spectra 240 

over the 21st Century at shorter time-scales.  Alternate implementations of the radiative transfer 241 



(e.g., using principal component methods to create look-up tables) may permit greater time 242 

resolution. 243 

We therefore specify the radiatively active atmospheric species with data from monthly mean 244 

concentrations of these species obtained from the CCSM3 archive of simulations for the IPCC 245 

AR4.  For the condensate-free atmosphere, we input three-dimensional distributions of 246 

temperature, water vapor, carbon dioxide, methane, nitrous oxide, CFC-11, and CFC-12 as 247 

prescribed by the CCSM3 simulations.  Aerosols and clouds are also described in detail by the 248 

archived simulations.  For the aerosols, we input mass mixing-ratio profiles of 12 aerosol types 249 

including sulfate, sea-salt, dust in 4 grain-size categories, black and organic hydrophobic and 250 

hydrophilic carbonaceous species, and volcanic emissions.  For clouds, we input vertical 251 

profiles of liquid and ice cloud-water content, areal extent (fraction), and particle/droplet/crystal 252 

effective radii. 253 

 254 

b. Radiative transfer 255 

 256 

The simulated reflectance spectra corresponding to the evolving climate states are computed 257 

using a widely utilized one-dimensional general-purpose radiative transfer code called 258 

MODTRAN [Berk et al, 1999] version 5.3.0.0. In the OSSE, MODTRAN calculates both the 259 

zenith-propagating spectral radiances and corresponding upwelling hemispherical spectral 260 

fluxes at wavelengths between 300 and 2500 nm. To generate this spectral radiance and flux 261 

information, the OSSE invokes MODTRAN using the DISORT2 radiative solver [Stamnes et al, 262 

1988] with a 15 cm-1 native spectral resolution band-model based on the HITRAN 2008 263 

database [Rothman et al, 2008] and with 8 discrete-ordinate streams.  The radiances and fluxes 264 

are degraded with a Gaussian spectral response function with a full-width half-maximum of 8 265 

nm corresponding to the design specifications of the CLARREO radiometer.   266 



MODTRAN allows up to 4 aerosol motifs, which we set to sulfate, sea-salt, carbonaceous, and 267 

dust species obtained from combinations of the 12 aerosol fields predicted by CCSM.  Aerosol 268 

optical properties including the extinction and absorption coefficients and the phase functions for 269 

each aerosol motif are specified as functions of wavelength for both radiation codes using the 270 

aerosols optics adopted in the Community Atmosphere Model CAM3 [Collins et al, 2006b] and 271 

derived from the climate model outputs using the aerosol mixing rules used in the CCSM 272 

radiation code [Collins et al, 2004].  Sulfate, sea-salt, and hydrophilic carbonaceous aerosols 273 

exhibit significant hygroscopicity and therefore have optical properties that are strong functions 274 

of in situ relative humidity [Hess et al, 1998].  This hygroscopic behavior is also identical 275 

between CCSM and MODTRAN. 276 

Liquid cloud optical properties are specified as a function of wavelength and liquid droplet 277 

effective radius and are identical to those used in the CCSM radiation code [Slingo, 1989].  Ice 278 

cloud optical properties are separately specified as a function of wavelength and ice crystal 279 

effective radius and are also identical to those used in the CCSM radiation code [Ebert and 280 

Curry, 1992].  [Note: We recognize that these are “legacy” optical parameterizations and have 281 

adopted them just for consistency with the version of CCSM used for the IPCC AR4. We can 282 

readily update the cloud optics in the OSSE to current, state-of-the-art representations as 283 

needed.]  The CCSM radiation code contains a robust cloud-overlap scheme based on the 284 

independent-column approximation [Collins, 2001] and this scheme is implemented in an 285 

identical manner for the radiance spectra through up to 15 calls to the MODTRAN code for each 286 

grid box with different cloud configurations produced by the cloud profile generator within the 287 

CCSM code.  The sub-grid geometrical cloud overlap is assumed to be maximum random for 288 

both codes. 289 

Broadband solar upwelling hemispherical fluxes are also computed for the same states using 290 

the CCSM radiative transfer (RT) parameterizations with the identical sun-satellite geometry 291 



employed in the MODTRAN calculations.  These broadband fluxes from CCSM RT may be 292 

readily compared with the spectral quadratures of the narrowband fluxes from MODTRAN.  The 293 

rationale for running both radiative transfer models simultaneously is to ensure that the 294 

reflectance spectra calculated with MODTRAN are entirely consistent with peer-reviewed results 295 

from the CCSM simulations, thereby establishing the reliability of the reflectance spectra and 296 

the validity of any conclusions arising from analysis of the simulated spectra and insulating the 297 

results against concerns about radiometric precision.  For these reasons, the OSSE produces 298 

broadband shortwave calculations from the extensively validated CCSM radiation code [Collins 299 

et al, 2006b] to provide unbroken traceability from the simulations for IPCC AR4 to the OSSE 300 

outputs.   301 

This traceability is achieved by subjecting the OSSE to two requirements that must be fulfilled if 302 

the data are to be trusted.  The first traceability requirement is consistency between the OSSE 303 

and CCSM.  We have demonstrated that the offline implementation of the CCSM RT in the 304 

OSSE agrees the same RT methods operating inline during CCSM integrations to within 305 

machine precision using instantaneous (rather than monthly-averaged) states saved from 306 

CCSM3 (not shown).  The second traceability requirement is that the spectral information 307 

produced by the OSSE is consistent with these broadband fluxes.  In order to meet this 308 

requirement, we have developed internally consistent visible, near-IR, and narrowband surface 309 

radiative boundary conditions for CCSM RT and MODTRAN described below.  We test this 310 

consistency by comparing the broadband fluxes calculated from CCSM RT and from quadrature 311 

in wavelength over the MODTRAN spectral hemispherical fluxes.  Figure (1a-d) shows the 312 

agreement between TOA fluxes calculated from MODTRAN and CCSM RT under all-sky and 313 

clear-sky conditions and confirms that the two codes are producing very similar broadband 314 

fluxes given identical inputs.  The mean and standard deviation of the differences between the 315 

MODTRAN and CCSM radiation codes are less than 1% for all-sky and clear-sky conditions.  316 



The box-whisker diagrams in Figures (1b) and (1d) also indicate a relative level of agreement to 317 

within a couple of percent which, given differences in the number of streams between the two 318 

codes, differences in the spectroscopic data used to construct the parameterizations for 319 

gaseous species, differences in the spectral partitioning of the solar boundary condition, and 320 

differences in the handling of the surface boundary condition in terms of interpolating the 321 

spectral BRDF information and calculating diffuse and direct albedo quantities in the visible and 322 

near-IR, meets our second traceability requirement.   The third traceability requirement for the 323 

OSSE, namely that the spectral fluxes and reflectances are consistent, is automatically met 324 

since these quantities are computed simultaneously from the same radiative transfer code 325 

operating on identical climate states. 326 

The radiance calculations associated with the OSSE are extremely computationally intensive 327 

due to broad spectral coverage, high spectral resolution, and the multiple calls per grid box to 328 

implement the cloud-overlap approximation and sea-ice treatment. The OSSE extensively 329 

utilizes the NASA High-End Computing (HEC) facilities including Pleiades, a 773-teraflop 330 

machine located at NASA Ames.  Approximately 2500 CPU-hours are required for a single time-331 

step (which in this case is one month) of simulation at T85 spatial resolution (1.4° latitude x 1.4° 332 

longitude).  The code has been parallelized and load balanced, and it achieves an effective 333 

throughput-rate of one month of simulation in 2.5 wall-clock hours on 1024 processing elements 334 

(PEs). 335 



 336 

c. Radiative top-of-atmosphere and surface boundary conditions 337 

 338 

The TOA boundary condition is presently specified by the Kurucz Solar Spectrum [Kurucz, 339 

1995] with a fixed solar irradiance of 1360 W/m2 that is consistent with the most recent results 340 

from the SORCE instrument [Kopp and Lean, 2011].   341 

Shortwave measurements are critically dependent on solar-satellite geometry including solar 342 

zenith and azimuth angles.  The OSSE in its current configuration assumes a satellite sun-343 

synchronous orbit with a 1:30 PM ascending-node local equator crossing time with only a nadir 344 

satellite-viewing angle. There is active discussion within the CLARREO Science Definition Team 345 

regarding different inclination angles for CLARREO’s orbit. The OSSE includes the capability to 346 

simulate other orbital configurations, but they will not be exercised for the calculations discussed 347 

here. 348 

The surface boundary condition in the CCSM radiation code requires the specification of near-349 

ultraviolet/visible (300-700 nm) and near-infrared (700-5000 nm) direct and diffuse narrow-band 350 

albedos.  Since this information is insufficient for calculating spectral radiances and since there 351 

are systematic errors in the model-generated albedos relative to NASA’s albedo retrievals 352 

[Oleson et al, 2003], the OSSE utilizes a realistic set of surface reflectance boundary conditions 353 

that are consistent between the CCSM and MODTRAN radiation codes using Bi-directional 354 

Reflectance Distribution Functions (BRDFs).  Because reflectance spectra are quite sensitive to 355 

surface boundary conditions, the development of this tool has focused on producing realistic 356 

shortwave signals associated with annual cycles in vegetation while also simulating the large 357 

signals associated with snow and sea-ice annual cycles and trends consistent with climate 358 

models projections for the 21st century.   359 



Over non-frozen ocean surfaces, we utilize a routine based on the Cox-Munk BRDF model [Cox 360 

and Munk, 1954; Kotchenova et al, 2006] that has been adapted to the MODTRAN code 361 

[Vincent Ross, personal communication].  The ocean surface broadband albedo using this 362 

method agrees well with surface measurements made from a variety of different solar zenith 363 

angles [Jin et al, 2004].  Where sea-ice is prognosed, the OSSE uses the Ross-Li BRDF model 364 

[Wanner et al, 1995; Wanner et al, 1997; Lucht et al, 2000] with its component terms specified 365 

using in situ reflectance spectra of bare ice adapted from radiative transfer process models and 366 

direct measurements of sea-ice [Briegleb and Light, 2007].  The areal extent and spatial 367 

distribution of sea ice is predicted using the Community Sea Ice Model in CCSM [Briegleb et al, 368 

2004].  The radiative transfer is performed using area-weighted averages of ice-free and 369 

completely ice-covered conditions. 370 

Over land surfaces, the OSSE makes extensive use of the data from the MODerate Resolution 371 

Imaging Spectroradiometer (MODIS) mission, which produces an operational BRDF product 372 

based on the Ross-Li model [Wanner et al, 1997; Shuai et al 2008].  The BRDF product that we 373 

use (MCD43C1 from Aqua) reports isotropic, volumetric, and geometric components at 0.05° x 374 

0.05° spatial and 16-day temporal resolution. This product also contains information about the 375 

snow fraction for each pixel.  Using the MODIS BRDF data set from 2003-2008, we have 376 

constructed a monthly-averaged climatology of snow-free and snow-covered BRDF maps on 377 

the CCSM3 terrestrial model grid by first partitioning the fine-scale BRDFs using the high-378 

resolution snow fractions and then averaging the partitioned data onto the coarser model grid.  379 

The land-surface BRDF at any given time and grid-point is a linear combination of the snow-free 380 

and snow-covered BRDFs weighted by the model grid snow-fraction determined by the 381 

Community Land Model (CLM) component of CCSM3 [Dickenson et al, 2006].  This procedure 382 

allows us to simulate both the effects of secular trends and seasonal variations in snow cover, 383 

thereby allowing the OSSE to include projected changes in snow cover distribution that have not 384 



been observed in the historical satellite record while simultaneously maintaining consistency 385 

with the measured reflectance spectral characteristics of snow-covered and snow-free surface 386 

types. Where no MODIS data are present for a given CCSM3 grid box due to polar night 387 

conditions, we fill the corresponding grid boxes using average snow-free and snow-covered 388 

BRDF data for land cover types as described by the MODIS MOD12C1 land cover type product 389 

[Friedl et al, 2002]. In order to maintain consistency between the BRDFs input to MODTRAN 390 

and the direct and diffuse narrow-band albedos input to CCSM3, we convert the MODTRAN 391 

BRDF values to black-sky and white-sky albedos (also referred to as direct and diffuse albedos, 392 

respectively) in the visible and near-IR bands using the formulae from Strahler and Muller 393 

[1999].  This methodology ensures that the surface boundary conditions are consistent between 394 

the CCSM radiation code and MODTRAN.  Figure (2a) shows the Lambertian surface 395 

reflectance at 0.47 µm for all January simulations for snow conditions and Figure (2b) shows the 396 

same reflectance for snow-free conditions, with the actual reflectance being a linear 397 

combination of the two values depending on CCSM3’s snow fraction prognosis. 398 

 399 

d. Outputs from the OSSE 400 

Each data output file contains shortwave broadband (0.3−5.0 µm) all-sky and clear-sky 401 

upwelling and downwelling direct and diffuse flux profiles from the CAM radiation code and 402 

MODTRAN.  From MODTRAN, the output files contain visible (0.3−0.7 µm) and near-infrared 403 

(0.7−2.5 µm) all-sky and clear-sky flux profiles and top-of-atmosphere upwelling and 404 

downwelling flux spectra at the CLARREO instrument resolution.  Figure (2c-d) shows the 405 

example top-of-atmosphere all-sky and clear-sky broadband albedo values for simulations of 406 

the unforced present-day climate.  These figures demonstrate the well-known effects of 407 



reflection from oceans, vegetation, sea-ice, and snow on clear-sky broadband albedo and from 408 

scattering by clouds on all-sky broadband albedo. 409 

The OSSE produces all-sky and clear-sky radiance spectra both at the CLARREO instrument 410 

resolution and at MODTRAN’s native band-model resolution of 15 cm-1.  This allows for 411 

immediate application of the OSSE results to different instrument spectral response functions 412 

including those of existing instruments.  Figure (3a-b) shows zonally averaged spectral 413 

reflectance fields under simulated present-day conditions produced by the MODTRAN code in 414 

the OSSE.  These figures contain notable features.  First, at higher latitudes, the additional 415 

reflectance due to snow and sea-ice is evident in near-ultraviolet/visible wavelengths.  Second, 416 

the vertical stripes across the figures are indicative of gaseous absorption features from CO2 in 417 

the vicinity of 2.0 μm, O2 A-band at 0.76 μm and the O2 B-band at 0.69 μm, and the near-418 

infrared absorption bands of water vapor. The reflectances are reduced in narrow contiguous 419 

spectral regions corresponding to the overtone bands of the 2.7 μm primary water vapor band at 420 

nearly all latitudes.  Note that in the tropics for the all-sky reflectance spectra, these bands are 421 

less prominent because there is very little water vapor above the tops of clouds in the 422 

convective regions which are generally around 192 hPa in the model.  Still, the major signals 423 

seen in the total zonally-averaged reflectance spectra in Figure (3a-b) arise from sea-ice and 424 

snow, while the impact of clouds is secondary.  Third, a comparison of clear-sky and all-sky 425 

reflectance spectra indicates the zonal impact of clouds on the radiation budget.  The stratus, 426 

subsidence, and storm-track cloud regimes are all detectable by the increased visible and near-427 

IR reflectance in the all-sky relative to clear-sky conditions.  It should also be noted that 428 

changes in the reflectance spectra contain other notable features beyond what is seen in Figure 429 

(3a-b) and are explored in the subsequent section. 430 

431 



3. Results 432 

The first results from the OSSE span the 21st century for two emissions scenarios.  The first 433 

simulation is essentially unforced with constant concentrations for all radiatively-active forcing 434 

agents set to values for the year 2000 CE.  It is based upon the CCSM integration labeled 435 

b30.036a, and it is treated as the control in the analysis that follows.  The second simulation 436 

corresponds to the IPCC A2 emissions scenario with steadily increasing well-mixed greenhouse 437 

gas concentrations ending with a CO2 abundance of 856 ppm at 2100. It is based upon the 438 

CCSM integration labeled b30.042a and is treated as the experiment in this work.  The results 439 

of the b30.036a and b30.042a integrations can both be downloaded from the Earth System Grid 440 

[Bernholdt et al, 2005]. 441 

The calculated reflectance spectra contain the radiative effects of clouds, aerosols, land-surface 442 

changes (in particular from snow and ice) and greenhouse gases, and characteristic features, or 443 

“signatures”, of these effects can be seen in Figures (4a-d).  The signatures are computed as 444 

residuals by differencing the reflectance spectra for a U.S. Standard model atmosphere 445 

[Anderson, et al., 1986] with and without the radiative agents of interest [Wetherald and 446 

Manabe, 1988]. The signatures are dictated by intrinsic optical and microphysical properties of 447 

these radiative agents (e.g. clouds) combined with effects of gaseous extinction by the 448 

surrounding atmosphere.  449 

The aerosol signatures shown in Figure (4a) are spectrally broadband and qualitatively similar 450 

for the four aerosol motifs, although the widths of the signatures are greater for sea salt and 451 

dust corresponding to the larger effective radii and lower Angstrom exponents for these 452 

predominantly natural species.  The signatures of low and high-altitude clouds (Figure 4b) are 453 

distinguished by periodic features associated with the primary and overtone absorption bands of 454 

water vapor in the near infrared present in the low-cloud signatures and largely absent in the 455 



high-cloud signatures.  Since the low clouds are below most of the tropospheric vapor, the solar 456 

radiation reflected from the tops of these clouds passes through and hence is extinguished by 457 

the vapor twice before reaching the satellite sensor.  Also, the difference in phase leads to 458 

different optical properties between ice and water clouds which can be seen at 1600 nm and 459 

2200 nm.  As expected, the reflectance signatures of large changes in greenhouse gases 460 

(Figure 4c) are spectrally distinct due to the narrow vibration-rotation bands and associated 461 

absorption lines of these species. In principle all of these signatures should be the easiest to 462 

detect and attribute in the simulated and observed spectra, but formal statistical analysis is 463 

necessary to interpret the signatures. 464 

While the simulations for the experiment and the control cover the 21st Century, several 465 

prominent features of the system forcing and response can most readily be seen in changes to 466 

the broadband albedo, broadband fluxes, and spectral reflectances between decade-long 467 

samples from the two simulations.  In Figure (5a-f), differences are shown between the middle 468 

and beginning of the 21st Century in seasonal broadband albedo, TOA broadband flux, and 469 

spectral reflectance are shown for all-sky and clear-sky conditions.  Figures (5c-d) illustrate the 470 

high level of agreement between the changes in reflected solar flux calculated with MODTRAN 471 

and the CCSM radiative transfer algorithm under both clear-sky and all-sky conditions.  The 472 

globally-averaged differences between the two lines are indicated in the figures and are largely 473 

due to the fact that CCSM is a two-stream code while MODTRAN is an 8-stream, multiple-474 

scattering code.  According to the prescription for the A2 SRES emissions scenario, there is a 475 

peak in aerosol forcing due to anthropogenic sulfate and carbonaceous emissions in the middle 476 

of the 21st Century, and the simulated reflectance spectra indicate this forcing.  Because there 477 

may be varying degrees of cloud contamination, Figure (5e) is representative of trends in the 478 

shortwave reflectance measurements that are most directly measured by an instrument like 479 

CLARREO.   However, depending on the instrument’s footprint, clear-sky measurements may 480 



also obtainable.  As shown in Figure (5f), the resulting increases in simulated visible 481 

reflectances from 2050-2059 relative to those from 2000-2009 in clear-sky conditions are quite 482 

evident in regions of the northern hemisphere with the largest projected anthropogenic 483 

emissions of aerosols and aerosol precursors. Spectral signatures of the declining area of the 484 

Arctic and Antarctic sea-ice packs are also evident near both poles. At mid-century, the signals 485 

in the all-sky spectra exhibit both masking of the surface radiative feedbacks by overlying cloud 486 

decks and emergence of cloud feedback signals associated with the ITCZ and low-altitude 487 

cloud systems in the southern sub-tropics.  It is important to note that these cloud radiative 488 

feedbacks differ widely across the multi-model ensemble assembled for the AR4 [IPCC, 2007], 489 

and hence the reflectance signatures of cloud feedbacks in this first realization of the OSSE are 490 

model-specific features.  491 

These and other emerging signals of climate feedbacks are amplified by the end of the IPCC 492 

simulations.  In Figure (6a-f), differences in broadband albedo, zonally-averaged broadband 493 

fluxes, and spectral reflectances are shown between the end and the beginning of the 21st 494 

Century.  Recall that in this particular emissions scenario, the concentration of CO2 will triple 495 

relative to pre-industrial abundances by the end of the Century, but aerosol burdens will be 496 

comparable to present-day values due to the imposition of air-pollution controls.  The resulting 497 

changes in cloud patterns and snow cover and sea-ice are substantial and can be seen in the 498 

broadband albedo plots in Figure (6a-b).  These features are also present in the reflectance 499 

spectra.   One of the striking features seen in Figure (6e) is the zonally-averaged all-sky spectral 500 

reflectance signatures associated with changes in the location of the Inter-Tropical 501 

Convergence Zone (ITCZ) and the pole-ward migration of the stratus clouds and the storm 502 

tracks.  The zonally-averaged reflectance spectra show the migration of the storm tracks in the 503 

southern Hemisphere but less apparent in the northern Hemisphere due to the cancellation of 504 

increase in clouds and decreased snow cover.  The zonally-averaged spectral reflectance 505 



features of snow and sea-ice are especially evident in the clear-sky spectra but are less evident 506 

in the all-sky spectra due to CCSM’s prediction of increased cloud cover over those regions 507 

where snow and sea-ice recede.  Also, the OSSE simulations indicate that while the clouds and 508 

snow and sea-ice largely are approximately equal and opposite near the Arctic for zonally-509 

averaged all-sky broadband albedo, it is evident from the reflectance spectra that the spectral 510 

features are distinct and of opposite sign between the visible and the near-infrared.  In 511 

particular, over Alaska and western Russia, snow is predicted to decrease dramatically while 512 

cloud cover is predicted to increase in a compensatory manner but there is a dipole that is 513 

evident in the spectral reflectance. 514 

Especially when compared to Table (1), which summarizes the mean differences between the 515 

end and the beginning of the 21st Century for the control and the experiment, it is clear that both 516 

the broadband albedo and reflectance spectra are very different between the two emissions 517 

scenarios.  This table indicates that the scale of the changes in broadband albedo from the 518 

experiment are roughly an order of magnitude larger than the scale of the simulation’s natural 519 

variability as determined from the variability in the control run.  Similarly, changes in reflectance 520 

of the experiment at 800 and 950 nm, which indicate the response in a window region and in a 521 

wing of a water vapor absorption feature, respectively, are also an order of magnitude larger as 522 

compared to the control.  Also of note in this table is the feature that changes in clear-sky 523 

broadband albedo and reflectance are generally larger signals than all-sky changes.  Also, it 524 

should be mentioned that the percentage change in the experiment both at 800 and 950 nm are 525 

considerably larger than the percentage change in broadband albedo associated with the 526 

experiment, thereby suggesting that there may be information contained in reflectance that will 527 

hasten detection of changes in climate state variables.528 



4. Discussion 529 

This work describes the simulator for the first global climate shortwave observing system 530 

simulation experiment for a hyperspectral instrument covering a spectral region from the near-531 

UV to the near-IR.  OSSE calculations have been completed over the 21st Century for a forced 532 

and an unforced emissions scenario as described in the previous section.   533 

The simulations show that the large increase in aerosol loading by the middle of the 21st 534 

Century as prescribed by the forced emission scenario is readily detectable in both clear- and 535 

all-sky reflectance spectra.  The spectral signals from differencing data in the 2090s with data 536 

from the 2000s show shifts in the ITCZ and contrast strongly with those associated with shifts in 537 

storm-tracks and the stratus clouds which is evidenced by the banded structure of the 538 

seasonally-averaged spectral reflectance differences where lower clouds shifts occur.  539 

Moreover, these changes are qualitatively very different from the signals observed in the control 540 

simulation and occur in those parts of the spectrum where water vapor exhibits strong 541 

absorption features.   Furthermore, we find that there may be added utility from CLARREO full 542 

spectral measurements over broadband or discrete band (for example, MODIS) measurements, 543 

and in subsequent papers, we will quantify the added utility of CLARREO in terms of shorter 544 

times to detection of climate change trends, etc. 545 

These findings suggest that shortwave reflectance spectra such as those from CLARREO may 546 

be able to detect changes in clouds, aerosols, sea-ice, and snow cover at the middle and end of 547 

the 21st century.  This is not meant to suggest that CLARREO will have to be operational for 548 

many decades before scientific utility can be derived from its measurements.  Rather, shortwave 549 

reflectance spectra contain signals that are relevant to climate forcings and feedbacks.  Formal 550 

methods to detect trends in the data that are statistically significant, and formal methods to 551 

attribute trends in the data to forcings and feedbacks in the climate system 552 



are both required on the time-series to make determinations about the time-scale at which these 553 

spectra would be useful. 554 

As mentioned in the introduction, analysis based on OSSE results is predicated on using 555 

climate model results as an authentic surrogate for the real climate system.  The OSSE 556 

described in this paper has several limitations that warrant discussion.  First and foremost, the 557 

underlying data which form the inputs to the OSSE are based on the CCSM climate model 558 

which represents only one possible realization of the climate trajectory for the 21st century.  559 

Also, the radiative transfer emulator, while extensively validated, has its own set of limitations 560 

including the inability to capture projected changes in non-frozen land surface vegetation or 561 

composition due to the observationally-based methods we have employed for the surface 562 

radiative boundary conditions. 563 

Because of these simplifications, results derived from analysis of OSSE data probably provide 564 

an upper bound on CLARREO’s performance in terms of the mission’s ability to achieve its 565 

stated science requirements.  Therefore, OSSE results represent a necessary but not sufficient 566 

condition for determining the possible utility of CLARREO to detect and attribute climate change 567 

since the OSSE most likely overestimates climate-change signals relative to unforced internal 568 

climate variability.  To compare OSSE results with the climate system, it is necessary to use 569 

existing shortwave spectral reflectance measurements and compare them with OSSE 570 

simulations of present-day conditions.  For example, the continuous visible spectra from the 571 

SCIAMACHY instrument [Bovensmann et al, 1999], though originally designed to detect 572 

chemical constituents, can characterize how well spectral variability in present-day climate 573 

model simulations compares to real-world spectral variability [Roberts et al, 2009]. 574 

With the simulations in hand, there is considerable work to be done in order to analyze the 575 

simulated reflectance spectra.  First, it is necessary to perform trend detection studies [Leroy, 576 



2008] using CLARREO spectra and instrument models for existing satellite instruments.  577 

Subsequently, it will be necessary to attribute the simulated changes in CLARREO reflectance 578 

spectra to forcing terms such as aerosols and greenhouse gases and manifestations of 579 

feedbacks in snow coverage, sea-ice extent, and clouds using fingerprinting methods [e.g. 580 

Leroy and Anderson, 2010].  It should be noted that many of the simulated changes in the 581 

reflectance spectra including those arising from aerosols, snow and sea-ice, and clouds do not 582 

have sharp spectral features but vary slowly with wavelength as seen in Figures (4a-c), and this 583 

will tend to complicate efforts to attribute changes in the reflectance spectra to specific forcings 584 

and feedbacks.  Formal analysis using detection and attribution methods [The International Ad 585 

Hoc Detection and Attribution Group, 2005] will be required to determine how separable and 586 

attributable these signals are.  Also, it will be critical to explore how the different processes that 587 

contribute to climate sensitivity in CCSM [Kiehl et al 2006] manifest themselves in the simulated 588 

reflectance spectra with a particular focus on the shortwave cloud response exhibited by 589 

CCSM3 run at different horizontal resolution.  Furthermore, given the sensitivity of reflectance 590 

spectra to snow and sea-ice, it is critical that the OSSE be utilized to explore CCSM3’s 591 

cryospheric feedbacks on snow [Lawrence et al 2008] and sea-ice [Holland et al 2006], 592 

especially in the context of ensemble runs which may capture the abrupt sea-ice losses that 593 

have been observed recently [Holland et al, 2010].  594 

Additionally, there are some mission parameters for CLARREO that need to be addressed with 595 

the OSSE.  First, the inclination angle of the orbit for CLARREO is likely to be different from 596 

other polar-orbiting sounders and our OSSE does not currently reflect this.  Work by Anderson 597 

et al [2004] and Kirk-Davidoff et al [2005] have found that the infrared instrument will be more 598 

likely to achieve its science objectives with an orbital inclination angle at or near true-polar.  This 599 

orbit exhibits a precessing local equator crossing times that will significantly impact shortwave 600 

spectra.  Since reflectance spectra vary nonlinearly with incoming solar zenith angle, the OSSE 601 



needs to be reconfigured to produce simulated spectra for different orbits which can be 602 

accomplished by sampling the probability distribution function of solar zenith angles for each 603 

grid box implied by the orbit under consideration.  Second, the plan for the CLARREO mission 604 

prescribes multiple formation-flying platforms, and the OSSE needs to be reconfigured 605 

accordingly and this can be achieved by calculating the PDF of solar zenith observation angles 606 

for multiple formation- or even non-formation-flying platforms. 607 

Most importantly, it is necessary to implement pan-spectral (simultaneous shortwave reflectance 608 

and longwave radiance) calculations to explore the synergy between the shortwave and infrared 609 

instruments, which may enhance the science value of the CLARREO mission.  This approach 610 

has been successfully employed for the joint-analysis of infrared and radio-occultation 611 

measurements [Huang et al, 2010b] and but it remains to be demonstrated that it can be 612 

employed for the shortwave and longwave spectral combination in addition to the radio 613 

occultation.  As can be seen in Figure (7), it may be quite scientifically fruitful to address this 614 

question because while the IR can readily detect temperature and water vapor profiles and 615 

cirrus clouds, measurements between 320 and 2500 nm can elucidate the presence of stratus 616 

clouds.  Moreover, since low-altitude clouds have been identified as dominant contributors to 617 

the intractability of the disagreement in climate sensitivity between climate models [Cess et al, 618 

1996; Stephens, 2005; Bony, 2006; Dufresne and Bony, 2008], such pan-spectral analysis is 619 

crucial towards interpreting future measurements as they relate to important, but not well-620 

understood climate feedbacks. 621 

The shortwave OSSE that we have developed for this paper has been oriented around the 622 

archived results of CCSM, and this model’s simulations represent only one possible realization 623 

of Earth’s future climate.  In furtherance of this research, it will be necessary to configure the 624 

shortwave OSSE so that it can perform simulations based on different ensemble member runs 625 

of CCSM and based on the Coupled Model Intercomparison Project Phase 5 (CMIP5) archived 626 



climate model data [Meehl, at el, 2007].  The CMIP5 contain disparate cloud feedback strengths 627 

[i.e. Stephens, 2005] and it will be scientifically interesting, though computationally intensive, to 628 

explore how those differences are realized in simulated CLARREO reflectance spectra.   629 

630 
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Table and Figure Captions 813 

Table 1: 814 

 CC clear A2 clear A2/CC clear CC all A2 all A2/CC all 

αΔ  DJF 2090s-2000s -0.0014 -0.0126 9.00 0.0004 -0.0066 -16.5 

800RΔ  DJF 2090s-2000s -0.0017 -0.0169 9.94 -0.0013 -0.0132 10.16 

950RΔ  DJF 2090s-2000s -0.0023 -0.0148 6.43 -0.0022 -0.0123 5.59 

 815 

Table 1: Mean zonally-averaged change in broadband albedo ( αΔ ) for a constant-816 
concentration simulation (CC) and the A2 scenario simulation for December, January, and 817 

February.  Also displayed are the mean changes in zonally-averaged reflectance 800RΔ  and 818 

950RΔ  corresponding to the CLARREO channels at 800 and 950 nm respectively.  Results are 819 

displayed both for the control simulation (constant-concentration) and the experiment simulation 820 
(A2 scenario). 821 

822 



Figure Captions: 823 

 824 

Figure 1: (a) Scatter plot of all grid points for the all-sky upwelling shortwave top-of-atmosphere 825 
flux calculated by the CCSM radiative transfer code and by MODTRAN for the 32768 grid boxes 826 
from January 2090 for the A2 simulation.  Also included are the Pearson correlation coefficient 827 
(r2), and the mean (µ) and standard deviation (σ) of the differences between the two codes. (b) 828 
Box-whisker plot of percentage difference between CCSM and MODTRAN for the all-sky fluxes 829 
shown in (a) where the boxes indicate the 25th and 75th percentile values, the center line of the 830 
box is the 50th percentile value, and the whisker lower and upper edges represent the 5th and 831 
95th percentile values respectively, (c) Same as (a) but for clear-sky conditions. (d) Same as (b) 832 
but for clear-sky conditions. 833 

 834 

Figure 2: (a) Snow-free Lambertian component of surface reflectance at 0.47 µm derived from 835 
MODIS climatology and used to construct land BRDF parameters. (b) Same as (a) but for 836 
completely snow-covered conditions (c) All-sky December-January-February top-of-atmosphere 837 
MODTRAN-calculated broadband albedo averaged over the A2 simulation for 2000-2009. (d) 838 
Same as (c) but for clear-sky. 839 

 840 

Figure 3: (a) All-sky December-January-February top-of-atmosphere spectral reflectance 841 
averaged over the A2 simulation for 2000-2009. (b) Same as (a) but for clear-sky. 842 

 843 

Figure 4: (a) SW spectral reflectance difference signature of aerosol minus aerosol-free ocean 844 
reflectance from four different aerosol motifs at unit optical depth at 0.55 µm for a U.S. Standard 845 
model atmosphere [Anderson, et al., 1986]. (b) SW spectral reflectance difference signature of 846 
overcast cloud-covered minus cloud-free ocean reflectance from a unit optical depth at 0.55 µm 847 
low (liquid) cloud layer between 700 and 750 mbar and a high (ice) cloud layer between 250 848 
and 290 mbar. (c)  One thousand times the SW spectral difference signature of a doubling of 849 
CO2, a doubling of CH4, a doubling of N2O, and a 20% increase in H2O. 850 

 851 

Figure 5: (a) Difference between decadal average of December-January-February all-sky TOA 852 
albedo for 2050-2059 and 2000-2009 from the A2 simulation (GHG and aerosol forcing). (b) 853 
Same as (a) but for clear-sky albedo.  (c) Same as (a) but displaying zonally averaged all-sky 854 
TOA reflected shortwave fluxes (note: positive numbers indicate upward flux) from CCSM and 855 
MODTRAN. (d) Same as (c) but for clear-sky fluxes. (e) Same as (a) but for zonally-averaged 856 
all-sky TOA spectral reflectances.  (f) Same as (e) but displaying clear-sky reflectances. 857 

  858 

Figure 6: Same as Figure (5) but plots describe differences between 2090-2099 and 2000-2009. 859 

 860 



Figure 7: (a) Simulated CLARREO shortwave spectrum over an ocean surface with a Mid-861 
Latitude Summer Model Atmosphere [Anderson, et al., 1986] with a solar zenith angle of 30°, 862 
clear-sky conditions, a liquid stratus cloud between 925 and 979 mbar, a cloud water path of 0.2 863 
kg/m2, cloud fraction of 100%, cloud effective radius of 14 µm, the Cox-Munk BRDF model [Cox 864 
and Munk, 1954] with a wind-speed of 5 m/s for shortwave calculations, sea-surface 865 
temperature of 293.8 K and a spectrally-uniform infrared emissivity of 0.05.  (b) Same as (a) but 866 
for CLARREO infrared spectra. 867 

868 



 869 

Figure 1: (a) Scatter plot of all grid points for the all-sky upwelling shortwave top-of-atmosphere 870 
flux calculated by the CCSM radiative transfer code and by MODTRAN for the 32768 grid boxes 871 
from January 2090 for the A2 simulation.  Also included are the Pearson correlation coefficient 872 
(r2), and the mean (µ) and standard deviation (σ) of the differences between the two codes. (b) 873 
Box-whisker plot of percentage difference between CCSM and MODTRAN for the all-sky fluxes 874 
shown in (a) where the boxes indicate the 25th and 75th percentile values, the center line of the 875 
box is the 50th percentile value, and the whisker lower and upper edges represent the 5th and 876 
95th percentile values respectively, (c) Same as (a) but for clear-sky conditions. (d) Same as (b) 877 
but for clear-sky conditions. 878 

879 



 880 

Figure 2: (a) Snow-free Lambertian component of surface reflectance at 0.47 µm derived from 881 
MODIS climatology and used to construct land BRDF parameters. (b) Same as (a) but for 882 
completely snow-covered conditions (c) All-sky December-January-February top-of-atmosphere 883 
MODTRAN-calculated broadband albedo averaged over the A2 simulation for 2000-2009. (d) 884 
Same as (c) but for clear-sky. 885 

886 



 887 

Figure 3: (a) All-sky December-January-February top-of-atmosphere spectral reflectance 888 
averaged over the A2 simulation for 2000-2009. (b) Same as (a) but for clear-sky. 889 

890 



 891 

Figure 4: (a) SW spectral reflectance difference signature of aerosol minus aerosol-free ocean 892 
reflectance from four different aerosol motifs at unit optical depth at 0.55 µm for a U.S. Standard 893 
model atmosphere [Anderson, et al., 1986]. (b) SW spectral reflectance difference signature of 894 
overcast cloud-covered minus cloud-free ocean reflectance from a unit optical depth at 0.55 µm 895 
low (liquid) cloud layer between 700 and 750 mbar and a high (ice) cloud layer between 250 896 
and 290 mbar. (c)  One thousand times the SW spectral difference signature of a doubling of 897 
CO2, a doubling of CH4, a doubling of N2O, and a 20% increase in H2O. 898 

899 



 900 

Figure 5: (a) Difference between decadal average of December-January-February all-sky TOA 901 
albedo for 2050-2059 and 2000-2009 from the A2 simulation (GHG and aerosol forcing). (b) 902 
Same as (a) but for clear-sky albedo.  (c) Same as (a) but displaying zonally averaged all-sky 903 
TOA reflected shortwave fluxes (note: positive numbers indicate upward flux) from CCSM and 904 
MODTRAN. (d) Same as (c) but for clear-sky fluxes. (e) Same as (a) but for zonally-averaged 905 
all-sky TOA spectral reflectances.  (f) Same as (e) but displaying clear-sky reflectances. 906 

907 



 908 

Figure 6: Same as Figure (5) but plots describe differences between 2090-2099 and 2000-2009. 909 

910 



 911 

Figure 7: (a) Simulated CLARREO shortwave spectrum over an ocean surface with a Mid-912 
Latitude Summer Model Atmosphere [Anderson, et al., 1986] with a solar zenith angle of 30°, 913 
clear-sky conditions, a liquid stratus cloud between 925 and 979 mbar, a cloud water path of 0.2 914 
kg/m2, cloud fraction of 100%, cloud effective radius of 14 µm, the Cox-Munk BRDF model [Cox 915 
and Munk, 1954] with a wind-speed of 5 m/s for shortwave calculations, sea-surface 916 
temperature of 293.8 K and a spectrally-uniform infrared emissivity of 0.05.  (b) Same as (a) but 917 
for CLARREO infrared spectra. 918 
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