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Model Based OSSEs

A framework for numerical experimentation in which observables are simulated from fields 
generated by an earth system model.  

Simulations are performed in support of an experimental goal.



GMAO OSSE Framework for Retrieval Studies

GEOS Nature Run Gridded 
Atmospheric Profile Properties

• Aerosols (5 species)
• T, P, Winds

Gridded Land & Ocean 
Properties

• Water leaving radiance
• Land surface reflectance 
kernels

• Sun-sensor geometry
• Spectral aerosol optical property profiles (𝜏aer, ωaer, 
𝑃aer)
• Spectral trace gas optical properties (𝜏Rayleigh, 𝜏abs, 
𝑃Rayleigh)
• Spectral surface reflectance (glint, glitter)

Sample the Model Along the Instrument Field of View
Instrument Observables

[Satellite L1b]
•Lidar: Attenuated backscatter 
profiles 
•Polarimeter: Polarized TOA 
radiance (I, Q, U)VLIDORT

RTM

Retrieval Code

Retrieved geophysical parameters

True geophysical 
parameters

Retrieval 
Assessment
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MODIS Cloud and Aerosol Retrieval Simulator

2382 G. Wind et al.: Multi-sensor cloud and aerosol retrieval – Part 2

Figure 2. MYD04 retrieval of 550 nm aerosol optical depth vs.
ground “truth” of GEOS-5 550 nm aerosol optical depth. Panel (a)

shows the scatterplot for retrieval from simulation in Fig. 1c and
panel (b) shows retrieval from simulation in Fig. 1d for Brazil 1
case. Panels (c) and (d) show same information for Brazil 2 case.

can remove both clouds and aerosols and be left with just
the atmosphere itself. Rayleigh scattering is always included
by default, but the user also has control over whether or not
to turn it off. While this no-cloud/no-aerosol mode could be
useful for studies of atmospheric correction methods, we do
not exercise it here, as our primary goal here is to investigate
the performance of the MODIS aerosol algorithms.

The cloud-free mode of operation is convenient when
complex cloud and aerosol scenes are being investigated and
one wishes to quantify or remove possible impacts of cloud
contamination on the retrieval. Figure 1 shows RGB images
constructed from simulated MODIS L1B for the different
modes of execution for the Brazil 1 case. MODIS aerosol
retrievals were produced for radiance simulations including
atmosphere, cloud, and aerosols (Fig. 1c) and for radiance
simulations excluding clouds (Fig. 1d). Rayleigh scattering
is included in these simulations.

These Brazil cases came from source MODIS Aqua gran-
ules and had been processed using the MODIS Aqua aerosol
properties retrieval algorithm. Therefore in this section we
will use MYD04 designation for the MODIS aerosol prop-
erties retrieval result. There are some slight differences
between the MODIS Terra (MOD04) and MODIS Aqua
(MYD04) algorithms due to calibration differences between
the two instruments (Levy et al., 2013).
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Figure 3. Comparison of actual AERONET measurements and op-
erational Aqua MODIS Collection 6 aerosol product for Brazil sites
Campo_Grande_SONDA, Sao_Paulo, and CUIABA-MIRANDA in
the general vicinity of MCARS granules.

The scatter diagrams in Fig. 2 compare AOD retrieved us-
ing the MYD04 algorithm to the specified GEOS-5 AOD,
which is considered the ground truth in this case. MODIS
aerosol retrievals are commonly compared to co-located
AERONET AOD measurements (Correia and Pires, 2006;
Levy et al., 2007; Remer et al., 2005) for validation. Un-
like comparisons of actual MODIS data with AERONET,
the matchups in Fig. 2 did not require any temporal av-
eraging or aggregation because for every MYD04 retrieval
there is a directly corresponding input data point with all
aerosol, cloud, and atmospheric properties readily available.
The overall shape of resulting scatterplots turned out to be
quite similar to existing MYD04–AERONET comparisons
for this region such as those that appear in Correia and
Pires (2006) and Fig. 3. Figure 3 shows an actual com-
parison of AERONET observations for months of July and
August and all available Aqua MODIS-collocated observa-
tions from year 2002 through 2015. The chosen AERONET
sites – Campo_Grande_SONDA, Sao_Paulo, and CUIABA-
MIRANDA – fall in the general vicinity of the two Brazil
cases selected for study. They of course represent a tiny sam-
ple of the geographical area covered by the MCARS data,
just three points out of 2.7 million collocated samples that
MCARS provides, but they display a similar shape of the re-
lationship between ground truth and MYD04 retrieval.

MCARS is a fully configurable system where source in-
put for all synthetic radiances can be controlled at all times
so that any resulting retrieval can be examined in great detail
insofar as the particular setup of model input and radiative
transfer core allows. For these smoke cases we used these
capabilities to investigate further the specific reasons why
the MYD04 retrievals tend to underestimate AOD for smoke
aerosol.
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Real Comparison of Retrieved AOD 
and Observed Ground Truth
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Figure 2. MYD04 retrieval of 550 nm aerosol optical depth vs.
ground “truth” of GEOS-5 550 nm aerosol optical depth. Panel (a)

shows the scatterplot for retrieval from simulation in Fig. 1c and
panel (b) shows retrieval from simulation in Fig. 1d for Brazil 1
case. Panels (c) and (d) show same information for Brazil 2 case.

can remove both clouds and aerosols and be left with just
the atmosphere itself. Rayleigh scattering is always included
by default, but the user also has control over whether or not
to turn it off. While this no-cloud/no-aerosol mode could be
useful for studies of atmospheric correction methods, we do
not exercise it here, as our primary goal here is to investigate
the performance of the MODIS aerosol algorithms.

The cloud-free mode of operation is convenient when
complex cloud and aerosol scenes are being investigated and
one wishes to quantify or remove possible impacts of cloud
contamination on the retrieval. Figure 1 shows RGB images
constructed from simulated MODIS L1B for the different
modes of execution for the Brazil 1 case. MODIS aerosol
retrievals were produced for radiance simulations including
atmosphere, cloud, and aerosols (Fig. 1c) and for radiance
simulations excluding clouds (Fig. 1d). Rayleigh scattering
is included in these simulations.

These Brazil cases came from source MODIS Aqua gran-
ules and had been processed using the MODIS Aqua aerosol
properties retrieval algorithm. Therefore in this section we
will use MYD04 designation for the MODIS aerosol prop-
erties retrieval result. There are some slight differences
between the MODIS Terra (MOD04) and MODIS Aqua
(MYD04) algorithms due to calibration differences between
the two instruments (Levy et al., 2013).
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Figure 3. Comparison of actual AERONET measurements and op-
erational Aqua MODIS Collection 6 aerosol product for Brazil sites
Campo_Grande_SONDA, Sao_Paulo, and CUIABA-MIRANDA in
the general vicinity of MCARS granules.

The scatter diagrams in Fig. 2 compare AOD retrieved us-
ing the MYD04 algorithm to the specified GEOS-5 AOD,
which is considered the ground truth in this case. MODIS
aerosol retrievals are commonly compared to co-located
AERONET AOD measurements (Correia and Pires, 2006;
Levy et al., 2007; Remer et al., 2005) for validation. Un-
like comparisons of actual MODIS data with AERONET,
the matchups in Fig. 2 did not require any temporal av-
eraging or aggregation because for every MYD04 retrieval
there is a directly corresponding input data point with all
aerosol, cloud, and atmospheric properties readily available.
The overall shape of resulting scatterplots turned out to be
quite similar to existing MYD04–AERONET comparisons
for this region such as those that appear in Correia and
Pires (2006) and Fig. 3. Figure 3 shows an actual com-
parison of AERONET observations for months of July and
August and all available Aqua MODIS-collocated observa-
tions from year 2002 through 2015. The chosen AERONET
sites – Campo_Grande_SONDA, Sao_Paulo, and CUIABA-
MIRANDA – fall in the general vicinity of the two Brazil
cases selected for study. They of course represent a tiny sam-
ple of the geographical area covered by the MCARS data,
just three points out of 2.7 million collocated samples that
MCARS provides, but they display a similar shape of the re-
lationship between ground truth and MYD04 retrieval.

MCARS is a fully configurable system where source in-
put for all synthetic radiances can be controlled at all times
so that any resulting retrieval can be examined in great detail
insofar as the particular setup of model input and radiative
transfer core allows. For these smoke cases we used these
capabilities to investigate further the specific reasons why
the MYD04 retrievals tend to underestimate AOD for smoke
aerosol.
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Table 1. Constant surface albedo setting used in smoke AOD re-
trieval investigation

MODIS Central wavelength Surface
channel (µm) albedo

1 0.65 0.027
2 0.86 0.288
3 0.47 0.017
4 0.55 0.037
5 1.24 0.252
6 1.63 0.146
7 2.13 0.054
8 0.41 0.014
9 0.44 0.022

17 0.91 0.283
18 0.94 0.280
19 0.94 0.280
20 3.7 0.038
22 3.9 0.038
26 1.38 0.216

Brazil 1 and Brazil 2 cases respectively for the first seven
MODIS channels. This aerosol SSA is a bulk quantity, inte-
grated over all layers and combines all 15 available aerosol
species. However the cases under consideration are heavily
dominated by carbon with negligible amounts of dust and
sulfate. In this particular case the additional uncertainties that
would arise from a mixture of aerosols with different scat-
tering properties do not present an issue. The single scat-
tering albedo remains quite high until we reach the 1.2 µm
channel, MODIS band 5, and beyond. Then it drops precip-
itously. AERONET is only able to provide direct inversion
retrievals of single scattering albedo for four wavelengths out
to a maximum wavelength of 1.024 µm (Dubovik and King,
2000; Dubovik et al., 2002). The rapid change in single scat-
tering albedo for smoke aerosol modeled in GEOS-5 is re-
lated to aerosol humidification effects, both dilution effects
and hygroscopic growth (Colarco et al., 2010, 2013). The
net effect is that when humidity decreases, so does the sin-
gle scattering albedo. Figure 9 shows a plot of OPAC sin-
gle scattering albedo for a variety of column relative hu-
midity values as a function of wavelength. (Colarco et al.,
2013) The operational MODIS aerosol code assumes a con-
stant 80 % relative humidity when the lookup tables are gen-
erated (Levy et al., 2007). It is a reasonable assumption as
long as one does not attempt to use channels with wave-
lengths that are longer than 0.8 µm. The MYD04 algorithm
however does use the 2.1 µm MODIS channel in retrieval,
a channel that is sensitive to humidity. MCARS is particu-
larly well suited to test for humidity impact on the retrieval
accuracy. We carried out another experiment with fixed sur-
face albedo and OPAC aerosol phase function shape, but we
used the constant single scattering albedo values from the
MODIS aerosol algorithm in the reflectance calculation that

Figure 6. Surface albedo effect on Brazil smoke cases. Panels (a)

and (c) show the runs with MOD43-derived surface albedo. Pan-
els (b) and (d) show the effect of selection of a constant dark land
surface albedo.

serves as input to the retrieval algorithm. The result is shown
in Fig. 10. When humidification effects are not taken in con-
sideration in the SSA calculation, MYD04 retrieval results
closely line up with synthetic GEOS-5 source data. The un-
derestimate of aerosol optical depth disappears, with Brazil
2 showing the most dramatic improvement. It appears that if
MYD04 were to take into account humidification effects and
implement a correction for single scattering albedo value as
a function of column relative humidity, the result of compar-
ison between MODIS and AERONET could be significantly
improved for biomass-burning cases in Brazil and other lo-
cations with similar synoptic conditions.

The improvement is limited however to AODs higher than
about 0.5. Relative humidity does not appear to have an ef-
fect on retrieved low AOD values. MYD04 product does not
provide pixel-level retrieval uncertainty estimates. It is pos-
sible that the inherent uncertainty in performing retrieval us-
ing such a small signal is so high that it drowns out other
effects. More studies may be conducted as to attempt to cre-
ate a pixel-level estimate of retrieval uncertainty for aerosol
optical properties retrievals.

The MODIS aerosol product performs a simultaneous re-
trieval of land surface reflectance and aerosol optical depth.
After looking at the behavior of aerosol optical depth and
making a recommendation for a possible improvement in the
retrieval algorithm, we examined the retrieval of land surface
reflectance. The MODIS aerosol product provides retrieved
land surface reflectance in the 0.47, 0.65, and 2.1 µm chan-
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Figure 9. OPAC single scattering albedo as a function of humidity
(color) and wavelength. The various relative humidity levels are in
order (red, orange, green, and blue) for 95, 80, 30, and 0 % column
relative humidity.

particular region may be too high. An analysis of MODIS
operational retrievals to identify locations and times where
this colinearity exists may be useful to identify regions where
the assumed coarse/fine-mode fraction might need to be ad-
justed. Figure 11 illustrates the impact of coarse-mode frac-
tion selection on land surface reflectance retrievals for Brazil
1 and Brazil 2 cases. The fine-to-coarse-mode ratio does not
appear to have an impact on the low bias of MYD04 AOD
retrieval vs. “ground truth” comparisons presented in the ear-
lier figures.

6 Conclusions and future directions

This paper is a continuation of work started in Wind et
al. (2013). The multi-sensor cloud retrieval simulator code
(MCRS) had been extended to add aerosol effects to radiance
simulations. The current implementation of the MCARS
code generates synthetic radiances by sending GEOS-5
model fields and MODIS sensor geometry and location infor-
mation to the DISORT-5 radiative transfer core. The radiance
and reflectance data are output in a standard MODIS Level-
1B format that can be transparently ingested by any retrieval
or analysis code that reads data from the MODIS instrument.

After the aerosol properties module had been added to the
MCARS code, we used the simulator to perform detailed
analysis of performance of the operational MODIS dark tar-
get aerosol properties retrieval product for the Aqua MODIS
instrument (MYD04). We found the cause of known low
bias in MYD04-retrieved AOD for smoke when compared
to in situ measurements. We suggest that the MYD04 re-
trieval might consider using column relative humidity from
ancillary data when performing retrievals in regions that are
defined to be dominated by smoke aerosols. The mismatch
between the aerosol single scattering albedo assumed by
MYD04 and the given synthetic single scattering albedo is
the cause of the low bias at higher AODs. The impact of sur-
face inhomogeneity is also quantifiable. Whereas it may not
be possible to make an operationally actionable item from re-

Figure 10. Impact of humidity on MOD04 retrieval illustrated via
single scattering albedo selection. Panels (a) and (c) show the Brazil
1 case before and after the SSA adjustment. Panels (b) and (d) show
the same for Brazil 2.

trieval behavior when surface is made homogeneous, it may
be possible to deduce an estimate of retrieval uncertainty due
to land surface effects.

This study is a good example of capabilities of the
MCARS code. We are planning many more studies of re-
trieval algorithm performance.

The MCARS results give a relationship between aerosol
single scattering albedo, bias in retrieved aerosol optical
depth, and column relative humidity. One of our future di-
rections is to examine further this relationship and possibly
establish a solid parameterization that could be used by the
modeling community to reduce biases in assimilated obser-
vations that might display a similar low bias when compared
to in situ measurements.

The MCARS simulator is currently being extended to cal-
culate synthetic radiances for the Meteosat Second Genera-
tion Spinning Enhanced Visible Infrared Radiometer Imager
(MSG-SEVIRI).

7 Code and data availability

The MCARS code and any datasets produced, including all
data shown (GEOS-5 input in netCDF4 and all MODIS out-
put in HDF4 file format) and discussed in this paper, are
available to users free of charge by contacting the authors
and becoming a registered user of this software package so
that any updates to code or datasets can be issued directly.
There may be additional, wider distribution means in the fu-

Geosci. Model Dev., 9, 2377–2389, 2016 www.geosci-model-dev.net/9/2377/2016/
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TEMPO/GOES-R Synergistic Retrieval

Smoke Mask

Evaluation of whether TEMPO UV-Vis capabilities can augment GEOS-R longwave (2250 nm) 
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PACE Pre-Launch Ocean Color & Aerosol 
Algorithm Development

Global Ocean Radiance Simulation
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Simulated PACE L1b Granule



PACE OCI Retrieval Algorithm Evaluation

550 nm AOD Retrieval Hyperspectral Water Leaving 
Radiance Retrieval



Multi-Angle Polarimeter Retieval of Aerosol 
Microphysics

G5NR surface and aerosol fields 
for 13:30 Sun synchronous orbit Synthetic Polarimeter Measurements (I, Q, U)

10 angles over ±57 degrees in VZA
8 wavelengths spanning 0.36 μm to 1.6 μm

VLIDORT
Forward Calculation

Compare AOD, SSA, RI, reff 
(GRASP retrieved vs G5NR “truth”)

Trimodal PSD

Q(PSD, n, k, SPH, Θ, V) +

+
Noise Simulated Truth

ξ3 x I x σQ 

I(PSD, n, k, SPH, Θ, V)

U(PSD, n, k, SPH, Θ, V) + ξ3 x I x σU

ξ2 x I x 3%

0 – Dust | 1 – Polluted Dust | 2 – Marine | 3 – Urban | 
4 – BB-White | 5 – BB-Dark



Global Scale Retrieval Evaluation



• The GEOS 7 km Nature Run has served us well over the years, but lack of realistic 
cloud properties has been a road block
• Cloud downscaling algorithms lacked realism at km scale

• Land surface reflectance is not prognostic and limited to observed climatology of 
specific channels
• e.g. MODIS, TOMS



DYAMOND Runs Phase II

Credit: Bill Putman



• Traditional I/O based approaches for Nature Run 
generation are not practical.

• 1-km model requires exabytes of storage for 1 year 
simulation

• Developing two-phase workflow for generating Nature 
Run datasets

1. Model is spun up in a run with limited output except 
for frequent checkpoints and browse products

2. Model is run from checkpoints with on-line sampling of 
geophysical variables at user specified observation locations
• Flexible API for custom geo-location samplers, allowing 

maximum flexibility: ground stations, aircraft trajectories, 
satellite swaths

Storm Resolving Nature Run

Satellite View

Nature Run

Credit: Bill Putman



Hyperspectral BRDF from MODIS Products

• Hyperspectral Surface BRDF (RTLS) 
parameters are generated based on the 
corresponding MODIS (MCD19) 
products and the Aster/ECOSTRESS 
spectral library

• The data are provided on geographic 
grids from 60oN to 60oS and 180oW to 
180oE at a 0.01x0.01 degree spacing. 

• The data have been generated for every 
8-day period for Year 2019.

• Each pixel includes the RTLS 
parameters for 213 spectral bands from 
380 nm to 2500 nm at a 10 nm spectral 
resolution. 



Prognostic Land Surface Reflectance Model

Credit: Ben Poulter

● Simulates global dynamic surface reflectance data for 
spaceborne imaging spectroscopy missions.

● Dynamic global vegetation model, LPJ + canopy radiative 
transfer model, PRO4SAIL.

● Gridded input variables drive process-based vegetation 
dynamics of 10 plant functional types and downstream 
biogeochemical and hydrological cycling.
o Atmospheric Inputs: CRU, MERRA-2 or km-scale Nature 

Run (in progress)
o HWSD or USDA global soils
o CO2

o LUH v2 land use change data
● Variables cross-walked between LPJ and PROSAIL (green in 

the diagram) to estimate globally-gridded, top-of-canopy 
reflectance data at the same time step as LPJ. 

● Reflectance (Level 1) data products:
o Globally-gridded top-of-canopy reflectances for 1980-

2021.
o Daily or monthly time step
o 0.5o globally gridded
o 400-2500nm @ 10nm

LPJ-Prosail



• The GMAO OSSE framework based on the 7 km GEOS Nature Run has been the basis of 
several retrieval algorithm evaluation studies

• The simulated observations have allowed us to:
• Test hypotheses for mechanisms that can explain known retreival biases
• Evaluate the synergy between instuments
• Demonstrate the feasibility of heritage retrieval algorithms on new sensors
• Exercise retrieval algorithm software before launch
• Derive global statistics of the accuracy of a multi-angle polarimeter retrieval

• Next generation km-scale cloud resolving Nature Runs will allow for demonstrating cloud effects
• New I/O paradigm will enable easier handling and sharing of this very large dataset

• Collaboration with the SBG team’s developments of hyperspectral and prognostic land surface 
refletance will further the realism of our simulated observations and bring the observation 
simulator closer to a true Earth system digital twin

Summary


