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1.0 Abstract
Daytime skylight has long been known to be impacted by the scattering of particles of various origins (e.g., organic
matter, dust, soot, urban pollutants, biomass burning, water vapor, sea salt) in the visible and near infrared (roughly
0.4 to 2.5 μm). Previous work described at the AMOS Conference has shown that skylight radiance is, in turn, the
limiting factor for observations of satellites during the daytime. However, actual observations of daytime skylight
radiance climatologies at sites are rare in the literature. To fill the gap, MODerate resolution atmospheric
TRANsmission (MODTRAN®) modeling using default parameters have been used to estimate performance. In this
paper, in situ data is used to constrain MODTRAN modeling at two sites with the results showing the default
parameters most likely do not reflect the actual skylight radiances at these sites.
MODTRAN calculations are used to create model skylight radiance climatologies for Starfire Optical Range (SOR),
Kirtland AFB, NM and Izaña (Tenerife Island), Spain. For both sites a monthly aerosol climatology is created based
on data from Aerosol Robotic Network (AERONET) CIMEL sun photometers located at each site which can then
be used to constrain MODTRAN. These inputs are the monthly averaged aerosol optical depth at 550 nm (AOD550)
and columnar water vapor (CWV). Other MODTRAN input parameters include the current value of CO2 (402
ppmV) and site-specific columnar O3 in DU. For simplicity, the line-of-sight (LOS) is a 45o zenith angle measured
from the target site towards space and a path true azimuth of 0.0o (measured east of north). The time of day is
approximately local noon for each site. The chosen model is run with all input parameters set to default and then
compared with the CIMEL-constrained model runs.
A naïve use of MODTRAN can lead to 100-300% overprediction of skylight radiances (corresponding to a
performance penalty of 0.38 to 0.75 magnitude for background limited observations) when compared to aerosolconstrained modeling through the seasons.
2.0 Introduction
Spectral skylight radiance or spectral sky brightness is a measure of the radiant intensity at each wavelength in the
region of interest in the electromagnetic spectrum. In this paper, skylight radiance refers to integrated
atmospherically scattered light in units of W cm-2 sr-1 μm-1 (per specified filter center wavelength). Understanding
daytime skylight radiance and transmission as a function of wavelength and location is critical for persistent optical
space domain awareness (SDA).
3.0 Components of skylight radiance modeling
3.1 Standard filters
One of the main objectives in defining standard filter band passes or to develop new filters is to minimize the sky
background while retaining as high a throughput as possible. The three standard broadband filters used in this paper
are J, H, and Ks (Fig. 1). The center wavelengths are 1.25, 1.65, and 2.15 μm respectively.
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Fig. 1. Spectral response functions (SRFs) of J, H, Ks filters
3.2 CIMEL sun photometer data
NASA-Goddard Space Flight Center (GSFC) created the Aerosol Robotic Network (AERONET) concept and
executed a global ground-based aerosol monitoring network to support NASA, Centre national d'études spatiales
(CNES), European Space Agency (ESA) and Japan Aerospace Exploration Agency (JAXA) Earth Observing
Satellite (EOS) systems [1]. AERONET offers a standardization for a ground-based regional to global scale aerosol
monitoring and characterization network with near-real time processing and public web-based access [2]. The
CIMEL sun photometer CE318 [3] is the standard instrument and was chosen by AERONET as it is ruggedized and
capable of remote deployment.
The CIMEL sun photometer performs measurements of spectral sun irradiance and sky radiances, both within
several programmed sequences. A preprogrammed sequence of measurements is acquired starting at an air mass
(AM) = 7 in the morning and ending at an AM = 7 in the evening. During the large AM periods, direct sun
measurements are made at 0.25 AM intervals. At smaller AM periods, the interval between measurements is
typically 15 minutes. Sky radiance is measured at four wavelengths along the solar principal plane (i.e., at constant
azimuth angle with varied scattering angles up to nine times a day and along the solar almucantar (i.e., at constant
elevation angle with varied azimuth angles) up to six times a day.
AERONET processing offers a number of direct and inversion products at various levels of processing (Levels 1,
1.5, and 2.0). Directly retrieved products include spectral aerosol optical depth (AOD) at 340, 380, 440, 500, 675,
870, 1020 nm; columnar water vapor (CWV); and Ångström exponent. The inversion products include single
scattering albedo (ω); asymmetry factor (g); spectral integrated aerosol extinction and absorption; total, coarse, and
fine mode phase functions; and more. These retrieved products can be directly or indirectly assimilated into
MODTRAN.
3.3 MODerate resolution atmospheric TRANsmission (MODTRAN®)
The MODTRAN software computes line-of sight (LOS) atmospheric spectral radiances and transmittances over the
ultraviolet through long wavelength infrared (IR) spectral regime (0 - 50,000 cm-1) [4]. The radiation transfer (RT)
physics within MODTRAN provides accurate methods for modeling stratified, horizontally homogeneous
atmospheres. The core of the MODTRAN RT is an atmospheric "narrow band model" algorithm based on the highresolution transmission molecular absorption database (HITRAN). The most recent release is HITRAN2016 [5].
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The atmosphere is modeled via constituent vertical profiles, both molecular and particulate, defined either using
built-in geographic/seasonal models, user-specified radiosonde, or climatology data. The band model provides
resolution as fine as 0.2 cm-1 from its 0.1 cm-1 band model. MODTRAN solves the RT equation including the
effects of molecular and particulate absorption/emission and scattering; surface reflectance; solar/lunar illumination;
and spherical refraction.
The major molecular species affecting the H, J, and Ks filters are H2O, CO2, O2, and CH4 (Fig. 2). (O2 is a wellmixed gas and is related to altitude.) H2O, CO2, and CH4 can all be easily constrained in MODTRAN.
(a)

(b)
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(c)

(d)

Fig. 2. Transmittance of major molecular species affecting filters
(a) H2O (b) CO2 (c) O2 (d) CH4
MODTRAN’s meteorological range (MR) is related to surface aerosol extinction at 550 nm (EXT550 in km-1) by the
following equation
MR [km] = _

ln (50)__________
EXT550 [km-1] + 0.01159 km-1

where 0.01159 km-1 is the surface Rayleigh scatter coefficient at 550 nm.
4.0 Methodology
Monthly climatologies of aerosol optical depth at 550 nm (AOD550) and CWV are developed for Starfire Optical
Range (SOR) and Izaña using AERONET data (Fig. 3). The historical database for SOR is from 2012-present;
Izaña, 2003-present. A representative MODTRAN geographical/seasonal model is chosen for each site: 1976 US
Standard for SOR; Mid-Latitude Summer (MLS) for Izaña. For each site MODTRAN is run four times for each
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month with the following parameters: chosen model defaults only (hereinafter denoted as “Default”), chosen model
with CWV only (“H2O only”), chosen model with AOD550 only (“Aerosols only”), and chosen model with WV and
AOD550 (“H2O + aerosols”). The MODTRAN radiance output files are then convolved to the exact spectral
response function (SRF) of each filter (H, J, and Ks). All MODTRAN runs are constrained with the current CO2
value of 402 ppmV, a 45o zenith angle measured from the target site to space, a true path azimuth of 0.0o (measured
east of north), and approximately local noon time of day.
(a)

(b)

Fig 3. CIMEL climatology (a) CWV (b) AOD550. 1976 US Std/MLS model
initial CWV are marked as “init.” If AOD550 is below model minimum,
MODTRAN sets MR = 323 km.
4.1 SOR
The CIMEL is located at 35.05o N, 106.54 o W at an elevation of 1662.5 m and is within 12 km of SOR. The site is
characterized by rural and urban aerosols as determined by the aerosol size distribution. The MODTRAN
geographical/seasonal model chosen is the 1976 US Standard. Fig. 4 demonstrates that the 1976 US Standard model
splits the difference between the MODTRAN MLS and Mid-Latitude Winter (MLW) models. Atmospheric
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pressure is used as a substitute for elevation in Fig. 4. All SOR MODTRAN runs are constrained with the region’s
current ozone concentration of 307 DU from NASA Atmospheric Infrared Sounder (AIRS) satellite data.
(a)

(b)

Fig. 4 Comparison of MODTRAN model profiles
(a) Pressure vs temperature (b) Pressure vs water vapor

4.2 Izaña
The CIMEL site is located at 34.96o N, 16.50 o E and at an elevation of 2400 m on Tenerife Island, the largest and
most populated island of the eight Canary Islands (Las Canarias) off the Atlantic coast of northern Africa. Izaña is
characterized by complex diurnal and seasonal weather patterns due to ocean currents, the prevailing NE trade
winds, and proximity to northern Africa. The composition of the aerosols are marine aerosols, Saharan mineral dust,
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and anthropogenic pollution from Europe. At 2400 m, the CIMEL is normally above the marine stratocumulus
associated with the trade wind inversion layer typical of the subtropics. Because conditions are relatively mild yearround, the MODTRAN MLS model and the Navy Maritime aerosol profile are selected. All Izaña MODTRAN runs
are constrained with the current regional ozone concentration of 304 DU from AIRS data.
With the exception of the month of October, the Izaña site notable for its extremely low monthly AOD550 and
CWV. This is indicative of a good site for SDA observations (Fig. 3).
5.0 Results
5.1 SOR
The 1976 US Standard model initial CWV is 0.668 g cm-2 (Fig. 3a) with a rural aerosol profile MR of 23 km. One
can clearly discern the effects of the North American Monsoon (NAM) during the months of June – September (Fig.
5, “H2O only”). During the months of the NAM, the climatological CWV exceeds the maximum for the 1976 US
Standard model and MODTRAN sets the CWV to the maximum allowable, 1.327 g cm-2. The average
climatological CWV during the NAM is 1.713 g cm-2. There is a corresponding decrease in skylight radiance during
the NAM due to the increase in atmospheric CWV as water vapor absorbs light in the near infrared (NIR) and
shortwave infrared (SWIR). (See Fig. 2a.)
The optically clear skies (greater than 100 km MR) at SOR dramatically decrease the predicted skylight radiance
because the calculated MR based on the climatological values of AOD550 exceeds the 1976 US Standard MR of 23
km. (The average MR for the climatological series is 193.879 km.) Comparing “Aerosols only” and “H2O +
aerosols” to “Default” and “H2O only” monthly values for all filters, there is a 200-300% overprediction of skylight
radiance if only CWV is accounted for in the computations (Fig. 5). There is a similar, but much smaller decrease in
skylight radiance during the NAM when CWV is added into the aerosol-constrained calculations (“H2O + aerosols”)
in Fig. 4.

(a)
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(b)

W cm-2 sr-1 μm-1

(c)

Fig. 5 SOR monthly convolved skylight radiances
(a) H filter (b) J filter (c) Ks filter
Normalizing the skylight radiances allows comparison of the three filters. Since the differences between “H2O
only” and “H2O_+ aerosols” are the most important in future modeling exercises, the percentage difference (PD) is
calculated as
PD = [(H2O only) – (H2O+aerosol)]/(H2O+aerosol)
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Table 1. SOR percentage differences

Jan
Feb
H filter

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

3.113

3.010

2.254

1.760

1.826

0.956

1.055

0.879

1.791

2.967

3.038

3.138

2.105

2.166

1.616

1.315

1.352

0.744

0.801

0.683

1.229

1.983

2.106

2.097

4.151

3.885

2.789

2.102

2.189

1.104

1.269

1.044

2.407

3.932

4.021

4.191

J filter
Ks filter

The lowest PDs are during the NAM months where the increased CWV decreases the skylight radiances. The
average yearly PDs are 2.149 (H filter), 1.516 (J filter), and 2.757 (Ks filter).
5.2 Izaña
The MLS geographical/seasonal model CWV is 0.817 g cm-2. The Izaña climatological CWV water ranges from a
low of 0.181 g cm-2 in October to a high of 0.395 g cm-2 in January. With decreased CWV (Fig. 3a), there is less
absorption and therefore higher skylight radiances, most evident in the spike in October. The MLS model “Default”
underpredicts the sky radiance when compared to the “H2O only” radiances (Fig. 6). The background aerosol
loading at Izaña is characteristic of the Navy maritime altitude and seasonal-dependent aerosol profile that has a MR
of 69.65 km.
The relatively optically clear Izaña skies climatological measured AOD550 values are lower than the minimum value
in MODTRAN; therefore, the MR is reset by MODTRAN to 323.58 km. The exception is the month of October
where the AOD550 is 0.083 which corresponds to a MR of 67.70 km.
The spike in October skylight radiances in Fig. 6 can be substantiated with both back trajectory and aerosol transport
modeling. While a full discussion of the October increased skylight radiance compared to the other months exceeds
the scope of this paper, suffice it to say that the surrounding AERONET stations at Santa Cruz and La Laguna, both
on Tenerife Island, recorded the same climatological increase of AOD550 in October. The spike is most likely due to
an increase in Saharan dust and/or anthropogenic pollutant transport. The corresponding increase in AOD550
coupled with the decrease in CWV means that the “H2O + aerosols” skylight radiance is greater than the “Aerosols
only” values.
As with the SOR filter comparisons, there is a dramatic overprediction of skylight radiances in the range of 175 300% for all filters when only CWV is accounted for in the modeling (“Default” and “H2O only”).
(a)
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(b)

(c)

Fig. 6 Izaña monthly convolved skylight radiances
(a) H filter (b) J filter (c) Ks filter
Normalizing the radiances in the same manner as SOR, the resulting PDs are much smaller than SOR. This is due to
the impact of smaller CWV and AOD550 values constraining MODTRAN skylight radiance predictions. There is
little variance in the Izaña monthly values of CWV and AOD550 with the exception of the month of October. The
yearly PD averages are 1.314 (H filter), 0.765 (J filter), and 1.859 (Ks filter).
Table 2. Izaña percentage differences

Jan
Feb
H filter

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

1.522

1.721

1.601

1.467

1.142

1.043

1.078

1.303

1.587

-0.019

1.708

1.612

0.901

0.979

0.927

0.852

0.673

0.618

0.637

0.759

0.926

-0.015

0.999

0.927

2.106

2.333

2.240

2.100

1.697

1.566

1.612

1.898

2.241

-0.021

2.323

2.208

J filter

Ks filter
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6.0 Conclusions
MODTRAN calculations of skylight radiance/transmission are appropriate especially when using standard
broadband filters for comparisons. Selection of geographical/seasonal model should be based on how closely the
site is characterized by the MODTRAN model (IMODEL parameter) profiles of pressure, temperature, density,
H2O, O3, N2O, CO, and CH4. For both the SOR and Izaña sites, AERONET AOD550 dramatically impacts MR
compared to the geographical/seasonal model default values, which in turn affects skylight radiances.
In the NIR (0.7 – 1.4 μm) and SWIR wavelengths (1.4 – 3.0 μm), water vapor absorbs light on the wings of the
atmospheric transmittance windows (Fig. 2a). The filter SRFs affect the amount of absorption by CWV. There is a
corresponding decrease in skylight radiance with an increase in CWV. Using radiosonde data as a user-specified
model atmosphere is one way of accounting for water vapor [6]. However, constraining MODTRAN with CWV
alone appears to overpredict the skylight radiances in the case of optically clear skies.
Most sites where SDA observations are acquired have relatively optically clear skies; therefore, the aerosol loadings
are extremely important in the calculations in addition to CWV. Constraining MODTRAN with aerosol data alone
accounts for a 100 – 300% decrease in skylight radiances at an optically clear site. Including aerosol loadings in
skylight radiance modeling may indicate the presence of episodic aerosol transport caused by complex air-sea
interactions of ocean currents, winds, and anthropogenic pollution that may affect SDA observations at a specific
location. The outlined methodology using climatological aerosol and WV loadings could be used to help define and
choose new filters for existing sites and to aid in site selection.
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