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Abstract Clouds play a critical role in modulating tropospheric radiation and thus photochemistry. We
develop a methodology for calculating the vertical distribution of tropospheric ultraviolet (300–420 nm)
actinic fluxes using satellite cloud retrievals and a radiative transfer model. We demonstrate that our
approach can accurately reproduce airborne-measured actinic fluxes from the 2013 Studies of Emissions and
Atmospheric Composition, Clouds and Climate Coupling by Regional Surveys (SEAC4RS) campaign as a case
study. The results show that the actinic flux is reduced below moderately thick clouds with increasing cloud
optical depth and can be enhanced by a factor of 2 above clouds. Inside clouds, the actinic flux can be
enhanced by up to 2.4 times in the upper part of clouds or reduced up to 10 times in the lower parts of clouds.
Our study suggests that the use of satellite-derived actinic fluxes as input to chemistry-transport models can
improve the accuracy of photochemistry calculations.

1. Introduction

The large uncertainties in the modeling of clouds and cloud optical properties have hindered chemistry-
climate models from predicting accurately the radiation available for photochemistry (actinic flux) and thus
the photochemical production of secondary pollutants such as ozone. Particularly challenging is an accurate
calculation of actinic fluxes in the presence of clouds. The actinic flux is defined as the spherically integrated
light intensity (radiance) received by a molecule [Madronich, 1987; Finlayson-Pitts and Pitts, 2000] in the
atmosphere. The photolysis frequency, a measure of breakdown of a molecule by photons, is calculated
by integrating the product of spectral actinic flux, absorption cross section, and quantum yield over wave-
lengths (e.g., 300–420 nm for NO2). Recently, the model bias in surface ozone associated with inaccurate
cloud predictions was reported to be as high as 80 ppb on some days [Pour-Biazar et al., 2007; Tang et al.,
2015]. This bias is significantly larger than the 20% model annual bias for ozone that is reported by Im
et al. [2015]. While clear-sky actinic fluxes and/or photolysis frequencies have been successfully modeled
and assessed with aircraft measurements in a number of studies [e.g., Volz-Thomas et al., 1996; Shetter
et al., 2003; Wagner et al., 2011], to our knowledge a rather limited number of studies tried to quantify the
effect of clouds on actinic flux and/or photolysis frequencies based on modeling alone [e.g., Thompson,
1984; Madronich, 1987; Jacob et al., 1989; Tie et al., 2003; Liu et al., 2006; Neu et al., 2007] or a combination
of modeling and observations [van Weele and Duynkerke, 1993; Junkermann, 1994; Kelley et al., 1995; Lantz
et al., 1996; Crawford et al., 2003; Kylling et al., 2005; Thiel et al., 2008; Palancar et al., 2011; Wang et al.,
2015]. For example, the one-dimensional radiative transfer modeling study of Kylling et al. [2005] confirmed
observations of 60–100% enhancements of actinic flux above clouds and 55–65% reductions below clouds
as compared to cloud-free conditions. Those previous studies used data from airborne field campaigns or
ground measurement networks, which are rather sparse and available over small geographic areas (or sites).
More importantly, it is difficult to measure the vertical distribution of clouds and their optical properties with
in situ actinic fluxes.

Satellite-derived cloud products have become increasingly available as an alternative to in situ airborne mea-
surements, covering large areas at relatively high temporal and spatial resolutions [e.g., Minnis et al., 2008].
Cloud products along with ozone data have been used extensively to estimate atmospheric UV transmission,
but most previous studies have focused on irradiances at ground level and the comparison with various
ground-based measurements [e.g., Frederick and Lubin, 1988; Williams et al., 2004; Su et al., 2005; Pandey
et al., 2012; Damiani et al., 2014]. However, actinic fluxes generally respond to cloud differently than
irradiances [Madronich, 1987], and their vertical profiles are particularly important to atmospheric chemistry.
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Only a few studies have used satellite cloud products to estimate actinic fluxes at the surface [e.g.,Mayer et al.,
1998; Pour-Biazar et al., 2007; Tang et al., 2015] and even fewer to estimate cloud effects on actinic flux vertical
profiles. For example,Wang et al. [2015]made relativemeasurements of actinic flux at greenwavelengths from
a balloon platform in the presence of clouds and found a reasonable agreement withmodel simulations using
satellite-derived cloud optical properties; significantly different behavior is expected at UVwavelengthswhere
Rayleigh scattering is much stronger. Kim et al. [2015] showed that spatial and temporal misplacements of
modeled cloud fields have considerable impacts on ozone biases, but they also emphasized that, the evalua-
tionofmodeledphotolysis frequencies in thepresenceof clouds is further limiteddue to the conceptual incon-
sistency between modeled and satellite-retrieved cloud fractions given that the cloud fraction depends on
grid/pixel resolution.

Here we address limitations of the previous studies, specifically focusing on the UV wavelengths relevant to
tropospheric photochemistry, on actinic flux rather than irradiance, and on measured vertical profiles in the
presence of satellite-observed clouds. More specifically, we derive vertically resolved actinic fluxes using a
one-dimensional radiative transfer model constrained by satellite-derived cloud parameters. We use in situ
airborne measurements to evaluate the model results and further explore complex cloud effects such as
the attenuations and enhancements below, above, and inside clouds. Thus, our methods and results are
more directly applicable to evaluating and improving the representation of photolysis frequencies in 3-D
chemistry-transport models, particularly for online photolysis frequency calculations. The paper is organized
around three goals: (1) verify whether a radiative transfer model, which is an essential part of a chemistry-
climatemodel, can accurately predict actinic flux in the presence of clouds; (2) quantify changes in actinic flux
associated with various cloud settings; (3) explore how satellite retrievals can be efficiently used to guide pre-
dictions of actinic flux at various altitudes in the presence of clouds.

2. Data and Methods
2.1. Observational Data

Actinic flux observations were made during the Studies of Emissions and Atmospheric Composition, Clouds
and Climate Coupling by Regional Surveys (SEAC4RS) campaign in August–September 2013, over the
contiguous U.S. and the Gulf of Mexico [Toon et al., 2016] (Figure 1a). Two spectroradiometers, each with a
2π steradian hemispheric field of view, were deployed on the top and bottom of the NASA DC-8 aircraft fuse-
lage and provided measurements of the wavelength-dependent downwelling and upwelling actinic fluxes,
respectively. The details of the instruments are described by Shetter and Mueller [1999] and Petropavlovskikh
et al. [2007]. The spectral actinic fluxes were measured at 0.8 nm resolution and were integrated over the
300–420 nm wavelength range in order to obtain a single value representative of the UV band. Clouds may
induce spectral nuances, especially at the shorter wavelengths where absorption by ozone, sulfur dioxide,
and someaerosols couldbe compoundedby cloud scattering [e.g.,Mayer et al., 1997]. However, thebroad inte-
gral over 300–420 nm used here should be insensitive to these details and allows a first-order comparison of
cloud effects. Data were averaged to 1min time resolution for this study and filtered to remove solar zenith
angles greater than 85°, as done by Palancar et al. [2011]. Note that the aerosol optical depths used in the
present study were measured by the Spectrometers for Sky-Scanning, Sun-Tracking Atmospheric Research
(4STAR) [Schmid et al., 2011].

2.2. Satellite Retrievals

For SEAC4RS, cloud properties were derived from 4 km Geostationary Operational Environmental Satellite
(GOES) radiances 13/15 at least every 15–30min using the Visible Infrared Solar-infrared Split-Window
Technique and Solar-infrared Infrared Split-Window Technique [Minnis et al., 2011a]. In the retrievals,
cloud bottom height is calculated by subtracting an estimated cloud thickness from retrieved cloud top
height [Minnis et al., 2011a]. The cloud thickness is estimated using empirical formulae that are basically
a function of cloud optical depth (COD) for liquid water clouds [Minnis et al., 1992] and COD, cloud top
temperature, and ice water path for ice clouds [Minnis et al., 2010]. The uncertainties (bias ± standard
deviation) in cloud bottom height for nonpolar single-layer cloud systems are 0.1 ± 0.8 km for opaque
(COD> 3) and �0.3 ± 0.7 km for nonopaque liquid clouds. Similarly, for ice clouds, the corresponding
uncertainties are 0.3 ± 2.3 km and �2.5 ± 1.7 km [Minnis et al., 2016]. Here the negative values indicate
underestimates. Uncertainties in top height of nonpolar, single-layer clouds are �0.05 ± 0.74 km for
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Figure 1. (a) Tracks of 19 flights during the SEAC4RS campaign; the red line indicates the flight tracks on 14 August 2013. (b) Time series of flight altitudes above
sea level (black line), cloud boundaries with cloud bottom and top heights (violet shading), and cloud optical depth from satellite retrievals (red line with circles)
on 14 August 2013. (c) Downwelling actinic flux from observations and TUV model simulations with clouds and without clouds, and aerosol optical depth at 550 nm
from aircraft measurements (green line). (d) Same as Figure 1c but for upwelling actinic flux. The red arrows in Figures 1c and 1d indicate 1710 UTC. (e and f)
Comparison of observed total actinic flux and TUV model calculations (including and neglecting clouds). The horizontal red (black) lines indicate the standard
deviations within the 1min averaging period for cloudy (clear) pixels. The original data at 3 s intervals are used to calculate standard deviations. Here the total actinic
flux represents the sum of the downwelling and upwelling actinic flux. (g) Photograph at 1710 UTC from the forward video camera.
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nonopaque and �0.11 ± 0.70 km for opaque liquid water clouds. Likewise, for ice clouds the correspond-
ing uncertainties are �2.0 ± 2.7 km and �0.7 ± 1.6 km [Clouds and the Earth’s Radiant Energy System, 2016].
The uncertainties in COD relative to surface-based retrievals are 34% for stratus and 50–64% for cirrus
[Minnis et al., 2011b].

To simulate actinic flux, we use COD, cloud bottom height, and cloud top height values that are averaged
over a 5 × 5 pixel array centered on the pixel closest to the flight location at a given time. The 5× 5 pixel
array is used because the cloud fraction averaged over 5 × 5 pixel array reasonably matched with the cloud
fraction obtained from nadir video images (not shown). Using averaged cloud properties from satellite
retrievals can improve the representation of small clouds (i.e., cumulus clouds) and diminish the impact
of single-pixel uncertainties. The cloud properties are also extracted every minute. To determine whether
the sky condition at a flight location is clear, the sky conditions of its surrounding pixels (±3 pixels or
7 × 7 pixel array) are considered. When no clouds are detected for all of the pixels of the 7 × 7 pixel array,
it is assigned as clear sky.

2.3. Tropospheric Ultraviolet-Visible Model

The one-dimensional Tropospheric Ultraviolet-Visible (TUV) model [Madronich, 1987] version 5.2 serves as
radiative transfer model in this study. The radiation is calculated with a four-stream discrete ordinates code
[Stamnes et al., 1988]. The model is run at 1 nm intervals, and the spectral actinic flux is integrated over
300–420 nm similar to the measured actinic flux. The atmosphere is divided into 115 vertical layers with a
1 km spacing extending from the ground to 115 km above ground level (AGL). Flight data from the
SEAC4RS measurements such as time, location, altitude above ground, ground elevation, and total ozone
column amount derived from the Ozone Monitoring Instrument are used as model inputs at 1min time
intervals. Surface albedo is set to 0.05 at all wavelengths. Although the TUV model is capable of specifying
multiple (separate) cloud layers, a single layer of clouds, characterized by single values of cloud bottom
height, cloud top height, and COD, is adopted in this study. This matches the single values of cloud properties
available from satellite retrievals in an atmospheric column. The cloud is assumed to be homogeneous both
vertically (constant optical depth per vertical distance) and horizontally (infinite horizontal extent). Note that
cloud layers use the same model vertical grids with 1 km intervals. In the TUV simulations, wavelength-
independent single scattering albedo (0.9999) and asymmetry factor (0.85) are used for both liquid and ice
phase clouds. For the satellite products, single scattering albedo larger than 0.99999 and asymmetry factor
of 0.81 ± 0.07 are used. It should be noted that in our study no aerosols are considered in the simulations
to solely examine the cloud effects.

3. Results and Discussion
3.1. Example Flight of 14 August 2013

The flight of 14 August 2013 is chosen as an example to illustrate the effect of clouds on actinic flux. The
corresponding flight track is shown in red in Figure 1a, and the satellite-derived clouds along the track are
shown in Figure 1b. The airplane flew mostly above broken clouds during 1550–1608 UTC, and it was mostly
either inside or below clouds during 1610–1730 UTC (Figure 1b). Figures 1c and 1d show that the TUV model
constrained by satellite-derived clouds captures the primary effects associated with clouds, including the
attenuations of downwelling actinic flux when the airplane is below clouds, enhancements of upwelling acti-
nic flux when the airplane is above clouds, and large enhancements both for downwelling and upwelling
components when the airplane is inside. The model’s prediction for (hypothetical) cloud-free conditions is
also shown in the figure; that is, the TUVmodel computes the actinic fluxes assuming that there are no clouds
in the simulations even though clouds are actually present in the observations, and hereafter, this is referred
to as “TUVwithout clouds.” It should be noted that even the simulations with clouds do not perform perfectly,
and possible reasons will be further discussed in section 3.2.

Under clear-sky conditions on this particular day, the TUV model slightly overestimates downwelling actinic
flux, for example, by 6.4% on average during 1820–2000 UTC in Figure 1c. This is likely due to the presence of
aerosols (see aerosol optical depth above the aircraft in Figure 1c), which are not considered in the
simulations. The attenuation of downwelling actinic flux by aerosols is examined for some limited cases in
the supporting information (Text S1 and Figure S1).
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Figures 1e and 1f show the observed and simulated actinic flux when the clouds are considered and when
the clouds are not considered, respectively, from the simulations. The model’s ability to simulate actinic flux
in the presence of clouds is greatly improved when clouds are included in the simulations. Clearly, the simu-
lations without clouds cannot capture the attenuations or enhancements due to the clouds. In Figure 1e, the
standard deviations within each 1min averaging period are indicated by horizontal lines for cloudy pixels and
clear pixels. Larger variability is observed under cloudy than under clear conditions, and the standard devia-
tions of the data points that deviate far from the 1:1 line tend to be larger than those that lie close to the 1:1
line. These results suggest that the TUV model calculations are less accurate under spatially inhomogeneous
cloud conditions.

3.2. Role of Clouds—All Flights Analysis

We examine the effects of clouds for all available flight days (19 days) in Figure 2. Under clear-sky conditions,
the TUV model performs well with a mean model-to-observation ratio of 1.016, standard deviation of 0.137,
and a root-mean-square error of total actinic flux of 0.150 × 1016 photons cm�2 s�1 (Figure 2a and Table 1).

Under cloudy-sky conditions, which occupy 66.5% of the total data points, using satellite-derived clouds
improves the ability of the model to reproduce actinic flux (compare Figures 2b and 2e, Figures 2c and
2f, and Figures 2d and 2g). Note that only data points with CODs larger than 0.1 are used for analysis.
The most notable change is observed for below-cloud conditions, essentially eliminating the large biases
(e.g., ratios greater than 2). The percentage of data points with a factor of 2 (and larger) error is
reduced down to 0.59% in the simulations with clouds, from 21.0% in the simulations without clouds.
The root-mean-square error and linear correlation also show improvements in the simulations with
clouds (Table 1).

Figures 2h–2j show the ratio of TUV simulated total actinic flux with clouds to that without clouds as a
function of COD. The colors indicate the distance between the measurement altitude and cloud bottom
or top edges. The majority of below-cloud cases (Figure 2h) show reductions in actinic flux with increas-
ing COD. The decrease in transmission is approximately hyperbolic for large COD as expected from
theory [e.g., Chang et al., 1987, equation (14)]. However, even for a given COD the attenuation in actinic
flux below clouds varies significantly for thin to moderately thick clouds (COD< 50). It should be noted that
the actinic flux can be enhanced by up to ~20% in some below-cloud cases with small COD (<10) as seen
earlier in the modeling results of van Weele and Duynkerke [1993] and in the observations of spectral actinic
flux [Crawford et al., 2003].

For an observer located above clouds (Figures 2c, 2f, and 2i), the mean model-to-observation ratio for the no
cloud case is smaller than 1, and this ratio is closer to 1 when the reflection by clouds is included (Figure 2f).
The enhancement due to reflection is easily seen in Figure 2i, showing that actinic flux can be enhanced by as
much as a factor of 2 compared to the cloud-free actinic flux. Note that the colors indicate the distance
between the measurement altitude and cloud top. Largest enhancements tend to occur just above clouds,
consistent with the fact that the solid angle subtended by clouds increases as the clouds are approached
from above, and consistent with a stronger coupling between clouds and Rayleigh scattering.

For inside-cloud conditions, the simulations with clouds show a better agreement with observations in terms
of both mean and standard deviation (Figures 2d and 2g). A much broader frequency distribution in the
model-to-observation ratio is observed in these cases, and the standard deviation is the largest among the
three cloud conditions. This can be attributed to the uncertainties in cloud retrievals such as cloud bottom
and top heights because the actinic flux inside clouds varies greatly depending on the location of a measure-
ment point relative to cloud bottom or top. For the satellite products used in this study, the cloud bottom
height is derived from empirical formulae based on COD, which likely contributes to uncertainties. Figure 2j
shows a wide range of enhancements or reductions in the ratio due to clouds as a function of COD. For exam-
ple, the actinic flux canbemarkedly enhancedby asmuch as a factor of 2.4 in the upper parts of clouds and can
be reduced by up to 10 times in the low parts of clouds as compared to the cloud-free actinic flux. Therefore,
slight errors in cloud bottom/top height retrievals can result in considerable model errors.

There are several other factors that are responsible for the disagreements gaps between the simulations and
observations. For example, the large discrepancies during 1705–1725 UTC in Figures 1c and 1d can result
from the fact that the available satellite retrievals do not resolve multilayer clouds. The forward image at
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Figure 2. (a–d) Histograms of ratio of TUV modeled total actinic flux without clouds to observed total actinic flux under clear sky, below-cloud, above-cloud, and
inside-cloud conditions. “N_data,” “mean,” and “std” in the plots indicate the number of data points used for the analysis, mean value, and standard deviation,
respectively. (e–g) Same as Figures 2b–2d, but for TUV simulations with clouds. (h–j) The ratio of TUV modeled total actinic flux with clouds (CLD) to that without
clouds (NOCLD) as a function of cloud optical depth for below-cloud, above-cloud, and inside-cloud conditions, respectively. The colors in Figures 2h–2j indicate the
distance between the measurement altitude and cloud bottom edges (h) or top edges (i and j).
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1710 UTC (indicated by the red arrow in Figures 1c and 1d) shows that the airplane flew between two layers
of clouds: one layer above the airplane and another one below the airplane (Figure 1g). The satellite retrievals,
however, identified only a cloud layer above the airplane during this period (Figure 1b) and missed the
additional layer of clouds below the airplane.

3.3. Satellite-Derived Actinic Fluxes

Satellite cloud data can be combined with a radiative transfer model to derive three-dimensional geographi-
cal fields of actinic fluxes as illustrated in Figure 3 for 14 August 2013 over the southern U.S. Figure 3 (top row)
shows the maps of cloud bottom height, top height, and optical depth from the satellite retrievals. Note that
the cloud properties of each satellite pixel are used as model inputs in this section. Figure 3 (bottom row)
shows the ratio of simulated cloudy- to clear-sky actinic fluxes at different altitudes. At the ground, the actinic

Table 1. Root-Mean-Square Error (RMSE) and Linear Correlation Coefficient (Pearson’s Correlation Coefficient) Under
Clear-Sky, Below-Cloud, Above-Cloud, and Inside-Cloud Conditions for the Simulations Without Clouds and With Cloudsa

RMSE (×1016) Correlation

TUV Without Clouds TUV With Clouds TUV Without Clouds TUV With Clouds

Clear sky 0.150 0.986
Below clouds 0.874 0.681 0.690 0.790
Above clouds 0.848 0.468 0.844 0.911
Inside clouds 1.51 1.02 0.693 0.808

aThe unit of RMSE is photons cm�2 s�1.

Figure 3. (top row) Cloud bottom height, top height, and optical depth (from left to right) at 2002 UTC on 14 August 2013. (bottom row) Ratio of TUV modeled total
actinic flux with clouds (CLD) to that without clouds (NOCLD) at the ground level, 5.7 km above ground level (AGL), and 9.5 km AGL (from left to right). Only cloudy
pixels are simulated.

Geophysical Research Letters 10.1002/2016GL071892

RYU ET AL. CLOUDY-SKY ACTINIC FLUX 1598



fluxes are mostly attenuated when clouds are present, and the amplitude of this attenuations increases with
increasing COD. It should be noted that the ground level actinic fluxes can be slightly enhanced (by ~5%) for
optically thin high-level clouds such as cirrus. This enhancement results from an increase in the downward
component of diffuse actinic fluxes.

At 5.7 km AGL (~500 hPa level), the actinic fluxes above clouds (e.g., above cumulus clouds) are enhanced as
expected with stronger enhancements along cloud edges. For optically thick clouds, actinic fluxes at 5.7 km
AGL are reduced below or inside clouds because on this day most of the cloud tops are at much higher
altitudes. Near the tropopause (i.e., 9.5 km AGL; ~300 hPa level), the cloudy-sky actinic fluxes are mostly
enhanced compared to clear-sky actinic fluxes.

These examples suggest that three-dimensional fields of actinic fluxes can be derived from the combination
of routine satellite retrievals of cloud optical depth and cloud vertical extent and a radiative transfer model.
The resulting satellite-derived actinic fluxes can be used for evaluating chemistry-climate models or directly
included into chemistry-climate models to reduce uncertainties in cloud effects on photochemistry.

4. Conclusions

The analysis presented here shows that substantial improvements in actinic flux prediction can be obtained
by incorporating satellite-derived cloud optical depth and height information, the latter being particularly
important in determining whether the effect is a reduction or an enhancement relative to cloud-free skies.
Below clouds, actinic flux is typically reduced (although sporadic enhancements may occur) and tends to
decrease with increasing COD. Above clouds, the actinic flux is typically enhanced due to reflection from
clouds, by as much as a factor of 2 in this data set, and the degree of enhancement varies depending on
COD and the distance from the cloud top, as well as solar zenith angle. Inside clouds, the total actinic flux
was enhanced by as much as a factor of 2.4 or reduced by as much as a factor of 10%.

Although both bias and standard deviation are reduced, they are not totally eliminated. This is at least partly
related to challenging issues of satellite retrievals such as multilayer clouds. The relatively large errors asso-
ciated with multilayer clouds illustrate the importance of resolving this type of clouds in satellite products
for more accurate prediction of atmospheric radiation.
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