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Abstract 
 

Reliably determining cloud properties with satellites is of immense importance for climate forecasts because 

clouds significantly moderate planetary energy budget and weather. In this study, radiative transfer 

simulations are performed to investigate how cloud property measurements may be affected by the presence 

of an overlying aerosol. A simple atmospheric model is developed, and an algorithm is produced to determine 

the impact of aerosols on measurements of cloud effective radii (CER) and cloud optical depth (COD). These 

methods are applied to three physically interesting locations with realistic model properties. Results suggest 

that aerosols typically increase top-of-atmosphere intensity in visible wavelengths and induce a wide range of 

bias errors on both CER and COD which are not straightforward to account for. 

 

1. Introduction 
 

Accurately determined cloud properties are 

important input for weather forecasts and climate 

prediction. Clouds play an important and complex 

role in the earth’s climate through the planetary 

radiation budget, transport of heat/moisture and 

precipitation [1]. Two key parameters which 

characterise cloud influence are COD and CER.  

COD can be thought of as a macroscopic measure 

of cloud ‘transparency’ and can be defined as: 

𝜏𝑐 = 𝑙𝑛 (
Φ𝑖

Φ𝑡)  

where Φ𝑖 and Φ𝑡 are the incident and transmitted 

radiant fluxes received by the cloud along the line 

of sight. Typically, clouds with 𝜏𝑐 >> 1 are visibly 

opaque. 

Because clouds are generally more reflective than 

the surface, they contribute heavily (around two 

thirds) to the planetary albedo to cool the surface 

[2]. This cooling is offset by a blanketing effect 

whereby clouds reradiate infrared (IR) radiation 

emitted from the surface [3]. COD plays a crucial 

role in this energy balance [4].   

Within a cloud, individual droplet diameters vary in 

size. Typical liquid cloud particles have a radius 

around 14 µm [5].  

 

 

 

CER is defined as the ratio of the third moment of 

the droplet size distribution, 𝑛(𝑟), to the second 

moment:  

𝑟𝑐 =  ∫
𝑟3  ∙  𝑛(𝑟)

𝑟2  ∙ 𝑛(𝑟)
𝑑𝑟

∞

−∞

 

and is a central property of cloud microphysics.  

Cloud droplets may form via homogenous or 

heterogenous condensation and proceed to grow 

through coalescence of liquid droplets or freezing to 

ice crystals. Above a certain size, these droplets 

may fall to the ground as precipitation.  Cloud 

droplet size is a fundamental characteristic of rain 

microphysical processes, with existing research 

showing that variations in CER can lead to dramatic 

variation in the dynamics of rain formation [6, 7].  

Accurate determination of COD and CER on a 

global scale is therefore of immense importance in 

producing climate models to reliably forecast 

planetary temperature trends and weather. Such 

mapping is achieved via remote sensing with 

satellites to collect data. Statistical determination of 

cloud properties from this data is referred to as 

‘cloud retrieval’.  A proven practical and effective 

method to retrieve COD and CER is through 

measuring top of atmosphere (TOA) spectral 

radiant intensity, 𝐼𝜆 .  

Unfortunately, the accuracy of this method depends 

on atmospheric conditions. Furthermore, even small 

variations in TOA intensity can lead to large 

uncertainties in retrieved COD and CER [8]. Whilst 

some sources of uncertainty are well understood, 
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one factor which has been widely omitted from 

most retrieval algorithms is the impact of aerosols 

above cloud (AAC). 

Aerosols in this context are fine solid or liquid 

particles suspended in the atmosphere. Examples 

include dust from windswept deserts, haze from 

urban pollution and sea spray from breaking waves.  

The scattering and absorption effects of overlying 

aerosol layers have been neglected from most 

satellite cloud retrievals approaches, including 

widely used products such as the Moderate 

resolution Imaging Spectrometer (MODIS) [9].   

This is because the optical depth of AAC is 

assumed to be much smaller than the COD, and the 

aerosol’s optical properties are usually unknown.  

However, existing research argues that there is a 

significant difference between clean and aerosol-

laden clouds [10]. In the specific case of the SE 

Atlantic, Meyer et al. [11] found that the presence 

of smoke from biomass burning introduced positive 

bias errors in measurements of the CER and COD 

of 2% and 9% respectively.   

Finally, retrieved cloud properties are often used in 

climate models to determine other important 

quantities such as surface temperature and aerosol 

properties. Measurements of surface temperature 

are used to guide action on climate change, and 

aerosol has been cited as the single largest source of 

uncertainty on the planetary radiation budget [12]. 

Retrieval errors on COD and CER can result in mis-

determination of these vital quantities. 

A better understanding of the impact of aerosols on 

retrieved cloud properties is therefore essential in 

removing bias errors and thus improve forecasts of 

global climate. This study outlines a method for 

estimating the induced bias errors on the retrieved 

CER and COD in the presence of overlying aerosol 

using radiative transfer simulations.  

Sections 2.1, 2.2 describe the atmospheric model 

used for calculations. Three physically interesting 

case study locations are modelled with realistic 

properties given in Section 2.3. The algorithm used 

for cloud retrieval and determining aerosol-induced 

error is outlined in Sections 2.4, 2.5. Methods are 

applied to the chosen locations, with results and 

limitations discussed in Sections 3, 4.  

2. Methods 
 

2.1 Radiative Transfer Calculations 

Solar radiation incident on the earth undergoes 

interactions with the atmosphere and surface before 

arriving at satellites. By measuring the TOA 

spectral radiant intensity, 𝐼𝜆, we hope to infer the 

interactions which have taken place and determine 

atmospheric properties. 

For this report, the zenith is taken at the vertical 

with (𝜃, 𝜙)𝑧𝑒𝑛𝑖𝑡ℎ = 0 and the resulting radiation is 

observed at an angle (𝜙0 , 𝜃0) as shown in Figure 1. 

Radiative transfer describes the propagation of 

energy through the atmosphere. A beam of light 

viewed at some angle may have its intensity 

increased by emission and decreased by absorption 

or scattering out of the line of sight. Absorption and 

scattering are together referred to as ‘extinction’. 

The emission and extinction from particles can be 

described by three spectral properties:  

• Optical Depth,  𝜏        (p1) 

As described in Section 1, this encapsulates the     

extinction of radiation through a material.  

• Single scattering albedo, 𝜔0   (p2) 

This measures the fraction of extinction from 

scattering. 

 

𝜙0 

𝜃0 

Figure 1: Viewing geometry with the zenith at the vertical. 

Satellite measures TOA spectral radiant intensity, 𝐼𝜆. 

Satellite 

measurement, 𝐼𝜆 

 

Incident solar 

radiation  
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• Scattering phase function, 𝑃(𝜃) (p3) 

This describes the distribution of the scattering 

direction 𝜃 (relative to the incident beam) [13]. It 

is generally dependent on the size and shape of 

the particle. 

Together, (p2) and (p3) describe scattering, from 

which the effective radius is inferred. In this report, 

reflection from the surface is assumed isotropic and 

determined via the surface albedo: 

• Surface Albedo, As   (p4) 

Note that generally (p1-4) are spectral quantities 

that depend on the observed wavelength, 𝜆 . The 

resulting observed TOA spectral intensity, 𝐼𝜆 , is 

governed by the ‘radiative transfer equation’. The 

radiative transfer equation in the atmosphere is 

highly non-linear. Here, existing numerical methods 

are used to solve it using simplified models of 

atmospheric composition and structure. 

There are many radiative transfer codes available to 

solve the radiative transfer equation. This project 

makes use of the Discrete Ordinates Radiative 

Transfer Program for a Multi-Layered Plane-Parallel 

Medium (DISORT) radiative transfer code. Discrete 

Ordinance refers to the division of the continuum 

into a discrete number of streams over which to 

perform calculations. DISORT models 

monochromatic unpolarized radiative transfer in 

non-isothermal, vertically inhomogeneous, but 

horizontally homogeneous media [14].  

DISORT was originally written in FORTRAN in 

1988 and is used widely for radiative transfer 

simulations due to its high accuracy and reliability 

in a range of cases. Alternatives may be 

computationally faster, whilst the original 

developers of DISORT comment that “no shortcuts 

were taken in which accuracy was sacrificed for 

speed" ([14], p.12).   

Unfortunately, DISORT remains largely 

inaccessible to scientists using more conventional 

modern programming languages. Therefore, part of 

this project was dedicated to producing a new 

Python 3 wrapper to enable the calling of 

DISORT’s routines. This was packaged and made 

public under the title ‘py3DISORT’ for the benefit 

of others pursuing similar research [Appendix B]. 

2.2 Modelling the atmosphere 

Under DISORT’s construction we model the 

atmosphere with a series of horizontally uniform 

layers, with each layer having the properties (p1-3). 

Computationally, we express the phase function 

(p3) as an expansion in phase moments 𝑥𝑙 by:  

𝑃(𝑐𝑜𝑠𝜃)  =  ∑(2𝑙 + 1)𝑥𝑙𝑃𝑙(𝑐𝑜𝑠𝜃)

𝑁

𝑙=0

 

where 𝑃𝑙 are the Legendre Polynomials, normalised 

such that 𝑥0 = 1.0 . 

All properties are determined at a desired 

wavelength with an underlying surface specified by 

(p4). Figure 2 shows a representation of the model 

used for the simple case of cloud with overlying 

aerosol. Simulations return 𝐼𝜆 at the given geometry. 
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Satellite 

Measurement, 𝐼𝜆  

Figure 2: Representation of the model used for radiative transfer 

simulations in the case of aerosol above cloud.  The atmosphere is 

divided into uniform layers with properties described in Section 

2.1. 

(eq2.1) 
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The model used included the following 

assumptions:  

• Sunlight is incident perpendicular to the 

underlying surface with  (𝜃, 𝜙)𝑧𝑒𝑛𝑖𝑡ℎ  = 0.  

• The underlying surface is assumed to be 

Lambertian, meaning it has isotropic reflection as 

determined by (p4). 

• The atmosphere includes a uniformly distributed 

cloud layer of vertical extent 1.0 km, with a cloud 

top height (CTH) ℎ𝑐 and COD 𝜏𝑐  .  

• A uniformly distributed aerosol layer of vertical 

extent 0.5km lies 0.5km above the cloud, with 

aerosol top height ℎ𝑎 and AOD 𝜏𝑎 .  

These thicknesses were chosen from an in-depth 

study into the vertical extent of aerosol and cloud 

layers during overlap events [15]. This study found 

that cloud-aerosol gaps between 0.1km-1km occur 

in 45-60% of cases globally, and aerosol layers are 

< 1km thick in 70-80% of cases. Cloud layer 

geometry depends heavily on the type of cloud, so a 

value of 1km was chosen to be consistent with 

ranges in other studies. 

Many cloud and aerosol vertical profiles are used in 

existing models. A common example is an 

exponential decay in aerosol optical depth with 

height [16]. Research shows very low sensitivity of 

TOA intensity to cloud and aerosol vertical 

structure; optical depth and effective radii are far 

more significant [10]. Hence, uniform distributions 

are assumed in this report for simplicity.  

• The cloud phase is taken as liquid water, with 

CER described by 𝜔0
𝑐  𝑎𝑛𝑑 𝑃𝑐(𝜃).  

This was the chosen project scope since absorbing 

aerosols above ice‐phase clouds are less likely [10]. 

Further, ice cloud contributes less to global cloud 

cover than liquid cloud and the cloud top heights 

considered in this study all fall in the troposphere, 

which contains around 99% of the atmosphere’s 

water vapour [17].  

• The overlying aerosol layer is assumed to consist 

of a single aerosol type with aerosol AER described   

by 𝜔0
𝑎 and 𝑃𝑎(𝜃). 

 

 

• Molecular Rayleigh scattering is the dominant 

scattering process in air layers free from aerosol and 

cloud. 

The Rayleigh scattering phase function is: 

𝑃𝑟(𝜃)  =  
3

4
(1 + 𝑐𝑜𝑠2𝜃)   

which is decomposed as 𝑥0 = 1.0 𝑎𝑛𝑑 𝑥1 = 0.1  
from (eq2.3). 

And the Rayleigh single scatter albedo is taken as 

𝜔0
𝑟  = 1.0 . 

For a surface pressure 𝑝𝑠 the Rayleigh optical 

depth, 𝜏𝑟 of a layer with upper pressure 𝑝𝑢 and 

lower pressure 𝑝𝑙 , is calculated from: 

𝜏𝑖
𝑟  =  

𝑝𝑙 − 𝑝𝑢

𝑝𝑠
 𝜏0

𝑟 

where 𝜏0
𝑟 is a ‘base’ Rayleigh depth 

𝜏0
𝑟  =  

𝑝𝑠 / 1013.0

117.03  𝜆4 −  1.1316𝜆2
 

the pressure at a height z km was found from the 

hydrostatic equation:  

𝑝(𝑧)  =  𝑝𝑠 𝑒−
𝑧

7.0 

In cloud and aerosol layers the Mie scattering from 

the larger particles is also accompanied by Rayleigh 

scattering. The combined optical properties are then 

calculated from weighted sums of the individual 

layer properties. An illustrative example for a cloud 

layer is listed in [Appendix C]. 

This approach of introducing Rayleigh scattering 

(eq2.2-2.5) is taken from existing atmospheric 

models such as the Optimal Retrieval of Aerosol 

and Cloud (ORAC) algorithm [18].  

• Experimentation showed negligible impact of 

surface pressure variation on total 𝜏 and so was 

taken as a constant 𝑝𝑠  = 1010 hPa.  

• We neglect scattering and absorption of other 

trace gases, and blackbody emission as governed by 

the Plank function is taken as negligible at our 

wavelengths of interest (𝜆 = 0.55𝜇m, 1.6𝜇m). 

• The resulting TOA intensity is taken at viewing 

geometry of 𝜃0= 45.0° and 𝜙0= 0.0°. 

 

(eq2.3) 

(eq2.4) 

(eq2.5) 

(eq2.2) 



5 

 

 

2.3 Model parameters 

The aim was to apply this model to test algorithms 

in a range of physically interesting conditions with 

realistic atmospheric properties. This was achieved 

by selecting three reference locations and exploring 

satellite datasets to determine their atmospheric 

parameters. 

2.3.1 Data Collection 

The chosen dataset comes from the European Space 

Agency’s cloud Climate Change Initiative (CCI) 

[19]. Data is sourced from the AATSR (Advanced 

Along-Track Scanning Radiometer) satellite and 

provides monthly averages of atmospheric 

properties. Cloud and surface conditions are 

provided at a 0.5 x 0.5 latitude x longitude grid 

resolution. Aerosol properties are determined using 

the ORAC algorithm [18] and provided in separate 

datasets at a 1 x 1 latitude x longitude grid 

resolution. 

Averages were taken from the 2011 dataset over 

each three-month quarter (starting January) to give 

a recent and complete representation of global 

atmospheric parameters. More recent data products 

are available from alternative sensors but give 

similar results.   

 

 

To identify physically interesting locations with 

varied and relevant aerosol regimes, a preliminary 

exploration of optical properties was performed. 

Figure 3 shows global distributions of surface 

reflectance, aerosol type, and AOD. This guided the 

selection of three reference locations which are 

shown in Figure 4. 

The Sahara was chosen for its uniquely high surface 

reflectivity (Fig 3a) and strong presence of dust 

aerosol. 

The Pacific region has constantly low surface 

reflectivity (Fig 3a), and strong prevalence of 

Maritime aerosol (Fig 3b).  

The Congo was picked for its anomalously high 

AOD (Fig 3c) in the summer to explore impacts of 

optically thick aerosol layers. 

2.3.2 Parameter Estimates 

Examining the datasets allowed determination of 

typical values for the aerosol optical depth (AOD) 

and aerosol effective radii (AER), cloud top height 

(CTH) and Surface Albedo. These properties were 

estimated from an average over all box pixels (for 

which data was collected) for the chosen quarter. 

ORAC [18] classifies aerosols into 10 discrete types 

which vary in composition (e.g: dust, smoke, sea 

salt) and optical properties.  The total AOD was 

assumed to arise from the dominant aerosol present 

over the region.
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Figure 3: Preliminary exploration of a) Surface Albedo, b) 

Maritime Aerosol Counts and c) Aerosol Optical Depth. 

Data shown at 𝜆 = 0.55𝜇𝑚. 
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Figure 4: Final reference location choices. Regions chosen for 

their different and climatically relevant aerosol regimes. 
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The dominant aerosol type was selected from a 

review of the ‘aerosol type counts’ dataset variable. 

Discussions were also held with the developers of 

the ORAC retrieval with experience in global 

aerosol distributions and the limitations of the 

retrieval methods. The large AOD over the Congo 

(Fig 3c) was attributed to biomass burning. Once 

the aerosol type was decided, the aerosol’s optical 

properties were provided by the creators of ORAC. 

This specified single scatter albedo 𝜔0
𝑎 and  

corresponding scattering phase function 𝑃𝑎(𝜃)   of 

the overlying layer at the mean AER. 

The 𝜔0
𝑐  𝑎𝑛𝑑 𝑃𝑐(𝜃)  of the cloud layer at the mean 

CER were provided from a standard liquid-phase 

cloud profile in the literature [13]. The atmosphere 

in each reference location was now fully specified. 

A summary of the values obtained is listed in Figure 

5.  

 

 

Property 

 
Sahara Region Pacific Region Congo Region 

Aerosol Optical Depth, 𝜏𝜆
𝑎 

(𝜆 = 0.55𝜇𝑚) 
0.242 0.117 0.549 

Aerosol Optical Depth, 𝜏𝜆
𝑎 

(𝜆 = 1.6𝜇𝑚) 
0.153 

0.089 
 

0.269 
 

Aerosol Effective Radii, 𝑟𝑎 (𝜇m) 0.5 0.5 0.5 

Surface Albedo Aλ
s  

(λ = 0.55μm) 
0.180 0.029 0.076 

Surface Albedo Aλ
s  

(λ = 1.6μm) 
0.412 0.020 0.144 

𝐂𝐥𝐨𝐮𝐝 𝐓𝐨𝐩 𝐇𝐞𝐢𝐠𝐡𝐭, ℎ𝑐   (Km) 4.81 6.03 5.58 

Aerosol Type ‘Name’ 

(ORAC-AATSR Model) [20] 

‘Dusty Maritime’ 

(A76) 

‘Maritime’ 

(A77) 

‘Biomass Smoke’ 

(A79) 

 

2.4 Algorithm to model Cloud retrieval 

 

Cloud retrieval refers to the process of determining 

cloud optical properties via remote sensing. The 

first known example of a modern cloud retrieval is 

widely considered to be Nakajima and King [20], 

with similar methods still used today. These 

retrievals use a ‘hatch diagram’ to simultaneously 

determine COD, 𝜏𝑐   and CER, 𝑟𝑐  from TOA 

intensity measurements at two wavelengths (for 

example, Fig.6). 𝜏𝑐  and  𝑟𝑐 are assumed to be 

dominantly sensitive in the visible 𝜆 = 0.55𝜇m and 

IR 𝜆 = 1.60𝜇m respectively. The wavelengths 

chosen are common instrumental channels used for 

such retrievals.  

Radiative transfer simulations are performed under 

a wide range of cloud conditions, with all other 

atmospheric parameters fixed. Satellite intensity 

measurements are compared to these predetermined 

values to retrieve the cloud properties. The TOA  

 

 

 

spectral radiant intensity, 𝐼𝜆 , is normalized over a 

hemisphere and divided by the incident solar flux to 

give a Reflection Function, 𝑅𝜆 . Under viewing 

geometry used (Fig.1) and selecting units such that 

the solar flux is 1.0, this is simply: 

𝑅𝜆  =  𝜋𝐼𝜆 

This method may fail for 𝜏𝑐 ≲ 10 and 𝑟𝑐 ≲ 8 𝜇m 

due to line overlap leading to ambiguity as 

documented in study [20] and seen in Fig.6a.   

For the retrieval of COD and CER measurements 

between the predetermined values, two bilinear 

interpolations are performed to give the result. For 

an illustrative example, a measurement at the red X 

in Fig.6a would correspond to 𝜏𝑐 ≈ 18  and 𝑟𝑐 ≈

 10 𝜇m. 

(eq2.6) 

Congo Region Pacific Region Sahara Region Parameter 

Figure 5: Final (spectral) model parameters used for radiative transfer simulations. The values are obtained from pixel averages 

for the regions as described in Sections 2.3.1, 2.3.2. A full visual representation is given in [Appendix A]. Aerosol Effective Radii 

𝑟𝑎 = 0.5𝜇𝑚 was the closest match with provided data for 𝜔0
𝑎 , 𝑃𝑎(𝜃) at 𝜆 = 0.55𝜇𝑚, 1.6𝜇𝑚   as discussed in Section 2.3.2. The 

high precision listed is for reproducibility of results – values are a rough realistic estimate of region properties. 
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We seek to examine the effects of aerosol above 

cloud on such hatch diagrams, which serve here as a 

representation of a general cloud retrieval. 

2.5 Algorithm to determine retrieval error 

 

Radiative transfer calculations are repeated in the 

presence of overlying aerosol layer (with properties 

determined by the methods in 2.3.2). This perturbs 

the hatch diagram as shown in Fig.6b. 

For a given satellite measurement, the methods of 

section 2.3 are used to retrieve the COD, 𝜏𝑐   and 

CER, 𝑟𝑐  under the assumption of a clean sky (Fig 

6a). The retrieved values are compared to the “true” 

values obtained from considering the effect of an 

overlying aerosol (Fig 6b). This gives an absolute 

error on our retrieval at a given retrieved COD and 

CER due to neglecting the aerosol layer in the 

retrieval. For an illustrative example, if an aerosol 

were indeed present for the sky for Fig.5a, the true 

values at the red X would be to 𝜏𝑐 ≈ 16  and 𝑟𝑐 ≈
 10 𝜇m. There would be positive bias in the original 

measurement (𝜏𝑐 ≈ 18) of Δ𝜏𝑐 ≈ 2. 

This error is calculated for a reference grid of CER 

and COD points within the overlapping domains of 

the individual hatch diagrams (Fig.7). To estimate 

the errors or values of the CER, COD between our 

grid points, a Clough-Tocher interpolation is 

performed [21]. Here, this is a generalisation of 

cubic interpolation to 3 dimensions. This algorithm 

was chosen both for its efficiency and ability to 

show smooth local trends that may exist in our data, 

which other approaches such as Nearest Neighbour 

and Barycentric interpolation lack.  

The number of reference interpolation points was a 

trade-off between program efficiency and potential 

accuracy. The result is a list of values for the bias 

errors (caused by the presence of aerosol above 

cloud) on the CER, Δ𝑟𝑐 and COD, Δ𝜏𝑐  for any 

(𝑟𝑐 , 𝜏𝑐) retrieved under the assumption of a clean 

sky. This algorithm is applied to each of the three 

reference locations, to provide an indication of bias 

errors which may be present in cloud retrievals at 

these areas. Results are shown in Section 3.
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Figure 7: Illustration of COD and CER error estimation algorithm. The 
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COD and CER in the presence of aerosol. 



8 

 

3 Results 

3.1 Pacific Region

 

The relationship of TOA intensity in the Visible and 

IR wavelengths (as in Fig.9a) closely matches the 

asymptotic behaviour described in [9]. Successfully 

reproducing such hatch diagrams indicates that the 

Python wrapper written for calling the DISORT 

radiative transfer code could be used as an effective 

tool for future researchers.  

The Pacific region shows that overlying aerosol 

tends to increase TOA intensity in the visible at 

 𝜆 = 0.55𝜇m (Fig.9a). The net change of the IR 

signal transitions between positive and negative in 

different cloud conditions. Such transitioning has 

also been found in another existing study examining 

hatch diagrams for aerosol above cloud [9]. The 

range of valid cloud retrieval falls within the boxes 

drawn in Fig.8a,8b. This was done to minimise 

interpolation ambiguity as discussed in Section 2.4. 

The interquartile mean (IQM) over this range is 

used to indicate errors. This reduces the impact of 

outlying values. In Fig.8b and Fig.8c there is a IQM 

bias error on the COD of Δ𝜏𝑐~ 22.0%  and on the 

CER of Δ𝑟𝑐 ~ 0.2%. This suggests the impact of 

maritime aerosol on the CER is negligible in 

retrievals over the Pacific, indeed dotted lines in 

(Fig.9a) are near unaltered by the aerosol. COD 

may be subject to positive bias errors. 

3.2 Congo Region 

a)  

Figure 8: Results for the Pacific Region described in Section 2.3.1. a) Hatch Diagram cloud retrieval performed with and without the presence of 

an overlying aerosol. b), c) Estimated induced bias error from aerosol on the COD, CER obtained from the Methods in Section 2.5. Box indicates 

the range of values for which the cloud retrieval is considered valid. 

Figure 9: Same as Figure 8, with results for the Congo Region described in Section 2.3.1 
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The Congo region was selected for its large aerosol 

optical depth. The effect of this is evident in Fig.10a 

which shows significant deviation of the plot in the 

presence of smoke aerosol (compared, for example, 

to Fig.9a). Results indicate an IQM positive bias 

error on the COD of Δ𝜏𝑐~ 29.6%  and on the CER 

of Δ𝑟𝑐 ~ 6.7% (Fig.9b,9c). These results are 

somewhat consistent with [11] which also found 

positive bias errors on both COD and CER over the 

SE Atlantic, but of 9% and 2% respectively.

3.3 Sahara Region 

In the Sahara location, the TOA signal in the IR 

range is notably larger than the other regions (note 

the vertical scale which starts at 0.1). This may be 

attributed to the high surface reflectance of the 

underlying desert at this thermal wavelength. 

Aerosol has the general effect of increasing both IR 

and visible spectral intensity. This increase is more 

pronounced for larger radii and lower optical 

depths. Here the presence of aerosol seems to give a 

general underestimate of the CER and overestimate 

of COD (Fig.8b,8c). Results again indicate a IQM 

positive bias error on the COD of Δ𝜏𝑐~ 29.5% 

(Fig.9b). The bias error on the CER is now negative 

and found to be Δ𝑟𝑐 ~ -4.9% (Fig.9c). 

 

3.4 Comments 

All regions suggest that the typical effect of aerosol 

in common cloud conditions is to increase the TOA 

intensity in the visible 𝜆 = 0.55𝜇m. This generally 

results in an overestimate of COD. The fractional 

impact is consistently larger for smaller values of 

COD (Fig.8a,9a,10a). Retrievals at very low 𝜏𝑐 ≲

10 and 𝑟𝑐 ≲ 8 𝜇m fall outside the range our 

retrievals are valid (as discusses in Section 2.4) and 

are not explored.  Results from all regions indicate 

that overlying aerosol can lead to significant 

changes in TOA measurements. The magnitude 

(and even sign) of aerosol-induced bias errors for 

these simple cloud retrievals are dependent on the 

precise cloud and surface conditions.  

The accuracy for intensity calculations using 

DISORT is quoted to be < 1% at the computational 

precision used [14]. Typical TOA satellite 

measurements experience a minimum instrumental 

uncertainty of ~ 2 %. This arises from various 

factors such as spectral dependence. The intensity 

values plotted in (Fig.8a,9a,10a) were therefore 

considered a true reflection of the model conditions. 

However, there was inevitable ambiguity in the 

‘retrieved’ values for the CER and COD when 

using interpolation methods. This caused outliers to 

be present in the data, particularly near overlapping 

domain edges. This may have resulted in larger 

perceived errors from aerosol which in fact arise 

from errors in determining the cloud properties.    

Figure 10: Same as Figures 8,9, with results for the Congo Region described in Section 2.3.1 
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The worst-case bias errors in COD and CER of 

29.6% and 6.7% are around a factor of three larger 

than existing research, possibly because of this 

error. Attempts were made to resolve this issue by 

considering the IQM only, and by performing 

radiative transfer calculations for intermediate 

values of COD. It was found that a higher 

resolution of the scattering properties at 

intermediate CER would also be needed. This limits 

the validity of the specific error estimates found. 

Nonetheless, these results confidently display that 

aerosols can have a significant impact on retrieved 

cloud properties. This preliminary study highlights 

the challenges of obtaining exact estimates of error 

from aerosol without access to advanced cloud 

retrieval algorithms. Focusing on the specific values 

given above is therefore not necessarily useful. 

Much more interesting is the presence, range, and 

inconsistency of these bias errors. Results provide 

strong evidence that aerosols can impact TOA 

measurements, and the error on retrieved cloud 

properties is not easily accounted for.  

4 Conclusions 
 

The presence of aerosols above cloud can lead to 

bias errors on satellite measurements of CER and 

COD which are properties of immense importance 

for reliable climate forecasts. Radiative transfer 

calculations were performed to examine TOA 

intensity measurements for a simple model of cloud 

with and without an overlying aerosol layer. 

Realistic model properties were determined for 

three physically interesting locations using past 

satellite datasets. A preliminary algorithm was 

developed to determine the impact of the aerosol on 

retrieved CER and COD and applied at the three 

reference locations.  

Results indicate the typical effect of aerosol is to 

increase the TOA intensity in the visible 𝜆 =

0.55𝜇m. This generally results in an overestimate 

of COD, and the impact is consistently larger for 

smaller values of COD. The error algorithm used 

suggests that cloud retrievals over the Pacific may 

have positive bias errors for the COD and CER of  

Δ𝜏𝑐~ 22.0%  and Δ𝑟𝑐 ~ 0.2% respectively.  

Biomass burning in the Congo was found to result 

in positive bias errors as high as Δ𝜏𝑐~ 29.6%  Δ𝑟𝑐 

~ 6.7%.  With its high underlying surface albedo, 

dusty conditions over the Sahara gave errors of 

Δ𝜏𝑐~ 29.5%  and Δ𝑟𝑐 ~ -4.9%.   The accuracy of 

precise error values was heavily limited by the basic 

cloud retrievals possible with available resources.  

Nonetheless, results suggest strong evidence that 

aerosols influence TOA measurements of 

underlying cloud, and that the bias error on 

retrieved cloud properties is not easily accounted 

for. These effects should be considered when 

developing cloud retrieval algorithms in to order to 

improve climate forecasts. 

Further research would be needed to obtain more 

accurate error estimates. This may be partly 

achieved with access to a more advanced cloud 

retrieval algorithm. This may include high 

resolution radiative transfer calculations and data 

from more wavelengths. The Python wrapper 

produced for calling the DISORT radiative transfer 

code may serve as a useful tool for others. Models 

could be improved with relaxed assumptions on 

atmospheric vertical profiles and viewing geometry. 

In-situ observations could be used to help verify 

results. 
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Appendices 
 

A.  Model parameter Data 

 

 

 

Figure A1: A full visual representation of how the model parameters listed in Figure 7 were obtained. Values shown are the pixel 

means over the regions and timespans described under Section 2.3.1. 
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B. Python3 Wrapper for DISORT 

To numerically solve the radiative transfer equation, this project makes use of the Discrete Ordinates Radiative 

Transfer Program for a Multi-Layered Plane-Parallel Medium (DISORT) radiative transfer code [13]. DISORT 

was originally written in FORTRAN in 1988 and is preferred for its high accuracy and reliability. 

Unfortunately, DISORT remains largely inaccessible to scientists using more conventional modern 

programming languages. Part of this project was dedicated to producing a new Python 3 wrapper to enable the 

calling of DISORT’s routines. This was packaged and made public under the title ‘py3DISORT’ for the 

benefit of others pursuing similar research. 

Source code and documentation for this wrapper was made public at the GitHub repository under the title 

py3DISORT. 

 

C.  Combining Atmospheric Layers 

Consider a combined atmospheric layer containing both cloud Mei scattering and Rayleigh scattering. 

Suppose the individual cloud layer has properties (as described in Section 2.2) of 𝜏𝑐 , 𝜔0
𝑐  and  𝑥𝑙

𝑐 . Suppose the 

individual Rayleigh scattering layer has  𝜏𝑅 , 𝜔0
𝑅  = 1.0 and  𝑥𝑙

𝑅.   

The total optical depth, 𝜏𝑇 , is then a sum of the individual layers: 

𝜏𝑇  =  𝜏𝑐  +  𝜏𝑅 

The total single scatter albedo, 𝜔0
𝑇 is a weighted sum: 

𝜔0
𝑇 =  

𝜔0
𝑐𝜏𝑐  +  𝜏𝑅

𝜏𝑐  + 𝜏𝑅
 

The total phase function moments, 𝑥𝑙
𝑇  are a different weighted sum: 

 

     𝑥𝑙
𝑇  =  

𝜔0
𝑐  𝜏𝑐 𝑥𝑙  

 𝑐 + 𝜏𝑅 𝑥𝑙  
 𝑅 

𝜔0
𝑐𝜏𝑐 + 𝜏𝑅   

 

The combined layer is now specified. The same steps are used for an aerosol layer of 𝜏𝑎 , 𝜔0
𝑎 and  𝑥𝑙

𝑎. 

 

 (Special thanks to Adam and Don for explaining this approach!) 


