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Abstract: Based on the Photonpath-length Probability Den-

sity Function (PPDF) model and traditional DOAS method,

the correction factor (𝛼, 𝜌, h, 𝛾) is introduced for atmo-

spheric scattering on optical paths. The scattering correc-

tion of PPDF factor on 1.6μm band radiation and CO2

retrieval is analyzed. The results show that the influence

of 𝛼, 𝜌 on radiance is greater than that of h, 𝛾 . Increasing

𝛼, h will increase the results, and increasing 𝛼 by 0.1 will

increase the retrieval result by about 3 ppm. Increasing 𝜌,

𝛾 will decrease CO2 retrieval, and increasing 𝜌 by 0.1 will

decrease the retrieval result by 2 ppm. At the same time, as

the surface reflectance increases, its impact on CO2 retrieval

becomes smaller and smaller. However, as the aerosol opti-

cal thickness increases, the retrieval error increases, which

significantly affects the accuracy of CO2 retrieval. The influ-

ence of aerosols cannot be ignored and should be corrected

to improve the accuracy of CO2 retrieval. The scattering

correction of PPDF is verified using the measured GOSAT

spectrum, with retrieval accuracy within 0.7 %. Due to the

lack of scattering correction in the DOAS method, the scat-

tering correction effect of the PPDF method is also verified.

Keywords: carbon dioxide; photon probability density func-

tion; atmospheric scattering; retrieval

1 Introduction

Since the industrialization of human society, the green-

house effect caused by greenhouse gases such as CO2 has
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become serious, affecting global environment, economyand

social development. It has brought significant challenges

and threats to human life [1, 2]. Real-time monitoring of

CO2 is crucial for studying climate change [3]. However,

traditional ground-based greenhouse gas monitoring sys-

tems have limitations in spatial scale and coverage, and

satellite observations of greenhouse gases can help address

these shortcomings [4, 5]. Therefore, satellite monitoring of

greenhouse gases has become an important and effective

method for addressing these challenges [6, 7]. The defect

of using satellite to monitor CO2 gas lies in its retrieval

accuracy. Satellite observations in the shortwave infrared

band are greatly affected by aerosols and cirrus clouds, and

CO2 observation and retrieval accuracy will be significantly

affected by scattering. In 2020, Sanghavi et al. [8] pointed out

that if the influence of cirrus and aerosol scattering on CO2

retrieval is ignored, the retrieval error can reach 15 ppm. In

the desert area with high surface reflectivity, the retrieval

error is even as high as 40 ppm [9]. In 2014, Jiang et al. [10]

also pointed out that different scattering correction meth-

ods have different effects on CO2 retrieval. They pointed out

that the PPDF method has a significant effect on correcting

the optical path caused by scattering, which can greatly

improve the retrieval accuracy. Huo and Duan [11] pointed

out that under dust-type fine particle aerosols, aerosol mis-

estimation of 0.1 will cause a retrieval deviation of 4–5 ppm.

Ye et al. [12] pointed out that as the surface reflectance in the

CO2 band increases, the impact on the retrieval results will

be smaller and smaller. Therefore, aerosol scattering effect

is important in short-wave near-infrared remote sensing.

How to effectively correct aerosol scattering is the key to

achieve high-precision satellite remote sensing of CO2.

To achieve high-precision of CO2 retrieval, Crisp has

developed a full-physical method [13]. SCIMACHY also

developed the retrieval method of WFM-DOAS [14]. A CO2

retrieval algorithm based on PPDF model was developed

with the Japanese GOSAT satellite [15]. One of the impor-

tant factors affecting the accuracy of CO2 retrieval in these

mainstream algorithms is the correction of scattering, and

the correction effect is directly related to the accuracy of
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CO2 retrieval. Although the PPDF method can avoid the

complex scattering process, the accuracy of PPDF factor in

describing the scattering effect of aerosol is directly related

to the retrieval accuracy of CO2 concentration. Therefore, it

is necessary to analyze the influencing factors of the scatter-

ing effect of the PPDF method.

Based on the principle of PPDF, the influence of optical

path correction factor on CO2 radiance spectrum is first ana-

lyzed, and then the error of optical path correction factor on

CO2 retrieval. Finally, the influence of PPDF scattering cor-

rection effect on CO2 retrieval under different atmospheric

conditions is analyzed, aiming to provide a theoretical foun-

dation for achieving high-precision CO2 retrieval.

2 Materials and methods

The PPDFmodel is a greenhouse gas retrieval method based

on the equivalence theory. Cloud and aerosol scattering

essentially affects the distribution of photon paths. Due to

cloud and aerosol scattering, the photon paths are stretched

or shortened, leading to an underestimation or overesti-

mation of CO2 concentration. In regions with high surface

reflectance, ignoring this path correction effect may result

in a particularly noticeable overestimation. Studies have

pointed out that in desert areas, ignoring photon path cor-

rection can lead to a deviation of more than 15 ppm in

CO2. Considering the photon path correction factor in the

PPDF model, this method can overcome the limitations of

the DOASmethod in dealing with scattering. The traditional

DOAS method treats gas absorption as a fast-varying com-

ponent, and aerosol and other influences as slow-varying

components for spectral separation. In contrast, the PPDF

model converts scattering into fast-varying components

through thePPDF factor, thereby theoretically correcting the

errors caused by atmospheric scattering in CO2 retrieval.

The model diagram is shown in Figure 1.
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where𝛼a,𝛼c, 𝜌a, 𝜌c, ha, hc, 𝛾a, and 𝛾c are 8 PPDF parameters;

k is the molecular absorption coefficient; Teff is the effec-

tive transmittance of the whole atmosphere; 𝜃 and 𝜃1 are

Figure 1: The three-layer PPDF model.
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the solar zenith angle and the satellite observation angle,

respectively. These PPDF parameters treat the scattering of

clouds and aerosols as stretching or shortening the optical

path, thereby changing the effective transmittance of the

entire atmosphere.

According to the transmittance of Eq. (1) and the instru-

ment response of the detector, the radiance spectrum

received by the satellite is as follows:

R = ⟨S ∗ Teff⟩ (8)

where R is the radiance spectrum of CO2 in the 1.6 μmband;

S is the solar spectrum outside the atmosphere, and < > is

the convolution with the instrument linear function.

The scattering is corrected using eight PPDF factors,

and the correction effect is directly related to the retrieval

accuracy of CO2. The actual effective transmittance of the

atmosphere is shown in Eq. (1), and the effect of scattering

correction is the deviation of the eight PPDF factors from

their true states. Since the PPDF factors of the upper scat-

tering layers 𝛼c, 𝜌c, hc, 𝛾c and 𝛼a, 𝜌a, ha, 𝛾a basically have

the same effect on the spectrum, the influence of 𝛼c, 𝜌c,

hc, 𝛾c on the effective transmittance in Eq. (1) is discussed.

To analyze the influence of 𝛼c, 𝜌c, hc, 𝛾c on radiance, the

effect of a small perturbation of a PPDF factor on its effective

transmittance is first taken into account, as described by

Eqs. (1)–(7). Assuming that 𝛼c can changeΔ𝛼c, the resulting
change in transmittance is as follows:

ΔT1 = Δ𝛼c
(
1− Tc

12
∗ Ta

)
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If 𝛾c changesΔ𝛾c, the transmittance is as follows:
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Therefore, the influence of 𝛼c, 𝜌c, hc, 𝛾c on radiance

depends on the values of ΔT1, ΔT2, ΔT3, ΔT4. If Δ𝛼c >
0, then ΔT1 > 0, the spectrum received by the satellite is

enhanced, and the absorption peak becomes shallow. This

makes the results of CO2 retrieval larger; otherwise, it is

small. IfΔ𝜌c> 0, thenΔT2< 0, the spectrumreceived by the

satellite weakens and the absorption peak becomes deeper.

This makes the CO2 retrieval result smaller; otherwise, the

retrieval result is larger. Similarly, the effect ofΔhc is similar
to that ofΔ𝛼c, and the effect ofΔ𝛾c is similar to that ofΔ𝜌c.

The disturbance of the PPDF factor will increase

or decrease the effective transmittance in Eq. (1). Conse-

quently, the radiance received by the satellite will also

increase or decrease, making the CO2 retrieval result

smaller or larger. Therefore, the influence of the scattering

correction of the PPDF model on CO2 retrieval is discussed.

3 Results and analysis

3.1 Effect of PPDF factor on 1.6 𝛍m band
radiance and CO retrieval

From Eqs. (1)–(7) in the PPDF model, it can be seen that the

PPDF factor is directly related to the construction of the sim-

ulated spectrum and has significant impact on the retrieval

accuracy of CO2. The weight of each PPDF factor on the 1.6

μm band radiance of CO2 is obtained using Eqs. (1)–(7). The

simulated spectrum is expressed as follows:

Y = − ln(R) = − ln(< S ∗ Teff >)+ P2(𝜆) (13)

The weight function is expressed as follows:
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⟨
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𝜕(X )

⟩
⟨S ∗ Teff⟩ (14)

where X is each PPDF factor, and Teff is the calculation

result of Eq. (1). The second-order polynomial is calculated

as follows:

P2(𝜆) = a1 + a2
(
𝜆− 𝜆 j

)
+ a3

(
𝜆− 𝜆 j

)2
(15)

which is used tofit other slow components except scattering.

The simulated spectral calculation conditions are

shown in Table 1. The weight of each PPDF factor and the

CO2 mixing ratio at 1.6 μm are calculated by using Eq. (14).

The weight is shown in Figure 2. The x-axis represents the

corresponding wave number, and the y-axis represents the

weight of each PPDF factor and CO2 mixing ratio.

As shown in Figure 2, the weight of each factor is dif-

ferent in the 1.6 μm band. For magnitude, the influence of

𝛼c, 𝜌c on the 1.6 μm band radiance is greater than that on
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Table 1: Simulated spectral factors.

Parameters Variation range

Viewing zenith angle 10◦

Albedo (1.6 μm) 0.3

AOD (1.6 μm) 0.5

Solar zenith angle 65◦

Atmospheric profile 76-year standard atmospheric profile

the CO2 column concentration, while the influence of hc, 𝛾c
on the 1.6 μm band radiance and the CO2 column concen-

tration is similar. In terms of the impact on CO2 retrieval,

𝛼c, hc have the same effect on the spectrum, resulting in

shallow absorption peaks in the simulated spectrum and

overestimating the retrieval results. On the other hand, 𝜌c,

𝛾c deepens the absorption peaks in the spectrum, resulting

in an underestimation of the retrieval results. Based on

the PPDF model, the above results can be understood as:

parameter photons are directly scattered back to the satel-

lite by the scattering layer, thereby shortening the actual

optical path. This leads to a reduction in CO2 absorption,

manifested as a shallower absorption peak, resulting in an

increase in the retrieval results. 𝜌c represents the stretching

of the optical path due to atmospheric scattering. The more

significant the stretching, the deeper the absorption peak,

and the smaller the retrieval result. hc represents the height

of the scattering layer. The higher the scattering layer, the

lower the absolute probability of photon absorption, the

shallower the absorption peak, and the larger the retrieval

result. 𝛾c represents the shape of probability distribution

of the optical path. The larger 𝛾c, the more photons are

stretched due to scattering, the deeper the absorption peak,

and the smaller the retrieval.

Based on the influence of the weight function (Figure 2)

on the radiance of each PPDF factor, how each PPDF factor

affects CO2 retrieval is further investigated. In this study, one

factor is changed at a time. Since 𝛼c, 𝜌c are usually small

and randomly changes between 0 and 0.1, hc is between

0 and 5 km and 𝛾c is between 0 and 2. In the same way,

the influence of 𝛼c, 𝜌c, hc, and 𝛾c on CO2 retrieval can be

explored. In actual PPDF retrieval, the column concentra-

tion is 393.2145 ppm. Figure 3 shows the difference between

the retrieved values and the actual PPDF under different

factors, helping to determine the influence of each PPDF

factor on CO2 retrieval.

As shown in Figure 3, the impact of 𝛼c, 𝜌c, hc, and 𝛾c

on CO2 retrieval is approximately linear. A linear fit is per-

formed on the above retrieval results, and the slope of 𝛼c, hc
is greater than 0. This indicates that as 𝛼c, hc increases, the

retrieval results become larger and larger, and the retrieved

value is greater than the real value of 𝜌c, 𝛾c; on the contrary,

this is consistent with the conclusion of the weight. From

the absolute value of the slope, the slope of 𝛼c, 𝜌c is much

Figure 2: Weight of CO2 and PPDF factors.
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Figure 3: The relationship between PPDF factor and the deviation of CO2 retrieval value.

larger than that of hc, 𝛾c, which means that the sensitivity

of 𝛼c, 𝜌c to CO2 retrieval is much stronger than that of hc,

𝛾c. Therefore, to ensure retrieval accuracy during the inver-

sion process, variable transformations are introduced to

constrain the parameters: 𝛼 = e−x
2_𝛼 and perform retrieval

on x_𝛼. Similarly, 𝜌 = e−x
2_𝜌 and retrieve the corresponding

x_𝜌.

3.2 Effects of surface reflectance
and aerosol on CO retrieval

Temperature, pressure, and aerosol optical thickness have a

significant impact on the optical path during photon trans-

port. These factors will influence the scattering, absorp-

tion, and transmission of photons through the atmosphere,

thereby affecting the retrieval of CO2 concentrations. In

addition, the surface reflectance characterizes the ability of

the Earth’s surface to reflect solar radiation. The coupling

of these atmospheric conditions and surface reflectancewill

influence the accuracy of CO2 retrievals. The PPDFmethod is

used to further analyze the impact of atmospheric parame-

ters and surface reflectance on CO2 retrieval. Table 1 can be

used for simulation (The aerosol optical depth is modified

to 0.05). The PPDF method is used to retrieve CO2 by chang-

ing different temperature, pressure, surface reflectance and

aerosol optical thickness. The retrieval results are shown in

Figure 4.

According to the linear fitting of the temperature and

surface pressure impacts on the CO2 retrieval results, it is

found that the slope of surface pressure is 0.025 ppm/hPa

and that of temperature is−0.0753 ppm/K. Thismeans that a
pressure difference of 40 hPa from the true value will cause

a 1 ppm CO2 retrieval error. About 14 K temperature differ-

ence from the true value will result in a 1 ppm CO2 retrieval

error. These errors are usually within the acceptable limits

in most remote sensing applications. The influence of opti-

cal thickness and surface reflectance is not simply linear.

As the surface reflectance increase, its influence on CO2

retrieval is small. As the optical thickness increases, the

retrieval error increases in the form of quadratic function.

To more clearly reflect the retrieval deviation under dif-

ferent surface reflectance and optical thickness conditions,

according to the statistical results ofMODIS, the deviation of

optical thickness can be approximately expressed as Δ𝜏 =
0.05 + 0.15𝜏 . The deviation of surface reflectance is usually

smaller than 60 %. According to Figure 4, Tables 2 and 3

show the retrieval error caused by optical thickness and

surface reflectivity in practical applications.

From Tables 2 and 3, as the surface reflectivity

increases, its influence on the retrieval becomes small. How-

ever, as the aerosol optical thickness increases, the retrieval

error will increase, which has a significant impact on the

CO2 retrieval accuracy.

4 Verification of measured data

To analyze the scattering correction performance of the

PPDF method, GOSAT land data from April, June, October,

and December, 2022 were selected to represent the four



6 — Y. Jiang et al.: Scattering-corrected path effects on CO2 retrieval

Figure 4: Errors of PPDF retrieval under

different conditions.

Table 2: Retrieval errors of different surface reflectivity.

Surface reflectivity 0.1 0.2 0.3 0.4

ΔXCO2 (ppm) 0.7–1.8 0.15–0.88 0.56–0.32 0.19–0.33

seasons: spring, summer, autumn, and winter. The retrieval

deviations of the PPDF results are shown in Figure 5.

The results show that the PPDF retrieval show significant

Table 3: Retrieval errors of different aerosol optical thickness.

Aerosol optical depth 0.1 0.2 0.3 0.4

ΔXCO2 (ppm) 2.97 4.14 6.15 8.17

fluctuations in June. This ismainly due to high temperatures

in summer, increased convective activity, and increased

aerosol concentrations of complex types such as biomass

Figure 5: Retrieval deviations of the PPDF method in different seasons.
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burning and urban pollution, resulting in a significant

decrease in retrieval accuracy. Most errors are in the range

of 0.8–1%. There is also a clear latitudinal variation in

retrieval accuracy: the retrieval errors of the PPDF method

significantly increase in areas between 30◦N and 60◦N (tem-

perate continental zone). There are two main reasons for

this: (1) This region includes many industrialized coun-

tries and densely populated areas. Anthropogenic emission

sources such as coal-fired power plants, transportation,

and agriculture enhance the near-surface CO2 concentra-

tion gradient, which may introduce retrieval bias. In addi-

tion, human activities release large amounts of aerosols

and pollutants, significantly increasing the uncertainty in

atmospheric scattering and absorption; (2) High solar zenith

angle in this region increases the complexity of atmo-

spheric scattering, aerosol interference, and surface reflec-

tion, thereby greatly affecting the effective detection of CO2

absorption signals.

Due to the time-consuming nature of theDOAS retrieval

method, this study only applied it to a subset of data in low-

latitude regions in May. The retrieval results are compared

with those obtained using the PPDF method, as shown in

Figure 6, and corresponding means and variances shown in

Table 2.

As shown in Figure 6 and Table 4, the deviation

between PPDF search results and GOSAT level 2 products

is within 0.7 %, and the mean and variance are close to

those of GOSAT. This level of retrieval accuracy is suitable

for climate studies. In contrast, the DOAS method yields

retrieval deviations ranging from 2 to 5 %, with a variance

as high as 121, not meeting the accuracy requirements for

climate.

Based on the modeling of photon path length dis-

tribution, the PPDF method can better capture multiple

Figure 6: Retrieval results of CO2 infusion concentration obtained

by different retrieval methods and GOSAT.

Table 4: Retrieval error of different aerosol optical thickness.

GOSAT PPDF DOAS

Mean/ppm 415.29 415.31 418.35

Variance/ppm 14.85 16.37 21.34

scattering effects and significantly reduce retrieval biases

under strong atmospheric scattering conditions. It can sim-

plify complex radiative transfer into an integration over

path distributions with low computation, making it suit-

able for large-scale operational processing. It shows high

adaptability to different surface albedos and aerosol con-

ditions, reducing sensitivity to scene-dependent parame-

ters. It can also be embedded as a scattering correction

module within existing retrieval pipelines without altering

the overall framework. These results demonstrate that the

PPDFmethod can correct scattering effects and improve the

retrieval accuracy, and it is applicable.

5 Conclusions

Aerosol scattering effect has a significant impact on CO2

satellite remote sensing observation. How to correct aerosol

scattering effect is a key scientific problem. Based on the

principle of PPDF, the influence of optical path correction

factor on CO2 retrieval is analyzed. From the retrieval

results, the sensitivity of 𝛼, 𝜌 to CO2 in the retrieval process

is much stronger than that of h, 𝛾 . The influence of 𝛼, 𝜌,

h, 𝛾 on CO2 retrieval is approximately linear. Increasing

𝛼 by 0.1 will make the retrieval result increase by about

3 ppm; increasing 𝜌 by 0.1 will make the retrieval results

decrease by about 2 ppm; increasing h by 1 km will only

increase the retrieval result by 0.12 ppm; increasing 𝛾 by

1 km makes the retrieval result decrease by 0.023 ppm. The

inversion accuracy of PPDF factor is related to the effect

of scattering correction, which further affects the accuracy

of CO2 retrieval. To improve the accuracy of CO2 retrieval,

the scattering correction effect should be guaranteed in

the subsequent retrieval process. To verify the effect of

scattering correction, the global data of GOSAT in 2022 is

selected for retrieval. The deviation of PPDF retrieval is

within 0.7 %, which is better than the accuracy of tradi-

tional DOAS method (2–5 %), verifying the effect of scat-

tering correction. Since this method was developed based

on GOSAT data, it is also applicable to OCO-2 data. For this

case, further validation and some algorithm modifications

are still required, and this is also the focus in the future

work.
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