
1 
 

Submitted to Journal of the European Optical Society-Rapid Publications  1 
Template provided by EDP Sciences 2 
 3 
 4 
 5 

 6 

Research on the evolution law of ship targets infrared characteristics 7 

in port environment 8 

HANG YUAN 1,2,*, JIAHUI REN 1, YANG ZHANG 1, JIAHAO MIN 1 and ZHENG ZHANG 1 9 

1 Shaanxi University of Science & Technology, Xi’an 710016, China 10 
2 School of Physics, Xidian University, Xi’an 710071, China 11 
 12 

Abstract – Based on the differences in material properties between the target and the background, and combined with 13 
changes in environmental, lighting, and temporal conditions, an optical imaging feature prediction model for ship 14 
targets in a port background is constructed to explore the impact of the "thermal crossover" phenomenon on the infrared 15 
detection performance of ship targets. Firstly, Fluent software is used to calculate the surface temperature distribution 16 
of the target under different environmental conditions. Combined with the material and radiation scattering 17 
characteristics of different parts of the target, a radiation transmission model of the ship target is constructed. Secondly, 18 
Landsat 8 remote sensing data is used to invert the port temperature distribution under specific seasonal and temporal 19 
conditions, and land cover classification is performed based on a supervised classification algorithm. Based on 20 
meteorological data, the Kriging algorithm is used to achieve temperature expansion of the port background under 21 
different temporal conditions. Meanwhile, topographic factors such as elevation, slope, and aspect of land features are 22 
taken into account to establish a high-precision temporal temperature reconstruction model with topographic 23 
modulation. The differences in sea surface radiation characteristics and scattering effects are taken into account to 24 
establish a background radiation transfer model. Finally, combining solar, sky, and atmospheric radiative transfer 25 
models, the modulation effect of the space-based optical platform is considered, and an imaging prediction model of 26 
the "ship target-port background-ambient illumination-atmospheric transmission" is established. The results show that 27 
during non-thermal crossover periods in summer, the detectability of 3-5μm is better than that of 8-14μm, while the 28 
opposite is true during thermal crossover periods in winter. At the critical moment of thermal crossover in summer, the 29 
detectability of 3-5μm is worse than that of 8-14μm, while at the critical moment of thermal crossover in winter, the 30 
detectability of 3-5μm and 8-14μm are relatively close. 31 

Keywords: Thermal crossover, Infrared radiation and imaging, Modeling and simulation, Space-based detection. 32 

1. Introduction 33 

A deep understanding of the infrared characteristics of ships is not only the foundation for improving the accuracy of infrared 34 
imaging simulation, but also a key prerequisite for realizing automatic target identification and threat assessment [1]. Space-35 
based infrared detection has important application value in maritime monitoring, early warning and target identification [2]. 36 
However, the imaging results from the space-based platforms are affected by multiple factors such as complex background, 37 
atmospheric transmission and optical system characteristics. Especially in the typical scenario of a port, the dense ship targets, 38 
complex background composition, and frequent environmental changes lead to a significant dynamic evolution of the infrared 39 
characteristics of the targets. 40 

Accurate understanding of the space-based optical imaging characteristics of ship targets has always been an important 41 
research direction in the field of infrared detection. Many scholars have conducted fruitful research work in this area, and related 42 
theories and methods are constantly being improved. The surface temperature and the IR signals within MWIR and LWIR are 43 
calculated considering the 3D ship model, the internal heater temperature, and the atmospheric conditions [3]. Bin C [4] studied 44 
the infrared simulation of warships under different statuses and simulated the ship wake, and proposed a wake modeling method, 45 
which improved the fidelity of the whole scene. A ship infrared radiation calculation model is proposed by LIN Juan [5] based 46 
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on the infrared radiation rendering of solid targets, which considers the spontaneous radiation and environmental radiation of 47 
ships. The infrared simulation results are compared and verified based on experimental data. The simulation calculation of focal 48 
plane radiation characteristics for ship target is realized based on the full chain of optical remote sensing detection. The ship 49 
target radiation characteristics under different sea surface conditions and different imaging time are analyzed by Z Jiang [6]. 50 
Zhang C W [7] proposed a high-frequency method by using graphics processing unit (GPU) parallel acceleration technique, 51 
simulated signals of ships at different seas. Wang M [8] proposed a data-driven infrared radiation modeling method, which 52 
optimizes the model accuracy by comparing measured data with theoretical models, and is used to simulate the infrared 53 
characteristics of marine targets under typical sea conditions. Song Bo [9] proposed a high-resolution remote sensing imaging 54 
simulation method for marine targets, focusing on the simulation method of the imaging process of the coupling effect between 55 
sea surface targets and seawater under high resolution. Jiang Le et al. [10-11] comprehensively considered the influence of 56 
environmental factors on the infrared radiation characteristics of the target and explored the radiation modeling and simulation 57 
method of infrared scene. Meanwhile, some scholars have also explored methods for calculating the radiation characteristics of 58 
ship targets [12-13] and simulation methods for high-confidence infrared background imaging characteristics [14-15], providing 59 
a theoretical basis for the simulation of infrared characteristics and exploration of characteristic laws of typical targets. 60 

The above research has made significant progress in understanding the infrared characteristics of ships, but the following 61 
shortcomings still exist. The complex port environment is affected by the diurnal cycle, variations in solar radiation, and the 62 
difference in thermal inertia between land and sea. The infrared radiation characteristics of the target and background may tend 63 
to be consistent or even reversed at certain times. This phenomenon is called “thermal crossover.” Existing research on ship 64 
infrared imaging simulation generally ignores the " thermal crossover " phenomenon caused by the dynamic changes in heat 65 
exchange under complex port backgrounds, making it difficult to accurately depict the temporal evolution of the infrared contrast 66 
of ship targets and background under space-based conditions. The problem essentially stems from the coupling and reversal 67 
relationship between the target and background temperatures over time, and there is an urgent need to establish a physical 68 
modeling framework that can accurately describe its time-varying characteristics. Although some scholars have used remote 69 
sensing data to model the background temperature [16-18] or used deep learning methods to extrapolate the spatiotemporal 70 
characteristics of background radiation [14-15], the applicability of their results in complex scenarios is still limited due to the 71 
temporal constraints of the data and the insufficient physical interpretability of the models [19-21]. Therefore, if research on 72 
radiation coupling modeling of targets and backgrounds under time-series conditions is carried out, it will be of great significance 73 
for revealing the evolution law of ship infrared characteristics and improving the realism of imaging simulation. 74 

To address the shortcomings of previous research, a spatiotemporal reconstruction method for the port background 75 
temperature, which integrates meteorological data and topographic features based on Landsat 8 remote sensing data, is proposed 76 
in this paper. First, based on environmental meteorological data, the Kriging algorithm is used to achieve a preliminary expansion 77 
of surface temperature under different temporal conditions. Then, topographic factors such as elevation, slope, and aspect are 78 
taken into account to establish a modulation model for surface radiation balance and energy exchange. Last, the background 79 
temperature is finely corrected and reconstructed with high precision. This method effectively improves the spatial continuity 80 
and physical consistency of surface temperature retrieval, providing reliable support for the simulation of ground feature 81 
background and environmental change analysis in complex terrain areas. 82 

2. Port infrared scene modeling 83 

From a space-based platform, the background includes not only the water surface and dock facilities, but is also subject to 84 
complex influences from atmospheric conditions, weather changes, and environmental heat sources. To reflect the radiation 85 
distribution in a real environment, a method of inverting remote sensing data to obtain the port background temperature field is 86 
used, and the infrared characteristics of different surfaces such as the sea surface, cement wharf, and building facilities are 87 
modeled to achieve high-precision characterization of multi-source background radiation. Fig.1 is a schematic diagram of the 88 
space-based optoelectronic system detecting targets. 89 

The total scene radiation distribution received by the detector can be expressed as: 90 
 91 

    ( ) ( ) ( ) ( )sensor a t b aL L L L       = + +
 

   (1) 92 

where τa is the atmospheric upward transmittance; L↑
t is the target upward radiation; L↑

b is the background upward radiation; and 93 
L↑

a is the atmospheric path upward radiation. The total background radiation includes its own radiation and reflected radiation. 94 
It is necessary to classify the background materials and establish radiative transfer models for different materials. The port 95 
background includes ocean and land, the total background radiance can be expressed as： 96 
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where εb is the emissivity of different background materials; c1 is 1.191×108 W/μm·sr·m2; c2 is 1.4388×104μm·K; Tb is the 98 
background temperature distribution; τs is the atmospheric transmittance of solar radiation to the background; Esun is the solar 99 
irradiance; BRDFb is the bidirectional reflectivity of the background; θi(φi) and θr(φr) are the incident zenith angle (incident 100 
azimuth angle) and the reflected zenith angle (reflection azimuth angle), respectively; ρb is the background reflectivity; and Lsky 101 
is the incident radiance of the sky. 102 

 103 

Fig. 1. Space-based optoelectronic system detecting targets. 104 

2.1. Port temperature distribution inversion 105 

Measured remote sensing images over a coastal region in northern China were selected from Landsat 8 TIRS Band 10 imagery 106 
(30m). Surface temperature was retrieved using a single-channel algorithm [18]. Fig.2 illustrates the temperature differences 107 
between the sea surface and land in different seasons. In spring and autumn, the temperature difference between the sea and land 108 
is small, and the temperature changes are stable. The land surface heats up quickly in summer and cools down quickly in winter. 109 
Seawater, due to its high specific heat capacity, experiences smaller temperature fluctuations. 110 

 111 

Fig. 2. The temperature distribution of the four seasons in the port. (a) Spring. (b) Summer. (c) Autumn. (d) Winter. 112 
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Due to the significant differences in the radiation characteristics of different land cover types and sea surfaces, it is necessary 113 
to establish corresponding radiation characteristic models for various land types to improve the physical consistency and 114 
accuracy of the inversion results. In addition, due to the limitations of the spatiotemporal resolution of satellite observations, the 115 
inversion results only reflect the temperature distribution at a specific transit time. It is difficult to directly characterize the 116 
changes in thermal radiation throughout the day or over a continuous period of time. Therefore, it is necessary to extend the 117 
temperature time series to obtain multi-temporal temperature fields. 118 

2.2. Port background feature classification 119 

To improve the accuracy of infrared radiation calculation for port backgrounds, a supervised classification method is used to 120 
classify the background features. First, the original image needs to undergo preprocessing such as radiometric calibration, 121 
atmospheric correction, and cropping. Then, regions of interest (ROIs) are established to select training samples for each category, 122 
and the ROIs for each type of feature are marked with different colors. Fig.3 illustrates the supervised classification process. 123 

 124 

Fig. 3. The supervised classification process. 125 

The separability between different sample types is determined by calculating the Jeffries-Matusita Distance (JM) and the 126 
transformation separation. A maximum likelihood-based classification is selected for sample training to generate a classification 127 
model, which is then processed. At last, the accuracy and reliability of the classification are measured by two indicators: the 128 
overall accuracy in the confusion matrix and the Kappa coefficient. The JM distance can be expressed as： 129 

 130 
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   (4) 132 

where B is the Bhattacharyya distance between the two classes based on a certain feature, m1 and m2 are the feature means of the 133 
two classes, and σ1 and σ2 are the feature standard deviations of the two classes. The calculation results are shown below： 134 

Table 1. Sample separability calculation results 135 

ROI Water Vegetation Land Building 

Water 1.000 2.000 1.998 1.999 

Vegetation 2.000 1.000 1.999 1.942 

Land 1.998 1.999 1.000 1.973 

Building 1.999 1.942 1.973 1.000 
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The JM distance range from 0 to 2, where 0 indicates that the two categories are almost completely confused on a certain 136 
feature, and 2 indicates that the two categories are completely separated on a certain feature. As shown in the table 1, the 137 
separability values are all greater than 1.9, indicating reasonable sample separation. The images are classified according to the 138 
maximum likelihood method, and the results are shown in Fig.4. 139 

 140 

Fig. 4. Land surface classification result. 141 

As shown in Fig.4, the port background features can be roughly divided into four categories, with the following percentages: 142 
water 81.54%, vegetation 2.92%, land 7.45%, and buildings 8.09%. A confusion matrix is used to evaluate the classification 143 
results, determining the accuracy and reliability of the classification. Two indicators, Overall Accuracy (OA) and Kappa 144 
Coefficient, are used for evaluation: 145 

 146 
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where wi,j is the squared weighted average; Oi,j is the element in the observation matrix; Ei,j is the element in the expectation 149 
matrix; N is the total number of classifications. The classification verification results are follows, the overall accuracy is 0.9984, 150 
which is higher than 85%. Kappa Coefficient is 0.9211, which is greater than 0.8, indicating that the land cover classification is 151 
accurate. 152 

2.3. Modeling of port background BRDF 153 

Based on the above classification results, bidirectional reflection models can be established for land and sea surfaces 154 
respectively. Sea water surface reflection is calculated using the Cox-Munk model, taking into account the effects of wind speed, 155 
wind direction, and obstruction. The bidirectional reflection function of the sea surface is expressed as: 156 

 157 
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where P(zu,zv) is the probability distribution of sea surface slope; ρ(ω) is the sea surface reflectivity, calculated according to 159 
Fresnel's theorem; θr is the zenith angle of the reflection direction; β is the tilt rate of the small surface element. To accurately 160 
characterize the reflection properties of the land surface, the Rahman-Pinty-Verstraete (RPV) semi-empirical BRDF model is 161 
introduced [22], which can be expressed as： 162 
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where r0 represents the reflection intensity, k represents the surface anisotropy characteristics, θi is the solar zenith angle, θv is 165 
the observed zenith angle, φ is the relative azimuth angle, b is forward and backscattering, p(Ω) is the direction cosine function, 166 
and h(θi,θv,φ) is the backscattering enhancement term. 167 

2.4. Temporal temperature extension of land based on meteorological data 168 

To characterize the rapid temperature changes of land features and overcome the limitation that satellite inversion results 169 
only represent typical moments, this paper introduces land surface meteorological data to obtain high temporal resolution 170 
temperature information, providing support for the temporal reconstruction and model expansion of land surface temperature. 171 

2.4.1. Land surface temperature data acquisition by the meteorological bureau 172 

The land temperature field is key data for the simulation of infrared characteristics of a scene. The near-real-time product 173 
datasets from the China Land Surface Data Assimilation System (CLDAS-V2.0) are selected to obtain surface meteorological 174 
temperatures at different times. The data format is NetCDF, and the time resolution is 1 hour. Taking the data from 11:00 am on 175 
October 24, 2023 as an example, the land surface temperature is shown in Fig.5(a). 176 

Max:24.7 Min:20.1

Tem:°C

(a)

Tem:°C

Max:24.7 Min:20.1

(b)

 177 

Fig. 5. Land surface temperature data. (a)Measured data (b)After OK interpolation. 178 

Background temperature is interpolated using Ordinary Kriging (OK) [23]. OK interpolation, also known as spatial local 179 
interpolation, is a method based on semi-variogram theory and structural analysis to provide unbiased optimal estimation of 180 
regionalized variables within a finite region. OK interpolation for a single spatial moment is defined as: 181 

 182 

( ) ( )0

1

ˆ
n

i i

i

Z x Z x
=

=    (9) 183 

where 𝑍̂ (x0) is the value of the location to be predicted; Z(xi) is the actual measured value at the i-th location; n is the number of 184 
actual measured values in the prediction area; and λi is the weight at the i-th location, the weight can be expressed as: 185 
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187 

where γ(xi,xj) is the variogram between points i and j; γ(xi,x0) is the variogram between point i and point 0 to be estimate; μ is the 188 
Lagrange multiplier. When using the OK interpolation method, the sample variogram must first be calculated. Then, an 189 
appropriate theoretical model for variogram is selected based on its type for simulation. Finally, a linear estimate of the point to 190 
be estimated is per-formed based on the simulated variogram. The sample variogram is defined as： 191 
 192 
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where N(h) is the number of all data pairs with a vector distance of h in the spatial dataset; xi is the coordinate vector of the i-th 194 
data point; and h is the vector distance, representing the magnitude and direction of the distance. The spatio-temporal OK 195 
interpolation is defined as: 196 

 197 
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where T0(ti) is the OK-predicted baseline temperature at the i-th time instant. Z(xk,ti) is the actual measured temperature at location 199 
xk and time ti; λk is the weight assigned to the k-th measured point xk for estimating the value at location x0 and time ti, which is 200 
obtained by solving the OK system of equations independently at each time step. The interpolated result is shown in Fig.5(b). 201 

2.4.2. Modulation of land surface temperature details 202 

Land surface meteorological data can provide continuous 24-hour temperature variation information and has a high temporal 203 
resolution, but its spatial resolution is low, making it difficult to reflect temperature differences at the land surface scale. 204 
Therefore, it is necessary to combine meteorological station data with high spatial resolution land surface temperature data 205 
retrieved from Landsat 8 to construct a temperature extension model that complements temporal and spatial aspects, in order to 206 
achieve a refined spatiotemporal reconstruction of land surface temperature. 207 

Because different land surfaces are located at different altitudes, slopes, and aspects, the atmospheric temperature, humidity, 208 
and solar radiation near different land surfaces are different, resulting in subtle fluctuations in temperature. Considering the 209 
modulating effect of complex terrain conditions on surface thermal processes, the in-fluence of topographic elevation on surface 210 
temperature is introduced in this paper. Key topographic factors such as slope, and aspect are extracted using a digital elevation 211 
model (DEM). A multiple linear regression model is constructed to characterize the modulation relationship between topographic 212 
parameters and the spatial distribution of surface temperature, thereby achieving a refined simulation of the detailed features of 213 
the temperature field. 214 

The slope represents the tilt degree of a certain point on the surface, and the tilt degree of the terrain is measured by calculating 215 
the height change of adjacent pixels in two directions. The calculation formula is as follows: 216 

 217 
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where 
∂𝑍

∂𝑥
 and 

∂𝑍

∂𝑦
 denote the elevation gradients in the 𝑥  and 𝑦directions, respectively, which can be approximated by the 219 

differences between adjacent pixels. The slope direction represents the slope orientation of a certain point on the surface, and the 220 
main direction of the slope is usually calculated. 221 
 222 

( ), arctan /
Z Z
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y x
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   (14) 223 

The calculation results of slope and aspect are shown in Fig.6(a) and Fig.6(b). Fig.6(c) shows the elevation data. 224 

 225 

Fig. 6. Land surface elevation map. (a) Slope calculation results of land surface. (b) Aspect calculation results of land surface. 226 
(c) Elevation data. 227 
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The elevation information of the port background has a resolution of 30m, which is matched with the spatial resolution of 228 
the Landsat8 remote sensing image. Multiple DEM raster data are mosaicked and clipped in ArcGIS to obtain the elevation data 229 
of the port background area, which is shown in Fig.6. By combining meteorological observation data of the port area to obtain 230 
average temperature information of land surface, and based on topographic factors such as slope and aspect, the modulating 231 
effect of topography on radiation flux and energy exchange is characterized. A port temperature model is constructed to achieve 232 
a re-fined characterization of the temperature field under the combined influence of meteorological conditions and topographic 233 
features.  234 

 235 
( ) ( ) ( ) ( ) ( )0 1 2 3, , , , ,i iT x y t T t Dem x y Slope x y Aspect x y  = +  +  +   (15) 236 

where T(x,y,ti) is the predicted temperature at the 𝑖-th time instant, Dem(x,y) is the elevation, Slope(x,y) is the slope, Aspect(x,y) 237 
is the aspect, T0(ti) is the baseline temperature obtained from meteorological data at the 𝑖-th time instant, β₁ is the regression 238 
coefficient of the elevation factor, the temperature of the land material decreases with the increase of elevation; β₂ is the 239 
regression coefficient of the slope factor, the slope is negatively correlated with temperature; β₃ is the regression coefficient of 240 
the aspect factor, the relationship between slope aspect and temperature is "positive in the south and negative in the north". 241 

The temporal meteorological data is integrated with the spatial background model by pixel-by-pixel. Taking 8:30 in winter 242 
as an example, the temperature of the port background is modulated, and the result is shown in Fig.7.  243 

 244 

Fig. 7. The port background temperature after modulated 245 

3. Port infrared scene modeling 246 

3.1. Calculation of target temperature distribution 247 

Fluent is widely used in numerical calculation fields such as fluid flow, heat conduction and thermal radiation. It can deal 248 
with complex fluid flow and heat transfer process, especially suitable for the simulation of fluid dynamics and heat conduction. 249 
The three-dimensional ship target model was established in SpaceClaim. The ship is roughly divided into three components: the 250 
deck, hull, and superstructure. Geometric inspection and feature simplification are subsequently performed on the model. 251 
Unstructured meshing is then carried out in Workbench Meshing. The global element size is determined based on the overall 252 
dimensions of the model, followed by local mesh refinement on key surfaces with significant heat flux variations. The meshing 253 
results of the target model are shown in Fig.8. 254 

 255 

Fig. 8. Ship target grid division diagram. 256 

The surface temperature of the ship target is solved using Fluent, with the energy equation enabled under steady-state 257 
conditions. Turbulence is modeled using the k–ω SST shear stress transfer model [24]. Radiative heat transfer is taken into 258 
account through the Discrete Ordinates (DO) model, with solar radiation effects incorporated based on the Solar Ray Tracing 259 
algorithm to describe the transmission and distribution of solar energy. The calculation of solar radiation is related to the latitude, 260 
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and longitude, time zone, date and other factors of port image data. The temperature results in different seasons are shown in 261 
Fig.9. 262 

 263 

Fig. 9. Calculation results of ship temperature distribution. (a) Spring. (b) Summer. (c)Autumn. (d) Winter. 264 

The spatial resolution of the remote sensing background data is 30m. The ship target calculated in Fluent is modeled at its 265 
true scale. In order to match the resolution of the remote sensing image and maintain data consistency, a bilinear interpolation 266 
method [25] is adopted to downscale and resample the high-resolution target grid. The coordinates of the known points are (x1,y1), 267 
(x1,y2), (x2,y1), (x2,y2). For a given y value, the linear interpolation in the x direction is first performed: 268 
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Then, interpolation is performed in the y-direction. Substituting the interpolated results obtained in the x-direction into the 272 
following equation, the final interpolated value at the target position is obtained: 273 
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In the actual imaging process, when the target completely covers a pixel, the radiation intensity of the pixel is directly 276 
determined by the target radiance. When the target does not completely cover a pixel, the radiation intensity of the pixel is the 277 
weighted average of the target and the background radiation, and the weight is determined by the area of the target in the pixel.  278 

To verify the accuracy of the calculation model in this paper, the working conditions given in reference [26] are used to 279 
reproduce the ship deck temperature using the model in this paper. Four representative typical moments from the literature are 280 
selected for simulation, and the average deck temperature at the corresponding moments is calculated. The temperatures 281 
calculated in this study are 304.67K and 280.51K at 12:00 in summer and winter, respectively, with relative errors of 0.88% and 282 
0.53% compared with the results in reference [26]. At the thermal crossover moment in summer (07:00) and winter (08:00), the 283 
temperatures calculated in this paper are 292.08 K and 274.88 K, respectively, with relative errors of 0.72% and 0.04%. The 284 
maximum relative error between the calculation results and the measurement data does not exceed 0.88%. 285 

3.2. BRDF modeling of ship target 286 

The Cook-Torrance model is used to calculate the reflected radiation from the ship target surface, taking into account both 287 
diffuse and specular reflection occurring on the object's surface. [27] 288 

 289 

( )
( )( )

, , , , ( )t i i r r d l s l

F D G
BRDF k I k I    


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=    + 

  
n l

n l n v
   (19) 290 

where kd and ks are the diffuse and specular reflection coefficients of the object surface, respectively; Il is ambient light intensity; 291 
F is the Fresnel reflection coefficient; D is the micro-facet distribution function; G is the shading factor; n is the normal direction 292 
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of the micro-facet; l is the direction vector of the incident light; and v is the observation direction vector. F depends on the 293 
properties of the surface material. 294 

4. Modeling of ambient light radiation characteristics  295 

4.1. Modeling of solar radiation characteristics 296 

Solar radiation is the primary energy source for the Earth's surface, and its intensity and distribution are influenced by latitude, 297 
time of day, and atmospheric conditions. In addition, changes in the incident angle and elevation angle of solar radiation, as well 298 
as the concentration of suspended particles such as dust and haze in the atmosphere, also play an important role in the intensity 299 
and propagation characteristics of radiation. When solar radiation passes through the atmosphere, it is attenuated by substances 300 
such as aerosols, clouds, water vapor, and dust, resulting in the absorption or scattering of some of the radiant energy. The solar 301 
altitude angle and azimuth angle are calculated based on the local time and the latitude and longitude of the scene. 302 

 303 
sin sin sin sin cos cosh t   = +    (20) 304 

where h is the solar altitude angle; φ is the latitude of the observation point; δ is the solar declination; t is the local time. Using 305 
the solar altitude angle and MODTRAN, the incident solar radiation illuminance (Esun) can be calculated. Fig.10 shows the solar 306 
incident radiation at different solar altitude angles. 307 

 308 

Fig. 10. The solar incident radiation. 309 

4.2. Modeling of sky radiation characteristics 310 

Sky radiation is the scattered radiation of solar radiation. The sky background radiation is regarded as a hemispherical space 311 
that emits radiation outward. The sky radiation incident from different directions can be calculated using MODTRAN [28]. 312 
Fig.11 shows the sky incident radiation at different wavelengths. 313 

 314 

Fig. 11. The sky incident radiation. 315 

4.3. Modeling of atmospheric radiation characteristics 316 
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The atmospheric attenuation effect has a significant impact on the upward radiative transmission of the target and background. 317 
The atmosphere itself will generate infrared radiation. The total atmospheric path radiation in the detection direction is shown: 318 

 319 

( ) ( ) ( ) ( )
0

' exp ' ' ' '
r

aL L r r r dr  = −      (21) 320 

where r is the distance between the target and the observation point; L(r’) is the spectral radiance of the path point; τ’ is the 321 
atmospheric path optical depth. 322 

Meanwhile, aerosol particles and molecules in the atmosphere have absorption and scattering effects on the upward radiation 323 
of the target and background, resulting in the attenuation of the target and background radiation. The atmospheric attenuation 324 
capacity of a target varies under different meteorological conditions. Atmospheric spectral transmittance is generally used to 325 
describe the degree of atmospheric attenuation. Once the scene geometry is determined, atmospheric path radiation and 326 
atmospheric transmittance can be calculated using MODTRAN. The atmospheric parameters are configured as follows: 327 
atmospheric condition is mid-latitude summer, aerosol model is naval ocean, weather conditions are cloudless and rainless, and 328 
visibility is 23km. The calculation results are presented in Fig.12. 329 

 330 

Fig.12. Atmospheric radiation characteristics calculation result. 331 

Meanwhile, the atmospheric conditions are chosen to be mid-latitude winter to calculate the atmospheric radiation transfer 332 
characteristics under winter conditions. The calculation results are shown in Fig.13. 333 

 334 

Fig.13. Atmospheric radiation characteristics calculation result. 335 

5. Results 336 

5.1. 3-5μm simulation results 337 

The simulation parameters are selected as follows: focal length is 1.06m, optical system transmittance is 0.7, aperture is 338 
0.53m, pixel size is 40μm, and orbital altitude is 795km, emissivity of the hull, deck and superstructure is 0.85, 0.90, 0.78 , 339 
respectively. In target detection research, the signal-to-clutter ratio (SCR) has significant advantages as an evaluation metric. 340 
The SCR can quantitatively characterize the distinguishability of a target's radiated relative to background clutter, reflecting the 341 
target's detectability under complex background conditions.  342 

 343 

trg bg

b

I I
SCR



−
=     (22) 344 
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where SCR is the local signal-to-clutter ratio; Ītrg is the average radiation luminance of the target; Ībg is the mean background 345 
value within an area twice the size of the target; σb is the background variance within an area twice the size of the target. Fig.14 346 
shows the simulation results of the infrared imaging characteristics of ship targets at different times in 3-5μm band. Fig.15 shows 347 
the SCR in the 3-5μm band. 348 

 349 

 350 

Fig. 14. Simulation results of ship infrared imaging features of 3-5μm. (a)Typical time in Summer. (b) Typical time in Winter. 351 

 352 

Fig. 15. SCR in the 3-5μm band. (a) Summer. (b) Winter. 353 

As can be seen from Fig.14 and Fig.15, the radiation values of the target and background change dynamically throughout the 354 
day. Due to seasonal differences, the target radiation value generally higher in summer than in winter. The difference in radiation 355 
between the target and background is greatest at 13:00 and 01:00 in summer, resulting in higher SCR values, making the target 356 
most easily detectable at these times. Due to the lack of solar radiation at night, the target radiation is generally lower than the 357 
background radiation, appearing as a dark target at 6:00. As solar radiation gradually increases after sunrise, the target 358 
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temperature rises rapidly. During the period from 6:00 to 6:30, the difference between the target and the background radiation 359 
gradually decreases, and at 6:30, the radiation of the target and the background reaches a state of approximately equality, which 360 
is the zero-crossing moment of thermal equilibrium. At this time, the contrast between the target and the background is extremely 361 
low, and the target is almost submerged by background clutter, which is a typical thermal crossover stage. Subsequently, between 362 
6:30 and 7:00, the target radiation continues to increase and gradually exceeds the background. At 7:00, the radiation contrast 363 
between the target and the background reverses, and the target changed from dark to bright. Between 19:00 and 20:00, the 364 
radiation difference between the target and the background undergoes another reversal of the contrast relationship. At 19:30, the 365 
target is in a typical thermal crossover state, where the radiation intensity of the target and the background are approximately 366 
equal and the contrast is significantly reduced. After that, the target radiation further decreases and falls below the background 367 
radiation, and the target changes from a bright target to a dark target. 368 

In winter, the local SCR is large at 12:00 and 00:00, and the target is more detectable. However, the target radiation is larger 369 
than the background at 12:00, and the opposite is true at 00:00. The critical points for "thermal crossover " occur around 8:30 370 
and 18:30. Therefore, it can be seen that in the 3-5μm band, at the critical moment of thermal crossover, the detectability is better 371 
in winter than in summer; while in non-thermal crossover periods, the opposite is true. 372 

5.2. 8-14μm simulation results 373 

Fig.16 shows the simulation results of the infrared optical imaging characteristics of ship targets at different times in the 8-374 
14μm band. Emissivity of the hull, deck and superstructure is 0.90, 0.95, 0.88, respectively. The local SCR in the 8-14μm band 375 
is calculated, and the results are shown in Fig.16. 376 

 377 

 378 

Fig. 16. Simulation results of ship infrared imaging features of 8-14μm. (a) Typical time of Summer. (b) Typical time of Winter. 379 
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 380 

Fig. 17. SCR in the 8-14μm band. (a) Summer. (b) Winter. 381 

Combining Fig.16 and Fig.17, it can be seen that in summer, the local SCR is the highest at 01:00, and the target detection 382 
capability is the strongest, but the target radiation intensity is lower than the background. At 13:00, the target radiation intensity 383 
is higher than the background, indicating that the target is detectable. At the other two moments, due to changes in ambient 384 
temperature, the background and target radiation characteristics are similar, and the target difficult to detect. 385 

In winter, the local SCR is relatively large at 12:00 and 00:00, and the target detection capability is relatively strong. The 386 
critical point of " thermal crossover " appears around 8:30 and 18:00. In the 8-14μm band, during the critical moment of thermal 387 
crossover, the detectability is better in summer than in winter; during non-thermal crossover periods, the opposite is true. 388 

Comparing Fig.14 and Fig.16, it can be seen that the occurrence of the thermal crossover phenomenon in the morning happens 389 
earlier in summer than in winter, while the thermal crossover time in the evening occurs later in summer than in winter. This 390 
phenomenon is caused by the varying solar radiation in different seasons and differences in the heat absorption characteristics 391 
of materials. Comparing Fig.15 and Fig.17, it can be seen that the evolution of ship imaging characteristics at the critical moment 392 
of "thermal crossover" is correlated with both season and time. During non-thermal crossover periods in summer, the detectability 393 
of 3-5μm is better than that of 8-14μm, while the opposite is true during non-thermal crossover periods in winter. During the 394 
critical moment of thermal crossover in summer, the detectability of 3-5μm is worse than that of 8-14μm, while during the critical 395 
moment of thermal crossover in winter, the detectability of 3-5μm and 8-14μm is relatively close.  396 

At the thermal crossover moment, the thermal radiation difference between the target and the background is relatively small, 397 
and the radiative signal is mainly constrained by atmospheric transmittance and path radiance. In summer, atmospheric humidity 398 
and temperature are higher than in winter, causing the target radiative characteristics in the 3-5μm band to be significantly 399 
affected by water vapor absorption and atmospheric thermal radiation interference, whereas the 8-14μm band is less influenced 400 
by atmospheric radiative transfer, resulting in less pronounced variations in target radiative characteristics. In winter, atmospheric 401 
humidity and temperature are low, the difference in atmospheric radiation between the two bands decreases, and the target 402 
radiation characteristics tend to converge. 403 

6. Conclusion 404 

To address the limitation of infrared detection systems in detecting surface ships during "thermal crossover" periods, an 405 
optical imaging feature prediction model of ship target, port background, ambient lighting, and atmosphere is established. The 406 
imaging characteristics during thermal crossover periods of ship targets in the 3-5μm and 8-14μm bands are simulated and 407 
analyzed. The detectability of low-orbit satellites to ship targets under different environmental conditions is analyzed using local 408 
SCR. The results show that the radiation difference between the target and the background exhibits a clear stage-wise evolution 409 
before and after the thermal crossover. As the background temperature gradually approaches the target temperature, the radiation 410 
contrast of the target in infrared imaging decreases significantly, which means that the target's detectability weakens over time. 411 
Near the moment of thermal crossover, the contrast between the target and the background reaches its lowest value, which will 412 
have a significant impact on the detection algorithm and recognition performance. Meanwhile, the sensitivity to thermal 413 
crossover varies across different bands, indicating that appropriate band selection is of great significance for target detection. 414 
The results will provide data support and theoretical basis for the infrared detection and identification of ship targets in complex 415 
marine environments. 416 
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