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An atmospheric duct is an anomalous atmospheric structural phenomenon that causes trap refraction in the troposphere to change the propagation paths and ranges of electromagnetic waves, thereby increasing the detection distances of radar and other communications. Atmospheric ducts include evaporation, surface, and elevated ducts. Evaporation ducts are commonly found near the sea surface and can impact electromagnetic wave propagation, radar communication, and livelihood applications at low altitudes. The meteorological environment of the Indian Ocean is complex, and the characteristics of its evaporation duct are still poorly understood. We validate four select atmospheric duct models using the observed evaporation duct height (EDH) in the Indian Ocean and present their spatial as well as temporal characterizations in spring using in situ meteorological variables. The results show that the EDH derived using the Babin model has the lowest bias with the observed value; thus, the Babin model can be used by researchers in the future to study changes to the EDHs in sea areas with similar seasonal conditions. The EDH in the Indian Ocean has diurnal variations, with higher (lower) values during the daytime (nighttime). The EDH has a negative correlation with the relative humidity, and the standard deviation of the EDH is largest when the relative humidity is 90%. The EDH has the maximum value when the wind speed is in the range of 8–14 m/s and when the air–sea temperature difference is zero, i.e., [image: image]. This study validates four different EDH models in the Indian Ocean, thus broadening our knowledge on the tropical atmospheric boundary layer.
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1 INTRODUCTION
Atmospheric ducts are refractive layers occurring in the troposphere that affect the propagation of electromagnetic waves and greatly disturb radar detection (Mosczkowicz et al., 1994; Mesnard and Sauvageot, 2010). Hence, they have been important subjects of study since World War II (Kerr, 1951; Kirby and Sofaer, 1966; Vilar et al., 1993; Adel et al., 1996; Heemskerk and Boekema, 1993; Sarma, 1993). Atmospheric ducts are associated with inverse temperatures or sharp decreases in the water vapor content (Yang et al., 2023). Atmospheric ducts include evaporation, surface, and elevated ducts. The evaporation duct is formed as a result of evaporation near the sea surface, where the water content decreases with increasing height (Yang et al., 2023); this duct type usually has a height of less than 40 m, with an offshore occurrence probability of up to 80% at low latitudes (Liu et al., 1996). Moreover, meteorological variables can influence the evaporation duct, such as the sea surface evaporation rate, high-pressure subsidence, frontal processes, nocturnal radiation inversion, and advection. Zhu et al. (2022) categorized the surface duct type into temperature-induced (T-type) and humidity-induced (H-type) ducts.
Direct measurement of the evaporation duct height (EDH) is difficult, so several models have been proposed by researchers based on meteorological variables, such as the structural model based on Monin–Obukhov similarity theory (Jeske, 1973), Fairall model based on the flux coefficient algorithm (Fairall et al., 1978), P-J model proposed by Paulus (1985), MGB model proposed by Météo France based on the mesoscale forecasting system using the analytical method (Musson-Genon et al., 1992), refractivity from clutter (RFC) atmospheric duct inversion technique (Tabrikian et al., 1999), NPS model proposed by the U.S. Naval Postgraduate School (Babin and Dockery, 2002), RSHMU model proposed by the Russian State Hydrometeorological University (Dinc and Akan, 2015), and parabolic model (Zhu et al., 2018). The pseudorefractive index model for the evaporation duct was proposed by Liu et al. (2001) based on the Monin–Obukhov similarity theory. Some other advanced models have also been developed using optimal methods (Gerstoft et al., 2004). The accuracy of the EDH is important for characterizing the strength of the duct and is a key factor in determining the degree of influence on the observations of radar and other electronic devices (Cai et al., 2020); hence, we aim to examine the accuracies of traditional EDH evaluation models using in situ observations.
The EDH observations are mainly obtained from methods such as low-altitude sounding balloon detection, meteorological gradient tower detection, and microwave refractometer detection (Liu, 2002; Zhao et al., 2013). Low-altitude sounding balloon detection can be used to collect and store real-time and parametric measurements, but it suffers from inaccuracies due to hysteresis and calculation formula errors (Lin, 2002); although microwave refractometer detection is capable of detecting the atmospheric refractive index values at different altitudes for evaporation duct detection, it is more difficult to build towers at sea (Fan, 2015). Both the sounding balloon and microwave refractometer detection methods are suitable for single-point detection. Although meteorological gradient tower detection can provide time-series information of the EDH, the vertical resolution of its sampling points is low and tends to produce large errors. Evaporation duct prediction is helpful for radar detection. Liao et al. (2023) reported that accurate EDH prediction can be achieved using the deep forest method. Other scientists have used a new non-linear prediction algorithm called the Darwinian evolutionary algorithm (DEA) to realize short-term prediction of the EDH (Mai et al., 2020). Therefore, real-time observations of the EDH are necessary to compensate for the limitations of single-point detection methods when predicting the EDH.
The Indian Ocean has a unique geographical location and is surrounded by land on three sides. The Indian Ocean is a typical monsoon region owing to sea–land interactions; in contrast to the equatorial Pacific and Atlantic Oceans, the annual mean surface winds over the Indian Ocean are westerlies (Chen et al., 2015a). The tropical Indian Ocean circulation system includes equatorial and near-equatorial circulations, marginal sea circulation, and eddies. The Indian Ocean is a typical monsoon region with complex marine meteorological activities and multiscale oceanic motions, such as the Indian Ocean dipole (IOD) that is capable of influencing and potentially varying the seasonal climate phenomena like rainfall in the vicinity through sea–air interactions (Saji et al., 1999; Abram et al., 2008). The Madden–Julian oscillation (MJO) affects various types of weather and weather systems (Zhang, 2005). These meteorological variations and oceanic motions result in complex EDH characteristics. The accuracies of EDH models and spatial variations of the EDH are still unclear for the Indian Ocean.
In this study, we used ship-based equipment to derive the real-time EDH. The accuracies of several EDH models and the spatial distribution of the EDH in the Indian Ocean were also investigated based on a domestic evaporation duct system installed on the ship to achieve real-time detection. The data collection procedures and methods are outlined in Section 2. The characteristics and mechanisms of the EDH are discussed in Section 3 and Section 4. The conclusions of this study are presented in Section 5.
2 DATA AND METHODOLOGY
2.1 Data
The “Shiyan 1” Research Vessel undertook a cruise from 10 March 2021 to 4 May 2021. The evaporation duct system in the vessel detects hydrometeorological elements automatically, including the sea surface skin temperature, sea surface temperature, barometric pressure, relative humidity, wind speed, wind direction, and EDH data, with a time resolution of 5 min. The real-time EDH was designed based on the Babin model. The specific sailing routes and experimental zones are shown in Figure 1. Four zones (i.e., E1, E2, E3, and E4) were chosen to investigate the spatial variations of the EDH, and these were individually investigated from Mar. 22–25, Mar. 29–Apr. 1, Apr. 3–6, and Apr. 20–23, respectively. To detect the temporal variations of the EDH, two replicate transects R1 and R2 were selected in the E1 zone.
[image: Figure 1]FIGURE 1 | Background field data showing the mean sea level height anomalies for the time period from 10 March 2021 to 4 May 2021, where the specific navigation routes are shown in black line segments. The red boxes are the study zones E1, E2, E3, and E4. The repeat sections R1 and R2 are located in the E1 experimental area. The starting point of the repeated sections is point O, and the ending points are point 1 and point 2.
2.2 Methods
2.2.1 Evaporation duct refractive index profile calculation
The in situ EDH is based on the atmospheric refractivity distribution obtained from the air pressure, temperature, and humidity profiles (Babin and Rowland, 1992; Babin, 1996; Brooks et al., 1999; Mentes and Kaymaz, 2007; Cheng et al., 2015). The atmospheric refractive index [image: image] is given by Equation 1
[image: image]
where p is the pressure, q is the specific humidity, and [image: image] and [image: image] are the corresponding coefficients. To remove the influences of the Earth’s surface, the atmospheric corrected refractive index was obtained as [image: image], where h is the height from the sea surface, such that the EDH is obtained as the minimum value of [image: image].
2.2.2 Four models for EDH
2.2.2.1 P-J model
The P-J model was proposed by Paulus (1985), and the EDH according to this model is dependent on the air temperature, relative humidity, and wind speed.
The Monin–Obukhov length L is obtained as [image: image] . The Richardson number is given by [image: image], where [image: image] are the air temperature immediately above the sea surface, sea surface temperature, measurement height, and wind speed, respectively. The function [image: image] is calculated from the value of [image: image] as Equation 2:
[image: image]
The refractive index [image: image] is calculated from the difference between the refractive index of air just above the sea surface [image: image] and the refractive index of the water at the sea surface [image: image] as Equation 3:
[image: image]
The refractive index of the air just above the sea surface [image: image] and the related vapor pressure [image: image] are expressed as Equations 4, 5:
[image: image]
[image: image]
where hm is the humidity.
The refractive index of the water at the sea surface [image: image] and the sea surface vapor pressure [image: image] are derived as Equations 6, 7:
[image: image]
[image: image]
The stability of the ocean–atmosphere interface is related to the value of the Richardson number. The steady state is represented by [image: image], and the unstable state is given by [image: image]. The calculation formula for the EDH, i.e., [image: image], is given by Equation 8
[image: image]
where [image: image]; thus,
[image: image]
where [image: image].
2.2.2.2 Babin model
The tropical ocean global atmosphere coupled ocean–atmosphere response experiment (TOGA COARE) model was used to solve for the characteristic scale parameters, Monin–Obukhov length [image: image], as well as the universal functions of humidity, wind speed, and potential temperature (Kang et al., 2014).
[image: image]
[image: image]
[image: image]
In Equation 9 [image: image] are the dimensionless universal contour equations for the air temperature, specific humidity, and wind speed at height z, respectively; [image: image] are the Monin–Obukhov scaling parameters; qs is the specific humidity of the sea surface; [image: image] are the temperature roughness and humidity roughness, respectively; [image: image] are the temperature, specific humidity, and wind speed advection functions.
From Equation 1, Equation 10 can be derived,
[image: image]
From the relationship between the potential temperature and temperature, we have
[image: image]
In Equation 11 Cpa is the specific heat of dry air, Ra is the gas constant of dry air, [image: image] is the air density, and g is the gravitational acceleration.
Babin used the salinity revision proposed by Sverdrup et al. (1943) to calculate the specific humidity of saturation at the sea surface [image: image] as Equation 12:
[image: image]
[image: image]
The saturated water vapor pressure at the sea surface [image: image] is a function of the saturated water vapor pressure [image: image] (Buck, 1981) given by Equation 13
[image: image]
Under stable and neutral conditions, the EDH [image: image] is defined as Equation 14
[image: image]
Under unstable lamination conditions, the EDH [image: image] is defined as Equation 15
[image: image]
2.2.2.3 NPS model
The NPS model also uses the TOGA COARE model and Monin–Obukhov length:
[image: image]
In Equation 16 [image: image].
The dimensional and roughness parameters of the sea surface were calculated using the COARE 3.0 algorithm, and the stability correction function [image: image] applied to the wind speed and temperature under steady conditions is calculated as Equation 17:
[image: image]
where [image: image].
In this model, the air pressure is expressed as Equation 18
[image: image]
where [image: image] and [image: image] are the air pressures at measurement heights [image: image], respectively, and [image: image] is the mean value of the virtual potential temperatures at heights [image: image].
[image: image]
In Equation 19 ε is the ratio of the dry-air gas constant to the water vapor constant (0.622).
2.2.2.4 RSHMU model
In this model, the wind speed and temperature profile stability functions are expressed as Equation 20:
[image: image]
[image: image]
where [image: image] and [image: image], with [image: image], [image: image] 35, and constant values of [image: image] and [image: image].
3 RESULTS
3.1 Temporal variation in the EDH
Figure 2 shows the diurnal variations of the in situ EDH values from 0:00 UTC on April 5 to 0:00 UTC on April 9 as measured using the evaporation duct system. It is noted that the EDH value is greater during daytime and lower at night. The EDH first increases and then decreases, with mean values of 15.1 m and 14.8 m during the daytime and nighttime, respectively. There is an obvious opposite trend between the EDH and relative humidity.
[image: Figure 2]FIGURE 2 | Diurnal variations in the EDH (black) and relative humidity (green). The red dashed line is the mean EDH during daytime (LT 6:00–18:00), and the blue dashed line is the mean EDH at night (LT 18:00–6:00).
Figure 3 shows the in situ EDH variations at two repeated cross sections R1 and R2 having different observation times; these durations are divided into t1 (from 2:35 on March 22 to 01:30 on March 23) and t2 (from 01:30 to 13:10 on March 23) for the R1 transection as well as t3 (from 13:10 to 22:15 on March 23) and t4 (22:15 on March 23 to 13:40 on March 24) for the R2 transection. In the R1 area, the EDH increased from south to north during both t1 and t2. Excluding the spatial trends, the oscillation of EDH during t1 is more significant than that during t2, which may be induced by the high temporal interval during t1. There is no obvious trend from 5.8° S to 5.5° S at the R2 transection, which may be attributed to the limited zonal area. In the R2 area, the EDH is greater during t3 than t4.
[image: Figure 3]FIGURE 3 | EDH variations at the (A) R1 and (B) R2 transections. The blue and red lines indicate the t1 (t3) and t2 (t4) periods, respectively.
3.2 Spatial variation in the EDH
The variations of the EDH in the different zones are shown in Figure 4. E1 has the lowest EDH value of 5 m, while E4 has the largest EDH value of 30 m. The EDH in the entire experimental area of E2 does not have obvious variations; this may be induced by the oceanic motions below the atmosphere. Note that a low sea level anomaly zone with low temperature develops to the east of the E4 zone (Figure 1), which could increase the EDH owing to the low evaporation rate.
[image: Figure 4]FIGURE 4 | Spatial variations in the EDH at (A) E1, (B) E2, (C) E3, and (D) E4.
3.3 Validation of the modeled EDH
Figure 5 shows the EDH variations from the four models along with the in situ value measured using the evaporation duct system. It is observed that the Babin model curve is the best fit for the actual curve. Compared to the in situ value, the mean biases and standard deviations (in parentheses) of the P-J, Babin, RSHMU, and NPS models are 7.48 (4.49), 3.19 (2.46), 2.95 (4.53), and 2.38 (4.68) m, respectively (Table 1). Therefore, the accuracy of the Babin model is the highest among the four models and can be used by researchers to study the EDH in the corresponding sea area. However, it remains to be seen whether this model is applicable to other sea areas and times, which would need to be validated in future studies.
[image: Figure 5]FIGURE 5 |  EDH variations for March 22–25, March 29 to April 1, and April 17–20 during the study period. The black, red, green, blue, and yellow lines are the EDH values from the in situ, Babin, RSHMU, P-J, and NPS measurements, respectively.
TABLE 1 | Mean biases and standard deviations of the EDH between the four models and in situ value.
[image: Table 1]4 DISCUSSION
There are obvious spatial and temporal differences in the EDH. In addition to the basic conditions of the ocean, meteorological variables like wind speed, humidity, and atmospheric temperature may influence the EDH (Ding et al., 2015). We used the EDH measurement obtained using an evaporation duct system to study the relationship of the actual EDH to the meteorological variables.
The scatter plots between the EDH and meteorological variables are shown in Figure 6. As the relative humidity increases, the EDH decreases gradually, which is consistent with the conclusions of Twigg (2007). When the relative humidity is 90%, the standard deviation of the EDH is maximum, which could be attributed to the sparse samples. The EDH has the maximum value when the wind speed is in the range of 8–14 m/s, which could be explained by the stability of the atmospheric boundary layer; when the wind speed exceeds 14 m/s, the relative humidity is reduced. Ding et al. (2015) found that the EDH increases as the wind speed increases from 0–10 m/s, and they attributed this to the developing mechanical turbulence. Meanwhile, the mixing effect of the wind speed can change the air temperature, relative humidity, and vapor pressure, further affecting the EDH. The air–sea temperature difference [image: image] directs the stability of the atmosphere; that is, when the difference [image: image], the atmosphere is stable; when [image: image], the atmosphere is under a neutral condition; when [image: image], the atmosphere is considered to be unstable. Figure 6C shows that when the air–sea temperature difference is zero, the EDH has the maximum value. Paulus (1985) also suggested that the EDH is maximum when the atmosphere is under a neutral condition.
[image: Figure 6]FIGURE 6 | Scatter plots between the meteorological variables and EDH: (A) relative humidity, (B) wind speed, and (C) air–sea temperature difference. The error bars represent the standard deviations of the EDH for every 2% change in relative humidity, 2 m/s change in wind speed, and 0.3°C difference in air–sea temperature.
5 CONCLUSION
Using the observations obtained with an evaporation duct system onboard a research vessel, we present the spatial and temporal variations in the EDH and its possible mechanisms based on evaluations using four EDH models. The findings of this work are as follows:
(1) Based on the in situ EDH measurement in the Indian Ocean, we validated four models of EDH, namely the Babin, P-J, RSHMU, and NPS models. We found that the Babin model has the smallest standard deviation compared to the obtained measurements.
(2) The EDH has a significant diurnal variation, with higher values during the daytime. Spatially, the EDH has a minimum value of 5 m in the south (E1 zone) and a maximum value of 30 m in the north (E4 zone).
(3) The EDH is closely related to meteorological variables like the relative humidity, wind speed, and air–sea temperature difference. The relative humidity is negatively correlated with the EDH, and the standard deviation of EDH value is largest when the relative humidity is 90%. Greater values of the EDH correspond to wind speeds of 8–14 m/s, which may be attributed to the stability of the atmospheric boundary layer. Larger EDH values may also be observed under neutral conditions (when [image: image]).
Based on a new real-time observation system, we measured the EDH to provide a reliable value and determine the most suitable model applicable to the evaporation duct in the Indian Ocean. Moreover, we provide viable data to predict the EDH. This study not only broadens our knowledge of the marine atmospheric boundary layer but also supports research efforts on marine radar, electromagnetic wave propagation, and marine combat.
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