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Abstract

:

This study utilizes in situ measurements and numerical weather prediction forecasts curated during the Coupled Air–Sea Processes Electromagnetic Ducting Research (CASPER) east field campaign to assess how thermodynamic properties in the marine atmospheric surface layer influence evaporation duct shape independent of duct height. More specifically, we investigate evaporation duct shape through a duct shape parameter, a parameter known to affect the propagation of X-band radar signals and is directly related to the curvature of the duct. Relationships between this duct shape parameter and air sea temperature difference (ASTD) reveal that during unstable periods (ASTD < 0), the duct shape parameter is generally larger than in near-neutral or stable atmospheric conditions, indicating tighter curvature of the M-profile. Furthermore, for any specific duct height, a strong linear relationship between the near-surface-specific humidity gradient and the duct shape parameter is found, suggesting that it is primarily driven by near-surface humidity gradients. The results demonstrate that an a priori estimate of duct shape, for a given duct height, is possible if the near-surface humidity gradient is known.
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1. Introduction


Varying thermodynamic properties in the marine atmospheric surface layer (MASL) influence variations in the index of refraction. These changes in the index of refraction lead to changes in the direction of electromagnetic (EM) wave propagation, potentially causing the EM signal to bend back towards Earth’s surface, resulting in anomalous propagation. In extreme cases of downward refraction, EM signals can be trapped close to the Earth’s surface. This phenomenon is known as surface ducting, which notoriously causes target positioning errors, signal loss above the duct, and expanded signal range within the duct for X-band radar. The most common type of surface duct in marine environments is the evaporation duct (ED), which is caused by rapid decreases in humidity with altitude and is a common worldwide feature over marine surfaces [1,2]. Thus, accurately describing EDs is crucial for radar systems operating in marine environments.



Modified refractivity is commonly used in lieu of the index of refraction because it accounts for the curvature of the earth to allow for the easy identification of EDs and amplifies differences in the refractive index from unity. Frequently, especially in radar wave propagation simulations, EDs are modeled using parametric log-linear models, which model vertical distributions of modified refractivity with a limited number of parameters [3,4,5].



Although more sophisticated methods of predicting refractivity vertical profiles exist, such as using numerical weather prediction (NWP) [6] and Monin–Obukov similarity theory (MOST) [7], some reliance on these simple log-linear models remains for several reasons. One, the required supporting meteorological measurements for implementing MOST may be lacking. Two, MOST and NWP require a level of expertise to implement that may not be accessible to all scientists and engineers interested in predicting propagation in ducting environments. Finally, in many cases, a simple duct model is more convenient and practical to implement in propagation simulations.



One such example of a parametric modified refractivity model is a two-layer model proposed by Penton and Hackett [8], which is an extension of the classic Paulus–Jeske-type ED model [9,10]. The Penton and Hackett [8] model defines an ED using four parameters: evaporation duct height (zd), the potential refractivity gradient or duct shape parameter (c0), mixed layer slope (m1), and surface modified refractivity (M0), as depicted in Figure 1,


  M   z   =   M   0   +            c   0     z −   z   d   l n     z +   z   0       z   0         ,                          z ≤ z   L           m   1   z −   M   1   ,                                               z >   z   L             



(1)




where z is altitude,     M   1     is a parameter that ensures continuity between the two layers (and is defined by the other parameters), zL is the altitude of the top of the evaporation layer (zL   ≡   2zd), and z0 is the aerodynamic roughness factor, which is commonly assumed to be 0.00015 m because it is close to the average value for oceanic conditions [11].



Most of the literature [1,12,13,14,15] investigating ED M-profiles using similar parametric refractivity models assume c0 = 0.125 M-units m−1, derived as the critical potential refractivity gradient required for trapping [9]. This value was derived assuming neutral atmospheric stability, a thermodynamic regime that is rarely observed precisely. Multiple recent studies have demonstrated that varying c0 from the commonly assumed neutral value (i.e., 0.125 M-units m−1) significantly alters EM wave propagation [16,17]. Recent research has also shown that duct height, which also impacts duct shape, can be reasonably estimated (and remotely sensed) from radar measurements using inverse methods [18,19,20]. The duct height occurs at the altitude where the sign of the vertical gradient of the modified refractivity profile changes sign (or is zero), and it sets the top of the trapping layer. The duct height itself can change the shape of the vertical profile, but for a given duct height, generally speaking, the shape of the duct impacts the duct strength through its modification of the M-deficit (difference between M at the surface and at the duct height) [16].



Presently, little is understood about the connections between the physical environment and the shape of the duct, independent of duct height, and consequently it is not possible to make predictions of this shape parameter (c0) a priori. In other words, although it is known that c0 should be adjusted from the neutral value, it is unclear how to modify it to account for atmospheric conditions (in a general sense).



Although duct height, zd (i.e., altitude where     ∂ M   ∂ z   = 0  ), and its effects on X-band propagation during evaporative ducting conditions have been studied extensively [2,16,21,22,23], the duct shape, independent of duct height, has been studied sparsely. Lentini and Hackett [17] demonstrated that c0 is more important than zd at frequencies above X-band at long ranges from the transmitter. Saeger et al. [10] suggested that the decoupling of m1 and c0 within a two-layer parametric refractivity model would improve the estimation of M-profiles relative to in situ (radiosonde) data due to being able to adjust the curvature of the duct independent of duct height, and without altering the mixed layer slope. Pastore at al. [16] also noted that M-profile shape, or profile curvature, affects X-band EM wave propagation at long ranges from the transmitter and demonstrated a direct linear relationship between the duct curvature and M-deficit, which describes the strength of the duct [12,24]. Here, we focus our investigation on duct shape and duct strength through the lens of this duct shape parameter (c0).



Few prior studies have examined factors influencing duct shape and related them to atmospheric conditions. Cherrett [24] evaluated atmospheric property relationships with zd and ED strength (characterized by the M-deficit) and found that, in very unstable regimes, both zd and ED strength are most sensitive to humidity, but in near-neutral cases, there is some dependence on atmospheric stability. Pastore et al. [16] also suggest that ED curvature is likely driven by near-surface gradients of temperature and humidity. Furthermore, Zhang et al., 2017 [25] connected the ED to the physical environment with a log-linear relationship between zd and evaporation rate. Generally, higher evaporation rates and higher sea surface temperatures (SSTs) often lead to the formation of evaporation ducts under unstable atmospheric conditions, although it is possible for evaporation ducts to form under stable atmospheric conditions as well. Unstable atmospheric conditions also play important roles in forcing mesoscale meteorological events such as mesoscale convective systems and aggravated coastal precipitation events due to sea breezes.



This study examines evaporation duct shape using environmental parameters estimated by NWP and semi-empirical models to identify relationships between the near-surface-specific humidity gradient (NSSHG), the air–sea temperature difference (ASTD), gradient Richardson number (Ri), wind shear, and c0. Such insights can make a priori estimates of c0, or duct shape, more tractable for implementation in propagation models; this would enable a simple parametric refractivity model to account for variations in duct shape for a given duct height. For example, a priori duct shape estimates could help improve propagation predictions without the use of more complex and computationally demanding mesoscale weather models.




2. Data and Analysis Methods


In this section, the datasets used for this study are described, which consist of refractivity predictions from the CASPER east field campaign [26]. Although these are predictions, they have been verified against measured data during this field campaign; thus, they are considered to be of a high quality. Two different numerical datasets are used to reduce the potential of model bias in the results. Although both sets of data rely to some extent on MOST, the differing implementation should help reduce potential for bias. Furthermore, one dataset incorporates measurements made during the campaign, while the other does not (aside from any routine data assimilation). Obtaining consistent results across the two datasets increases confidence in the results. These numerical data are fit to the parametric refractivity model (Equation (1)) to parameterize the duct shape with the duct shape parameter. The details of this fitting to the parametric model are also contained in this section. Finally, this section also describes the meteorological parameters that are evaluated for their relationship with this duct shape parameter and specifies how they are computed from the datasets.



2.1. Numerical Data


The data used in this study come from two subsets of numerical data modeled for conditions during the CASPER east field campaign [26], which is an experimental effort to better understand radar wave propagation during evaporative ducting conditions in the MASL. CASPER-East took place offshore Duck, North Carolina, between 12 October and 6 November 2015. This location and time of year is a prime environment for developing EDs because of the warmer SSTs and cooler air temperatures occurring during the autumn season, especially further offshore, due to the higher SSTs of the Gulf Stream. Warmer SSTs and cooler air temperatures lead to unstable atmospheric conditions promoting steep near-surface humidity gradients. The prominence of the unstable atmospheric condition during the field campaign can be seen in Figure 2 by the negative air–sea temperature differences (ASTDs).



One numerical dataset uses time-averaged (bulk) meteorological measurements and SST measurements taken aboard the research vessel (R/V) Sharp, along with wave spectra from wave buoys, to generate atmospheric profiles of wind speed, temperature, and humidity using the Coupled Ocean Atmosphere Response Experiment (COARE) algorithm that implements MOST [7,27]. Bulk meteorological measurements are 30 min averaged measurements of air temperature, pressure, humidity, and wind speed (see Figure 2) taken approximately 12 m above the sea surface from a bow mast on the R/V Sharp that acquired data at 20 Hz. SST measurements are from the R/V Sharp water intake (~0.1 Hz) and averaged over 5 min intervals and then corrected to skin temperatures using an infrared SST autonomous radiometer (ISAR) skin temperature probe [26]. The surface values are zero for wind, the skin SST for temperature, and surface-specific humidity is approximated from a 98% relative humidity assumption for the given SST.



Wave spectra are computed every 30 min, each from surface displacement time series measured at a sampling frequency of 2 Hz over ~40 s intervals at five fixed buoy locations along an offshore transect between Duck pier and 60 km offshore [16,26]. The power spectral densities (PSDs) of the surface displacements for all 5 buoys for each measurement interval (40 s) are spatially averaged to estimate a mean PSD (1D wave spectrum) for the region. The 30 min wave spectra can be linked with each R/V Sharp bow mast bulk measurement of the atmospheric properties [16].



COARE determines aerodynamic roughness by incorporating inputs regarding the significant wave height (hs) and peak wavenumber, which were calculated from the mean PSD:


    h   s   = 4  w   



(2)




where   w   is the integral of the buoy-averaged 1D wave spectrum. Peak wavenumber is the wavenumber associated with the peak frequency [28], which is the frequency of the highest mean PSD.



COARE atmospheric profiles of temperature, humidity, and pressure are used to calculate vertical profiles, with 0.1 m vertical discretization, of modified refractivity using [29]:


  N = 77.6   P   T   + 373256   e     T   2      



(3)




where P is pressure (mb), T is temperature (K), and e is partial vapor pressure (mb). Atmospheric refractivity is then converted to modified refractivity:


  M   z   =   n +   z     R   e     − 1   ×   10   6   = N +   z     R   e     ×   10   6    



(4)




where Re is the radius of the earth, and n is the index of refraction. The data comprise 995 COARE M-profiles used in this study.



The second numerical dataset used in this study is curated from the Coupled Ocean-Atmosphere Mesoscale Prediction System (COAMPS® [30]). It consists of NWP forecasts of modified refractivity profiles during CASPER-east, which are blended with the Navy Atmospheric Vertical Surface Layer Model (NAVSLaM; [31]). The initial boundary conditions used in COAMPS® for the atmosphere and ocean are estimated from the Naval Global Environmental Model (NAVGEM [32]) and the Global Hybrid Coordinate Ocean Model (HYCOM [33]), respectively. COAMPS® has a resolution of seventy-one levels between 4 m and 4000 m, of which only six levels are within the lowest 100 m. This resolution is inadequate for EDs. As such, the COAMPS® predictions are blended with NAVSLaM by seeding the NAVSLaM algorithm with COAMPS® estimates to ensure adequate resolution for EDs. NAVSLaM, like COARE, employs MOST to estimate near-surface atmospheric property vertical profiles. Blended profiles generate meteorological estimates for specific humidity, temperature, and wind speed with decimeter vertical sampling within the first 100 m of altitude; the bulk SST from COAMPS® is also used. COAMPS® predictions are initialized every 12 h and consist of hourly forecasts over the duration of the CASPER-east experiment (648 forecasts). Each blended forecast is for 31 offshore locations with a spatial sampling of ~2 km over a 60 km transect beginning at Duck Pier, NC (for a total of 20,088 profiles over all forecasts). An example COAMPS®-NAVSLaM blended forecast is shown in Figure 3. For brevity, COAMPS® will be used subsequently in this manuscript to describe these blended forecasts.




2.2. Analysis Methods


The parameters of the parametric model (Equation (1)) [8,34] are estimated from each COARE and COAMPS® modified refractivity profile that contains only an evaporation duct (i.e., elevated and surface-based ducts are not considered). Parameters are estimated either directly from refractivity profiles or through the use of nonlinear-least-squares regression (NLSR). zd is determined directly as the altitude where the gradient of modified refractivity       ∂ M   ∂ z       changes sign. M0 is directly determined as the modified refractivity at z = 0 m. Because c0 and m1 must transition as smoothly as possible at the top of the evaporation layer and c0 is difficult to estimate directly from the data, an NLSR is used to fit the numerical data M-profiles to Equation (1) to estimate c0 and m1. The initial guess (for the NLSR) for c0 is set to the commonly assumed value for neutral stability (0.125 M-units m−1) [9], and the initial guess for m1 is set to the global average mixed layer slope (0.118 M-units m−1) [35].



To verify the use of c0 as a proxy for M-profile shape, the average second order derivative (        ∂   2   M   ∂   z   2      ¯   ) of the COAMPS® M-profiles is calculated within the evaporation layer (i.e., z = 0 to z = 2zd) and evaluated against the NLSR fits of c0. The average second order derivative has been previously used to characterize duct shape [16], and the comparison of this second order derivative with c0 enables duct shape to be examined in the context of a parametric refractivity model that can be directly used in propagation simulations. The vertical derivative of M is computed as a central difference aside from the edge points where forward and backward differences are used.



Figure 4A compares an M-profile based on Equation (1), using parameters estimated as described in the preceding paragraph, to the corresponding COAMPS® M-profile. The goodness of the NLSR fit is evaluated via the mean squared error (    E   r    ) within the evaporation layer (i.e., z = 0 to z = 2zd) to focus on the duct curvature portion of the refractivity profile. Specifically, Er is computed as follows:


    E   r   =   1     n   m r e f       ∑  i = 1     n   m r e f            M     c   i     −     M  ^      f   i         2      



(5)




where     M   c     is the COARE or COAMPS® refractivity,       M  ^    f     is the parametric model fit to the COARE or COAMPS® refractivity, and nmref is the number of altitudes within the evaporation layer.



Figure 4B shows the Er distribution for all CASPER-East numerical data containing EDs, where COAMPS is shown in blue and COARE is shown in gray (note that overlap shows as an alternate shade of blue). Only profiles that fit the parametric model very well (    E   r     < 1 M-unit2; first bin in Figure 4B) are utilized in this study to evaluate relationships between c0, atmospheric stability, and NSSHG. This restriction ensures that the results are not influenced by cases where the parametric model fails to properly represent the evaporation duct. We apply this criterion and ~58% of COARE M-profiles and ~73% of COAMPS® M-profiles are left for use in this study. Recall that the COAMPS® dataset used within this study is approximately 20 times larger than the COARE dataset. In general, the parametric model represents the COAMPS® data better than the COARE data.



c0 estimated from all the M-profiles is analyzed with respect to the co-located and synchronous estimates of the other atmospheric variables. The atmospheric stability’s relationship to c0, and thus ED shape, is explored through two stability metrics: the gradient Richardson number (Ri; Equation (6)) and ASTD. Ri is a non-dimensional number that represents the ratio between buoyancy-induced turbulence production and shear-induced turbulence production. Ri is often considered to be not only an indicator/descriptor of turbulence but is also approximately the same as atmospheric stability when atmospheric conditions are unstable [36,37]. Furthermore, Ri encapsulates many physical parameters (temperature, wind components, and humidity); thus, the results of relationships between c0 and Ri may certainly shed light on relationships with other physical parameters. The relationship between Ri and c0 is compared to the relationship between the ASTD and c0 to evaluate if c0 behaves similarly with respect to these two stability metrics. The profiles of Ri are calculated [36,37,38]:


  R i ( z ) =     g     T   v         ∂   θ   v   ( z )   ∂ z           ∂ u ( z )   ∂ z       2   +       ∂ v ( z )   ∂ z       2      



(6)




where g is gravitational acceleration (9.81 ms−2),     θ   v     is virtual potential temperature,     T   v     is average virtual temperature over all altitudes between the surface, and z = 2zd and u and v are the east/west and north/south wind components, respectively. Ri is calculated at each altitude, and the average Ri in the evaporation layer is used to characterize the stability. Note that Ri is not examined for COARE as wind direction is not estimated by COARE; thus, COARE does not provide all the required variables for calculating Ri using Equation (6). The ASTD is calculated by subtracting SST from the air temperature predictions at zL (zL = 2zd).



NSSHG (    ∂ q  /  ∂ z    ) and wind speed shear (    ∂ U  /  ∂ z    ) are also investigated for relationships with c0. These metrics are calculated by finding the difference between specific humidity or wind speed at zL = 2zd and at the surface (z = 0 m) and dividing by the difference in altitude, 2zd (i.e., the evaporation layer thickness). These altitudes are chosen to envelop variations spanning the evaporation layer; additionally, it is likely that the constant flux layer begins before z = 2zd, and mathematically, in the two-layered model, c0 influences the evaporation duct curvature from the surface to 2zd. Recall that the surface-specific humidity is estimated using SST for determining vapor saturation values and assuming 98% relative humidity.



Relationships of c0 with respect to Ri, ASTD, wind shear, and NSSHG are evaluated using scatter plots, Pearson’s correlation coefficients, and coefficients of determination on regression fits to ascertain connections between c0 and these physical properties.





3. Results and Discussion


First, we discuss c0 as a proxy for ED shape. Here, shape is a general term used to describe the vertical trends of refractivity. One way we can quantify the shape is by estimating the mathematical curvature of the vertical M-profile (function), which is defined by its second derivative. This quantification of the shape is most logical for an ED because its vertical trend is mostly dictated by the curve of the profile within the duct (i.e., surrounding and below the duct height).



The first derivative of M with respect to z from Equation (1) within the evaporation layer (z < zL) yields the following:


    ∂ M   ∂ z   =   c   0   +   c   0     z   d       1   z +   z   0        



(7)




and the second derivative is thus


      ∂   2   M   ∂   z   2     =   −   c   0     z   d       ( z +   z   0   )   2      



(8)







Equation (8) shows that the curvature of the M-profile is a function of both duct height (zd) and c0; thus, the shape of the duct is controlled both by the duct height and this shape parameter (c0). Varying c0, therefore, enables a way for the shape of the duct to be altered independent of duct height. Figure 5A illustrates this point by showing two M-profiles, both from COAMPS® with zd = 13 m, but different c0. The profile with the larger c0 (c0 = 0.41 M-units m−1), denoted in blue, has larger near-surface gradients than the profile with a smaller c0 (c0 = 0.26 M-units m−1) denoted in red. Thus, although the duct heights (as well as mixed layer slopes) are the same, the ED shape changes with the modification of c0. Figure 5B further evaluates this shape effect by illustrating the relationship between c0 and the evaporation layer-averaged second order vertical derivative of modified refractivity (        ∂   2   M   ∂   z   2      ¯  )  , previously used to describe ED shape in a propagation study [16]. These results illustrate a zd-dependent linear trend between c0 and this mathematical quantification of curvature. These results demonstrate that ED shape is related to the c0 parameter. While the duct height also impacts the shape of the duct, the effects of duct height on propagation as well as its relationship to atmospheric conditions have been extensively studied. Here, we focus on the c0 parameter as a way of examining the influence of the environment on duct shape independent of the duct height. In fact, and as Equation (8) shows, more than one duct shape can occur for a given duct height, yielding the relationship between the duct curvature (        ∂   2   M   ∂   z   2      ¯  )   and c0, shown in Figure 5B. In contrast, it can also be seen in Figure 5B that there is significant scatter in the relationship between         ∂   2   M   ∂   z   2      ¯    and c0, which is due to the duct height also playing a role in determining         ∂   2   M   ∂   z   2      ¯    (see color bar in Figure 5B; Equation (8)). Examining the relationship between c0 and various environmental parameters sheds light on what aspects of the environment might alter duct shape without impacting duct height.



Because EDs are a common occurrence over marine surfaces in unstable thermal regimes, and rarer in stable thermal regimes due to presumably weaker near-surface thermodynamic gradients [2], atmospheric stability is an important property to consider when evaluating EDs. Ding et al. [39] demonstrated that modeled zd has a high sensitivity to thermodynamic stability functions used within various models.



Figure 6A illustrates the relationship between c0 and Ri and reveals a nonlinear trend, with c0 being larger when Ri magnitudes are smaller (more negative). Pearson’s correlation coefficient between c0 and Ri is −0.87 (p ~ 0), indicating a strong, significant inverse relationship, which is visually evident in Figure 6A. It should be cautioned, however, that Pearson’s correlation coefficient only quantifies the linear portion of the observed nonlinear relationship. Nonetheless, this linear correlation suggests that as stability decreases (becomes more unstable), c0 will increase. More broadly, M-profiles which have a tighter radius of curvature are likely to be associated with unstable atmospheres. Furthermore, the slope of the relationship between c0 and Ri is steeper when Ri is near-neutral (Ri ~= 0) and reduces in steepness when Ri indicates large instability (Ri < −2). This trend suggests that when Ri is near-neutral or stable, the curvature (c0) of the profile is sensitive to small changes in Ri, similar to the findings of Cherrett [24] with respect to stability and the M-deficit. Low scatter is observed near the neutral value for c0 (i.e., when Ri = 0, solid line; c0 ≈ 0.125 M-units m−1, dashed line). The larger scatter in this relationship for Ri < −2 may be associated with convective conditions.



Like Ri, a weak inverse relationship is found between the ASTD and c0 for both COARE and COAMPS® profiles (Figure 6B); notably, scatter in the data is also reduced near neutral values with a small offset. In stable regimes (i.e., ASTD > 0 °C), c0 is smaller (mostly less than ~0.2 M-units m−1), indicating broader curvatures, whereas in unstable regimes (i.e., ASTD < 0 °C), c0 can be large (frequently above ~0.2 M-units m−1), indicating tighter curvature of the M-profiles. There is a subset of COARE and COAMPS® profiles with c0 between ~0.35 and 0.50 M-units m−1 that do not appear to follow the same trends as the data in the near-neutral or mildly unstable regime; they are associated with a very unstable thermal regime (i.e., ASTD < −6 °C). This highly unstable regime, likely at or near convective conditions, could invoke different forms of the stability functions than the more mildly unstable range. Furthermore, the stability functions in this stability range could differ between NAVSLaM and COARE [31] because this regime also exhibits the least overlap in the COARE and COAMPS® predictions. Notably, this subset of points corresponding to COAMPS® profiles (Figure 6B) does not occur as outliers in the relationship between c0 and Ri (Figure 6A), potentially indicating that winds are a factor in the relationship between stability and c0. It is also noteworthy that when the ASTD > 0, Ri is not always greater than zero (and vice versa). This discrepancy occurs due to the conversion of temperatures to virtual temperatures. In some cases, this conversion can change the sign of the temperature gradient. This sign change typically occurs in near-neutral cases or cases with a high water vapor content.



Near-surface wind shear could influence ED properties by mechanical mixing impacting thermodynamic gradients responsible for controlling atmospheric refractivity [29]. For example, McKeon [40] found that RH and temperature weakly influence zd in times of increased wind speeds. The relationship between c0 and wind speed shear (    ∂ U  /  ∂ z    ) is investigated in Figure 7. Notably, c0 from COARE and COAMPS® behave similarly with respect to     ∂ U  /  ∂ z     (and     ∂ q  /  ∂ z    ), so they are shown using the same symbols to focus on the overall trends between c0 and the respective thermodynamic property.



When wind shear is small (~<1 s−1), the range of c0 is large (Figure 7), and in contrast, during times of greater wind shear (>1 s−1), c0 is generally below 0.2 M-units m−1, although it should be noted that limited ASTD conditions were observed under high wind shear. Furthermore, large c0 (c0 > 0.5 M-units m−1) only occurs when wind shear is low (< 0.30 s−1) during unstable conditions. These findings could be attributed to limited mechanical mixing allowing for the setup of steeper near-surface thermodynamic gradients during unstable conditions. During conditions that are slightly unstable (i.e., −4 °C < ASTD < 0 °C) and have relatively low wind shear (<1 s−1), c0 varies significantly with wind shear. However, during neutral to stable conditions, c0 appears to be relatively insensitive to wind shear, perhaps suggesting that stable stratification limits the influence of wind shear on near-surface thermodynamic gradients and hence evaporation duct shape. During stable conditions (ASTD > 0), the lower c0 (<0.2 M-units m−1) is consistent with the findings presented in Figure 6 that stable conditions are generally associated with smaller (broader) curvatures (c0). Notably, Figure 7 shows the very unstable (i.e., ASTD < −6 °C) cluster of points seen in Figure 6B as occurring during a relatively low wind shear of ~0.4 s−1 (and c0 near 0.4 M-units/m).



Lastly, because EDs are purported to form from steep near-surface humidity gradients [2,18], and Pastore et al. [16] suggests that the stability regime and near-surface humidity gradients are likely related to c0, the relationship between     ∂ q  /  ∂ z     and c0 is investigated. Specific humidity is used as the humidity metric because it directly measures water content and is not influenced by temperature or pressure. This relationship, also delineated with respect to the ASTD, is illustrated in Figure 8. COARE and COAMPS® c0 both have a strong inverse linear relationship with     ∂ q  /  ∂ z    , implying that     ∂ q  /  ∂ z     is connected to c0 variations. The coefficients of determination, R2, for COARE and COAMPS® are both approximately 0.96; thus, 96% of c0 variance can be explained via a linear relationship with     ∂ q  /  ∂ z    . The relationship between     ∂ q  /  ∂ z     and c0 becomes less consistent when the ASTD is near-neutral and stable, (ASTD   ≳    0 °C) shown by the increased scatter in this region in Figure 8. This result could imply discrepancies between MOST-based models and/or generally more model uncertainty in stable regimes, which is well documented [37,38], or a more limited shape representation by c0 during stable regimes. The linear relationship appears weakly dependent on the ASTD for neutral and unstable regimes, which is consistent with prior results shown in this manuscript (Figure 6). In strongly unstable regimes (ASTD < −6 °C), as shown previously, the relationship appears to change and become slightly less linear, likely associated with the development of convective conditions. For mildly unstable cases, the relationship indicates that the curvature of the M-profile becomes tighter (larger c0) as the specific humidity gradient becomes more negative (stronger). This high correlation between     ∂ q  /  ∂ z     and c0 suggests that measuring     ∂ q  /  ∂ z     may offer enough information to predict the shape of the evaporation duct a priori.



Although the above relationship between c0 and     ∂ q  /  ∂ z     is evident, instrumentation is typically limited in its ability to make accurate measurements of humidity close to the ocean surface due to the fouling of the instrument by sea spray and waves [16,41]; thus, SST and the assumption of 98% relative humidity is more common, as utilized in this study, for the surface-specific humidity. Measuring humidity at altitudes well above the surface can also be challenging due to the need for a weather balloon, rocketsonde, or drone-based measurement. Thus, it becomes important to explore the robustness of the c0 and     ∂ q  /  ∂ z     relationship with respect to both the upper and lower limits of the measurement heights needed to estimate     ∂ q  /  ∂ z     for this relationship to remain similar to that demonstrated in Figure 8. This sensitivity analysis is shown in Figure 9. Figure 9A,B show the effect of raising the lower reference altitude on the relationship between     ∂ q  /  ∂ z     and c0. Figure 9C,D show the effect of lowering the upper reference altitude on this relationship. Figure 9E shows where the various reference points are located on an example of a specific humidity profile.



The relationship between c0 and     ∂ q  /  ∂ z    , as shown in Figure 8, is also shown in Figure 9A,C as the black markers. However, it can be easily observed in Figure 9A that when the lower reference altitude for     ∂ q  /  ∂ z     changes to 1% of zd (blue markers), the relationship bifurcates (or splits) into two different relationships, where some profiles show the same relationship as when the lower reference altitude is at z = 0 m (black markers) and another branch shows a different relationship. If this lower reference is raised even higher to 5% of the duct height (Figure 9A red markers), then the relationship observed when the lower reference altitude is at z = 0 m no longer exists for any profile. Examining the bifurcated case more closely, shown in Figure 9B, one branch of the bifurcated case (the one consistent with trends in Figure 8) is composed of profiles with lower duct heights, while the other branch is composed of profiles with higher duct heights. This result suggests that there is a somewhat fixed limit to how high the lower reference altitude for estimating     ∂ q  /  ∂ z     can be for the relationship shown in Figure 8 to hold. Higher duct heights mean that 1% of the duct height is also a larger number; thus, in those cases, the lower reference altitude is higher than in cases with a smaller duct height, explaining the bifurcation by duct height shown in Figure 9B. More specifically, 1% of zd in profiles that continue to follow the trends shown in Figure 8 correspond to heights of less than 10 cm above the surface. This result suggests that the very-near-surface region (  ≲  10 cm) is critical for the prediction of the duct shape parameter (c0) using only an estimated     ∂ q  /  ∂ z    . Additionally, this result indicates that c0 estimation requires an SST estimate (and assumption of 98% relative humidity) because making a humidity measurement this close to the surface is logistically challenging. The collapse of the relationship when the lower reference altitude is higher (e.g., 5% of zd) indicates that the steepest portion of the humidity profile occurs before this height (see Figure 9E); this height limit could be related to a physical aspect of the boundary layer such as the bottom/start of the constant flux layer. Thus, to be able to utilize the linear relationship between     ∂ q  /  ∂ z     and c0 in a predictive manner, as presented here, the two measurements used to compute     ∂ q  /  ∂ z     need to be obtained such that the lower measurement is taken at the surface.



In contrast, Figure 9C shows that when the upper reference altitude is set to a fixed value, such as 4 m, typical of a buoy-based measurement for example (see Figure 9E), the relationship in Figure 8 no longer collapses on a single linear slope but instead shows variability in slope (relative to Figure 8). Figure 9D shows that this variability is duct-height-dependent, suggesting that the humidity gradient impacting c0 is not being consistently captured across profiles to result in a consistent relationship. In fact, the predictive relationship only holds in cases where the upper reference altitude for     ∂ q  /  ∂ z     is calculated with respect to the duct height, shown in Figure 9C (blue and black markers). When the upper reference altitude for computing     ∂ q  /  ∂ z     is 0.5zd or 2zd (see Figure 9E), the coefficients of determination (R2) are 0.97, whereas the R2 when using an upper reference altitude of 0.25zd is lower (0.93), indicating that the entire humidity gradient impacting c0 (or the M-deficit) is no longer being captured. Therefore, we suggest that the upper reference altitude be at least half the duct height; however, it should be noted that the linear relationship using an upper reference altitude of 0.5zd is different than that for 2zd (even though they both collapse the data; Figure 9C).




4. Conclusions


Two numerical datasets based on two different numerical modeling approaches—COARE and COAMPS®—estimated and verified against in situ data for the CASPER east field campaign were utilized to analyze relationships between a model parameter describing ED shape, c0, and atmospheric properties: ASTD, Ri,     ∂ q  /  ∂ z    , and wind shear. The gradient Richardson number and ASTD are shown to be inversely correlated to c0, suggesting that as the atmosphere becomes more unstable, the shape of the duct (i.e., the duct curvature) will become tighter, or more “curved” for a given duct height. Inversely, during stable conditions, lower c0 should be expected, leading to broader-curved M-profiles. When wind shear is low (<0.5 s−1), and the ASTD is negative, c0 varies considerably with wind shear, but when the ASTD is positive, wind shear has little impact on duct shape (c0) for the range of the stabilities examined here.



Finally, c0 is shown to have the strongest inverse correlation with     ∂ q  /  ∂ z    , suggesting that ED shape is most sensitive to the humidity gradients below the duct height. This relationship was shown to be slightly ASTD-dependent and indicates increasingly tighter M-profile curvatures as the specific humidity gradient strengthens (becomes more negative). The robust relationship suggests that the NSSHG may be used to predict c0 or ED shape a priori with few supporting measurements and an estimated duct height, where the latter could be obtained through inversion methods [18,19,20]. Further evaluation of the relationship between c0 and     ∂ q  /  ∂ z     suggests that the two measurements of specific humidity should minimally span from the surface to at least 0.5zd (see Figure 9E) to obtain predictive capabilities with c0. In other words, ED shape (i.e., trapping strength) for X-band EM propagation can be reasonably estimated with an SST measurement (assuming 98% relative humidity) and one measurement of specific humidity at a higher altitude (>0.5zd), which are relatively simple and straightforward measurements to make. With the ED shape parameter estimated, propagation predictions based on simple parametric refractivity models will be more accurate as the duct strength will be accounted for more accurately than using, for example, the commonly assumed neutral value of 0.125 M-units m−1. This approximation (in conjunction with estimating duct height) would significantly reduce the required data and subsequent computation time to estimate the refractive environment. For example, the use of MOST requires a wind speed measurement in addition to temperature and humidity measurements at a reference height and at the surface. Further, parametric propagation studies using a parametric refractivity model can more easily and accurately explore a wide range of conditions by varying the duct shape (c0), with small c0 during stable conditions and large c0 during unstable conditions (for a given duct height).



It should be noted that the results of this study are based on numerical datasets from a single field campaign on the east coast of the United States during autumn. In this field campaign, warmer sea surface temperatures frequently led to unstable atmospheres and higher rates of evaporation than may be valid for other parts of the globe. In addition, all the datasets used in this study rely on MOST to some extent and are subject to the limitations of this theory. Further research should investigate whether these results hold true across a wider range of conditions, particularly those with cooler sea surface temperatures. Limited profiles for the stable regime exist in this dataset, so more research on these relationships during stable atmospheric conditions is needed. Importantly, this work should be verified with measured in situ data and highlights the importance of measuring humidity near the ocean surface. Improvements in technologies that can reliably make these near-surface humidity measurements are needed.



Collectively, this manuscript demonstrates how evaporation duct shape can vary independently from duct height and that these variations can be linked to atmospheric conditions, especially the humidity gradients near the surface. Furthermore, these results increase the relevance and applicability of simple log-linear M-profile models (e.g., Equation (1)) to estimate refractive environments for the design, development, testing, and operation of X-band radar-based technologies used in a wide range of applications involving communications, detection, and forecasting.
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Figure 1. Example of a modified refractivity profile for the two-layer model described by Equation (1) [8] and associated parameters. 
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Figure 2. In situ bulk measurements from the R/V Sharp used by the COARE algorithm to compute vertical profiles of temperature, wind speed, and specific humidity: (A) in situ bulk temperature measurements: skin-corrected sea surface temperature (SST) and air temperature 12 m above the sea surface measured from the bow mast of the R/V Sharp. The ASTD (right axis) between these two measurements is used as a rough estimate for observed stability regime. (B) In situ bulk measurements of wind speed and atmospheric pressure (right axis) at 12 m above the sea surface measured on the bow mast of the R/V Sharp. (C) In situ bulk measurements of specific humidity 12 m above the sea surface measured on the R/V Sharp bow mast (note the measurement gap in October is due to a mid-cruise port call). 






Figure 2. In situ bulk measurements from the R/V Sharp used by the COARE algorithm to compute vertical profiles of temperature, wind speed, and specific humidity: (A) in situ bulk temperature measurements: skin-corrected sea surface temperature (SST) and air temperature 12 m above the sea surface measured from the bow mast of the R/V Sharp. The ASTD (right axis) between these two measurements is used as a rough estimate for observed stability regime. (B) In situ bulk measurements of wind speed and atmospheric pressure (right axis) at 12 m above the sea surface measured on the bow mast of the R/V Sharp. (C) In situ bulk measurements of specific humidity 12 m above the sea surface measured on the R/V Sharp bow mast (note the measurement gap in October is due to a mid-cruise port call).



[image: Atmosphere 15 00718 g002]







[image: Atmosphere 15 00718 g003] 





Figure 3. Modified refractivity profiles from a COAMPS® forecast corresponding to October 10th 0600Z; color denotes their respective ranges from Duck pier (see color bar). 
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Figure 4. (A) Example nonlinear-least-squares regression (NLSR) fit of Equation (1) to a COAMPS® modified refractivity profile. The forecast in this example is for November 3rd 0700Z, which was initialized at 0000 UTC. (B) Histograms of Er for COAMPS® (blue; left axis) and COARE (grey; right axis) (see legend), where bin-overlap is in the alternate shade of blue. 
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Figure 5. (A) NLSR-fits of the parametric refractivity model (Equation (1)) to two COAMPS® M-profiles both with zd = 13 m and m1 = 0.1 M-units m−1, different c0 (see legend), and M0 of 369 and 375 M-units for the red and blue profiles, respectively. (B) Scatter plot of NLSR-based c0 of COAMPS® M-profiles and the corresponding evaporation layer-averaged second order vertical derivative of modified refractivity. The colors denote duct height (see color bar). 
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Figure 6. Relationships between stability metrics and c0. (A) shows the relationship between c0 and Ri for COAMPS profiles, while (B) shows the relationship between c0 and ASTD (for all numerical data—see legend). 
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Figure 7. The relationship between c0 and wind speed shear (    ∂ U  /  ∂ z    ) for both COARE and COAMPS®. The color of each marker corresponds to the respective ASTD (see color bar). 
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Figure 8. The relationship between the NSSHG (    ∂ q  /  ∂ z    ) and c0, where the color of each marker is the respective ASTD for both COARE and COAMPS® (see color bar). 
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Figure 9. Relationship between c0 and     ∂ q  /  ∂ z    , when     ∂ q  /  ∂ z     is estimated over various altitude ranges. (A) shows the relationship between     ∂ q  /  ∂ z     and c0 when the lower reference altitude is varied (see legend). (B) shows the relationship between     ∂ q  /  ∂ z     and c0 when     ∂ q  /  ∂ z     is computed using the altitude range of 0.01zd–2zd and where the color of each marker is the respective zd (see color bar). (C) shows the relationship between c0 and     ∂ q  /  ∂ z     when the upper reference altitude is varied (see legend). (D) shows the relationship between     ∂ q  /  ∂ z     and c0 when     ∂ q  /  ∂ z     is computed using the altitude range of 0 m–4 m and where the color of each marker is the respective zd (see color bar). (E) Example COAMPS® vertical q profile from 30 October 2015, at 1300Z, where the corresponding M-profile zd is 13 m (red dashed line) and the height of various reference points on the profile are illustrated (see legend). 
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