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Abstract

:

A relationship between the friction velocity   u ⋆   and mean wind speed U in a stable atmospheric boundary layer (ABL) over Arctic sea ice was considered. To that aim, the observations collected during the Surface Heat Budget of the Arctic Ocean (SHEBA) experiment were used. The observations showed the so-called “hockey-stick” shape of the    u ⋆  − U   relationship, which consists of a slow increase of   u ⋆   with increasing wind speed for   U <  U  t r     and a more rapid almost linear increase of   u ⋆   for   U >  U  t r    , where   U  t r    is the wind speed of transition between the two regimes. Such a relationship is most pronounced at the highest observational levels, namely at 9 and 14 m, and is also sharper when the air-surface temperature difference exceeds its average values for stable conditions. It is shown that the Monin–Obukhov similarity theory (MOST) reproduces the observed    u ⋆  − U   relationship rather well. This suggests that at least for the SHEBA dataset, there is no contradiction between MOST and the “hockey-stick” shape of the    u ⋆  − U   relationship. However, the SHEBA data, as well as the single-column simulations show that for cases with strong stability,   u ⋆   significantly decreases with height due to the shallowness of the ABL. It was shown that when   u ⋆   was assumed independent of height, the value of the normalized drag coefficient, i.e., of the so-called stability correction function for momentum, calculated using observations at a certain level, can be significantly underestimated. To overcome this, the decrease of   u ⋆   with height was taken into account in the framework of MOST using local scaling instead of the scaling with surface fluxes. Using such an extended MOST brought the estimates of the normalized drag coefficient closer to the Businger–Dyer relation.
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1. Introduction


Turbulent heat and momentum exchange are the key processes carrying out thermodynamic coupling among the atmosphere, sea ice, and ocean in the Arctic and, thus, have to be adequately parameterized in numerical climate and weather prediction models [1]. The Arctic atmospheric boundary layer is different from that in lower latitudes due to the frequent occurrence of the so-called long-lived stable stratification in the lower atmosphere [2], which is formed due to the radiative cooling of the surface and of the atmosphere during polar night [3].



Typically, at least two regimes are identified in a stable atmospheric boundary layer (ABL): the weakly stable and the strongly stable ones [4,5] with a sharp transition between them [3,6].



It is generally accepted that for weakly stable stratification, Monin–Obukhov similarity theory (MOST) describes the nondimensional properties of the surface layer well. Furthermore, MOST based on local scaling was shown to be valid for heights above the surface layer in a stable ABL within a large stability range using both observations [7,8] and large eddy simulations [9].



However, recently, it was proposed by Sun et al. [10,11,12] that even for weak stability, in a nearly neutral nocturnal ABL, MOST is valid only within the few lowest meters. In particular, using the Cooperative Atmospheric Surface Exchange Study (CASES-99) data, Sun et al. considered in detail the relationship between the friction velocity    u ⋆  =   [   (    u ′   w ′   ¯  )  2  +   (    v ′   w ′   ¯  )  2  ]   0.25     and the mean wind speed U. In the CASES-99 data, such a relationship resembles a “hockey stick” (see Figures 4 and 8 in Sun et al. [11]): for weak wind,   u ⋆   almost does not grow with increasing U, while for U larger than some transitional value   U  t r   ,   u ⋆   increases almost linearly with U. Sun et al. suggested that the “hockey-stick” behavior is associated with a transition from a regime of turbulence suppressed by stability (weak wind) to a well-mixed regime where large eddies with scales larger than z play a significant role in the momentum exchange [11].



In particular, for the near-neutral conditions during night, Sun et al. [11] obtained a dependency:


   u ⋆   ( z )  = α  ( z )  U  ( z )  + β  ( z )    ,  



(1)




where the coefficients  α  and  β  are functions of the observational height z with   b ( z ) < 0   for a nocturnal ABL.



Sun et al. [11] noted that Equation (1) deviates from the    u ⋆  − U   relationship, which follows from the logarithmic wind profile, namely:


   u  ⋆ 0   =  C d  1 / 2   U  ( z )    ,  



(2)




where the drag coefficient is given by


   C d  =   k 2    ( ln  [ z /  z 0  ]  )  2     .  



(3)







In (3),   u  ⋆ 0    is the friction velocity at the surface,   k = 0.4   is the von Karman constant, z is the height of observations in the surface layer, and   z 0   is the roughness length for momentum.



Sun et al. [11], as well as Grisogono et al. [13] argued that the deviation of the observed    u ⋆  − U   relationship (1) from (2) points to the weakness of MOST even for the near-neutral stratification. At the same time, Chenge and Brutsaert [14] showed that the the flux-profile relationships during CASES-99 are in agreement with MOST for stable stratification. Thus, it remains unclear whether the “hockey-stick” shape of the    u ⋆  − U   relationship points to the breakdown of MOST. Thus, the main focus of this paper was to resolve this controversy.



The first goal of this paper was to investigate whether the “hockey-stick” behavior is present in the most comprehensive dataset over the Arctic sea ice, namely the one obtained during the Surface Heat Budget of the Arctic Ocean experiment (SHEBA) [15]). The second goal was to show whether the observed    u ⋆  − U   relationship can be obtained in the framework of MOST. To that aim, the classical surface layer MOST, as well as a single-column RANS model were used to reproduce the    u ⋆  − U   relationship as observed at SHEBA in winter.



It is important to note that the region of applicability of MOST for the SHEBA dataset was already studied earlier by Grachev et al. [16] and Grachev et al. [17]. In particular, Grachev et al. [16] found that in stable conditions already for   z / L > 1  , where L is the Obukhov length, local scaling was more appropriate than the surface scaling. Moreover, for strongly stable cases, a significant Ekman turning of wind was observed in the lowest 20 m. This shows that the ABL over sea ice can be very shallow and the classical surface layer assumptions can be violated even at low observational heights.



This motivated us to explore if the decrease of   u ⋆   with height affects the    u ⋆  − U   relationship, as well as the estimations of the drag coefficient based on the observations at a given height. An approach to take such a decrease into account within MOST by using local scaling is presented and applied to the analysis of the SHEBA data.




2. Observations and Models


2.1. SHEBA Observations


In this study, the observations from the 20 m main SHEBA tower were used. The SHEBA ice camp is located at an ice floe, which drifted in the Beaufort and Chukchi Seas from October 1997 to October 1998. Here, we considered the polar night period from November 1997 to February 1998 when the frequency of stable conditions was the highest. During the winter, mean meteorological data and turbulent fluxes were measured at five levels located at 2.2, 3.2, 5.1, 8.9, and 14 m above the snow surface level. The exact heights slightly changed throughout winter due to the accumulation/melt of snow. At each level, the mean air temperature and humidity were measured using a Vaisala temperature and relative humidity probes. Three wind components were measured at 10 Hz at each level using sonic anemometers. We used the processed turbulence data available at https://data.eol.ucar.edu/dataset/13.114, accessed on 20 February 2021. [18]. This dataset contains the hourly values of turbulence statistics obtained using frequency integration of the turbulence spectra and cospectra. The processing details and the quality check procedures can be found in [19]. From the SHEBA dataset, also the snow surface temperature was used. It was estimated using the upwelling and downwelling longwave radiation and assuming the snow emissivity equal to 0.99 [19]. For the analysis, only the period when the net longwave radiative flux was lower than −20 Wm    − 2    was selected, which typically corresponds to clear-sky conditions.The reason for such a selection was that the negative longwave radiative balance leads to surface cooling and to the formation of a stable boundary layer. After the selection, the analyzed dataset consisted of about 800 data points (hourly averaged fluxes and mean parameters) for each observational level, while for the whole November-February period, the record contained about 1600 values for each level. Thus, in roughly half of the cases, the net longwave radiative flux was strongly negative. This resulted from the often observed bimodal distribution of the net longwave radiative flux and of the cloud fraction over the Central Arctic with clear-sky and opaque states being most frequent [20,21].




2.2. Surface-Layer MOST


According to MOST, the nondimensional wind speed gradient is:


    k z   u  ⋆ 0      ∂ U   ∂ z   =  ϕ m    z  L 0      .  



(4)







In (4),    ϕ m   z /  L 0     is the universal function of the stability parameter   ζ = z /  L 0    for momentum. The index “0” in   u  ⋆ 0    and   L 0   indicates that the surface values of the fluxes are used in the definition of both. The Obukhov length   L 0   is given by:


   L 0  = −    θ  v 0    u  ⋆ 0  3    k g  Q  v o       ,  



(5)




where   θ  v 0    is the reference virtual potential temperature and   Q  v 0    is the kinematic virtual potential temperature flux at the surface. Over sea ice in the winter, the latter is very close to the kinematic temperature flux, namely    Q  v 0   ≈  (    w ′   θ ′   ¯  )  =  u  ⋆ 0    θ  ⋆ 0    , where   θ  ⋆ 0    is the temperature scale.



Integrating (4) from   z 0   to z, one obtains:


  U  ( z )  =   u  ⋆ 0   k   ln   z  z 0    −  Ψ m    z  L 0    +  Ψ m     z 0   L 0       ,  



(6)




where    Ψ m   ( z /  L 0  )    is the stability function for momentum.



A number of stability functions were proposed for stable stratification (e.g., [22]). Here, we used the so-called Businger–Dyer stability functions [23,24], namely:


   Ψ m  = − 5  z  L 0     ,  



(7)




as well as the more complex nonlinear SHEBA stability functions [25].




2.3. Single-Column RANS Model


A simple single-column atmospheric model coupled to an ice-snow model was used in this study. The atmospheric model consisted of the prognostic equations for the horizontal wind components and potential temperature, namely:


      ∂ U   ∂ t     =    f  ( V −  V g  )  −   ∂ (    u ′   w ′   ¯  )   ∂ z     ,     



(8)






      ∂ V   ∂ t     =    − f  ( U −  U g  )  −   ∂ (    u ′   w ′   ¯  )   ∂ z     ,     



(9)






      ∂ θ   ∂ t     =    −   ∂ (    w ′   θ ′   ¯  )   ∂ z   −   ∂  F  L W     ∂ z     ,     



(10)




where   U g   and   V g   are the geostrophic wind components, f is the Coriolis parameter, and   F  L W    is the longwave radiative flux. Condensation, as well as the shortwave radiative heating were neglected because the focus was on clear-sky conditions during polar night, which promote stable atmospheric boundary layer formation. Relative humidity in the whole atmospheric column was assumed to be 80% with respect to the saturation over ice. Horizontal advection and subsidence were also neglected for simplicity.



A first-order local closure was used to parameterize turbulent fluxes of heat and momentum as:


       w ′   θ ′   ¯    =    −  K H    ∂ θ   ∂ z     ,     



(11)






       u ′   w ′   ¯    =    −  K M    ∂ u   ∂ z     ,     



(12)






       v ′   w ′   ¯    =    −  K M    ∂ v   ∂ z     ,     



(13)




where the eddy diffusivities are given by:


     K M    =       ∂ V   ∂ z     l 2  f  ( R i )    ,     



(14)






     K H    =     K M    .     



(15)







In (14), l represents the mixing length scale for which the Blackadar formula is used:


  l =   k z   1 + k z / λ     ,  



(16)




where  λ  is the maximum mixing length in the boundary layer. In our study, we used   λ = 30   m, similar to Vihma et al. [26]. More physically justified expressions for  λ  exist (e.g., [27]), but using them did not lead to qualitatively different results.



The effect of stratification on   K  M , H    was taken into account by using the stability function   f ( R i )   in (14) where   R i   is the gradient Richardson number. For stable conditions, we used:


  f  ( R i )  =      max  0.005 ,   ( 1 − 5 R i )  2     ;     R i < 0.2       0.005   ;     R i ≥ 0.2   ,       



(17)




which is the Richardson number equivalent of the Businger–Dyer stability functions [28]. The limit   0.005   was introduced to represent some small level of background turbulence, which is often present due to processes not taken into account explicitly, such as braking gravity waves and sub-mesoscale non-stationary motions. The value 0.005 was not derived theoretically, but was close to the values suggested by observations [14] and sensitivity studies [29]. Such a closure was successfully used in Vihma et al. [26] to simulate the stable ABL development during warm-air advection over ice. The model in this setup also agreed well with the GABLS I large-eddy simulations of a stable ABL [30] (not shown here).



In the surface layer, the turbulent fluxes of heat and momentum were parameterized using Monin–Obukhov similarity theory. The roughness length for momentum was set to    z 0  = 3.3 ×  10  − 4     m, which is the average value for SHEBA [31]. For the roughness length for scalars, we used    z  0 t   = 0.1  z  0 m    . The longwave radiative flux   F  L W    was calculated using the Goddard longwave radiative transfer model [32].



The snow/ice model is represented by the heat diffusion equation:


   ρ  i , s   c   ∂  T  i , s     ∂ t   =  k  i , s      ∂ 2   T  i , s     ∂  z 2      ,  



(18)




where   k  i , s    are the thermal conductivities for ice and snow (2.2 and 0.21 W m    − 1   K    − 1   , respectively),   ρ  i , s    are the ice and snow densities (916 and 290 kg m    − 3   , respectively), and   c = 2100   J kg    − 1   K    − 1    is the specific heat capacity of ice. At the lower ice boundary, the sea ice temperature was set to the freezing temperature of saline water (271.15 K). At the upper boundary, the snow temperature was found as a solution of the heat balance equation at the snow surface. Sea ice and snow thickness were constant (2 and 0.3 m, respectively) throughout the simulation.



A constant vertical grid-spacing of 2 m was used in the atmosphere, which is sufficient to resolve shallow boundary layers. The height of the lowest level was 1 m. The top of the model domain was located at 2400 m, as we were interested in the lower atmosphere.



The model was forced by prescribing various values of the geostrophic wind and was integrated over 24 h. The initial temperature profile was typical for the Arctic and was based on the radiosounding obtained at the Russian drifting station “North Pole-37” (Figure 2 in [3]). The described model with a similar setup was used earlier to simulate clear-sky cooling over the Arctic sea ice in the presence/absence of leads [3].



Models of a similar complexity were shown to reproduce a stable ABL over sea ice/snow rather well given that the vertical resolution was sufficient (e.g., [30,33]). However, the limitations of the idealized setup and the simplicity of the model should be clearly understood. Taking into account additional physics, such as the nonstationarity of the forcing, surface heterogeneity, and large-scale subsidence [34], would bring more realism to the simulations. While here, preference was given to simplicity, the obtained results can be refined in the future using more complex models and simulation scenarios.





3. Results


3.1. Observations


Typically, the turbulent properties of the surface layer are presented as functions of the stability parameters, such as   z / L   and bulk, gradient, and flux Richardson numbers. This has been done for the SHEBA dataset in a number of studies [22,25,35]. A different approach is to relate the turbulence velocities to the mean flow properties [10,36]. We followed the second approach using   u ⋆   as one of the turbulence velocities.



Figure 1a shows the observed   u ⋆   as a function of mean wind speed U at four levels of the SHEBA mast. Only the observations at 2.2, 5.1, 8.9, and 14 m are shown, while the 3.2 m level was skipped in order not to overload the figures. The curves represent median values of   u ⋆   obtained for the regular intervals of U. The intervals are 1 ms    − 1    wide. Obviously, the “hockey-stick” shape of the    u ⋆  − U   relationship starts to be visible at higher levels. It is especially pronounced at 14 m, where   u ⋆   is nearly constant and close to zero for   U < 3   ms    − 1    and increases quasi-linearly with U for   U > 3   ms    − 1   . The transitional value of wind speed   U  t r    is larger for higher observational levels, which was in agreement with the CASES-99 [10] and Cabauw observations [4].



It can be seen from Figure 1b that when U decreases, the potential temperature difference between air and surface   Δ θ =  θ a  −  θ s    increases. Such an increase of   Δ θ   becomes especially rapid for   U =  U  t r     where   U  t r    is the wind speed of transition between the strongly stable and weakly stable regimes. Thus, when U approaches   U  t r   , a jump-like increase of stability is evident from Figure 1c,d, both in terms of the bulk Richardson number   R  i b    and   z / Λ  , where  Λ  is the Obukhov length calculated using locally observed   u ⋆   and   θ ⋆  . For   U <  U  t r    , the value of the bulk Richardson number   Ri b   exceeds 0.2–0.25 for levels 5.1–14 m, which is often considered as the critical value over which the Kolmogorov turbulence collapses [17]. This suggests that the height of a fully turbulent boundary layer becomes comparable to the observational height for   U <  U  t r    . For   U >  U  t r    , the strength of stability gradually decreases and approaches the near-neutral limit for strong wind. Thus, stability is expected to affect the nondimensional velocity profiles and turbulent transfer coefficients in a broad range of U, not only for   U <  U  t r    . Furthermore, it is clear that both   Ri b   and   z / Λ   are larger for higher observational levels.



In order to highlight the effect of stratification on the    u ⋆  − U   relationship, the cases when   Δ θ   (and hence,   R  i b   ) exceeds its median value for each bin were selected. Figure 2 shows that the “hockey-stick” shape of the    u ⋆  − U   relationship is even more pronounced for stronger stability and is visible already at a 5.1 m height. The increase of   Δ θ   leads to the increase of   U  t r   , especially at higher observational levels. The effect of the increased   Δ θ   is seen in a wide range of U, but becomes negligible for strong wind.



To summarize, the SHEBA observations show that the increase of stability for weak wind leads to a suppression of turbulence, and as a consequence, air becomes weakly coupled to the surface. From the surface heat budget point of view, at a low wind speed, the surface stops receiving heat via turbulent transfer, and this further increases   Δ θ   and stability. Such a positive feedback makes the regime transition especially abrupt. Moreover, for   U <  U  t r    , the ABL height can become close to the observational level. This explains why   u ⋆   remains close to zero for   U <  U  t r    . Such a regime transition mechanism was described earlier by Van de Wiel et al. [4,5] using the data from Cabauw, Netherlands, and Dome C, Antarctica, and by [3] for the Arctic boundary layer.



It is important to note that it is not the dimensional U that governs the regime transition. Concerning the    u ⋆  − U   relationship, the appropriate nondimensional parameter is the bulk Richardson number, as shown further in Section 4. With respect to the   Δ θ − U  ,   R  i b  − U  , and   z / L − U   relationships, the suitable scaling can be introduced in a similar way as in [37] and [5]. In the latter, the velocity and temperature scales based on the net isothermal radiative flux were proposed.



Figure 1 also suggests that for strong wind and weak stability, i.e., for   U >  U  t r    , the    u ⋆  − U   relationship resembles Equation (1), which was proposed by Sun et al. [11] to describe the CASES-99 data. In the following subsection, it is discussed whether the classical MOST can reproduce such behavior.




3.2. Classical MOST Using Scaling with Surface Fluxes


In this section, we present the    u ⋆  − U   relationship as described by the classical MOST using scaling with surface fluxes (Equation (6)) for heights corresponding to the SHEBA observational levels. In order to use (6), one needs to specify the Obukhov length L as a function of   u ⋆   or U. To obtain L, the values of sensible heat flux observed at the lowest 2.2 m level at SHEBA were used. For the further calculations, the values of L were bin averaged for regular intervals of   u ⋆  . The corresponding curves of L and   z / L   as a function of   u ⋆   are shown in Figure 3. We set two limits for   z / L   at   z = 2.2   m, namely   z / L ≤ 1   and   z / L ≤ 2  . The first limit was applied when the Businger–Dyer stability functions were used in MOST and the second one when the SHEBA stability functions were used. This was done in order to avoid using Businger–Dyer stability functions outside their region of applicability, especially at higher observational levels.



We assumed that   u ⋆   and L are independent of height and used the bin-averaged L in (6) to obtain U as a function of   u ⋆  . Figure 4 shows the    u ⋆  − U   relationships obtained using the Businger–Dyer and SHEBA universal functions for several observational heights. Obviously, the obtained curves were in close agreement with observations even though the values of L were prescribed in a rather simple manner. Closer examination of Figure 4 shows that using the SHEBA stability function in (6) resulted in a smoother decrease of   u ⋆   when U was decreasing. The Businger–Dyer stability function produced a more abrupt transition, which was especially pronounced at higher levels. This is a well-known feature of the Businger–Dyer functions, which were originally obtained for   z / L < 1   and do not allow for the turbulent exchange to persist for   R  i b  ≥ 0.2  . Although the presented results showed the sensitivity of the    u ⋆  − U   relationship to using different stability functions, a thorough study of such a sensitivity is not in the scope of this paper.



It can be concluded that despite the fact that the observed    u ⋆  − U   relationship had the “hockey-stick” shape, it was well reproduced by the classical MOST. The large difference between MOST and the “hockey-stick” shape as shown in the schematic Figure 1 in Grisogono et al. [13] was not identified. This suggested that the “hockey-stick” shape of the    u ⋆  − U   relationship cannot be used to diagnose the breakdown of MOST, at least for the SHEBA data.



In the next section, the validity of the MOST assumptions of   u ⋆   and wind direction being constant with height is further addressed using the single-column model results.




3.3. Single-Column Modeling


The results of the clear-sky cooling simulations using the single-column model are presented in Figure 5 for the moment of 24 h after the start of cooling. Figure 5 shows the vertical profiles of wind speed and direction, as well as of   u ⋆   and the potential temperature. The structure of the stable boundary layer over sea ice has already been considered in a number of idealized studies, which used the GABLS I scenario as a reference (e.g., [30,38,39,40]). The profiles shown in Figure 5 were in a good agreement with results obtained in the earlier studies, e.g., with respect to the ABL height and the surface cross-isobar angle, and will not be discussed here in much detail.



Figure 6 shows the comparison of the observed    u ⋆  − U   relationship with the simulated one, as well as of the potential temperature difference    θ a  −  θ 0    as functions of wind speed. Clearly, the 1D model reproduced the “hockey-stick” shape of the    u ⋆  − U   relationship, and a good agreement with observations was obtained. The simulated temperature difference was larger than in the observations. This showed that the simulations represented a rather intensive cooling scenario. This explained why the “hockey-stick” shape was more pronounced and   U  t r    was larger in the single-column model results.



It should be noted that for   U <  U  t r    , the observed   u ⋆   did not reach zero, but remained small positive. In contrast, in the single-column simulations,   u ⋆   approached zero, and this disagreement with observations was seen at all heights. This suggested that some level of the turbulence persisted even in weak wind conditions. Obviously, the used closure did not reproduce such a behavior even with the limit to the stability function. One possible way to take this into account in the model is to introduce explicitly the so-called minimum friction velocity. As shown by Grisogono et al. [13], this brought the    u ⋆  − U   curves closer to the observed “hockey-stick” shape.



For this study, it was important that Figure 5 clearly shows that the ABL height decreased with decreasing wind speed and the ABL became shallower than 50 m already for the value of the geostrophic wind    U g  < 5   m s    − 1   . Thus, one of the classical MOST assumptions, namely the condition   z ≪ h  , where z is the typical height of the near-surface observations, e.g., the height of the SHEBA mast, was violated. One can expect that a decrease of   u ⋆   with height, as well as the wind turning can already be non-negligible at the height of observations. For the SHEBA data, this issue was investigated by Grachev et al. [16]. They showed that for   z / Λ > 1  , the vertical divergence of momentum flux increased and became non-negligible (their Figure 2). They also showed that for strong stability, the Ekman wind turning was observed at the observational levels.



Figure 7a shows the ratio    u ⋆  /  u  ⋆ 0     as a function of   u  ⋆ 0    where the latter is the surface value of   u ⋆  , based on the model results and the SHEBA observations. The observations represented median values of   u ⋆   divided by the median values of   u  ⋆ 0    at the lowest level for regularly spaced bins of   u  ⋆ 0   . Only those cases were considered when the local   z / Λ   exceeded one and when the observed   Δ θ   exceeded its median value for the given bin, i.e., cases with stronger stability. Figure 7a clearly shows that as   u  ⋆ 0    decreased, the decrease of   u ⋆   with height increased. Such a tendency was present both in the model results and in the observations, and both showed a similar magnitude of the decrease of   u ⋆   with height. Figure 7b shows that wind turning also increased as   u ⋆   decreased. It should be noted that the publicly available SHEBA dataset contains   u ⋆   values with the precision limited to only two digits after the decimal point. This might introduce additional scatter in the calculations of the vertical variation of   u ⋆  , especially for low values of the latter. Thus, for a more detailed presentation of the   u ⋆   decrease with height, the reader is referred to Figure 2 in Grachev et al. [16].



This clearly showed that the ABL height h and the ratio   z / h   had to be taken into account in the analysis of the    u ⋆  − U   relationship in polar regions. A number of parameterizations for the height of a stable ABL were proposed in literature, which were reviewed by Zilitinkevich and Mironov [41], Zilitinkevich and Baklanov [42], and [43]. The most simple of them is the relation:


  h = b   u  ⋆ 0    ,  



(19)




where   b = 700   s is the empirical constant whose value was obtained by [44] based on several datasets. Other parameterizations also resulted in a linear dependency of h upon   u ⋆   such as the ones by Rossby and Montgomery [45], Pollard et al. [46], and Kitaigorodskii and Joffre [47]. The difference of the mentioned parameterizations from Equation (19) is that they explicitly took into account the dependency of h on the Coriolis parameter f and the Brunt–Vaisala frequency N. Such parameterizations were based on dimensional analysis and suggested that b should be proportional to either   f  − 1   ,   N  − 1   , or    ( f N )   − 1 / 2   .



Figure 8 shows h as a function of   u  ⋆ 0    according to the single-column model simulations. The ABL height was diagnosed using   h =  z ′  / 0.95   where   z ′   is the height where the vertical component of the turbulent momentum flux decreases to 5% of its surface value. Clearly, the obtained relationship was close to linear with   b = 500   s. The obtained value of b was smaller than the earlier proposed value of 700 s. This might be related to the idealized setup of the experiments and also to several factors that make the Arctic different from lower latitudes such as a stronger stability N, a larger Coriolis parameter f, and a smaller roughness   z 0  . A detailed study of the effect of these parameters on the ABL height is beyond the scope of this paper. We utilized Equation (19) as a simple practical solution.



Let us now assume a linear decrease of   u ⋆   with height, namely:


   u ⋆   ( z )  =  u  ⋆ 0    1 −  z h     .  



(20)







The dashed curve in Figure 7 was obtained using (Figure 8) in (20). The figure shows a good agreement of Equation (20) with the single-column model results. The parameterization (Figure 8) and (20) will be used in the following to reformulate the classical MOST using local scaling.





4. Extended MOST


Usually, MOST is associated with scaling with surface fluxes and the corresponding assumptions of   u ⋆   and   θ ⋆   being constant with height. This results in the most simple practical application of MOST. However, MOST is not limited to the surface layer and is valid in a larger range of heights in the stable boundary layer when local scaling is used. An extension of the surface layer MOST towards local scaling can be obtained by allowing   u ⋆   and   θ ⋆   to decrease with height. Such an extension of MOST is not novel and was used, for example, by Gryning et al. [48] to obtain the model for a wind profile in the whole ABL. Gryning et al. not only allowed   u ⋆   to decrease with height, but also introduced a combined mixing length scale. Here, we used a similar, yet simpler approach by allowing   u ⋆   and   θ ⋆   to decrease linearly with height while keeping the length scale   k z   unchanged.



We rewrite the classical MOST using Equation (20) as:


    k z    u  ⋆ 0    ( 1 − z / h )      ∂ U   ∂ z   =  ϕ m    z Λ     .  



(21)







The local Obukhov length becomes:


  Λ = −    θ 0   u  ⋆ 0  2    ( 1 − z / h )  2    k g  θ  ⋆ 0    ( 1 − z / h )    =  L 0   ( 1 − z / h )    .  



(22)







Using the Businger–Dyer function    ϕ m   ( z / Λ )  = 1 + 5 z / Λ  , we obtain:


       k z   u  ⋆ 0      ∂ U   ∂ z   = 1 −  z h  + 5  z  L 0     .     



(23)







Note that (23) differs from the classical MOST only by the term   − z / h   on the right-hand side.



Integrating (23) from   z 0   to z, one obtains:


  U =   u  ⋆ 0   k   ln  z  z 0   −   z −  z 0   h  + 5   z −  z 0    L 0      .  



(24)







In the neutral limit, using (19) in (24), one obtains the following    u ⋆  − U   relationship:


   u ⋆   ( z )  =  k  ln ( z /  z 0  )   U  ( z )  −  z b   1 −  1  ln ( z /  z 0  )     



(25)







It is interesting to note that (25) conforms to (1), which was obtained by Sun et al. [11] for the near-neutral and weakly stable conditions (for comparison of (25) with the log-law (2), see Appendix A). In the nocturnal ABL, Sun et al. [11] obtained negative values of   β ( z )   whose magnitude was increasing with height (their Figure 13). Equation (25) also suggested that   β ( z ) < 0   and its absolute value increased almost linearly with height, although being smaller than reported by Sun et al. [11].



The    u ⋆  − U   relationship (24) provided by the extended MOST showed a similar agreement with the SHEBA data as the single-column model and the surface layer MOST (see the Appendix A). In the following, the difference between the surface layer and local formulation of MOST is discussed in more detail.



It is important to consider the effect of the modification of MOST on the transfer coefficient for momentum   C d  . The latter is defined as:


   C d  =   u  ⋆ 0  2   U 2     .  



(26)







Often,   C d   is represented as:


   C d  =  C  d n    f m     



(27)




in order to separate the neutral part   C  d n    and the so-called stability correction   f m   (also called the normalized transfer coefficient) (e.g., [22]). In frames of MOST,   f m   is a function of   z / L   and   z /  z 0   . It can also be expressed as a function of   R  i b   ,   z /  z 0   , and   z /  z t   . The presented extension of MOST introduces two more parameters   z / h   and    z 0  / h   both in   C  d n    and   f m  , namely:


   C  d n   =   k 2    ln  ( z /  z 0  )  −  ( z −  z 0  )  / h  2    



(28)






   f m  =   1 +   5  ( z −  z 0  )  /  L 0    ln  ( z /  z 0  )  −  ( z −  z 0  )  / h     − 2    



(29)







Using Businger–Dyer functions and assuming    z t  =  z 0   , one obtains a simple relation between   z /  L 0    and   R  i b    (e.g., [49]), namely:


   z  L 0   =   R  i b   ln  ( z /  z 0  )  −  ( z −  z 0  )  / h    1 − 5 R  i b      .  



(30)







Using (30) in (29) results in:


   f m  =   ( 1 − 5 R  i b  )  2    ,  



(31)




which is the same as in the classical MOST using scaling with surface fluxes. Thus, the drag coefficient in the classical and extended MOST differs only in   C  d n    when the stability correction is approximated by (31). With   z = 10   m,    z 0  = 3.3 ×  10  − 4     m, and   z / h = 0.5  , we obtained that   C  d n    increased by about 10% as compared to the classical MOST. Thus, in the case when a bulk formula is used to calculate the surface momentum flux, our modification would result in a rather small increase of the latter. However, as shown further, a significant difference occurred in the interpretation of observations at a given height.



In order to further compare the extended MOST with the classical MOST, we used both to estimate the normalized drag coefficient    f m  =  C d  /  C  d n     using observations of   u ⋆   and U at a given height. We used (27) as the definition of the drag coefficient. Within the classical MOST assumptions,   u  ⋆ 0    is simply equal to   u ⋆   at the height of observations. Within the extended MOST, we used (20) to obtain   u  ⋆ 0    from   u ⋆   observed at a given height. Neutral drag coefficient   C  d n    was calculated using (28) for the extended MOST and using (3) for the classical MOST with    z 0  = 3.3 ×  10  − 4     m. The obtained   f m   is presented as function of   R  i b    at a given observational level both for the classical and extended MOST.



We performed the   f m   calculations according to the described procedure using SHEBA observations and also the results of the single-column model simulations. The latter use Businger–Dyer stability functions, and therefore, we expected that using the assumptions of the extended MOST for the estimates of   f m   should result in a closer agreement of the obtained    f m   ( R  i b  )    with (31). Figure 9 shows the resulting    f m   ( R  i b  )    from the SHEBA data (a,b) and from the single-column model results (c,d). The black curve corresponds to (31) resulting from the Businger–Dyer universal functions. It is obvious that   f m   calculated assuming surface scaling were significantly below the Businger–Dyer curve both for the SHEBA and the model data. In frames of the extended MOST, the calculated   f m   agreed better with the Businger–Dyer curve for the SHEBA data although the scatter in   f m   increased. For the single-column model results, an excellent agreement with the Businger–Dyer function was obtained using the extended MOST, and the curves for different heights collapsed into one line.



Not that the curves of   f m   based on the model results did not approach zero for   R  i b  → 0.2   because of the limit set on the stability function. When such a limit was not used, the obtained   f m   values reached zero for   R  i b  = 0.2   (not shown here). A detailed analysis of the   f m   behavior for very strong stability is out of the scope of this paper, and the reader is referred to earlier studies [17,22].



The presented extension of MOST was expected to be valid only in the lower portion of the ABL, approximately for   z / h < 0.5  . Such a limit of applicability could be extended following the approach in Gryning et al. [48], where a combined mixing-length scale was considered, and it was also assumed that U approaches the geostrophic wind speed for   z = h  . It should also be noted that the used linear decrease of   u ⋆   and   θ ⋆   with height is an idealization, and other nonlinear dependencies have been proposed [48].



It is important to note that other universal functions, such as the SHEBA flux-profile relationships [25], can be used both within the classical and extended MOST. However, the integration procedure of such functions within the extended MOST framework might not be as straightforward as for the Businger–Dyer one.




5. Conclusions


The    u ⋆  − U   relationship was studied using the SHEBA data over Arctic sea ice. Only the data during polar night and with sufficiently negative net longwave radiative flux were selected for the analysis. The “hockey-stick” shape of the    u ⋆  − U   relationship was visible at higher observational levels (8.9 and 14 m) and became more pronounced when cases with increased air-surface temperature difference were selected.



It was shown that the    u ⋆  − U   relationship obtained using the classical Monin–Obukhov similarity theory (MOST) based on scaling with surface fluxes was in a good agreement with the observed one. MOST reproduced also the “hockey-stick” shape rather well, at least for the SHEBA data. Such a good agreement was in contradiction with the schematic figure in Grisogono et al. [13] (their Figure 1) and suggested that the presence of the “hockey-stick” shape does not necessarily point to the weakness of the surface layer MOST.



Single-column simulations of a typical cooling scenario confirmed the findings by Grachev et al. [16] that the vertical divergence of the momentum flux can become significant, especially for the cases when the ABL height becomes shallow, i.e., at low wind speed. Furthermore, the single-column model results suggested the linear dependency of the stable ABL height on   u ⋆   at the surface.



These results were used to extend the classical MOST towards local scaling by allowing   u ⋆   and   θ ⋆   to decrease linearly with height. This was done for the most simple Businger–Dyer universal functions. It was shown that using the local scaling led to a better agreement of the normalized drag coefficient    f m   ( R  i b  )    calculated from observations with the Businger–Dyer relation. In contrast, surface scaling resulted in a significant underestimation of   f m  . This was obtained both using the SHEBA observations and the single-column model results. Moreover, in the near-neutral limit, the extended MOST provided the    u ⋆  − U   relationship, which conformed better to the linear expression approximating CASES-99 data.



To conclude, our results suggested that in the interpretation and analysis of observations in polar boundary layers, one has to take into account the decrease of   u ⋆   with height already at low observational heights.
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Appendix A


Figure A1a shows the    u ⋆  − U   relationship in the neutral limit resulting from the log law (Equation (2)) and from the extended version of the latter taking into account the decrease of   u ⋆   with height (Equation (25)). The results are shown for    z 0  = 3.3 ×  10  − 4     m and   b = 500   s. The curves based on (25) are closer to the empirical relation (1) obtained by Sun et al. [11] as compared to the log law.



Figure A1b presents the comparison of the    u ⋆  − U   relationship provided by the extended MOST (Equation (24)) with the SHEBA observations. Similar as was done for the surface layer MOST, the values of   L 0   used in (24) were prescribed as a function of   u  ⋆ 0    (see Figure 3). Clearly, the agreement of the extended MOST with observations was in principle similar as for the surface layer MOST and the single-column model. However, the extended MOST produced larger values of   U  t r   . A closer examination of Figure A1b suggests that the agreement with the SHEBA data can be even further improved if the appropriate value of the minimum friction velocity is introduced to the extended MOST, as proposed by Grisogono et al. [13].
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Figure A1. The    u ⋆  − U   relationship for neutral stratification (a) based on the logarithmic law (Equations (2) and (25)) and for the observed values of the stability parameter   z /  L 0    during SHEBA (b) based on observations (solid curves) and the extended MOST (dashed curves). 
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Figure 1. (a)   u ⋆  , (b)   Δ =  θ a  −  θ s   , (c)   Ri b  , and (d)   z / Λ   as functions of mean wind speed U at several heights as observed at the SHEBA station during clear-sky conditions during polar night. The shaded area indicates the ± standard deviation of the corresponding quantity for each bin. 
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Figure 2.   u ⋆   (a) and   Δ θ   (b) as functions of mean wind speed at several heights. Solid curves represent the median values for regularly spaced bins of U, and dashed curves represent the median values only for the cases when   Δ θ   is larger than its median value for each bin. 
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Figure 3. Obukhov length L (a) and stability parameter   z / L   (b) as functions of   u ⋆   at a 2.2 m height according to SHEBA observations. Solid lines represent the L and   z / L   values obtained using bin averaging of L for regular intervals of   u ⋆  . 
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Figure 4. The    u ⋆  − U   relationship obtained using MOST for the observational levels of the SHEBA tower. Solid curves represent observations, dotted, MOST with Businger–Dyer stability functions, and dashed, MOST with SHEBA stability functions. 
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Figure 5. Vertical profiles of wind speed and direction,   u ⋆  , and the potential temperature simulated by the single-column model after 24 h of cooling. Colors correspond to various values of the geostrophic wind speed. 
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Figure 6. The simulated (dashed curves) and observed (solid curves)   u ⋆   (a) and air-surface potential temperature difference   Δ θ   (b) as functions of U at several heights. 
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Figure 7. The ratio    u ⋆   ( z )  /  u  ⋆ 0     (a) and the difference of the cross-isobar angle   α  ( z )  −  α 0    (b) as functions of   u  ⋆ 0    based on the single-column model results (solid curves) and observations (solid curves with markers). The dashed line in (a) corresponds to Equation (20) with   b = 500   s. 
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Figure 8. Boundary layer height h as a function of   u  ⋆ 0    based on the single-column model results. The dashed line corresponds to Equation (19) with   b = 500   s. 
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Figure 9. Normalized drag coefficient   f m   as a function of the bulk Richardson number based on SHEBA observations (a,b) and single-column modeling results (c,d). The left panels correspond to surface layer MOST; right panels, to the extended MOST. The black solid line corresponds to the Businger–Dyer relation (31). 
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