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Abstract

:

Atmosphere boundary layer (ABL or BL) acts as a pivotal part in the climate by regulating the vertical exchange of moisture, aerosol, trace gases and energy between the earth surface and free troposphere (FT). However, compared with research on the exchange between earth surface and ABL, there are fewer researches on the exchange between ABL and FT, especially when it comes to the quantitative measurement of vertical exchange flux between them. In this paper, a number of various methodologies for investigating the exchange of the substance and energy between ABL and FT are reviewed as follows: (1) methods to obtain entrainment rate, which include method by investigating the height of inversion layer, method of flux-jump, estimating with dataset from the ASTEX Lagrangian Experiments and method of using satellite observations and Microwave Imager; (2) mass budget method, which can yield quantitative measurements of exchange flux between ABL and FT; (3) qualitative measurements: method based on Rayleigh distillation and mixing processes, methods of ground-based remote sensing and airborne tracer-tracer relationship/ratio method.
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1. Introduction


As lowest part of the atmosphere, ABL is formed by aerodynamic drags due to surface frictional resistance which is largely determined by the properties of the underlying surface. ABL usually responds to changes in surface radiative forcing in an hour or less. In this layer physical quantities such as flow velocity, temperature, moisture and so forth, display rapid fluctuations (turbulence) and vertical mixing is strong. The atmosphere just above the ABL, which is less influenced by surface friction, is referred as Free Troposphere (FT). FT differs from turbulent ABL, it is always non-turbulent or only intermittently turbulent. Stull considers that the evolution of ABL from stably stratified in the morning to well-mixed at noon is a multifaceted process and may lead to an enhanced mixing process between ABL and FT [1]. There is a transition layer which is called inversion layer (or entrainment zone) between ABL and FT. Entrainment zone (EZ) is a layer at the top of ABL where air masses from the FT are entrained into the capping inversion layer and thus can interact with convective thermals from the ABL. It was estimated that the depth of EZ accounts for 20~40% of ABL depth [2]. The diurnal variation of boundary layer above the ocean is different from that above the land surface and we named the ABL above the ocean as marine boundary layer (MBL) customarily. On land, the diurnal variation of ABL height is often over 1000 m because of the large diurnal change of surface temperature. While above the ocean, the temperature above the sea surface generally has fewer effects on diurnal variation which leads to a less diurnal change of ABL height with only a few hundred meters [3].



If chemical species are constrained in the boundary layer, they may lead to a local pollution problem. However, if they are transported to higher FT, these chemical species can have a chance to experience a long-range transport and cause a regional pollutant event. The mechanisms of exchange between ABL and FT is summarized by Dacre et al. as following [4]: (1) advective processes include transport by the warm and cold conveyor belts associated with frontal systems, sea breeze circulations and coastal outflow and mountain venting; (2) mixing processes include deep convection, shallow convection, frontal convection and BL turbulence.



A few articles focused on the exchange between ABL and FT because such exchange of materials may be significant to the air quality in BL and FT. This review focused on the methods for observing the exchange, quantitative measurement will be introduced in Part 2 while qualitative measurement in Part 3. In Part 4, all of the methods will be concluded.




2. Quantitative Measurement


2.1. Method by Investigating the Height of Inversion Layer


At present, it is hard to assess the exchange directly and quantitatively based on up-to-now knowledge. A possible approach to make a quantitative assessment of the total exchange is to investigate the height of inversion layer on fair weather, which reflects the dynamic balance between entrainment and subsidence. Entrainment means the air masses from FT go across the inversion layer into BL due to the growth of BL and then BL thickness increases [5] and large-scale subsidence tends to decrease BL thickness [6,7]. An entrainment velocity We is defined as:


   W e  =   d h   d t   −  W +   



(1)




where     d h   d t     is the change rate of inversion layer height (h). The evolution of h can be observed by many approaches, such as the aerosol backscatter lidar chose in Stevens et al.’ work [8]. Actually, in MBL, the level of cloud tops can be defined as the height of the base of the inversion [9]. W+ is the large-scale subsidence velocity (defined as positive upwards) and can be obtained from NCEP/NCAR (National Centers for Environmental Prediction/National Center for Atmospheric Research) Reanalysis data provided by the NOAA-CIRES (National Oceanic and Atmospheric Administration- Cooperative Institute for Research in Environmental Sciences) Climate Diagnostics Center or European Centre for Medium-Range Weather Forecasts (ECWMF). The divergence method to evaluate entrainment rate from Equation (1):


    W e  =   d h   d t     +  ∫ 0 h  D d z   



(2)




where D is the divergence of the horizontal wind which can be obtained from forecast model. With the development of techniques, D can be estimated by GPS (Global Positioning System) corrected wind fields. If the divergence D is constant with height, W+ = − Dh.



With the entrainment velocity We, a simple and height integrated scalar conservation equation in the ABL can be written with the assuming: (1) the bulk of the ABL is fully mixed so that the concentration is uniform; (2) the surface layer (where concentration change rapidly with height) is thin compared with the height of ABL.


     d  s m    d t     =    F s   h    +  (     s +  −  s m   h   )     W e    



(3)




where    s m    and    s +    are the scalar concentrations in and just above the ABL.    F s    is the scalar flux density measured at the surface and is often referred as the net ecosystem exchange (NEE), which is an important parameter to reveal the interaction between the ecosystem and ABL.



Usually, surface flux obtained by eddy covariance (EC) method is assessed by NEE from Equation (3). The results show that they had a good agreement [10,11,12,13,14,15,16,17,18]. Here, the surface flux measured by EC method may be used in Equation (3) to estimate the entrainment rate of FT air into the BL.




2.2. Method of Flux-Jump


Measuring the entrainment rate by investigating the height of inversion layer in Equations (1) and (2) seems irrelevant to the observation of a specific chemical constituents. To make direct measurement of the entrainment rate by observing a chemical constituents, method of flux-jump can be applied.



The entrainment rate We can be estimated in terms of its below-inversion flux and across-inversion jump because ozone has only weak sources and sinks at the inversion layer [19,20]:


   W e  = −      (     w ′   s ′   ¯   )     l _      ∆ s    



(4)




where      (     w ′   s ′   ¯   )     l _      is the flux of scale s at below inversion layer,   ∆ s   is the change of quantity s across the inversion layer. The entrainment velocity is the rate at which air from the FT is entrained into the BL by turbulence processes.



On 12,13/19,20 June 1992, Bretherton et al. measured the ozone flux at the below of inversion layer with EC method at the northeast of Atlantic Ocean during the two Lagrangian Intensive Observing Periods (the Lagrangian Intensive Observing Periods will be introduced later in Section 2.3). The results showed that the access of the accuracy of filtered fluxes was extremely difficult and can be trusted only to ± 50% [21,22]. The measured   ∆ s   from Lagrangian Intensive Observing Periods (IOPs) varied greatly from −5 to 25 ppbv, so they only adopted   ∆ s   which was both consistent and lager than 3 ppbv in absolute value. A typical measurement uncertainty for   ∆ s   is 1,2 ppbv. For We derived from ozone, nominal uncertainty is ± 0.5 cm s−1. In two Lagrangian IOPs, the estimated We is 0.6 ± 0.5 and 0.3 ± 0.5 cm s−1.



Different from Bretherton et al., Lenschow et al. did not measure the below-inversion flux (flux underneath the inversion layer) directly and applied the method to extrapolate flux values [23]. They measured the ozone vertical flux at levels of 15, 160, 326 m above the Gulf of Mexico on 11 June 1980 and at levels of 15, 60, 325 m above it on 12 June 1980. Further, they obtained the height of the mixed layer (or called as MBL) by airborne vertical sounding to extrapolate the flux values linearly to the height of the mixed layer zi, that is      (     w ′   s ′   ¯   )     l _     . They considered the temporal and spatial changes of zi on 11 and 12 June to be negligible, thus We ≅ −Wzi (Wzi is the entrainment rate at zi). The estimated entrainment rates on 11 and 12 June are 0.4 and 0.8 cm s−1, respectively. These values are in agreement with Bretherton et al.’s [21,22] although they measured at different places.



It is notorious that entrainment rate is hard to be measured [24], one of the reasons is that the flux of scalar should be measured in high rate. With the development of high rate mass spectrometric techniques, some species’ flux, such as, the flux of dimethyl sulfide (DMS) has been measured [25]. Based on Equation (3), the entrainment rate of DMS can be obtained. We based on DMS is more unambiguous than it based on other scalars (e.g., ozone) because its chemical lifetime limits it to the MBL and the concentration of DMS in FT aloft is nearly zero. Therefore, the derived entrainment rate is not influenced by the vertical structure, which can cause considerable uncertainty on other scalars.



What needs to be noticed is that the scale of humidity and temperature cannot be extrapolated to the height of zi to estimate entrainment velocity [23]. First reason is that the magnitude of ozone flux at sea surface is considerably less than the magnitude of ozone entrainment flux at zi. Second is that, while mixed layers were cloud covered, radiative processes and water phase changes add additional terms to temperature and humidity’s budget. However, ozone is negligibly soluble in water and is free of the influence of clouds. However, Faloona et al. stated that in the absence of DMS flux measurement, using the total water method rather than ozone method generated the more accurate We [25]. What makes the difference is that Faloona et al. substituted the humidity to total water, consideration of water droplets in clouds can effectively eliminate the influence of clouds.




2.3. Estimating with Dataset from the ASTEX Lagrangian Experiments


The horizontal advection makes an uncertainty to the estimation of entrainment. In order to make the estimated entrainment rate be free of the effect of horizontal advection, the method of Lagrangian experiments may be applied.



A goal of the Atlantic Stratocumulus Transition Experiment (ASTEX) implemented at the southeast of the Azores Islands in the east-central Atlantic Ocean during June 1992 was to examine the coupled evolution of cloud, dynamical and thermodynamical vertical structure in a MBL air mass, as it advected from cold to warm water in the trade winds [21]. During ASTEX, Bretherton and Pincus decided to follow and intensively measure the physical and chemical processes and the evolution of cloudiness in a single BL air mass for up to two days, they called this project as “Lagrangian” strategy. During the two Lagrangian intensive observation periods (IOPs), an air column in the convective MBL was tracked for 36–38 h. With the supplement of satellite, ship and balloon observations, they achieved an unprecedentedly complete measurement of MBL and cloud evolution by nearly continuous airplane coverage using three boundary layer aircrafts.



With the dataset from Lagrangian observations, two different methods were applied to estimate entrainment rate [21]:



2.3.1. ECMWF Synoptic-scale Analyses of Vertical Motion, Coupled with the Observed Rate of Change of Inversion Height Following the MBL Air Column


Calculate by the following expression:


    W e  =  (   ω i  −   d  p i    d t    )    /  ρ i  g   



(5)




where    ω i    is the vertical pressure velocity obtained from ECMWF (subsidence while > 0), dpi/dt is the average rate of change of the inversion pressure which represents the change of inversion height following the MBL air column, ρi is the air density and g is the gravitational acceleration.



The prominent oscillations of    ω i    due to slight dynamical imbalance between the ECMWF initialized winds and pressure were not large compared to vertical motions in midlatitude storms. However, they were as large as typical values (which are expected to see in the research) of subsidence, 0–0.1 Pa s−1. Thus, the method can be applied only to a long averaging timescale (here they use the entire duration of Lagrangian IOP). The entrainment rate estimated during two Langrangian IOPs is 0.9 ± 0.5 and 0.6 ± 0.3 cm s−1.



Equation (5) looks quite similar with Equation (1). Indeed, Equation (5) is a deformation of Equation (1). Generally speaking, the parameters such as ω, p and ρ are difficult to obtain continuously at the height of inversion layer. Compared with these parameters which are difficult to obtain, the height of BL in Equation (1) is much easier to obtain to estimate the entrainment rate.




2.3.2. Calculation of Entrainment Drying as a Residual in the Water Budget of the MBL Air Column


Since Lagrangian observation strategy traced and observed the air column continuously, the horizontal advection into and out of the air column is negligible. Thus Lagrangian observation strategy is ideal for budget calculations. The water budget of the MBL is of particular interest because the only term not directly measured is the entrainment drying. This allows the entrainment rate to be calculated by inferring entrainment drying as a residual.



Assuming for simplicity that the horizontal divergence D and the area-averaged horizontal velocity components   u ¯   and   v ¯   are constant with height in the MBL. Consider a scalar with mixing ratio    ξ    =    ξ ¯    +    ξ ′    and an internal source S(x,y,p,t). The transport equation is:


   ∂ ξ / ∂ t   + u ∂ ξ / ∂ x   + v ∂ ξ / ∂ y   + ω ∂ ξ / ∂ p   =   S   



(6)







Invoking the continuity equation   ∂ u / ∂ x   +   ∂ v / ∂ y   +   ∂ ω / ∂ p   = 0 to put (6) into flux form and writing it in terms of means and perturbations:


   ∂  ξ ¯  / ∂ t   +  u ¯  ∂  ξ ¯  / ∂ x   +  v ¯  ∂  ξ ¯  / ∂ y   +  ω ¯  ∂  ξ ¯  / ∂ p   + ∂   (  u ′   ξ ′   ¯  ) / ∂ x   + ∂  (     v ′   ξ ′   ¯   )  / ∂ y   + ∂  (     ω ′   ξ ′   ¯   )  / ∂ p   =  S ¯    



(7)







Over a large horizontal averaging area the terms   ∂  (     u ′   ξ ′   ¯   )  / ∂ x   and   ∂  (     v ′   ξ ′   ¯   )  / ∂ y   can be neglected. Then   d  ξ ¯  / d t   =   ∂  ξ ¯  / ∂ t   +    u ¯  ∂  ξ ¯  / ∂ x   +    v ¯  ∂  ξ ¯  / ∂ y   is the “Lagrangian” derivative of   ξ ¯   following a moving MBL air column which can be measured in Lagrangian IOPs. Thus, (7) can be simplified to:


   d  ξ ¯  / d t   +  ω ¯  ∂  ξ ¯  / ∂ p   + ∂  (     ω ′   ξ ′   ¯   )  / ∂ p     =    S ¯    



(8)







Define MBL column-averaged  ξ a to be the mass weighted average of   ξ ¯   over the MBL. Since a constant horizontal divergence   d  ω ¯  / d p   = D does not affect  ξ a (because it squeezes mass out of each part of a vertical column at an equal rate),  ξ a is affected only by the internal source averaged over the height of MBL, Sa.



Taking the average of Equation (8) between the surface pressure ps and the inversion pressure pi and applying Equation (8) to the MBL column-averaged total water mixing ratio qa:


ρiwe (qa − qi+) = Fq0 − R − (ps − pi) (dqa/dt)/g



(9)




where ρi is the air density at the inversion base, qa is the MBL column-averaged total water (vapor + liquid) mixing ratio, qi+ is the total water mixing ratio above the inversion layer, Fq0 is the upward surface water vapor flux, −R is the surface drizzle flux and ps and pi are the pressures at surface and in the inversion layer.



All data except we in Equation (9) can be derived from sounding and surface fluxes. The entrainment rate estimated during two Langrangian IOPs were 1.0 ± 0.4 and 0.9 ± 0.3 cm s−1.





2.4. Method of Using Satellite Observations and Microwave Imager


The height of MBL is often measured by aircrafts or shipborne remote sensing. However, Wood and Bretherton put forwards a novel method to estimate MBL height by satellite observations from Moderate Resolution Imaging Spectroradiometer (MODIS) and the Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI) in Californian coast [26]. Then, Wood and Bretherton combined the MBL height obtained from these methods and NCEP reanalysis data to calculate the entrainment rate We.



The height of MBL    z i    (similar to h in Equation (1)) is written as:


     ∂  z i    ∂ t     + u (  z i   )  ∇  z i    =  W e    −  W +   (   z i   )    



(10)




where u(   z i   ) is the horizontal wind velocity. u(   z i   ) and large-scale subsidence    W +   (   z i   )    can be got from NCEP reanalysis data. In the case of a period long enough,     ∂  z i    ∂ t     goes for zero:


      W e   ¯    =   u  (   z i   )  ∇  z i   ¯  +    W +   (   z i   )   ¯    



(11)







The authors assumed that      u ′   (   z i   )  ∇  z i    ′   ¯  ≪   u  (   z i   )   ¯    ∇    z i   ¯    and Equation (11) is simplified to:


     W e   ¯  ≈   u  (   z i   )   ¯    ∇    z i   ¯  +    W +   (   z i   )   ¯   



(12)







To achieve a reasonably small noise, the shortest averaging time scale is 2 months. In another word, the data should be averaged over at least 2 months. Estimated      W e   ¯    varied geographically and the maxima      W e   ¯    is reached at downwind (about 0.4–0.5 cm s−1).



Compared with the methods introduced before, this method has a much longer time period to average the data while the methods mentioned before usually have a time period of several hours. As a result, this method will issue in a    W e    which represents the average situation over months. In contrast, the three methods mentioned before only result in    W e    of a specific day. Moreover, this method used the data from MODIS rather than from in-situ airborne measurement, it gives a novel view of estimating entrainment rate.




2.5. Mass Budget Method


Apart from calculating entrainment rate, mass budget method is also an approach to assess the exchange between BL and FT.



In the study of the circulation and fluxes of the halogens [27] and sulfur [28] in the tropical marine atmosphere, the net exchange rates of these materials between MBL and FT need to be evaluated [3]. It is especially important for sulfur because there might be significant influxes of both SO2 and sulfate into the BL from upper atmosphere. In order to obtain such an exchange coefficient, Kritz analyzed the concentration of Sr-90, Pb-210, Bi-210 and Po-210 measured in and above the MBL [29] and the exchange coefficient based on these radionuclides was derived. Rn-222 is a gas liberated from earth surface and it is the product of radioactive decay of Ra-226. Rn-222 (with a 3.8-day half-life) decays to form Pb-210 via several short-lived intermediaries, Pb-210 is quickly and irreversibly scavenged by atmosphere aerosols. This Pb-210 (with a 22-year half-live) in turn decays to form Bi-210 (5.0-day half-life) and thence Po-210 (138-day half-life). Kritz considered the Pb-210, Bi-210 and Po-210 reach a quasi-steady state between the net exchange from free troposphere, the ingrowth and decay of radionuclides and the removal to ocean surface. Although Sr-90 is not a Radon daughter and is produced by nuclear bomb tests [30], it had a similar situation of quasi-steady. Kritz considered that in the system of marine atmosphere (bounded below by sea surface and above by trade wind inversion), the fluxes of materials in and out of it are equal and may be represented by:


    Φ  i n     = Q / τ   =  Φ  o u t     



(13)




where Q is the total quantity (or called as column density) of material in the marine atmosphere and  τ  is mean residence time of the material. If calculating the column density by multiplying the concentration measured several metres above the sea level by height H (determined as 1000 m) [27,31], then Equation (13) can be rewritten as:


    Φ  i n     =  C  b l   H /  τ  b l     =  Φ  o u t     



(14)




where Cbl is the concentration of the constituent at near-surface, H is scale height (MBL height) and  τ bl is its mean residence time in the BL.



The movement of radionuclides between the FT and MBL could be led by both diffusive and quasi-advective processes. Here diffusion is the classical concept of a flux arising from small scale random motions, proportional to the product of a concentration gradient and a diffusion coefficient. Processes of quasi-advective are not well defined, they might include entrainment, redefinition, cumulus convection and subsidence. Kritz did not distinguish the two types of processes in detail and modeled the exchange by a simple parametric expression:


    Φ  f t − b l     =  (   C  f t   −  C  b l    )   k d    



(15a)






    Φ  f t − b l       =  C  f t    v p    



(15b)




where    Φ  f t − b l     is the net rate of exchange across the boundary layer-free troposphere interface,    C  f t     is the observed radionuclide concentration in the lower FT and    k d    and    v p    are exchange coefficients expressed in terms of distance per unit time. Equation (15a) represents a primarily diffusive exchange. In another way of expression, Equation (15b) is written in analogy with “piston velocity” which represents for the dry deposition of an atmospheric trace constituent at the earth surface.



Thus in the remote marine atmosphere, for a specified radionuclide, the budget equation can be written as follow:


    Φ  f t − b l     + i n g r o w t h − d e c a y =  C  b l   H /  τ  b l     



(16)







The diffusion coefficients obtained from Equation (15a) were 265,354,292 m d−1 and “piston velocity” coefficients gained from Equation (15b) were 185,228,203 m d−1 for Pb-210, Bi-210 and Sr-210, respectively. It is noteworthy that these radionuclides are different and Sr-90 is not a Radon daughter, however, their exchange coefficients are quite similar. But for Po-210,    k d    and    v p    are 1028 and 392 m d−1, respectively, which are larger than the exchange coefficient of other radionuclides. Kritz considered that it is due to additional sources of Po-210 in marine atmosphere, one of which is sea surface [32].



The mass budget methods can be applied not only in ocean but also in mountain valleys. Since the Mesolcina and Leventina valleys in the Swiss Alps all have the characteristics of steep slopes, small floor width and large depth, an air mass budget can be applied to estimate venting of BL air to FT during fair weather and daytime conditions [33]. Henne et al. set a valley box model with three open interfaces—two vertical cross sections within the main valley and a horizontal lid. The vertical mass flux    F Z    can be expressed as:


    F Z    =  F  y o u t     −  F  y , i n     +  F T    −  F  U V W     



(17)




where    F  y o u t    −   F  y , i n     is the convergence of horizontal mass flux,    F T    is additional flow into and out of tributary valleys and    F  U V W     is the change of the up-valley wind layer air mass with time.



Some simplifications were made. First is the assumption of net vertical mass flux being approximately equal to upward mass flux. The second is the neglect of    F T    since the valleys in study have no tributaries. According to the estimated    F Z   , under fair weather condition, the venting of valley air mass to FT is about 3 times per day.





3. Qualitative Measurement


3.1. Method Based on Rayleigh Distillation and Mixing Processes


Yet the shallow convection and entrainment were investigated a lot, the vertical moisture exchange between BL and FT is not fully understood. This method measured water vapor mixing ratio and the stable isotope ratio     18  O  /    16  O   in pairs to evaluate processes of moist convective mixing and entrainment to improve our understanding of moisture transport between BL and FT. During 6–9 May 2010, Bailey et al. measured the water vapor mixing ratio (q), the oxygen and hydrogen isotope ratios, temperature and the submicron aerosol number size distributions on the Big Island of Hawaii [34]. Observed Isotope ratios (obs) were denoted in the notation of  δ  to be compared with Standard Mean Ocean Water (std):


  δ  D = (   D /  H  o b s     D /  H  s t d     − 1   )   ×   1000   



(18a)








    δ    18  O    =  (       18  O  /    16  O     o b s        18  O  /    16  O     s t d     − 1  )  × 1000    



(18b)





Because the outcome of  δ D measured by the instruments is inferior to   δ    18  O    [34,35,36], Bailey et al. used   δ    18  O    in analysis preferentially.



Since heavy and light isotopologues of water share different saturation vapor pressures [37,38], the relationship between the isotope ratio (R) and observed vapor mixing ratio (q) can be used to diagnose moisture fluxes [39,40,41]. It is also a method to distinguish the mechanisms between moistening and dehydrating [42,43]. The research carried out by González et al. on Tenerife in the subtropical North Atlantic and that carried out by Noone et al. in Mauna Loa of Hawaii in the Pacific, both proved that the shifting of the q−   δ D    pairs (in an diagram of q versus    δ D   ) to the upper side of the distribution diagram is the result of relatively drier FT air mixing into the top of moist MBL [41,44]. In the case of unsaturation, both q and R are conserved variables and the mixing of air mass will cause the observed data to show a line in  δ −1/q space (an isotopic mixing diagram of  δ  versus the inverse of water vapor 1/q). By comparison, when air mass goes through a pseudoadiabatic process where condensate is promptly removed as precipitation, its  δ  value falls along a curve of theoretical Rayleigh distillation in   δ  −1/q space. By measuring the water vapor mixing ratio (q), temperature (T) and the heavy-to-light isotope ratio (R) at a certain height zi and preceding height zi−1, Rayleigh distillation is expressed as:


   R i  =  R  i − 1      (     q i     q  i − 1      )    α − 1    



(19)







In the case of slow condensation,  α  is defined as equilibrium fractionation factor meaning how much heavy isotopes can be removed from vapor phase.  α  is a function of T. Since q was assumed at saturation during condensation, T was approximated as the dew point temperature.



A parameter  ε  of precipitation efficiency which varied from zero to one is defined. On condition that all condensate is kept together with the ascending vapor,  ε  is zero. However, if all condensate is converted to precipitation,  ε  increases to one.



As shown in Figure 1, when air masses in mixed layer mix with FT air, observed data plot the straight (solid) line. However, pseudoadiabatic processes of Rayleigh distillation issue in a dashed line. In the case of moist adiabatic, observations will fall along one of the dotted lines depending on their precipitation efficiency (ε). When it comes to a fully reversible moist adiabatic process, precipitation efficiency parameter  ε  is 0 and the total water and total water isotope ratio are conserved.



This research investigates processes that promote moisture transport between the ocean surface and the lower FT near an oceanic island by measuring the stable isotope ratio in water. Below the inversion layer, the isotopic mixing profile of daytime appeared as wet adiabatic convection in some conditions. In other conditions, the profiles appeared as a series of stratification that varied daily and showed the evidence of dry turbulent mixing. With the support of isotope ratios, the effect of cloud processes and moisture mixing in the convective boundary layer (CBL) could be differentiated. Because re-evaporation of condensate in clouds was critical for making the isotope ratios observed around the roof of the BL clear, Rayleigh distillation is insufficient for characterizing moisture transport processes in the Hawaiian BL.



Different from below the inversion layer, moisture transport between the BL and FT was better characterized by a simple model of vertical mixing, which is displayed as a straight line on isotopic mixing diagram in the δ18O −1/q space. Deviations from the straight-line demonstrated the existence of residual layer (RL) formed in previous mixing events. In more than half of the sampled profiles, residual layers capping the CBL appeared. In these situations, fundamental assumptions of synoptic-scale transport controlling the air mass at the top of CBL were not adequate for characterizing the moisture vertical exchange in the low part of subtropical marine atmosphere. Actually, it was the RL which influenced the mixing events in transition layer. The RL formed by strong mixing events may influence vertical mixing for several days.




3.2. Method of Ground-Based Remote Sensing


In the past, we could only investigate the turbulent condition of ABL by aircraft observations or measuring on somewhat tall towers. However, with the development of remote sensing techniques, we can move forward to examine turbulence statistics over most of the depth of the CBL. This is impossible for in-situ measurements operated in the past.



In order to observe the exchange between ABL and FT, Takahashi et al. investigated the diurnal variation of water vapor mixing between the ABL and FT over the Loess Plateau in China in 2005 and 2006 [45]. Vertical profiles of atmospheric water were measured from the ground-based microwave radiometry (MR) equipment, the time step was 1 min and the height was up to 10 km. In addition, vertical profiles of wind velocity were also observed by a 1290-MHz wind profiler radar up to a height of about 8 km. And the air temperature, precipitation, amount and types of clouds were observed as well. These results revealed characteristic diurnal variations of atmospheric water vapor in the southern Loess Plateau in summer. On sunny days in early summer, a strong vertical wind was generated in the afternoon and led to the development of ABL. With the development of active cumulus convection in the afternoon, strong convection was enhanced. An interesting situation was detected, from the early morning until the afternoon, water vapor decreased in the lower atmosphere and increased in the upper atmosphere. This finding demonstrated that atmospheric water vapor between the ABL and FT was exchanged diurnally. The strong convection in the ABL developed by sensible heat from land surface and cumulus convection, together, played critical roles on vertical mixing of water vapor.



Additionally, the horizontal advection of clouds may influence the vertical distribution of water vapor. Although strong vertical mixing event was not observed by wind profile radar in one cloudy day, the profile of water vapor between ABL and FT showed diurnal variation. This result demonstrated the significance of horizontal advection and was incompatible with the assumption that horizontal direction is homogenous.



Except for microwave radiometry, the Raman Lidar (RLID) can also observe the profiles of water vapor in atmosphere. The U.S. Department of Energy Atmospheric Radiation Measurement (ARM) program’s Raman lidar has collected water vapor mixing ratio (q) profile data more than 90% of the time since October 2004 at the ARM Southern Great Plains site in north central Oklahoma. Turner et al. analyzed 300 cases where the CBL was quasi-stationary and well mixed for a 2h period. They found the q skewness (       q  ′ 3    ¯       (    q  ′ 2    ¯  )    3 / 2      ) at altitudes between 0.6zi (where zi is the depth of the convective mixed layer) and 1.2zi is correlated with the magnitude of the q variance (    q  ′ 2   ¯   ) at zi, with increasingly negative values of skewness observed lower down in the mixed layer (or called as ABL) as the variance at zi increases. This suggests that in cases with lager variance at zi there is deeper penetration of warm, dry FT air into ABL [46].




3.3. Airborne Tracer-Tracer Relationship/Ratio Method


To improve the understanding of vertical exchange between ABL and FT, tracer-tracer relationship/ratio method may be applied.



Berkes et al. made the field observation at the Taunus Observatory at the summit of Mount Kleiner Feldberg (825 m a.s.l.) during the PARADE (PArticles and RAdicals: Diel observations of the impact of urban and biogenic Emissions) field campaign [47]. Berkes et al. measured the concentration of CO2 and O3, ambient temperature and humidity, pressure and particle number concentration by aircraft [47]. The descending flights were spiral-shaped and the diameter was about 10 to 15 km. The highest flight altitude was 3000 m above sea level and the observation time was about 2 to 3 hr. Meanwhile, Berkes et al. launched radiosondes 4 to 10 times every day and the radiosondes were usually released from an hour before sunrise to an hour after sunset [47]. The measurement of CO2 and O3 was also performed by ceilometer and surface base. With the data from radio soundings, Berkes et al. used the surface-based bulk Richardson number RiB to calculate the planetary boundary layer (ABL) height [48,49]. Furthermore, the height of ABL can be determined by ceilometer [50]. Once the mean value of backscatter decreases to half the maximum average value inside the ABL, this altitude is determined as the ABL height.



Figure 2 is the scatter diagram of O3 and CO2 in the morning (07: 27 UTC) of 6 September 2011, we can distinguish the air masses between BL and FT obviously from the humidity and concentration of O3 and CO2. The air mass in the RL and stable layer (SL) (all belonging to ABL) has low O3 values and variable values of CO2 and qV (humidity). However, the air mass in the FT is observed with larger values of O3, lower values of qV and less variability in CO2.



At noon (11:42UTC), the scatter diagram of O3 and CO2 changed (Figure 3). The characterization of two different air masses can still be distinguished from each other; the qV of BL air mass is higher while the qV is lower in FT. Nevertheless, the air mass in the FT appears different to that in the morning and shows a larger variability in CO2—this is considered an indicator of an ABL air mass that has entered the FT. Moreover, the O3 mixing ratios in the ABL are also increased slightly which could be related to downward transport of a FT air mass. The line made up of black boxes which were measured above the ABL in Figure 3 is the boundary of FT and BL. The qV of the boundary line is slighter higher than the background value of FT.



Berkes et al. investigated the origin of the probed air masses with 24 h kinematic backward trajectories and found the air masses around the top of the BL is separated by inversion layer [47]. This is the evidence that the air masses originated from different locations. Thus, air mass from ABL and FT must mix at the measurement location or shortly before.



At the time of measurement, the top of the BL is influenced by clouds. The existence of clouds will affect the strength of inversion layer and the mixing between ABL and FT. Radiative cooling at the upper edge of the clouds promotes a downward mixing of air and thus affect the inversion strength and might also contribute to the observed mixing event by entrainment of dry air from FT into BL [51,52]. The authors considered that the evolution of shallow convection and consecutive cloud formation at the top of the ABL will influence the mixing and make efficient exchange between ABL and FT.



Tracer-tracer relationship method can judge whether air masses are from FT or BL by analyzing the relations among O3, CO2 and humidity. Thus, it can find the exchanges between FT and BL by the time evolution of these scales. Analogous to this, by analyzing the relations among O3 and other different scales, the evidences of exchange processes between FT and BL can be found. In transported air masses, positive correlation between ozone and CO is a signature of photochemical ozone production from anthropogenic precursors and increases in ozone with little change or decreases in CO indicates vertical ozone transport from the FT or stratosphere [53]. The relationships between ozone and NOX (NOX = NO + NO2) can also indicate the vertical mixing processes between BL and FT. Whether in urban or rural areas, positive correlation between ozone and the products of NOX oxidation is a signature of ozone production from anthropogenic NOX emission [54]. Furthermore, since HNO3 is an oxidation product of NOX, the positive correlations between ozone and HNO3 can also prove the anthropogenic influence. On the contrary, a negative or flat correlation between ozone and HNO3 can be caused by entrainment of FT air with more ozone and less HNO3 into BL [55]. In conclusion, we can decide the sources of BL ozone by the relationship among O3, CO, humidity or O3, HNO3, humidity. Since the humidity of FT is lower and of BL is higher, the humidity can represent the height of air masses roughly.



Potential pseudo-equivalent temperature can be obtained when wet unsaturated air masses ascend to where the water vapor in the air masses all condensates and they then descend to the height of 1000 hPa via a dry adiabatic process. When the atmosphere is convectively unstable, potential pseudo-equivalent temperature decreases as altitude increases. In adiabatic, the potential pseudo-equivalent temperature of the same air mass is conserved. This character is usually used to identify the source of air masses. Jia et al. observed the nighttime ozone at Guncheng, Hebei, they found the value of O3 increased remarkably as the concentration of NOX and CO decreased with the decrease in potential pseudo-equivalent temperature [56]. This is an indicator that the downward flow from lower and middle FT brought the air masses to ground and caused ozone mixing ratio to increased. This result is corresponding to the preceding paragraph of the text.



In Weiss-Penzias et al.’ study at Mount Bachelor, the enhancement ratio between ΔTGM (total gaseous mercury) and ΔCO was used as an effective tracer to represent the long-range transport from Asian BL to North American FT [57]. The ΔTGM/ΔCO measured at Mount Bachelor Observatory (2763m above sea level) on 24 April 2004 was similar to the value obtained from pollution plumes downwind of east Asia, demonstrating the Asian long-range transport to North America.





4. Conclusions


Compared with qualitative measurement, quantitative measurement may be more difficult in observing the exchange of substance and energy between ABL and FT. The exchange between BL and FT can be assessed quantitatively by estimating the entrainment rate or mass budget method. By observing the height of inversion layer, we can make a quantitative assessment of the total exchange between ABL and FT. Moreover, it is potentially an efficient method to estimate entrainment rate with the observation of chemical constituents by measuring the scalar flux below the inversion and the cross-inversion jump. The scalar flux below the inversion can be obtained by extrapolating the profile of scalar to the height of inversion-below or measuring on aircraft directly. However, the result of direct measurement is not accurate. Comparing with in-situ measurement, the method of estimating by dataset from Lagrangian strategy can be free of the influence of horizontal advection which is difficult to get reliable data and is a main uncertainty. Combining the satellite observations and NCER reanalysis data provided a novel view of estimating entrainment rate over a long period.



Mass budget method by using long-lived Radon daughters as indicators of exchange can be used in ocean. In mountain valleys, vertical mass flux may also be calculated by mass budget method.



By measuring the water vapor mixing ratio and stable isotope ratio      18  O   /     16  O    in pair on an island to evaluate moist convective mixing and entrainment processes between MBL and FT, it can be found that the transition layer between MBL and FT is corresponding to mixing model rather than Rayleigh distillation model. With the improvement of ground based remote sensing techniques, mixing events between ABL and FT can be observed continuously. In addition, tracer-tracer correlation/ratio method gives a valid and clear approach to observe the mixing/transport of species between FT and BL by analyzing the relations among species or their ratios.
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Figure 1. An isotopic mixing diagram of   δ    18  O    versus the inverse of the total water mixing ratio (qT−1) [34]. 
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Figure 2. Scatter diagram of O3 and CO2 07:27UTC [47]. 
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Figure 3. Scatter diagram of O3 and CO2 11:42UTC [47]. 
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