TUTORIAL to the FuGas 2.4

Model overview
[bookmark: _Hlk16415534] The calculations are controlled by the parent script which, at the appropriate times, invokes the child scripts specific to each geophysical process. Global variables, constants and calculus settings (i.e., numerical options) are defined by the user in the early Settings section of the parent script. Local variables, constants and calculus settings are defined by the user in the early Settings section of the respective child scripts. This is a major change from earlier FuGas versions (Vieira et al 2013, 2015a,b, 2016, 2018), where all options were defined in the Settings section of the parent script. The calculus parts of the parent and child scripts are NOT to be edited by the user. The listing of parent and child scripts is provided in Table 1.

Table 1 – Software organization
----------------------------------------------------------------------------------------------------------------------------------------------
Parent script:			task:
GasFluxExe_field.m		general framework run in single processing.
GasFluxExe_mp.m		general framework run in parallel processing.
----------------------------------------------------------------------------------------------------------------------------------------------
Child script			task:
estimateScw.m		Estimates the Schmidt number, kinematic viscosity and density of water.
estimatekH.m			estimates the solubility of gas in the water (Henry’s constant).
estimateSca.m			Estimates the Schmidt number, kinematic viscosity and density of air.
estimateEC2ustar.m		estimates the friction velocity from Eddy-Covariance (E-C) data.
estimateCD2ustar.m		estimates the friction velocity from Drag Coefficient (CD) formulations.
estimateUs.m			estimates the water surface velocity collinear with wind.
estimatez0.m			estimates the roughness length.
[bookmark: _Hlk16931465]estimateRib.m			estimates the Bulk Richardson number.
estimateMOS.m		estimates the Monin-Obhukov Stability theory (MOS).
estimateka.m			estimates the air-side transfer velocity (kw).
[bookmark: _Hlk16931516]estimatekwind.m		estimates the wind driven water-side transfer velocity (kw).
estimatekwhiteCap.m		estimates the white cap coverage.
estimatekbubble.m		estimates the bubble mediated water-side transfer velocity (kw).
estimatekcurrent.m		estimates the current mediated water-side transfer velocity (kw).
estimatekw.m			estimates the overall water-side transfer velocity (kw).
[bookmark: _Hlk16932003]estimateFluxMol.m		estimates the air-water gas fluxes in units of moles.
estimateFluxPPM.m		estimates the air-water gas fluxes in units of ppm.
----------------------------------------------------------------------------------------------------------------------------------------------

[bookmark: _Hlk16416104]To apply the FuGas to small data sets (i.e., field data), the single processing parent script GasFluxExe_field.m should be preferred. This file was used to test the model with the Baltic field data (Vieira et al. 2015a,b; 2016, 2018). However, to apply the FuGas to large data sets (i.e., L4 data), the parallel processing parent script GasFluxExe_mp.m should be preferred. This parallel processing alternative simulated the gas fluxes in the Mediterranean and North Atlantic (Vieira et al 2013, 2015a,b, 2016, 2018). The calculus is parallelized using the Single Program Multiple Data (spmd) solution. However, this spmd duplicates ram memory usage, turning it massive and thus demanding partitioning the spmd into blocks so that the data no longer required may be cleared in-between. Loading massive amounts of data into the RAM and duplicating it can be a slow process, particularly in older laptops. Furthermore, if the RAM is exhausted, the use of virtual memory turns the calculus extremely slow, revoking the advantages of parallel processing. So, the user should check the available RAM and its calculus demands prior to running the model. It may be useful to free RAM by turning off the internet, the antivirus, Dropbox, Skype, and other non-essential software applications. This may be done directly on the respective software or on the task manager.

The numerical options
The model simulates several geophysical processes occurring at the air-water interface. Each of these can be simulated by alternative formulations taken from the literature. The user must define them in the respective block in the beginning of the script, where it is provided the tag for the respective formulation, bibliographic reference and other useful information.

constants 
Global constants for the water, air and gas properties are defined in the respective blocks in the beginning of the parent script. The gas constants are specific for each gas. The script already has the values for the greenhouse gas CO2, CH4 and N2O. These can be chosen un-commenting the values for the desired gas while commenting the values for the remaining gases. The values for other gases can be found in the works by Sander (1999, 2015) and Sarmiento and Gruber (2013). Local constants for the processes are defined in the beginning of the respective child script.

The variables 
These are automatically loaded into Matlab workspace by defining the file name, the directory and the respective data arrays in the respective early section of the parent script. If it is simulated an area over a period, then ‘location’ should be along the lines of the data matrix and ‘time’ (t) along the columns. This way, the 2D ocean surface with the (m,n) matrix of geographical coordinates (longitude, latitude) must be squeezed into a (m×n,t) for each environmental variable, a (m×n,1) column vector with the longitude, and another (m×n,1) column vector with the latitude. If using single processing the variables are edited as Tw= SST; etc (example with the Baltic data). If using multiple processing, Matlab requires the variables to be co-distributed among CPUs: Tw=codistributed(SST); etc. Besides quality control, some variables may require extra data pre-processing. Typical cases are detailed below.

Wind velocity
Sometimes u10 is not available but instead the wind at other heights (uz). In these cases, u10 is estimated from the wind log-linear profile in a preliminary run of the FuGas. The results are saved and the estimated u10 is used as input variable in posterior runs.

Friction velocity
[bookmark: _Hlk16929280][bookmark: _Hlk527915402][bookmark: _Hlk16457763][bookmark: _Hlk520808829][bookmark: _Hlk529366293][bookmark: _GoBack]The u* can be predetermined, i.e., if known a priori, its value can be provided as input in the Settings section of the parent script. Otherwise, u* is stated as an empty array (u*=[]). In this case, if Eddy-Covariance (E-C) data is available, a preliminary u* can be estimated from the uw and vw components provided in their respective input lines in the Settings section of the parent script. For observations where the preliminary estimation of u* from E-C data is not possible, uw=nan and vw=nan (i.e, undetermined) must be assumed. If such data is unavailable for any observation, uw and vw are better stated as empty arrays by typing uw=[] and vw=[].  Then, a preliminary u* is estimated from drag coefficient (CD) empirical formulations. Alternatively to CD based formulations, it is possible to estimate u* from the wave field following the formulations developed by Gao et al (2009). To facilitate software management, these formulations are still chosen and implemented in the estimateCD2ustar.m script. Afterwards, the final u* is estimated from the wind log-linear profile (WLLP), given the wind at height z, the sea-surface roughness and velocity, the atmospheric stability of the surface boundary layer, and iterated for numerical stability a number of times chosen by the user; needlessly more than 3. In specific times and/or locations where some of the required variables are lacking, the model keeps the previous u* estimate from the drag-coefficient (CD) or the eddy-covariance (E-C) formulation.

Wave variables
In the FuGas 2.4, the (phase) velocity of peak waves (also known as the wave celerity) is estimated from cp=Lp∙fp, with Lp (m) and fp (Hz i.e., s‑1) corresponding, respectively, to the length and frequency of the peak wave spectrum. The wave frequency is also frequently represented in the literature by ω (rad∙s‑1). The wave period is T=1/fp (in units s).
The Lp must be provided by the user choosing among different formulations depending on the water depth (zw):
a. In a first approximation for all waters, cp=(g∙Lp/2π∙tanh(2πzw/Lp))0.5. Consequently, Lp is the solution to fp2=(g/(2πLp))∙tanh(2πzw/Lp).
b. Upon the application of (a), the deep-water conditions are identified by zw>0.5Lp. In this case,      cp=(gLp /(2π))0.5 yields the same result as cp=Lp∙fp. Therefore, the correction Lp=T2g/(2π) is applied. 
c. Upon the application of (a), the shallow-water conditions are identified by zw<0.05Lp. In this case, cp=(g∙zw)0.5 yields the same result as cp=Lp∙fp. Therefore, the correction Lp=T(g∙zw)0.5 is applied. 


Different algorithms and degrees of complexity

The water-side transfer velocity (kw)
This is often estimated from simple empirical formulations considering the wind speed at 10 m heights (u10), usually under atmospherically neutral conditions (u10n). These are chosen for the kwind term. In this case the kbubble is neglected setting ‘none’ in the numerical options.
For more comprehensive physically-based formulations, the kwind can be estimated from the speed of the wind effectively exerting drag over the sea-surface, commonly known as friction velocity (u*). Some of these formulations still have implicit the effect of bubbles generated by breaking waves, in which case kbubble is still neglected. Other u*-based formulations only consider the effect of turbulence. These can be coordinated with kbubble formulations.  

[bookmark: _Hlk534915351]The roughness length (z0)
This is implemented in the estimatez0.m child script, with the choice among the 21 available formulations being stated in its Settings section. Two critical roughness Reynolds number (editable in the settings section) separate between rough, intermediate and smooth air-flows. Each of these types can be neglected by playing with the thresholds.
The roughness length under aerodynamically rough air-flow may be estimated from 19 formulations. The developments from Charnock [1955] formulation require choseing the ACk and BCk constants in the Settings section. The roughness length under aerodynamically smooth air-flow may be estimated from 2 formulations. The roughness length under aerodynamically transient air-flow adds the rough and smooth air-flow terms, following the COARE algorithm.

Converging friction velocity and roughness length
[bookmark: _Hlk535929916][bookmark: _Hlk535925430]The friction velocity (u*) and roughness length (z0) are interdependent and should be iteratively solved for convergence, as done in the COARE and previous FuGas versions. The goal is to get a final friction velocity that can be applied in the related transfer velocity (kwind) formulations. For the FuGas 2.4 the WLLP convergence scheme was extended to include new features. Hence, the preliminary stage estimates provisory friction velocities following the sequence:
1.	Estimate u* from E-C data.
2. 	Estimate u* from drag coefficient (CD), when E-C data is unavailable.
[bookmark: _Hlk535927579][bookmark: _Hlk535925566]Afterwards, the final friction velocity is estimated iterating the n cycles of the convergence stage, with n being stated in the settings section in the beginning of the GasFlux scripts. The algorithm converges within four cycles (n=4).  Each cycle consists of the following sequence:
1.	Estimation of surface velocity (u0) collinear with wind at height z (uz).
[bookmark: _Hlk535926712]2.	Estimation of z0.
[bookmark: _Hlk535926956]3.	Estimation of the atmospheric stability (ψm).
4.	Estimation of u* from the wind log-linear profile (equation 4) given the observed uz and the estimated u0, z0 and ψm.

Estimating transfer velocities from observed gas fluxes 
The observed Eddy-Covariance gas fluxes and associated transfer velocities (kw) are estimated by the ‘getKfromEC.m’ using the WPL correction for fluctuations in humidity and heat (Webb et al 1980). The file has two ‘Settings’ sections to be edited by the user and two ‘Calculus’ sections not to be edited by the user.
