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1 Introduction

There are some variables in the CORDEX list, that might require an agreement within the community in how to
compute / infer / diagnose them. With this in mind, and following the previous work published in (‘Geoscientific
Model Development (GMD)’ , , hereafter Fital9), here is presented a new version of the module which
include some new variables

2 Variables

Some of the new variables are needed for the new CORDEX-list of variables, some others are included as seen as
potentially useful for some communities.

2.1 zmla: Boundary layer height

This variable is provided as a diagnostics by almost all the planetary boundary layer (pbl) schemes implemented in the
atmospheric models. However, because these schemes are constructed over different assumptions and set of equations.
Therefore it makes not possible to directly compare values among models (or even within the same model, using
different pbl schemes).

In the first version (Fital9), a unique methodology was provided. In this update, a new one is introduced. At the
same time, due to the existence of 2 different methodologies, a new flag called 'zmlagen_diag' is introduced, with
which user select the preferred method of diagnose the generic boundary layer height, being:

e zmlage_diag = 1: vertical, theta-e based methodology from ( , ) as it was in previous
version of the module

e zmlage_diag = 2: bulk methodology using the Richardson number after ( , ;
) ) [default value|

See results in figure 1.

2.1.1 Nielsen-Gammon08

After ( , ). The method consists in defining the height of the PBL as the first level in the
mixed layer (ML) where potential temperature exceeds the minimum potential ML temperature by more than 1.5 K.
It has been implemented using the definitions given below:

1. Mixed layer depth (MLD) is defined as the model level (ky/rp) starting from the second model level at which
the variation of the mixing ratio (quv(k), normalized with its value at the first level) exceeds some predefined

threshold value (qv(1)): W > 0qv (here applied a dqv = 0.1)

2. Within the MLD the value with the minimum potential temperature is taken as: minyp = min[0(1), ...,0(kyrp)]

3. The level of the pbl height (k.miq) is the level at which the maximum variation of potential temperature within
the MLD exceeds some predefined threshold value: 0(k.mia) — @minyrp > 00, (here 60 = 1.5 K)

4. The pbl height (zmla) is obtained using the geopotential height zg at the calculated k., level above the ground
(zagl): zmla = zagl(kzmia) = 29(kamia) /g — HGT, with HGT being surface elevation height above sea level.

No general rule has been applied to determine the correct value of dqv used to determine MLD. It can be determined
by the namelist parameters zmlagen_dqv for dqu (default value 0.1) and zmlagen_dtheta for 66 (default value 1.5 K).
When comparing this implementation with the zmla directly provided by WRF’s Mellor-Yamada Nakanishi and Niino
Level 2.5 PBL scheme (MYNN2.5 , ) in WRF model (shown in figure 9 in Fital9). In general
the generic estimation produces a higher pbl (a panel) with lower values during night (b panel). Spatial distributions
between both diagnostics are pretty similar.



2.1.2 Bulk zmla

After ( , ), zmla is computed using the bulk Richardson number. A threshold (Rispres =
0.25) is defined in order to determine the height of the pbl (see equation 1).

ol — Ri[z] <= Rithres < Rilz + 1] (1)
| or Rilz] >= Rithres > Ri[z + 1]
Using the bulk-Richardson number as defined in the equation 2

g/TpyAO, Az
(Au)? + (Av)? + 100(u*)?

Ri = (2)

where Bulk Richardson number follows AMS Glossary definition (https://glossary.ametsoc.org/wiki/Bulk_richardson_
number) adding the (u*)? term as a way to take into account turbulence due to surface friction on neutral boundary

layer (eq. 3 in , ). g is gravitational acceleration, T, absolute virtual temperature, Af,,
virtual potential temperature difference across a layer of thickness Az, Au and Av are the changes in horizontal wind
components across that same layer.

2.2 0O-isotherm

Diagnose of the first height from the ground where air-temperature becomes 0 (see results in figure 2).

2.3 wsb0m, us0m, v50m

Diagnose at 50 m of wind, temperature and humidity has been introduced in this update. User can set-up the desired
height with the namelist parameter z50m. Its default value is 50. These diagnostics are directly activated when
compiling with the flag ~-DCORDEXDIAG.

5 new variables have been introduced:

e WSZ50: 50m wind speed, ms~*

e UZ50: Eastward 50 m wind speed, ms™*
e VZ50: Northward 50 m wind speed, ms™*
e TAZ50: 50 m air temperature, K

e QVZ50: 50 m water vapour, kgkg ™'

2.3.1 ws50m, u50m, v50m

Following Monin-Obukhov Similarity theory (see Box 1 for remarks) a diagnose to extrapolate winds (for the ua100m,
val00m diagnostic) for winds below 80 m was introduced in the module. The wind at given height is extrapolated
following turbulent mechanisms. As it is shown in equation 3, surface wind speed is used as surrogate to estimate 100
m wind direction (619 = tan~!(uas,vas), without considering Eckman pumping, or other effects on wind direction).
In this implementation u, in similarity theory is taken as model estimates of UST, Monin-Obukhov length (Lo),
roughness length (zg) and thermal time-varying roughness length ZNT.

UsT 100 100
wss100 = - In 70 + U E

—UST®T,
Lo = % (Obukhov length) (3)
0
z 4[:22 >0 (sTable)
o <,c) [ (452) (455)7] -2t (X) 4+ 5 £
o n 5 ) (555) 2tan™(X)+ 5 7 <0 (unsTable)
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Figure 1: Evolution of generic boundary layer (zmla) by the two methods (theta-e, blue; bulk-Richardson, red) at
different stations and on the 15th of November at 00 UTC for all the domain, for the diagnostics and the differences
between them
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Figure 2: Evolution of zero isotherm (z|tq=goc) at different stations and on the 15th of November at 00 UTC for all
the domain



1/4
1
X = (1 - 5Z>
Lo
_ V10 N uUa100 = WSS100 COS(@lo)
010 = atan (U10> VG100 { vaioo = wss100 sin(f1o)
wss100: wind speed at 100 m (ms~!), where Wj;: stability function after ( , ), UST: w* in similarity

theory (ms~1), zo: roughness length (m), U10,V10: 10-m wind speed, thetaio: 10-m wind speed direction (rad), uaigo:
100 m eastward wind speed, vajgo: 100 m northward wind speed (note the absence of correction in wind direction to
Ekman pumping or other turbulence effects)

Figure 6 from Fital9 shows different preliminary results using the three different approximations for wind gust
estimation. It is illustrated (a panel) how wind-gusts are larger than the 10-m diagnostic winds, and also the difference
is larger when using Monin-Obukhow method compared to the two others methods. Certain problems (too small
Monin-Obukhov length) are recognized when applying Monin-Obukhov for extrapolating wind at 100 m, which is
shown in panel b, where wind gusts appear to be strong as 80 ms~!. Therefore user is advised to use this method
with care.

Here one should notice that some of the pbl-related variables (UST, 2o, U10, V10, thetaig, ...) will be model /
scheme dependent.

2.3.2 ta50m, hus50m

To diagnose temperature and humidity at relatively close to the surface (z < 80 m), is suggested to use the Monin-
Obukhov Similarity Theory (see remarks of box 1), but adapting the equations to these variables.

Limitations of Monin-Obukhov Similarity Theory

The implemented equations are the ones from ( ). These equations only ap-
ply within certain ranges of the fraction z/Lq, being z: height and Lo: Monin-Obukhov length.
The turbulent assumptions from which, one can vertically extrapolate scalars, must be within the
turbulence-driven layer of the atmosphere, which happens to be (accordingly to Bussinger) within the
range (z/Lo > —2.,2/Ly < 1.).

According to this limitation, diagnose uses models’ 3-dimensional zg,ta,qu to linearly extrapolate
tab50m and hus50m for the grid points that 50 m above ground lays outside the TKE-driven turbu-
lence layer

One should be aware, that in order to proceed, we need to obtain the slope of the vertical profile of the desired
variable: u* for wind, ta* for temperature and gv* for humidity and that at the surface whereas ug = 0, for tag, qug # 0.
Models tend to provide u*, but not ta*, qv*, therefore, it would be necessary to perform a two step methodology in
order to get the necessary values, needed to estimate ta and qv at a desired height z4 (here we present the example
for ta(zq)):

1. Compute the increment (e.g. Ata’ = ta(k+1) —ta(k)) of the variable respect a known heights (at vertical levels
k and k + 1) from the 3-dimensional atmospheric temperature field

2. Infer ta*

3. Compute the increment between one of the 3-dimensional temperatures and the desired height using ta* (e.g.
Ata” = ta(k) — ta(zq)), to obtain tag

4. Obtain ta(zq)

The general equation for the vertical profile of temperature and humidity at the surface layer of the PBL follows

the equation 4
(o) o= X () —w (2
X0 %= 5 [ () -v=(£)] @)

where x = ta, qu, for temperature and humidity and in this case will be the instantaneous values of the variable
at the grid point during the integration of the model (T (previously converted to actual temperature) and QVAPOR),



W= stability function, with dependency on the stability and with different options for the profiles to use, here for
completeness, Businger profiles will be used. Here, the formulations for scalars will be used (ta and gv will be
treated as scalars fields). zpx can be replaced by 0.1z (roughness length) without introducing too much error
(zota = zoqu = 0.1zp).

The stability functions for temperature and humidity (being the same) are shown in equation 5

Pta,qv =20
Via,qv In {(tl+2)g:| ) ZZO 0 (5)

o

where £ = d);l%qv and ¢4 q0 are the universal functions.

There are different universal functions depending on the works and observations used. Here the ones closer to the
same used for the winds will be used, which will correspond to the ones purposed by ( , , expressed
in equation 6).

0.74(1 — 9&)71/2 —2 < & <0 (unstable)

k = 0.35; dra,q0 = 0.74 Lo =0 (neutral) (6)
0.744+4.7% 0 < & <1 (stable)

To obtain x*, one derives it from the AY equation 7

AY = Y(k‘*‘l +Xo) — (X(k) +Xo) =

() ()
(20 (] () ()
_ X ln( z(k+1) ZO)_\I}:( +1)

(S5 o (2 (2

K
= Xl

Using known heights z(k + 1), z(k) and the values of x(k), x(k 4+ 1) from the model levels, one can reduce x* as it

is shown in equation 8

—~

*

*

K

o= & X(k+1) —x(k)
In (z(zk(;g)l)) e (z(k+1)) s (2(7;;)

Using again the A for de desired height z4 and with the recently found x*, one can obtain the actual value of
X(z4) (and also retrieve yg) as it is shown in equation 9

®
)

AX = Y*k = X(24) (9)
- o) () er(2)
e = £ () e () ()

And for the case where z4 > z(k) in equation 10

AX = X(za) = X(F) (10)
X(za) = X; {ln (;}%) - Vs (ZZ) + Vs (Z[(:]:))ﬂ +x(k)



Box 1: IMPORTANT REMARK about the Monin-Obukhov based diagnostics

Monin-Obukhov theory is used as an approximation to the estimation of the values of variables within the
‘surface layer’ of the Planetary Boundary Layer (PBL). One must be aware, that Monin-Obukhov theory and
its associated vertical profiles are designed to be universal depictions of the dynamics of chaos based on temporal-
means. Results should be taken with caution when used in atmospheric models to diagnose certain values.

Used only within the ‘surface layer’ of the planetary boundary layer. This surface layer, is not universal
and it will depend on a large number of conditions such as: stability, surface characteristics, existing
canopy, among others. There is not an actual way to determine the end of the end of the layer. Bearing
this in mind, under 'normal’ conditions, should not be used above 80 m (maybe far less in stable nights)

Profiles of the theory are not providing ‘mnstantaneous’ descriptions of the actual conditions of the atmo-
sphere. These profiles although attempt to be ‘universal’, strongly relay on the observations used to extract
them. Also, they are used as temporal mean representations of the chaotic behavior of the atmosphere.
These mean representations are averages computed for high frequency measurements (order of Hz) for
time-windows of 10 to 30 minutes.

Due to the lack of proper observations of humidity, the vertical profiles of the field are similar to the ones
from the temperature, by using the profiles for scalar variables.

Therefore, diagnostics based on Monin-Obukhov theory (or similar), should take with caution. Since, from
the modeling perspective:

1. They are used to provide instantaneous values

2. Distinction among ‘PBLgyr facelayer — PBL — free atmosphere’ is strongly dependent of models

3. In some cases, there is no information about height of the canopy of the grid cell, and how PBL is

interpreted in the areas within / outside the canopy

There might be vertical profiles for layers above the surface layer and still within the PBL, but these
profiles would not follow Monin-Obukhov theory.

In the cases, where desired heights are outside the PBL, the values of the variables at the desired heights
could be directly interpolated from the closest pair of vertical layers of the atmosphere

There are some vertical profiles for the entire PBL (see for example , ), but they will not be
considered (yet)

acknowledgments: Thanks to Dr. Marisa Gassman and Natalia Tonti (DCAO, UBA, Argentina) for their
suggestions, comments and explanations

In order to avoid non consistent values, diagnosed values Y(z4) are constrained within the values at model’s first
layer values ta|g=1, qu|x=1 and the second one ta|g—2, qv|x=2. In that cases, the value at 50 m is given as the closest
one (kejosest ), following the equations at 11

tamin = min (ta|g=1,talg=2)
qumin = min (qu|g=1, qV|p=2)
tamax = mazx (ta|g=1,ta|x=2)
qumaz = max (qu|k=1, qv|k=2)
Eciosest = min(abs(z|x=1 — 50.), abs(z|x=2 — 50.))

tab0m < tamin — tab0m = talk=g,,,..., (11)
hus50m < qumin — hus50m = qu|k=k,,....,

ta50m > tamaxr — tab0m = ta|p—r.,. ...,
hus50m > qumaz — husb0m = quli—g.,....,
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Figure 3: Comparison of air-temperature (ta.50) and mixing ratio (qu.50) diagnostics at 50 m following Monin-Obukhov
Similarity Theory and vertically closest atmospheric values (below, above 50 m) for a WRF simulation on November
2018 at 5 different Argentinean locations: Aeroparque airport (0002 station, top left), Antartic Marambio base (0006
station, top right), Formosa airport (0012 station, bottom left) and Humauaca (0018 station, bottom right). Top
left panel: monthly time-series air temperature (ta, red, left y-axis), mixing ratio (qv, blue, right y-axis). Top right
panel: values at the vertical level above/below 50 m respect the diagnostic value. Middle panels: vertical profile
evolution around 50 m with diagnostics at 50 m as colored markers, and vertical WRF values as shading. Bottom left
panel: Scatter diagram for diagnosed temperatures (x-axis) respect atmospheric values below/above 50 m (y-axis).
Bottom right panel: Scatter diagram for diagnosed mixing ratios (x-axis) respect atmospheric values below/above 50
m (y-axis). Different scales and ranges are used in each figure



2.4
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iutmean, ivtmean

Vertically integrated horizontal transport of water vapour is a common diagnostic in climate studies. Here is introduced
as the mean value between output time-steps (adding the individual amounts during model integration time-steps) as
it is shown in equation 12 and figure 4. This variable is activated with compilation flag ~-DCDXWRF=1

3" \* QVAPOR[iz)(DNWiz]) (12)

1z=1

. MU+ MUB
Xt = ———

where xy = u, v being each of the wind components.
Two new variables will appear at the wrfcdx (auxhis9) output file:

e [IUTMEAN: mean vertically integrated eastward transport of water vapour, kgm™"s

e IVTMEAN: mean vertically integrated northward transport of water vapour, kgm™"s

2.5

1.,-1

1.,-1

tas hm, hurs hm

The diagnostics for 2-m temperature and humidity from ‘Modele de Circulation Générale du LMD’ (LMDZ, https:
//1mdz.1md. jussieu.fr , ) are introduced into WRF as additional diagnostics. These implemen-
tations follow an iterative methodology following ( , ). These variables are activated when compiling
the module with the pre-comilation flag ~-DCORDEXDIAG

Two new variables are introduced:

e TAS HM: Corrector-calculator (Hess-McAvaney, 1995) 2m temperature, K

e QVS_ HM: Corrector-calculator (Hess-McAvaney, 1995) 2m water vapor mixing ratio, K

It follows a 2-step methodology:

1.
2.

First estimate using the Dyer-Businger formulation

Corrector of the estimates using the Louis formulation

In more detail (following , ):

1.

Vertically integrating the Monin-Obukhov equations for temperature, humidity and wind, one obtains the vertical
profiles for each variable shown in equations 13 to 15

wss - _ £ s 200\ _
K = ln(z()) \I’M<£O>+\PM(£0) Fum (13)

(G z z ZH
= In({— )Yy (= Ugl|l——)=F 14
St = ) () e () - as
T o () vel@) e ()
K = In(= ) -V (= )49 (=) =F 15
0 o o\ z, elz, Q (15)
where wss: horizontal wind speed, (u*)? = 7y/p: friction velocity with 7o: surface sharing stress, p: air density,
©* = —Hy/pCpu*: temperature scale, Hy: surface heat flux, Cp,: specific heat of air at constant pressure,

Q* = —Ey/pu*: humidity scale, Fy: surface evaporative flux, Lo = (u*)?/kg/O0,[0* (14 0.610Q) +0.610,0*]:
Obukhov length, g: gravity, ©g, = Ty(P,/Py)®/©»(14-0.610,): surface virtual potential temperature, Ty: surface
temperature, Fy: surface pressure, P, = 1000 hPa: reference pressure, R: gas constant for air, W, Vg, V!

stability functions (empirically determined , ) as integrated counterparts of the vertical profiles in
Monin-Obukhov equations ¢, ¢w, ¢q, 20, 21, 2¢: surface roughness lengths for momentum, heat and moisture,
Xo: value of variable y at the surface. Accordingly to ( ) the experimental validity

of these equations is found within —2 < z/Ly < 1. Model output at the first vertical layer is used to evaluate
u*, ©* and Q*, using the S-formulation for which Qo — Q(k = 1) = Dy (Qsato — Q(k = 1)): differences between
surface and first vertical layer, D,,: efficiency factor, Qsqt0: saturated value
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Figure 4: 2018 November 3-hourly evolution of WRF’s 3-hourly mean vertically integrated water vapour eastward
horizontal transport (iut,,;) and northward horizontal transport (ivt,,;) and CORDEX module based on internal
integration values iut.qy, 10t.q, at different locations. Values of iut and ivt on 2011 November 15th at 00 UTC all

over the domain
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2. Determine the value of the Monin-Obukhov length Ly

3. Use equations 13 to 15 to predict a value at z = 1.5m and A©, AQ (where Ax = x(z = 1.5) — x0; x = 6,Q),
using the stability functions (evaluated at ( = z/Ly and {p = 20/Lo) as in equation 16

Wy =2In(1 +z) + In(1 + 22) — 2tan"!(2) tabl
Ue=13 Ug(()=Vqo(() =2In(1+a?) } unstapie (16)
Uar(Q) =Yu(() =Tq() =—-5¢ stable

where z = (1 — 16¢)'/* and ¢ = 2/Ly
4. compute the bulk Richardson number Ri;, (see equation 17) at the screen height (z = 1.5) and values from 3

_ gAz A,

= 22 1
Riv =75, | Awss|? (17)

where A©,: differences in potential virtual temperature and Awss: differences in horizontal wind speed over
the layer

5. Calculate the corrected values of wss, A®, AQ for the layer between the screen layer and the surface using the
Louis equations (see 18 to 20, where it is assumed that zg = zg = zg)

wss In(z/20)
u For (Riy, 2/ 20)
0 -0 In(z/z0) 12, -
- FY2(Ri,. 19
k O -FH(Rib,Z/Zo) M ( b Z/ZO) ( )
Q — Qo In(z/20) 12,1
K = - Far (Rip, 2/ 2 20
Q* —FQ(R'Lb;Z/ZO) M ( b / 0) ( )
where Fyy = Fg = Fgo = 1/(1 + 10Riy(1 + 8Rip)) or the most generic formulation shown in (21, equations
retrieved from , )
] (1+ ' Rip)~2 stable
F(R = i 21
i = {3 @

where b=9.4, 0/ = 4.7, C* = 7.4 and

(3o ()

6. Steps and are repeated using the recently computed Louis profiles until a convergence criteria is meet.

2.5.1 LMDZ implementation

This sectoin attemps to describe how ‘Modéle de Circulation Générale du LMD’ (LMDZ , ) GCM
model diagnose temperature, humidity and wind at 2 and 10 m.
It is based on ( ) from Dyer-Businger relations and Louis equations. All is done at the subroutine

stdlevvar from stdlevvar_mod.F90 module.

1. Using cdrag to compute C,, and C;, momentum and heat drag coefficients and Richardson number R;, following
multiple different methodologies (see more details at section A.1:

e unstable: ( , ) with ( , ) modifications (20 # z0p), ( , ) and
Laurent Li
e stable: ( ) ) with ( ) ) modifications (20 # z0p), ( , ) and Laurent

Li, (SHARP , ) and 1st order Monin-Obukhov theory allowing collapse of turbulence


https://lmdz.lmd.jussieu.fr
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*

2. Accordingly to ok_prescr_ust) u* is used to re-compute Cd,, = (u*)?/(wss)?

3. Computing star variables: u*, ta*, qv* and Ly (Monin-Obukhov length) as in equations 23

Rq/C)p
o — tak_1<psfc> (23)
Plr=
uw* = +/Od,,wss?
d.qu = mazx (qu|k=1,0) — mazx (qusyc, 0)
Ote = H—tsfc
O,te = max(dzte,jzle_lo)
N Cdyd tewss
ter = LI
U
N Cdpd.quwss
=
U
*29
PR
Kgte*

4. First guess at 2 m (using screenp from screenp_mod.F90, see section A.2.1) to obtain Awss, AG, AQ, resulting
O WSSref, 97'6f7 tarefy qUref (eCl- 24)

Uzref = Au (24)
QUsrer = max(qusse,0.0) + Agqu
tesrey = tspc+ Ate
tazres = tesres ( Pafe ) — R4/C,
Pli=1
QUle; = QUares
tazz’mf = tasres

5. corrector-iteration (niter=2, configurable from LMDZ model set-up) (using screenc from screenc_mod.F90 to

ob(‘fgi;l Ay [at k=1], A“""te [at sfc|, A“"qu [at sfc], see section A.3.1) from which wss2}", 0727, taidy”,

quygy" are recomputed (eq. 25)

wsspey = A%y (%)
quiey” = ATqu+ max(qusse, 0)
teig? = A“"te+tgpe
—Ry/C
tacorr — 6C0T7“ <pgf(‘> ’ '
ref ref pref

6. At the end of the iterative process, obtaining diagnostics air-temperature at 2m (tas), mixing ratio at 2m (qus)
by equation 26

tas = tagey (26)
qus = qugch
7. repeat 4 and 5, but for diagnostic at 10 m to obtain wind speed at 10 m (wss) as well as air-temperature taz10
and mixing ratio quz10

Equations are also crrected after ( ) and ( ).

Results from the collective and collaborative workshop, ’Atelier TKE (ATKE)’ with the presence of LMDZ devlop-
ing team with K. Arjdal, L. Raillard, C. Dehondt, P. Tiengou, A. Spiga, F. Cheruy, T Dubos, M. Coulon-Decorzens, S.
Fromang, G. Riviere, A. Sima, F. Hourdin, E. Vignon are also considered. As a result of the workshop a new routine
that computes turbulent Km / Kh coefficients with a 1.5 order closure scheme (TKE) with or without stationarity
assumption (for dry atmosphere and horizontal homogeneity) was elaborated and implemented in LMDZ model.
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2.5.2 Implementation in the module

Following LMDZ atmospheric model, we need at the same time, to make sure that the diagnostics are computed using
as much possible the actual values of the variables simulated by the model. Since WRF-ARW computes its own drag
coefficients of momentum (C,,,) and latent/sensible heat (Cp,), we must use them.

Here, code from an old version of LMDZ is used. The main subroutine in phys/module_diagvar_cordex.F is
SFCDIAGS_ORCHIDEE1D

1. The * variables ©* (temperature) and @* (humidity) are computed by the equations 27 and 28

Cro twss|k=1

= s 2
) e (27)
o = Chazqus‘k=1 (28)

where 0,1 = 0|x—1—tss.: potential temperature difference between first model level (6;—1 = ta|p=1 (psfe/p|p=1)7/ ")
and surface (tsrc), 0.9 = max(q|p=1,0) — max(gssc,0), correcting 6,t = sign(max(abs(d,t),l.e — 10),d.¢),
wss|k=1: wind speed at the first model level

2. The first guess of the A are computed at z,.r = 2 m; Awss, AG, AQ (from 29 to 31, obtained using subroutine
screenclD)

u” Zref ; Zref—Z0 <
unstable (Lo > 0) H|:1n<20 +1>+mm<5,5 o )] wss >15& Lo<1& 2 <1

0.1wss otherwise
Awss — o (2222 4 1) = 210 (0.5(1 + Tmp)) + (29)
21n (0.5(1. + Tempo)) —
stable In (0.5(1. +22,,,)) +In (0.5(1 +22,,,0)) + wss > 5.0 & abs(Ly) < 50.0
2arctan(zymp) — 2arctan(Timpo)]
0.5wss otherwise
er Zref ; Zref —Z0
unstable (Lo > 0) = {ln( o+ 1.) + min (5,5 o )} wss >15& Lo<1& 2z <1
0.1 (04ir — 05) otherwise
—(1_ 1/4
AO = Ttmp —_(1 16(z,,ef/£0)2/4 (30)
Ttmp0o = (1 - 16(30/‘60))
stable & [in (222 +1) — 2 (0.5(1 + 23,,,)) +
21In (0.5(1 4 z7,,,0))] wss > 5.0 & abs(Ly) < 50.0
0.5 (©gir — O5) otherwise
Q" Zres - Zres—20 <
unstable (Lo > 0) ‘- [ln( o +1>+mm<5,5 o )} wss >15& Lo<1& 2z <1
0.1 [maz (Qqir, 0) — max (Qsury,0)] otherwise
AQ = & [ (2222 +1) = 20 (05(1 + a,,)) + (31)
stable 21n (0.5(1 + 22,,,0)] wss > 5.0 & abs(Ly) < 50.0
0.5 [maz (Qair, 0) — max (Qsurf, 0)] otherwise

where wss: wind speed at 1st atmospheric model level, ©;,: air temperature at first model level, Qgq:r: specific
humidity at first model level, ©,: surface air temperature (tsk), Qsurs: surface specific humidity, zo: rugosity,
Ly: Monin-Obukov length, u*: scale factor for the wind, ©*: scale factor for the potential temperature, Q*:
scale factor for the humidity, z,.f: reference height, Awss: wind anomaly respect the first model level, AO:
potential temperature anomaly respect the surface, AQ: humidity anomaly respect the surface.

3. Using them, a first guess is computed at the reference height (z,.; = 2) as by equations from 32 to 35

wss,,, = Awss (32)



Uzey = max (Qours,0) + AQ (33)
O.,., = tset+AO (34)
—R4/Cp
DPsfec
ta, = 0,, 35
(=) (3)

4. Iterate to get corrected values by recomputing the coefficiens (C,,, Cp,) at the new reference values (x,er, using
subroutine coefcdraglD), applying slight corrections to the computed terms as it is shown in equations 37 to
39. In the CDXWRF implementation this is unnecessary, since, we will not get new drag coefficients, since any
of the them changes during the diagnostics in order to keep the same values as the ones provided by WRF and
being consistent with what the model simulates.

C:n? CI/N C;’Leutrah R'ILV p{r‘ef = coefcdrang() (36)

V.
A o)

ACO’I‘TwSS —

(37)

ACOT‘T —
&) ® &
VCn
ACTTQ = QF (39)

Ch
where C},: corrected drag coefficient for momentum, Cj;: corrected drag coefficient for sensible and latent heat at

(Xz,e;)- Accordingly to the consistency with WREF drag and Richardson number values, subroutine coefcdragiD

is modified and only provides updated R; and p!., s therfore c, =cert ¢ = C:L’”f and the A are the same as
the ones computed at the reference level z,.5; A" wss = Awss, A0 = AO and A“""Q = AQ

In order to obtain the pressure p,.s at the reference level (2,.¢), de equation 40 is used

. 29|k:1
Rgtalp=1 (1 4+ peosmax (q|r=1,0))

Pref = €XpP In (psfc) (40)

where p, et surface pressure, zg|p=1: geopotential height at the first level of the model, talx=1: air temperature
at the first level of the model, g|x=1: air humidity at the first level of the model, pgos = Ry/Rq — 1

5. The new corrected values become 41 to 44

wss, , = A“Twss (41)
Q.. = ATQ+ maz (guse.0) (12)
©.. = A0 +talk= (43)

t(l/ = Gzref (psfc/pref)iRd/Cp (44)

6. After 2 iterations (steps 4 and 5), the final diagnosed values become 45 and 46

tom = td (45)
_ /
QQm - eref
pq0 a2 (toy, — a3)
g5 = ——exp| —F———
Do t27n — a4
Pom = min (q:;, q2m) (46)

where a2 = 17.2693882, a3 = 273.16 and a4 = 35.86

So in summary, in CDXWRF module, implementation of diagnostics of tas and hurs at 2 m following ( ,

) methodoloy, does not applies any correction-iterative method and only uses the first guess (see comparison with

standard WRF values in figure 5 Code is inherited from (PhD thesis of , ) and for legacy, it will be kept
in this way.
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WRF does not provide the momentum surface exchange coefficient, so, a generic definition of it (shown in equation
, ) is used which was already introduced in the v1.3 of the WRF-CORDEX module.
(u*)?
Cdy = ——"—— 47
™ was? + vas? (47)

47

In order to avoid non consistent values, diagnosed values ts,,, ¢sm are constrained within the surface values
tsfe, qUsfe and model’s first layer values talg=1, qu|k=1 following the equations at 48

tamin = min (tsfc, tap=1)
qumin = min (qufca qv|k:1)
tamax = max (tsge, ta|p=1)
qumax = max (qufca qU|k=1)

tor, < tamin — to,, = tamin (48)
Qom < qQUMIN — Qom = qQUMIN
tom, > tamax — to,, = tamax
Qom < qUMAT — (2, = QUMAT

2.6 tws

Wet-bulb temperature corresponds to the temperature that would have the air if saturated. This is used in surface
stations in order to determine the humidity of the surface. It is also of importance for well being, since it provides a
good estimate of the physical stress induced for high temperature and humidity (
). This variable is activated with the pre-compilation flag ~-DCDXWRF=2
In this implementation is done from the work of ( ). With relative humidity and temperature, the wet-bulb
temperature is derived as it is shown in equation 49.

b 7 b

tws = tastan™! (0.151977\/ hur + 8.313659) + tan™*(tas + hurs) — (49)
tan~" (hurs — 1.676331) + 0.00391838 (hurs)"° tan~1(0.023101hurs) — 4.686035

where tas: 2-m temperature, hurs: 2-m relative humidity.
3 new variables are addedd to the output:

e TWSMIN: minimum surface wet-bulb temperature, K
o TWSMAX: maximum surface wet-bulb temperature, K
o TWSMEAN: mean surface wet-bulb temperature, K

2.7 qc_pl,qr_pl,qgs_pl,qi_pl, qg pl, qh pl

WREF directly interpolates to pressure level values during model integration including water vapour mixing ratio. In
this version, the interpolation of the rest of main water species have been included (qc: cloud, qr: rain, gs: snow, qi:
ice, qg: graupel and gh: hail). This is automatically added when compiling the module.

5 new variables are added to the wrfpress (auxhist23) output.

e QC_PL: Pressure level data, cloud mixing ratio, kgkg~!

e QR_PL: Pressure level data, rain mixing ratio, kgkg~*

e QS PL: Pressure level data, snow mixing ratio, kgkg ™!

e QI PL: Pressure level data, ice mixing ratio, kgkg™*

e QG _PL: Pressure level data, graupel mixing ratio, kgkg™!

e QH_PL: Pressure level data, hail mixing ratio, kgkg—!
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Figure 5: 2018 November 3-hourly evolution of WREF’s 2-m air temperature (tas.,,s) and vapour mixing ratio (qusyrs)
and LMDZ-based tasp,, qusp, at different locations. Values of 2-m air temperature and vapour mixing ratio on 2011

November 15th at 00 UTC all over the domain
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Figure 6: wet-bulb diagnostic evolution at 5 different weather stations and the maximum of tws during the period of
simulatoin
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2.8 fixing convection diagnostics

Previous version was using AFWA diagnostics from WRF v3.7.1 to diagnose convection related indices: CAPE, CIN,
ZLFC, PLFC, LI In this version, a more updated version of the diagnostics (v4.3.1) has been used, since it corrects
some mistakes in the diagnostics (thanks to Zhixiao)

2.9 x pl mc

Currently vertical interpolation of water species to various pressure-levels is done by simple linear interpolation using
the closest levels of the model. However, this induces a serious problem related to the lack of conservation of mass.
Total amount of water in the column is not conserved when compared with the amount of water in the vertical of the
model and the values interpolated at pressure-levels.

Here a methodology to preserve water in the column is introduced. The idea is to preserve the amount of water in
the column (the mass) in a similar way as it is done when re-project surface variables such as precipitation or surface
fluxes from the original projection used by the model to a new one.

This option is activated when compiling the module. It uses the same vertical pressure levels configuration as the
one set-up for the standard vertical interpolation.

6 new variables are aded to the wrfpress (auxhist23) output.

e QV_PL MC: mass-conservative pressure level data, water vapour mixing ratio, kgkg ™!

e QC_PL_MC: mass-conservative pressure level data, cloud mixing ratio, kgkg—!

QR_PL_MC: mass-conservative pressure level data, rain mixing ratio, kgkg~*

QS PL_MC: mass-conservative pressure level data, snow mixing ratio, kgkg ™!

e QI PL_MC: mass-conservative pressure level data, ice mixing ratio, kgkg ™!

e QG_PL_MC: mass-conservative pressure level data, graupel mixing ratio, kgkg~*
e QH PL_MC: mass-conservative pressure level data, hail mixing ratio, kgkg~!

In the vertical, due to the vertical discretization imposed in the model, mixing ratios of any water specie are
constant within each of the grid cells. Each individual cell has a base and a top in the vertical dimension. When
interpolating to a new fixed set of pressure-levels, we can consider them as a new discretization of the vertical axis
(usually to a coarse resolution). These new cells, will have also an extension in the vertical with a bottom and a top.
It is desired that the total amount of mass (totmass,) of the water specie (x) is preserved when vertically integrated
using the model levels (poq) and the new desired p-levels (pges), as it is shown in equation 50.

Nimod Nges
totmass, = Z massy (ko) = Z massy (kd) (50)
ko=1 kd=1

where x: water vapour, cloud, rain, snow, ice, graupel and ice, mass, (k): mass of the water specie x at the k-level,
ko: original vertical index in the model, kd: new desired vertical index to interpolate, N,,,q: amount of vertical levels

in the model, Ng.s: amount of desired p-level vertical levels.
Bearing in mind that water content is constant within the column, the idea is to interpolate to the ’new wvertical
discretization’ aggregating all the water content which lays within the new grid cell (as is schematically described in

equation 51)

koinyn
massepi(kd) = Z masscpi(koin)dz(koin) (51)
ko=koin,
where koiny, koinyn: model vertical levels within the ‘new’ vertical level, §z(koin), height of the k-model level

within the 'new’ vertical level.
In order to mass-conservative vertically interpolate, we follow the next steps:
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1. In order to make the interpolation, the mixing ratios of the water species qx (in kgkg~!), are transformed to
densities px (in kgm~3) using the density of the dry air (pgry) as it is shown in equation ??
ax
pdry

pX = (52)

2. Define vertical extent of the grid cells.

e Original levels of the model:
(a) WREF’s geopotential height (zg in m?s~2) is vertically staggered, therefore, there is already a value at

the bottom and top of each grid cell. Actual extent of the grid cells (obthgt, original bottom-top height,
in m) which is dynamic (since WRF is no-hydrostatic) will be computed as it is shown in equation 53

obthgt(ko) = { hg}zfoif’&(ol‘;oi jg‘z(%(oki){é’ Iy (53)

where g: gravity (9.81 ms~2)

(b) Height at the center of the grid cell (ohgt, in m)) will be defined as the average of the height at the
bottom and top (see eq. 54)

ohgt(ko) = 0.5 (obthgt(ko) + obthgt(ko + 1)) (54)

e Desired pressure levels:

(a) There is a list of desired pressure levels at which we want to interpolate (presdes). The vertical extent
of these grid cells (btpresdes, in Pa) will be defined as the mid-point between desired pressure levels.
Being the surface pressure (psfc) the bottom limit and the pressure at the top of the model (ptop) the
upper limit (see eq. 55). The desired pressure levels that might lay below ground (presdes < psf) will
be filled with missing values.

btpresdes(kd) = { 82 Eﬁ:zzzzzEZZZ)_E;;SZZ;ZS(CIZ:cISf?;g (55)
skd = 1,btpresdes(kd) = psfc
i kd = Nyes, btpresdes(Nges + 1) = ptop

(56)

(b) The height of the bottom, center and top of the cells will be retrieved using the pressure (pres) and
original model heights (ohgt, obthgt) fields of the model.
i. Look for the 2 model’s pressure nearest to the desired pressure (either for the bottom, center or
top) from which one obtains presyorom (ko'), presiop(ko’ + 1) (see equation 57)

ko'; pres(ko') < presdespot center top < pres(ko’ + 1) (57)

ii. Using ko’ and the various original model heights ohgt/obthgt(ko'), ohgt/obthgt(ko' 4+ 1), a linear
interpolation at the presdespor,center,top 18 used to obtain the value (preshgtf and btpreshgtf, see

eq. 58)
preshgteenter(kd) = LinInterp[pres(ko’),pres(ko’ + 1), ohgt(ko'), ohgt(ko'), pres(kd)) (58)
btpreshgt(kd) = LinInterp[pres(ko’),pres(ko’ + 1), 0bthgt(ko'), obthgt(ko' + 1), btpres(kd)]

3. Once all the heights (center, bottom and top) have been defined for both sets (model, desired) of vertical
discretizations, the mass-conservative vertical interpolation (px_pl_mec) of the original densities (px) can be
done as shown in equation 59

Nlev

valdes(kd) = Z Stevorig (ko) px (ko)) (59)
koin=1
8,28 i (itopkin) px (itopkin)

- -

obot . (ibotkin)px (ibotkin)

levorig

valdes(kd)/Dlevdes

px_pl_me(kd)
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Mass-conservative vertical interpolation (qv)
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Figure 7: Schematic representation of the definition of the different values used to compute the mass at certain desired
level (kd) and the respect k-level values for dgesml, dgespl, 6lb:1forig and 6;25 orig-  When kd encompasses multiple
original model levels ko = [6, 8] (left). When kd covers totally a single original model level ko = 29 and portions of

other ones ko = 28,30 (middle), When kd is within a single model level ko = 8 (right)

where px: original model’s density value, djeporig: height of the original model level within the desired one (see
eq. 60, Dlevdes = deskpl — deskm]1: vertical extent of the desired cell, Dlevorig = orikpl — orikm]1: vertical
extent of the original model cell.

dievorig(ko) = Dlevorig — dgesml — dgespl (60)

where d405[m/p|1: is the vertical extent of the lower(top) section of the model’s cell within the desired cell (see
eq. 61 and figure 7)

deskml — orikm1 deskml > orikml orikpl — deskpl deskpl < orikpl

6desm1 = { 0 deskml < orikml 6desp1 = { 0 deskpl > O’l”lkpl (61)

where 5;;’5 i g(itopkm): is the vertical extent of the top section of the model’s cell within the desired cell

(ko' = itopkin), but with model’s cell center outside the desired cell range (see eq. 62)

5:5507«@ (itopkin) = orikpl — deskm1 (62)
where (505’é’5m . (tbotkin): is the vertical extent of the bottom section of the model’s cell within the desired cell
(ko' = ibotkin), but with model’s cell center outside the desired cell range (see eq. 63)

5?55(,”9 (ibotkin) = deskpl — orikm1 (63)
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Mass-conservative vertical interpolation (qv)

tot massw [kgm—2)
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Figure 8: Validation of the mass-conservative interpolation at a given grid point for water vapour mixing ratio (qv
in kgkg™!, x-axis) for 36 vertical desired pressure levels. Color bars in pale blue are the different qv at the original
model 7 levels (at each respective pressures, y-aixs). '+’ interpolation using the standard linear interpolation, ’tri-
star’ interpolation using the mass-conservative interpolation. Straight lines indicate the desired pressure value for the
vertical interpolation. Dotted lines indicate the bottom/top of the desired vertical layers. Top right values illustrate
the total column mass of water vapour (in kgm~™2) for each case. ’orig’: original model mass, ’std’: mass using
standard interpolated values, 'mc’: mass using the mass-conservative interpolation method. %diff std.: percentage of
difference for the standard total mass with respect the one from the model, %diff m.c.: percentage of difference for
the mass-conservative total mass with respect the one from the model

where orikml: value at the base of the original cell (obthgt(ko’)), orikpl: value at the top of the original cell
(obthgt(ko' + 1)), deskm1: value at the base of the desired cell (obtpreshgt(kd)), deskpl: value at the top of
the desired cell (obtpreshgt(kd + 1)), Nlev: amount of original levels within the height of the kd-desired cell
(Nlev; orilev(ko) < deskml & orilev(ko) > deskpl)

4. Dry air density (pary) of the model is also mass-conservatively interpolated to the desired pressure levels to
provide pgr, _pl_mc

5. Finally, obtained interpolated water densities at the desired pressure levels of specie px _pl _mc, will be trans-
formed to mixing ratios ¢x_pl_mc using the interpolated dry density pg,,des as it is shown in eq. 64 (see figure
8)

px_pl_mc

4
pary_pl_mc 9

gx_pl_mc=



50000

60000

70000

80000

pressure (Pa)

90000

100000

50000

60000

70000

80000

pressure (Pa)

90000

100000

50000

60000

70000

80000

pressure (Pa)

90000

100000

50000

60000

70000

80000

pressure (Pa)

20000

100000

30000

40000

50000

pressure (Pa)

60000

70000

30000

40000

50000

pressure (Pa)

60000

70000

Figure 9: Differences between standard vertical interpolation (¢x;:) and mass-conservative ones (gx;;“) over 23 pressure
levels. Differences for vapour mixing ratio (qv), cloud (qc), rain (qc), snow (gs), ice (qi) and graupel (qg). Evolution
of vertical profiles (contour in blue for mass. consev. interpolation) and differences among interpolations (shaded) at
5 different stations. Maps at a given vertical level and instant (2011 November 15th at 00 UTC) for each interpolation

and the differences

0018: Humauaca

water vapour mixing ratio

0012: Formosa Aero.

0002: Aeroparque Aero.

o
0005: Bariloche Aero.  0006: Base Marambio
0/0005.
0001
T~
00015
&
Nl ]| om
PR = J oo M
G003 ~—")
us 1k s us us e s
date ([MM]P1) date ([MM]2°)

QVpilsso on Nov/15 00

QVpFlsso on Nov/15 00

151 % 16
date ([MM]°%))

QU [0, 0.00852885, 0.0005)

0.00075
20005
00025
000025
00005
000075

H
- Qv

1

avpr - avpr

kgkg™

0018: Humauaca

rain mixing ratio

0012: Formosa Aero.

E— g 2
kaka™

0002: Aeroparque Aero.

3

0005: Bariloche Aero.

0006: Base Marambio

A

1105 1115 1118 1716
date ((MM]°%1)
arpifsoo on Nov/15 00

105 15 136 130
date ([MM]2°)

1o 1% 16
date ([MM]%))

Qe [0, 2.39135¢-08, 26-09)

Se11

se11

- an

argiloco on Nov/15 00

Se0s
00001
00002

000025
00003
000035
00004

=)

0018: Humauaca

iced water mixing ratio

0012: Formosa Aero.

|

1006
se07
se07
1008

kgkg ™t

0002: Aeroparque Aero.

0005: Bariloche Aero.

0006: Base Marambio

105 1135 1% 133
date ([MM)]1°0])
Gipilso0 on Nov/15 00

105 1s ;e
date ((MMO%)
aif|s00 on Nov/15 00

1ol 1% 16
date ([MM]°P))

G [0, 1.43968e-05, 1e-06]

M

1607

&

2007
1e07

aige - i

qigi® - dips

4 & % & & & 3
k) 2 "
kaka™1

2007
207

kgkg~*

pressure (Pa)

pressure (Pa)

pressure (Pa)

pressure (Pa)

pressure (Pa)

pressure (Pa)

50000

60000

70000

80000

90000

100000

50000

60000

70000

80000

90000

100000

50000

60000

70000

80000

90000

100000

50000

60000

70000

80000

20000

100000

50000

60000

70000

80000

90000

100000

50000

60000

70000

80000

90000

100000

condensed water mixing ratio

0018: Humauaca

0002: Aeroparque Aero.

0005: Bariloche Aero.

115 115 1736 1706
date ([MM]PP1)

15 o1 % 16
date ([MM]°0])

e [0, 0.000229408, 2e-05]

C  w=

Se06

&

9 - acp

acpi” - aCp1

qcpil7s0 on Nov/15 00

rqd

se05
o001
000015
00002

0018: Humauaca

000025
00003
000035
00004

00001

0002: Aeroparque Aero.

0005: Bariloche Aero.

0

15 15 16 130
date ((MM]1°°1)
aspifso0 on Nov/15 00

s o1 1% 16
date ([MM]°°))

as] [0, 0.000190543, 2¢-05]

-I

1606
se07
1006

&

1se0s
15e.06

asp° - aspr

asgi” - aspr
IS8

kgkg™

0018: Humauaca

00006
00007
00008

2005
205

kgkg™*

0002: Aeroparque Aero.

0005: Bariloche Aero.

15 115 113 170
date ([MM)120])
agpils00 on Nov/15 00

1o 1% 16
date ([MM]°?))

g€ 10, 37175¢-07, 5e-08]

|

FER ] i i
Q95° - a9
qgg” - agpr

S8

i

2007
1007
1007
207

kgkg™*



24

2.10 simultaneous residence time

This variable aggregates the time passed (’time of residence’) during the integration of the model, at each grid point of
the domain, where 2 different variables (in this case: 2-m temperature (tas) and humidty (hurs)) simultaneously passed
at within certain range of values (2 bins). The variable will reflect the total time passed at the given location where tas
values where within a given range and hurs values within another one. This variable is related to the growing degree-
day (GDD') used in agriculture or pest control. It is more sophisticated, because it incorporates the simultaneity with
relative humidity which has also a strong influence in the life cycle of insects (to cite some examples , ;
, ; , ). This diagnose is activated when compiling with ~-DCDXWRF=3.
The diagnose 1ntroduces 2 new variables:

e TASHURSTRESHIGHRES: high-resolution of simultaneous temporal residence of 2-m temperature and relative
humidity, second

e TASHURSTRESLOWRES: low-resolution of simultaneous temporal residence of 2-m temperature and relative
humidity, second

The option is set-up with 6 new parameters in the namelist:

e nhtasrng: amount + 1 of high-resolution bins for temporal residence of tas (default value 42)

e nhhursrng: amount + 1 of high-resolution bins for temporal residence of hurs (default value 23)

e nltasrng: amount + 1 of low-resolution bins for temporal residence of tas (default value 16)

e nlhursrng: amount + 1 of low-resolution bins for temporal residence of hurs (default value 23)

e htasrng: high-resolution bins for temporal residence of tas (default value: -5 to 35 by 1. °C)

e hhursrng: high-resolution bins for temporal residence of hurs (default value: 0. to 1.05 by 0.05 %)
e ltasrng: low-resolution bins for temporal residence of tas (default value: -25 to 45.by 5. °C)

e lhursrng: low-resolution bins for temporal residence of hurs (default value: 0. to 1.05 by 0.05 %)

Two different high/low times of residence are defined as a way to provide valuable information to a larger amount
of communities (e.g. glaciologists, ecologists, farmers, ...) without overloading the simulation. Is understood that the
high resolution diagnostic is focused in the ‘bio/eco-logical’ area, whereas low resolution diagnostics might be more
suitable for physical analyses (e.g.: glacial melting, heat stress, ...)

The diagnose is computes as follows

1. The tas variable is discretized by a series of bins: tas(n),tas(n + 1),tas(n + 2), ..., tas(N)
2. The hurs variable is discretized by a series of bins: hurs(m), hurs(m + 1), hurs(m + 2), ..., hurs(M)

3. The time of residence accumulates the time passed (during the integration of the model at time-steps dt)
simultaneously at each possible combination of bins for tas and hurs (see eq. 65).

simultaneous _residence _time(i,j,n+1,m+1) =

Zdt tas(n) < tas(i, j,it) < tas(n + 1)
hurs(m) < hurs(i, j,it) < hurs(m + 1)

(65)

simultaneous _residence _time(i,5,1,1) = Zdt{ tas(i, J’Zt; < tas(1 )

hurs(z J,it

simultaneous _residence _time(i,j, N +1,M + 1)
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tas & hurs high-res residence time on 2018-11-15 between 06 - 09 UTC
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tas & hurs low-res residence time on 2018-11-15 between 06 - 09 UTC
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Figure 10: Example of residence time for 25 km simulation over entire Argentina and Chile at 5 different locations (see
map and labels on the panels). Residence time in seconds on 2018 November 15th between . (top row). Total monthly
residence time in hours for November 2018 (bottom row). For high-resolution bins (left column) for low-resolution
bins (right column). Selected bins are given in equation 66



26

173.15, 268.15, 269.15, 270.15, 271.15, 272.15, 273.15, 274.15, 275.15,
276.15,277.15,278.15,279.15,280.15, 281.15, 282.15, 283.15, 284.15,
tashighres = | 285.15,286.15,287.15, 288.15, 289.15, 200.15, 291.15, 292.15, 293.15,
994.15, 295.15, 296.15, 297.15, 208.15, 299.15, 300.15, 301.15, 302.15,
303.15, > 303.15
0,0.05,0.1,0.15,0.2,0.25,0.3,0.35, 0.4, 0.45, 0.5,
hurshighres = | 0.55,0.6,0.65,0.7,0.75,0.8,0.85,0.9,0.95, 1,
1.05,1.1,1.15, > 1.15
173.15,233.15,238.15,243.15, 248.15, 253.15, 258.15, 263.15, 268.15,
taSiowres = | 273.15,278.15,283.15,288.15,293.15,298.15, 303.15, 308.15, 313.15,
318.15,323.15, > 323.15
hursiowres = hurshighres

(66)
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A LMDZ’s tas, qvs, wss

Detailed description of the new implementation of te 2-m and 10-m diagnoses in LMDZ.

A.1 cdrag _mod.F90

Subroutine cdrag computes differently if it is an ocean (see sub-section A.1.1) or a land point (section A.1.2).
First generic values are defined as shown in 67 (some of them are configurable from LMDZ model set-up)

CKAP = 0.40; CKAPT =0.42

iter. rugosity coef f. tol[it] .o = 1.e™
squared minimum wind CEPDU2 = (0.1)?
Cp=5.0
Louis 1982 coef f. Cc=5.0
Cp=5.0
. Cy=0.25
King 2001 coef f. Oy — 0.0625
. BPRIME = 4.7
Louis 1979 coef f B—94 (67)

Monin — Obukhov a=25.0
Ce = 5.87; Cinf = 1.5; Ric = 0.25;
PTrasym = 0-4;p7ﬁneut = 0-8;p7ﬁslope =5.0

1\ 2/3
k)
Consistency with atke scheme Ce

rig = = (Cing —cn) C::

. 2 prasym — Proeut
Ty =
™ DT slope
Ty = 01
Clen = 0.8 C5, = 0.8
Cdm* = 1.3e73; Cd* =1.3¢3

as well as performing some consistency tests 68 to remove 0 values

qle=1 <0 — qlp=1 =0

initial tests
Qsfe < 0— qsfc = 0

(68)

and preparing the iterative methodology 69 where at the first call, the stability functions to be used will be
iflag_corr_sta=2, iflag_corr_insta=2, ok_cdrag_iter = .FALSE. (or passed as namelist values in LMDZ con-
figuration)

Oiter(l 2) (1) = 20,, initial value

Fm (2) = 3tol[it] 020, iterative momentum value
(1)
(2)

203°(1,2) {

(69)

0p, initial value
tol[it] 020 iterative heat value

I
w
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Adittional preliminary values as by 70

Rety = Ru/Rq—1.; RCpy=1/Cps; RCyy = 4R, (70)
Rvugmp2 = RCpy/RCpq—1
22, = max(CEPDU2,wss?)
Pref = €xp [m (Psfe) — 29li=1
Rat|r=1 (1 + Ret,maz(qu|g=1,0))
Ztsfeo = tsfe (14 Reyymaz(gsse,0))
2tyg = (t|k_1 + 1 ji'z’;:;i J;chj:_l> (1 + Reyymaz(gli=1,0))

A.1.1 ocean points

First the multiple coefficients are computed using clc_core_cp (from 1ibf/phylmd/clc_core_cp.F90) as 71 with
the parameters from ( , ; , ; , ), mixt calculation will be accordingly
to different configuration parameteres

choix_bulk > 1 && choix_bulk < 4
choix_bulk == 2;

mixte = .false.
else
mixte = .true.

Zy = 2glk=1/9, x = wss, t,q (71)
logzx1o = In(z,/10)
logzx.u = logzxio — logzuig
Cha = 1004.67
ty, = ta|g=1(14 0.608¢|x=1), virtual temperature
p = Psfe sfec. density

287 1tale—1(1 + 0.61q|5—1)’

ota = t‘kzl —tsfe

dqu = C]|k=1 — dsfc

L. = (2.501 —0.00237(talg=1 — 273.15 — 8ta)) 1e°, latent heat

WSSfirst = Max (\/zgu,E))

a=2.7e"3 (ay Smith)
B =1.42¢=* (ay Smith)
v = T7.64e~° (a3 Smith)
go = 1.64474

g = 9.81, gravity

vert.gradient {

Large and Yaeger 2006, 2004

First approximation to zy (rugosity), Cy (momentum coefficient, C'}% at 10 m), Cj, (heat coeff.) and C. (moisture)
as by 72 to 75

20, = le™*
2

mixte (Smith) 1o _ K
¢ (In(10/20,,))>
First guess 10 " gz (72)
10 =
Large and Y aeger 2004, 2006 WSS firsy + B+ YWSS first

20, = 10exp (fn/\/Ciéo)



Stability

10
Ce

coef fs.

L

C’,{O =0.018,/CI°  stable (6ta < 0)

=0.0327\/C1°  (unstable)

3.46e"2,/C10
Cy=CL
Cp=C}0
C.=Cl0

30

(73)
(74)

(75)

Computing star coefficients x* (for wss, ta, quv) 76 by iterations for n_it (1, default value, but configurable in

LMDZ)

stability

wind speed

ta (2), qu (3)

otay,
Oquy

WSS N

u* = wssy/Cy
* Ch
ta* = 6tam

* C.
qu* = 6qv@

Z(wss, ta, qu) = (Zu, Zta, Zqv)
Z(wss, ta, qu) = min (Z(wss, ta, qu), £10)

(1)
= 0.0327

unstable

*

ota —

qu*
- (logzqu.y + (1) —
WSS first

1+ /C/k (logzuio — 1a(1))

x = 0.018
stable (Z(1) > 0){ Ya(1) =

X =1/y1-162(1)
Yo(1) =2 +2In (%) +1n (1+X ) — 2arctan(X)

)

unstable § 1,(j) =5 +2In (%) +1n (#) — 2arctan(X)
¥p(j) = 2In (H;(Q)
" (log=tasu + (1) ~ v (2)

¥p(3))

K P —
(u*)2 ta\k 1

_52(1)
= 1pa(l)

(79)
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(u*)? N 0.11 x 14e=©

20,, = 0.018 .
u
mixte (Smith) oo — K
¢ (In(10/20,,))>
1

CLo = 13
e

Cio = + B+ ywssy
WSS N
Large and Y aeger2004, 2006 20,, = 10exp (_K/ /C(}O)

Cl0 = y,/CT0
Cl0 =3.46e72,/CI0
coefs dg=1+ @ (logzu1g — q(1))
én = 1+ X (logzury — ty(1)
60 =14 28 (togeg — (1)
- (55)
abs(¢pa)

_ o)

¢t
Ce= Pea
Coefficients are finally computed as 84 to 86

u* = wsssirst\/Ca (84)

Ch
ta* = dtay—— 85
VCa (85)

* CE
qu = 6qvu \/de (86)

To obtain the coefficients over sea, different methodologies are used:

(83)

Ch

e choix_bulk = 4: ECUME parametrization ( , ; , ) and other modifications

e choix_bulk = 5: bulk algorithm COARE3.0 ( , ) and subsuquent modifications

e choix_bulk = 1: simplified version of the bulk algorithm COARE performed by LMDZ developers

2tpg — 2t
e default LMDZ: R; = Zg|k:1M
zduztvd

Then the neutral coefficients are obtained:
Ckap
Cneut — i 87
d n (1 + 29t /(9708 2)) &7
Cgﬁlut —_ (C(;Leut)Z

, Ckap
Cneut — CNCUt -
dh d <ln (1 + zgl=1/(g20it"(2))) >

the vertical profiles can be computed as in 88 (R; < 0, unstable, selecting by iflag_corr_insta) and 90 (R; > 0,
stable, selecting via iflag_corr_sta) following an iterative method by nit_bulk (1, by defaul but adjustable in



LMDZ)

= In (max(20,,/205,0.01))
CM* = 6.8741 + 2.693311 — 0.3601 42 + 0.0154;3
P = 0.5233 — 008154 + 0.0135% — 0.0014°
CH* = 3.2165 + 4.3431 4 + 0.53612 — 0.078143

Louis 1979 Pr =0.5802 — 0.1571u + 0. 0327M2 —0.002643
& Mascart 1995 C CH*BCxap (Zg|k:1)7)h
(1) h = W(z0m+29[k=1/(920m)) 1n<zoh+zg\k STz gzon
C. — CM*BCxap (zg\kzl )P’"
m In(20m+29[k=1/(920m)) ln(z0m+zg|k 1/(920m)) g20m,
Fn=1—-—2DB~k
m 14+Cm/ABS(R;)
Fr=1-— LR

1+Cr\/ABS(R;)
1
14+3C5CcCrenty /abs(R;) (1+2g]h—1/(920m))

Louis 1982 (2) Fm = mazx ((1 —2CBRizu.y), %Z)
Fn = max ((1 —3CpRizucy), %{;)

Fpn = maz (\/1 18R, g}g;l)
Fi, = maz (VT = 18R, R

Sm = 2(Ciny — cn)arctan(—R;/rig) + cn
prandtl = —2(prasym — Procut)arctan(R; /riy) + procut
After ATKE (6) Fm = mazx (sm Vo (1 = R;/prandtl)*/? R;"é’é)

Fn = mazx (.7-',,7,/]71"andtl7 Tg&)

ZUcf =

Laurent Li (3)

1
14+3CpCeChetty/abs(R:)(1+29|k=1/(920m))

default (Louis 1982) Fm = maz (1 —2CpRizucy, RZ"éZ&)
Fn = maz (1 —3CBR;zu.y, RZ”(%)
Cd,, = Ch"*F,,

Cdy, = Cler OnewtFy,

drag

ZUcf =

_ _ 0.0016 1/3
z — abs(ztyg — 2tsfev)
drag coef f. without gustiness R e ! s
Cgfzgcneut(l 4 21 25)1/1.25

Cdyy = min(Cdy, ccmaw)
Cdy, = min(Cdy,, Cdev)

For the stable cases previoulsy one applies R; = min(20, R;))

_ 1 min
Louis 1979 & Mascart 1995 (1) Fm = maz (<1+BPRIMER1->2 ’ szCd)
Fn=Fm
25cr = /1 + Cpabs(R;)
1 in
fm = maxr <1+205Ri/zscf ? RZLCZVCZ)

_ 1 min
Fn = max <1+3CBR¢ZSCf ’ Ri,Cd)

Louis 1982 (2)

]:h = f?n
_ _ X 2 min
Ri < Cy)2 Fm = max ((1 R;/C5) ,RLCd)
F = Fun
fm = max (C3(CQ/RZ‘)27 Z?é@)
Fi = Fn

King 2001 (4)

= _ 1  pmin
Laurent Li (3) { Fm = max (1+10Ri(1+8Ri) ) Ri,Cd)

32

(88)

(89)

(90)



Monin — Obukhov (5)

After ATKE (6)

Louis 1982 (de fault)

33

_ _ \2 min
R; < 1/a{ o <(1 ki) ’R“Cd)
]:h = -Fm

Fm = max (16—7, R;"é@)

-Fh = er
$m = max (0,en(1 — R;/Ri.))
prandtl = proeut + RipTsiope
Fn = maz (sh{> VO = Ru/prandtl) /2, Ry,
Fpn, = mazx (fm/prandtl, R:"é@)
1+ CDCLbS(Ri)
Fn = maz (W RZ%)

— 1 min
]:h = max <1+3CBR1'ZSL-f ? Ri,Cd

Z8cf =

Cd,, = Cd"“* F,,
drag coef f. { Cdy, — Cﬁﬁzgc’dﬁeut]‘-h (91)
) Cd,, = Cd"* F,,
ChO’L(EibU”C =0 { th — Oéizgcrdzeutfh (92)
Cdy, = Cgt ,Cdp' Fy,
ocean points Cdy, = min(Cd,y,, Cd**) (93)

whilst iterating

Ody, = min(Cdy, Cdp*®)

20iter (1) = 20iter(2)

208er (1) = 201t (2)

2017 (2) = 0.018 x Oy, 22 + 0,11 e

2087 (2) = 201t (2)

20}/ (2) = 0.40 e

207 (2) o
(2)

maz (1.5e7%, 0%t (2)
203ter (2 T (

iflag 20 oce = (94)

) . iflag 20 oce =1
dif ferenciate 20 -

maz (1.5e7%, 203" (2)

For which the drag coefficients over ocean become 95 to 98

A.1.2 land points

Cd,, = min(Cdy,, CdN") (95)
Cd, = min (Cdy, Cd") (96)
20, = 20%¢(2) (97)
20, = 200¢7(2) (98)

For the land points the same equations as for the ocean are used, except for the final calculation of the drag and

rugosity coefficients.

Then the neutral coefficients are obtained:

Ztyg — Zlsfew

Ri = Zg|k:1 Z?iuztvd (99)
Cmeut — CKAP
d In (1 + zglk=1/(920m))
Cgslut _ (C;Leut)Q
Ckap
Cneut _ Cneut ( )
dh d In (1 + zg|k=1/(g204)))

the vertical profiles can be computed as in 100 (R; < 0, unstable, selecting by iflag_corr_insta) and 102 (R; > 0,

stable, selecting via iflag_corr_sta)



Louis 1979
& Mascart 1995

1)

Louis 1982 (2)

Laurent Li (3)

After ATKE (6)

de fault (Louis 1982)
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w = In (maz(20,,/20p,0.01))

CM* = 6.8741 + 2.69331 — 0.36012 + 0.01544
P, = 0.5233 — 0.08154 + 0.01354% — 0.001 43
CH* = 3.2165 + 4.3431p + 0.5361% — 0.0781y3
Pp = 0.5802 — 0.1571p + 0.03272 — 0.002643

P
C, = CH*BCkap CrapPT zgle=1)" " (100)
h In(20,m+29|k=1/(920m)) In(20n+29|k=1/(9204)) g20p,

C — CI\/I*BCKAP Crap Zglk:l m
M In(20m+29[k=1/(920m)) In(20m+29|k=1/(920m)) \ 920m
BR;
m 14+-Crn/ABS(R;)
h 14+Ch\/ABS(R;)

1
14305 CoCretty/abs(R;) (1+2g]k=1/(920m))

Fm = max ((1 — 2CpR;zucy), RT(%)
Fn = max ((1 —3CpRizucy), R%TCLI)

Fon = max (m7 R%@)

Fp, = maz (\/1—71831'7 %Z)

$m = 2(Ciny — cn)arctan(—R;/rig) + cn

prandtl = —2(prasym — Proeut)arctan(R; /1i1) + procut
Fon = max (8?,{2\/66(1 - Ri/pmndtl)l/2 , R;”C’f}i)

Fn = max (]—"m/prandtl, RZ"&Z)

1
14+3CpCoCrevty /abs(R; ) (1+2g]k—1/(920m))

Frp = max (1 —2CpR;zucy, R%’&)

Fy = max (1 —3CBR;zu.y, R%‘@)

2Ucp =

ZUcf =

Cd,, = Ch*"* F,,
drag coef f. { Cdy — éi’;gCZZe“t}'h (101)
For the stable cases previoulsy one applies R; = min(20, R;)
_ 1 min
Louis 1979 & Mascart 1995 (1) { i " *;wx ((1+BPR1MER1~>2’ %Cd) (102)
h —=Y'm

Louis 1982 (2)

King 2001 (4)

= 1 min
Laurent Li (3) { Fm = maz <1+10Ri(1+8R7‘,) ’ Ri70d>

Z8cf = 1+CDab3(Rz)
: A
Fm = mazx (W Zlg&)

_ 1 pmin
‘7:h = maxr (lJrSCBRiZSCf ? RZ,Cd)

fh = ]:m
o B . 2 min
R, < Cy)2 Fo = max ((1 R;/C5)*, Z,Cd)
.Fh = fm
Fo = mazx (CS(CZ/Ri)Qa RT(%)
.7:h - ]:m



Monin — Obukhov (5)

After ATKE (6)

Louis 1982 (de fault)

Cdyy, = Cd™ U F,,
drag coef f. { Cdy, = Cter Cdzzeut]:h

drag

A.2
A.2.1

screenp mod

screenp

A )
Fn=Fm
{ Fm = max (16—7, RT&{;)
Fn=Fm

sm = max (0,en(l — R;/R;.))
prandtl = PTneut + Riprslope
Fm = maz (83’7{2\/06(1 — R;/prandtl)'/?, R%@)

Fn = mazx (.7-',,1/101“andtl7 R:"C‘f&)

z8cp = /1 + Cpabs(R;)
— 1 min
Fm = maz (1+2CBRi/ZSCf ) Ri»Cd)
_ 1 min
‘Fh = max (1+3CBR7;ZSCf’ i>Cd>

To get the different Ax depends on the stability of the boundary layer as it is shown in equations 104, 105

Stable (Lo > 0)

wss > b
abs(Ly) < 50
Unstable

Ay = 0.5wss

A3
A.3.1

screenc_ mod.F90

screenc

Ate = O.5(ta|k:
Aqv = 0.5 (maz(qu|k=1,0) — maz(qusyc,0))

wes o 1y | Au= % [(EE 1)+ min (5,5(z0es — 20m)/Lo)|
[,0 < 1.0 Ate = te;* |:ln(267: + 1) + min (5, 5(Zref — zOm)/ﬁo)}
20, < 1.0

Aq = 2 [In(Z5L + 1) + min (5,5(zres — 20m)/Lo)]
Au = 0.1wss|g=1

Ate = 0.1(ta|g=
Aqv = 0.1 (maz(qu|k=1,0) — maz(qusyc,0))

1— tsfc)

L\
LTtmp = (1 - 16%)
0 \1/A4
P = (116222
Autt [ln (;T,f + 1) — 210 (0.5(1 + Zypmp)) +

KR

210 (0.5(1 + Zympo)) — In (0.5(1 + 22,,,)) +
In (0.5(1 + 27,,,0)) + 2arctan () — 2arctan(impo) |

Atets Pn (52 +1) —2m (050 +22,,) +

210 (0.5(1+ 22,,.0))]

Aqv% [ln (ig—: +1) —2In (0.5(1 + gcfmp)) *
21 (0.5(1 + 23,1,0))]

11— tsfc)

35

(103)

(104)

(105)

First the drag coefficients Cdrrff and Odzef are recomputed using te reference values wsSyct, taref, QUref, Zref USING

7

cdrag subroutine (see A.1). With the new coefficients compute de new A°"" (see eq. 106) ok_prescr_ust flag to



force the use of u*

ACO’I‘TU

ACOTT‘te

ACOTT'q,U

(ust*)?

okprescrust{ de ~ lfwss?

= Jca.,

Au = \/%
cdy!

Cdy,

36

(106)
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