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Figure B.5: Comparison between ®°Kr concentration in week samples from Cape
Grim and simulated concentrations means over the corresponding week.

Figure B.6: Comparison between ®°Kr concentration in week samples from Cape
Point and simulated concentrations means over the corresponding week.
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C Two-Box-Model equations

A setup is considered with two equally sized boxes representing:
e Northern Hemisphere with index 1, tracer mass m,, source S
e Southern Hemisphere: index 2, tracer mass ms, source Ss

The tracer decays with the proportional factor Am;. The tracer transport from
hemisphere i to j is considered to be proportional to the tracer mass and determined
by the exchange coefficient ¢;;m;.

The system is described by the following equations with A, 19, 21,51, Sy > 0:

m1 = —)\ml — P12M1 + Y21M2 + Sl (Cl)
My = =AMy — QYa1My + P12M1 + S (C.2)

In the special case with S =S, = A =0 and m; = my = m:

nmy = —P12m + Pa1m
My = —Pa1M + P12M.
Assuming a uniform tracer distribution m; = msy = 0, thus because m; > 0 it
results:
Y= P12 = Y2

The total air mass is conserved and the tracer mass distribution does not influence
the air mass transport. So the system of differential equations for m; # msy can be
written as

my = —Amy — pmy + emeo + 54 (C.3)
77”'L2 = —)\mg — M2 —+ @mq + SQ (C4)

In order to decouple the equations we consider a variable transformation:

m4y = my + My

m_ =m1 — My
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With Sy = 51 + S5 and S_ = S; — S5 follows from (C.3)4(C.4) and (C.3)-(C.4):

m+ = —/\m+ —+ S+ (C5)
- = —(\+ 2¢)m_ + S_ (C.6)

with starting conditions m.(0) = m4o and m_(0) = m_.
The equation of the form y = —ay + b can be solved by substitution:

b
u=y-— -
a
U =1
b
0) = yo — -
u(0) = yo .
u(t) = u(0)e™
b b
y(t):<yo—>€_at+
a a

This gives the following solutions for (C.5) with a = A and b = S and (C.6) with
a=A+2pand b=S5_:

S S
m.,.(t) = <m+0 — /\+) 6_)\t + T—F (C?)
S_ _ S_

Replacing m(t) and m_(t) by definition and building (C.7)+(C.8) leads to the
temporal evolution of m(¢):

1 S1+S5 5 -8
my(t) =3 mgo)e_kt(l + 6_2“”) + mgo)e_’\t(l - 6_29“) —e M < Lo ! 26_2‘pt>

A A+ 2¢

S14+ Sy S — 5
A A+ 2p

The equation for ms(t) can be obtained by subtraction (C.7)-(C.8) or by changing
all indices.
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Discussion of limits for large ¢ and special cases

For a decaying tracer, the total mass will reach an equilibrium as soon as the source

rate is equal to the decay:
. S1+ 52
Jm ma () = =

The mass difference m_ approaches a constant value for large times:

| S-S,

Without radioactive decay (A = 0) and constant sources the limits are:

lim m (1) =m0 + (51 + S2)t

(C.9)

(C.10)

(C.11)

(C.12)
(C.13)

(C.14)

A—=0
S — 8
lim limm_(t) = =2
t—00 A—0 2¢
. S1+ 5,  S51—5 2t
/l\li%mﬂt)— 5 t+ 1 (1 —e )
. S1+ S5 Sy — 51 —2ut
}\gr(l]mQ(t)— 5 t+ 1o (1 —e %)
Thus, for large times ¢ according to (C.13) m; and mgy approach linear asymptotes
with slope 21552,

Timeshift between mq(t) and my(t) (without radioactive decay):

Assuming S; > S5 there is a At > 0 with my(t) = ma(t + At) which is the time lag
until a certain tracer mass is reached on the other hemisphere. The asymptotes for

large times t with e=2¥* — 0 give:

Si4S S-S5  Si+5 Sy — S
St -3 (t + At) + 17
S1-S _Si+S
2¢ 2
S —853 1
At = -
Sl—i-SQ(,O

For S; = 95 follows trivially At = 0 and for Sy = 0 it is

1
At = — = Tex
¥

the characteristic exchange time of interhemispheric transport.
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D Documentation of ECHAMS5
modifications

D.1 Submodel mo-transport

1. The subroutine INIT TRANSPORT calculates the grid indices for longitude and
latitude of the emission locations and creates an emission mask which is written
to the stream {expname}_ trans.nc.

2. The emission mask is scaled with the emission strength for the current year of
each source.

3. The subroutine REQUEST_TRACER_TRANSPORT introduces the tracer to the model.
The tracer properties are set using the ECHAMS5 routines REQUEST_TRACER/
NEW_TRACER. The different transport processes advection, diffusion, and convec-
tion can be individually switched on or off using the variables NTRAN, NVDIFF,
and NCONV in the call of these routines. The decaytime is set by a module
variable to that of 8Kr The emissions are added to the tracer tendency pxtte
using the tracer emission flux multiplied by the value of the emission mask.
The emission mask is zero for all locations except the grid box of the source.
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D.2 Program structure of the convection scheme

The steering procedure is cumastr.f90 which collects all variables which are passed
to the convection routine and which updates the tracer tendencies, i.e. the rate of
mass mixing ratio change. It is called by cucall.f90 which is called from physc.£90
in the physics calculation part of ECHAMS5. The computation of the convective mass
flux is done in steps by the following subroutines (located in the echam directory

/src/ ):

1.

110

The interpolation of variables from full to half levels and initialisation of updraft
and downdraft is done in cuini.f90.

. In cubase.f90 the cloud base is calculated and the mass flux at cloud base is

defined.
The ascent in clouds without downdrafts is calculated in cuasc.£90.
The downdraft is calculated by
a) Specifying values of the “level of free sinking” in cudlfs.f90.
b) Determining the moist descent in cuddraf . £90.
¢) Recalculating the cloud base massflux according to downdrafts
Final cloud ascent calculation in cuasc.£90 .
Call cuflx.f90 for final adjustments of convective fluxes

Calculate increments of 7" and ¢ in cudtdq.f90 and of v and v in cududv.£90.



D.3 Implementation of the convection correction
routine

The correction routine is part of the module mo_transport and called from physc
after calculation of the convection processes. It consists of the following steps:

1. in physc values of tracer mass mixing ratio and tracer tendency before the call
of the convection routine CUCALL are stored to variables prext and prexte.

2. After the convection scheme was fully processed the correction routine convection_correction
is called.

3. The maximum effective height of the convection colum npctop is determined
for each grid point block in order to shrink level loops.

4. convflag is a three dimensional field which indicates whether convection may
affect the tracer tendency in the respective boxes.

5. By subtracting the stored tracer tendency prexte (AX;_ ) before convection
from the updated value after (postxte = AX,,) the effective change through
convection is determined.

6. The routine column_sum calculates the tracer mass M (X, ) in the column
before convection.

7. the hypothetical concentration X, after convection prognoxt is calculated.

8. new concentrations are corrected to be positive for each column by adding
absolut value of smallest prognoxt smaller than zero (/RightarrowXt+).
9. hypothetical new column tracer mass M (X;Jr) is calculated by column_sum .
10. corrected tracer tendency convxte is calculated

11. new pxtte is assigned with prexte+convxte.

Steps 5 to 11 are repeated for each specified tracer.
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D.4 Implementation of the mass fixer

Because the tracer transport scheme did not fulfill the requirement of global mass
conservation a mass fixing routine was introduced. The absence of atmospheric sinks
for ®Kr except radioactive decay allows to calculate the theoretical 8°Kr budget
due to emissions for every single time step. The following subroutines stored in the
module mo_tracermassfixg are called in the ECHAMS5 calculation control routine
scanl after completion of the time filter t£2 and before entering the process of
advection:

e inibudget For the intialisation of global tracer mass

e emissionbudget For calculation of the theoretical tracer content of the atmo-
sphere

e burdencalc for calculating a two dimensional field of column tracer masses in
the model

e tracer _massdiag for diagnosis the global sum of tracer mass and calculation
of the correction factor

e tracermassfixer for scaling the tracer field by the correction factor

For initialization either a file can be used or the mass of the initial tracer content
of the model. The emission budget mass_budget B is determined in a loop over all
individual trace species by equation (D.1) with B_ (budgetml) being the budget of
the previous time step and E the emissions of the current time step.

—At —At

B = B_¢Taweay 4 E(1 — ¢7aceay ) (D.1)

After calculating the actual global tracer mass M in the model, the correction factor
corrfactor c is calculated as

B
c=—

M

In the 8Kr background simulation the correction |1 — ¢| was usually in th order of
1077 per time step. In agreement with the finding of erroneous mass increase in
Chapter 3, the case with ¢ < 1 occurred more often than ¢ > 1.
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