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1 Introduction
The ECBilt model (Haarsma et al, 1997, Opsteegh et al, 1998) code has been vectorized
and tested on the Fujitsu VPPT00 computer. In this report we describe the basic rules
that we

applied to vectorize the model, the vectorization procedures, performance gains
and discussions on further improvements for the speedup of ECBit. The ECBilt model is
designed to run on the power-challenger which is a multi-processor sealar machine. When we
transported this model onto the ECMWEs Fujitsu VPPT00 we found that the performance
of the model was rather disappointing. The CPU time for one vear coupled run is b4
minutes which is a factor 2.25 more than the CPU time needed on the power-challenger,
The percentage of vectorization is very low: 36%. This motivated us to optimize the code
in order to make better use of the vector processor of the Fujitsu VPPT00. After these
optimizations the CPU time needed for one year coupled run is 5 minutes which is 5 times
faster than on the power-challenger. The percentage of vectorization is 71%. Im plementation
! ctorized code on the recently installed Fujitsu VPP3000 vielded another reduction
U time with a factor of 5.

2 About Vectorization

In this section some basic concepts about vectorization are given.

Vector operation: An operation on a set of elements of an array {(or arrays), the result
of which is independent of the ordering of the element operations. That is, the operation on
any element of the array (or arrays) is independent of the result of the operation on any other
element. Conceptually, we can think of the set of operations on all elements as happening
sinultaneously,

Vector registers: Like all modern computer processing units, the vector unit of the VPP
cannot operate directly on operands in memory, the operands must be in the registers for
faster acress. ‘

Vector length: Vector registers have a finite length (on the VPP this length is at most
2043) hence, in practice, VPP vector hardware instructions can only apply to length 2048
vectors. A do loop of length 10000 is actually executed as four vector instructions of length
2048 and one of 1808 length. Since the compiler concatenates these hardware vector length
very efficiently, we refer to the do loop iteration as the vector length.

Vector length and performance

Vector length Performance

O

1tod A PC of Pentium variety performances better
10 25 A PC of SGI variety performances hetter

25 to 100 The VPP will overtake the SGI power-challenger
100 to OO A worthwhile speedup can be expected

2048 Anything around here will be fast

greater than 10000 The VPP will outperform other machines




Vectorization:

(1) Compiler vectorization: A vectorizing compiler can be relied on to generate efficient
vector instructions for most vectorizable code segments,

(2) User vectorization: Is the process of altering or adding information to the code to
allow the compiler 1o generate more vector operations and overcome unnecessary bottlenecks
in the programs execution.

3 General tuning principles

The principal aim in tuning a program for execution on the VPP is to minimize the total
execation time for that program. This usually amounts to ensuring that a significant portion
of the time-consuming code is executed in the vector unit of a processor of the VPP,

Although the compiler is good at generating vector instructions from standard FOR-
THRAN code, there is no substitute for writing the code with the vector principles in mind if
the code is to achieve the best performance.

A few basic rules are:

{1) Use do loops with as large iteration count as possible.

(2) Avoid complicated if and goto logic inside loops.

(3) Try to arrange inner do loop index as the first index of an array.

(4) Do as much arithmetic as possible within each loop for efficient use of the vector
pipes,

(5) Be aware that load and store bottlenecks are ofien the limiting factors to high per-
formance.

A loop cannot be vectorized when:

{1) The loop is too long.
(2) It contains function or subroutine calls.

(4} Tt contains pause, return, stop statements
(5) Tt contains 1/O with end= or err=

{6) It contains dowhile and dountil loops.

‘Tuning a program for the VPP involves several stages. First, it is necessary to establish
in which parts of the code the bulk of the CPU time is spent. Changes are then made in the
time-consuming parts of the code to increase their rate of vectorization,

The process of identifving the time consuming parts of code and helping the compiler
to vectorize them should be repeated several times, since, with significant improvements of
the formerly time consuming sections of code, other parts may then start to dominate the
comaputational costs,

4 Tuning and vectorizing the ECBilt model

Here we give a description of the major processes of optunizing the ECBilt code.



First of all we must identify the most expensive part of the model. This can be done
by using the unix profiling tool. The compiling options used are: -Ds -CedRRE -X7 ww -Of
-Wv-Of-m3 -Psa. In Table-1 the output from the profiling option is given, It gives the per-
centage of UPU time used by each routine relative to the total CPU time used by the whole
model, vector length, percentage of the vector instructions relative to the total instructions
of each routine and the routine’s names respectively.

Percent VI V-Hit{%) Name
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0 418 Lwaverad
16 150 Dlwrsfc

5.3 12 4.2 Tempprofile
4.0 5 75.0 Swaverad

3.3 - 0.0 Fluxsumland
2.6 - 0.0 Ptmoisgp

17 - 0.0 Detgmax

1.7 - 0.0 {Jsat

14 3 22.1 Moistields

- 0.0 Convec

36.6 Forward
71453 Omegal

- 0.0 Zbrent

- 0.0 Albedo

7 368 Jacobd

78 U8 Nanbks

0.6 - 0.0 Landtemp
4.5 - 0.0 Shine

(3.5 357 735 CO6fqu
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0.5 144 1.8 Sptogg
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Table-1
Below we will describe the vectorization of a number of the time consuming subroutines.
Lwaverad

From table-1 we see that the most time consuming routine is the Lwaverad routine. It
takes more than one half of the total CPU time (which is 3240 seconds) and the percentage
of vectorization is less than 50% (41.6%). The vector length is only 10.

The printout of this routine is in Appendix Al. In this and other appendices only the
main body of each subroutine is Hsted.

Examining this routine we see the following main characteristics that prevent it from




good vectorization.

{1} The double do loops are too long.

(2) It contains write statements in the double do loops.

{3) The inner loop contains the least number of iteration counts.

To modify it we need:

(1) Split the long do loops into a few shorter loops.

(2) Make a separate loop for the write statements. This loop is not vectorizable but it is
a cheap loop.

(3) In order to split the long loop into shorter loops many variables need to contain grid
information. This means to change single variables into multi-dimensional arrays.  Vari-
ables with dimensions that contain no grid information should be extended to contain this
information.

The modified version is given in Appendix A2, Because of the changes in this routine
the total CPU time for one year coupled run dropped from 3240 to 1704 seconds. The vee-
torization percentage of it increased from 41.6 to 91.1%. Tt has now a vector length of 1619,

Tempprofile

This routine has a very low percentage of vectorization {4.2%) and a very short vector
length. Looking at the code we see that it has the same problem as Lwaverad: too long
loops: the inner loop contains a small number of iteration counts etc.. What makes it dif-
ferent from the Lwaverad routine is that it contains dowhile statements. The result of the
condition in the dowhile statement depends on each grid point. This makes it difficult 1o be
rewritten in general vectorizable do loops. After studying carefully what these two double
do loops do and using physical knowledge of the model we found it is possible to replace the
double do loops by a few general vectorizable do loops. Afier these changes' the CPU time
used by Tempprofile routine dropped from 172.0 to 12.3 seconds. The vectorization rate
ncreased from 4.2 to 69.6%. The vector length increased from 12 to 1166.

Moisfields

Subroutine Moisfields also has a low percentage of vectorization and a very short vector
length, In Appendix A3 the routine is listed. Investigation of the code revealed that i the
double do loops the subroutine Ptmoisgp (which again calls a function Detgmax) and
the function Qsat are called. Both make it impossible 1o be vectorized. The simplest way
of changing this is to inline subroutine Ptmoisgp and function Qsat. However inlining
these snbroutines directly makes the program messy. Inspection of the subroutine and the
function reveals that many variables can be written in a statement function which is internal
to the subroutine so that the routine can be vectorized. Those parts which are not ¢ ¥
to be written in a statement function are inlined here. In Appendix AZ.1 the subroutine
Ptmoisgp is given. In Appendix A3.2 the function Detqmax that is called by Ptmoisgp
is histed. In Appendix A3.3 the function Qsat is listed. Tn Appendix A4 the modified version
of Moisfields is given. In Appendix A4.1 the included file moist.h in which the statement
function is written is listed. After these changes the subroutine Moisfields is 100% vector-
zed. The CPU time used by Moisfields for one year coupled run dropped from 45.4 to 1.8

¥




seconds. The vector length changed from 3 to 512,
Convec

Convec subroutine is 0.0% vectorized and belongs to the top few expensive routines.
This routine has the same characteristics as the previous ones namely that it contains loops
that are too long, loops that contain subroutine calls and there are write statements in the
loops. More over it contains goto statements in the loops to determine whether or not to
stop with the convective adjustment. To vectorize these loops the gofo statement should be
certainly avoided. In the original version it allows a maximum of 10 times calls of convec-
tive adjustment. I more than 10 times is needed an error message is given and the model
stops. We have checked the number of convective adjustments needed for each grid point
on the earth and it turns out that the maximum number is 3. Therefore we apply 3 calls of
convective adjustment for all the grid points so that the gofo statement is not needed. The
rest of the policy applied to modify this routine is the same as for the previous ones: split it
into shorter loops (here it is splited into three subroutines ); isolate the write statements in
a separate loop; inline subroutines which are called in a do loop. Here the same subroutine
Ptmoisgp is called as in Moisfields, so we can make use of the statement function moist. b
After these modifications the sum of the CPU time used by these 3 subroutines for one vear
coupled run is 5.1 seconds. The CPU time used by the Convec subroutine in the original
model was 39.0 seconds. The vectorization rate of the Convecl, Convec? and Convecd is

99.1, 82.8 and 91.3% respectively. The vector length is 512, 398 and 1024 respectively,

Swaverad

Swaverad is the fourth most time consuming routine. Although it has a rather high
vectorization percentage, the vector length is very short. Examining the code we see that it
i characterized by long double do loops and short count of the inner loops. We can modify
it by splitting it into shorter loops and make the outermost loop contain the least count
of iterations. After these modifications the CPU time used by Swaverad routine droppec
from 129.6 to 10.8 seconds, the vectorization percentage is increased from 75.0 to R2.8
The vector length is increased from 5 to 1060,

Landtemp, Dlwrsfc, Fluxsumland, Zbrac and Zbrent

These are the surface temperature computing routines. In the model the surface tem-
E )

perature is computed from the assumption that the heat capacity of the surface is zero.

This imiplies that the net heat flux between the atmosphere and the surface is zero, In the

model an iteration procedure has been used to compute the balanced surface temperature
for each grid point, How many iterations are needed for one grid point is different for each

erid point. This procedure can not be vectorized. Tn order to speedup this procedure an
alternative solution has to be sought. We decided to use another approach which assumes
that the surface has a constant small heat capacity. The surface temperature can then he
computed from an evolution equation which uses the net surface heat flux as input. In
Appendizx A5 the original subroutine Landtemp is listed. We see that in this routine in
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the double do loops subroutine Zbrac and function Zbrent are called which both use the
external function Fluxsumland. Fluxsumland again calls a function Dlwrsfe. In Ap-
pendix A3.1 and A5.2 subroutine Zbrac and function Zbrent are listed respectively, while
Appendix A5.3 and A5.4 contain the functions F luxsumland and Dlwrsfc respectively.
In Appendix A6 the modified version of the subroutine Landtemp is listed. The functions
Diwrsfe, Fluxsumland and Zbrent and subroutine Zbrac are not used any more. Af
ter this change the total CPU time needed for one vear coupled run dropped from 984 to
340 seconds, The total percentage of vectorization of the model mereased from 33.3 to 66.9¢

Albedo and Shine

Albedo and Shine are all 0.0% vectorized and in the top part of the listing of the most
computational expensive subroutines. In routine Albedo a subroutine call to Shine iz made
inn the double do loops which makes this subroutine impossible to be vectorized. One of the
solutions for this is to rewrite these two subroutines into one. After these modifications the
CPU time dropped from 38 to 1.2 seconds and vectorization rate is 97.8%.

Sptogy

50 far the routines described all belong to the physics part of the model. Tn the dyvnamic
part the Sptogg routine plays an important role. Tt is called many times by many other
routines and has a very low vectorization rate (only 2.7%). In Appendix A7 and AR the
original version and modified version of routine Sptogg are given. With this modification
the vectorization percentage of it increased from 2.7 to 97.4%. At the same time the vec-
torization percentage of the subroutines Forward, Omega3 and Jacobd is also increasec
substantially. Due to the modification of this routine the total CPLU time used for one
coupled run dropped from 320 to 300 seconds.

Final Result

The final result after the vectorization procedure is shown in Table-2. The most expensive
subroutine is now Forward which has a vectorization rate of 78.7% and a vector length of
60. It consumes about 10% of the total CPU time. This is the most optimal result we could
achieve. The total percentage of vectorization is 71%. The model is now O times faster on
the VPP700 than on the power-challenger at KNMI.

5 Running the model on the Fujitsu VPP5000

As atest we have run the vectorized version of the atmosphere only model? on the ECMWF's
Fujitsu VPP5000 machine which was put into use recently. The performance of the VPP5000

is drastically improved with respect to the VPP700. For one model vear the CPU time needed

%,

is now only about one minute (70 seconds). While on the power-challenger at the KNMT the
same run costs abouat 20 minutes. This is due to the fact that the VPP5000 processors have
an increased peak performance and the sealar performance has significantly improved and



also the performance on shorter vectors is better com pared with the VPP700. In Table-3
the profiling of this run is given. From this table we see that it is very similar with the one
given by the VPP700 with minor differences.

Percent VI VoHH{%) Name

60 787 Forward

44 893.2 Omegal

47 84.0 Jacobd

7.3 619 911 Lwaverad

543 a6 782 Cl6fgu

4.7 34 G7.8 Sptogg

'3.9 Advec

59.6 Tempprofile

60 82.8 Swaverad
G3.4 Psitogeo

54 91.8 Rggtosp
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4.8 512 1000 Muoisfields
.4 98 828 {Clonvec?
.4 817 971 Albedo

{1 024 913 Convecd

Table-?

6 Concluding Remarks

Till now we have reduced the CPU time of the model about 5 times on the VPP700 and 20
times on the VPPS000 compared with the original version running on the power-cl
at KNML The total percentage of vectorization is 71% on the VPP700 and ¢

L2

oo

enger
¢ on the
VEPS000. Tt seems difficult to improve on this. If we wish to get a even higher percentage
yor revision of the code has to take place. For instance, if all the multi-dimens
s are transferred into one-dimensional arrayvs this will speedup the model up to 30%

-

e more. The other point is that the advantage of the vector processor over the seala
or will increase for increasing resolution. At present the horizontal resolution of the
model 18 T21. We see in the final profile of Table-2 and Table-2 that although the most
expensive dynamic routines are good vectorized the vector lengths are quite shart. When

A
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the resolution is increased we expect that the vector length for these routines will inerease, in
this way we can make more efficient use of the vector processor {especially for the VPPT00).
Therefore if the resolution is increased the performance will increase compared to a scalay
machine such as the power-challenger at KNMI.

Percent VL V.Hit(%) Name

154 57 74.4 Forward
11.6 48 92.8 Omegal
10.7 55 92.7 Jacobd

4 83.6 Lwaverad
6.7 Sptogg
66.2 Cosfgu
35 91.1 Psitogeo
87.8 Divwin
51.8 Tempprofile
32 43.1 Rggtosp
36 88.4 Geowin
(3.0 Cotfpg
32 94 .8 Ggtosp
1061 708 Swaverad
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“This model version is slightly different from the one mentioned in the previous sections.
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+{xith$1{i,§jk;melfi$}+xiqut31{i,ﬁ;kgmgl;ia}*dqai{ifj}}
# *dumbs (i, 3)%%m
anddao
andda
enddn
anddo
o om=1l, 4
do d=1.nleon
do i=1,nlat
ﬁumts{igj}xtgarfm{i,j,ﬁma}mxtncepl{xej}iSm;i9}
xlwxmﬁ{i,je?gl,n@c}xxiwxmn{ifj{?gigﬁﬁck
* &{xlwrtgiii,ﬁf?,miiii&}%ﬁmquéﬁi{i,ﬁ;?;mzi(igﬁ*ﬁqaiiz,;}}
* *dumts (4, 4) %*p
enddo
enddn
enddo
enddo
o writ&{i%?;*}i@ayixiwxnm{36;1®,7fSgngeé
do 1=0,1
do k=1,7



do 4=1, ﬂicm

dooa=1,nlat
xl&xmm{%,§,k,lgm§a}mxlwxml{ifﬁgk{i}
anddo
enddae
aernddn
arcicio
do =01

4
do i=1.nlon
do o a=1,nlat
@amtgii?’% =tgurfn{i, i, nge)~ztncepl{i, i, izm, 19}
ziwrnn{i, i, k,i ns @§rkiw1mﬁéi 4,%,1,nse}
# {\szfsl 3 d,k,m, 1, ;4‘%xiwxqtﬁziizjek!m,i{iﬁ}*ﬁqaiéi,j}}
* *dumbsi{i, )Y m
ervido
enddo

n%ﬁa

F.l.onsel=xiwrra{i, 4,7, 1, nse)
cm, L dstexlwrgtel (1,9, 7,m, 1, is) *dgal (1,4}

# +§xith3?{lf3,,
* *chambsi{i, 1) **m
enddo
snddo
enddo
aenddo

write (100, *}iday, xlwrrn{30,10,7,0,nse)
write {100, iday, xlwrnn{30, 10,7, 1, nse}

1
i=1,nlat
wlwrnn{i, i, k, 1, nldi=xilwen2{i,7, %k, 1}
é

Aetelulel

o mmi,é
do 4=1,nlon
do i=l.nlat
dumts {1, 1=tsurfnii, i, nl&zthnﬂ@§@ 1.9,
“”“vfmmfl J.k 0, nldi=xlwrnn (i, 3.k, L, nld)
&axiwr»sE@*,g,msm;};&W‘+x1wxqtg;{i Jok.m, 1 i rdgal (i, 5

* ViR,
* Poumts{i, 31 % *m
reddo
anddo
&:i,yign
do i=1,.nlat
dumts (i, di=tsurfn{i, 3, nld) ~xtnoep2 {1, 9, ism, 19
lwrnni{i, 1,7, 1, nld'xxlwxmm{i,ﬁf?ii(miﬁ}

& +{xlwrts2{i,7,7,m, 1, ig)+xlwrgts2{i, 3,7, m, 1, ig)*dqa2 (i, 1))

<

> Fdumbtg i, 1) *fm

§§§ enado

anddo




erdidin

enddo
do d=1,nlon
do i=1,nlat
L0

.0

dlrads{i,)=0.0
enddo
enddo

do nn=l ntves
do d=1,nlon
do i=1,nlat

ulrad0{i, )= ulrad0(i,) «+ fractni{i,d,nni*
{Xlwrnm{i,j,i,G,nm}*{iwtﬁaéi,j}
ulradl{i,j)= ulradl(i,d) + fr
({xlwrnn(i,4,2,0, nn)+xlwrmin (1, 4
{zlwrnn(i, 3,2, 1, mi+xlwrnn (i
ulrad2{(i,3)= ulrad2{i,q) + fractn{i,d,nm)*
Hxlwrnn (3,3, 3, 0, nn) +xlwrnn{i, 3,6, 0,nn) ) * ¢
{(xlwrnn{i, 3,3, 1, nn)+xlwrnn{i, 3,6, 1,nn) ) *tocii
mlraésn{igjgmm}mgbaitz*taurimiigﬁ,nu}**é
élra&sm{i,j,mn}mwxlwrnn(ifj!?,Q;nm}*{iwﬁﬁﬁéi,j}}w
dlwrnnd{i, 3, 7,1, an) *tec (i, 3)

ulrads (i, ji=ulrads{i, i)

+fractn{i, 3, nn) *ulradsn{i,§,nn}

dlrads (i, 3i=dirads (i, 1)

+fractn{i,j,nn)*dlradsn{i,§,nn)

erido
anddo
anddo

write{l00, *)iday,dlradsn{30,10, nge)

do d=Ll.nlon
do i=1.nlat
dumt2 {1, 3,2 =ulradli }
dumtl{i,d,l)=dlrads{i, )
dumtl{i,4,2)=ulrads{i, )
enddao
arido

raturn
and

5.0, nn} 1 {I~teo{i, 4}
3.5 1 mmb Yoo {d, 3

yxlwrnn(i, 3,1, 1, nn)*toc (i, o
actni{i,d, ) *

o

3



relative humidity of the moised lay&r
fic humidity

implicit none

and spec

nelude ‘comatm. b
1?“*11&3& e
include comsurf. R’

integer i,4,nn

real”d gsat, pmount, tmount, gmax, domdt
do d=1,nlon
do i=1,nlat

call ptmoisgp {(pmount, tmount, gmax, 1, 7, daudt )

LE {gmax.gt.0d0) then

.

relhum(i, j)=min{1d0, rmoisg (i, ) /qmax)

relhum{i, 1)1 =040
{Em{ii £

ql0ii,di= 0.40
do nn=l, ntyps
gi0n{i, 3, mnl=relhum{i, ) *
es_gsat{pgroundn{i, 1, nn)
enddo

C F** dwrmels ig used in the lwr parameterization

lwrmois{i,ji=ymoisg (i, 3}**0.3332
enddo
argidn
return
and

btempsgn (i,

above the surface and at the surfacs

PRt
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Appendix A3.1

subroutine ptmoisgp {pmount, tmount, gmax, i, 7, dagndt)

2500=gpmb
hfac=2/
hreds h&ulwx grav

pfac=logiplevel (2} /tlevel (2))

wﬁ*gxav

calculate temperature at t500 assuming the temperature variesg
iln arly with logip) @ T = Tref + alpha * log (p/pref)

alpha={tempZg{i,d} ~ tempdgli, 3;}*xiugtii“
£500 =tvempdygl{i, i) + alpha*pfac

calculate reduced ground height in decanmeters
reduction occurs in order to tune the amount of moisture which
igs allowed to pass a topographic barier

hmount=gmount {1, 71 *hred
iE {hmount.lt.0d0) hmount=0d40

calcoculate the groundpr@a&urm assuming that the mean geopotential
height at 500 hPa is gpm500 decameter
calculats 10 mbr temperature in X

tmount=t500*%*2 -~ hfac*alpha* (hmount-geopg{i,i,2)-2500)
1f {tmount.lt.0) then
write{(29,%) 7in latlon °,4i,d
write{29,*) tmount, hmount, t500,geopg(i,d, 2}
call ec_errori{lB)
else
tmcunt=sogrt {tnount )
andif

prount=plevel {2} Yexp{ {tmount-£500) /alpha)
gmax=ec_detomax{tmount, 1,3, dgndt)

return
g
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Appendix A3.2

function detgmax{tmount, i, 7, dgndt)

ti=tempdy (i, i)
ti=tmount-tempdg (i, 1}
thatempdg (i, 3 ~tenplg{i, 3}

i {oi.lt.tgmi{2d}} then
tim=tomi (D)

andi £

if {ti.gt.tgmi{igmtab)) then
ci=tomi {igmbab}

endif

1f {ed. it tgna {9y then
brmtogmy (0}

andl £

1E {wd.ge. taud (damtabl} then
d=tomd (Jogmbab)

endif

1€ {tk.lt.tamk{0}) then
tke=tomk (0)

andi £

1 i{tk.gb, btgmkikgmtabl} then
vk=tomk {kgntab)

endif

ii=min {igmbtab-1, int{{ti-tgmimin) *rdtami))
d=nin {dgmbab-1, int {{tg-tgmimin) *rdtami})
min {komtal- l_xnt{{tk tombmind *rdtomk) )

kk

degndi= {gmtabel (1i+1, 373, kk) ~gmtabel (i1, 37, kk} ) *rdtgni
domdi= {gmbtabel {11, 99+1, kk) ~gmtabel (11,77, kk) } *rdams
domddks= {gmtabel (14,49, kk+1] wqm?akéliigiij kkiyrrdoomi

gmax = gmbabel (14, 49,kk) + {ti-tgmi{ii})*dagmdl +
(th-tomi {33y ¥damdd + {tk-toamk {kk} ) *damdk
1f ilgmax.lt, 040 gmax=0d40
{ommax., gw' . 2% then
write{d3,7%) ‘in latlon *,4,3, " gmax ', gnax
call so_srrori{l2l)
erndilf

3 ¥

alphas={tenp2gi{l, 1) ~tempdg (1,3} 1 *rlogtll2
S00=tempdg{i,ji+alpharalogplrl?

5! =gpmb 0 Y grav
hmount=gmount {1, 1} *hmoisr*grav

diogdo={rgas*t500¥alogtllipl2 + {(hmount-geopg(i,3,2)-z5001)
* {rgas*btnount*alogt 118}

dogmdt=dogmdi + dgmdd * {dtgdt - 140) + dgmdk
ac _detgmax=0. 9%cgmax

end

Lo



Appendix A3 .3

function gsat{press, temp)

gsaturation mixing ratio
**¥ input press in [Pal, temp in K

include ‘comatm.h’
include ‘comphys.ht

real*s prags, temp, ec_qgsat

ec_gsab=col*exp(cel* {temp-tzero) / {(te

Iy F o e %
& fpress

and

cutput ec_gsat: saturation mixing ratio

mp-nod
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y

subroutine moisfields

oo “alﬂui&tés relative humgﬁxty of the moised laver
o REE ﬂ@%ﬁ&fl& humidity abnww the surface and at the surface

include ‘moist.h’

do =1, nlon
do i=1l,nlat

tmount=tmountx (i, 1}

ti=tempdg{i, 3}
ti=tmount-tempdg (i, 1)
th=tempdg (i, i) -templg (i, 1)
Ci=maxiti, tami {0}
ci=min(bi, tomi {igmbab))
ti=maxi{td, tagmi (0}
ti=min{td, tgmd {damtab) )
th=max{tk, tamk {0}
tk=minitk, tgmk {kgmtab)

iismin{igmtab-1,int{{ti-tgmimin) *rdogmi}
F=min{dgmtab-1, int {{ti~tanimin} *rdogmd)
kk=min{komtab-1, int { {tk-tgmkmin) *rdogmk}

N ot P

copndi= {gmtabel {1i+1, 37, kk) ~gmtabel (11, dd.kk) ) *rdbgmi
dgmdd={gmbabel (i1, 31+1 kk}—gmtabel (i1, 33 k) ) frdoomd
dgmdks {gmtabel (11, 39, kk+1} ~gmtabel (11, 31, kk) } *rdtamk

gmax = gmtabel {11,374, kk) + {(ti-tgmi{ii))*dgmdi +
* {t~tgmi (331 *dgmdd + (th-tamk {(kk)} *damdk

cmax=0. §*gmax

iE {gmax.it. 040 gmax=0d40

1E {gmax.gt.0d0) then

relhum{i, )=nin{1d0, rmoisg (i, 1) fgmax)
slae

zeihum{igj}mﬁﬁﬂ
erdif

3 = 0.40
)= 0.40

geurf (i
glo{i,
arcddo
ernddn

do =1, nbyps
doo d=1,nlon
do i=1l,nlat
qlOn{i, 3, nnt=relhum{i, ) *

& gsati{pgroundn{i, 1, mn), tempesgn (i, 3, nnd )
glo{i, 3i=qlC{i, J)+fractn{i,,nn)*qglin{i, i, nn}
endda
arido

.
asteieiv]
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Appendix Ad.l
moist,

real*d gsat

real*8 zp,zb

*8  hmountx, hmounthelp
real*s  alfa, tmountx, tmounthelp
integer ipi, ipd

real®s t%%ﬁmx,d&gdt,ﬁqmaxﬁt,dqmﬁifdqmﬁj,@qm&k

gﬁ&t{ﬁ@,&t}x§.§62*611‘2*ex@{1?~§7*{ztm2?3x15§f{2t~29,§§}}fz§
alfal{ipi, ipj) = (tempZy (ipi,ipi) - tempdg (ipi, ipiti*rlogtll2

ﬁmgunthﬁ}p{igi,i@j}mgm@mﬁﬁ{i@i,i@j}*hm@isr*gxav
hmowmtx{igi,i§j}xm&x{hmauﬁth@ip{i@i,i@j}aﬁ,&}

tmounthelp(ipi, ipj) = {tempdg (ipi, ipi) +
alfalipi,ipi)*log(plevel{2)/tlevel (2} )+ *2 -
d/rgas)*alfalipi,ipir*
{&m@umtx{i@ifi@ﬁ}wge@pg{iQi?igﬁ,z}mngﬁﬁO*gxav}

@ 2

tmountx {(ipi, ipj)=sqgrt (tmounthelp (ipi, ip3i))

t%ﬁ@mx{igi§i§§}:temﬁég{ipigigj}waﬁfa{ipi,i@jé*al&ggigtéz

ﬁtgdt%i@iii@j}m{rgas*tSﬁ@mx{igi,ipj}*alagtiiglz +
& {Qmsuntiigi,i§j§*hm@isx*gravM§&ﬂ§§{i@i;igﬁ,z}mgpmﬁéﬁ*g:&v}Ef
5 {rgas*tmountx (ipi, ip3)*alogtll?)

dqm&xdtii@i,i@j,ﬁqmdigﬁgmﬁﬁ,dqmﬁk}ndqmﬁiéﬁqmdj*{ﬁﬁgﬁt{i@igigﬁ}wldQE
. +Aqmdk

%,

;‘
; ‘
L ¥



0

3

Appendix AR

subroutine landtenp

computes surface land temperature

external fluxsumland

tol is the wanted accuracy of the land temperature in daegress
parametey {tol=0.1}

common Slandpoint/il, 11

mitebtel =

do d=1,nlon
do i=1,nlatb
dlandheat (i, 3)=0480
nethixland{i, 3} =040
AE (fractni{i, i, nld).gt.epsg) then

il=1

31=3
teland=tland{il, 11}
tglandl=tsland
teland=tgland + 1.

call zbrac{fluxsumland, talandl, tsland?, itetal)
if {itetel.eq.100) call error{?)
tland{i, i)=zbrent {fluxsumland, tslandl, tsland2, tol, itetel}
if {tland{i,d).1t.180.0r.tland (i, 9} .gt.350) then
write {100,7) ‘tland out of rangs’
write{100,*} i,4,tland{i, 4}
endif
1f {itetel.eq.100) call errvor(8)
if {itetel.gt.mitetel! mitetel=itetel

1f {dsnow{i,d}.gt.040.and. tland{i,4) . .gt.tzero) then
rland{i, j)=tzerc
nethixland (i, Ji=Ffluxsumland{tzero}

alge
dlandheat{i, dl=-fluxsumland{tland{i, 3}
nethfxland{i, §)=040

endif

andif
anddo
andda

IR
)
Do
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Appendix AS.1

subroutine zbrac{func,xl,x2, iter)
this routine from numerical recipes determines an interval with
bounds x1 and x2Z that contains the root of the function func

implicit none

integer d.ntry, iter

real® s factor

parameter {factor=1.6, ntyy=100)}
real¥ 8 £1,£2,x1, =2, fune

axternal fung

fl=func{xl}
f3=func{x2;
do d=1,ntry
iE {{ﬁi,iﬁ,ﬁﬂ”&n@0§2,gaq®,}.Qrb{flmge.ﬁ,oan@xﬁﬁ‘ie,ﬁ°}§ then
iters=-
return
endif

if {labs{£fl).1lt.abs{f2)) then
xl=xi+factor* {(xl-x2})
El=func {(x1)
alne
2mxZvfactort (m2-x1)
f2=Ffunc {(x2)
endif
endda
raturn
end

3

2

fw
(%

S

5,
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Appendix A%

function zbhrent{func,xl,x2,tol, iter)

¢ oREE L%i routine from numer i Lcal rec ;&@w determines the root of ﬁh&
; function func which is contained in the interval with bound
o PR owl oand xZ

192
m

fa=Euncia)
fo=func (b
if {{fa.gt.0.and. fb.gt. 0. }.or. (fa.lt.0.and. fb.1t.0.)) then
call error{lil)
endif
o=k
f L}:}
do iter=1, itmax
1E {{fb.gt.CG.and. fo.gb. 0. CAEbL it 0land. fo 10,00} then
cmg
fo=£fa
A=l
€y
endif
1f {absi{fco).lt.abs{fb)) then
ash
g
rma
fa=fb
fo=fo
Fo=fa
endif
toll=2 . *epstabs (bi+0.5%tol
(5% (o~
if {absi{zm).le.toll.or.fb.eg.0.) then
zhrent=b
1E {iter.gb.20) write(l00,*} ‘zbrent ', iter,b,fb
return

if {abszi{e).ge.btoll. and.abs{fa) . gt.abs{(fk) ) then

s=fb/fa

1if {a.sg.o) then

Xm*ﬁ*(@ K§mabm y¥{x-1.))
}*{x 1. -1,

;f in. g% 0.} g=-g

ggﬁ*§ 1t.min{3 . *xm*g-absi{toll* g}, abs{e*gi i} then

‘,W"\.

\w




if {ab={d).gt.toll) then
D=+
alge
bebesign{toll, xm)
endif
fh=func (b}
if lditer.gt.20) write(100,*)
enddo
zhrentah
raturn
eng

fzbhrent

fLdter . b, fo
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prendix A5,

function ﬁxu;ammi andin giand}

computes sun of £luxes h@%ueﬁn the iaﬁﬁ and fhe atmos rh

drag coefficient depends on landtemperature
cdragl=drageoefgp{tsland, 11,71, nid)

sensible heatflux
nfluxgp=alphad*cdragl*uvl0{(il, 1)+
{tgland-~ t@mpsgnill 41l,nld)}

oy {f"

o PR davent heat flux

&

L

@

gsatss=gsat {pgroundn{il, i1, nld), tsland}

1E {dsnow{il,d1}.g0. 040} then
edum=cdragl*uvl0{il, i1} ¥ {geatss~glini{il, i1, nld)}
@&um“&ﬂfabam{ii 31, nld) *max {edum, 040}
esubi=alphag®aedum

(SR

Jdtime,

L, nldy

Atime,

svapi=alphav*edun
esnowsmin {rgridfac{ili*rowat*dsnow({il, i1} *rlatsub/drime,
esulf}

1f {esnow.lt.esubf} then
ﬁszﬂagmgmnﬁ @uﬁ@W}f%&Qb&
emcis=min{rgridfac{il) *rowat*bmoisg{il, 1) *rlatvap

stracrevapf}

eflumgp=esnow+encis

slae
efluxgp=esubf

endif

elae

aﬁ?uxgpmaigh&v*ﬁﬁragl*avi@ il, 41y ¥ {gsatss-glon{il, 1
luxgp=eviacan{il, 1, ml&}*maxngiuxg@ 0d0;

¢§¢ux¢pwmxn{rgrldfaaf@i%*hmalggaai Jl) *rowat*rlatvap/
fluxgp)

GEZZ‘\ST if

downward longwave radiative flux

divadgp=dilwrsfc{il,41l, tsland, )

sum of all fluxes

fﬁuxsmmianw heswsn{il,31l,nld) - hfluxgp + dlradgp -

sholtz*tsland**4 - efluxgp + landheat{il, 11
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FEE computes do woward long wave radiation a% the land surface
*use Lo @q&&@xbraﬁe land temperature
*rEooutput o divads(nlat,nlon): downward longwave radiation [Wm-21 at

the surface
integer i,9,1,k,m,1is, ism, ireqg, irs
real*s lwr{7,0: 1} 1@g¢0“,sqrwha sgrnZo, dyga, dumts, dlwrsfe, tsland
logeoZ=log (ghy (1) /ghgipcc {1}
3q cehd=sqri (ghg(2) ) —sqrt (ghgipec (2) )
sgrnZo=sqgrt{ghg (3} ) -sgrt (ghgipcc(3))
ig=imonth/3+1
if {is.gt.4) is=1
ism={iz~1)*%3+1
ireg=irn{i,i,irs)
dga :{rmslagai FIY**G 3333 Qamc&p(ir@g igmy**0 .33
Ao 1=0,1
e k~z,
iwr§kgl}mlwrra£{k,iz@g,isyi}
* +lwrga(k, lxag i l}*aqa
* +lwrghg(k, 1, &1&@ ig, L) *logeol
* +lwrghg{k, 2, lyeg is, 1Y *sgrohd
* +lwrghg (k, 3, ireg, is, 1) *sgrnlo
do m=4,19
lwrik, Li=lwri{k,1li+
* Ewrghg{k,mfireg,iafié*{ghg{m}~g%§ipcc{m}§
anddo :
do m=1,ipliireg)~-1
lwrik, l)=1lwri{k, 1)+
* lwrt{k,m, ireg, is, 1} *dtemp (m, 1,9, irs)
endda
lwrik, li=lwr(k, 11+
* lwrt(k, 18, ireg, is, 1) *dtemp (18, 1,4, ire)
anddo
dumts=tsland-tncep (19, ireg, izm)
do m=1,4
Iwri7, i =wr (7, 11+
* {lwrts{7,m, irveg, i, 1y+ilwrats {7, m, irveg,ig, 1) *dga)
* *dumb g
ﬁumtmmdumts*{tglanﬁmtncepal§ ireg, ism)}
endda
anddo

&iwrsﬁcmwlwx{7g6}*§$mtcciig§§§~wa{?,l}wtﬁﬁ{igj}

return
and



T PRR computes surface land temperature
0 i i e e s e e e e e o et et et e e e e e e e e e e e e e
c** land heat capacity
rhoapland=1.0/1500000.¢
heapland=1500000.¢
orF o computes the sum of fluxes at the surface of the earth.
do d=1,nlon
do o i=1,nlat
fiuxsumianﬁ{i,ﬁ}x{ha&wgﬁ{i,j5n1ﬁ}mhfiuxn{ifj(miﬁ}+ﬁixaﬁgn{i,j,m}d}m
ulradsn(i, i, nld)-efluxn{i,j,nldy+landheat (i,4) ) *gridfac (i}
anddo
anddo
do d=1,nlon
do i=1,nlat
nethfxland (i, 1) =040
1f {fractn{i,j,nld).gt.epss) then
tland{i, j)=tland{i, j)+fluxsumland{i, i} *dtime*rhcapland
erndif
anddo
enddo
oo **roain caze of temperatures above zero in case of SENOWCOVer, Seb
o PP ogurface temperabture to meltpoint

do d=1,nlon
do i=1,nlat
1f {(fractni{i,i.nld).gt.epss) then
1f {dsnowi{i,q).gt.0d0.and.tland{i, i) .gt.tzero) then
nethfxland (i, ji=heapland® {(tland{i, ) ~tzero) /4
landi{i, di=tzero
endif
endif

time

anddo
do 9=1,nlon
do i=1,nlat
if (fractn{i,i,nld).gt.epss) then
if (tland(i,7).1.180.or. tland(i,3).gt.350) then
vrite {100, %) ’tland ocut of range’
write(100,*) 41,3, tlandii, )
endif
endif
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subroutine sptogyg {as,agg,pploc’

convergion from spectral coefficients to gaussgian qxz&

input  spectral field as, legendre polynomials pploc (pp o el
where pp are legendre polynomials and pd derivatives with
regpect to gin{fi)

output gaussian grid agg

implicit none

include ‘comatm.h’
include ‘comdyn.h’

integer i,ifail,d,k,k1,k2,m,mi, mx,nlonl
real*8 as{nsh,2), agg(nlat,nlon), pploc{nlat,nsh)

inverse legendre transform

do d=1,nlon
do i=1,nlat
aggi{i, i1=0.040
enddo
anddo

nloni=nlon+i
kZ2=nahm{{}

do k=1,k2
do i=1,nlat
agy{i, li=agg (i, 1)+as{k, 1} *pploc{i, k)
anddo
enddao

do m=1, nm
my e L
mi=nlonl-m
kl=k2+1
kZ=k2+nshmim)
do k=kl,k2
do i=1,nlat
agg{i, mr)=agg{i, mri+as{k, 1) *pplocii, k)
enddo
do i=1,nlat
agg{i,mi}=agg{i, mi}~as{k,2) *pploc{i, k}
aendda
enddo
enddo

inverse fouriey transform

ifail=0
call cb6fgf {(nlat,nlon,agy, 'r’,trigi,wgy, ifail)

return
end



subroutine sptogg {as,agyg,pploc)
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¢ conversion from spectral coefficients to gaussian grid
TR input spectral field as, legendre polynomials pploc (g ox pdl
¢ EE where pp are legendre polynomials and pd derivatives with
g EEK regpect to sin{fi)
C F¥F oputput gaussian grid agg
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implicit none
include ‘comatm.h’
include ‘ocomdyn.h’

integer i,ifail.d . k, k1, k2,m, mi,me, nlonl
real*s  asinsh,2), agg{nlat,nlon), pploci{nlat,nsh)

¢ *PF o inverse legendre transform

nloni=nlon+1
kZ=nshmil)
do k=1,%k2
do i=l,.nlat
g {i, Li=aggli, Livas{k, 1) *pploc{i, k)

5y

da jxyﬂig o
m=indexm{i)
k=indexk (1}
my s L
ni=nlonl-m
do i=1,nlat

agyg (i, mri=agg{l, mri+asik, 1) *pplocii,
i

¥
(1%

agg (1. mi)=agg (i, mi}~asi{k,2)*pploc{i,k
arddo
anddo

o *vv oanverse fourier transform

L -y
Liail=0
call c06fgf (nlat,nlon,agy, 'r’,trigl,wgy, ifail)y

raturn
and
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