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1. Introduction

Results from a series of parallel experiments are presented in the present report. They
show, in terms of objective veri�cation scores and in terms of case study evaluations,
the impact of changes in forecast system components ranging from dynamics to physics.
In order to obtain reliable statistics �ve periods (P1 to P5) giving a total of 65 days,
representing three years and all seasons, have been selected for the experiments. Infor-
mation about the periods P1 to P5, including their length in days, is given in Table 1.
The basic model applied in the experiments is DMI-HIRLAM-G, which was the outer
component of the operational nested model system at DMI until September 1997. The
experiments have been designed such that only one model change has been made at a
time. This has been done to eliminate ambiguity in the interpretation of the results.
The operational forecasting system at DMI is briey described in section 2. This section
also contains information about the modi�cation to the basic model (DMI-HIRLAM-G)
introduced in each of the parallel experiments studied in the present report.

Table 1: De�nition of periods.
Period Year Start End Number

month day hour month day hour of days

P1 94 09 11 00 09 22 18 12
P2 95 10 25 00 11 08 18 15
P3 97 01 28 00 02 11 00 15
P4 97 04 02 00 04 14 06 13
P5 97 06 22 12 07 02 06 10

The results presented in section 3 show the impact of replacing a local with a nonlocal
�rst order vertical di�usion scheme.

In section 4 results obtained with three di�erent condensation schemes are intercom-
pared. The applied schemes are the Kuo/Cond scheme (part of the basic model), the
Sundqvist scheme (Sundqvist et al., 1989; Sundqvist, 1993) and the STRACO scheme
(Sass, 1997). The latter scheme is a modi�ed Sundqvist scheme. Contrary to the
Sundqvist scheme it contains a soft transition between the convective and stratiform
regimes. Experiments have shown that the latter leads to a signi�cant damping of the
numerical noise on the smallest resolvable scales of the model.

A semi-Lagrangian advection scheme has been developed in the HIRLAM 3 period
as a computationally economic alternative to the Eulerian advection scheme applied in
the operational system at DMI.
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In section 5 results of the Eulerian experiments presented in section 4 are intercom-
pared with corresponding semi-Lagrangian experiments.

Section 6 contains a discussion of the results and �nally a summary of the main
conclusions drawn from the parallel experiments is given in section 7.

2. Model-system

The basic model applied in the present parallel experiments is DMI-HIRLAM-G, built
on reference version HIRLAM 2.5.7 (K�all�en, 1996), with the speci�c DMI updates listed
in the Appendix. This model was the outer component of the operational nested model-
system at DMI until September 1997. Its integration domain covers Europe, the north-
ern North Atlantic and parts of the Polar Sea, Canada and USA.

In Table 2 the experiment performed with the basic model (DMI-HIRLAM-G) has
been labeled CBC. The table also contains a list of labels for the other parallel ex-
periments studied in the present report, together with details about the circumstances
under which they have been performed. As indicated by the second column in Table 2
only one model change has been made between each parallel experiment. The lat-
ter eliminates ambiguity in the interpretation of the results. For identi�cation reasons
the experiments are sometimes referenced in the text as CBC(opr-eu), CBD(kuo-eu),
CBE(sun-eu), CBJ(str-eu), CBF(kuo-sl), CBG(sun-sl) and CBK(str-sl).

Table 2: De�nition of experiments.
Name of DMI-HIRLAM-G Type of Horizontal Horizontal Time step
exp. variant advection di�. coe�. di�. type in seconds

CBC KUO/COND+VDIF Euler 1014 4. order, expl. 240
CBD KUO/COND+NLVDIF Euler 1014 4. order, expl. 240
CBE SUNDQVIST+NLVDIF Euler 1014 4. order, expl. 240
CBJ STRACO+NLVDIF Euler 1014 4. order, expl. 240
CBF KUO/COND+VDIF Semil. 1024 6. order, impl. 720
CBG SUNDQVIST+NLVDIF Semil. 1024 6. order, impl. 720
CBK STRACO+NLVDIF Semil. 1024 6. order, impl. 720

Additional information valid for all experiments:
Data assimilation frequency: 6 hours
Boundary values: ECMWF analyses
Boundary update frequency: 6 hours
Horizontal resolution: 0:42Æ � 0:42Æ

Vertical resolution: 31 levels
Size of domain: nlon = 194, nlat = 163.

3. Local versus nonlocal �rst order vertical di�usion

In this and sections 4 and 5 the assessment of the quality of the parallel experiments
is based on objective veri�cation scores and subjective evaluation of individual fore-
casts. The statistical tools are veri�cation against observations (obs-veri�cation) and
�eld veri�cation.
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The list of observations applied in the obs-veri�cation is an extended EWGLAM-list
with inclusion of observations from the northern North Atlantic and Greenland. The
presented scores for the obs-veri�cation are bias and root mean square (rms) error, while
the scores for the �eld veri�cation are bias and standard deviation (std. dev.) error of
the forecast minus its own verifying analysis �eld.

In this section results from experiments CBC and CBD are intercompared. Accord-
ing to Table 2 the experiments only di�er with respect to the applied vertical di�usion
scheme. CBC has been run with a �rst order local di�usion scheme (K�all�en, 1996; Louis
et al., 1981). In CBD the latter scheme has been replaced by a �rst order nonlocal
scheme (Nielsen and Sass, 1995), which is a modi�ed version of the scheme by Holtslag
and Boville, 1993.

3.1. Obs-veri�cation

Average values of the obs-veri�cation scores for periods P1 to P5 are shown in Figures 1
to 4 for selected parameters. It is shown by the �gures that the rms errors for CBD
are slightly smaller than for CBC. The only exception is the 850 hPa temperature
(Figure 3, top). The bias is in general numerically smallest in CBD, in particular for
2m temperature (Figure 1, middle) and 850 hPa temperature (Figure 3, top). For mean
sea level pressure (mslp) the bias is slightly more negative in CBD.

The pattern shown by the mean scores for the �ve periods is generally also valid
for the individual periods, although considerable variations in both bias and rms error
occur between the periods (�gures not shown). Part of the variation is undoubtly due to
the seasonal variation in the intensity of the general circulation. Another part is likely
to be due to inter-annual variability in the prevailing seasonal ow pattern.

From the obs-veri�cation results in Figures 1 to 4 it can be concluded that a small
improvement in forecast quality is obtained by switching from the �rst order local vertical
di�usion scheme in CBC to a corresponding nonlocal scheme in CBD.

3.2. Field veri�cation

Field veri�cation is another tool for measuring forecast quality. Field veri�cation scores
for CBC and CBD are summarized in the two rightmost columns of Table 3. The num-
bers are sums of individual scores obtained by assigning bias score +1 to the experiment
(in each case) with the numerically smallest bias and by assigning std. dev. error score
+1 to the experiment with the smallest std. dev. error. The scores in Table 3 are deter-
mined from the qualitative measures of bias and std. dev. error for each case listed in
columns 2 to 3 and 4 to 5, respectively. Symbols e, s and ` mean `equal', `smallest' and
`largest', respectively. The sign of the bias is indicated by + and �. A near-zero bias is
indicated by 0.

According to the numbers above the bias is best in CBC in 40% of the cases (a case
is here de�ned by parameter and period). The corresponding number for CBD is 29%.
For the std. dev. error CBD is best in 42% of the cases, while CBC only is best in 22%
of the cases.

The bias and std. dev. errors of the parameters in Table 3 have considerable geo-
graphical variation. An example is presented in Figure 5a, showing the average mslp
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together with the std. dev. error of mslp for CBC in period P3. For the same period
the di�erence in std. dev. error of mslp between CBC and CBD is shown in Figure 5b.
It can be seen that positive di�erences occur in most of the integration domain. This is
consistent with the result in Table 3, column 5.

From the �eld veri�cation results summarized in Table 3 together with Figures 5a
and 5b it can be concluded that relative to CBC the CBD forecasts are marginally worse
in terms of bias, but somewhat better in terms of std. dev. error. The similarity with
the obs-veri�cation results is clear, in particular for bias of 850 hPa temperature and
std. dev. error of mslp and height �elds at 850, 500 and 250 hPa.

3.3. Case studies

The last component in the evaluation of the results of the parallel experiments is sub-
jective assessment of forecasts on selected days. For practical reasons the number of
cases has been limited to four, with one case in each of the periods P1, P3, P4 and
P5, representing autumn, winter, spring and summer, respectively. Furthermore, only
forecasts of mslp are considered. The forecast length is 48 hours for the three �rst cases,
but because of one missing 48 hours forecast (CBE) in the archive, the forecast length
in the summer case is only 36 hours.

The general criterion for the selection of cases has been that all seasons should be
represented, and that each case should have one or more elements of extreme weather.
For the selected cases the elements of extreme weather are respectively heavy rainfall,
intense marine cyclogenesis, spring snowfall in Denmark and summer cyclogenesis with
severe convection.

The autumn and winter forecasts together with the verifying CBC analyses are
shown in Figure 6. In the autumn case strong cyclogenesis has taken place over northern
Germany and the Netherlands. The position of the center of the cyclone is rather well
predicted by both model versions, but the depth and shape of the low in the CBD
forecast is in slightly better agreement with the verifying CBC analysis.

The autumn case represents a `high predictability' group of forecasts, where di�erent
model versions tend to produce only slightly di�erent forecasts. For such cases the
di�erences between two forecasts tend to be small and of the same magnitude as `forecast
minus verifying analysis' di�erences.

In the winter case `explosive' cyclogenesis has occurred over the sea between Iceland
and Norway. It is shown by Figure 6 (right column) that both the depth and position
of the low is poorly predicted by both model versions, although the position and depth
of the cyclone is slightly better predicted by CBD.

The winter case represents a `low predictability' group of forecasts. In such cases
both di�erences between forecasts produced by di�erent model versions and di�erences
between forecast and verifying analysis can be very large.

In the spring case (Figure 7, left column) a small scale low has been steered by a
mid-tropospheric northwesterly ow to the North Sea. Both the shape, position and
depth of the low is clearly best predicted by CBD. It can for example be noted that in
CBD the depth is approximately as analysed, while in CBC the low is between 8 and
10 hPa deeper than analysed.

In the summer case relatively intense cyclogenesis has occurred over the North Sea.
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Both forecasts fail to predict the analysed intense circulation around the center of the
low. Instead two low centers over the North Sea are predicted by both model versions.
The mslp in the core of the cyclone in CBD is seen to be in best agreement with the
analysis, which has a minimum value slightly above 992 hPa. The latter value is in good
accordance with an observation-based subjective estimate of 991 hPa (Nielsen, 1997).

The conclusion based on the subjective evaluation of the cases presented in Figures 6
and 7 is that the CBD forecasts of msl pressure are in somewhat better agreement with
the verifying CBC analysis than the corresponding CBC forecasts. There is no guarantee
that this conclusion would hold for another selection of cases. However, it adds to the
reliability of the conclusion that the selected cases represent all seasons and that each
case contains one or more elements of extreme weather. Furthermore, it can be noted
that the conclusion is in agreement with that drawn from the objective veri�cation
statistics presented in sections 3.1 and 3.2.

4. Sensitivity to the parameterization of moist processes

In this section results from three parallel experiments with di�erent condensation/pre-
cipitation/evaporation parameterization schemes are intercompared. Two of the schemes
(the Sundqvist scheme and the STRACO scheme) have cloud water as a prognostic vari-
able, and contain parameterization of microphysical processes such as generation and
evaporation of precipitation. In both schemes the generated net precipitation in each
time step is assumed to fall out of the atmosphere. In contrast to the Sundqvist scheme
the STRACO scheme contains a soft transition between the convective and stratiform
regimes. Experiments have shown that the latter leads to a signi�cant reduction of noise
associated with abrupt switches between the convective and stratiform regimes. More
information about the Sundqvist scheme is given in (K�all�en, 1996; Sundqvist et al.,
1989; Sundqvist, 1993). More information about the STRACO scheme can be found in
(Sass, 1997).

The third scheme is the Kuo/Cond scheme applied in the basic DMI-HIRLAM-G
model. It does not contain cloud water as a diagnostic, or as a prognostic variable. The
net condensation in each time step is assumed to fall out of the atmosphere as precipi-
tation. In the convective (Kuo) part of the scheme a fraction of the condensate is used
to moisten the convective cloud environments. The scheme contains a parameterization
of evaporation of precipitation falling through cloud free layers. Further information
about the Kuo/Cond scheme is given in (K�all�en, 1996).

4.1. Obs-veri�cation

Averaged values of the obs-veri�cation scores of CBD(kuo-eu) and CBE(sun-eu) are
shown in Figures 8 to 11. It can be seen that the bias is best in the CBD forecasts for
the following parameters: 2m temperature, 850 hPa temperature, 500 hPa wind speed,
and heights at 850 hPa and 250 hPa. The bias is best in the CBE forecasts for mslp,
250 hPa temperature and 850 hPa height. For the parameters not mentioned the bias is
almost identical in the two model versions. It can be further noted that the temperature
bias is systematically `warmer' in CBD at the shown pressures, respectively representing
the lower troposphere, the middle to upper troposphere, and the upper troposphere to
lower stratosphere. The `warmer' temperature bias in CBD is seen to be consistent with
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a slower increase of the negative bias of the height �eld from 850 hPa to 250 hPa. It
can also be noted that there is a more moderate cooling trend with forecast length in
CBD, in particular at 850 hPa and 250 hPa. The initial numerical value of the bias of
the height, temperature and wind speed can be considered as a measure of the quality of
the analysis of the state of the free atmosphere. For some of the parameters the initial
bias is substantial.

Concerning rms error the signal is more clear than for the bias. For all shown
parameters except 850 hPa temperature and 850 hPa height the rms error is smallest
in CBD, and for none of the parameters is the rms error smallest in CBE. Despite
considerable variation with season and prevailing ow pattern the picture shown by the
average scores generally holds for the individual periods as well (results not shown).

The di�erences in average values of the obs-veri�cation scores for CBD(kuo-eu) and
CBJ(str-eu) are generally small, as shown by Figures 12 to 15.

The bias in CBJ is slightly better for mslp, 250 hPa height and wind speed at 850 hPa
and 250 hPa, while it is better in CBD for 500 hPa height, and temperature at 850 hPa
and 500 hPa. For all other presented parameters the bias is similar in CBJ and CBD.
The rms error is slightly smaller in CBJ for mslp, temperature at 850 hPa and 250 hPa
and wind speed at 850 hPa, and it is slightly larger in CBJ for heights at 500 hPa and
250 hPa and for wind speed at 250 hPa.

The conclusions based on the obs-veri�cation results in Figure 8 to 15 are that
CBD(kuo-eu) performs somewhat better than CBE(sun-eu), while the quality of CBD
and CBJ(str-eu) are similar.

The bias scores for height and temperature at the shown pressures indicate that the
vertical diabatic heating rate pro�les produced by the release of latent heat associated
with precipitation are di�erent in the three condensation schemes. It is indicated by the
scores that the diabatic heating rate in the lower and upper troposphere is largest in
CBD(kuo-eu) and CBJ(str-eu), respectively. In the middle troposphere the di�erences
in heating rate are relatively small.

4.2. Field veri�cation

The �eld veri�cation results for CBD versus CBE and CBD versus CBJ are summarized
in the two rightmost columns of Tables 4 and 5, respectively. According to these tables
the bias scores in the inter-comparison of CBD(kuo-eu) and CBE(sun-eu) are best in
CBD in 69% of the cases and best in CBE in only 27% of the cases. The corresponding
numbers for the std. dev. error are 82% and 4%, respectively. Symbols applied in
the tables are explained in section 3.2. In the inter-comparison of CBD(kuo-eu) and
CBJ(str-eu) the bias is best in CBD in 48% of the cases and best in CBJ in 29% of the
cases. The corresponding numbers for the std. dev. error are 49% and 24%, respectively.

From the �eld veri�cation results in Tables 4 and 5 it can be concluded that CBD
is clearly better than CBE, while CBD is somewhat better than CBJ. These conclu-
sions are in agreement with those drawn from the obs-veri�cation results in section 4.1,
although the obs-veri�cation scores were more alike, in particular for CBD and CBJ.

It can be noted from Table 5, columns 4 and 5, that the statistics for period P5 are
outstanding in the sense that the std. dev. errors for CBJ are smaller than or equal to
those for CBD. A similar picture is shown by the obs-veri�cation scores for P5 (results
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not shown). P5 was characterized by high frequency of deep convection over central and
northern Europe. The smaller std. dev. errors in CBJ for this period therefore might
indicate that the STRACO scheme simulates summer season deep convection better
than the Kuo/Cond scheme.

An impression of the spatial variation of std. dev. error of mslp pressure is given in
Figures 16 to 18. It is shown by Figures 16 and 17 that for P3 the std. dev. error of mslp
in most of the integration domain is larger in CBE than in both CBD (Figure 16b) and
CBJ (Figure 17b). The same also holds for the other periods (�gures not shown). These
results are seen to be in good agreement with the scores obtained for mslp in Tables 4
and 5.

It has been noted that CBJ has the best scores in P5 both in terms of obs-veri�cation
and �eld veri�cation statistics. For mslp this is further indicated by the prevailing
positive std. dev. error di�erence �eld (CBD minus CBJ) depicted in Figure 18b.

4.3. Case studies

The dates selected for the case studies are the same as in section 3.3. The autumn and
winter case is shown in Figure 19. Shown are 48 hours forecasts of mslp for CBE(sun-eu)
and CBJ(str-eu) together with the verifying CBE analyses.

The autumn case belongs to a group of `high predictability' forecasts. It can be
seen from Figure 19, left column, that the cyclone over the southeastern North Sea is
best predicted by CBJ both with respect to shape and position. The predicted central
mslp is about 979 hPa in CBE and about 977 hPa in CBJ. According to Figure 19
the analysed value in CBE is between 981 and 982 hPa, while an observation-based
subjective estimate yields a value of 978 hPa. Accordingly, both model versions give a
good prediction of the depth of the cyclone.

The winter case (Figure 19, right column) belongs to a group of `low predictability'
forecasts. In this case the CBE and CBJ forecasts of the intense cyclone over the
Norwegian Sea are very di�erent. The CBJ forecast is clearly in best agreement with the
verifying CBE analysis, both with respect to depth, position and shape of the cyclone.

The spring and summer case shown in Figure 20 belongs to the `high predictability'
class of forecasts. In the spring case (Figure 20, left column) the position and depth
of the �lling low over the North Sea is somewhat better predicted by CBE, while the
shape of the low is slightly better predicted in CBJ.

In the summer case (Figure 20, right column) both model versions predict a primary
and secondary center in the cyclone over the North Sea, while the verifying CBE analysis
as well as an observation-based subjective analysis has only one center with a mslp about
991 hPa (Nielsen, 1997). The subjective evaluation gives equal scores to CBE and CBJ.

A similar subjective evaluation of CBD in Figures 6 and 7 against CBJ in Figures 19
and 20 gives the result that CBD has the best score in P4 and CBJ the best score in
P3. In P1 and P5 the scores are equal.

The subjective scores for the selected cases indicate that the CBJ forecasts generally
are somewhat better than the CBE forecasts, and that the CBD and CBJ forecasts tend
to be of equal quality. These conclusions are seen to be in good agreement with the
conclusions based on the objective scores presented in sections 3.1, 3.2, 4.1 and 4.2.
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5. Eulerian versus semi-Lagrangian advection

In HIRLAM 3 a two time level semi-implicit and semi-Lagrangian advection scheme
(McDonald and Haugen, 1993) was developed as an economical alternative to the Eule-
rian advection scheme. In this section results from the Eulerian experiments presented in
section 4 are intercompared with corresponding semi-Lagrangian results. According to
Table 2 the semi-Lagrangian experiments have been performed with sixth order implicit
horizontal di�usion (K = 1024) and with a time step three times longer than applied in
the Eulerian experiments. This means that the extrapolation in time for each time step
is �tsl = 720 s in the semi-Lagrangian runs and 2�teu = 480 s in the Eulerian runs. The
semi-Lagrangian experiments corresponding to CBD, CBE and CBJ have been labeled
CBF, CBG and CBK, respectively.

5.1. Obs-veri�cation results

Obs-veri�cation scores for CBD(kuo-eu) and CBF(kuo-sl) are shown in Figures 21 to
24. The shown scores are average values for the periods P1 to P5.

It can be seen that the bias is best in CBF for mslp, 2m temperature, heights at
850 and 500 hPa and temperature at 250 hPa. In CBD the bias is best for height at
250 hPa, temperatures at 500 and 250 hPa and wind speeds at 850, 500 and 250 hPa.
The std. dev. error is clearly smallest in CBD for most of the parameters shown. Only
for 2m-temperature is the std. dev. error smallest (and only marginally) in CBF.

It can be noted that the negative bias of the height �eld in CBF increases consider-
ably faster upward through the troposphere than it does in CBD. It is for example shown
in Figure 22 that at 48 hours forecast length the bias of the height �eld in CBF has
dropped from �3 meters at 850 hPa to �20 meters at 250 hPa, while the correspond-
ing drop in CBD only has been from �8 to �10 meters, with practically no change
between 850 hPa and 500 hPa. The smaller negative bias of the 850 hPa height in CBF
is consistent with a higher mslp bias (Figure 21), and the `colder' bias of temperature
in CBF at 500 hPa and 250 hPa, and its larger `cooling' rate with forecast length, in
particular at 500 hPa (Figure 23), is consistent with the variation of the height-�eld bias
with pressure.

The results presented above are in good agreement with similar results obtained by
(Gustafsson et al., 1996), for Swedish HIRLAM model versions with higher horizontal
resolution (0:2Æ � 0:2Æ) and lower vertical resolution (24 levels) than applied here.

Average obs-veri�cation results for CBE(sun-eu), CBG(sun-sl), CBJ(str-eu) and
CBK(str-sl) are shown in Figures 25 to 28. Note how similar the pattern shown by
these �gures is to that shown for CBD(kuo-eu) and CBF(kuo-sl) in Figures 21 to 24. It
proves that a switch from Eulerian advection to semi-Lagrangian advection has almost
the same e�ect on the obs-veri�cation scores regardless of the type of parameterization
of moist processes applied. In other words, the major contribution to the changes in
obs-veri�cation scores comes from the change in the treatment of dynamics. The contri-
bution from the semi-Lagrangian response to changes in the parameterization of moist
processes is only of secondary importance.

The conclusion that can be drawn from the results presented in Figures 21 to 28
are clear. In terms of rms errors the Eulerian forecasts have signi�cantly better scores
than the corresponding semi-Lagrangian forecasts. A major part of the di�erences in
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bias scores between Eulerian and semi-Lagrangian experiments can be attributed to
dynamic changes. Only a minor part can be attributed to a semi-Lagrangian response
to changes in the parameterization of moist processes.

5.2. Field veri�cation

The �eld veri�cation scores for CBD(kuo-eu) versus CBF(kuo-sl), CBF(sun-eu) versus
CBG(sun-sl) and CBJ(str-eu) versus CBK(str-sl) are presented in Tables 6, 7 and 8,
respectively. The numbers in columns 6 and 7 of these tables show that the Eulerian
model versions have the best scores both for bias and std. dev. error. For bias CBD is
better than CBF in 51% of the cases, CBE is better than CBG in 69% of the cases and
CBJ is better than CBK in 53% of the cases. The semi-Lagrangian versions CBF, CBG
and CBK are best in respectively 20%, 9% and 13% of the cases. For std. dev. error CBD
is better than CBF in 80% of the cases, CBE is better than CBG in 71% of the cases and
CBJ is better than CBK in 73% of the cases. The semi-Lagrangian versions CBF, CBG
and CBK are best in respectively 9%, 16% and 9% of the cases. The message from the
�eld veri�cation results in Tables 6 and 7 is that the Eulerian model versions in terms of
�eld veri�cation scores clearly perform better than the corresponding semi-Lagrangian
versions. There is a high positive correlation between the obs-veri�cation results and the
�eld veri�cation results, as seen for example by comparing obs-veri�cation results for
mslp, height and temperature in Figures 21 to 24 with the corresponding �eld veri�cation
scores in Table 6. For period P3 and a 48 hours forecast length the larger std. dev. error
of mslp in the semi-Lagrangian forecasts are also shown by the di�erence �elds CBF-
CBD and CBK-CBJ in Figures 29b and 30b, respectively. A comparison of Figures 29a
and 30a further shows that the std. dev. errors of mslp in the considered period tend to
be slightly higher in CBF(kuo-sl) than in CBK(str-sl).

5.3. Case studies

Despite the better objective veri�cation scores for the Eulerian forecasts the di�erences
in mslp patterns in individual cases are often small. This is for example the case for
the selected three pairs of `high predictability' forecasts (autumn, spring and summer)
shown in Figures 31 and 32 together with verifying CBJ(str-eu) analyses. The pair of
forecasts shown is CBD (the Eulerian model version giving the overall best objective
veri�cation scores) and the corresponding semi-Lagrangian forecast CBF. In contrast,
for the `low predictability' case in Figure 31, right column, the semi-Lagrangian forecast
CBF is of very poor quality.

6. Discussion

In discussions about the quality of a numerical weather prediction system, the focus
often tends to be on the bias of the forecast minus observed (or analysed) mslp. It is
shown by the present investigation that it can be misleading to put too much emphasis
on the mslp bias. From a comprehensive number of objective and subjective scores it
has been found that CBD (with Kuo/Cond, nonlocal vertical di�usion and Eulerian
advection) is the best among the tested model versions, but evaluated from the mslp
bias alone it is only number six (out of seven). The best models in terms of mslp bias are
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CBE (with Sundqvist scheme, nonlocal vertical di�usion and Eulerian advection) and
CBF (with Kuo/Cond, nonlocal vertical di�usion and semi-Lagrangian advection), but
in terms of comprehensive scores they only rank as numbers four and six, respectively.
With conservation of mass the mslp bias becomes a measure of the gain or loss of mass
across the lateral boundaries of the model domain. The parallel experiments have shown
that the mslp bias is quite sensitive to changes in both dynamics and physics. At a �xed
forecast length a switch from Eulerian to semi-Lagrangian advection increases the mslp
bias with an amount practically insensitive to changes in the parameterization of moist
processes and turbulence. The results therefore show that semi-Lagrangian advection
increases the net inow of mass (relative to Eulerian advection) to the model domain by
an amount which is practically independent of changes in the parameterization of moist
processes and turbulence.

The semi-Lagrangian forecasts all have a large negative bias of the 250 hPa height,
which is consistent with the signi�cant negative temperature bias found in the middle
troposphere. It can be noted that both the 250 hPa height bias and the 500 hPa tem-
perature bias is more negative in the semi-Lagrangian experiments than in any of the
Eulerian experiments. These results clearly demonstrate that an increase in the net
inow of mass is not the only e�ect of semi-Lagrangian advection. With this type of
advection a signi�cant cooling takes place in the middle troposphere.

The dynamic-thermodynamic response to a cooling source with a maximum in the
middle troposphere is to lift the geopotential heights (and mslp if the penetration depth
of the response is suÆciently large) below the source and to lower them above the source.
The bias of temperature, height and mslp generated by the semi-Lagrangian advection
does show a pattern similar to that described above. It is therefore suggested that
the cooling source associated with semi-Lagrangian advection might originate from an
inaccurate calculation of terms in the thermodynamic energy equation involving vertical
velocity, most likely the energy conversion term.

It should be noted that for the response to occur the source must be localized not
only in the vertical, but also in the horizontal directions. The latter will always be the
case in a limited area model. For such a model the temperature bias at any level is
an average over the model domain. Accordingly, any extremes in the vertical pro�le
of temperature bias are localized horizontally by the model domain. Hence, it must
be expected that the coupling to an external model in general alters the net mass ux
across the lateral boundaries of the limited area model relative to the net mass ux into
the same volume occurring in the external model itself.

Changes in the physical parameterization are in general expected to modify the
model-domain-average of the vertical diabatic heating rate pro�le, or in terms of objec-
tive veri�cation scores they are expected to modify the vertical pro�le of the temperature
bias. If a change in the physical parameterization leads to a relative warming bias in a
layer of the model atmosphere, the response in geopotential height would be a relative
lowering and lifting below and above the layer, respectively. With a cooling bias the
opposite would occur. It actually means that relative changes in the bias of mslp and
pressure surface height in a qualitative way can be deduced from the relative changes
in the temperature bias. The relationship for example appears as a signi�cant negative
correlation between relative changes in the bias of lower-tropospheric temperature and
mslp. The corresponding correlation between changes in the bias of upper-tropospheric

13



temperature and mslp is expected to be weak due to a damping of the response with
distance from the level of the extreme in temperature bias. Accordingly, the sensitiv-
ity of mslp bias to changes in the parameterization of turbulence and moist processes
shown by the objective veri�cation scores can be interpreted as a response (involving
dynamic and thermodynamic interaction with the external model) to the variation in
lower-tropospheric temperature bias generated by changes in the parameterization of
subgrid-scale processes.

7. Conclusions

In the present report results from parallel tests of seven di�erent versions of HIRLAM
2.5 have been presented. The performance of each model version has been evaluated
in terms of objective veri�cation scores and in terms of subjective estimates in selected
cases. It has been found that CBD(kuo-eu) has the best scores, followed by CBJ(str-eu),
CBC(kuo-local-eu), CBE(sun-eu), CBK(str-sl), CBF(kuo-sl) and CBG(sun-sl).

CBD is only marginally better than CBJ. In the summer period (P5), characterized
by heavy convective precipitation in central and northern Europe, CBJ actually performs
better than CBD. CBJ has a lower-tropospheric cold bias relative to CBD. Both models
have a warm bias in the upper troposphere.

Replacement of local vertical di�usion (in CBC) with nonlocal vertical di�usion (in
CBD) in combination with Kuo/Cond and Eulerian advection leads to a small improve-
ment in veri�cation scores. CBD has a lower-tropospheric warm bias relative to CBC.

The veri�cation scores for the Eulerian model versions with Kuo/Cond and STRACO
(CBD and CBJ, respectively) are clearly better than those for the model version with
the Sundqvist scheme (CBE). CBJ has a lower-tropospheric cold bias and an upper-
tropospheric warm bias relative to CBE.

It is notable that all model versions with semi-Lagrangian advection have poorer
quality than their Eulerian counterparts. A signi�cant cooling bias with a maximum in
the middle troposphere seems to be the main reason for the poorer quality. It is suggested
that the cooling source associated with semi-Lagrangian advection might originate from
an inaccurate calculation of terms involving vertical velocity in the thermodynamical
energy equation.

The results indicate that the bias of mslp in a limited area model is an inappropriate
measure of model quality. The main reason seems to be that the mslp bias has a
strong negative correlation with the lower-tropospheric temperature bias via a dynamic-
thermodynamic coupling to the external model providing the boundary values. The
problem is minimized if both models have identical physical parameterizations.

Appendix A. Speci�c features of DMI HIRLAM 2.5

a) Condensation and convection.

In the condensation scheme precipitation occurs at a threshold relative humidity of 100%
(the code optionally allows for a smaller value). The speci�c latent energy parameter as
function of temperature is cubic-shaped between the latent heat of evaporation at 0 ÆC,
and the latent heat heat of sublimation at �15 ÆC. (A discontinuous change of latent
energy at 0 ÆC applies to HIRLAM reference). In the convection scheme it is assumed
that the speci�c humidity is well mixed during parcel lifting through the planetary
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boundary layer. Above the unstable atmospheric boundary layer the air parcel is not
a�ected by the inuence of entrainment.

b) Cloud cover.

Cloud cover is parameterized as a function of relative humidity. As in the reference code
the cloud cover CC is determined in every model level as a parabolic shaped function:

CC =
(RH �RHc)

2

(1�RH)2
: (1)

In (1) RH is the relative humidity, and RHc is a threshold relative humidity

RHc = exp

�
�5:5

�p

p

�
: (2)

In (2), p is the pressure and �p is the pressure increment between model half levels. The
formula has been tuned to give approximately the same results as those of the reference
model with the current vertical resolution (31 levels). In addition, it has the desired
property that RHc approaches 1 as the vertical resolution becomes in�nitely high.

c) Vertical di�usion.
An asymptotic mixing length of 100m is applied in the local �rst order vertical di�usion
scheme. The corresponding value in the reference code is 300m.

d) Horizontal di�usion.

Horizontal linear forth order di�usion is done along pressure surfaces for both humidity,
temperature and wind components. In the reference system di�usion along pressure
surfaces is done only for speci�c humidity.

References

Gustafsson, N., Meuller, L., and Tallsj�o, A. (1996). A parallel test with semi-Lagrangian
advection in the swedish HIRLAM. Hirlam Newsletter 23, 11{20.

Holtslag, A. A. M. and Boville, B. A. (1993). Local versus nonlocal boundary layer
di�usion in a global climate model. J. Climate 6, 1825{1842.

K�all�en (1996). HIRLAM Documentation Manual. system 2.5. Technical report, SMHI,
Norrk�obing, Sweden.

Louis, J. F., Tiedtke, M., and Geleyn, J. F. (1981). A short history of the PBL param-
eterization at ECMWF. In ECMWF Workshop on Boundary-Layer Parameteriza-

tion, pages 59{79, ECMWF.

McDonald, A. and Haugen, J.-E. (1993). A two time level, three-dimensional, semi-
lagrangian and semi-implicit grid point model. II. extension to hybrid coordinates.
Mon. Wea. Rew. 121, 2077{2087.

Nielsen, N. (1997). Tordenstormen over K�benhavn den 30. juni 1997. Vejret 73, 1{14.

Nielsen, N. W. and Sass, B. H. (1995). Recent work at DMI on vertical di�usion. Hirlam
Newsletter 22, 17{28.

15



Sass, B. H. (1997). Reduction of numerical noise connected to the parameterization of
cloud and condensation processes in the HIRLAM model. Hirlam Newsletter 29,
37{45.

Sundqvist, H. (1993). Inclusion of ice phase of hydrometers in cloud parameterization
for mesoscale and large-scale models. Beitr. Phys. Atmosph. 66, 137{147.

Sundqvist, H., Berge, E., and Kristiansson, J. E. (1989). Condensation and cloud pa-
rameterization studies with a mesoscale numerical weather prediction model. Mon.

Wea. Rew. 117, 1641{1657.

16



−50

0

50

100

150

200

250

300

350

0 6 12 18 24 30 36 42 48
forecast length

9706,9704,9701,9510,9409
(ext. ewglam stat.lst.)

mslp, units in hPa

CBC
CBD

−0.5

0

0.5

1

1.5

2

2.5

3

0 6 12 18 24 30 36 42 48
forecast length

2mT, units in K

CBC
CBD

−0.5

0

0.5

1

1.5

2

2.5

3

0 6 12 18 24 30 36 42 48
forecast length

10mW, units in m/s

CBC
CBD
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Figure 6: Autumn and winter case is for model versions with non-local (CBD) and
local (CBC) �rst order di�usion. Shown are 48 hours forecasts together with the CBC
verifying analyses.
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Figure 7: Spring and summer case is for model versions with non-local (CBD) and local
(CBC) �rst order di�usion. Shown are 48 hours forecasts (spring case) and 36 hours
forecasts (summer case) together with the CBC verifying analyses.
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Figure 8: Obs veri�cation of surface parameters for Kuo/Cond Euler (CBD) versus
Sundqvist Euler (CBE).
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Figure 9: Obs veri�cation of geopotential height at 850, 500 and 250 hPa level for
Kuo/Cond Euler (CBD) versus Sundqvist Euler (CBE).
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Figure 10: Obs veri�cation of temperature at 850, 500 and 250 hPa level for Kuo/Cond
Euler (CBD) versus Sundqvist Euler (CBE).
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Figure 11: Obs veri�cation of wind at 850, 500 and 250 hPa level for Kuo/Cond Euler
(CBD) versus Sundqvist Euler (CBE).

27



−50

0

50

100

150

200

250

300

350

0 6 12 18 24 30 36 42 48
forecast length

9706,9704,9701,9510,9409
(ext. ewglam stat.lst.)

mslp, units in hPa

CBD
CBJ

−0.5

0

0.5

1

1.5

2

2.5

3

0 6 12 18 24 30 36 42 48
forecast length

2mT, units in K

CBD
CBJ

−0.5

0

0.5

1

1.5

2

2.5

3

0 6 12 18 24 30 36 42 48
forecast length

10mW, units in m/s

CBD
CBJ

Figure 12: Obs veri�cation of surface parameters for Kuo/Cond Euler (CBD) versus
STRACO Euler (CBJ).
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Figure 13: Obs veri�cation of geopotential height at 850, 500 and 250 hPa level for
Kuo/Cond Euler (CBD) versus STRACO Euler (CBJ).
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Figure 14: Obs veri�cation of temperature at 850, 500 and 250 hPa level for Kuo/Cond
Euler (CBD) versus STRACO Euler (CBJ).
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Figure 15: Obs veri�cation of wind at 850, 500 and 250 hPa level for Kuo/Cond Euler
(CBD) versus STRACO Euler (CBJ).
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Figure 16: (a) Average mslp together with the std. dev. error of mslp for CBD in period
P3. (b) For the same period the di�erence in the std. dev. of mslp between Kuo/Cond
Euler (CBD) and Sundqvist Euler (CBE).
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Figure 17: (a) Average mslp together with the std. dev. error of mslp for CBE in period
P3. (b) For the same period the di�erence in the std. dev. of mslp between Sundqvist
Euler (CBE) and STRACO Euler (CBJ).
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Figure 18: (a) Average mslp together with the std. dev. error of mslp for CBD in period
P5. (b) For the same period the di�erence in the std. dev. of mslp between Kuo/Cond
Euler (CBD) and STRACO Euler (CBJ).
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Figure 19: Autumn and winter case is for model versions with Sundqvist Euler (CBE)
and STRACO Euler (CBJ). Shown are 48 hours forecasts together with the CBE veri-
fying analyses.
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Figure 20: Spring and summer case is for model versions with Sundqvist Euler (CBE)
and STRACO Euler (CBJ). Shown are 48 hours forecasts (spring case) and 36 hours
forecasts (summer case) together with the CBE verifying analyses.
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Figure 21: Obs veri�cation of surface parameters for Kuo/Cond Euler (CBD) versus
Kuo/Cond semi-Lagrangian (CBF).
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Figure 22: Obs veri�cation of geopotential height at 850, 500 and 250 hPa level for
Kuo/Cond Euler (CBD) versus Kuo/Cond semi-Lagrangian (CBF).
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Figure 23: Obs veri�cation of temperature at 850, 500 and 250 hPa level for Kuo/Cond
Euler (CBD) versus Kuo/Cond semi-Lagrangian (CBF).
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Figure 24: Obs veri�cation of wind at 850, 500 and 250 hPa level for Kuo/Cond Euler
(CBD) versus Kuo/Cond semi-Lagrangian (CBF).
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Figure 25: Obs veri�cation of surface parameters for Sundqvist Euler (CBE), Sundqvist
semi-Lagrangian (CBG), STRACO Euler (CBJ) and STRACO semi-Lagrangian (CBK).
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Figure 26: Obs veri�cation of geopotential height at 850, 500 and 250 hPa level for
Sundqvist Euler (CBE), Sundqvist semi-Lagrangian (CBG), STRACO Euler (CBJ) and
STRACO semi-Lagrangian (CBK).
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Figure 27: Obs veri�cation of temperature at 850, 500 and 250 hPa level for Sundqvist
Euler (CBE), Sundqvist semi-Lagrangian (CBG), STRACO Euler (CBJ) and STRACO
semi-Lagrangian (CBK).
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Figure 28: Obs veri�cation of wind at 850, 500 and 250 hPa level for Sundqvist Euler
(CBE), Sundqvist semi-Lagrangian (CBG), STRACO Euler (CBJ) and STRACO semi-
Lagrangian (CBK).
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Figure 29: (a) Average mslp together with the std. dev. error of mslp for CBF in period
P3. (b) For the same period the di�erence in std. dev. error of mslp between Kuo/Cond
semi-Lagrangian (CBF) and Kuo/Cond Euler (CBD).
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Figure 30: (a) Average mslp together with the std. dev. error of mslp for CBK in period
P3. (b) For the same period the di�erence in std. dev. error of mslp between STRACO
Euler (CBJ) and STRACO semi-Lagrangian (CBK).
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Figure 31: Autumn and winter case is for model versions with STRACO Euler (CBJ),
Kuo/Cond Euler (CBD) and Kuo/Cond semi-Lagrangian. Shown are 48 hours forecasts
forecasts together with the CBJ verifying analyses.
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Figure 32: Spring and summer case is for model versions with STRACO Euler (CBJ),
Kuo/Cond Euler (CBD) and Kuo/Cond semi-Lagrangian. Shown are 48 hours forecasts
(spring case) and 36 hours forecasts (summer case) together with the CBJ verifying
analyses.
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