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1. INTRODUCTION

1.1 The HIRLAM Project

The HIRLAM (High Resolution Limited Area Modelling) project is a joint
research and development project among the Nordic Countries and the
Netherlands. The main objective of the project is to develop an opera-
tional high resolution data-assimilation and forecast model system to
be utilized for short range forecasting by the participating countries.

At present the project group consists of 13 scientists of which 4 are
working only half time on the project. About half of the scientists are
working in a central group hosted by the Danish Meteorological Institu-
te (DMI) in Copenhagen, and the rest are working at their home institu-
tes, the Finnish Meteorological Institute (FMI), the Norwegian Meteoro-
logical Institute (DNMI), the Swedish Meteorological and Hydrological
Institute (SMHI) and the Royal Dutch Meteorological Institute (KNMI).

The project started in September 1985 and is ending in August 1988. The

main pre-operational tests of alternative modules of the final system
are planned to take place during 1988.

1.2 The September case: An explosive deepening extratropical cyclone

So far only a limited number of real cases have been used in the HIRLAM
development work. During the pre-operational test-period many more
cases will be included.

The most extensively used case in the initial tests and experiments is
a case from 4-7 September 1985, when an eastward moving cyclone sudden-
ly developed explosively over the North Sea. The DMI surface 'hand"
analysis from 6 September 00 UT, when the central pressure of the
cyclone was close to its minimum value, is shown in Figure 1. The path
of the center during the preceding day is indicated on the figure. The
cyclone caused severe damage in Denmark due to high winds. Mean winds
up to 20-25 ms™! and gusts above storm strength were observed. High
precipitation rates caused severe problems due to floodz in Sweden and
due to snow over the high grounds in Norway.
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Fig. 1 DMI hand analysis, 6 September 1985 00 UT. MSL pressure
(5 hPa intervals) and fronts. Path of cyclone indicated.

The sudden development was not forecasted partlculary well by opera-
tional numerical models and consequently warnings were issued too late
by the Nordic meteorological Services. Some operational forecasts,
available at DMI, in the morning of the 5th September, when the weather
forecast for the following day should be made, are shown in Figure 2.

As measures of the quality of the forecasts we shall use the following
three numbers:

pP - p°, (2P - #°| and &P _/c°
C C C C max max

where P. , r. and Gypax are the central pressure, the radius vector to
the center and the maximum MSL pressure gradient in the neighbourhood of
the low, respectively, and where the superscript o and p indicates obser-
ved and predicted values, respectively. The observed values are taken
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. . UK LAM 24 hour forecast
SMHI LAM 30 hour forecast

Fig. 2 Some operational sea-level pressure forecasts valid at

6 September 1985 00 UT. MSL pressure contour intervals 5 hPa.

195



from the DMI hand analysis in Figure 1 from which the values PR = 982
hPa and GQ,x = 0.1 hPa/km are obtained. The evaluation scores for the
three operational forecasts are given in Table 1. We shall use the same
measures of quality or verification scores for the experimental
forecasts to be presented in the following sections.

Table 1. Verification scores for various forecasts and the baseline
objective analysis valid at 6 September 1985 00 UT.

|
| Evaluazion Scores

I L
t c 14 14 r

thPa)  (xn)  Cmax
ECHMWT 36h forecast (from & Sept. 1985 12°UT ) +21 320 0.3
All 36h forecast (from 4 Sept. 1985 12 UT ) ‘ o +18 380 0.4
SMHI 30" forecast (from 4 Sepc. 1985 1E UT ) +15 300 0.3
n

ECMWF 24 forecast (from 5 Sept. 1985 00 UT ) +12 190 D0.é

UKLAM 24" forecast (from 5 Sepz. 1985 00 UT ) ~7 180 0.4

All  Analysis 6 Sept. 1985 0OC UT

It is seen that even the 24 hour UKLAM forecast, with its relatively
high resolution (horizontal grid distance ~ 75 km, 15 o-levels)
underpredicts the development of the cyclone, and especially the
maximum pressure gradient and hence the surface winds are much too low.
Even worse are the 30 hour SMHI LAM forecast (horizontal grid distance

~ 180 km, 9 o-levels) and the 36 hour ECMWF T106 forecast (equivalent
horizontal grid distance ~ 100 km, 16 o-levels).

In the following we shall present results from some data-assimilation
and forecast experiments carried out for the present ''September case',
using two different experimental HIRLAM systems. The two systems in
question are described briefly in Plate 1 and Plate 2, respectively.

1.3 The HIRLAM baseline system

The system described in Plate 1 is the data-assimilation and forecast
system used initially by the central group in Copenhagen. We call it
the Swedish/Danish (S/D) baseline system as it is building upon the
system which became operational in Denmark shortly after the start of
the HIRLAM project, and because the main components of this system were
borrowed from the operational Swedish system.

The analysis scheme of the HIRLAM S/D baseline system is an improved
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version of the original SMHI scheme (Andersson et al., (1986)). Besides
an increase of the horizontal resolution of the analysis grid several
modifications were made to the scheme available at DMI in order to
bring it up-to-date and to enable more small scale features to be
represented in the analysis. These modifications are described in
detail in Gustafsson et al. (1986). Here and in Plate 1 only the most
important ones are summarized. Different versions of the analysis
scheme were used in a series of sensitivity experiments. Here we
describe the basic version used in the present experiments.

Vertical interpolation of analysis increments was introduced instead of
full analysis fields. Furthermore, following Lonnberg and Hollingsworth
(1986) we introduced new observational error standard-deviations, five
term Bessel function series to represent horizontal forecast error
correlations, and new vertical correlation functions.

As in the original SMHT scheme the horizontal resolution of the analy-
sis was permitted to vary with analysis parameter, vertical level and
actual data density. At ECMWF variation of resolution is at present
modelled by a variation of the scaling radius, R, used in the zero-
-order Bessel functions. (R is the distance to the first extremum of
the largest scale Bessel function). At ECMWF a scaling radius of 3000
km is used for mid-latitude geopotential and streamfunction analysis.
In order to permit higher resolution of the analysis than in the ECMWF

scheme a reduction of the scaling radius down to one third of this
value was used over data rich areas.

With more weight given to smaller scales it seems reasonable to decrea-
se the ratio between observation error variance and forecast error
variance. Firstly, because the observation errors should decrease as
more small scale features are represented and secondly because the
forecast error must be expected to increase with decreasing scale
(especially in a grid point model). A simple way to model such a
reduction of the variance ratio is by increasing the forecast error
standard deviations. We use this technique in our baseline system.
Thus, compared to the values of forecast error standard deviation
determined for the ECMWF model by Ldnnberg and Hollingsworth (1986) we
are using values which over land are approximately 2.5 times larger.

As in the original SMHI scheme a fixed geographical variation of the
values of forecast error variancies is used in the baseline system,
with smaller values over land than over sea.

The baseline initialization scheme is the KNMI non-linear normal mode
scheme as implemented by Rattenborg (1985) at DMI. This scheme uses the
non-linear balance condition and the iteration scheme introduced by
Machenhauer (1977), and it is a modified version of the adoption by
Bijlsma and Hafkenscheid (1984) to a limited area model on a lat-long
grid. Only adiabatic tendencies from the forecast model are used and
two vertical modes are initialized in the baseline system.

The baseline prediction model is the version of the ECMWF semi-implicit
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included (HIRLAM). Clouds given as a function of relative
humidity (~ECMWF but no convective clouds)
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rel.humidity = 0.8)

(vii) Computed land and sea ice surface temperature. diurnal

cycle included

(viii) Climatological sea-surface temperature and ice covarage

Simplified Davis relaxation .scheme (K4llberg-Gibson), 8 point zone
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limited area gridpoint model, as implemented and modified by Undén
(1982). When implemented at DMI a newer KUO convection scheme, similar
to that used in the ECMWF T63 model, was introduced by Rattenborg
(personal communication). Except for a reduction of the horizontal
resolution and introduction of a new orography no further changes were
made to obtain the baseline model.

1.4 The HIRLAM level 1 system

The HIRLAM level 1 system,briefly described in Plate 2, is a first
version of the HIRLAM system. It is intended as a starting point for
further developments. The system modules described in Plate 2 and in
the following are the preliminary versions used in the experiments
reported here. Further modifications are planned before the final level
1 system is ready to be used for the first HIRLAM pre-operational tests
beginning at the end of January 1988.

The analysis scheme chosen for the level 1 system is a limited area
version of the new ECMWF scheme (introduced operationally in May 1986).

A series of experiments has been made with alternative modifications of
the ECMWF scheme aiming at the increased resolution of the analysis
(Gustafsson and Jirvenoja (1987)). In the present version the following
modifications were introduced. Firstly, the Bessel function scaling
radii used in the ECMWF scheme were reduced by a factor 0.75. At the
same time the basic box size and the data search radius were reduced
from 660 km to 330 km and from 1500 km to 930 km, respectively. Second-
ly, the time over which the forecast error variances are growing from
" the initially estimated values to climatological values was decreased
from the value 144 hours used at ECMWF to 36 hours.

The dynamic part of the prediction model is a new version of the
S/D-baseline grid point model. The vertical coordinate has been changed
to the o /p hybrid scheme used at present at ECMWF and most of the code
has been reorganised and prepared for alternative orthogonal horizontal
coordinates. In the present experiments, however, the model is run in a
0 -coordinate mode and on a rotated spherical lat-long grid, similar to
that used in the experiments with the baseline model. Unlike the base
line model the effects of water vapour on density and specific heat
capacity are included. The main changes compared to the baseline model
are the physical parameterization. A new package developed by the
HIRLAM group in Copenhagen has been implemented in the level 1 model.
The components of the package are indicated in Plate 2. The present
version of the level 1 model is an all-in-core model. It is much more
efficient than the baseline model. (The CPU-time is reduced by a factor
3.5 on the ECMWF CRAY XMP computer).

The level 1 initialization scheme is the same as that used in the
baseline system, except for changes to 0 /p-hybrid coordinates. In the
present level 1 version 4 vertical modes are initialised and, as in the
baseline version, only adiabatic tendencies are used.
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1.5 List of experiments

All experiments described in this note were carried out for the Septem-
ber case, described briefly in Section 1.2. This case was also the main
test situation for baseline experiments reported in Gustafsson et al.
(1986) and Nordeng and Foss (1987). The limited area grid and the
topography used for this case is shown in Figures 3 and 4,

respectively.
Table 2. List of data-assimilation and forecast experiments including
verification scores of 24 hour forecasts.
ExpE“‘; Reso- Obs. iigim l_;_rptla- Predic- Lacarzl ) Evaluation Scores
ri- | lution | Data Feriod Dar_a Assim.|lization|tion " |Boundary| Remarks IS E Spax
ment | (deg.) | Source c::)e. System cheme |model fields (hP2) ~ (xm)  Caxx
Baseli baseli it *} R e .
Lot | 1.0 DMI  |4.12-5.00) (bt ml??uldNﬂr lxneaj(u“uuine SMEL | et 48 110 0.4
! interpol.) bai.eg solar hear )| Anal. resolytien .
ADL ; 0.5 — 4.00-5.00 - — - - +4 130 0.5
A1l —_ —_ 3.12-7.00| Baseline Ba;elinel —_ - l +6 110 0.6
. i § " ‘ “) Reguced
PRI - — j4.00-5.00, -~ ; - | = — | torecust +9 180 0.5
: Bur * ! i errer varijance }
i i y 7 TEMWE % 1 ~f Different R
AlL - i - l All Initial fields ! - inn:zn’ 1 uou:n:ryr " e 9C 0.6
i ! : ! from i 17 i fielas
: i 1 : ; -
a0s | — 1 - t3.12-7.oq il fiebon-tinesg  _ | SHET | +5 100 0.6
! | ingerool.) bal.ec. 1 | anal. !
! H . § ) New
oz - | o= 409 Initial fields — b e aus 46 100 0.5
: J . Bug % i Amoe 3G m
i | ‘ *} hew .
PO — | — A09 Initial fields ‘ - - vert, digr. | +10 150 0.4
! i Bug # ! Am = 160 m :
[ i . | .. e - *} lncreasea
Ski | — | ZCMWT  |4.00-5.00| Baseline )Dasel‘na Ba5E11net EOMWE | Lontonear |41 30 0.5
f ! ! i Bug * Anal | deff. (2.5}
fse2 0 — 0 — SAl Initial fields lsaseline{ - ] 6 30 0.6
: i } IS " | ! Decreased ' . )
psex . — | = SAl Initial fields |aseline | _ |h°n:;§: ¢ 30-i.0
H : | Bue ¥ ! difr. (310
! -
‘ ARE ; - ' —_ '!A.OO-S.OO‘ Level 1 ‘Level 1 IBaseline ' - l +4 S0 0.7
& N 1 . i ) Without :
[ RTL _ l — I AAS  Initiazl fields !LEVE; 1 l - ! radiation eff{.} +2 80 . 0.9
J i i ! Bur * i . on_ate. temc. ) '
N2 0 = 1 — | AAE initial fields lever 1 | — | e 60 0.9

Table 2 summarizes the experiments presented in the following. For each
forecast experiment the last column gives the evaluation scores (intro-
duced in Section 1.2) for a 24 hour forecast. The model version used is
indicated in the same row in columns 1,7,8 and 9. If a data-assimila-
tion period with the model version in question was made, data base, the
data-assimilation period, the analysis scheme used, and the initializa-
tion scheme used are indicated in columns 3,4,5 and 6, respectively. If
the initial fields were taken from a data-assimilation in which a

different forecast model version was used, that model version is indica-
ted.
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Unfortunately, the version of the baseline model used in the first
seven experiments of the list had a bug in the code which efficiently
reduced the solar radiation used in the surface scheme over land. It
is, however, believed that this reduced solar heating of the land

surfaces in the present case have had only a minor impact on the
results. '

2. THE SYNOPTIC DEVELOPMENTS LEADING TO THE- EXPLOSIVE DEEPENING
OF THE CYCLONE

Figure 5 showns the central MSL pressure of the low as a function of
time for two different analyses, the DMI hand analysis (from 5 Sept.

00 UT to 6 Sept. 21 UT) and the baseline objective analysis (All) (from
4 Sept. 00 UT to 7 Sept. 00 UT). In addition results of some forecasts
are shown in the figure. Compared to the hand analysis the objective
analysis is seen to overestimate the central pressure near the minimum.
Also, the maximum pressure gradient is underestimated in the objective
analysis as indicated by the verification scores given in Table 1.

The explosive development is seen to start on the 5th of Sept. 00 UT.
An interesting question is why the low suddenly starts to develop at
that time. In order to try to answer that question let us start with a
look at the development as seen in the baseline objective analysis
sequences shown in Figures 6 and 7.

Initially at 4 Sept. 00 Z three surface lows are present on the map. We
shall see that all three lows play a role in the development. It is low
number 1 (L1) that finally develops explosively when it reaches the
North Sea, but the lows L2 and L3 transport cold air southwards ahead
and behind the advancing L1 low. Thereby the air mass differences in L1
is sharpened, which then leads to an increased development of the low.

This increase in the air mass differences is shown in the sequence of
850 mb maps presented in Figure 8. When looking at the equivalent
potential temperature pattern,it is seen that the frontal zone in the
front of L1 collapses with the frontal zone on the southern and western
edge of the cold air mass outbreak connected to L2. This collapse
happens during the period 4 Sept. 00 UT to 5 Sept. 00 UT. A similar
collapse of frontal zones on the rear side of L1 is seen to take place
due to the circulation around the occluding low 3. Both processes take
place simultaneously and are not completed until 5 Sept. 00 UT, at
which time then the sudden increase in available potential energy leads
to the explosive development of the L1 low.

3. EXPERIMENTAL FORECASTS WITH THE HIRLAM BASELINE SYSTEM

During the initial HIRLAM development work a series of data-assimila-
tion and forecast experiments with the S/D-baseline system were carried
out. A detailed description of these experiments is given in Gustafs-
son et al. (1986) and Gustafsson and Jirvenoja (1987). In the present
section some results from these experiments will be presented.
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ECMWF 24 hour forecast (a rerun from the operational analysis
with the T106, L16 model, made available by the Research

Department).
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3.1 Sensitivity to the initial state

The difference between the quality of the operational forecasts presen-
ted in the sub-section 1.2 (Figure 2 and Table 1) indicates a depen-
dence on forecast length. Especially the 36 hour ECMWF forecast from 4
Sept. 12 UT is surprisingly poor. In order to see if the baseline
system with its higher horizontal resolution was able to improve upon
that result a 36 hour forecast with initial fields from the All data-
-assimilation was made with the baseline model. The resulting surface

forecast valid at 6 Sept. 00 UT is shown in Figure 9 (the verification
scores are given in Table 1).

e -
TUTEBAY | (4P }0¥1ITese ROmWRY  Aihieds o wew, ruses l

Fig. 9 The All 36 hour sea-level pressure forecast valid at
6 September 1985 00 UT. Contour interval 5 hPa.

The forecast is seen to be very similar to the 36 hour ECMWF forecast
in Figure 2. A possible explanation for the poor results obtained with
both systems is errors in the initial analysis due to the location of
the two important lows Ll and L2 over the Atlantic Ocean at 4 Sept. 12
UT, (the initial time for both forecasts). It seems likely that the
data-assimilation systems, due to insufficient data coverage, are
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incapable of producing a sufficiently accurate initial analysis of the
baroclinic structures important for the development. For the baseline
system at least this is supported by a closer inspection of the changes
from one analysis to the next, which shows a pronounced lack of conti-
nuity over the Atlantic Ocean (see e.g. Figure 8).

At 5 Sept. 00 UT the Lows L1 and L2 have moved eastward over data rich
areas so at that time one should expect to get more accurate analyses.
In Figure 10 is shown the 24 hour forecast from 5 Sept. 00 UT with the
HIRLAM baseline model (All) as well as the one with the ECMWF model.
The verification scores are given in Table 2 and 1, respectively.

Compared to the corresponding 36 hour forecasts in Figure 9 and 2 a
clear improvement is obtained.

In the data-assimilation systems two updates of the model fields with
observational data have taken place between the analysis at 4 Sept. 12
UT and that at 5 Sept. 00 UT. As only a limited amount of data is
available at 4 Sept. 18 UT the main update is that at 5 sept. 00 UT.
The impact of observations in the analysis 5 Sept. 00 UT must therefore

be of vital importance, also because the important weather systems at
that time are over more data rich areas.

As mentioned in Section 1.3 the impact of observations in the analysis
may be changed by changing the values of forecast error variances used
in the analysis scheme. It was mentioned also that in the baseline
scheme we use values of forecast error variances which are approximate-
ly 2.5 times those used at ECMWF. To see the impact of this we made a
data-assimilation experiment, Al3, in which the values of forecast
error variances were decreased to the level used at ECMWF. The 24 hour
baseline forecast with initial fields from this assimilation is shown
in Figure 11 together with that using the All analysis.

A clear deterioration is obtained with the smaller values of forecast
error variance. That this is due to a smaller impact of the observa-
tions at 5 Sept 00 UT in the Al3 assimilation than in the All one is
illustrated in Figure 12, which shows analysis increments at that time
for the two data-assimilations. In the importanti ..=z-z2long the main
frontal zone North-West of Ireland much larger increments, which

imply- a sharpening of the frontal zone, are seen in the All analysis.

3.2 Sensitivity to horizontal diffusion and observational data base
used

A data-assimilation and forecast experiment was made with the baseline
system in order to see the effect of variations in horizontal diffusion.

The same initial fields were used for three 24 hour forecasts SAl, SA2
and SA3 with different horizontal diffusion coefficients. The common
initial fields were determined by a data-assimilation in which the
ECMWF observational data base was used and where ECMWF analyses were
used as boundary fields in the 6 hour first guess forecasts. In these
first guess forecasts the horizontal diffusion coefficient was increa-
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The ECMWF (rerun with T106) +24 h sea-level pressure
forecast (together with wind arrows and isotachs) valid
at 00 GMT 6 Sept 1985. Contour intervals: 5 hPa for sea-
level pressure and 3 m/s for wind speed.

HIRLAM baseline and ECMWF 24 hour forecasts valid at
6 September 1985 00 UT
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The <24 h sea-level pressure forecast valid at 00 GMT § Sept
1985 for experiment All. Contour interval: 3 hPa. -
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The +24 h sea-level pressure forecast valid at 00 GMT 6 Sept

1985 for experiment All. ContouT interval: 5 hPa.

Fig. 11 HIRLAM baseline forecasts with initial fields from
data-assimilations All and Al3

214



MNIER 8 P (108 10 4w

o Epp— o Cp—o,

T - e
Amiass ¢ 40Ep tiEt e 4w

Il"'ll‘lxl.l.’-lﬁll-u"lll e Alkseds I- iy l'!'"n-.- N

Differances bacwean analysis and +6 h first guess forecast
flalds valid ac 00 GMT 5 Sept 1985 for expariment All. Ths
500 hPz geopotsncial haight (above) and sea-level pressurcs
(balow). Contour incarvals: S = for the 500 hPa haight and
0.5 hPa for the sma~lavel pressure.

v -r e
M9 0 1w e e o

Diffarencasy hetweaan uul'yai: and +8 h fizsc guexs formcasc
fialds valid ac 00 GMT S Sept 1985 for experimant All. The

500 hPa gwopocenctial beight (abave) and sea~level prassurs
(below). )

Fig. 12 Analysis increments at 5 September 1985 00 UT for

data-assimilations All (left) and Al13 (right)
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SAl 24 hour forecast(increased horiz. diff.) SA3 24 hour forecast(decreased horiz. diff.)

Fig. 13 Various HIRLAM baseline forecasts valid at 6 September

00 UT. MSL pressure contour intervals 5 hPa
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sed by a factor of 2.5 compared to the standard values used in all pre-
vious assimilations.

The most important difference between this data-assimilation, SAl, and
the All assimilation is probably the observational data bases used. In
the All assimilation the operational data base at DMI was used, whereas
the ECMWF observational data base was used in the SAl assimilation. In
this latter data base additional data are included, partly because it
contains data received also after the operational cut-off times and
partly because TOVS (SATEM) data are received at ECMWF with a 250 km
resolution whereas only the 500 km resolution SATEMS from GTS are
received at DMI. Actually, for the present period very little SATEMS
were included in the DMI data base.

The 24 hour surface forecast with the standard baseline model, the SA2
forecast, is shown in Figure 13 together with the standard All forecast.
Except for a slightly improved position the same verification scores
(see Table 2) are obtained for the two forecasts. Figure 13 also shows
a forecast, SAl, with increased horizontal diffusion (by a factor of
2.5) and one, SA3, with decreased horizontal diffusion (by a factor of
10). It is seen that the forecast depends very much upon the level of
the horizontal diffusion. The SA3 forecast, with decreased horizontal
diffusion, gives almost perfect verification scores for the low,
whereas a clear dampening is seen in the SAl forecast, with increased
diffusion. The small scale noise is, however, not controlled sufficient-
ly well in the forecast with the reduced diffusion.

The experiments clearly show the importance of the formulation of the
horizontal diffusion, at least for explosive baroclinic developments as
in the September case considered here. Therefore, it seems important to
develop and test alternative formulations which more selectively
control noise without a too severe dampening of the meteorologically
significant developments.

3.3 Sensitivity to boundary fields

Due to computer restrictions the size of the integration area used in
the present case study was limited. We tried to choose the geographi-
cal location of the area so that the important developments should be
influenced as little as possible by the specified, time-dependent
boundary fields. Furthermore, we tried to minimize the errors at the
boundaries by the use of analyses as boundary fields.

In all experiments described in this note we use the simplified Davis
boundary relaxation scheme, which originally was introduced and tested
at ECMWF by Kallberg and Gibson (1977). The boundary fields used were
given with 12 hour intervals between which linear interpolation in time
was used. The initial baseline analysis was used as the boundary field
at t = 0 and SMHI operational LAM analyses interpolated to the model
grid were used at t = +12 h, +24 h, +36 h,

In order to see the effect of different boundary fields a 24 hour
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forecast was made with initial data from the All analysis at 5 Sept. 00
UT and with boundary fields determined from the ECMWF forecast from 4
Sept. 12 UT. Difference fields between this forecast, Al4, and the
standard All (analysed boundaries) +24 h forecast are shown in Figure
14, It is seen that large differences have been "advected" into the
area, in particular from the western and northern boundaries. The
differences in boundary fields have, however, had only a minor impact
on the development of the low over Southern Scandinavia in which we are
in particular interested. The verification scores for the two forecasts
(Table 2) are seen to be virtually the same.

3.4 Sensitivity to horizontal resolution

In order to see the impact of the horizontal resolution a data-assimi-
lation and forecast experiment, LOl, with half the resolution, i.e. with
AN = A¢’ = 19, was performed. An early version of the baseline
data-assimilation system was used in which full fields were interpola-
ted from pressure to sigma surfaces instead of analysis increments,
and in which the original SMHI non-linear balance equation was used
instead of the non-linear normal mode initialization scheme. Also some
errors and inconsistencies in the vertical interpolation routines had
not yet been corrected. The L0l forecast should be compared with the
high resolution forecast A04 which is based on initial data from a high
resolution assimilation with the very same early data-assimilation
system. It should be pointed out that all analysis parameters, inclu-
ding the forecast error correlation functions and the forecast error
variances, were the same in the LOl and AO04 analysis. Thus, the maximum
resolution of the analysis increments was the same in the LOl1 and the
AQ04 analysis.

The two 24 hour surface forecasts are shown together in Figure 15 (the
verification scores are given in Table 2). As expected, the high
resolution forecast yields a deeper low with a steeper pressure gra-
dient, and thus higher wind speeds. The position of the centre is
almost the same in the two forecasts. Note also the sharper frontal
troughs in the high resolution forecast.

4, EXPERIMENTAL FORECASTS USING COMPONENTS OF THE HIRLAM LEVEL 1
SYSTEM
4.1 Sensitivity to vertical diffusion

The main difference between the baseline and the level 1 prediction
model is the physical parameterization package.

The initial development and tests of the new package to be used in the
level 1. model were carried out within the framework of the baseline
model. Using initial data from a baseline data-assimilation, AQ9, in
which the standard baseline prediction model has been used, the new
parameterization schemes were introduced one by one in the baseline
model and a forecast was made to see the impact. Results from these
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High resolution forecast (AO4)

Fig. 15 24 hour baseline sea-level forecasts valid 6 September

1985 00 UT. MSL pressure contour intervals 2.5 hPa
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initial tests of the new physical package are reported in Gustafsson et
al. (1986). Here we shall bring only the results obtained in such
experiments with the new vertical diffusion scheme.

The baseline analysis used as initial fields for these experiments were
taken from a data-assimilation, A09, which differed from the All
assimilation in that full field vertical interpolation was used from
analysis levels to model levels and that the SMHI non-linear balance
equation was used. The 24 hour surface forecast with the standard
baseline model, the A0O9 forecast, is shown in Figure 16, together with
two forecasts made with versions of the baseline model in which the new

vertical diffusion scheme had been substituted instead of the baseline
scheme.

The new HIRLAM vertical diffusion scheme is quite similar to the scheme
used at present in the ECMWF T106 model. It deviates in two respects
only. Firstly, virtual static energy is used instead of dry static
energy in the Richardson number. Secondly, a simplified expression is
used for the ratio between mixing lengths for dry static energy (lg )
and that for momentum (1, ).

The expression used in the HIRLAM scheme is
ls/lm = AS/Am [l-(l-xm/As)c-]

where Ag and A, are asymptotic mixing lengths and where we use, as
in the ECMWF scheme, AS/Am = 2.74. Also, as in the ECMWF scheme,

_ kz
s 1+ kz/A
m

where z is the height and k the von Karman constant.

In the first experimental forecast, F02, we used the value of A, which
at present is used operationally at ECMWF, i.e. Ap = 160 m. In Figure
16 and Table 2 it is seen that this leads to a significantly worse
forecast. Especially, the central pressure was increased by 5 hPa
compared to the baseline forecast A09. In the following experiment we
tried a reduced value, A, = 30 m. The resulting forecast, FO04, is seen
to be very similar to the A09 forecast.

We believe that the poor result of the F02 forecast with A, = 160 m,
was caused by a weakening of the baroclinic mass and wind fields due to
a too vigorous vertical diffusion. This was confirmed also by experi-
ments with a 16 level one-dimensional version of the forecast model in
which a severe smoothing of an initial jet profile was observed already
after 24 hours, when Ap = 160 m was used. As a value of A, of the
order of 30 m corresponds more closely to empirically determined values
of the mixing length (i.e. Blackadar (1962)), we have initially chosen
that value for the HIRLAM level 1 scheme.
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4.2 Impact of new analysis scheme

In order to see the difference between the baseline and the level 1
analysis schemes we made a data assimilation/forecast experiment AAS8,
in which the new analysis scheme (and the new initialization scheme)
were used together with the baseline model. Otherwise the experiment is
similar to the SA2 forecast with the SAl initial fields in which the
baseline analysis and initialization schemes were used. The resulting
AA8 forecast is shown in Figure 17 together with the SA2 forecast. It
is seen from the verification scores in Table 2 that the level 1
analysis scheme gives a significant improvement in the forecast of the
low over Denmark.

Several more experiments were made with the level 1 analysis scheme and
reported in Gustafsson and Jirvenoja (1987). It is obvious that further
development and tuning of the structure functions and the data selec-
tion scheme is needed, but results obtained so far indicate that the
limited area version of the ECMWF analysis scheme is indeed a good
selection as a basis for the HIRLAM analysis scheme.

4.3 Impact of the new prediction model

As described above the main difference between the baseline and the
level 1 prediction model is in the physical parameterization package.
Two forecasts with different versions of the level 1 model are presen-
ted in Figure 18. The initial data used for both forecasts were from
the data-assimilation AA8 described in the preceding sub-section.

The NT1 forecast, shown to the left, is made with the heating/cooling
due to radiation turned off in the free atmosphere. Thus, it includes
radiation effects only at the surface and is in this respect similar to
the baseline forecast AA8. The NT1 forecast is the very best of our
forecasts made so far. Compared to the forecast AA8 a 2 hPa deeper
central pressure and a larger pressure gradient SW of the low is
obtained in this forecast with the level 1 model. Figure 19 is shows
the surface map of the forecast together with the verifying DMI hand
analysis. It is obvious that this forecast would have been an excellent
guidance for the forecasters on duty.

The NT2 forecast, which is also shown in Figure 18, is made from the
same initial data (AA8) as the NT1 forecast, but here the full radia-
tion scheme is included in the forecast model. From Table 2 it is seen
that similar verification scores are obtained for the NT2 and NT1
forecasts except that the central pressure is 2 hPa higher than in the
NT1 forecast. As seen in Figure 20 this difference is due to a rather
uniform increase of the pressure over the whole integration area in the
NT2 forecast. Supported by some additional experiments we believe that
the spurious inflow of mass over the boundaries of the integration
area, which is causing the increase in surface pressure, is due to the
difference between the baseline prediction model used in data-assimila-
tion AA8 and the level 1 model version used in the NT2 forecast. The
baseline model used to obtain first guess fields in the AA8 data-assi-
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- SA2 24 hour forecast

17

All verifying analysis

HIRLAM baseline 24 hour forecasts with baseline initial
analysis (SA2) and level 1 initial analysis (AA8),
together with verifying baseline analysis valid at

6 September 1985 00 UT. MSL pressure contour intervals
5 hPa '
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All verifying analysis

Fig.‘lS HIRLAM level 1 24 hour forecasts together with
verifying baseline analysis valid at 6 September

1985 00 UT. MSL pressure contour intervals 5hPa

226



.
AT
~ammm
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milation does not include radiational effects in the free atmosphere.
Therefore we believe that the temperature fields in the analysis are
too warm. When a forecast is then made with the level 1 model which
includes radiational effects and which uses the too warm initial analy-
sis as the first boundary field then the radiational cooling over the
integration area leads to an inward directed pressure gradient in the
boundary zone, which in turn causes the spurious mass inflow. If our
suspicions are correct we should expect that the problem will be solved
when the level 1 model including all radiation effects is used in the
data-assimilation, as well as in the subsequent forecast.

5. CONCLUDING REMARKS

In the foregoing results of data-assimilation and forecasts of an
explosive deepening cyclone were reported. Sensitivity of the forecasts
to several of the system components was demonstrated. The sensitivity
to the initial state and thereby to the observational data and the
choise of analysis parameters was clearly demonstrated.

The limitation of predictability due to an insufficient data coverage
over the Atlantic Ocean in the case considered points at the need for
additional observations or an improved utilization of available data.
Realising that no substantial improvements in the coverage of conven-
tional observations will take place in the near future it will be of
the utmost importance to make the full use of high resolution satellite
data, particularly over the oceans.

Also sensitivity to model formulation in particular horizontal resolu-
tion, horizontal and vertical diffusion and an improved physical
parameterization were demonstrated.

The performance of an initial HIRLAM baseline system was compared with
a more up-to-date experimental HIRLAM level 1 system and each of the
main components of the latter system was shown to give improved short-
-range forecasts of the explosive development considered.

During the remaining year of the HIRLAM project, at first some minor
upgradings of the level 1 system will be made before the start of the
pre-operational tests of the system at the beginning of 1988.

In parallel with the pre-operational tests further developments and
tests of different components of the system are planned. The most
important further developments planned are utilization of high resolu-
tion TOVS data, diabatic non-linear normal mode initialization, the
introduction of a semi-Lagrangian time scheme and a cloud/condensation
scheme including cloud liquid water in the prediction model.

With the planned upgradings we hope at the end of the project period to
have a HIRLAM system with further improved forecast capabilities as
regards general short-range forecasting and in particular forecasting
of explosive developments as the September case considered here.
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