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1. INTRODUCTION

The accurate representation of a range of effects of orography is increasingly
recognised as an essential component of numerical models of the atmosphere.
The problems raised by this are of particular relevance for medium and

extended range forecasting and can be grouped in two broad categories.

One is the optimisation of the numerical treatment of the equations in order
to minimize errors or inaccuracies associated with steep slopes. Well known
examples are aliasing and errors arising from the discrete representation of
the pressure gradient terms when using terrain following coordinate surfaces.
A considerable amount of literature has been devoted to this topic, and
references may bé found for example, in the proceedings of the 1979 ECMWF
workshop on Mountains and Numerical Weather Prediction. Further discussion of

this is outside the scope of this seminar.

The second category of problem is to represent the effects of the mountains on

the larger scales of motion. The main processes to parameterize are:

L] The dynamical low level blocking (barrier) effect over a wide range of

scales; this will be the main subject of this report.
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2 Generation of smaller-scale vertically-propagating gravity waves

and their dissipative effect on the large-scale flow high in the troposphere
and stratosphere. This parameterization has been advocated by several authors
over a long period of time (e.g. Sawyer, 1959, Bretherton, 1969, Lilly, 1972)

and is the subject of another report in these proceedings (G. Shutts).

° Low level drag associated with the very short scales of the orography

(up to a few hundred metres) as discussed by Mason in these proceedings.

°® Secondary effects which can be due to interactions with precipitation
(e«g. Bender et al. 1985), snow cover, surface temperature, cloud cover, etc.
These effects are likely to be more important at both extremes of numerical
weather forecasting: at short range for the prediction of the actual weather
elements and at longer range when differences due to these interactions have

time to grow to larger amplitude.

As already mentioned in this report we are mostly concerned with the first
point. We shall review the reasons there are to suspect that the low level
barrier effect of the mountains is not adequately represented by an area mean
orography, and some of the solutions proposed to remedy the problem (Section
2). In Section 3 we shall describe a experimental programme designed to shed
some light onto the problem; this was part of a larger project aimed at
assessing the impact of horizontal resolution in the ECMWF model. Objective
and synoptic results for the Northern Hemisphere will be presented in Section
4 and 5 respectively. Section 6 will be devoted to the sensitivity of the
systematic errors to the representation of orography in the Northern
Hemisphere. Finally, Section 7 will present a few results for the Southern
Hemisphere and the tropics, and will be followed by some general discussion

and conclusions.
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2. REPRESENTATION OF THE LOW LEVEL BARRIER EFFECTS

Very crudely (and intuitively) the energy needed to lift an air parcel above a
mountain is proportional to the height of the mountain and can reach very
large values. Thus depending on the strength of the flow, the shape of the
mountains, and several other factors, the flow will either be able to go over
the mountains, or will be blocked (in particular at the lowest levels), and in
all cases will undergo a certain deformation. It is also easy to see that
when using an area averaged orography and meshes of the order of several
hundred kilometres, the height of many mountain ranges in the model will‘be
too low to simulate accurately this effect, and there is likely to be too much

‘flow over the mountains.

A number of studies are indeed strongly suggestive of such an underestimation
of the orographic forcing when using an area-mean orography. For example,
cyclogenesis in the lee of the Alps has been found to be improved when using
some form of enhanced mountains, either by increasing the height of the
orography used by the model (e.g. Dell'Osso and Radinovic, 1984) or by
blocking the low level flow more explicitly (e.g. Egger 1972). Both
approaches increase the deformation of the flow at the expense of the direct

flow over the mountain.

Synoptic—séale blocking over the North Atlantic western European region has
also been found to benefit from the use of an enhanced "envelope" orography
(Ji and Tibaldi, 1984) and we shall show further examples of this in this
paper. Krishnamurti et al. (1984) showed monsoon simulations in the FGGE
period to be improved in the FSU general circulation model when using a

similar envelope.
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Wallace, Tibaldi and Simmons (1983) reported diagnostic studies which
demonstrated a close relationship between the structure of the very short
range systematic errors of the ECMWF model in’winter situations and the
position of some mountain ranges in the Northern Hemisphere (the Rockies and
Alps in particular). The evidence for the rgle played by the orography in the

development of these systematic errors was strengthened further by experiments

with a barotropic model.

Pierrehumbert (1984) using the framework of the linear theory first developed
by Queney (1947) showed that in order to represent the barrier effect of
mesoscale mountains such as the Alps or elements of the Rocky Mountain range,
it was more important to preserve the méan maximum height of the cross-flow
section than the volume of the mountain (as does the area averaging), in
agreement with the intuitive arguments given at the beginning of this section.
More recently, nonlinear calculations by Cullen et al. (1985) and

Pierrehumbert and Wyman (1985) have led to similar conclusions.

Several approacﬁes have been used in practice to enhance the low level
blocking effect of the mountains. Some correspond to a more or less explicit
blocking of the low level flow (e.g. Egger 1972, an approach developed
subsequently for operational forecasting at DWD). Many others correspond
essentially to an increase in the height of the mountains used by the models.
For example, following a suggestion by Mesinger (Gerrity, 1985) a 'silhouette!
orography is used for global operational prediction at NMC, Washington. This
orography approximately simulates the cross-section of the mountains presented
to the flow. Such is also the aim of the orography used by the French fine
mesh model (Rousseau, personal communication) constructed by an area averaging

of the maximum orographic height in 10' x 10' subgrid boxes. Radinovic (1985)
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has examined a 'valley filling' approach (Mesinger, 1977) attempting to take
into account that valleys filled with cold air are very stable and interact
very little (under certain conditions) with the rest of the flow, and should

therefore be treated as part of the mountain itself (e.g. Bleck, 1977).

At ECMWF Wallace et al. (1983) proposed the use of an orography representing
some form of envelope. Following suggestions by J.-~F. Geleyn they added to
the mean orography twice the square root of its variance over each grid
square, as computed from a much finer resolution. When tried in actual
forecasts for February 1982 it achieved a significant improvement of objective
scores and a reduction of systematic errors, in particular their growth rate.
These results were confirmed by further winter experiments with the N48 ECMWF
grid point model (Tibaldi, 1985) and with the T63 ECMWF spectral model
(Simmons and Jarraud, 1984). However, in contrast to these encouraging
results, a number of disturbing features were also observed. The envelope,
despite contributing to a significant reduction of the mean errors between Day
7 and 10 of the forecast range, was found to deteriorate slightiy the very
short range mean errors. There were also concern about the behaviour of the
envelope in different weather regimes,and especially in summer situations, as

pointed out by Simmons and Jarraud (loc.cit).

In addition some problems occur due to increased local discrepancies between
actual and model heights, in particular when using observations (in the data
assimilation) or near surface forecast products (low level wind, surface
temperatures, etc). Therefore it was decided, as part of the development of
the higher resolution ECMWF operational model, to reassess the impact of an

envelope at various resolutions.
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3. THE EXPERIMENTAL PROGRAMME

In order to get as much confidence as possible in the representativeness of
the results, twenty-~four cases were selected objectively, namely the 15th of
each month from May 1983 to April 1985. For each case 10 day forecasts were
made with a mean and an envelope (based on VY20, 0 being the subgrid standard
deviation of the orography from the mean) with the ECMWF spectral model at the
four resolutions T21, T42, 763 and T106. In addition a set of T106 forecasts
was carried out using a lower envelope based on adding one standard

deviation.

Since it would have been impractical to perform data assimilation for all
cases, resolutions and orographies, initial conditions were in each case based
on the operational T63 analyses which had been produced using one or other of
two versions of the V2 standard deviation envelope orography. Analyses
produced using the earlier version, operational until the end of January 1984
were converted to the later version for the purpose of these experiments.
Upper-air fields were formed by spectral fits of fields which had been
vertically interpolated from one set of coordinate surface to the other at
each point of the model's Gaussian grid. Similar procedures were used to
produce the T63 mean orography initial data and all T106 datasets, using mean
and envelope orographies created using the higher resolution Gaussian grid.
Upper air fields, surface pressures and orographies for the T42 and T21
experiments were obtained directly by truncation of T63 fields. A proper land
sea mask was constructed for each resolution from a US Navy 10' x 10' grid.
All other surface fields for all resolutions and orographies were derived by

simple linear interpolation from the operational T63 initial conditions.
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These procedures, together with the use of the operational Té3 analyses for
verification, inevitably introduce some bias in favour of T63 with envelope
orography, but some evidence has been accumulated indicating that these biases
are indeed much smaller than the differences observed. In particular some
experiments were constructed in which surface fields, such as surface
temperature and snow, were initially modified in order to take into account
differences in the height of the orography. Subsequent differences in several
10-day forecasts were found to be negligible compared to the ones obtained
when comparing mean and envelope orographies. An example will be seen in

the lower right part of Fig.5. Also, the impact of computing directly an
envelope orography for T42 rather than deriving it from the T63 one was tested
in a situation particularly sensitive to the prescription of orography. The

resulting differences after 10 days were again very small.

Finally, to reduce the amplitude of orographic ripples over oceans in the
operational T106 model, a weak Gaussian filter with a radius of 50 km was
applied prior to the spectral fitting of the T106 orographies. When tested in
four different situations, it led to very small differences in the height and
temperature fields, differences similar to or smaller than the ones obtained
by changing the time step, even near the surface. Small precipitation biases

associated with the orographic ripples were noticeably reduced.
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4. NORTHERN HEMISPHERE RESULTS - OBJECTIVE ASSESSMENT

Most of the objective evaluation presented in this paper is based on anomaly
correlations since this measure was found to give results in reasonable
agreement with synoptic evaluations and in many, though not all, respects,

with indications obtained from other scores such as standard deviations.

Fig.1 displays the anomaly correlations for the height field at 500 mb (Z500)
averaged over the 24 cases for all four resolutions (increasing from top to
bottom) and for both mean and envelope orographies. On the right side are
displayed the mean differences between the curves on the left. The general
impression is that there is a gradual change in the behaviour of the envelope
when going from low (T21) to high (T106) résolution, at least in the D+1 to
D+5 range: the en&elope is clearly daﬁaging the quality of the forecasts at
T21, slightly less at T42 and is almost neutral at T63. T106 is the only

resolution for which there is a positive signal.

These results aré at first sight in contradiction with those of early
experiments carried out at ECMWF which reported a larger positive impact from
the envelope. However, these experiments did not correspond to as wide a
range of independent éynoptic situations as in the present sample, and were

exclusively winter experiments.

Indications of a different response in summer were subsequently found with the
T63 model (Simmons and Jarraud 1984). The 24 cases sampled here were thus
divided into two groups of 12, one broadly representing winter (November to
April) and one summer (May to October), the division being based on an EOF

diagnosis of' the annual cycle (Volmer et al. 1983).
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Mean differences between 500 mb height anomaly correlations for mean and
envelope orographies (similar to those on the right panel of Fig.1) are
presented for each horizontal resolution and season in Fig.2. 1In winter (left
panel) the beneficial overall impact of the envelope is e&ident for all
resolutions other than T21. Up to day 4 there is a gradual change from T21 to
T106 with, as for the whole year, a strong damaging effect of the envelope at
721, and only a very slight worsening at T42. For T63 and T106, however,
there is a clear improvement; this being noticeable earlier in the forecast
range for T106. Later in the forecast range, quantitative aspects of the
improvement due to the envelope at resolutions higher than T21 must be
regarded with caution, due to sampling uncertainties. For example, one case
at T42 qontributes more than 2% to the mean difference for day 10, and the
improvement at T63 and T106 from the six cases for winter 83/84 was
substantially larger than from the corresponding cases for 84/85. On average
though, the T63 improvement is somewhat smaller than the one reported by
Wallace et al. (1983). It is also worth mentioning that no obvious worsening
at short range is observed at T63, in contrast to the earlier experiments,

which used a higher envelope based on two standard deviations.

The results for summer sﬂﬁWn also in Fig.2 are in sharp contrast. The
envelope has a detrimental effect in terms of anomaly correlations (although
it is almost neutral for standard deviations) across the whole forecast range
for T42 and T63. This is noticeable earlier for T42 than for T63. Only for
7106 resolution is the performance of the mean and envelope orographies
comparable, in an average sense. Fig.2 also indicates that for T106 there is
little to choose, overall, between envelopes based on 1 or Y2 standard
deviations, the higher orography giving results slightly better than in winter

and slightly poorer in summer.
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Fig. 1 Mean anomaly correlations of 500 mb height in the Northern Hemisphere

for mean (dotted) and (¥20) envelope (full) orographies for T21 to
T106 resolutions (top to bottom) averaged over 24 cases (left) and
corresponding differences (right). In addition, for T106 the dashed
line (left) corresponds to a (10) envelope orography and the dotted
line (right) to the difference between a (10) and a (¥20) envelope.

208




AN.C {Z 500) NORTHERN HEMISPHERE
HEAN OVER 12 WINIER CRSES

16
12+
S
w1 J
g 4
P
i3 ]
B o
e T o—
B - e s e
z ]
5 8
= ]
-12-
T21 M+1.4S MINUS T21 M
16 L T T v T T T T T 1 1
1 2 3 4 g B 7 a 9 io
DARYS
AN.C (Z 5003 NORTHERN HEMISFHERE
15 MEAN OVER 12 WINIER CASES
124
o3
g o
]
=4
i 0
[1%%
[red
= P OO
z B
g 0]
=
-12-
T42 H+1.4S5 MINJS T42 M
16 T ¥ T 1 T T T T 1
1 2 3 4 1 [:] 7 8 2] 10
DAYS

AN.C (Z 5003 NORTHERN HEMISPHERE

_MEAN DVER 12 WINTER CASES

cases.

209

MEAN DIFFERENCE (%) MEAN DIFFERENCE (%) MEAN DIFFERENCE (%)

MEAN DIFFERENCE (4)

AN.C (Z 500) NORTHERN HEMISPHERE

_MEAN OVER 12 SUMMER CRSES

16
12+
4 /
0
-4
-g-
-12-]
T21 H+1.48 MINUS T21 #
T T T T [ T T T I 1
1 2 3 4 H B. 7 8 9 10
DAYS
ANLG (Z 500} NORTHERN HEMISPHERE
16 HERN OVER 12 SUMMER CRSES
12~
o
-4
-8
-12-
1 T42 M+1.45 MINUS T42 M
-1 T 1 | ) T T T 1 1
i 2 3 4 5 6 7 B 9 10
DAYS

BN.C (Z 500) NORTHERN HEMISPHERE

_MERN OVER 12 SUMMER CASES

16
12
S 3. ............
- ]
] O OO R RTO PSR SRRSO SRR
=
Ll
[V
L3 [s]
[
|79
E; -4
z
5 -8 g
g R P
~12- -12-
63 M+1.45 MINUS T63 M TS3 M+1.45 MINUS TB3 M
-16 7 T T T T T T T T 1 -18 T T T — T — T 71
1 2 3 4 E B 7 8 9 1 1 2 3 4 g [} 7 a 9 1n
DAYS DAYS
AN.C (Z 500) NORTHERN HEMISPHERE AN.C [Z 500 NORTHERN HEMISPHERE
16 MEAN DVER 12 WINTER CASES 15 MEAN OVER 12 SUMNER CRSES
124 12+
S e b A 8
w1 e T )
o 1
(= T e
5o T
[T
[T
o B s "
EIZ: 7 J
g ]
124 TI06 H*1.5 MINUS T106 M -124__T106 1+1.95 MINUS T106 H
1. T8 Mel.S MINUS TIOB Mrl.43 {TTI06 KrL.S MINUS T108 M*1.45
16— T 1 1§ & § [ - T %2 % 1 & & 7 & "4
DAYS
Fige. 2 As right part of Fig.1 for 12 winter

DAYS

(left) and 12 summer (right)



T2l M

T63 M -

T63 M

3

207AN.C (%) Z 500 NORTHERN HEMISPHER
DAY: 4.0 : 4
30 +t/1 +
40 : -
H x,
50 Pt x
: +
b
10 L ERIRT N
B
70 ;
80
: LEBEND
oa +i= SUMMER
xi= WINTER
®:— MEAN (DIF= 1,6)
100 T T T T T T T 1
100 S0 80 70 (5 a0 40 Jai] 20
T21 M+1.4S
2A9aN.C [!J 7 500 NDRTHERN HEMISPHER
" |DAY: 4
30+
40 :
50 ;
= ; e
X 4 +
70 ® :
+ :
80 §
x ; LEGEND
90+ +i= SUMMER
== NINTER
® - MEAN (DIF= —0.3)
100 T- T T T T T T 1
100 90 80 70 [5i1] 50 40 30 20
T63 M+1.4S
“189AN.C (%) Z 500 NORTHERN HEMISPHER
g-JORY: 7.0
aq - %
24 +
+
304 X
. +
40 : v+
X .
50 % *
su_. -------------- x....: ..................................
X
70
ga- . LEBEND
+ = SUMMER
80 x = WINTER
o0 .- HEﬁN (D[F ~0.3)
100 90 BD 70 SU 50 40 30 20 10 [I.’f -iﬂ
TB3 M+1.45

Upper and middle:

T42 M

T106 M

T106 M

20

30

40

50

60

70 -

80

S0 -

100

20

30 4

40 -

50+

60

70+

80

elu}

100

-10 -
a-

10
a2a
3a
40
S0

. 80
704

80

90

100

AN.C (¥} Z 500 NDRTHERN HEHISPHER
DRY: 4.0
+
...... X f [ U
x o
x H o+
X % H
© LEBEND
+i= SUMHER
xi= WINTER
&— MEAN (DIF= 0.7)
100 QID ﬁlﬂ 7lﬂ SI[] SIEI 410 31[! ZID
I42 M+1.4S
AN.C (£) Z 500 NDRTHERN HEMISPHER
DAY: 4.0
S~ SO
X
¢ ' LEGEND
i +i= SUMMER
x:= WINTER
e— MEAN (DIF= —0.8)
100 QIU 8|ﬂ 7lﬂ EID SID 4‘0 EID ZICI
Ti106 M+1.4S
AN.C (¥) Z 500 NORTHERN HEMISPHER
DAY: 7.0
. LEGEND
+ = SUMMER
x = WINTER
7 ¢ - MEAN (DIF= -1.0)
100 Q‘U BIU 7IU EIU SIU "IIU 3lU 210 1|U 6 —;.0

T106 M+1.45

scatter diagrams of anomaly correlations of

500 mb height field in the Northern Hemisphere
comparing mean and (V20) envelopes at T21, T42,
T63 and T106 resolution for D+4 forecasts.
Summer cases are represented by + signs, winter
cases by x signs, and the mean by a thick dot.

Lower:
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Scatter diagrams showing individual forecast comparisons between mean and (V2)
envelope orographies for all resolutions for day 4 and for T63 and T106 for
day 7 are presented in Fig.3. For T21 there is a considerable dispersion
along the diagonal, indicating a highly variable forecast quality with
particularly poor results in summer cases (denoted by + signs). This may
explain why the T21 seasonal behaviour differs from that for the qther
resolutions, since in summer the other gross errors produced by the very

coarse T21 truncation tend to mask rapidly the impact of the envelope.

Accuracy is considerably higher for the other resolutions at day 4 and it can
be seen that there is less scatter across the diagonal for T63 than for T42
and less still for T106 indicating (as might be expected) a decrease in
sensitivity to the envelope as resolution increases. There is nevertheless a
larger mean improvement due to the envelope at T106 because the smaller
differences are more systematically in favour of the envelope. Later in the
forecast range (lower part of Fig.3) there is morevvariability and seasonal
differences are more clear, particularly at T63 for which the improvement due
to the envelope in winter, and deterioration in summer, occur in almost all
cases. Examining other levels and variables generally confirms these results,
but suggests for the 500 mb temperature and the 850 mb wind fields a slightly
more positive impact of the envelope at T63 resolution, and a more systematic
benefit at T106. The reséonse observed for the 1000 mb heights is similar to

that already shown for the 500 mb height fields, both in summer and winter.
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5. NORTHERN HEMISPHERE RESULTS - SYNOPTIC ASSESSMENT

A detailed synoptic assessment of forecasts has been carried out for the
extratropical band of the Northern Hemisphere, concentrating on the evolution
of forecast differences from what are typically, in the early part of the
range, small deviations localized in particular mountainous regions. Earlier
reports have emphasized the importance of the Rocky Mountain chain, and here
we shall not attempt to give another detailed illustration of similar cases.
We shall rather concentrate on synoptic examples illustrating some particular
aspects of the objective scores and demonstrating how severai mountain ranges
other than the Rockies prove to be important in turn or simultaneously. We
shall also attempt to relate the way the flow is modified by the change from
mean to envelope orography to the arguments examined in Section 2 and show how
forecast differences tend to originate where a strong flow is incident upon a

mountain range. These differences subsequently propagate, mostly downstream.

5.1 A Winter case

As a first example of a winter case where the use of an envelope improved
significantly forecasts in the medium range, Fig.4 displays two day 7
forecasts of 500 mb height, and differences between the forecasts, for the 15
January 1984 case using T106 mean and (Y2) envelope orographies. Differences
are particularly large over the Bering Strait and North Asia in connection
with a different position of a strong anticyclone. In the analysis and
envelope orography forecast the anticyclone is positioned at 150°E and a ridge
extends south westwards towards Siberia. With the mean orography the
anticyclone is displaced by more than 20° eastwards and a low pressure belt
has broken the associated ridge. By looking backwards in time and running an
experiment with mountains modified in the eastern part of Asia, it was

possible to show that the differences were of a very complex nature, with
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Fig. 4 Analysed 500 mb height field for 22 January 1984 and corresponding
D+7 T106 forecasts using a mean and a (V20) envelope orography,
together with the associated difference map. Units: dam.
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(M+0){M+v20)

Fig. 5 Analysed 500 mb height field for 22 March 1984 and corresponding D+7
T106 forecasts using a mean and a (V¥20) envelope orography together
with the associated difference maps. In addition are shown
differences between (10) and (¥20) envelope forecasts (lower left)
and between two runs with the (V20) envelope but using different
surface temperatures (lower right)(see text).
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several mountain ranges contributing to the final improvement. The principal
benefit was from use of the envelope for the Asian mountains, but the envelope
over the Rockies also helped to a certain extent. Also evident in Fig.4 are
differences over western Europe and the North Atlantic, again in favour of the
envelope. These could be traced back to northeastern North America and the

south of Greenland.

5.2 A European block

”~

As a second example, the crucial role of an envelope in the formation of a
European block is shown in Fig.5. This figure displays day 7 T106 forecasts
from 15 March 84, together with the corresponding difference map and verifying
analysis. Differences are particularly large over North western Europe and
the North Atlantic and the structure of the block is well captured with the
envelope but not with the mean orography. Although the structure of the
differences earlier in the forecast range is fairly complex, it was possible
to demonstrate the importance of the North Canadian mountains and Greenland in
the establishment>of the block. The role of ﬁhe Rocky mountains was much
smaller. Fig.5 (lower left) also displays the differences between forecasts
using 1 and Y2 standard deviations. They are much smaller than differences

between mean and (¥2) envelope, a result confirmed by objective scores.

Two additional experiments were performed on this case in order to test the
impact of the procedures used to create the initial conditions. One was to
run with a mean orography but with the surface temperatures corrected
according to the height difference between mean and envelope orographies (cf
Section 3). Another one was carried out to test the procedure used to perform
the vertical interpolation and consisted invinterpolating from the envelope to
the mean and back to the envelope, and then to run a 10 day forecast. 1In both

~cases the impact was found to be negligible (e.g. Fig.5 lower right, for the

impact of the change in the surface fields).
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5.3 Mediterranean cyclogenesis

For the European region the importance of enhancing the orographic forcing of
the Alps to improve the simulation of Mediterranean cyclogenesis has been
stressed by many authors (e.g. Mesinger and Strickler 1982) and similar
results have been obtained here on the very few cases of our sample when such
cyclognesis occurred (e.g. Simmons, 1985, and Jarraud, 1985). But the Alps
can also be responsible for significant medium range differences over more

remote places.

A striking illustration was obtained for the 15 February 1985 .case. 1In order
to check the impact of the Alps on some differences seen over Europe a T63 10
day forecast was rerun using an envelope everywhere except over the western
European region, where a mean orography was used. As expected, differences at
short range were mainly confined to the European area, with some downstream
propagation over North Siberia from day 4 to 7, as seen in Fig.6 (which also
shows the difference in orography) for the 1000 wb height field. By day 10,
associated with the northward displacement of the jet and the establishment
of an anticyclone over Europe, the differences there had decayed. 1In
contfast, they reached a very‘large amplitude over the north Pacific in
connection with an intense low system (cf. Fig.7). At this stage, none of the
forecasts is good, but (assuming a potential exists for accurate prediction at
the 10-day range) this result demonstrates the possible importance of the
European mountains (and perhaps also other ranges of similar scale) for future

improved medium range forecasts over the hemispheric domain.

5.4 Sensitivity in eastern Asia

Despite the significant overall benefit from using an envelope in winter

for the Northern Hemisphere, strong evidence has been found of a detrimental

216




T63 ENV- MODIFIED ENV 71000

T

ENV-MODIFIED ENV OROGRAPHY
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Fig. 6 Difference maps of 1000 mb héight field between D+4, D+5, D+7 and
D+10 T63 forecasts from 15 February 1985, using either a (V20)
envelope or the same envelope reduced to the mean over western
Europe. The difference (in m) between the two orographies is shown
in the lower panel.
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Fig. 7 1000 mb height fields for the D+10 T63 forecasts from 15 February
1985, and the corresponding observed field.
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Fig. 9

Analysed 500 mb height field for 22 April 1984 and corresponding D+7
T63 forecasts using a mean and a (V¥20) envelope orography together
with the associated difference map. In addition the lcwer panel shows
the mean analysed maps for April 1984 (left) and the corresponding
mean D+7 error of the ECMWF operational model (right).
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effect in eastern Asia: anomaly correlations computed for a region
including much of China and Japan revealed poorer results with the envelope in

winter, the effect decreasing with increasing resolution (Fig.8).

These results are in agreement with limited area model studies carried out at
ECMWF (Dell'Osso and Chen, 1984). 1In addition Sumi and Kanamitsu (1984) noted
a tendency of the T42 JMA model, despite using a mean orography, to
overestimate airflow round rather than over the Tibetan plateau, in contrast
with the situation for the Rockies. This Asian region has also to be found
(e.g. Chung et al. 1976) to be one of the most active in the Northern

Hemisphere for winter cyclogenesis.

An interesting example of an unusually large negative impact is shown in
Fig.9. It displays a D+7 500 mb height forecast by T63 for the 15 April 84
case. The envelope forecast exhibits an erroneously deep and eastwards
displaced trough near 135°E in a manner representative of a systematic
deficiency of the operational forecasts for this month (Fig.9 lower part).
Better results were obtained with the mean orography and differences were

found to originate essentially from the north and east Asian mountains.

5.5 Summer results

In summer the deterioration observed at T63 resolution due to the use of an
envelope appears over several areas. On a number of occasions, it is quite
large over the North Atlantic and Europe, on other occasions over the North
Pacific, but rarely over North America. This appears to be a consequence of a
lesser role of the Rocky mountains in summer, when the main flow is located in

a more northerly position.
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" Analysed 500 mb height field averaged between 20 and 25 May 1983 and

corresponding D+5 to D+10 mean forecasts by T106 to T21 using (V20)
(left) and mean (right) orographies. In addition (upper right) is a
D+5 to D+10 mean forecast by T106 using a (Yo) envelope.
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Fig. 10 (cont).
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Fig. 11 Difference maps of 500 mb height field corresponding to D+2 forecasts
by T106 to T21 (upper and middle) using mean and (v¥20) envelope
orographies. The lower panel shows the corresponding actual errors
for T106 (left) and T21 (right) D+2 forecasts using a (V20)

envelope.
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As a first example of such a deterioration, Fig.10 shows maps of day 5 to day
10 average fields for the 15 May 1983 case. At T63 the envelope is éiearly
damaging the stationary part of the flow. The trough over‘western Europe lags
behind, another one over western Siberia is too weak, and the ridge further
east non existent. The ridge over eastern Europe is much too weak. All these
features are better treated when using a mean orography. At T106 resolution
the damaging effect of an envelope based on ¥2 standard deviation is similar
in structure, but significantly reduced in amplitude. If the envelope is
based on 1 standard deviation there is no obvious worsening (Fig. 10 upper
right). At T42 thé maps are not as good as the T63/T106 ones, both for mean
and envelope orographies. They are even worse at T21 with the flow haviﬁg
much less structure, and much weaker gradients, ﬁaking it more difficult f@r

large differences to show.

Examination of the individual maps at T106 and T63 revealed that some of the
differences over Asia grew almost in place. 1In particular, in this case, as
in several other cases, the Siberian trough was found to extend less to the
south when the envelope was used. Some other differences originated from the
Northern extreme of North America (from Alaska to Greenland) ana contaminated

the European area in four to five days.

Another interesting point is illustrated in Fig.11. In this case, as in most
other cases the signature of the differences between forecasts using mean and
envelope orographies is very similar at all resolutions up to day 2 or 3.
TLater they of course tend to diverge in connection with the different synoptic
evolution induced by different truncation errors. Note (lower part of Fig.11)
that these similar signatures are superimposed as actual errors which are very
different for T21 and T106, consistent with the deterioration in objective

scores seen at T21 and the improvement at T106.
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5.6 Role of Greenland and nearby islands in summer

One of the critical areas for the interactions between the flow and the
orography in summer is Greenland and the mountainous islands to thevwest. In
five of the twelve cases, and in others outside this sample, large differences
over the North Atlantic, Europe and ﬁorth Asia appeared to originate from this
region, leading in most cases to a degradation of forecasts when using an
envelope. A clear example is shown in Fig. 12, which presents day 4 forecasts
from 15 May 1984 by T63 and T106. At T63 there is a large (although small
scale) difference over the North Atlantic associated with a cut-off low south
of Iceland, which later results in a very different forecast over Europe,
albeit by then at a time range when neither mean nor envelope forecast is very
good. Examination of the evolution in time of differences maps shows how this
difference developed from the area west of Greenland, where the flow was
active in this situation. Other differences can be seen in the position of
the cut-off over Spain and the intensity of the'ridge over ﬁhe Rocky
Mountains, both differences having grown in situ. Over North Asia a low is
further south when using the mean orography (as in several other occasions, as
already mentioned). Fig.12 also shows how differences between mean and
envelope forecasts are génerally smaller for T106, particularly over the North
Atlantic. This is likely to be due to a better definition of the fairly high
but isolated mountains west of Greenland; at T63 these appear as a broad
mountainous extension of Greenland, particularly so in the case of the

envelope orography.
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Fig. 12 Upper and middle: BAnalysed 500 mb height field for 19 May 1984 and
~ corresponding D+4 T63 forecasts using a mean and a (/20) envelope
orography together with the associated difference map. Lower: D+4
T106 forecast using a (Y20) envelope and corresponding difference
map.
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5.7 Case with large differences over Eastern Siberia

An example of large differences over Eastern Siberia and the North Pacific is
shown in Fig.13. This presents 6 day forecasts from i5 June 1984. The
envelope orography forecast exhibits major phase errors with respect to the
deep cut-off low off the Asian coast and the trough near 150°W, these errors
being substantially less for the mean orography. Here (as in several other
cases) differences could be tracked back to the Asian mountains to the north

and the east of the Tibetan plateau.

To demonstrate further this point an experiment was run where the envelope was
used everywhere except in eastern Asia where the mean was used (differences
are shown in the lower part of Fig.13). The results turned out to be very
close to those of the forecast with the mean orography used everywhere. As
often in summer, mean and envelope produced more similar forecasts at T106

(not shown).

6. IMPACT ON MEAN (OR SYSTEMATIC) ERRORS

In order to illustrate the relative importance of total errors and of mean
errors, Fig.14 shows the ensemble-mean root mean square (rms) error for the
500 mb height field for the 12 winter forecasts performed with T106, and the
rms error of the corresponding ensemble-mean forecast. Similar results are

displayed in Fig.15 for summer.

Using a mean orography, the systematic errors (averaged between day 5 and 10)
account for about 14.5% of the total error in winter and slightly more (18.5%)
in summer. When using an envelope these figures reduce to about 12.5% in
winter and 15% in summer. The winter fiqures are significantly lower than the

ones (of the order of 25%) obtained by Hollingsworth et al. (1980) using a
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Fig. 13 Analysed 500 mb height field for 21 June 1984 and corresponding T63
D+6 forecasts using a (¥20) envelope (upper right) a mean (upper
middle left) and a modified envelope orography (upper middle right)
where the mean has been used over eastern Asia. The corresponding
orography difference is displayed in the lower panel.

The figure also displays the corresponding D+6 difference maps (lower
middle) between mean and (V20) envelope (left) and between (V20)
envelope and modified envelope (right) orographies.
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smaller sample of less independent initial conditions and a more primitive
version of the ECMWF forecasting system (including the use of a highly

smoothed version of a mean orography).

From Figs. 14 and 15 it is clear that the envelope orography at T106 has a
positive impact in both winter and summer, and not only on the systematic part
of the error, af least in terms of rms. It should be recalled that in Section
4, there was no mean improvement shown in summer when forecasts were judged in
terms of anomaly correlations. Similar results have already been mentioned
for T63 namely a summertime deterioration due to the envelope when judged in
terms of anomaly correlations and a neutral effect in terms of standard

deviation.

In order to illustrate how the mean differences develop during the

course of the forecast, Fig. 16 shows (envelope-mean) maps for the 500 mb
height field averaged over the winter cases for forecast days 1, 2, 3 and 4
and T63 resolution. As early as day 1 there is a significant planetary scale
component arising as the average of local differences directly related to the
Rocky Mountains, Greenland and mountains of Southern Europe and Asia. Up to
about day 5 these differences grow largely in place with some spreading taking
place. Note that on average the mean 500 mb height tends to be higher with

the envelope.

The resulting mean errors for day 1 and 2 are shown in Fig. 17 for the mean and
envelope orographies at T63; it appears that in contrast to the results of
Wallace et al. (1983) there is a significant reduction of the short range

systematic errors, a reduction much larger than that likley to be due to
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Fig. 16 Mean over 12 winter cases of differences between D+1, D+2, D+3 and
D+4 500 mb height forecasts by T63 using a mean and a (VY20) envelope
orography.
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Fig. 17 Mean over 12 winter cases of the D+1 and D+2 500 mb height forecast
errors by T63 using a mean (upper) or a (V20) envelope (lower)
orography.
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Fig. 18 As Fig.17 for D5-7 (upper) and D8-10 (lower) mean forecast errors by
T63 using a mean (left) or a (Y20) envelope (right) orography.
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(right) forecasts in winter (upper) and summer (lower).
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analysis biases, almost everywhere except possibly near Greenland. As found
by Wallace et al., the large error in the low mid-latitude Pacific is not

affected by the change in the orography.

In the later part of the forecast range (day 8 to 10) the centres of
difference between mean and envelope forecasts tend to drift eastward,
following a similar drift of the systematic errors themselves (cf Fig. 18),
suggesting that some planetary scale adjustment might be taking place. As in
previous studies, the envelope by then has contributed to reduce significantly
the mean errors near the Rocky mountains and over the North Atlantic and
Europe. There is however a slight increase over North ARmerica and a more

considerable one over eastern Asia, in agreement with the synoptic results.

As mentioned in the synoptic evaluation, the differences between forecasts
using envelope and mean orographies are smaller at T106 than at T63. This is
clearly seen in the mean differences in winter (Fig. 19 upper) but also in
summer (Fig.19 lower). Another striking feature of Fig.19 is the similarity
between the summer and winter mean response to the change in orography. The
amplitude is slightly weaker in summer, and the difference centres located at
low mid-latitudes, over California and the north west Pacific, for example,
tend to be reduced or even to disappear, reflecting the northward displacement

of the dynamically active part of the flow in summer.
The envelope has also been found, as in previous studies, to reduce the

generation of too much zonal kinetic (KZ) energy in the troposphere at the

expense of eddy kinetic energy (KE). Fig.20 shows how the level of KE at
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20 Zonal spectral decomposition of the 850 mb kinetic energy observed

(thick full line) and corresponding mean forecast by T63 using a mean
(full line) and a (¥20) envelope (dotted line) averaged over 12
winter cases.
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850 mb is increased for almost all zonal wave numbers in the later part of the
forecast (days 8 to 10) and how except for wave number 2 it agrees better with
the analysed values. This impact comes mostly from the better treatment of
the zonal component of the wind (not shown). Similar results have been
obtained at other levels and resolutions and in summer. It should be noted
that the increase of KE in wavenumber 2 is in disagreement with the results

of experiments reported by Tibaldi (1985), who suggested from a set of cases
from January 1981 that a Rossby wave resonance mechanism could be responsible

for the action of the envelope on the planetary scales.

7. THE SOUTHERN HEMISPHERE AND THE TROPICS

Although most attention has been paid to results for the Northern Hemisphere,

a few results for the Southern Hemisphere and the Tropics deserve mention.

In the Southern Hemisphere, the sensitivity to orography is not surprisingly
less at all model resolutions and seasons than found for the Northern
Hemisphere (compaie Figs. 21 and 13). A possible exception is for the T21
resolution which appears anomalous in a number of respects and which seems,
due to its coarseness, to misrepresent significantly the effect of the
Antarctic massif. in most individual cases examined at higher resolution,

the differences originated near the southern Andes and Drake passage, although
they did not grow to the amplitude found for the Northern Hemisphere. This is
clearly seen in mean difference maps at T63 (Fig.22) which exhibit a
relatively simple pattern of upstream and downstream propagation in apparent

accord with linear Rossby wave theory.

Very similar results are obtained at T106 (and T42) resolutions, but not T21,

where mean differences tend to develop also near Antarctica. Also of interest
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Fig. 23 Mean errors in the Southern Hemisphere for D+1 and D+2 forecasts by
T63 using a mean orography (southern hemisphere summer cases).
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is the fact that in contrast to the Northern Hemisphere, the short range

(day 1) mean error with the mean orography (Fig.23) shows a structured pattern
which except for the Andes cannot be associated with mountain ranges, and
probably reflects some systematic problems with obsefvations (Hollingsworth et

al. 1985).

In the tropics, a large sensitivity to the envelope has been found in the
lower troposphere for some objective scores (anomaly correlation of 1000 mb
height, absolute correlation of 850 mb wind) but not for standard deviation or
root mean square scores, as is shown in Fig.24 for T106. The difference

increases mostly in the first two days and is then more or less uniform.

Similar results are found at other resolutions (cf Fig.25). Up to day 5
differences are almost systematic and slightly more pronounced at T63.
Further synoptic investigation .is underway and the first results available
have revealed that some aspects of the flow ére indeed better predicted with

an envelope.

Zonal mean distributions of precipitation show no clearly significant
increase, due to the envelope, as in the example shown in Fig.26. Since
August 1983, the spectral model has included a modified 'horizontal' diffusion
of temperature to avoid spurious warming of mountain tops and triggering of
convective precipitation. This combined with the lower (VY2) envelope and
perhaps the use of the spectral technique probably accounts for the absence of
an increase in tropical precipitation of the type reported by Tibaldi (1985).
Examination of actual maps of precipitation accumulated over 10 days does
however reveal a modest increase in the precipitation associated with
mountains both in the tropics and at mid latitudes. This is compensated by a

slight reduction in the surrounding neighbourhoods.
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8. SUMMARY AND DISCUSSION

As part of a more general programme, a series of experiments was performed -in
order to assess the impact of an envelope orography at various horizontal .
resolutions. The initial motivation for having an envelope was based on
diagnostic studies of the initial growth of the mean errors of the model
(Wallace et al, 1983) but it was alsb more intuitively justified by the need
to represent more accurately the low level barrier effect of seme mountain.
ranges. This point has been recently supported by simplified models (e.gs -
Pierrehumbert, 1984; Pierrehumbert and Wyman, 1985; Cullen etval,-1985)r
The results we have obtained are consistent with this theory. In winter the
envelope has been found to be mostly beneficial to the quality of - the
forecasts -at all resolution, when the flow impinges directly on mountain

ranges like the Rockies.

In summer the situation is rather different, with the envelope having a
detrimental effect at T42 and T63 resolutions, but not at T106. - Synoptic
analysis, and some recent experimentation using composite orographies, suggest
that this may be explained by the more northerly position of the jet in summer
This jet interacts with mountains which no longer appear primarily as a
barrier, but rather (as in the case of the islands west of Greenland), more as
isolated peaks. At T63 and T42 resolution the envelope tends to create an
artificial barrier. T106 shows less of a problem since it allows. a better
separation of localized features. - Some problems are also seen in all seasons,
in connection with the envelope representation of the Asian mountains,
corresponding not only to the Tibetan plateau, but also to the other mountain

ranges to the north and north-east.
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In all cases the impact of the envelope has been found to cause local
modifications, which tend to propagate and to amplify (principally on synoptic
scales) following the upper level flqws. A large part of the hemisphere can
be influenced in 7 to 10 days. The largest differences are found to take
their origin and develop in regions of intense activity (strong gradients,
deep lows, etc.). This local amplification and spreading is in part
immediately perceived diagnostically as a modification to the low-wavenumber
components of the flow, and it is evident that care has to be exercised in the

interpretation of such results of spectral analysis.

Furthermore, the short range differences tend to be similar at all resolutions
(including T21) indicating that the effect of the envelope at higher
resolution (T63 and T106) does not come only from the shortest scales. This
result is also consistent with the hypothesis that the important feature is
the enhancement of the local height of the'barrief'presentéd to the flow.
However, our results (particularly in summer up to at least T63 resolution)
also show the 1imitation of such an approach, since it is not desirable to
create a ba;rier effect for all types of mountains (for example isolated
mountains) and since this effect should ideally depend on the direction of the

flowe.

It seems therefore desirable that more sophisticated approaches be
investigated to simulate this dynamical response, in particular for models
with rather low resolution. Such a strategy is not an alternative, but rather
a complement to the parameterizations of gravity wave drag and of subgrid
stress effects due to mountains, which clearly correspond to different

physical processes. However, since all three processes. act to reduce the
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overall westerly flow in middle latitudes, care must be taken during model
development to achieve the correct balance between these mechanisms. There is
an evident danger in tuning one representation to compensation for the

deficiencies (or absence) of another.
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