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Abstract
Orographic features affect the atmospheric circulation not only locally but also globally. In this paper, the
latter is quantified in terms of the global relative angular momentum in a series of numerical experiments
using the Portable University Model of the Atmosphere (PUMA). Two effects of an orographic barrier on the
atmospheric relative angular momentum are identified. On the one hand, an orographic barrier acts to break
the zonal symmetry of the circulation. Because of the symmetry breaking, the energy inputed is stored not
only in the time-mean part, but also in the time-varying part of the zonal flow, leading to a reduction in the
mean and an enhancement in the variance of the relative angular momentum. On the other hand, orographic
features lead also to changes in the eddy momentum fluxes, which are necessary to balance the mountain
torque. These eddy fluxes induce an increase of global relative angular momentum through a strengthening
and an equatorward shift of the zonal flow. The second effect prevents a further decrease in the global relative
angular momentum with an increase in the height of the barrier.

Zusammenfassung
Die Orographie der Erdoberfläche hat sowohl regionale als auch globale Auswirkung auf die atmosphärische
Zirkulation. In dieser Arbeit wird die letztere, unter Betrachtung des globalen relativen Drehimpulses, anhand
von numerischen Experimenten mit dem PUMA Modell untersucht. Zwei Effekte werden identifiziert. Zum
einen verursacht ein Hindernis eine Unterbrechung der zonalen Symmetrie. Dadurch wird die der PUMA-
Atmosphäre zugefügte Energie nicht nur in dem mittleren, sondern auch in dem zeitlich variierenden Zonal-
strom gespeichert, was zu einer Reduzierung des Mittelwerts und gleichzeitig zu einer Zunahme in der Vari-
anz des globalen relativen Drehimpulses führt. Zum anderen ruft ein HindernisÄnderung im Eddyimpulsfluss
hervor, die notwendig ist, um das Gebirgsmoment auszugleichen. Eine solche Änderung führt zu einer Zu-
nahme des mittleren relativen Drehimpulses der Atmosphäre durch eine Verstärkung und eine Verlagerung
des Zonalstroms äquatorwärts. Der zweite Effekt verhindert ein weitere Abnahme des relativen Drehimpulses
bei einer Erhöhung des Hindernisses.

1 Introduction

The general circulation of the atmosphere, characterized
by strong zonal flows (super rotation) and eddies em-
bedded in them, is forced by the differential heating be-
tween poles and equator and affected by external factors
such as the rotation rate of the earth and boundary con-
ditions including the orography. To understand how the
main features of the general circulation come about, the
responses of the general circulation to changes in the
main forcing factors have been studied by varying the
strength of the forcing factors. For instance, the effect
of the earth’s rotation rate on the general circulation is
studied by varying the earth’s rotation rate in a numeri-
cal model (HIDE, 1977; HUNT, 1979a, 1979b; DEL GE-
NIO and SUOZZO, 1987; NAVARRA and BOCCALETTI,
2002). The effect of the differential heating was first
studied using the laboratory experiments by FULTZ et al.
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(1959) and has been reexamined using an atmospheric
GCM by STENZEL and VON STORCH (2004). Different
circulation regimes, characterized by different values of
the axial component of the global relative angular mo-
mentum, are found when varying the strength of the dif-
ferential forcing. These regimes resemble those obtained
by varying the earth’s rotation rate, although the reasons
for the circulation changes are different.

One question, which belongs to the class of problems
considered by the previous studies, is what is the effect
of the orography on the general circulation. Different
to the differential heating and the earth’s rotation rate,
whose influence is expected to be global, orography is
often considered as a local forcing factor. For instance,
a recent study (SCHNEIDER, 2000) using the same at-
mospheric model considered here deals with the effect
of the orography on the interactions between two ide-
alized stormtracks, whereby leaving the impact of the
orography on the general circulation characterized by
global indices, such as the global atmospheric angular
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momentum (AAM), unconsidered. The most prominent
study concerning the effect of topography may be the
work by CHARNEY and DEVORE (1979) who consid-
ered the non-linear interactions with topography as a
cause for the emergence of multiple flow equilibria as-
sociated with blocking. Despite of conceptual value of
their work, the model they have used is too simple to
deal with the effect of orography on the global features
of the general circulation.

This paper aims to understand the impact of a merid-
ionally oriented barrier on the global circulation charac-
terized by the axial component of the relative AAM,Mr.
Mr is defined by

Mr =
∫
V

ρu acos(ϕ) dV (1.1)

where
∫
V dV indicates the global volume integral, u is

the zonal velocity, a is the earth’s radius and ρ is the
density of air. In the absence of extraterrestrial influ-
ence, the balance equation of the vertically integrated
and zonally and temporally averaged absolute angular
momentum reads, in the sigma coordinates,

1
g

∫ 1

0

∂
∂ t

[psma] dσ = 0 (1.2)

= − 1
gacosϕ

∫ 1

0

∂
∂ϕ

F (ϕ)cosϕ dσ
︸ ︷︷ ︸

A

−a
g
cosϕ [psFλ ]

︸ ︷︷ ︸
B

−
[
ps

∂h
∂λ

]

︸ ︷︷ ︸
C

,

wherema = (Ωacosϕ +u)acosϕ is the absolute angular
momentum per unit mass, and

F (ϕ)= a2 cos2(ϕ)Ω[psv]+acosϕ
(
[u psv]+ [u′(psv)

′ ]
)

(1.3)
is the meridional flux of absolute angular momentum.
Fλ is the zonal component of the divergence of the stress
tensor, h the elevation of the earth’s surface, ps surface
pressure and v the meridional velocity. Following the no-
tation of PEIXOTO and OORT (1992), the zonal average
of a variable x is denoted by [x], the time mean by x, the
deviations from x by x′. Eq. (1.1) states that under the
stationary condition, the vertically integrated divergence
of the angular momentum flux F (ϕ) (term A) must bal-
ance the zonally averaged friction (term B) and moun-
tain torques (term C). Eq. (1.1) will be used to analyze
the changes in the angular momentum budget induced
by orographic features.

It will be shown that an orographic barrier not only
produces large disturbances in the immediate neighbor-
hood of the barrier, it also changes the global relative
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Figure 1: The global relative angular momentum in the three ex-

periments with orography, ORO1500 (blue), ORO3000 (red), RE-

ALORO (green), and the reference-run without orography (black).

AAM in a non-linear manner. Section 2 describes the ex-
periments performed to isolate these effects. The results
of the experiments are analyzed in the light of angular
momentum budget in section 3. A summary is given in
the final section.

Table 1:Means and standard deviations of the global relative atmo-
spheric angular momentum, Mr , in the reference run and the three

experiments with different orographic features.

experiment mean standard deviation
(1026 kg m2/s) (1024 kg m2/s)

reference 1.88 2.3
ORO1500 1.81 3.02
ORO3000 1.84 3.00
REALORO 1.78 3.01

2 PUMA experiments

The effect of a meridionally oriented orographic bar-
rier is studied using the Portable University Model of
the Atmosphere (PUMA) developed at the university of
Hamburg (FRAEDRICH et al., 1998). The hydrodynam-
ics of the model are essentially identical to the ECHAM
model (ROECKNER et al., 1996), but the diabatic and
dissipation processes are described by much simpler
parametrisations than those in the ECHAM model. The
processes in the boundary layer are parametrized by
Rayleigh friction in the equations of vorticity and di-
vergence in the lowest model layer. The diabatic pro-
cesses are parametrized by a relaxation toward a pre-
scribed radiative equilibrium temperature field. A stan-
dard version of PUMA uses a radiative equilibrium tem-
perature field which corresponds to the equinox condi-
tion and has an equator-pole difference of 60 K. Such a
version, implemented at the T21 resolution using 5 ver-
tical layers without orography, will be used to obtain a
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Figure 2: Differences in the time-mean 300 hPa zonal velocity (experiment minus reference) in ms−1 between a) experiment ORO1500
and the reference run, and b) experiment ORO3000 and the reference run. The black contours mark the lines equal surface geopotential for

a) experiment ORO1500 and b) experiment ORO3000. The intervals between two isolines is 1338 m2s−1 for a) and 2675 m2s−1 for b).

0 1000 2000 3000 4000
Days after model start

1,020×10
28

1,025×10
28

1,030×10
28

1,035×10
28

1,040×10
28

O
m

eg
a 

A
A

M
 [k

g 
m

2 s-1
]

ORO1500
ORO3000
REALORO
Reference

Figure 3: The global omega angular momentum in the three exper-

iments, ORO1500 (blue), ORO3000 (red), REALORO (green), and

the reference-run (black).

reference run. As shown by FRAEDRICH et al. (1998),
the atmosphere simulated by this version of PUMA cap-
tures realistic features of the synoptic eddies.

To study the effect of orography on the global circu-
lation, a meridionally oriented orographic barrier is built
into the model. The structure of the barrier is given by

z(ϕ ,λ ) = Z exp

(
−

[
(ϕ −ϕ0)2

b2
+

(λ −λ0)2

c2

])
(2.1)

which was used by SCHNEIDER (2000). ϕ and λ de-
note the latitude and longitude. z(ϕ ,λ ) has a two-
dimensional Gaussian distribution with the maximum
being located at (ϕ0,λ0) = (45◦N,180◦) and the expo-
nential decay rate being (b,c) = (11.5◦,28.125◦). With
these constants one obtains an orographic barrier whose
latitudinal extent is larger than the longitudinal extent
(see contour lines in Fig. 2). The height of the barrier,
Z, is set to 1500 meter in the first and 3000 meter in the
second experiment. The two experiments are hereafter
referred to ORO1500 and ORO3000, respectively.

For the comparison, a third experiment (experiment
REALORO) using realistic topography is carried out.
The topography is obtained by interpolating the Terrain
Base1 data onto the model grid with the T21 resolution
and five vertical layers. As a result of the interpolation,
the topography used is flatter than that in the real world.

The standard version of PUMA without orography
and the PUMA with orography given in Eq. (2.1) with
two different heights and with the realistic orography are
integrated each for 10 years. These four runs will be an-
alyzed in the next section.

3 The effect of orography on the global
relative AAM

a) The primary effect

When introducing orography into the system, two
changes in the global relative AAM are found. The first
one concerns the mean value of Mr. Fig. 1 shows the
daily time series ofMr, calculated according to Eq. (1.1)
using data from the reference run (black), and the ex-
periments ORO1500, ORO3000 and REALORO (blue,
red and green), respectively. Mr obtained from the ref-
erence run tends to be larger than those obtained from
ORO3000, ORO1500 and REALORO. This tendency is
further confirmed by the mean values ofMr given in Tab.
1. A reduction in the mean value of Mr is found in all
three orography experiments, even though the magni-
tudes differ from experiment to experiment. Also shown
in Tab. 1 are the standard deviations of Mr. The differ-
ences between any two means are larger or compara-
ble to the typical values of one standard deviation, in-
dicating the statistical significance of the differences.
Physically, a difference of about 1025 kg m2/s, as found
between experiment REALORO and the reference run,
corresponds to a change in the length of the day of about

1NOAA, National Geophysical Data Center
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Figure 4: Differences in the time-mean sea level pressure (experiment minus reference) in Pa between a) experiment ORO1500 and the
reference run, and b) experiment ORO3000 and the reference run. The black contours mark the lines equal surface geopotential for a)

experiment ORO1500 and b) experiment ORO3000. The intervals between two isolines is 1338 m2s−1 for a) and 2675 m2s−1 for b).

0.17 ms, which is about 20% of the observed change
induced by the annual cycle. The atmosphere rotates
slower with orography than without orography.

A consideration of the time-averaged zonal wind at
300 hPa shows that the smaller values ofMr results from
the breaking of zonal symmetry, rather than an overall
decrease in zonal winds. When differences in the zonal
velocity between experiments and the reference run are
calculated (Fig. 2), one finds that the largest wind max-
ima are located downstream of the orographic features.
The strict zonal symmetry of the zonal wind in the ref-
erence run (not shown) disappears in the experiments.

The second change concerns the variability. Relative
to the reference run, Mr in the experiments with orog-
raphy has a much larger variance (Tab. 1). The variance
of Mr is proportional to the mean kinetic energy of the
time-varying part of the zonal flow. Thus, an increase in
variance suggests an enhancement of the kinetic energy
in the time-varying part of the zonal flow. In the pres-
ence of orography, the energy inputed into the PUMA-
atmosphere is not only stored in the time-mean zonal
flow, but also in the time-varying zonal flow.

Although the present paper concentrates on the rela-
tive angular momentum, the omega angular momentum
(the part of the absolute angular momentum that is re-
lated to the atmospheric mass) is also considered for the
sake of completeness. The omega angular momentum
is strongly reduced in the presence of orographic fea-
tures (Fig. 3). The reduction in experiment ORO3000 is
stronger than that in experiment ORO1500. The largest
reduction is found when the realistic topography is im-
plemented. Fig. 4 shows the difference in the mean sea
level pressure between experiment ORO1500 and the
reference run (top) and between ORO3000 and the ref-
erence run (bottom). The most striking feature is the in-
crease of pressure at the northern high latitudes and the
decrease of pressure in the tropics and the subtropics, in-
dicating a polward shift of mass. It is this shift of mass

that leads to the decrease of the omega angular momen-
tum. Despite of its large impact on the absolute value
of the angular momentum, the polward mass shift is not
directly responsible for the changes in the relative an-
gular momentum shown in Fig. 1 and will therefore not
be considered further. As will be discussed in section 3b,
only the stripes of positive and negative pressure anoma-
lies at midlatitudes between 30–60oN are dynamically
relevant for the change in the relative angular momen-
tum.

To conclude, the primary effect of orography on the
relative angular momentum is the symmetry breaking.
Associated with this symmetry breaking is a decrease
in the mean of Mr accompanied by an increase in the
variance of Mr.

b) The effect involving the eddy-mean-flow
interaction

If the symmetry breaking is the only effect induced by
an orographic barrier, one would expect that the higher
the orographic barrier, the larger is the reduction in the
mean of Mr. This is however not the case. According to
Tab. 1 the mean value ofMr in ORO3000 is larger, rather
than smaller than that in ORO1500.

To understand why a higher orographic barrier leads
to an increase rather than a decrease of Mr, the bal-
ance of the vertically integrated and zonally averaged
angular momentum in the experiments and the refer-
ence run is analyzed. The contribution of the merid-
ional mass transport [psv] to the angular momentum flux
F (ϕ) in Eq. (1.3) vanishes if there is no accumulation
of mass at latitude ϕ over time. This condition is hard to
meet by a GCM. It is not exactly fulfilled in the PUMA
model (STENZEL, 2004) nor in many other atmospheric
GCMs (KEITH, 1995). Nonetheless, there is, at least in
the PUMA model, no accumulation of the error in the
mass imbalance over time (STENZEL, 2004). This sug-
gests that one may leave out the contribution of mass
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Figure 5: Angular momentum balance, given in Hadleys (1 Hadley

= 1018 kg m2s−2) for a) the reference run, b) experiment ORO1500,
c) ORO3000 and d) REALORO. The latitudinal profiles of the three

terms in Eq. (1.1), the divergence of angular momentum flux (term

A), the friction torque (term B) and the mountain torque (termC), are

plotted in black, red and blue respectively.

to F when considering the time-mean balance, even
when this contribution does not vanish. Fig. 5 shows the
meridional profiles of the three terms on the right hand
side of Eq. (1.1). Term A does not include the contri-
bution from [psv]. The vertical line marks 45◦N where
the center of the orographic barrier in ORO1500 and
ORO3000 is located. Overall, the three terms A, B andC
in Eq. (1.1) balance each other at each latitude.

Consider first the change in the angular momentum
balance induced by a low barrier by comparing the an-
gular momentum balances obtained from the reference
run and experiment ORO1500. In the reference run with
no orography, the term C in Eq. (1.1) is zero. The verti-
cally integrated divergence of F (term A) balances the
friction torque (term B). The maximum of the vertical in-
tegral of the divergence of F is located at about 50◦. In
experiment ORO1500, the orographic barrier centered at
45◦ induces a negative mountain torque with the maxi-
mum at essentially the same latitude as the barrier. This
torque is balanced by a change in the meridional gradi-
ent of vertically integrated and zonally averaged angular
momentum fluxF . The result is an equatorward shift of
the center of the maximum divergence of F from 50◦N
in the reference run (black curve in Fig. 5a) to about
46◦N in experiment ORO1500 (black curve in Fig. 5b).

According to Eq. (1.3), F contains contributions
from the time-mean flow, u psv, and the transients,
u′(psv)

′ . A further examination of eddy fields in the
reference run and experiment ORO1500 suggests that
the contribution from transients dominates the change
in the divergence of F . Fig. 6a shows the standard de-
viation of the 500-hPa geopotential height in experi-
ment ORO1500 relative to that in the reference run. The
dipole with large negative values north of the large posi-
tive values at about 45◦N suggests that the synoptic vari-
ability is shifted southward and enhanced at about 45◦N
in experiment ORO1500 relative to that in the reference
run. It is this change in eddy activities which leads to a
change in the divergence of eddy momentum flux and
from that to the change in the divergence of vertical in-
tegrated and zonally averaged angular momentum flux
shown in Fig. 5b.

The divergence of the eddy momentum flux in turn
acts as a forcing for the zonal-mean flow (see e.g.
KAROLY, 1990; HARTMANN and LO, 1998). This forc-
ing changes the zonal-mean zonal flow in two ways.
First, the zonal-mean zonal winds are strengthened at
the center of the divergence of F . These winds are
geostrophically balanced by the pressure anomalies at
midlatitudes shown in Fig. 4a. The positive anomalies
near 60◦N and the negative ones at about 40◦N produces
the required pressure gradient. Secondly the location of
the zonal-mean zonal wind is shifted equatorward, rela-
tive to its position in the reference run, implying an in-
crease in the distance of the zonal flow to the rotation
axis. Both changes lead to an increase in Mr. In other
words, the change in the transients induced by the oro-
graphic barrier acts to increase the global relative AAM.

The above described changes in the global relative
AAM in experiment ORO1500 is further enhanced in
experiment ORO3000 with a higher orographic bar-
rier. Compared with experiment ORO1500, the moun-
tain torque is enhanced and has its maximum further



392 O.J. Stenzel & J.-S. von Storch: The effect of orography Meteorol. Z., 14, 2005

 

45 90 135 180 −135 −90 −45

45 90 135 180 −135 −90 −45
−

60
−

30
0

30
60

−
60

−
30

0
30

60

   
 −

6.
66

7

   
 −

6.
00

0

   
 −

5.
33

3

   
 −

4.
66

7

   
 −

4.
00

0

   
 −

3.
33

3

   
 −

2.
66

7

   
 −

2.
00

0

   
 −

1.
33

3

   
−0

.6
66

7

   
  0

.0
00

   
 0

.6
66

7

   
  1

.3
33

   
  2

.0
00

   
  2

.6
67

   
  3

.3
33

   
  4

.0
00

   
  4

.6
67

   
  5

.3
33

   
  6

.0
00

   
  6

.6
67

   
  1

.0
 g

pm

a)

 

45 90 135 180 −135 −90 −45

45 90 135 180 −135 −90 −45

−
60

−
30

0
30

60

−
60

−
30

0
30

60

   
 −

6.
66

7

   
 −

6.
00

0

   
 −

5.
33

3

   
 −

4.
66

7

   
 −

4.
00

0

   
 −

3.
33

3

   
 −

2.
66

7

   
 −

2.
00

0

   
 −

1.
33

3

   
−0

.6
66

7

   
  0

.0
00

   
 0

.6
66

7

   
  1

.3
33

   
  2

.0
00

   
  2

.6
67

   
  3

.3
33

   
  4

.0
00

   
  4

.6
67

   
  5

.3
33

   
  6

.0
00

   
  6

.6
67

   
  1

.0
 g

pm

b)
Figure 6:Differences of the standard deviation of 2-to-6 day bandpass-filtered geopotential height at 500 hPa (experiment minus reference)
in gpm between a) experiment ORO1500 and the reference run, and b) experiment ORO3000 and the reference run. The black contours

mark the lines equal surface geopotential for a) experiment ORO1500 and b) experiment ORO3000. The intervals between two isolines is

1338 m2s−1 for a) and 2675 m2s−1 for b).

equatorward (blue line in Fig. 5c). This change in moun-
tain torque is related to a trough downstream of the
orographic barrier (Fig. 4) which is not only much
more pronounced but also extends further equatorward
relative to that in experiment ORO1500. The result-
ing mountain torque is balanced by a divergence of
F (black curve in Fig. 5c) whose maximum is lo-
cated further equatorward relative to that in experiment
ORO1500. The divergence of F induces an eddy forc-
ing that enhances zonal-mean zonal wind and shifts the
zonal wind further equatorward and hence further away
from the rotation axis relative to that in experiment
ORO1500. The result is an even stronger increase in Mr
in ORO3000 than in ORO1500.

The angular momentum balance in experiment RE-
ALORO is also shown to illustrate that the PUMA im-
plemented with a realistic orography is able to produce
a mountain torque resemble that derived from the ob-
servation (PEIXOTO and OORT 1992). Consistent with
the torque shown by PEIXOTO and OORT, the mountain
torque in the bottom panel in Fig. 5 shows positive val-
ues in the tropics and subtropics and negative ones at
mid-latitudes, in particular in the Northern Hemisphere.

4 Conclusions

The effect of an orographic barrier on the global circu-
lation is quantified by the axial component of the global
relative angular momentum, Mr. The primary effect is a
breaking of zonal symmetry by the orographic barrier.
Such a breaking allows more energy to be stored in the
time-varying part of the zonal flow and leads therefore
to a circulation which is characterized by a smaller mean
value of Mr relative to the case without orographic fea-
tures.

In addition to the breaking of zonal symmetry, there
is a second effect which leads to an increase in the mean

value of Mr. An orographic barrier induces generally
a non-zero mountain torque. This torque is essentially
balanced by a change in the divergence of the angular
momentum flux. Associated with such a change is an
eddy forcing that enhances the zonal-mean zonal winds
and shifts the zonal-mean zonal winds equatorward and
hence further far away from the rotation axis. As a result,
one finds an increase in the mean value of Mr.

The effect associated with the eddy-mean-flow inter-
action is further strengthened when the height of the oro-
graphic barrier is increased. Thus, when the zonal sym-
metric flow is perturbed by an orographic barrier of dif-
ferent height in experiments ORO1500 and ORO3000,
one finds generally a decrease in the mean value of Mr
due the symmetry breaking effect. However, as the ef-
fect associated with the eddy-mean-flow interaction is
stronger in the presence of a higher orographic barrier,
the decrease in the mean of Mr is smaller in experiment
ORO3000 than in experiment ORO1500.

Apart from the effects on the relative AAM, oro-
graphic barriers produces also a polward shift of mass,
leading a striking decrease of omega angular momen-
tum. This feature is not directly responsible for the
changes in the relative angular momentum. Further in-
vestigations are required to clarify whether or not the
mass shift is a specific feature of the PUMA model, and
if not, what is the physical mechanism responsible for
the shift.
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