
Relevance of mountain wave cooling for the formation of polar
stratospheric clouds over Scandinavia:
Mesoscale dynamics and observations for January 1997

Andreas Dörnbrack and Martin Leutbecher
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Abstract. The effect of mesoscale mountain wave–induced temperature anomalies on the
formation potential of polar stratospheric clouds above northern Scandinavia is analyzed
with a one-month mesoscale model integration. The simulation results are contrasted with
synoptic-scale analyses and compared with remote sensing and in situ observations. The
mesoscale mass flux of air parcels with temperatures below the threshold for cloud
formation through a control volume is compared with its synoptic-scale counterpart. A
classification of the synoptic-scale flow into periods of large and small mountain wave
activity in the stratosphere is proposed. The derived classification will be used for a
climatology of stratospheric mountain wave activity above Scandinavia.

1. Motivation

The depletion of the Arctic stratospheric ozone layer is
caused by heterogeneous chlorine activation reactions on par-
ticles of polar stratospheric clouds (PSCs) and by halogen-
catalyzed destruction due to denitrification of the lower strato-
sphere [Carslaw et al., 1999]. PSC particles form below a
threshold temperature which depends on the mixing ratios of
water vapor and nitric acid trihydrate (NAT). The activation of
chlorine at PSC particles is very efficient at low temperatures
and at high cooling rates because of the growth in particle
surface area and the increase of heterogeneous reaction rates
[Peter, 1997].

Synoptically, minimum stratospheric temperatures are ex-
pected to be located close to the center of the polar vortex
because of radiative cooling during the polar night. This be-
havior is predominantly observed over Antarctica. The Arctic
stratosphere, however, is frequently disturbed by planetary
waves, and the polar vortex is deformed and asymmetric. Cur-
rently, the PSC formation potential on the Northern Hemi-
sphere is at best estimated in terms of analyses of global
weather prediction models, e.g., the European Centre for Me-
dium-Range Weather Forecasts (ECMWF) analyses. The Nor-
wegian Institute for Air Research (NILU) provides products
based on T106 L31 (horizontal resolution of 1.1258 3 1.1258
and 31 vertical levels) ECMWF analyses of the recent winters
via internet for the “European ozone community” (available at
http://www.nilu.no/avd/reg-glo/nadir/nadir.html). Climatologi-
cal time series of stratospheric minimum temperatures based
on such or similar data sources, e.g., Pawson et al. [1995] and

National Centers for Environmental Prediction (NCEP) [Coy
et al., 1997], show that the Arctic stratosphere is often too
warm for PSC formation. The Berlin group offers their data-
base of geopotential heights and temperatures in the strato-
sphere via http://strat-www.met.fu-berlin.de; a complete set of
meteorological information of the stratospheric state is avail-
able via the internet site of the NCEP at http://www.ncep.
noaa.gov.

Recent observations and modeling studies give evidence that
the formation of solid PSC particles in the Arctic can be trig-
gered by mesoscale meteorological processes leading to strato-
spheric temperature anomalies [Carslaw et al., 1998a, b]. In
particular, topographically excited gravity waves are able to
propagate up to stratospheric levels. There, the adiabatic cool-
ing of air parcels moving along vertically displaced isentropes
controls mesoscale temperature anomalies and the associated
occurrence of mountain wave–induced PSCs.

Carslaw et al. [1999] have shown that episodes of wave-
induced cooling have major effects on PSC microphysics and
chemistry. Thus the formation of mountain wave–induced
PSCs can lead to an additional ozone depletion over the Arctic
that is not accounted for in global chemical transport models
[Knudsen, 1997; Carslaw et al., 1998a]. Furthermore, the mi-
crophysical interpretation of particular observations as well as
a reliable estimate of the total hemispheric ozone loss require
an understanding about mesoscale stratospheric temperature
anomalies.

Mountain wave–induced PSCs are of smaller spatial extent
(typical horizontal wavelength of '350 km) and of shorter
lifetime (;6 hours) compared to their synoptic-scale counter-
parts. Thus the following questions arise: How relevant are
these clouds for the stratospheric ozone budget? How often do
they occur? How much air is additionally processed in heter-
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ogeneous reactions in mountain wave–induced PSCs related to
synoptic-scale estimates? Here, a one-month mesoscale model
integration is presented to analyze the effect of mountain
wave–induced temperature anomalies on the formation poten-
tial of PSCs and to provide necessary input from mesoscale
dynamics to answer these questions for northern Scandinavia.

Recent papers have shown that mesoscale numerical simu-
lations of flow across mountains represent observed strato-
spheric temperature anomalies for particular cases fairly well
[Dörnbrack et al., 1999; Wirth et al., 1999; Leutbecher and Volk-
ert, 2000]. Mesoscale simulations are able to resolve the oro-
graphic features of the mountain ridges much better than
global models because of the limited area considered in such
studies. This essentially leads to a more realistic spectrum of
horizontal wavenumbers and to greater amplitudes of the oro-
graphically induced gravity waves. Furthermore, a large num-
ber of vertical levels better resolves the vertical wave propa-
gation.

A particular case study is rarely representative for an en-
semble of all possible realizations. On the other hand, me-
soscale modeling even on the fastest supercomputers is too
expensive and too time-consuming to cover the spatial and
temporal range of interest, i.e., the whole Arctic during the
recent winter seasons. In January 1997 several coordinated
European field campaigns (cf. Harris et al. [1998] for prelimi-
nary results of Airborne Polar Expedition–Polar Stratospheric
Clouds, Lee Waves, Chemistry, Aerosols and Transport (APE-
POLECAT), Stratospheric Aerosols and Ozone in the North-
ern and Southern Hemispheres (SAONAS), LEEWAVE, etc.)
took place in northern Scandinavia, aiming inter alia at PSC
observations. Therefore January 1997 was chosen for the one-
month integration of the flow over the Scandinavian mountain
range. This is the longest simulation we can afford at a spatial
resolution sufficient to study the effects of this mountain range.

Obviously, even results of a prolonged, one-month case
study for Scandinavia cannot easily be applied to other years
and other locations. Therefore simple and reliable parameter-
izations of stratospheric temperature anomalies, e.g., based on
linear wave theory [Bacmeister et al., 1994, 1999], are necessary
to investigate the hemispheric influence of mountain wave–
induced PSCs on a climatological scale. These parameteriza-
tions have open parameters that need to be adjusted. The
sparse observational network does not allow this adjustment.
Thus a more reliable link between observations and param-
eterizations is required. It can be provided by the mesoscale
simulation presented in this study.

Here, dynamical criteria of stratospheric mountain wave ac-
tivity are deduced, and this parameterization is compared with
mesoscale model results. In the companion paper these criteria
are employed to estimate the climatological relevance of
mountain wave cooling for PSC formation above Scandinavia
during the recent 20 years [Dörnbrack and Leutbecher, this
issue].

The paper is organized as follows: ECMWF analyses are
utilized to characterize the synoptic-scale stratosphere over
Scandinavia. This data set and details of the mesoscale model
simulation are described in section 2. In section 3, the strato-
spheric minimum temperatures of both data sets are compared
for January 1997. As a first approach to compare simulated
minimum temperatures with observations, time series of PSCs
observed in the lee of the Scandinavian mountains by ground-
based lidar systems are utilized. Second, the model results are
compared with radiosonde data of Sodankylä, Finland. The

question “How much air is additionally processed by hetero-
geneous reactions in mountain wave–induced PSCs?” will be
answered in section 4. Criteria of stratospheric wave activity
are presented in section 5. In section 6, the relationship be-
tween the position of the polar vortex and mountain wave
activity will be discussed. This paper is concluded in section 7
with a summary of the results.

2. Database
Daily ECMWF analyses serve to characterize the synoptic-

scale state of the atmosphere. The 6-hourly data are stored on
a regular latitude-longitude grid with a spatial resolution of
1.1258 and with 31 model levels from the surface to 10 hPa
(T106 L31 model resolution).

The mesoscale fields for January 1997 are calculated with
the nonhydrostatic weather prediction model MM5 [Dudhia,
1993; Grell et al., 1994]. The model domain is centered around
(658N, 158E) with an extension of 2745 km 3 2745 km. A local
grid refinement (nested domain of 1590 km 3 1590 km) covers
Scandinavia almost entirely (Figure 1). The nested domain is
used to resolve most of the spectrum of vertically propagating
gravity waves generated by the orography. The horizontal mesh
size of the outer domain is Dx 5 45 km, and the grid length
of the nested domain amounts to 15 km. Terrain heights on the
15 km grid were obtained by interpolation from a 300 oro-
graphic data set provided by the Geophysical Data Center
(Boulder, Colorado).

The vertical resolution amounts to approximately 0.6 km. In
total, 52 levels are used up to the model top at 10 hPa ('28
km). At the upper boundary a radiation condition avoids the
reflection of vertically propagating gravity waves. Radiative
and moist processes are switched off as the prime concern lies
in the dynamics of mountain waves at upper levels. The initial
conditions and boundary values of the model integration were
prescribed by 12-hourly analyses of the ECMWF with a hori-
zontal resolution of 2.58 in latitude and longitude and 15 levels
between the surface and the 10 hPa pressure level [see Dörn-
brack et al., 1998].

The one-month integration is split into 15 periods, each 60
hours long. The individual simulations start at t init 5 1200 UT
every other day beginning on January 1, 1997. For the analysis,
results from the last 48 hours of every simulation (t init 1 12
hours until t init 1 60 hours) are used. The three-dimensional
data fields are archived every 3 hours, and they are available
for use by other groups. The total integration consumed ap-
proximately 160 CPU days on CRAY J90.

3. Minimum Temperatures and PSC Formation
The synoptic-scale and mesoscale model minimum temper-

atures Tmin at 100, 70, 50, and 30 hPa above Scandinavia for
January 1997 are plotted in Figure 2. Essentially, the time
series of Tmin for this month can be divided into four phases:
A pronounced early cooling until January 3 is followed by a
period of weak temperature oscillations (63 K in 10 days) until
January 15. Afterward, a remarkable cooling takes place with
an absolute temperature minimum around January 21. Finally,
at the end of the month a sudden warming (approximately
equal to 115 K/5 days) terminates the cold interval.

For a given mixing ratio of water vapor and nitric acid, PSCs
form if the local temperature falls below a threshold value
[Hanson and Mauersberger, 1988]. PSCs are classified in two
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main groups: PSCs of type II consist of water ice particles,
form at temperatures ;4 K below the ice frost point Tfrost, and
are identical to the mother-of-pearl clouds; PSCs of type I exist
at higher temperatures and consist of nitric acid trihydrate
(NAT), where TNAT is the existence temperature of type I
PSCs (for a recent discussion of the PSC classification, see
Stein et al. [1999]).

By cursory inspection of Figure 2 the temporal evolution of
the mesoscale Tmin is quite similar to that of the ECMWF
analyses. A detailed comparison reveals that the mesoscale
simulation results reach lower absolute values. During the cold
period, Tmin falls below the frost point Tfrost of water ice (at
the uppermost pressure level, by more than 5 K); synoptic-
scale temperatures never reach the frost point. Furthermore,
mesoscale results support the formation of PSCs (i.e., periods
when Tmin , TNAT or Tmin , Tfrost) for longer times. Even in
periods when the stratosphere tends to become synoptically
warmer, mesoscale processes reduce temperatures by 4–5 K
below the threshold (see period from January 7 till 9 in Figure
2).

In order to quantify the effects of mountain wave cooling in
the stratosphere the difference between the synoptic-scale and
mesoscale minimum temperature Tmin is determined for two
distinct control areas. The first box is located above the “Nor-
wegian Sea,” and the other is located directly above the highest
mountain of northern Scandinavia “Kebnekaise” (678549N,
188309E, see Figure 1). The temperature difference DT 5
DTmin 2 DT# , where DTmin 5 Tmin

MM5 2 Tmin
T106 is the actual

difference between the minimum temperatures at a given time,
takes into account that the area-averaged temperatures T# in
the control areas can be different (DT# 5 T# MM5 2 T# T106 Þ 0).

Upstream of the mountain range the temperature minimum
anomaly DT is close to zero, and only random deviations of
less than 2 K occur (Figure 3a). Large mesoscale temperature
anomalies DT , 0 exclusively appear above and downstream
from the mountain range (Figure 3b). There, absolute values
of DT . 2 K are calculated in periods of stratospheric moun-
tain wave activity (its parameterization is employed in section
5). In these periods the temperature decreases simultaneously
at all stratospheric levels. However, maximum values of DT '
8 K are solely present at the highest stratospheric level of 30
hPa considered here. Three marked periods of maximum DT
exist, namely on January 9–10, 15–16, and 21–22.

Direct observations of mesoscale mountain wave cooling in
the stratosphere are rare and restricted to singular case studies
[e.g., Gary, 1989; Schreiner et al., 1999]. A first step to compare
simulated mesoscale minimum temperatures with measure-
ments is to use records of observed PSCs. Thus their existence
indicates regions of stratospheric temperature below the
threshold values of TNAT and Tfrost. Here, PSC records of two
ground-based lidars at Esrange (67.888N, 21.068E), the Uni-
versity of Bonn backscatter lidar [see Müller et al., 1998] and
the GKSS Raman lidar [Reichardt et al., 1996] are considered
(Plate 1). Because their properties differ in detail (lidar wave-
length; ability to measure under daylight conditions), both
lidars complement one another. Additionally, the ice PSC ob-
servation by airborne lidar on January 9, 1997 [Wirth et al.,
1999], is superimposed on Plate 1.

Plates 1a and 1b summarize the evolution of different PSC
types as observed over Esrange. The PSC types are classified by
the backscatter ratio S (S 5 (baerosol 1 bair)/bair, where b is
the backscatter coefficient at 532 nm in the parallel channel)

Figure 1. Model orography of Scandinavia in the nested computational domain. Contour lines of the terrain
height are every 400 m, starting at 400 m. The boxes designate three control areas, from west to east:
“Norwegian Sea,” “Kebnekaise,” and “Sodankylä,” respectively. Tick marks on the perimeter indicate the grid
spacing of 15 km.
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and the aerosol depolarization d (d 5 b'/bi, where b' is the
aerosol backscatter coefficient for cross polarization and bi is
the aerosol backscatter coefficient for aligned polarization at
532 nm) as proposed by Poole and McCormick [1988] and
Browell et al. [1990]: that is, PSC of type II, large S and d; PSC
of type Ib, small S and negligible d; and PSC of type Ia, small
S and large d. In Plate 1 no information about the magnitude
in terms of S of the individual PSC events is given.

Although the lidar measurements were frequently hindered
because of poor tropospheric transmittivity, the overall tem-
poral coverage of the PSC records is fairly good in January

1997. During the synoptically warm period (Tmin . TNAT)
until January 12, the observed PSCs of type I are exclusively
caused by mesoscale cooling in the stratosphere. Especially,
the ice PSC on January 9 directly above the highest mountains
west of Esrange gives evidence for the localized cooling by
mountain waves [Wirth et al., 1999]. During the synoptically
cold interval (Tmin , TNAT) from January 13 till 23, mountain
wave cooling modulates the stratospheric temperature above
the control area “Kebnekaise” significantly in two periods
around January 16 and 22 (see Figure 3). Only in these periods
were PSCs of type II observed by the ground-based lidars. As

Figure 2. Synoptic-scale versus mesoscale minimum temperatures above Scandinavia as shown in Figure 1
during January 1997. (a) Synoptic-scale minimum temperatures from 6-hourly ECMWF analyses at T106 L31
resolution. (b) Mesoscale minimum temperatures at Dx 5 15 km resolution every time step (30 s). Data are
plotted at 100 (solid lines), 70 (dotted lines), 50 (dashed lines), and 30 hPa (dash-dotted lines). Thin solid
segments in Figure 2b mark the first 12 hours of mesoscale simulations, and thick segments mark the following
48 simulation hours. Shaded areas mark periods where T , TNAT (grey) and T , Tfrost (black). The PSC
formation temperatures TNAT and Tfrost are calculated assuming volume mixing ratios of 5 ppm for water
vapor and 10 ppb for nitric acid trihydrate (NAT) [Hanson and Mauersberger, 1988].
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the synoptic-scale temperature analyses were always above the
frost point, the occurrence of ice PSCs confirms the simulated
mesoscale results that predict mountain wave cooling with
Tmin , Tfrost. At the end of the month no PSCs have been
observed because the sudden stratospheric warming destroyed
the favorable conditions for PSC formation. Thus even large
mesoscale cooling DT cannot lower the temperatures below
the threshold values. Temperature profiles of the Esrange ra-
diosonde on the last 3 days of the month show pronounced
wavelike structures with amplitudes of up to 7 K and confirm
the simulated gravity wave activity.

A direct validation of the simulated stratospheric tempera-
ture field with radiosonde observations during the complete
January 1997 is only possible at Sodankylä (Figure 4); other
stations (Bodø, Andøya, Kiruna) cannot regularly provide data
for altitudes aloft 100 hPa. At Sodankylä, radiosondes are
routinely launched every 12 hours; together with additional
soundings (as backscatter or ozonesondes) there are 65 ascents
in January 1997. Although the number of observations de-
creases with height (21% of all balloons reached levels higher
than 15 hPa in contrast to 83% at 50 hPa), the high–vertical
resolution soundings constitute a valuable data set [see Gaffen,
1994]. Frequently, the radiosonde balloons are advected up to
250 km downstream from Sodankylä because of the strong
tropospheric and stratospheric winds.

For the case studies of January 9 and 22 [Wirth et al., 1999;
Dörnbrack et al., 1999] a close agreement between the simu-
lated and observed stratospheric temperature was attained by
calculating the simulated temperature at the actual trajectory
of the balloon. In order to evaluate the overall model perfor-
mance in January 1999 we compare the observed temperature

values with the simulated extremum temperatures in the vicin-
ity of Sodankylä. This approach emphasizes potential ampli-
tude errors and neglects potential phase errors of the numer-
ical model. The control area “Sodankylä” is suitable as it is just
large enough to cover all trajectories of sondes launched at
Sodankylä. It turns out that most of the observed values fall
into the range between the simulated minimum and maximum
temperatures (Figure 4). In some instances the observed tem-
perature is identical to a simulated extreme value [see Kivi et
al., 1998]. This result suggests that the numerical model neither
grossly overestimates nor underestimates the amplitude of the
waves present over “Sodankylä.”

Large differences between minimum and maximum temper-
ature of up to 20 K inside the control area indicate large
horizontal temperature gradients. Although ;500 km down-
wind of the mountain ridge, these gradients are associated with
hydrostatic mountain waves with horizontal wavelengths larger
than 300 km. These waves are inertia gravity waves. Their
propagation is influenced by the Coriolis force, and they prop-
agate energy at a slant angle [Queney, 1948]. This results in
vertical displacements of isentropic surfaces several hundred
kilometers downstream of the ridge crest [Dörnbrack et al.,
1999].

Summarizing, the simulated stratospheric temperature field
is perturbated by mountain waves with a horizontal wavelength
of l ; 100 km and larger. The comparison with observations
suggests that the amplitude of these perturbations is quite
realistic. The simulated stratospheric fields are used in section
4 to estimate the influence of mesoscale mountain wave activ-
ity on the PSC formation and the consequent processing of air
in heterogeneous reactions.

Figure 3. Temperature minimum anomaly DT 5 DTmin 2 DT# at 100 (solid circles), 70 (open circles), 50
(diamonds), and 30 hPa (triangles). The values of DTmin and DT# are calculated as Tmin

MM5 2 Tmin
T106 and T# MM5 2

T# T106, where the temperatures T# are averages over the individual control areas (a) Norwegian Sea and (b)
Kebnekaise. Periods where the simple parameterization (compose Figure 8) indicates significant mountain
waves in the stratosphere are shaded.
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4. Processing of Air in Heterogeneous Reactions

The previous analysis has shown that minimum tempera-
tures due to mesoscale mountain waves are up to 8 K lower
than the minimum temperatures of synoptic-scale analyses in
the same area. This may lead to the formation of mountain
wave–induced PSCs. However, the relevance of these addi-
tional PSCs to the stratospheric ozone budget remains unclear
as the mountain wave–induced clouds may be small in com-
parison to their synoptic-scale counterparts. In order to quan-

tify the relevance of mountain wave–induced PSCs we now
calculate the amount of air processed by heterogeneous reac-
tions by comparing synoptic-scale analyses on the one hand
and the mesoscale simulation results on the other hand. This
quantifies how much air is being processed because of the
presence of mountain waves, which are well represented in the
mesoscale simulations and almost absent in the synoptic-scale
analyses.

The rate at which heterogeneous reactions transform the
trace constituents relevant to the ozone budget critically de-

Plate 1. Time-altitude plot of PSC observations by lidars at Esrange, Kiruna (67.888N, 21.068E), in January
1997. (a) GKSS Raman lidar. (b) University of Bonn backscatter lidar. Observational periods of each lidar
system are marked by white background. Color coding is as follows: PSC of type II; blue, PSC of type Ib; green,
PSC of type Ia; black, not PSC type Ia, Ib, or II. Additionally, the PSC of type II observed on January 9, 1997,
by the airborne lidar of the DLR Falcon is drawn in red. (c) Temperature difference Tmin

MM5 2 Tfrost at 100 hPa
(solid line), 70 hPa (dotted line), 50 hPa (dashed line), and 30 hPa (dash-dotted line) above control area
Kebnekaise. The dashed line at 7 K refers to Tmin

MM5 2 TNAT 5 0.
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pends on temperature. When the temperature is too high, no
PSC particles form at all. If the temperature is below Tfrost 2
4 K, ice particles grow quickly and provide a large particle
surface area. At such temperatures all chlorine available can
be converted to active compounds on the order of 10 min
[Carslaw et al., 1998a].

This behavior suggests that the microphysics of PSC forma-
tion and the subsequent processing due to heterogeneous re-
actions can be idealized in the form of a temperature-
dependent on/off switch. At temperatures higher than a
threshold temperature T*, no processing, and below T*, com-
plete processing, takes place. A good choice of the threshold
value T* depends on details of the microphysics and the het-
erogeneous reaction rates. We consider several threshold tem-
peratures rather than trying to specify an optimal value. The
values T* 5 TNAT, TNAT 6 2 K, Tfrost, and Tfrost 6 2 K have
been chosen, where TNAT and Tfrost depend on pressure and
assumed volume mixing ratios of 5 ppm for water vapor and 10
ppb for nitric acid trihydrate [Hanson and Mauersberger, 1988].
This range of threshold temperatures is thought to represent
the inaccuracy of the present knowledge of the microphysics as
well as a temperature bias of the synoptic-scale analyses or
variations of the water vapor or nitric acid mixing ratios.

In the following, we consider the processing of air within the
control volume Kebnekaise. Every n hours a set of 2500 tra-
jectories is released at the lateral boundaries of the control
volume at 25 model levels between 85 and 15 hPa. On the basis
of a typical timescale over which the flow changes, we set n 5
12 for the synoptic-scale flow and n 5 3 for the mesoscale
flow. The spacing of the starting locations of the trajectories is
equal to the horizontal and vertical grid spacings Dx and Dz of
the model.

The subset of trajectories entering the control volume at the
initial time t0 is called Z . Each trajectory t [ Z can be
thought of as being associated with a mass flux [rv'DxDz]t ,t0

,
where r is the density and v' is the velocity component normal
to the boundary at the initial time t0 at the starting point of
trajectory t. The entire mass flux into the control volume above
85 hPa and below 15 hPa is then given by

I 5 O
t[Z

@rv'DxDz#t,t0.

Let Z( p)(T*) be the subset of Z of those trajectories that
encounter a temperature below the threshold temperature T*
on their passage through the control volume. Then the mass

Figure 4. Mean (solid lines) and minimum-maximum (dashed lines) model temperatures in control area
Sodankylä at (a) 15, (b) 28, and (c) 50 hPa in January 1997. Solid circles mark measurements by the Sodankylä
radiosonde at the same levels. Thin solid line segments mark the first 12 hours of mesoscale simulations, and
thick segments mark the following 48 simulation hours.
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flux of air which is being processed by heterogeneous reactions
will be given by

I ~ p!~T*! 5 O
t[Z~ p!~T

*
!

@rv'DxDz#t,t0.

In a curved flow a trajectory may leave the control volume and
reenter it later on. However, only those trajectories that are
processed on the first passage through the control volume are
considered because a trajectory reentering the volume is al-
ready represented by another trajectory starting at the location
of the reentrance.

The evolution of the total and the processed mass fluxes in
January 1997 is plotted in Figure 5. The total mass flux in the
layer between 85 and 15 hPa through the control volume Keb-
nekaise ranges from 10 to 20 3 109 kg s21. For westerly flow
this corresponds to a mean wind speed of 14–28 m s21 and, for
northwesterly flow, to 19–38 m s21. The change of the total
mass flux is correlated with the position of the control volume
with respect to the polar vortex. At the edge of the vortex the
mass flux is higher because of the strong westerly polar night
jet whereas in the center of the polar vortex (January 17–19)
the mass flux becomes smaller.

When the synoptic-scale temperature is a little above the
threshold value (T 2 T* , 5 K), mountain waves can induce
increased processing of air. During the period January 3–11
this happens for a threshold value around TNAT. There is no
processing at T , TNAT due to the synoptic-scale flow, but up
to 15 % of the total mass flux is processed on the mesoscale.
The result for a threshold value around Tfrost is even more
pronounced. During the entire January 1997 no synoptic-scale
processing at T , Tfrost occurs in the control volume. How-

ever, the mass flux of air processed on the mesoscale reaches
up to 20% of the total flux. This is due to the large-amplitude
mountain wave event on January 21–22.

The mass flux of processed air proves to be quite sensitive to
the threshold value T*. For instance, on January 6–7, 1997,
the mass flux I( p)(T*) increases from 7 to 46% of I when the
threshold value T* 5 TNAT is increased by 2 K. The sensitivity
at T* ' Tfrost during the event on January 21–22 is somewhat
weaker but still large. At the maximum of processing, I( p)

varies from 13 to 35% for T* ranging from Tfrost 2 2 K to
Tfrost 1 2 K.

Data such as DT and I( p)(T*)/I of the one-month me-
soscale integration of January 1997 can be used to test param-
eterizations of mountain wave cooling. As mentioned in sec-
tion 1, these parameterizations are currently the only means to
estimate the effect of mountain waves on the hemispheric
ozone budget in the stratosphere. In section 5, dynamical cri-
teria for stratospheric mountain wave activity are presented.
This is a step to build a simple parameterization of strato-
spheric mountain wave cooling that is employed in the com-
panion paper to obtain a climatology [Dörnbrack and Leut-
becher, this issue].

5. Criteria for Stratospheric Mountain
Wave Activity

Early observations of mother-of-pearl clouds in northern
Scandinavia reveal a strong correlation between their appear-
ance during the polar night and deep surface pressure lows
passing the Norwegian Sea toward the northeast [Mohn, 1893;
Störmer, 1931, 1934]. For example, Dietrichs [1950] analyzed

Figure 6. Schematic sketch of criteria C1 (VH . V*), C2
(3008 2 Da* , aH , 3008 1 Da*), and C3 (da( p) 5
aH( p) 2 aH , Da*, p 5 500, 300, 100, 50 hPa), where
VH and aH are the horizontal wind speed and direction at 900
hPa, of the simple mountain wave parameterization. The ridge
orientation corresponds to that of the Scandinavian mountain
range.

Figure 5. Mass flux in the layer between 85 and 15 hPa
through the control volume Kebnekaise. (top) Total mass flux
from mesoscale simulations (solid lines) and from ECMWF
analyses (dotted line with solid circles). Mass flux of air pro-
cessed by heterogeneous reactions: ECMWF analyses T* 5
TNAT (dotted line with diamonds), mesoscale model T* 5
TNAT 6 2 K (light grey shading), and mesoscale model T* 5
Tfrost 6 2 K (dark grey shading). (bottom) Relative mass fluxes
related to the total mass fluxes and coded as above.
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systematically 96 observations from a 60 year period. He con-
cluded that in more than 75% of all records the low-level wind
speed on the upstream side was high and the wind direction
was west-northwest. Furthermore, he classified mother-of-
pearl clouds as mountain clouds; that is, they can be considered
as the stratospheric relatives of lenticularis clouds frequently
observed simultaneously in the troposphere.

The aim of this section is to deduce simple dynamical crite-
ria to determine when significant gravity waves are forced by
airflow over the Scandinavian mountain range and when they
influence the stratospheric flow. For this purpose, we consider
the flow over an elongated mountain range and assume that
the air is stably stratified throughout the troposphere and
stratosphere (Figure 6). For a given terrain height the magni-
tude of the velocity component perpendicular to the mountain
ridge determines how much energy is transferred to vertical
oscillations. Therefore we assume criteria C1 and C2 as fol-
lows:

1. According to criterion 1 (C1) the horizontal wind speed
VH at 900 hPa must be larger than a threshold value V*:

VH . V*.

2. According to criterion 2 (C2) the wind direction aH at
900 hPa should not deviate more than Da* from the normal of
the mountain ridge (for Scandinavia 3008, see Figure 6):

3008 2 Da* , aH , 3008 1 Da*.

For small values of Da* and large V* the preceding conditions
assure a significant forcing of mountain waves. The next crite-
rion, C3, demands that the propagating mountain waves trans-
port most of their energy to stratospheric levels without con-
siderable loss, e.g., by wave absorption at critical levels [cf.
Whiteway and Duck, 1996; Dörnbrack, 1998].

3. According to criterion 3 (C3) the upper level winds do

Figure 7. Area-averaged synoptic-scale horizontal wind speed VH and wind direction aH in control area
Kebnekaise during January 1997. (a) Magnitude of the horizontal wind vector VH at 900 (solid circles), 300
(diamonds), and 100 hPa (triangles). (b) Wind direction aH at 900 (solid line with circles) and 850 hPa
(dashed line with circles). The shaded area marks the segment where the wind is nearly normal to the
mountain crest. (c) Wind direction aH at 500 (circles), 300 (diamonds), 100 (triangles), and 50 hPa (squares).
Averages are taken from 6-hourly ECMWF T106 L31 analyses.
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Plate 2. Synoptic-scale evolution of the stratosphere above Scandinavia in January 1997. ECMWF-analyzed
temperature (in kelvins; shaded), horizontal wind vectors (barbs, in m s21), and potential vorticity (in 1026

km2 s21 kg21) on the 550 K potential temperature surface at 1200 UT on January 4, 9, 14, 18, 22, and 26, 1997
(Plates 2a–2f, respectively), are shown.
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not turn more than Da* from the wind direction at 900 hPa
(see Figure 6):

da~ p! 5 aH~ p! 2 aH~900 hPa! , Da*

p 5 500, 300, 100, 50 hPa.

When all three criteria are satisfied, significant mountain
waves are expected at stratospheric levels. In this way, the
stratospheric mountain wave activity can be qualitatively pa-
rameterized by just two quantities (V* and Da*), the threshold
value for the low-level wind speed V* and the maximum wind
turning Da*. Note that Da* appears in different context: as the
maximum possible deviation of the low-level wind direction
from the normal of the mountain ridge (C2) and as the max-
imum wind turning from the low-level wind direction (C3). In
this paper, the threshold values will be set to V* 5 10 m s21

and Da* 5 458. The impact of stronger constraints (larger V*,
smaller Da*) on the stratospheric mountain wave activity is
considered in the companion paper [Dörnbrack and Leut-
becher, this issue].

Here, we apply the above criteria to a database of 6-hourly
T106 L31 ECMWF synoptic-scale analyses of January 1997,
whereby the horizontal wind speed VH and the wind direction
aH are area averages on a surface of constant pressure over the
control area Kebnekaise at a given time.

The temporal evolution of VH and aH for January 1997 is
shown in Figure 7. For more than 58% of the time the low-
level wind speed is larger than V*. Maximum values occur
during the stormy period January 21–22 (in gusts, more than
25 m s21 were recorded; archived weather information, e.g.,
from the University of Tromsø, Norway, is available via
internet at http://www.cs.uit.no/cgi-bin/weather). Most of
the time, the low-level wind direction is nearly perpendicu-
lar to the mountain ridge. Frequently, the wind direction at
stratospheric levels does not deviate largely from aH (900
hPa).

Applying criteria C1, C2, and C3 to the synoptic-scale data
as shown in Figure 7, a classification of synoptic-scale flow into
periods of large and small stratospheric mountain wave activity
(“bar code”) can be generated (Figure 8). The last line of this
code marks periods of stratospheric wave activity and can be
thought of as a simple mountain wave parameterization. Fig-
ure 8 suggests good conditions for mountain wave excitation
and propagation in at least three periods in January 1997: from

January 9 till 11, from January 13 till 16, and from January 20
till 22. These periods coincide well with times when the mini-
mum temperature anomaly DT is maximum (the shaded back-
ground in Figure 3). Thus it is confirmed that strong temper-
ature deviations above Kebnekaise are caused by mesoscale
gravity wave activity forced by the Scandinavian mountains.

Obviously, the criteria C1–C3 do not quantify the amplitude
of the temperature perturbation as a function of height. If one
wants to parameterize the mesoscale minimum temperature
anomaly DT quantitatively, the Froude number ^ 5 U/Nh
(U and N are the mean upstream wind speed and the buoyancy
frequency of the low-level flow, respectively, and h is the
mountain crest height) as well as the change of wind speed and
thermal stability as a function of height must be taken into
account.

6. Discussion:
Position of the Stratospheric Polar Vortex

Generally, the evolution of the Arctic stratospheric winter
1996–1997 was unique: The polar vortex formed late in De-
cember 1996 and dissipated not before April 1997 [Coy et al.,
1997]. This long duration led to anomalously low ozone values
above the Northern Hemisphere [Newman et al., 1997]. For
this study, the period January 1997 was chosen because alter-
nating cooling and warming events reflect essential features of
polar vortex dynamics during most of the winter seasons. In
this section, we discuss the relationship between regions of
cold stratospheric air, the position of the polar vortex above
northern Scandinavia, and stratospheric mountain wave activ-
ity.

Plate 2 shows the synoptic-scale temperature distribution,
horizontal wind, and potential vorticity deduced from EC-
MWF analyses on the 550 K isentropic surface for six selected
times starting on January 4, 1997, 1200 UT. Figure 9 depicts
the mean potential vorticity Q# T106 at 475 and 550 K averaged

Figure 8. Classification indicating periods of significant
mountain wave activity in the stratosphere. The criteria C1, C2,
and C3 indicate periods when VH (900 hPa) . 10 m s21 (C1),
when 2558 , aH (900 hPa) , 3458 (C2), and when the
directional shear between the wind direction at 900 hPa and
every level of 500, 300, 100, and 50 hPa is less than 458. In the
last row, periods of stratospheric wave activity are marked
when all conditions C1, C2, and C3 are satisfied simulta-
neously.

Figure 9. (top) Relative difference DQ 5 (Qmax
T106 2 Qmin

T106)/
Q# T106 at 475 (solid line) and 550 K (dashed line) above north-
ern Scandinavia inside the box with corner coordinates (38,
308) E and (54.258, 718) N. Data are from T106 ECMWF
analyses. The shaded background areas indicate periods of
stratospheric wave activity derived from the bar code in Figure
8. (bottom) Mean potential vorticity Q# T106 for both levels.
Minimum and maximum values of Q in that area limit the
shaded area. The edge of the polar vortex is indicated by
typical values of 32 and 70 3 1026 km2 s21 kg21 for both levels,
respectively. Vertical arrows point at dates for which horizon-
tal sections are plotted in Plate 2.
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over the area of Scandinavia as shown in Figure 1. As maxi-
mum potential vorticity is always found at the northern bound-
ary of the domain during January 1997, the normalized differ-
ence between the maximum and minimum value DQ 5 (Qmax

T106

2 Qmin
T106)/Q# T106 measures the north-south gradient of poten-

tial vorticity in that area (Figure 9).
At the beginning of the month the polar vortex encloses cold

air and expands southward resulting in increasing potential
vorticity (see Figure 9) and decreasing temperature (see Figure
2) above northern Scandinavia. On January 4 (Plate 2a) the
edge of the polar vortex (in Plate 2 fixed as a potential vorticity
belt of 70 6 5 3 1026 Km2 s21 kg21; see Dameris et al. [1995])
reached its southernmost extension. Afterward, the vortex
moves northward until January 8–9 (Plate 2b). During the
preceding and the following few days, northern Scandinavia is
under the influence of the vortex edge. In the following period
(Plates 2c and 2d) the vortex core and the associated cold air
spread southward again and cover northern Scandinavia en-
tirely on January 18. On this day, maximum values of Q# T106

(Figure 9) and a minimum mass flux (Figure 5) are achieved. It
is interesting to note that during this period of low mountain
wave activity (Figure 8) and minimum synoptic-scale temper-
atures at the 50 and 30 hPa levels (Figure 2) a PSC of type Ib
was observed on January 19 (Plate 1) that is indicative for
synoptic-scale cooling below the condensation temperature of
supercooled ternary solution within the polar vortex [see
Mehrtens and Reichardt, 1998].

The characteristic feature of the following evolution is a
stationary cold region located above northern Scandinavia
whereas the polar vortex returns northward. Therefore the
core of the polar vortex becomes displaced from the cold air
(see January 22, Plate 2e). This particular state of stratospheric
flow is terminated by a sudden warming whereby the Arctic
vortex disappeared off the domain in just 4 days (see January
26, Plate 2f).

Lidar measurements during the recent Arctic winters at Eu-
reka (808N, 868W) by Whiteway et al. [1997] give evidence that
maximum stratospheric wave activity is strongly correlated with
a westerly jet at the edge of the polar vortex. Here, periods
without stratospheric mountain wave activity (e.g., January 3–5
and 17–20) are characterized by large Q# T106 values and by
small DQ (Figure 9). During these phases, northern Scandi-
navia is located beneath the center of the Arctic polar vortex.
In contrast, periods of stratospheric wave activity are associ-
ated with smaller Q# T106 values but with large tendencies. Fur-
thermore, large values of DQ indicate the edge of the polar
vortex with marked north-south gradients of potential vorticity.

Before and after the interval of maximum Q# T106 (January
17–20), mountain wave–induced ice PSCs were observed by
lidars at Esrange (Plate 2). In both periods a state of the
stratospheric flow evolved, wherein at the inner edge of the
polar vortex, high westerly winds and cold synoptic-scale tem-
peratures coincided. Simultaneously, strong low-level winds
excited gravity waves, which propagated without any significant
absorption up to stratospheric levels, i.e., optimum conditions
for extra mountain wave cooling. A similar pattern evolved in
the well-documented period around January 9 [Dörnbrack et
al., 1998; Wirth et al., 1999].

7. Summary
The results of this paper can be summarized as follows:
1. Conditions for significant mountain wave influence on

the stratospheric temperature field are deduced and expressed
as criteria C1, C2, and C3 in section 5. Periods of stratospheric
mountain wave activity according to C1, C2, and C3 are diag-
nosed if strong low-level winds are nearly perpendicular to the
mountain ridge while the wind direction does not turn signif-
icantly with height. These conditions agree with historic obser-
vations of orographically induced PSCs by Störmer [1931, 1934]
and more recent measurements by Whiteway and Duck [1999],
who found enhanced stratospheric gravity wave activity under
conditions of small directional shear and large wind speed at
the ground and above. Enhanced wave activity results in me-
soscale stratospheric temperature anomalies of up to DT ' 8
K with respect to synoptic-scale conditions. Mesoscale temper-
ature anomalies are located directly above as well as up to 500
km downstream of the Scandinavian mountain range (section
3).

2. Simulated mesoscale temperatures agree very well with
radiosonde observations at different stratospheric levels for
the entire January 1997 (section 3). Even the record minimum
temperature of 294.58C on January 22, 1997, is well repre-
sented by the numerical model [see also Dörnbrack et al., 1999].
Large horizontal temperature differences of up to 20 K inside
an area of 450 km 3 450 km are the result of hydrostatic
mountain waves and are not resolved in global circulation
models. The insufficient spatial resolution of such models on
the one side and the sparse stratospheric observations of DT
on the other side usually underestimate the influence of moun-
tain wave–induced temperature anomalies on the PSC forma-
tion. Mesoscale modeling provides a reliable data set resolving
the mountain wave signature on the meso-b-scale of atmo-
spheric motion [Orlanski, 1975].

3. Mesoscale minimum temperatures associated with
mountain wave activity reach lower values for longer times
compared with their synoptic-scale counterparts. Hence moun-
tain waves considerably enlarge the potential for forming ice
PSC particles. In January 1997, synoptic-scale temperature
never fell below the frost point Tfrost; however, mesoscale
temperatures fell as low as that in three periods.

4. Microphysical calculations need reliable estimates of the
additional amount of air that is actually processed by hetero-
geneous reactions due to mesoscale activity. This issue has
been investigated by using trajectory analyses and calculating
the associated mass flux in a control volume above the highest
mountains. For periods when there is no processing due to the
synoptic-scale flow (i.e., T . TNAT), up to 20% of the total
mass flux can be processed on the mesoscale.

5. In accordance with recent lidar observations [Whiteway
et al., 1997] we found marked stratospheric temperature fluc-
tuations correlated with the position of the edge of the Arctic
polar vortex over northern Scandinavia. The largest mesoscale
temperature anomalies are found when synoptically cold air is
displaced from the center of the vortex and is influenced by the
polar night jet, i.e., near the inner edge of the polar vortex
(section 6).

In order to study the ozone budget of the Northern Hemi-
sphere it is currently not possible to run a mesoscale model at
horizontal resolutions of 15 km for entire winters. Therefore it
seems likely that parameterizations remain the only means to
estimate the effect of mountain waves on the hemispheric
ozone budget [e.g., Carslaw et al., 1999; Bacmeister et al., 1999].
Such parameterizations need to be designed carefully to yield
realistic wave amplitudes and realistic volumes affected by a
wave-induced temperature anomaly. Otherwise the mass flux

DÖRNBRACK ET AL.: RELEVANCE OF MOUNTAIN WAVE COOLING1580



of air processed by heterogeneous reactions will be grossly
incorrect.

A way of designing a reliable parameterization would be to
compare it to the mass flux data presented in this study. In such
a test the parameterization should attempt to resolve the same
spectrum of orographic gravity waves. This could be done by
using a similar orography. In such a setup the parameterization
should yield similar values of the mass flux of processed air for
a range of threshold values in the vicinity of the synoptic-scale
temperature.
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Dietrichs, H., Über die Entstehung der Perlmutterwolken, Meteorol.
Rundsch., 3, 208–213, 1950.

Dörnbrack, A., Turbulent mixing by breaking gravity waves, J. Fluid
Mech., 375, 113–144, 1998.

Dörnbrack, A., M. Leutbecher, H. Volkert, and M. Wirth, Mesoscale
forecasts of stratospheric mountain waves, Meteorol. Appl., 5, 117–
126, 1998.

Dörnbrack, A., M. Leutbecher, R. Kivi, and E. Kyrö, Mountain wave
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