
Formation and Maintenance Mechanisms of the Stable Layer over the Po Valley
during MAP IOP-8

ALLISON M. HOGGARTH, HEATHER DAWN REEVES, AND YUH-LANG LIN

Department of Marine, Earth, and Atmospheric Sciences, North Carolina State University, Raleigh, North Carolina

(Manuscript received 11 October 2005, in final form 24 February 2006)

ABSTRACT

During intensive observation period 8 (IOP-8) of the Mesoscale Alpine Program, a strong stable layer
formed over Italy’s Po Valley and the northern Ligurian Sea. This stable layer has been shown in previous
research to be important for the formation of convection over the Ligurian Sea and the lack thereof over
the Po Valley and southern slopes of the Alps. The purpose of this study is to investigate the mechanisms
that acted to form and maintain the stable layer during IOP-8. This aim is accomplished through inspection
of observed data as well as numerical simulations and sensitivity experiments. Observations and reanalysis
data show that starting on 17 October 1999, a relatively cool, stable air mass was advected around the
eastern side of the Alps into the lower atmosphere of the Po Valley. Both observational data and model
output show this air mass as being blocked as it encountered the western Alps, thus resulting in an
accumulation of cool, stable air at low levels in the Po Valley during the ensuing 60 h. When southerly flow
approached northern Italy beginning on 20 October 1999, both the western Alps and the northern Alps
appeared to help retain the low-level, cool, stable air over the Po Valley. A trajectory and sounding analysis
shows that warmer, less stable air originating from over the southern Mediterranean Sea was advected atop
the low-lying stable layer within the Po Valley. It is hypothesized that this differential advection, as well as
blocking by the western and northern flanks of the Alps, were responsible for the longevity of the stable
layer. A series of numerical simulations and sensitivity experiments were performed to test the above
hypotheses. These tests support the hypotheses. Other mechanisms were also considered, including blocking
of solar radiation by clouds, friction, and evaporative cooling. These simulations revealed that all three
processes were critical for the longevity of the stable layer and point to the importance of accurate model
representation of subgrid-scale processes.

1. Introduction

To develop a better understanding of flow modifica-
tion by the Alps, the Mesoscale Alpine Program
(MAP) was launched in the fall of 1999 with one of the
main goals being to improve our understanding of the
dynamical and physical processes that control precipi-
tation over complex topography. One of the MAP in-
tensive observation periods (IOPs) that has received
much attention is IOP-8 (20–21 October 1999). Both
the Swiss Model and the Mesoscale Compressible Com-
munity (MC2) model forecast moderate-to-heavy pre-
cipitation accumulations to occur (greater than 100
mm) over the Lago Maggiore Target Area (LMTA;
Fig. 1) on 21 October 1999 (Bousquet and Smull 2003).

Indeed, IOP-8 was characterized by many ingredients
common to heavy orographic precipitation events (Lin
et al. 2005), including an impeded, preexisting convec-
tive system and strong low-level jet that advected rela-
tively moist, convectively unstable air toward the
mountain range. However, the observed precipitation
amounts for IOP-8 were much less than anticipated,
with maximum values averaging between 30 and 50 mm
across the LMTA. Well south of the target area, over
the Po Valley and Ligurian Sea, precipitation was
heavier with rain rates exceeding 80 mm in 24 h
(Bousquet and Smull 2003). This convective develop-
ment was not anticipated by the forecast models
(Bousquet and Smull 2003).

IOP-8 departed from typical cases of heavy oro-
graphic precipitation in that there was significant cold
air damming over the Po Valley that extended south-
ward over the northern Ligurian Sea (Medina and
Houze 2003; Rotunno and Ferretti 2003; Bousquet and
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Smull 2003; Lin et al. 2005). This stable layer, which
initially started to form on 17 October 1999 and per-
sisted throughout the duration of IOP-8, has been
shown to have a profound effect on the flow fields and
precipitation distribution during IOP-8. For example,
Lin et al. (2005) noted that lifting along the leading
edge of the stable layer was sufficient to trigger con-
vection over the Ligurian Sea. Reeves and Lin (2006)
showed that the strength and horizontal extent of the
stable layer was incorrectly forecast by the MC2 model
(see their Fig. 4). Smull et al. (2001) suggested that the
incorrect forecast in precipitation for IOP-8 was due to
this underestimation of the depth and extension of the
blocked flow. Reeves and Lin (2006) showed through
their idealized simulations that as the strength of the
inversion over the Po Valley and upstream of the Ap-
ennines is increased, the location of maximum convec-
tion is shifted southward.

Despite its apparent influence on the flow fields and
precipitation distribution, the factors contributing to
the formation, maintenance, and demise of the stable
layer during IOP-8 have received relatively little atten-
tion from the scientific community. Understanding of
the mechanisms important for the longevity of the
stable layer and how these mechanisms affect precipi-
tation distribution has relevance not only for the south-
ern Mediterranean region, but for other regions as well.
For example, Grossman and Durran (1984) noted that

blocking upstream of the Western Ghats in India can
affect the formation of offshore convective systems.
Houze and Medina (2005) and Medina et al. (2005)
noted the importance of orographic blocking in the for-
mation of shear-induced convection upstream of the
Cascade Mountains in Oregon as well as upstream of
the Alps. Neiman et al. (2002) demonstrated that block-
ing upstream of the coastal mountains in California can
also have a profound impact on the formation of con-
vection. Finally, Kusunoki et al. (2004) showed that
blocking along the central mountain range of Japan can
alter the precipitation field.

The main focus of this research is to determine what
forcings caused the stable layer during IOP-8 to de-
velop, to persist for such an extended period of time,
and to finally erode. Herein, we also investigate how
the precipitation distribution during IOP-8 was affected
by these different forcings. This paper is organized as
follows. In section 2, the evolution of pertinent synoptic
and mesoscale flow features is presented. Section 3 pro-
vides the model description and experiment design.
Section 4 examines the formation and maintenance
mechanisms of the stable layer over the Po Valley
through numerical sensitivity experiments. The conclu-
sions are discussed in section 5.

2. Synopsis of the IOP-8 environment

Figure 2 shows the evolution of sea level pres-
sure, 925-hPa equivalent potential temperature �e, and
winds from 1200 UTC 17 October to 1200 UTC 21
October 1999. These analyses are taken from the 40-yr
European Centre for Medium-Range Weather Fore-
casts (ECMWF) Re-Analysis (ERA-40) 0.5° data. Note
that there are wind barbs and �e values contoured over
the orography where the 925-hPa surface intersects the
orography. This is an artifact of the software program
used to make the figure [General Environmental Me-
teorological Package (GEMPAK; Koch et al. 1983)],
which assumes a standard atmospheric lapse rate and
constant winds for pressure surfaces that intersect ter-
rain. This is the case for all subsequent figures pre-
sented in this paper as well.

At 1200 UTC 17 October (Fig. 2a), a high pressure
center was positioned over northeastern Europe that
advected low-�e air into the Po Valley. By 1200 UTC 18
October (Fig. 2b), the low-�e air had spread across the
Po Valley, all the way to the western Alps. Low-�e air
continued to accumulate along the western Alps during
the following 48 h (Fig. 2c). Although it is not apparent
in Figs. 2b and 2c given the resolution of the reanalysis
data, the more detailed analyses presented in Medina
and Houze (2003; see their Figs. 4b and 5b) show that

FIG. 1. Alps topography (m; shaded as in legend) showing the
sounding locations of Milan, Cagliari, and Ancona. The LMTA is
also indicated.
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along the western Alps, the winds were northerly, in-
dicative of blocking by this portion of the range. Me-
dina and Houze (2003), Rotunno and Ferretti (2003),
Bousquet and Smull (2003), and Lin et al. (2005) have
all suggested that orographic blocking by the western
Alps acted to form and help maintain the stable layer.
By 1200 UTC 20 October (Fig. 2c), the high pressure
center over northeastern Europe had shifted eastward
so that higher-�e air originating from over the Adriatic
Sea was advected toward the northern Alps. As this
southerly airstream encountered the northern Alps, it
appeared to be blocked and deflected westward into
the Po Valley (see Fig. 5b of Medina and Houze 2003).
This apparent deflection of the higher-�e, southerly
flow continued throughout the following 24 h so that by
1200 UTC 21 October (Fig. 2d), there was only a small
pocket of low-�e air remaining along the western Alps.
Another feature of note in Fig. 2 is the U-shaped bend
of the isobars in the Po Valley. This ridging is similar to

that observed in cases of cold air damming along the
Appalachian Mountains (Bell and Bosart 1988).

Soundings taken at Milan, Italy, from 0000 UTC 18
October through 0600 UTC 22 October (see Fig. 1 for
location) are shown in Fig. 3. At 0000 UTC 18 October
(Fig. 3a), the wind barbs show that from the surface to
about 800 hPa, the flow was easterly. This lowest 200-
hPa layer was capped by a near-neutral layer that ex-
tended up to about 680 hPa. At 0000 UTC 20 October
(Fig. 3b), the low-level flow was, again, from the east.
There was a weak inversion capping this lowest layer of
air, extending from about 880 to 720 hPa. Note that the
temperatures in the lowest 100 hPa decreased an aver-
age of 4.5 K during this 48-h period. By 0000 UTC 21
October (Fig. 3c), the capping inversion had strength-
ened. This increase appears to be primarily due to the
advection of warm air from the south over the stable
layer. Note that between 0000 UTC 20 October and
0000 UTC 21 October, the temperatures between 800

FIG. 2. The ERA-40 0.5° reanalysis data showing mean sea level pressure (hPa; contoured), 925-hPa �e (K; shaded as in legend) and
925-hPa wind barbs (one-half barb is 5 m s�1) at (a) 1200 UTC 17 Oct, (b) 1200 UTC 18 Oct, (c) 1200 UTC 20 Oct, and (d) 1200 UTC
21 Oct. The 1-km terrain height is given by the thick contours. The thick dashed square denotes the region plotted in Fig. 7.
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and 700 hPa increased about 5 K. This same phenom-
ena was noted by Lin et al. (2005), who postulated that
the differential advection of the warm air mass to the
south over the cooler air mass in the Po Valley was
responsible for the longevity of the stable layer, a

mechanism consistent with that presented in Wolyn and
McKee (1989). The fact that there was warm air advec-
tion above about 800 hPa allowed for the stable layer to
persist until 0000 UTC 22 October (not shown). By
0600 UTC 22 October (Fig. 3d), it was mostly eroded.

FIG. 3. Observed soundings from Milan at (a) 0000 UTC 18 Oct, (b) 0000 UTC 20 Oct, (c) 0000 UTC
21 Oct, and (d) 0600 UTC 22 Oct. Temperature is given by the solid lines and dewpoint temperature by
the dashed lines. Wind speed and direction are denoted by the wind barbs to the right of each panel. One
full barb is 10 m s�1.

FIG. 4. The observed 24-h accumulated precipitation (mm; shaded as in legend) beginning at (a) 0600 UTC 20
Oct and (b) 0600 UTC 21 Oct.
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This erosion appears to be due to heating of the lowest
150 hPa, or so. In Fig. 3d, the temperatures in the low-
est 100 hPa were an average of 5 K warmer than in
Fig. 3c.

Bell and Bosart (1988) and Fritsch et al. (1992) ar-
gued that in cases of Appalachian cold air damming,
diabatic effects including latent cooling and the block-
ing of solar radiation by clouds can be important main-
tenance mechanisms for cold air damming episodes.
This notion was introduced as a possible mechanism for
the maintenance of the stable layer during IOP-8 by
Bousquet and Smull (2003) and Steiner et al. (2003).
Inspection of the Milan soundings (Figs. 3b and 3c)
shows that there was a slight cooling (about 1 K) and
moistening (about 0.8 g kg�1) beneath the inversion
between 0000 UTC 20 October and 0000 UTC 21 Oc-
tober. Additionally, an examination of the 24-h accu-
mulated precipitation for 20 and 21 October (Fig. 4)
shows there was precipitation across the Po Valley dur-
ing this period.

Inspection of the visible satellite imagery (Fig. 5)

FIG. 5. Visible satellite imagery at (a) 1200 UTC 17 Oct, (b) 1200 UTC 18 Oct, (c) 1200
UTC 21 Oct, and (d) 1200 UTC 22 Oct.

FIG. 6. Domains used in the MM5 simulations.

3340 M O N T H L Y W E A T H E R R E V I E W VOLUME 134



shows that clouds began to form over the Po Valley at
1200 UTC 17 October (Fig. 5a) just as the stable layer
was beginning to form. This cloud cover persisted over
the Po Valley for the next 96 h as is demonstrated in
Figs. 5b and 5c, which show the satellite imagery for
1200 UTC 18 October and 1200 UTC 21 October, re-
spectively. By 1200 UTC 22 October (Fig. 5d), the
cloud cover over the Po Valley had mostly dissipated.
The fact that stable-layer formation and demise oc-
curred concurrent with the formation and dissipation of
clouds indicates that differential solar heating may have
been responsible for the stable layer, or at least acted to
enhance it.

To more definitively pinpoint the physical processes
responsible for the formation, maintenance, and ero-
sion of the stable layer, numerical sensitivity tests were
employed.

3. Numerical simulation of IOP-8

a. Model description and experiment design

The numerical simulations were performed using
version 3.6 of the fifth-generation Pennsylvania State
University–National Center for Atmospheric Research
(PSU–NCAR) Mesoscale Model (MM5; Dudhia 1993;
Grell et al. 1994). This mesoscale model is nonhydro-
static and based on terrain-following sigma vertical co-
ordinates. Two nested domains, with two-way interac-
tion, were used for the simulations (Fig. 6). Domain 1
used 45-km grid spacing with 91 � 85 grid points in the
horizontal and a terrain resolution of 19 km. Domain 2
used a 15-km grid spacing with 121 � 121 grid points
and a 4-km terrain resolution. Forty-five unevenly
spaced full-sigma levels were used in the vertical with
the maximum resolution in the boundary layer. The

FIG. 7. MM5 CTRL-simulated 925-hPa �e (K; shaded as in legend) and wind barbs (one-half barb is 5 m s�1) at (a) 1200 UTC 17 Oct,
(b) 1200 UTC 18 Oct, (c) 1200 UTC 20 Oct, and (d) 1200 UTC 21 Oct. The 1-km terrain height is given by the thick contours.
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time steps for domains 1 and 2 were 90 and 30 s, re-
spectively. Data from ERA-40, which have a resolution
of 2.5° � 2.5° latitude–longitude, were used to initialize
the model and update the boundary conditions every
6 h. The model was initialized at 0000 UTC 17 October,
with domain 2 initialized 6 h after domain 1, and inte-
grated until 1200 UTC 22 October. The Betts–Miller
(Betts and Miller 1993) cumulus parameterization
scheme was used for domain 1, while domain 2 used
the Grell (1993) cumulus parameterization scheme. For
the microphysical parameterization scheme, the God-
dard Lin–Farley–Orville scheme (Lin et al. 1983; Tao
and Simpson 1993) was chosen and the Blackadar
(1979) scheme was selected for the boundary layer pa-
rameterization. Output from domain 2 will be used in
all subsequent figures and discussions unless otherwise
noted.

b. Analysis of the control simulation

We first present a control simulation (CTRL) with all
physical processes activated and actual orography
present. This simulation was designed to capture the
important flow features of IOP-8.

Figure 7 shows the CTRL-simulated 925-hPa �e and
wind fields from 1200 UTC 17 October to 1200 UTC 21
October. As in the ECMWF reanalysis data (Fig. 2a),
low-�e air associated with a high pressure region over
northeastern Europe was advected into the Po Valley
beginning at 1200 UTC 17 October (Fig. 7a). By 1200
UTC 18 October (Fig. 7b), this low-�e air mass had
encountered the western Alps. The wind barbs in Fig.
6b show this air mass as being deflected to the south,
around the western Alps. At 1200 UTC 20 October
(Fig. 7c), the high pressure region over northeastern
Europe had shifted toward the east (not shown) so that
the flow entering the Po Valley originated over the
Adriatic Sea. By 1200 UTC 21 October (Fig. 7d), the
cold dome was mostly eroded and only a small pocket
of low-�e air remained along the western Alps. Al-
though it is not shown in Fig. 7, the movement and
maximum pressure in the high pressure area of north-
eastern Europe were well reproduced in the CTRL
simulation. However, the �e values within this high
pressure region were moderately lower (between 2 and
3 K) than in the reanalysis data (not shown).

The model was generally able to reproduce the stable

FIG. 8. CTRL soundings from Milan at (a) 0000 UTC 18 Oct, (b) 0000 UTC 20 Oct, (c) 0000
UTC 21 Oct, and (d) 0000 UTC 22 Oct. Temperature is given by the solid lines and dewpoint
temperature by the dashed lines. Wind speed and direction are denoted by the wind barbs to
the right of each panel. One full barb is 10 m s�1.
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layer depth, as seen in the simulated soundings from
Milan in Fig. 8. At 0000 UTC 18 October (Fig. 8a),
there was easterly flow in about the lowest 200 hPa.
There was a near-neutral layer of air, similar to the
observations (Fig. 3a) between about 900 and 750 hPa.
Consistent with that shown in Fig. 7, the advection of
cooler air across the Po Valley resulted in low-level
temperatures at Milan that were about 2 K lower (Fig.
8b) than those observed (Fig. 3b) at 0000 UTC 20 Oc-
tober. Between 0000 UTC 20 October and 0000 UTC
21 October, the CTRL simulation experienced satura-
tion of the lowest levels (Fig. 8c). The inversion height
at 0000 UTC 21 October (Fig. 8c) compares well to the
observed inversion height (Fig. 3c) as does the wind
speed and direction both above and below the inver-
sion. Also in Fig. 8c, a warmer, less stable air mass was
positioned atop the cooler, more stable air in the sur-

face layer, evidence of differential advection. Figure 8d
shows that the stable layer had mostly eroded by
0600 UTC 22 October, consistent with the observations
(Fig. 3d).

The CTRL-simulated 24-h accumulated precipitation
for 20 and 21 October is shown in Fig. 9. Comparison of
this figure to the observed precipitation accumulations
(Fig. 4) shows generally good agreement on the loca-
tions of maximum precipitation. As was noted in Lin et
al. (2005), there was a precipitation maximum of be-
tween 90 and 110 mm located northwest of Corsica,
France, on 21 October (Fig. 9b). This maximum was
positioned along the leading edge of the stable layer
and appears to be associated with mechanical lifting
of the incident, warm airstream by the cold dome. Fig-
ure 10 shows the CTRL-simulated cloud cover from
1200 UTC 17 October to 1200 UTC 21 October. Ac-

FIG. 9. CTRL-simulated 24-h accumulated precipitation (mm; shaded as in legend) on (a) 20 and (b) 21 Oct 1999.

FIG. 10. CTRL-simulated cloud cover (derived from model output cloud-top temperatures) at (a) 1200 UTC
17 Oct and (b) 1200 UTC 22 Oct.
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cording to this figure, the Po Valley was mostly free of
cloud cover on 1200 UTC 17 October (Fig. 10a), but
there was a large baroclinic leaf just west of the Po
Valley that moved over the Po Valley during the
following 24 h (Fig. 10b) and remained over the Po
Valley until 0600 UTC 22 October (not shown). As in
the observations, by 1200 UTC 22 October (Fig. 10b),
the baroclinic leaf had moved eastward, past the Po
Valley and the skies over the Po Valley were mostly
clear.

Based on the comparison of the CTRL-simulated
output (Figs. 7, 8, 9, and 10) with the ECMWF reanaly-
sis fields and observations (Figs. 2, 3, 4, and 5), it ap-

pears the CTRL simulation reasonably reproduced the
stable layer development across the Po Valley as well as
other relevant flow features and will, therefore, be used
for further investigation.

4. Formation and maintenance mechanisms

a. Blocking by the western Alps

The wind vectors in Fig. 7 indicate the western Alps
blocked the impinging easterly flow between 1200 UTC
17 October and 0000 UTC 20 October. Figure 11 shows
a backward trajectory of an air parcel ending at 0000
UTC 19 October at 950 hPa over the Ligurian Sea. This
figure indicates that air parcels incident to the western
Alps were blocked by the western Alps and deflected to
the south. To more rigorously test the effects of block-
ing by the western Alps on stable layer development, a
simulation was performed in which the western Alps
were removed, while keeping everything else identical
to the CTRL simulation. The modified terrain for this
simulation can be viewed in Fig. 12. This simulation is
referred to as the NOWA simulation.

Figure 12 shows the NOWA-simulated 925-hPa �e

and wind fields. Until 0000 UTC 18 October, the agree-
ment between the CTRL and NOWA simulations was
very good (not shown). However, as there was no bar-
rier in its path to deflect it toward the Ligurian Sea, the
low-�e air continued to flow through northern Italy and
into eastern France with the lowest-�e air remaining
along the northern Alps (Fig. 12a). Southerly flow de-
veloped over Italy at 1200 UTC 20 October in the
NOWA simulation (not shown) as in the CTRL simu-
lation. This southerly flow was deflected toward the
west as it impinged on the northern Alps, flushing the

FIG. 11. CTRL-simulated backward air parcel trajectory starting
at 1200 UTC 17 Oct and ending 0000 UTC 19 Oct at 950 hPa.

FIG. 12. NOWA-simulated 925-hPa �e (K; shaded as in legend) and wind barbs (one-half barb is 5 m s�1) at (a)
1200 UTC 18 Oct and (b) 1200 UTC 21 Oct. The 1-km terrain height is given by the thick contours.
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low-�e air mass out of the Po Valley by 1200 UTC 21
October (Fig. 12b).

Figure 13a, which shows the NOWA-simulated Mi-
lan sounding at 1200 UTC 21 October, reveals that the
thermodynamic profile in the Po Valley was nearly
moist neutral throughout most of the troposphere and
the low-level flow was from the southeast. In fact, this
sounding is similar to Milan soundings from IOP-2b
(Rotunno and Ferretti 2003) and the 1996 Brig flood
(Rotunno and Ferretti 2001). Expectedly, the sounding-
derived temperature advection (Fig. 13b) shows there
was warm air advection toward the mountains through-
out the lowest 300 hPa of the troposphere, a common
ingredient for heavy orographic precipitation (Lin et al.
2001). Figure 14 shows the NOWA-simulated accumu-
lated precipitation on 21 October. Note that in this
figure there was a precipitation maximum in excess of
90 mm located in the LMTA. Also note that the maxi-
mum that was located northwest of Corsica in the
CTRL simulation (Fig. 9b) was not present in the
NOWA precipitation field. This supports the argu-
ments of Lin et al. (2005) and Reeves and Lin (2006),
that lifting along the leading edge of the stable layer
acted to trigger convection over the Ligurian Sea dur-
ing IOP-8.

b. Effects of differential advection

Figure 15 shows backward trajectories of parcels end-
ing at 1200 UTC 21 October at Milan both above the
stable layer at 750 hPa (trajectory 1 in Fig. 15a) and
below the stable layer at 950 hPa (trajectory 2 in Fig.
15a) for the CTRL simulation. Note that the parcel
ending above the stable layer originated over the south-
ern Mediterranean Sea while that ending below the in-

version originated over the Italian peninsula. Notice
that the lower parcel was apparently blocked by the
northern Alps and deflected to the west. A comparison
of soundings from these source regions (Fig. 15b) indi-
cates that the thermodynamic profile over the Mediter-
ranean Sea was both warmer and less stable than that
over the Italian peninsula. The temperature advection
at Milan at 1200 UTC 21 October (Fig. 15c) indicates
that below about 900 hPa there was cold air advection,
while above, there was warm air advection, consistent
with the differential advection mechanism proposed by

FIG. 14. NOWA-simulated 24-h accumulated precipitation (mm;
shaded as in legend) on 21 Oct 1999.

FIG. 13. NOWA-simulated (a) sounding (one full barb is 10 m s�1) and (b) vertical profile
of temperature advection (�10�4 K s�1) at Milan at 0000 UTC 21 Oct.
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Lin et al. (2005). Figure 15d shows the CTRL-simulated
Milan sounding at 1200 UTC 21 October. There was
still a strong inversion at this time located at about
800 hPa.

One might suppose that, if the Alps had not blocked
the airstream approaching northern Italy from over the
Adriatic Sea, then the longevity of the stable layer and
the precipitation distribution would be quite different.
This notion was tested in a simulation in which the
northern Alps were removed (Fig. 16), while keeping
everything else identical to the CTRL simulation. This
simulation is referred to as the NONA simulation.

Figure 16 shows the NONA-simulated 925-hPa �e

and wind fields. At 1200 UTC 18 October (Fig. 16a),
the flow was easterly across northern Italy. Low-�e air
was advected toward the western Alps and a low-�e

pool of air was developing adjacent to the western Alps
consistent with that in the CTRL simulation (Fig. 7b).

Throughout 19 October (not shown), low-�e air contin-
ued to be advected toward the Po Valley, leading to
further buildup of the cold dome along the western
Alps. By 1200 UTC 20 October (Fig. 16b), the flow
entering the Po Valley had shifted so that it was from
the south. This higher-�e airstream advected the low-�e

air out of the Po Valley. This is apparent through com-
parison of Figs. 16b and 7c. Notice that the �e values in
the Po Valley for the CTRL simulation (Fig. 7c) were
between 5 and 10 K cooler than those in the NONA
simulation. By 0000 UTC 21 October (not shown), most
of the low-�e air was advected out of Italy in the NONA
simulation, with the exception of a small pocket of 300–
305-K temperatures that still remained along the west-
ern Alps. During the next 12 h (Fig. 16c), this pocket of
low-�e air was completely advected out of the region of
interest. Because the cool, stable layer still formed
over the Po Valley, it appears that the northern Alps

FIG. 15. CTRL output showing (a) backward trajectory analyses taken at 750 hPa (trajec-
tory 1) and 950 hPa (trajectory 2) from Milan between 1200 UTC 21 Oct and 1200 UTC 21
Oct, (b) CTRL-simulated soundings taken from Pratica di Mare at 0600 UTC 21 Oct and
Ancona [see (a) for locations] at 0000 UTC 21 Oct, (c) CTRL-simulated vertical profile of
temperature advection (�10�4 K s�1) at Milan at 0000 UTC 21 Oct, and (d) CTRL-simulated
Milan sounding at 1200 UTC 21 Oct.
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were not responsible for stable-layer formation during
IOP-8. However, as will be demonstrated below, block-
ing by the northern Alps did contribute to the mainte-
nance of the stable layer.

The advection of the low-�e air out of the Po Valley,
as noted in Fig. 16c, is also evident in the NONA-
simulated Milan sounding at 1200 UTC 21 October
(Fig. 17a) in which there is no inversion. This sounding
is very similar to the 1200 UTC 21 October sounding
from the NOWA simulation (Fig. 13a) in which the
temperature profile was nearly moist neutral and the
low-level flow was from the southeast. As a result, rela-
tively warm air was advected into all layers above the
Po Valley (Fig. 17b).

The 24-h accumulated precipitation for the NONA
simulation on 21 October is shown in Fig. 18. The only
heavy precipitation that occurred within the southern
Alpine region during this period was along the southern
slopes of the western Alps and Ligurian Apennines,
where the incoming south-southeasterly flow ap-
proached the terrain at a nearly perpendicular angle
and experienced vigorous vertical motion.

Comparing the results of the CTRL and NONA
simulations, it appears that the northern Alps played a
significant role in the stable-layer maintenance by act-
ing to retain the low-�e air over northern Italy at earlier
times and by blocking the relatively stable airstream
impinging from over the Adriatic Sea at later times. As
a result, the warm southerly flow approaching north-
western Italy from over the southern Mediterranean
Sea was forced to ride up and over the cool pool of air,
leading to the advection of warm, less stable air atop
the cooler and more stable air mass in the Po Valley.
This differential advection in the CTRL simulation ap-
peared to help maintain the stable layer.

c. Effects of latent cooling

To test the effects of latent cooling on stable-layer
formation and maintenance, a simulation was per-
formed that was identical to the CTRL simulation ex-
cept with the thermal effects of melting and evapora-
tion suppressed. This simulation is referred to as the
NOEM simulation. Without latent cooling, low-�e air
was still advected across northern Italy from the east,
blocked by the western Alps, and deflected toward the
south between 1200 UTC 17 October and 0000 UTC 20
October. This is demonstrated in Fig. 19a, which shows
the NOEM-simulated 925-hPa �e and wind fields. A
comparison of this figure to Fig. 7 shows fair agree-
ment in the �e values as well as the horizontal extent of
the cold pool. At 1200 UTC 21 October (Fig. 19b),
there was a pool of low-�e air positioned next to the

FIG. 16. NONA-simulated 925-hPa �e (K; shaded as in legend)
and wind barbs (one-half barb is 5 m s�1) at (a) 1200 UTC 18 Oct,
(b) 1200 UTC 20 Oct, and (c) 1200 UTC 21 Oct. The 1-km terrain
height is given by the thick contours.
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western Alps, similar to that in the CTRL simulation
(Fig. 7d).

The Milan sounding at 0000 UTC 21 October for the
NOEM simulation is shown in Fig. 20a. As in the
NOWA and NONA simulations, the Milan sounding
was nearly moist neutral throughout the troposphere.
Also note that the temperatures in the lowest 100 hPa
of this sounding are about 5 K warmer than in the
CTRL simulation (Fig. 15d). The temperature advec-

tion at Milan for the NOEM simulation is shown in Fig.
20b. Comparison of this profile to that for the CTRL
simulation shows reasonable agreement, except that
the cold air advection below 900 hPa was somewhat
stronger in the CTRL simulation (Fig. 15c). The 24-h
accumulated precipitation for the NOEM simulation is
shown in Fig. 21. There was no maximum to the north-
west of Corsica in this simulation, but there was a maxi-
mum of about 90 mm located in the LMTA.

d. Effects of differential cloud cover

To test the effects of differential solar heating on the
formation of the stable layer, another simulation was
performed where the blocking of solar radiation by
clouds was prohibited. Clouds were still allowed to
form and precipitate in this simulation, which we will
refer to as the NOCL simulation.

Figure 22 shows the NOCL-simulated 925-hPa �e and
wind vectors. As in the CTRL simulation, there was
easterly flow across the Po Valley at 1200 UTC 18 Oc-
tober (Fig. 22a) that advected low-�e air toward the
western Alps. This tongue of low-�e air had tempera-
tures that were between 2 and 5 K warmer than in the
CTRL experiment (Fig. 7b). Wind vectors along the
western Alps show that this low-�e air mass was de-
flected southward over the northern Ligurian Sea. Fig-
ure 22b shows that by 1200 UTC 21 October, the cold
dome in the NOCL simulation had a similar horizontal
extent as that in the CTRL simulation (Fig. 7d) but was,
on average, 5 K warmer than that in the CTRL simu-
lation.

The NOCL Milan sounding at 0000 UTC 21 October
(Fig. 23a) shows that without cloud cover, the stable

FIG. 18. NONA output showing the 24-h accumulated
precipitation (mm; shaded as in legend) on 21 Oct 1999.

FIG. 17. NONA output showing (a) the Milan 0000 UTC 21 Oct sounding. Temperature is
given by the solid lines and dewpoint temperature by the dashed lines. Wind speed and
direction are denoted by the wind barbs to the right of each panel. One full barb is 10 m s�1.
(b) Vertical profile of temperature advection (�10�4 K s�1) at Milan at 0000 UTC 21 Oct.
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layer was about 2 K warmer at the surface than in the
CTRL experiment (Fig. 8c) and only about 150 hPa
deep, which is not as deep as that in the CTRL simu-
lation. However, there is evidence of differential advec-
tion in the NOCL simulation as is demonstrated in Fig.
23b. This figure shows that there was cold air advection
beneath the inversion (900 hPa) but that it was not as
strong as in the CTRL simulation (Fig. 15c). Interest-
ingly enough, the warm air advection above 900 hPa
was not as strong as that in the CTRL simulation, ei-
ther. The weaker warm air advection in the NOCL
simulation can be understood through inspection of the
NOCL 0000 UTC 21 October Milan sounding (Fig.
23a). The depth of the cold dome in the NOCL experi-
ment was only about 100 hPa over the middle of the Po
Valley, which is only about half the depth of the cold

pool in the CTRL simulation. This was true throughout
most of the Po Valley (not shown). Hence, incident
airstreams to the cold dome in the NOCL simulation
were not lifted as high as in the CTRL simulation.
When we consider the Pratica di Mare, Italy, sounding
shown in Fig. 15b, we can see that the level of free
convection for this sounding was located at about 700
hPa. Hence, the lifting by the cold dome in the NOCL
simulation appears to have been insufficient to bring
parcels to their levels of free convection and incite con-
vection. Ultimately, this led to less heating of the air
parcels through condensation as they ascended over the
cold dome.

The 24-h accumulated precipitation for the NOCL
simulation is shown in Fig. 24. As in the CTRL simu-
lation, there was a maximum to the northwest of Cor-

FIG. 20. NOEM output showing (a) the Milan 0000 UTC 21 Oct sounding. Temperature is
given by the solid lines and dewpoint temperature by the dashed lines. Wind speed and
direction are denoted by the wind barbs to the right of each panel. One full barb is 10 m s�1.
(b) Vertical profile of temperature advection (�10�4 K s�1) at Milan at 0000 UTC 21 Oct.

FIG. 19. NOEM-simulated 925-hPa �e (K; shaded as in legend) and wind barbs (one-half barb is 5 m s�1) at (a)
1200 UTC 18 Oct and (b) 1200 UTC 21 Oct. The 1-km terrain height is given by the thick contours.
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sica; only in the NOCL simulation, this maximum was
between 70 and 90 mm while in the CTRL simulation,
it was in excess of 100 mm. The NOCL simulation also
had a precipitation maximum greater than 90 mm in the
LMTA area that did not exist in the CTRL simulation
(Fig. 9b).

e. Effects of surface roughness

Xu (1990) noted in their idealized simulation of cold
air damming that the longevity of stable layers in-

creased as surface roughness was increased. To test the
effects of surface roughness, an additional simulation
was performed where the surface roughness over land
was set to be equal to that over water (0.0001 m). We
will refer to this simulation as the SMTH simulation.

Figure 25 shows the SMTH-simulated 925-hPa �e and
winds. As in the CTRL simulation (Fig. 7), low-�e air
was advected across the Po Valley toward the western
Alps. As this air mass impinged on the western Alps, it
was deflected southward (Fig. 25a). At 1200 UTC 18
October (Fig. 25b), the �e values within the cold pool
were between 5 and 10 K cooler than in the CTRL
simulation (Fig. 7b). This was because the smoother
surface allowed for stronger low-level winds (note that
in Fig. 25a the winds were between 5 and 10 m s�1

faster than in the CTRL simulation), thus building a
more pronounced cold pool. By 1200 UTC 21 October
(Fig. 25b), the low-�e air mass was mostly eroded in the
SMTH simulation. At this time, temperatures in the
western Po Valley were between 5 and 10 K warmer
than in the CTRL simulation. Again, this appears to be
related to the faster winds in the SMTH simulation
compared with the CTRL simulation. Note also that in
the LMTA, the flow does not appear to be blocked as
in the CTRL simulation. Rather, it appears to be flow-
ing up the mountain slope.

Figure 26a shows the SMTH-simulated Milan sound-
ing at 0000 UTC 18 October. This sounding compares
fairly well to that in the CTRL simulation (Fig. 8a)
except that there was an inversion located just above
900 hPa in the SMTH simulation that was not present in
the CTRL simulation this early. The SMTH-simulated
Milan sounding at 0000 UTC 21 October (Fig. 26b)
shows there was still an inversion in the SMTH simu-

FIG. 22. NOCL-simulated 925-hPa �e (K; shaded as in legend) and winds (one-half barb is 5 m s�1) at (a) 1200
UTC 18 Oct and (b) 1200 UTC 21 Oct.

FIG. 21. NOEM output showing the 24-h accumulated
precipitation (mm; shaded as in legend) on 21 Oct 1999.
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lation, but that it was not as strong as that in the CTRL
simulation (Fig. 8c). From the analyses presented in
Figs. 25 and 26, we conclude that a reduced surface
roughness acted to accelerate the formation of the
stable layer at earlier times, ultimately leading to a
stronger cold pool that, although it started to erode
earlier, took marginally longer to erode.

The 24-h accumulated precipitation for the SMTH
simulation is provided in Fig. 27. There was a precipi-
tation maximum to the northwest of Corsica that was
between 70 and 90 mm. More important though, is
the large maximum in excess of 110 mm in the LMTA.

This maximum is related to the upslope flow noted in
Fig. 25b.

5. Discussions and conclusions

In this study, the mechanisms leading to the forma-
tion, maintenance, and erosion of the strong stable
layer that developed over the Po Valley during IOP-8
of the MAP project were investigated. Previous re-
search of IOP-8, as well as other cases of cold air dam-
ming suggest, there are a number of mechanisms that
may have acted individually, or in concert, to form and
maintain the stable layer. These mechanisms are oro-
graphic blocking, differential advection, latent cooling,
differential cloud cover, and friction. The PSU–NCAR
MM5 was used to simulate MAP IOP-8, and model
sensitivity tests were performed to determine more pre-
cisely which mechanism(s) were dominant.

The control experiment with all the physical pro-
cesses and complete topography reproduced the stable
layer, flow patterns, and the precipitation distribution
reasonably well. Trajectory analyses show the western
Alps acted to block the impinging easterly flow and
deflect it to the south. This blocking led to a significant
buildup of low-�e air over the Po Valley up through
0000 UTC 20 October. Relatively warm, less stable air-
streams approaching the Po Valley from the Mediter-
ranean Sea were forced to ride up and over the cool
layer. This produced differential advection of warmer
and less stable air atop the cooler and more stable air in
the Po Valley, which intensified the stable layer inver-
sion and appeared to help maintain the stable layer.

The role of blocking by the western Alps was tested
in a simulation where this portion of the terrain was
removed. The results of this simulation indicate that the
western Alps played a significant role in forming and

FIG. 23. NOCL-simulated (a) Milan sounding at 0000 UTC 21 Oct (one full barb is 10 m s�1)
and (b) vertical profile of temperature advection (�10�4 K s�1) at Milan at 0000 UTC 21 Oct.

FIG. 24. NOCL-simulated 24-h accumulated precipitation (mm;
shaded as in legend) on 21 Oct 1999.
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maintaining the stable layer over the Po Valley. With-
out the western Alps present, low-�e air did not accu-
mulate over the Po Valley. As a result, there was warm
air advection in the Po Valley and significant precipi-
tation accumulations occurred in the LMTA. The hy-
pothesis that blocking by the western Alps and north-
ern Alps acted to form and maintain the stable layer
was tested through two sensitivity tests where the west-
ern Alps and the northern Alps were removed in turn.
These sensitivity tests support the hypothesis

When latent cooling and the blocking of solar radia-
tion by clouds were deactivated, the stable layer still
formed in much the same manner as that in the CTRL
simulation. However, the inversions in the Milan
sounding for each of these tests were considerably
weaker and stable-layer erosion occurred earlier than
in the CTRL simulation. This led to smaller precipita-
tion accumulations over the Ligurian Sea and greater
precipitation accumulations over the LMTA. This con-
nection between the stable-layer strength and the loca-
tion of maximum convection and precipitation is con-
sistent with the hypothesis of Smull et al. (2001) that the
maximum precipitation and convection are shifted
southward as the stable-layer strength is increased.

A final sensitivity experiment was performed where
the surface roughness over land was set equal to that
over water. In this simulation, the stable layer formed
more quickly and was stronger than that in the CTRL
simulation. The erosion process also appeared to start
earlier in this simulation. However, because the stable
layer was stronger, the erosion took longer in this simu-
lation than it did in the CTRL simulation. We also
noted that due to the decreased surface roughness, the
low-level winds were stronger in the LMTA, and that at

FIG. 25. SMTH-simulated 925-hPa �e (K; shaded as in legend) and winds (one-half barb is 5 m s�1) at (a) 1200
UTC 18 Oct and (b) 1200 UTC 21 Oct.

FIG. 26. SMTH-simulated Milan sounding at (a) 0000 UTC 18
Oct and (b) 0000 UTC 21 Oct (one full barb is 10 m s�1).
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later times in the simulation, flow in this area was not
blocked by the orography, but flowed upslope instead.
This resulted in a rather large precipitation maximum
in excess of 110 mm in this location.

Overall, the stable-layer formation and maintenance
appeared to develop in a series of steps. During the first
stage, the easterly flow associated with the stationary
high pressure center over northeastern Europe ad-
vected low-�e air across northern Italy and into the Po
Valley. The western Alps blocked the low-�e air ap-
proaching from the east and deflected it toward the
Ligurian Sea. This blocked flow led to a buildup of the
low-�e air mass over the Po Valley. In the next stage,
the western Alps and the northern Alps both acted to
retain the low-�e air over the Po Valley. As a result, the
warm southerly flow approaching northwestern Italy
from over the southern Mediterranean Sea was forced
to rise up and over the cool, stable layer leading to the
differential advection of warmer and less stable air atop
the cooler and more stable air in the Po Valley, which
enhanced the inversion and helped to maintain the
stable layer. One point of importance regarding the
way in which this stable layer developed is that it did
not follow the theoretical model of blocked-layer de-
velopment in which the blocked layers form because
the flow normal to the terrain has insufficient kinetic
energy for it to ascend the orography (e.g., Xu 1990; Lin
and Wang 1996). Rather, during IOP-8, the air that
composed the blocked layer came from a different

source region from the airstreams that were above the
stable layer. Further research on stable layer develop-
ment upstream of mountain ranges in other parts of the
world where blocking is frequent is recommended to
better understand this phenomena and its effects on the
formation of convection.

The final note of significance regarding the findings
of this research is that of the effects of the stable-layer
strength on the precipitation distribution. In those
simulations where the stable layer eroded earlier or was
weaker than that in the CTRL simulation, the maxi-
mum northwest of Corsica was reduced and the maxi-
mum over the LMTA was increased. These findings are
consistent with the idealized simulations of Reeves and
Lin (2006) and, since the stable-layer strength was so
strongly influenced by diabatic processes, these findings
point to the importance of accurate representation of
subgrid-scale processes in forecast models.
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